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Abstract

Jet noise simulations have been performed for a military-style baseline nozzle and
a chevron nozzle with design Mach numbers of Md = 1.5 operating at several
off-design conditions. The objective of the current numerical study is to provide
insight into the noise generation mechanisms of shock-containing supersonic hot
jets and the noise reduction mechanisms of chevron nozzles.
A hybrid methodology combining advanced CFD technologies and the acoustic
analogy is used for supersonic jet noise simulations. Unsteady Reynolds-averaged
Navier-Stokes (URANS) equations are solved to predict the turbulent noise sources
in the jet flows. A modified version of the Detached Eddy Simulation (DES) approach is used to avoid excessive damping of fine scale turbulent fluctuations.
A multiblock structured mesh topology is used to represent complex nozzle geometries, including the faceted inner contours and finite nozzle thickness. A block
interface condition is optimized for the complex multiblock mesh topology to avoid
the centerline singularity. A fourth-order Dispersion-Relation-Preserving (DRP)
scheme is used for spatial discretization. To enable efficient calculations, a dual
time-stepping method is used in addition to parallel computation using MPI. Both
multigrid and implicit residual smoothing are used to accelerate the convergence
rate of sub-iterations in the fictitious time domain. Noise predictions are made
with the permeable surface Ffowcs Williams and Hawkings (FWH) solution. All
the numerical methods have been implemented in the jet flow simulation code
“CHOPA” and the noise prediction code “PSJFWH”. The computer codes have
been validated with several benchmark cases.
A preliminary study has been performed for an under-expanded baseline nozzle
jet with Mj = 1.56 to validate the accuracy of the jet noise simulations. The results
show that grid refinement around the jet potential core and the use of a lower
artificial dissipation improve the resolution of the predicted high frequency noise
spectra. The results also show that the predicted low frequency noise spectra are
iii

sensitive to the axial extent of the acoustic data surface, and the high frequency
noise spectra are affected by the radial size of the acoustic data surface.
The baseline nozzle has been studied at several off-design conditions with
Mj = 1.36, 1.47 and 1.56. Although the noise levels at mid to high frequencies are over-predicted at several shallow polar angles, the predicted noise spectra
in the peak noise radiation direction and upstream directions agree very well with
the experimental measurements. More encouraging is that the frequencies and
amplitudes of the broadband shock-associated noise (BBSAN) are captured accurately at all three operating conditions. Three techniques are used to examine the
noise source characteristics. The two-point space-time correlation method is used
to analyze the statistical characteristics of the turbulent eddies. The direct flowacoustic correlation technique and the beamformed acoustic pressures are used to
reveal the different noise generation mechanisms of the large-scale and fine-scale
turbulent fluctuations.
The chevron nozzle simulations have been performed at the same operating conditions to evaluate the noise reduction effects. Special treatments are proposed to
address the numerical difficulties caused by the chevrons. The impact of chevrons
on the near-field noise sources and far-field noise radiation is simulated using the
immersed boundary method (IBM) to overcome the great difficulties in grid generation. A non-matching block interface condition is developed to allow the grids
to be greatly refined around chevrons for a higher accuracy of simulations without increasing the mesh size significantly. The predicted noise spectra agree very
well with the acoustic measurements of the baseline nozzle, considering the small
noise reductions of the chevrons at the given operating conditions. No apparent
over-prediction is observed. However, the noise reductions are over-predicted because of the over-prediction of the baseline nozzle noise level at some polar angles.
Analysis shows that the chevrons generate strong streamwise vorticies and induce
strong lateral secondary flows near the nozzle exit. The enhanced turbulent mixing
increases the noise source intensity and efficiency near the nozzle exit, and creates
a high frequency noise penalty. But it reduces the turbulence intensity in the main
jet potential core, and decreases the low frequency noise level. Both the flow and
noise results show that the effects of chevrons on the jet flow and noise reduction
depend highly on the operating conditions.
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Chapter

1

Introduction
1.1

Background

Since the first commercial jet-engine-powered aircraft entered into service in the
early 1950’s, the high noise levels have been viewed as a serious environmental
problem. For the community around civilian airports, the high noise levels from
commercial aircraft usually cause annoyance, speech interference, sleep disturbance
and hearing impairment.
Things become worse when it comes to high performance military supersonic
aircraft. While the typical noise radiation of the turbofan civilian aircraft during
take-off, measured about 100ft away from the runway centerline, has an overall
sound pressure level (OASPL) of approximately 100 dB (which is unlikely to impact
the public), the noise of military aircraft on an aircraft carrier deck often exceeds
130 dB at the same distance [1, 2]. Even if worn correctly, double hearing protection
of earplugs and earmuffs may only provide 30 dB attenuation. As a result, for the
flight deck crew, who work up to 16 hours daily in an environment with up to 130
dB jet noise, hearing loss is the most prevalent disability. Compensation payments
cost the federal government over $1.4 billion annually, not including treatment
costs [2].
Considering the severe environmental and health impacts, governments have
passed stringent regulations on the noise levels of civilian aircraft in the past
decades. Many efforts have been undertaken to understand and reduce the noise
generated by civilian subsonic aircraft, and more than 25 dB noise reduction has
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been achieved for commercial aircrafts since 1960 [3]. However, the acoustics of
high-speed military aircraft have not been subjected to the same scrutiny, since
there are no noise requirements for military applications. An understanding of
the fundamental noise generation mechanisms of supersonic jet noise is still very
limited.
Jet noise research started with Sir James Lighthill’s pioneering work [4, 5] in
the 1950’s. His acoustic analogy revealed how the kinetic energy of fluctuating
shearing motions is converted into acoustic energy, and identified the turbulent
motions as the primary noise source. Ffowcs Williams [6] and Lilley [7] extended
Lighthill’s theory by modifying the wave propagation operator to account for mean
flow convection/refraction effects. Due to the insufficient knowledge about turbulence at that time, early work was based on dimensional analysis and various
assumptions. Despite their limitations, these theories successfully explained many
acoustic phenomena, such as convective amplification, Doppler frequency shift and
radiation directivity, although some of these early ideas have been questioned in
recent research.
Experimental research started in the 1980’s when sophisticated instrumentation
and facilities for jet noise measurements became available. With a large database
of jet flow and noise measurements, development and refinement of a quantitative
jet noise theory could be achieved. As the primary noise source, turbulence was
originally viewed as a random assortment of small eddies. In the 1970’s, experiments [8] demonstrated that turbulence in jets is made up of both large and fine
scale turbulent structures, and that the turbulent mixing noise can be decomposed
into large-scale turbulent noise and fine-scale turbulent noise. The modeling of the
large-scale turbulent structures as stochastic instability waves [9, 10] has proved to
be successful in explaining the noise generation mechanisms of the large-scale mixing noise and the shock noise components of supersonic jets [11]. However, it is less
well understood how the fine-scale turbulent structures produce noise. The available semi-empirical models can not be used for noise prediction with a satisfactory
accuracy, especially when realistic complex non-circular jets are considered.
Although the understanding of the noise generation mechanisms is limited,
many noise reduction concepts have been tested. Apart from the beveled nozzle
proposed by Viswanathan [12] (which introduces azimuthal variations of the jet
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flow, and thus results in different polar directivity patterns of noise radiation at
different azimuthal angles), the concept of nozzle trailing edge chevrons has been
used in modern aircraft engines. Experiments [13, 14] have shown that, depending
on the geometries and the operating conditions, chevrons exhibit very complex
impacts on the noise level and radiation directivity of imperfectly-expanded supersonic jets.
One disadvantage of experimental research, unfortunately, is the difficulty in
recording details of all the unsteady turbulent sources in jet flows. Computational
Aero-Acoustics (CAA) has become an effective complementary approach for the jet
noise research. With advances in computer speed and high-fidelity computational
methods, jet noise simulation has become more practical for realistic complex
jet flows. Given adequate resolution, the numerical simulation can provide the
real-time development of unsteady turbulent jets, and thus provide more in-depth
understanding of the noise generation mechanisms of supersonic jets and more
sophisticated noise prediction tools, which are of critical importance for the design
of effective noise reduction devices.
The objectives of the present research are to improve our understanding of
supersonic jet noise at various operating conditions, and to study noise reduction
concepts for military aircraft engines using the numerical simulation approach.

1.2

Supersonic jet noise

In this section, an overview of the characteristics of supersonic jet flows and their
noise radiation is presented. Several important parameters that describe supersonic
jets and jet noise radiation are introduced.

1.2.1

Convergent-divergent nozzles and supersonic jets

In an aircraft engine, hot gases from the combustion chamber exhaust to the atmosphere via a nozzle. For maximum thrust and a high propulsive efficiency to
accelerate the aircraft, it is desired to increase the speed of the exhaust jet. Therefore in high-performance military aircraft, a convergent-divergent nozzle (CDN) is
usually used to accelerate the jet exhaust to a supersonic speed.
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Figure 1.1 shows the schematic of a CDN contour, and different operating
conditions of a jet. A CDN has a minimum cross sectional area at the throat.
Driven by the pressure difference between the nozzle inlet and surrounding ambient
medium, the fluid moves from inside the nozzle through the throat to the exit, and
then forms a jet plume.

Figure 1.1: Pressure distribution inside a CDN at various operating conditions
Several important parameters determine the aerodynamic and acoustic performance of a jet:
• Stagnation pressure ratio N P R : The ratio of the stagnation pressure at the
nozzle inlet to the ambient static pressure, i.e. N P R = p0 /p∞ .
• Stagnation temperature ratio T T R : The ratio of the stagnation temperature
at the nozzle inlet to the ambient static temperature, i.e. T T R = T0 /T∞ .
• Design Mach number Md : The fully expanded jet flow Mach number when
the static pressure at the nozzle exit matches the ambient pressure. Therefore, no expansion or compression waves are expected to be produced in the
jet plume. This is usually determined by the area ratio between the exit and
the throat.
• Reynolds number Re : The ratio of the dynamic forces to the viscous forces,
i.e. Re = Uj D/νj , where Uj is the fully expanded jet velocity, D is the nozzle
exit diameter, and νj is the kinematic viscosity of the fully expanded jet flow.
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Among all the parameters, the stagnation pressure ratio N P R is the most
important one that determines the jet flow patterns inside and outside of the nozzle.
In figure 1.1, one can identify three critical operating conditions corresponding
to lines B, D and F. When the pressure ratio is larger than N P RB , the flow
downstream of the nozzle throat becomes supersonic. However, unless N P R >
N P RD , the jet velocity downstream of the nozzle exit remains subsonic because a
strong normal shock appears inside the nozzle.
The current research focuses on supersonic jets. Figure 1.2 shows the flow
patterns of supersonic jets corresponding to the operating conditions E, F and G
in figure 1.1. Depending on the pressure ratio, it is observed that:
• If N P RD < N P R < N P RF , the static pressure at the nozzle exit drops
below the ambient pressure. Oblique/bow shocks are formed to increase the
pressure, as shown in figure 1.2E. A complex pattern of shocks and expansions
is set up in the jet plume. This flow pattern is referred to as an over-expanded
jet, since the flow has been expanded by the nozzle too much.
• As N P R reaches N P RF , the static pressure of supersonic flow at the nozzle
exit matches the ambient pressure. The flow exhausts smoothly into the
ambient medium, no shock or expansion waves are formed in the jet plume.
This pattern, as shown in figure 1.2F, is referred to as a perfectly expanded
jet. In reality, a perfectly expanded jet is barely observed considering the
complex nozzle geometry and operating conditions.
• When N P R > N P RF , the static pressure of the supersonic flow at the nozzle
exit is higher than the ambient pressure. Expansion waves form at the nozzle
exit, making the jet turn and accelerating until the pressure matches the
ambient environment. This pattern, as shown in figure 1.2G, is referred to
as an under-expanded jet.
In the flow patterns E and G, normal or oblique shocks appear in the jet
plume. The jet exhaust will experience an irreversible energy loss. Usually, a
CDN is designed to accelerate the jet exhaust smoothly to produce the desired
thrust. The design jet Mach number of a nozzle, denoted by Md , depends only on
the geometry of the nozzle. Specifically, Md is related to the nozzle exit diameter
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Figure 1.2: Flow patterns of supersonic jet flows through a CDN at various flow
conditions
D and the throat diameter D∗ by:
(γ+1)/(2−2γ)
1 + γ−1
D2
2
=
(γ+1)/(2−2γ)
γ−1
D∗2
Md 1 + 2 Md2

(1.1)

where, γ is the heat capacity ratio, and γ = 1.4 for the ideal gas.
According to the isentropic flow equations, the fully expanded Mach number
Mj is related only to the N P R by,
1/2
γ−1
2 
Mj =
NP R γ − 1
γ−1


(1.2)

Therefore, the N P R required to produce the perfectly expanded jet can be found
by substituting Md for Mj in equation 1.2. When Mj 6= Md , the jet is said to be
operating off-design. The jet can be either subsonic or supersonic, depending on
the stagnation pressure ratio N P R.

1.2.2

Flow-field structures of supersonic jets

Since the turbulent motions in the jet plume are the principal noise sources, details
of the flow structures are crucial to elucidate the noise generation mechanisms. As
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an example, instantaneous and time-averaged flow-field visualizations of an overexpanded jet and an under-expanded jet, which correspond to the jets operating at
conditions E and G in section 1.2.1, are shown in figure 1.3. The plots are made
from the numerical simulation results in the present research1 . The perfectlyexpanded jets are not studied because they can barely be seen in reality.
Figure 1.3(a) shows snapshots of the instantaneous density gradient contours
for both jets. Because of the velocity difference between the high-speed jet flow and
the stationary or low-speed ambient fluid, a shear layer develops from the nozzle lip.
Due to the Kelvin-Helmholtz instability, the shear layer becomes fully turbulent.
The large-scale turbulent structures and fine-scale eddies can be identified clearly
in the jet plumes. The length scale of turbulent shear layer is found to be growing
as it moves downstream. The large-scale turbulent structures grow and break
down into small eddies as they interact with each other. Because of the pressure
imbalance, quasi-periodic shock cells are formed in the jet plume. The interaction
between the convecting turbulent eddies and the shock cell structures produces
an intense noise radiation called broadband shock-associated noise, as discussed in
section 1.2.3.

(a) Instantaneous density gradient contours

(b) Time-averaged Mach number contours

Figure 1.3: Flow visualizations of an over-expanded (Mj = 1.47) and an underexpanded (Mj = 1.56) supersonic hot jet from a military-style nozzle with a design
Mach number of Md = 1.5.
1

The details of the simulations are described in Chapter 3 of this thesis.
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Figure 1.3(b) shows the time-averaged Mach number contours. The turbulent
eddies inside the shear layers are filtered due to the time averaging. The shear layer
grows gradually from the nozzle lip as the turbulent mixing process reduces the
velocity difference, and terminates at the end of jet core. Inside the jet potential
core, the repeated shock cell structures are present in both jets. Although they
look very similar, analysis shows that a fundamental difference exists between
the flow patterns of over-expanded and under-expanded jets. The repeated flow
pattern starts at the nozzle lip with oblique shocks in over-expanded jets, but with
expansion waves in under-expanded ones. Depending on the pressure imbalance, a
Mach disk may appear around the centerline near the nozzle exit, which results in
a subsonic region in the over-expanded jet, as shown in the Mj = 1.47 jet. When
the supersonic jet flow passes its kinetic energy to the stationary ambient fluid,
and loses its energy in the non-isentropic processes when traveling through the
oblique/normal shocks, the shock cell structures will become weaker and weaker,
and finally disappear.

1.2.3

Three noise components

Previous studies have revealed that the multi-scale unsteady turbulent eddies are
the principal noise sources. When supersonic jets are operating at off-design conditions, shock cell structures are formed in the jet plumes, and their complex
interaction with the unsteady turbulent eddies will produce two shock-noise components. Figures 1.4(a) and (b) show typical far-field noise spectra of subsonic and
supersonic jets, respectively. Quite different from the subsonic noise spectra, the
supersonic noise spectra at some polar angles consist of spikes at some discrete frequencies, and several broadband peaks at high frequencies. The former are known
as the screech tones and the latter are broadband shock-associated noise. Therefore, three noise components are usually found for off-design supersonic jets. The
extra shock-noise components make the radiation much stronger in the sound pressure level (SPL), richer in spectral content, highly directional, and more sensitive
to ambient conditions and nozzle geometries.
In figure 1.4, the noise levels are plotted against the dimensionless frequency,
so that the noise measurements from different scales of nozzles can be compared
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(a) Subsonic cold jet Mj = 0.9. Data measured at Boeing [15].

(b) Supersonic cold jet Mj = 1.7 (Md = 1.5).
Data measured at PSU [16].

Figure 1.4: Typical noise spectra of subsonic and supersonic jets. Observer angels
are measured from the jet flow direction.
to evaluate the scaling methodology. The dimensionless frequency, named the
Strouhal number, is defined as:
St =

f Dj
Uj

(1.3)

where, Uj is the fully-expanded jet velocity, and Dj is the fully-expanded jet diameter, which is different from the nozzle exit diameter and is calculated by:

(γ+1)/(4γ−4) 
1/2
1 + (γ − 1) Mj2 /2
Dj
Md
=
D
1 + (γ − 1) Md2 /2
Mj

(1.4)

Turbulent mixing noise
Turbulent mixing noise is the basic noise component in both supersonic and subsonic jets. Experimental measurements have verified that it can be further subcategorized into two distinct components [17, 11]. One is generated by large-scale
turbulent eddies. Its noise spectrum is characterized by a relatively sharp peak
and a rapid decay at high frequencies, such as the 30◦ noise spectrum in figure
1.4(a). Another noise component is generated by fine-scale turbulent structures.
Its spectrum consists of a very broad peak and rolls off very gradually as the frequency increases, such as the 90◦ spectrum. The different characteristics of noise
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spectra over the entire observer angle range suggest that the large-scale turbulent
mixing noise radiates mainly in the downstream direction.
Though similar features appear in supersonic jets, the dominant noise mechanisms are different. Principally, the supersonic convection speed of turbulent
eddies in the shear layer, relative to the ambient speed of sound, results in an
efficient noise radiation. This is known as the Mach wave radiation. Very intense
and highly directional, it is the dominant noise generation mechanism in the downstream arc. For perfectly expanded jets, it can be more than 20 dB more intense
than the noise radiated normal to the jet or in the upstream arc.
Two different views are current regarding the modeling of large scale turbulent structures. Some researchers [18] represent all fluctuations as turbulence, and
turbulent-associated noise sources are modeled in terms of space-time correlations.
Others [9, 10] treat all large-scale motions as instability waves in local equilibrium. Although both views are not in mutual contradiction with each other, the
latter seems to be very successful in explaining the noise generation mechanism of
turbulent mixing noise, as well as the shock noise components of supersonic jets
[11].
However, the understanding of the noise generation mechanism by fine-scale
turbulent structures is very limited, mainly because of the limited understanding
of turbulence. Future advances in turbulence modeling might be helpful to the
research of fine-scale turbulent mixing noise.
Broadband shock-associated noise
Broadband shock-associated noise (BBSAN) is identified by several broadband
peaks in the noise spectrum, as shown in figure 1.4(b). It is the dominant noise
component in the upstream direction in supersonic jets. The intensity of BBSAN
is quite uniform at different observer angles, but the frequency and half-width of
the peaks decrease with increasing observer angles.
Previous research has shown that BBSAN is generated by the weak interaction
between the downstream propagating large scale eddies in the shear layer and the
quasi-periodic shock cell structures in the plume. The first comprehensive study
of BBSAN was conducted by Harper-Bourne and Fisher [19]. They proposed
a model which approximated the shock-noise source as a phased array of point
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sources located at the shock-turbulence interaction locations. Tam [20] developed a
different BBSAN noise model in which the large-scale turbulent eddies are modeled
as instability waves.
Based on these theories, different semi-empirical models have been proposed
for BBSAN prediction [20, 21]. Unfortunately, these models require substantial
empirical inputs. They are only reliable within the range of jet geometries and
conditions contained in the existing database. A new model has been developed
by Morris and Miller [22] that reduces the level of empiricism by making use of a
RANS solution of the jet flow. But, even in this case, models for the statistical
properties of the turbulent structures must be prescribed and the generality of the
approach has yet to be demonstrated.
Screech tones
A screech tone has a discrete frequency, usually accompanied by several harmonics.
Its intensity is very sensitive to many factors such as the jet Mach number, jet
temperature and nozzle lip thickness. Different noise levels may be observed under
the seemingly same conditions and the same facilities. When screech occurs, it can
cause structural damage to the nozzle and nearby structural elements because of
its high intensity.
The current view regarding the generation of screech tones explains that they
are driven by an acoustic feedback loop [23]. Near the nozzle lip where the jet
mixing layer is thin and most receptive to external excitation, acoustic disturbances
impinging on this region excite intrinsic instability waves. The small-amplitude
waves grow rapidly as they propagate downstream and interact with the quasiperiodic shock cells in the jet plume. According to the theory of BBSAN, acoustic
waves will be generated in the upstream direction due to the unsteady interaction.
Upon reaching the nozzle lip region, they would excite new instability waves, and
thus form a feedback loop and generate an intense tonal noise source known as
screech.
Noise predictions of the amplitude of screech tones are a difficult problem.
Tam et al. [23] developed a screech tone frequency formula that produces good
agreements with experimental observations. However, the intensity of screech tone
still cannot be predicted reliably. Apart from the physical complexity of screech
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tones, several issues of the computation algorithm, numerical boundary conditions
and turbulence modeling have a significant influence on the accuracy of shockcontaining jet flow simulations.

1.3

Challenges of supersonic jet noise simulations

By simulating the development of unsteady turbulent noise sources, CAA can
provide a more in-depth understanding of the noise generation mechanisms of
supersonic jets. It has become an active research area in the past decade. A
number of review articles have been published about the recent progress of CAA
[24, 25, 26]. Although present CAA theories have been developed from traditional
CFD, standard CFD schemes are not adequate for acoustic problems. By nature,
jet noise problems are different from standard fluid mechanics problems in many
ways, and these pose great challenges to a high-fidelity jet noise simulation:
• Acoustic waves usually have very small amplitudes, and they are essentially
non-dissipative and non-dispersive. Therefore, numerical schemes should
have extremely low numerical noise, and should represent the correct propagation behavior of acoustic waves over long distances. Artificial dissipation
and dispersion at a level that may be tolerable for traditional CFD calculations can lead to unacceptable attenuation and dispersion of acoustic waves.
• The sound radiation to the far field is usually of the most interest. The
solution should be uniformly valid from the source region all the way to
the measurement point. Since the computational domain is inevitably finite
in size, appropriate boundary conditions should be imposed at the artificial
outer boundaries to avoid the reflection of outgoing sound waves back to the
computational domain and thereby the contamination of the solution.
• Turbulent structures in the jet plume are essentially multi-scale. The noise
produced by the turbulence involves typically a frequency range that spreads
over a wide bandwidth. Detailed knowledge of turbulent structures in the
jet plume is important for a better understanding of the noise generation
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mechanism and noise source modeling. Unfortunately, turbulence closure
based on statistical models cannot offer such information. Although Direct
Numerical Simulation (DNS) and Large-Eddy Simulation(LES) are superior
on this issue, they are not affordable for practical applications in the near
future, considering the inhibitive large number of grid points and large CPU
time that are required for the resolution of the very fine turbulent structures.
• Shock-associated noise is generated by the complex non-linear interaction
between unsteady turbulence structures in the shear layer and shock-cell
structures in the jet plume. Unfortunately, the requirements of capturing
shock cells and sound waves simultaneously are essentially not compatible,
since the former tend to eliminate the oscillatory sound waves around shock
cells while the latter need all wave components to be resolved correctly.
• Turbulent structures, shock cells, and their complex non-linear interactions
are very sensitive to the ambient environment and nozzle geometry. As a
result, high-fidelity predictions should take into account all these parameters
in the numerical simulation.

1.4

Status of jet noise simulations

Previous numerical investigations have been mainly empirical, based on the acoustic analogy theory developed by Lighthill [4, 5], and its variants proposed by Ffowcs
Williams [6] and Lilley [7]. These general theories include all complex aeroacoustic processes of sound generation, nonlinear propagation and viscous dissipation.
When the time-dependent source terms are not available, semi-empirical models
based on experimental observations (for example, the analytical method by Tam
and Morris [10]) or steady flow simulations (for example, the RANS simulation
technique by Morris and Miller [22]) are required to compute the source terms.
Although quite efficient, these techniques can not be used for complex nozzle geometries.
Since the objectives in the current numerical research are to improve the understanding of noise generation mechanism and to evaluate the noise reduction
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concept by numerical simulations of supersonic jet noise, only the simulation techniques that resolve all or part of the unsteady noise sources are included in following
discussion.
Depending on whether the acoustic field is resolved simultaneously with the jet
flow field, the simulation strategies can be classified into two categories: a direction
noise computation (DNC) and a hybrid method.
DNC attempts to resolve all scales of turbulent structures and noise components. It is ambitious, but not practical for realistic jet noise problems because
of the extremely large number of grid points and long computation time that are
far beyond the capability of the most advanced computers at present. Therefore,
DNC is only used for very simple flows with low Reynolds numbers. With the
details of the turbulent structures and acoustic waves, DNS can provide a more indepth knowledge about the noise generation mechanism. An example is presented
by Lui and Lele [27]. They examined the broadband shock-noise by modeling the
interaction between a three-dimensional turbulent shear layer and an individual
shock-cell unit. They showed that sound waves are generated on the compressive
side of the shock-tip region as the shock relaxes back to its original position after
being pushed downstream by the turbulent fluctuations. Freund et al. [28] performed a DNC for a subsonic jet with a Mach of 1.92 and a low Reynolds number
of 2000. They used 2.2 × 107 grid points, which exceeded by far the grids that had
been used by other researchers at that time.
Under the constraint of limited computer resources, a hybrid method combining
advanced CFD technology with the acoustic analogy is the most practical approach
for realistic jet noise simulations. In contrast to DNC, a hybrid method does not
capture the radiated sound directly. Instead, a primary simulation is used to
resolve the major noise sources in the near-field, and, using this information, a
secondary calculation is performed to predict the far-field acoustic pressure.
In mathematical form, Lighthill’s acoustic analogy (or its variants derived by
other researchers) is a wave equation, with the right-hand side representing equivalent sound sources, and the left-hand side, a partial differential operator acting on
the pressure or density perturbations, representing the sound wave propagation.
When the unsteady noise sources are available, the partial differential equation can
be solved to predict the radiated sound field. The approach developed by Ffowcs
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Williams and Hawkings [29] provides a general method for noise predictions using
Lighthill’s acoustic analogy. The advantage of the FWH approach over other methods (like Kirchhoff’s acoustic analogy) is that it does not place strict constraint
on the shape and position of the acoustic integration surface [30]. A tight surface
can be placed close to the jet to reduce the overall computational cost. When the
integration surface includes the majority of the noise sources, the far-field noise
radiation can be predicted with a good accuracy.
The unsteady turbulent noise sources are computed by solving the unsteady
Navier-Stokes equations. Although it is desirable to resolve the full range of turbulent scales, Tam and Chen [9], Tam and Morris [10] and other researchers, have
shown that the large-scale turbulent structures play a dominant role in the noise
generation of all three noise components. If the most energetic part of the turbulent
spectrum is resolved, a satisfactory noise prediction can be achieved. Therefore,
most numerical studies resolve only the large-scale turbulent structures, and simulate the effect of the fine scale motions with turbulence models. This leads to the
well know Large-Eddy Simulation (LES) approach. It should be noted that the
mesh requirement of practical high-Reynolds-number (above 105 ) jet flows is still
beyond the capability of current advanced computers. Therefore, the numerical
simulations are approximated by low or moderate-Reynolds-number jet flows, or
are performed using the Detached-Eddy Simulation (DES) approach. The justification of the former approach is the experimental observation that the noise radiation
has a weak dependence on the Reynolds number. In the latter case, a proper modification makes the standard turbulence model behave as a Smagorinsky-like LES
model away from the solid wall, but reduce to a RANS simulation to simulate the
effect of very fine turbulent eddies in wall boundary layers [31].
In the past decade, realistic jet noise simulations based on LES/DES and the
FWH theory have made a significant progress [32, 33, 34, 35, 36, 37, 38]. A
review of recent LES jet noise simulations is given by Bodony and Lele [39]. With
advances in computer power, the grid points have increased from about 2 × 106 to
recently 2 × 107 . Compared with experimental measurements, the resolved highest
St numbers in the latest publications are around 1.5 ∼ 3.0. A maximum value of
St ≈ 10 is reported by Shur et al. [38] with 2.3×107 grid points for a subsonic cold
jet with Mj = 0.9. Generally, the OASPL are estimated with an accuracy within
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2 ∼ 3 dB. However, the narrow-band noise spectra usually show a more than 5 dB
disparity with the acoustic measurements at some polar angles. Most research has
focused on validating and improving the accuracy of the noise prediction. Only
very few studies have discussed the noise source characteristics using the unsteady
turbulent flow solutions, for example [40].
Increased computer power also makes feasible the simulation of complex nozzle
geometries. Early work did not include the nozzle geometries in the computations.
For instance, in the research by Shur et al. [33, 34, 35], the inlet boundary was
imposed at the nozzle exit, using the solution acquired from a separate steady flow
simulation in which the nozzle geometry was included. The effects of chevrons or
microjets were simulated through well-calibrated mass/momentum source models
along the nozzle lip. Although the simulation results were very encouraging, uncertainties were introduced in noise predictions. Bodony and Lele [39] reviewed
the research of the influence of inlet flow forcing and initial shear layer thickness,
and pointed out that it was important to include the nozzle geometries in future
research. Recently, some groups have included complex nozzle geometries in the
calculations. A great effort is needed to create a body-conformal mesh for chevrons.
Although most research has focused only on a limited computational domain to
study the characteristics of the near-field flow structures and noise radiation, the
numbers of grid points reached the order of 107 and significantly large computer
resources were required, see [41, 36, 42].

1.5

Objectives and Original contributions

The present study is the computational part of a joint experimental and computational study of supersonic jet noise. The experimental measurements with
moderate-scale and small-scale military-style nozzle models have been performed
at NASA Glenn Research Center (GRC) and the Pennsylvania State University
(PSU). Various designs of the nozzle trailing edge chevrons have been tested. A
large database has been recorded in order to obtain an increased understanding of
the noise generation mechanisms of shock-containing supersonic jets.
The objective of the current numerical research is to provide insight into the
noise generation mechanisms by complementing the experiments with details of
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the turbulent noise source properties. Specifically, a hybrid approach combining
advanced CFD technology with the acoustic analogy is used. Unsteady jet flow
simulations and far-field noise predictions are performed for realistic military-style
nozzles at multiple off-design operating conditions. The simulation results are
analyzed carefully to gain a fundamental understanding of the noise sources of
shock-containing supersonic hot jets. The noise reduction concept of trailing edge
chevrons is studied, to explore the noise reduction mechanisms.
Jet flow simulations are based on a previously developed “CHOPA” (Compressible High Order Parallel Acoustics) solver [43, 44, 45]. Additional implementations
have been made to address the difficulties posed by the current research. A modified DES is proposed to avoid excessive damping of the small-scale turbulent eddies.
A new data communication strategy between blocks has been designed, and two
types of block interface conditions, i.e. a full-matching version and a non-matching
version, have been implemented for the applications involving complex nozzle geometries. To improve the computational efficiency, many convergence acceleration
methods, such as the dual time-stepping method, the multigrid strategy and the
implicit residual smoothing method, have been implemented and optimized. The
Ffowcs Williams and Hawkings acoustic method has been implemented and integrated with the high-resolution URANS jet flow simulation code “CHOPA” for
noise predictions.
Different from the majority of previous work, which has excluded the nozzle
geometries from the computations and assumed unrealistic inlet conditions at the
nozzle exit, complex nozzle geometries are included in the present computations.
Details of the nozzle geometries, such as the faceted contours and chevrons, are
represented carefully in the computations, to achieve more realistic jet noise simulations. Without using any artificial excitation, a finite nozzle thickness is used to
trigger the unsteady flow in the jet plume. The effects of grid refinement, selective
artificial dissipation terms, and the size and location of the acoustic data surface
on the resolution of the jet noise simulations are studied to provide guidelines for
high-fidelity supersonic jet noise predictions.
To study the noise reduction mechanism of chevron nozzles, the Immersed
Boundary Method (IBM) [46, 47] is implemented. With modifications to the governing equations, this method can avoid the difficulty in mesh generation for com-
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plex chevron geometries. A new data communication strategy and a non-matching
block interface condition have been designed, so that the grids can be refined in
a small region around the chevrons to improve the accuracy of the chevron simulation, without increasing the mesh size significantly. Numerical tests have shown
the validity of this method for unsteady flow simulations.
Jet flow simulations and noise predictions are performed for a military-style
baseline nozzle and a chevron nozzle at several off-design conditions. As compared
to most recent publications which concentrated on low speed jets with reduced
Reynolds numbers, the current numerical study advances to shock-containing supersonic jets with a higher jet speed, a larger temperature ratio and a realistic
Reynolds number. Using a moderate mesh size with approximately 6M grid points,
the highest resolved frequencies reach St ≈ 3. A good agreement of the predicted
noise spectra with the experimental measurements is observed at most observer
angles. The frequencies and amplitudes of the BBSAN are captured precisely at
all the operating conditions for both the baseline nozzle and the chevron nozzle.
As compared to most previous research which focused mainly on validating and
improving the accuracy of the noise prediction, the current study also examined
the noise source characteristics using the unsteady flow solutions accumulated in
the jet flow simulations. Three techniques are used. In the first technique, the
two-point space-time correlations of the turbulent fluctuations in the mixing layer
are calculated to examine the statistical characteristics of the near-field turbulent
eddies. This information can be used for noise source modeling. The second
technique involves a single near-field flow probe and a far-field acoustic probe. The
direct flow-acoustic correlations are used to identify the noise sources in the mixing
layer. In the third technique, a far-field microphone array is used to allow a more
sophisticated noise source identification. Finally, the noise reduction mechanisms
of chevrons are described. The results show an encouraging agreement with the
experimental findings.

1.6

Outline of the thesis

The remainder of this thesis is organized as follows. Chapter 2 describes the numerical methods used for the jet flow simulations and noise predictions. Details
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are provided for the governing equations, numerical schemes and boundary conditions. The numerical issues regarding realistic jet noise simulations are discussed,
and modifications of the numerical methods are proposed to address the difficulties.
Several benchmark cases have been conducted to validate the numerical methods.
Chapter 3 presents the results of jet noise simulations for a baseline nozzle
at three off-design conditions. This chapter begins with a detailed description of
the numerical procedure for the jet noise simulations. Several numerical issues
that affect the resolution of noise predictions are discussed. Then, the predicted
OASPL and noise spectra at three off-design conditions are compared with the
corresponding acoustic measurements. The flow structures are analyzed and compared with the experimental measurements at similar operating conditions, since
flow measurements have not been performed for the same jets. The noise source
characteristics are analyzed by three techniques. The first one uses the two-point
space-time correlation method to reveal the statistical characteristics of the turbulent eddies in the turbulent mixing layer. The second technique uses the direct flow-acoustic correlation to identify the near-field noise sources. The third
technique uses a virtual microphone array and the far-field acoustic pressures are
analyzed to derive the noise source distributions.
Chapter 4 shows the results of the jet noise simulations for a chevron nozzle at
the same operating conditions. The discussion focuses on the noise reduction mechanisms of the chevrons. The predicted OASPL and noise spectra are compared
with the baseline nozzle results to examine the noise reduction effects. Details of
the flow structures are compared with the baseline nozzle jets to show the impacts
of chevrons on jet flows. The noise source characteristics are examined using the
same techniques, and the difference from the baseline nozzle results are highlighted
to reveal the noise reduction mechanisms.
Chapter 5 concludes the thesis with a summary of the accomplishments in the
current numerical study. The unresolved issues are discussed and recommendations
for future work are offered.

Chapter

2

Numerical Methods and Validations
The overview of the current status of jet flow and noise simulations in chapter 1
justifies the hybrid simulation strategy that is used in the current research. In
this chapter, more details about the hybrid approach are presented. Numerical
issues regarding the unsteady turbulent jet flow simulation and noise prediction
are discussed, along with the new developments introduced in the research. Finally,
some benchmark cases are presented to validate these numerical methods.

2.1

Simulation strategy

Under the constraint of limited computer resources, a hybrid method combining
advanced CFD technology with an acoustic analogy is used for realistic jet noise
simulations. Rather than trying to capture details of the unsteady turbulent jet
flow and the noise radiation directly and simultaneously, a primary jet flow simulation is launched first to resolve the major noise sources in the near-field, then
using this information, a secondary calculation is performed for far-field noise predictions.
The approach seeks a balance between the computational cost required to conduct the simulations and the accuracy required to predict the most important
effects. It focuses on resolving larger turbulent eddies accurately, but sacrifices
the accuracy of very fine turbulent structures in return for decreased requirements
for computational resources. This approach is justified by the observation that
the former are the dominant noise sources for high speed jets, and the latter are
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associated with noise 20 dB or more below the larger scale mixing noise.
Figure 2.1 illustrates the general computational setup of the jet noise simulations. The jet flow simulation is performed in a relatively compact physical domain,
yet the outer boundaries are still placed far away from the jet core region, so that
proper boundary conditions can be imposed to minimize any unphysical reflection
of sound waves back into the computational domain. Usually, the computational
domain extends to 50 ∼ 60D downstream of the nozzle exit, and 20 ∼ 30D away
from the jet axis in the radial direction.

(a) Full computational domain and FWH integration surface

(b) Close-up at the nozzle lip

(c) Cross-section downstream of the
nozzle exit

Figure 2.1: Sketch of the general computation setup for jet noise simulations
Since the aim of the jet flow simulation is to capture the unsteady turbulent
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noise sources, high spatial and temporal resolutions are required in the vicinity of
the jet core region where most noise sources are found. To achieve a high order of
accuracy, a multi-block structured mesh topology is used. The compressible unsteady Reynolds-averaged Navier-Stokes (URANS) equations, supplemented with
a modified version of DES, are solved in a general curvilinear coordinate system
with a 4th order Dispersion-Relation-Preserving (DRP) scheme. The dual-time
stepping method is used to advance the development of unsteady turbulent jet
flow in time. The numerical methods have been implemented in the CHOPA
(Compressible High Order Parallel Acoustics) flow solver. CHOPA has been developed since 1999, and applied to cavity noise simulations [44] and subsonic jet
noise simulations [45]. To enable the jet noise simulations of realistic militarystyle nozzles, various new features and modifications have been introduced, and
integrated with the noise prediction code in the current research. Details of these
numerical methods are given below.
The noise predictions are based on the Ffowcs Williams & Hawkings theory [29].
Once the unsteady turbulent jet flow has reached a statistically stable state, the
flow solutions are sampled on a set of integration surfaces surrounding the jet. The
numerical integration of the unsteady flow solution at the retarded time gives the
time-history of acoustic pressure at a far-field observer. A high-order integration
method is implemented in the noise prediction code PSJFWH (Permeable Surface
Jet noise prediction with the Ffowcs Williams & Hawkings theory) for the current
research.

2.2
2.2.1

Unsteady turbulent jet flow simulations
Governing equations

The URANS equations are solved to simulate the development of the unsteady
turbulent noise sources in the jet flow. A short-time Reynolds averaging and Favre
averaging are applied to the governing equations for an efficient turbulent flow
simulation. The resulting Reynolds stress tensor is modeled using the SpalartAllmaras turbulence model. More details about the URANS equations can be
found in reference [44]. For completeness, the governing equations are summarized
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below.
The Navier-Stokes equations in tensor form are:
∂ρ ∂ρui
+
=0
∂t
∂xi
∂ρe ∂(ρe + p)ui
∂qi
∂uj τij
+
=−
+
∂t
∂xi
∂xi
∂xi
∂ρuj ∂ρuj ui
∂pδij ∂τij
+
=−
+
∂t
∂xi
∂xi
∂xi

(2.1a)
(2.1b)
(2.1c)

where, ρ is the density, p is the static pressure, e is the total energy of unit mass,
ui is the velocity vector, τij is the viscous stress tensor and qj is the heat transfer
term.
To simplify the discussion, the tensor form of the governing equations is often
written in Cartesian coordinates as:
∂Q ∂E ∂F
∂G
∂EV
∂FV
∂GV
+
+
+
=
+
+
∂t
∂x
∂y
∂z
∂x
∂y
∂z

(2.2)

where, Q is the conservative flow variables. E, F and G are the inviscid flux
terms, and EV , FV and GV are the viscous flux terms in x, y, and z directions.
The definition of each term can be found in equations 2.1. For instance, Q =
{ρ, ρe, ρu, ρv, ρw}.
A dimensionless form of the equations is solved in the current study. Unless
otherwise stated, the flow conditions and simulation results presented in this thesis
are in dimensionless form. The reference quantities used in the normalization are:
L∗R for length (which is case-dependent. For example, the nozzle exit diameter D is
used as the length scale for jet noise problems), the ambient speed of sound a∗∞ for
∗
∗
velocity, ρ∗∞ for density, ρ∗∞ a∗2
∞ for pressure, T∞ for temperature, µ∞ for viscosity,

and µ∗∞ a∗∞ /L∗R for stress terms, where an asterisk denotes dimensional quantities.
The resulting dimensionless terms can be written as:
x∗i
L∗R
u∗
ui = ∗i
a∞
ρ∗
ρ= ∗
ρ∞
xi =

(2.3a)
(2.3b)
(2.3c)
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p=
T =
t=
µ=
τij =

p∗
ρ∗∞ a∗2
∞
T∗
∗
T∞
t∗
L∗R /a∞
µ∗
µ∗∞
τij∗ L∗R
µ∗∞ a∗∞

(2.3d)
(2.3e)
(2.3f)
(2.3g)
(2.3h)

Combinations of these reference quantities define three important quantities:
the jet acoustic Mach number Ma (which is different from the jet Mach number
Mj ), the Reynolds number Re, and the Prandtl number P rL .
Uj∗
a∗∞
ρ∗∞ Uj∗ L∗R
Re =
µ∞
∗ ∗
C p µ∞
≈ 0.72
P rL =
κ∗
Ma =

(2.4)
(2.5)
for air

(2.6)

where, Uj∗ is the dimensional form of fully expanded jet velocity.
In dimensionless form, the internal energy e, stress terms τij and heat transfer
qi are given by:
p
1
+ uk uk
ρ(γ − 1) 2
 


Ma
1 ∂ui
∂ui
1 ∂uk
τij =
2µ
+
−
δij
Re
2 ∂xj ∂xj
3 ∂xk
1 Ma µ ∂T
qi = −
γ − 1 Re P rL ∂xi
e=

(2.7)
(2.8)
(2.9)

where, T is the temperature.
The dimensionless form of the ideal gas law is:
pγ = ρT

(2.10)

A short-time Reynolds averaging and Favre averaging are applied to the govern-
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ing equations for an efficient turbulent flow simulation. The short-time Reynolds
averaging decomposes the flow variables into a time-dependent averaging and a
high frequency perturbation. For example, for the density ρ:
ρ = ρ̄ + ρ0

(2.11)

and the time-dependent averaging value ρ̄ is:
1
ρ̄ =
∆t

Z

t+∆t

ρdt

(2.12)

t

where, ∆t is the averaging time. It is smaller than the turn-over time of the large
scale turbulent structures, but larger than that of the small scale turbulent eddies,
so that the small scale high frequency turbulent fluctuations are filtered out. In
the current unsteady jet flow simulations, the averaging time is of the order of one
computational time step. Therefore, the high frequency turbulent eddies with a
smaller turn-over time can not be resolved and their effects on the time-dependent
mean flow are simulated with the use of a turbulence model.
Favre-averaging is used to decompose the instantaneous flow variable into a
mass-weighted averaging part and a fluctuating part. For example, for the instantaneous velocity u:
u = ũ + u00

(2.13)

and the time-dependent averaging ũ is:
1
ũ =
ρ̄∆t

Z

t+∆t

ρudt

(2.14)

t

Applications of the short-time averaging to ρ and p, and the Favre-averaging
to other flow variables in equations 2.1 leads to:
∂ ρ̄ ∂ ρ̄ũi
+
=0
(2.15a)
∂t
∂xi



∂ ũj τ̃ij − ρu00i u00j
∂ u00j τ̃ij − ρu00j u00j u00i
∂ q̄i + ρe00 u00i
∂ ρ̄ẽ ∂(ρ̄ẽ + p̄)ũi
+
=−
+
+
∂t
∂xi
∂xi
∂xi
∂xi
(2.15b)
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∂ p̄δij ∂ τ̃ij − ρu00i u00j
∂ ρ̄ũj ∂ ρ̄ũj ũi
+
=−
+
∂t
∂xi
∂xi
∂xi


(2.15c)

Additional terms that appear in equation 2.15 need to be modeled with appropriate turbulence models. For example, the Reynolds stress tensor ρu00i u00j is usually
modeled with the use of the Boussinesq eddy viscosity approximation:
−ρu00i u00j

 


1 ∂ ũi ∂ ũj
1 ∂ ũk
Ma
2µt
+
−
δij
=
Re
2 ∂xj
∂xi
3 ∂xk

(2.16)

and the turbulent heat flux ρe00 u00i is modeled with the gradient diffusion hypothesis:
−ρe00 u00i =

µt ∂T
Ma 1
Re γ − 1 P rT ∂xi

(2.17)

where, µt is the turbulent viscosity and P rT is the turbulent Prandtl number,
which is assumed to have a constant value of 0.9. The other two terms, u00j τ̃ij
and ρu00j u00j u00i , correspond to the molecular diffusion and turbulent transport of
turbulent kinetic energy, respectively. They are usually neglected because they are
found only significant for hypersonic flows.
Consequently, the turbulent URANS equations are found to have similar form
as the laminar Navier-Stokes equations 2.1, except that the viscosity coefficient µ
in the viscous stress tensor is replaced
by (µ+ µt ), and the coefficient Pµr for the

heat transfer term is replaced by Pµr + PµrtT . Therefore, in this thesis, the symbols indicating a Reynolds short-time averaging and Favre-averaging are dropped
without causing any confusion.

2.2.2

Turbulence models

In acoustic problems, turbulent eddies are the principal sources of broadband noise.
Therefore, resolving the multi-scale turbulent structures is of crucial importance
to jet noise simulations. Previous research has shown that resolving the finest
scales of turbulence is not necessary. If the most energetic part of the turbulent
spectrum is resolved, a satisfactory noise prediction can be achieved. In realistic
applications, therefore, the large turbulent scales are captured directly, while the
effects of the fine turbulent structures on the mean flow are modeled through a
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well-calibrated turbulence model. This is the objective of a LES.
The equations for large-eddy simulations are derived by spatially filtering the
exact compressible flow equations to remove the small-scales [48, 49]. A densityweighted- or Favre-filtering can be defined in an analogous way to the Favre timeaverage, and the resulting subgrid-scales are often modeled by making use of the
Boussinesq eddy-viscosity assumption, which leads to a formulation similar to the
URANS equations.
The most widely used eddy-viscosity model was proposed by the meteorologist
Smagorinsky [50]. The model relates the eddy viscosity to the subgrid characteristic length (∆) and the strain rate (S) via:
νt = (Cs ∆)2 S
p
S = Ωij Ωij
∂ui ∂uj
Ωij =
+
∂xj
∂xi

(2.18)
(2.19)
(2.20)

The cost of LES for realistic applications with high-Reynolds numbers exceeds
the available computer power by orders of magnitude. The main difficulty comes
from the near-wall turbulent boundary layers, where the turbulent eddies have
a characteristic length much smaller than the boundary layer thickness. As a
compromise, Spalart et al. [31] proposed a hybrid RANS/LES technique named
Detached-Eddy Simulation (DES), which models the attached near-wall boundary layers using the URANS equations and simulates the large-scale turbulence
in the the detached region. The most popular DES approach is based on the
Spalart-Allmaras turbulence model [51], because of its robustness and computational efficiency.
Using the Boussinesq eddy viscosity approximation, Spalart and Allmaras [52]
developed a one-equation turbulence model for the URANS equations. The evolution of the turbulent eddy viscosity is modeled based on empiricism and physical
reasoning:
µt = ρ̄ν̃fv1

Dν̃
1 Ma 
= cb1 [1 − ft2 ] S̃ ν̃ +
∇ · ((ν + ν̃) ∇ν̃) + cb2 (∇ν̃)2
Dt
σ Re

(2.21)
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 2
Ma h
cb1 i ν̃
−
cw1 fw − 2 ft2
Re
κ
d

(2.22)

The three terms on the right-hand side of equation 2.22 are the production
term, the turbulent diffusion term and the wall destruction term. The auxiliary
functions are:
χ=

ν̂
ν

χ3
χ3 + c3v1
Ma ν̃
=S+
fv2
Re κ2 d2
χ
=1−
1 + χfv1

1/6
1 + c6w 3
=g 6
g + c6w 3

= r + cw2 r6 − r
Ma ν̃
=
Re S̃κ2 d2

= ct3 exp −ct4 χ2

(2.23a)

fv1 =

(2.23b)

S̃

(2.23c)

fv2
fw
g
r
ft2

(2.23d)
(2.23e)
(2.23f)
(2.23g)
(2.23h)

where, the constants are: σ = 2/3, κ = 0.41, cb1 = 0.135, cb2 = 0.622, cw1 =
cb1 /κ + (1 + cb2 ) /σ, cw2 = 0.3, cw3 = 2, cv1 = 7.1, ct1 = 1, ct2 = 2, ct3 = 1.2,
ct4 = 0.5. Note that an extra term Ma /Re appears in the equations above because
of the normalization.
The driving length scale d of the Spalart-Allmaras model is the distance to the
closest wall dw . In the DES approach, it is redefined as:
d ≡ min{dw , CDES ∆}

(2.24)

where the model constant CDES is taken to be 0.65, and the length scale ∆ is the
largest dimension of the local cell:
∆ ≡ max{∆x, ∆y, ∆z}

(2.25)

Clearly, the DES formulation reduces to a URANS simulation in the boundary
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layers. In the equilibrium region away from solid walls when a balance is reached
between the production and destruction terms, the model becomes grid-dependent
and behaves like a Smagorinsky-like LES, for which νt ∼ ∆2 S. In other words, this
DES approach provides a smooth transition from the near-wall URANS simulation
to the standard LES away from the wall if the grids are fine enough.
Preliminary research has shown that the standard DES approach adds too
much dissipation into the flow field. A new variant is proposed here to turn off the
turbulence model in the DES region. The idea is borrowed from model-free LES
computations [53], in which the Sub-Grid Scale (SGS) models are omitted to avoid
excessive dissipation. Shur et al. [34, 35] have used this method successfully for
supersonic jet noise simulations. An example of the difference of the instantaneous
flow-fields obtained using the standard DES and the new variant is shown in figure
2.2. It is clear that using the grids and the embedded artificial dissipation terms
to provide the removal of turbulent energy enables much smaller features of the
turbulent flow to be identified. However, it should be noted that the mesh used in
this 2D example jet simulation is very coarse, and that further refinement of the
mesh would capture the smaller eddy structures, as evidenced in the following 3D
realistic jet simulations.

Figure 2.2: Comparison of the simulated instantaneous vorticity contours with the
standard and modified DES for a 2D cold jet operating at an on-design condition
Mj = Md = 1.5
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2.2.3

Numerical schemes

As in the majority of CAA studies, finite difference methods based on multi-block
structured meshes are used in the current research. Compared with finite-volume
schemes, a benefit of the finite difference schemes is that they can be extended easily to high-order-accuracy, which is very important for unsteady acoustic problems
where error tolerances must be kept low. The multi-block structured topology is
helpful to create high-quality body-conformal meshes when complex geometries
are involved in the computation.
When the multi-block structured mesh and finite difference schemes are used in
numerical simulations, equations 2.2 are usually rewritten in a generalized coordinate system. Details of the governing equations in general curvilinear coordinates
are described in appendix A, and the equations are repeated below for reference.
∂ Q̂ ∂ Ê ∂ F̂
∂ Ĝ
∂ EˆV
∂ FˆV
∂ GˆV
+
+
+
=
+
+
∂t
∂ξ
∂η
∂ζ
∂ξ
∂η
∂ζ

(2.26)

where, a hat is used to denote the conservative variables in general curvilinear
coordinates.
In contemporary CFD, the semi-discretized approach is usually adopted to
solve the governing equations numerically. In this approach, the space and time
discretizations are kept completely separated, i.e. the governing equations 2.26 in
a general curvilinear coordinate are rewritten as:
∂Q
= Res (Q)
∂t





 
∂ Ê − ÊV
∂ F̂ − F̂V
∂ Ĝ − ĜV

= J −
−
−
∂ξ
∂η
∂ζ

(2.27)

where, Res(Q) is usually referred to as the “residuals”. By performing a spatial
discretization for the residuals first, one gets a system of first-order ordinary differential equations in the physical time domain. An appropriate time-integration
method, such as the Runge-Kutta methods, can thus be applied to advance the
unsteady flow solutions.
The remainder of this section describes the numerical schemes used for the
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spatial and temporal discretizations, as well as the methods used to improve the
computational efficiency of the unsteady jet flow simulations.
2.2.3.1

Dispersion-Relation-Preserving (DRP) Schemes

For the jet noise simulations, and other acoustic problems as well, it is important
that the numerical scheme should capture the propagation of sound waves faithfully
over a long distance in space. Although the NS/Euler equations describe the sound
waves’ propagation precisely, numerical discretization inevitably causes dispersion
for high-frequency wave components.
The dispersion characteristics of general finite difference schemes can be illustrated using the one-dimensional convective wave equation:
∂u
∂u
+c
=0
∂t
∂x

(2.28)

with the initial condition u(x, 0) = φ(x). Fourier-Laplace transform shows that
all wave components propagate at the same speed c = ω/k . In other words, the
sound wave is non-dispersive. This is called the dispersion relation.
Unfortunately, the discretized equations behave mathematically like a dispersive wave system. For instance, assume the spatial derivative can be approximated
by a central difference operator with a stencil of 2N + 1 uniformly and symmetrically distributed points in space:


∂u
∂x


l

N
1 X
∼
aj ul+j
=
∆x j=−N

where, − a−j = aj

(2.29)

Fourier analysis shows that:
N
N
û X
2iû X
ijk∆x
∼
ik̄û =
aj e
=
aj sin (k∆x)
∆x j=−N
∆x j=−N

(2.30)

N
2 X
∼
k̄ =
aj sin (k∆x)
∆x j=−N

(2.31)

therefore,

For the component with a wavenumber k, its actual numerical representation
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on the mesh, or the modified wavenumber in equation 2.31, is different from the
solution of the original differential equation 2.28. As a result, acoustic waves with
different wave numbers will spread out, or disperse, in space due to their different
propagation speeds. This effect becomes more severe as the wavenumber increases.
Coefficients of standard central difference schemes in formulation 2.29 are derived by means of Taylor series expansions. The schemes may not have good dispersion preserving characteristics. Tam and Webb [54] introduced DRP (DispersionRelation Preserving) schemes. By lowering the order of accuracy of discretization,
one free coefficient can be assigned. This coefficient can be determined by minimizing the square of the difference between k∆x and k̄∆x over the desired range
Rβ
2
of wave numbers, i.e. E = 0 k∆x − k̄∆x d(k∆x) . In this way, it is guaranteed that the discretized equation is a good approximation to the original partial
differential equation within the desired wavenumber range.
2.2.3.2

The Runge-Kutta Methods

For temporal discretization of the semi-discretized equation 2.27, a large number
of methods are available to obtain the time-dependent solution [55]. Among them,
the explicit Runge-Kutta methods are the most popular to achieve high orders of
accuracy.
A general form of K-stage Runge-Kutta methods is given by:


Q(1)




(2)


 Q
...




Q(K)



 Qn+1
where,

PK

j=1

= Qn
= Qn + ∆tα2 Res(1)
(2.32)
= Qn + ∆tαK Res(K−1)
P
(j)
= Qn + ∆t K
j=1 βj Res

βj = 1. For each number of stages K, an infinite number of Runge-

Kutta schemes can be derived. Various conditions can be imposed to derive
the coefficients, for example, to obtain the maximum order of accuracy or the
minimum dispersion and diffusion errors [56]. For time-accurate simulations, a
popular version is the fourth order Runge-Kutta method, defined by coefficients
α = [1/2, 1/2, 1] and β = [1/6, 1/3/1/3, 1/6]. For steady flow simulations, a differ-
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ent set of coefficients, α = [1/8, 1/2, 1] and β = [0, 0, 0, 1] is used to achieve good
damping characteristics over a wide range of wavenumbers, as proposed in [43].
Different schemes have different stability regions. Under the stability constraint, the local time step ∆t is calculated by:
∆t = min (∆tI , ∆tV )

(2.33)

where, ∆tI and ∆tV are the time steps due to the inviscid and the viscous contributions respectively. ∆tI is computed based on the Courant-Freidrichs-Lewy
(CFL) criterion
∆tI =

CF L
λξ + λη + λζ

(2.34)

and ∆tV is computed based on the cell Reynolds number
∆tV =

ρRe CF L

M µ |∇ξ|2 + |∇η|2 + |∇ζ|2

(2.35)

where, λξ , λη and λζ are the spectra radii of the Jacobian matrix of the flux terms,
see appendix B.
Although the explicit Runge-Kutta method is memory efficient and easy to
implement, the greatest disadvantage is that the stability constraint puts a strict
limit on the maximum allowable time step. As the grid size becomes smaller,
the maximum allowable time step will drop rapidly. This is not affordable in the
current jet flow simulations. Therefore, a dual time-stepping method is used to
overcome the strict stability constraint.

2.2.4

Immersed Boundary Method

As more geometrically complex systems, such as jet flow and noise simulations of
chevron nozzles, are modeled, one of the greatest difficulties is to create a bodyconformal mesh around small, complicated geometric features. Fortunately, numerical tests [34] have shown that in many cases, the effects of small geometric
features, such as chevrons and tabs, on the jet flows can be modeled satisfactorily
without requiring a fully body-conformal mesh over all the fine geometric features.
Therefore, in the current research, the Immersed Boundary Method (IBM) is
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used to represent the chevron geometries in the jet noise simulation of chevron
nozzles. Quite different from the traditional strategy of body-conformal meshes,
the IBM does not require the boundary of a mesh to follow the geometry of the
solid surfaces [46, 47]. Instead, as shown in figure 2.3, some of the grid points
(for example, grid point A) are embedded within the surface and the governing
equations are modified at such grid points to emulate the effect of solid boundaries
on the external flow. The greatest advantage of this method is that the task of
mesh generation is simplified greatly, especially when very complex geometries are
involved in the flow simulation. The actual boundaries of complex surfaces are
replaced by the connection of the outermost points of the immersed grids. The
finer the grids are near the solid bodies, the more accurate the IBM will be.

Figure 2.3: Sketch of the immersed boundary method
Imposition of boundary conditions is a key factor in developing an IBM algorithm. Numerous techniques have been proposed. The Discrete-Time Derivation
(DTD) [57] of the Brinkman Penalization Method is used in the current research.
In this method, the continuity and energy equations are left unchanged and the
momentum equations are modified at the grid points inside the solid body. Specifically, the momentum at the immersed grid points is set to zero and kept unchanged
during the computation. In the case of a moving surface, such as in forward flight,
the velocity would be set to that of the moving body. As compared to the governing equations 2.1 for the regular grid points in the flow region, the governing
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equations for the immersed grid points can be written as:
∂ρ ∂ρui
+
=0
∂t
∂xi
∂ρe ∂(ρe + p)ui
∂qi
∂uj τij
+
=−
+
∂t
∂xi
∂xi
∂xi
∂ρuj
=0
and
uj = uj0
∂t

(2.36a)
(2.36b)
(2.36c)

where, uj0 is the velocity vector of the moving body.
Although the IBM simplifies the mesh generation for complex geometries, the
problem that remains is, given the complex geometries, to identify efficiently which
grid points are located inside the solid body. Using the Line Intersection Method
(LIM) [58], a preprocessing code has been developed to automatically mark the
immersed grid points. Figure 2.3 also shows the basic idea of the LIM approach. If
a line is drawn from the grid points, through the solid surface, to a far-field point
at the edge of the computational domain, one obtains an odd, or an even, number
of intersections with the solid surface. If the number of intersections is odd, the
grid point (for example, A) is located inside the solid body and should be marked
as an immersed grid point. Otherwise, it is a regular grid point (for example, B) in
the flow region. In the preprocessing code, six lines are drawn in the positive and
negative constant x, y and z coordinate directions, and then the intersections with
the solid surface(s) are calculated. Although one of them is sufficient to mark all
the grid points, the other five lines are supplemented to double-check the results.

2.2.5

Convergence acceleration methods

As noted in section 2.2.3.2, for viscous flow simulations, the very small grid size
near the wall puts a strict limit on the maximum time step of the time-accurate
Runge-Kutta method for unsteady flow simulations, and thus results in a very
long computation time. The computational load is especially high for the current
research since the jet flow and noise simulation requires sufficiently fine grids to
capture small turbulent structures and a long computation time to allow the unsteady turbulent jet flow to evolve. Therefore, convergence acceleration methods
have been implemented to improve the computational efficiency.
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2.2.5.1

Dual time-stepping

First of all, a dual time-stepping method has been adopted to circumvent the stability restriction. This algorithm was first introduced by Jameson [59] for unsteady
flow calculations past airfoils and wings. After the introduction of a fictitious time
τ to the semi-discretized equations 2.27, the governing equation can be rewritten
as

∂Q
∂Q
=−
+ Res(Q) = Res∗ (Q)
∂τ
∂t

(2.37)

Now, the physical time derivatives have been included in the new residual terms
Res∗ (Q) in the fictitious time domain. The argument is that, with an efficient
steady-state flow solver, it is possible to drive the modified governing equation to
a steady state in the fictitious time. Once convergence is reached, i.e. Res∗ (Q) ≈ 0
, the original URANS equations are recovered. Therefore, instead of solving the
original equations at each time step in the physical time domain, the problem is
transformed into a steady-state computation in the fictitious time domain.
For a dual time-stepping method, time derivatives with respect to the physical
time, t, can be discretized with a three-point backward difference scheme:


∂Q
∂τ

n+1
=−

Qn,m+1 − 4Qm + 3Qm−1
+ Res(Qn,m+1 ) = Res∗ (Qn,m+1 )
2∆t

(2.38)

where, the index m denotes the physical time step, and the index n denotes the
fictitious time step. In this way, the implicit algorithm in the physical time domain
is converted to an explicit algorithm in the fictitious time domain. Between each
physical time step, the flow solution is iterated in the fictitious time domain using
the four-stage Runge-Kutta algorithm, and the initial guess can be set as the
unsteady solution at the previous physical time step. When the flow solution is
well converged in the fictitious time domain, the flow reaches a quasi-steady state,
i.e. Res∗ (Q) ≈ 0 and Qn+1,m+1 ≈ Qn,m+1 . This converged solution becomes the
time accurate solution at the physical time step m + 1.
Since the flow simulation in the fictitious time domain is not time-accurate,
most convergence-acceleration methods, such as the multi-grid technique and the
implicit residual smoothing method, can be used to improve the computational
efficiency further.
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2.2.5.2

Multigrid

The multigrid method is an efficient way to accelerate the convergence rate of
steady flow simulations. It was first developed by Brandt [60] for the solution of
elliptic problems and was later extended to the solution of hyperbolic problems by
Jameson [61]. Examples of the multigrid implementation in CAA were given by
Lockard and Morris [62] and Shieh [44]. The Full Approximation Storage (FAS)
approach developed by Brant [60] and Jameson [61] is implemented in the current
research.
Generally, a von Neumann stability analysis of typical numerical algorithms
used in CFD indicates a difficulty in damping out low frequency waves. The
basic idea behind the multigrid technique is to transfer these low frequency waves
to successively coarser grids, where they progressively become part of the high
frequency range, and are then very effectively damped.
Figure 2.4 shows the typical V-type multigrid algorithm with three grid levels,
where h represents the fine mesh, and 2h the coarser mesh, and so on. Thanks to
the inherent hierarchy of structured meshes, each level of coarser auxiliary grids
are obtained by simply removing every other grid point from the upper finer grids.
Each cycle of the V-type multigrid algorithm consists of a restriction procedure
and a prolongation procedure. In the restriction procedure, the solution is started
on the fine grids by solving the governing equations using RK iterations, and then
transfered to the next coarser grids, on which the same numerical methods are
used to find the coarse grid solution. When the lowest grid level is reached, the
prolongation procedure starts. The corrections to the solution are transferred back
progressively to the upper finer grid level to form the corrected solution, without
using any RK iterations.
Corresponding to the two procedures in a V-type multigrid cycle, two types of
operators, restriction operators and prolongation operators, are used to transfer the
flow solutions between different grid levels. The restriction operators, R2h
h , are used
to derive the initial solutions on the coarser grids from their corresponding finer
grid values. The prolongation operators, Ph2h , are used to transfer the corrections
to the solution on the current coarse grid level back to the upper fine grid level to
construct the new corrected solutions.
The simplest choice of restriction operator is the “direct injection”, whereby
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Figure 2.4: Schematic of the three-level V-cycle multigrid algorithm
the coarser grid values are copied directly from their coincident finer grids.
Q2h = R2h
h (Qh ) = Qh

(2.39)

To improve the convergence rate and the stability of the multigrid method,
the restriction operators can be constructed by averaging the values from more
surrounding fine grid points. Figure 2.5(a) shows the half-weighting restriction
operator implemented in the current research. In the fine mesh, apart from the
points, defined as type I points, which also appear in the coarse mesh, other points
surrounding them can be subcategorized into three other types: grid points of
type II are connected directly to the coarse grid points, grid points of type III are
located at the center of the surfaces of a coarse grid cell, and grid points of type
IV are located at the center of the coarse grid cell. A full-weighting restriction
operator can be generalized as:
Q2h = R2h
h (Qh ) = WI Qh(I) +

X

WII Qh(II) +

X

WIII Qh(III) +

X

WIV Qh(IV )
(2.40)

where, W is the weighting factor for each type of grid point. By dropping the type
III and IV grid points, one gets the half-weighting restriction operator, and the
weighting factors in this case are shown in figure 2.5(a).
In the prolongation procedure, only the corrections to the solution are trans-
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(a) Restriction operator

(b) Prolongation operator

Figure 2.5: Schematic of the restriction and prolongation operators
fered back to the fine mesh through a prolongation operator
∆Qh = Ph2h (∆Q2h )

(2.41)

The prolongation operator Ph2h is a bilinear interpolation operator. The corrections at type I grid points are set as their coarse grid values. For type II points, the
corrections are the average of the values of their two adjacent coarse grid points.
For type III grid point, they are the average of the values of the coarse grid points
on the same surface of the coarse grid cell. For type IV, all the eight vertexes of
the coarse grid cell are included in the averaging.
The corrections are defined as the difference between the new coarse mesh
solution after n RK cycles and the initial coarse mesh solution restricted from the
fine mesh, i.e.
(n)

∆Q2h = Q2h − R2h
h (Qh )

(2.42)

thereby the solution on the fine mesh is corrected by
∆Qnew
= Qh + ∆Qh
h

(2.43)

Because of the different grid sizes, the coarse and fine meshes do not have the
same discretization error. To ensure the fine-grid accuracy on the coarse mesh,
a forcing function F2h is added to the governing equation 2.37. The governing
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equation on the coarse mesh becomes:
∂Q2h
= Res (Q2h ) + F2h
∂t

(2.44)

where, the forcing function is defined as:

2h
F2h = R2h
h (Res (Qh )) − Res Rh (Qh )

(2.45)

One finds that when the converged steady state solution, i.e. Res (Qh ) → 0
on the fine mesh is obtained, equation 2.44 reduces to ∂Q2h /∂t = Res (Q2h ) −

2h
Res R2h
h (Qh ) , of which the steady state solution is Q2h = Rh (Qh ). Therefore,
the solution on the coarse mesh has the same accuracy as on the fine mesh.
For turbulent flow simulations, since the boundary layer is less well resolved
on the coarse mesh due to the significant grid deformation, the multigrid method
might produce unphysical turbulence viscosity [63]. The problem can be avoided
by freezing the turbulent viscosity on the coarse grids. Another advantage of this
approach is the computational efficiency since the turbulent equation is not solved
on the coarse grids.
An important influence on the multigrid convergence is the boundary treatment
on the coarse grids. Only a very few articles can be found on this topic [64, 65].
Although it is possible to define a boundary forcing function similar to that for the
interior coarse grid points, it increases programming complexity. Alternatively, the
solutions on the coarse grids are simply frozen on the boundaries. The convergence
rate is sacrificed with this approach. However, it would save computation time
since no boundary treatment is necessary and the MPI communication between
blocks is not required on the coarse grids.
2.2.5.3

Implicit Residual Smoothing (IRS)

The Implicit Residual Smoothing (IRS) is another widely used approach to speed
up the convergence rate of steady-state flow simulations. It was introduced by
Jameson [66] to increase the stability region of a second order central difference
scheme. Other authors [67, 68, 69] slightly adapted the schemes to deal with highaspect-ratio meshes in viscous calculations. The basic idea with the IRS method is
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to increase the time step ∆t to speed up the wave propagation and thereby reach
a steady state in fewer time steps. This is achieved by a weighted-average of the
residuals over several adjacent grid points.
Zhu et al. [70, 63] proposed a new method to construct the IRS schemes. Starting with the one-dimensional wave equation 2.28, the semi-discretized difference
equation at grid point i can be written in a general form:


∂u
∂t


= Resi (u)

(2.46)

i

One can construct a pseudo-residual corresponding to, for example, the second
order derivative of the flux term:
g i (u) = − a δ 2 ui = − a (ui+1 − 2ui + ui−1 )
Res
∆x
∆x

(2.47)

Now, the residual at the nth iteration can be corrected with a predicted change
of the pseudo-residual (without causing any confusion, the subscript i is dropped
because the same formulation is taken at any grid point):


g − Res
gn
Resn∗ = Resn + Res

(2.48)

¯ is estimated in an implicit way:
and the predicted pseudo-residual R̃
g = (1 − α)Res
g n + αRes
g n+1
Res

where, 0 ≤ α ≤ 1

(2.49)

where, α is a weighting factor, and n and n + 1 stand for the current and the next
time steps respectively.
As a result, the corrected residual becomes


g n+1 − Res
gn
Resn∗ = Resn + α Res

(2.50)

According to Taylor’s expansion, the pseudo-residual at the next time step can
be approximated by
g
Res

n+1

#n
g
∂
Res
g +
= Res
∆u
∂u
n

"

(2.51)
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Substituting equations 2.50 and 2.51 into 2.46, one gets the discretized equation
at the current time step:
"

g
∂ Res
1
−α
∆t
∂u

!

#n
∆u

= Resn

(2.52)

The differential term can be calculated from equation 2.47
g
∂ Res
a 2
=−
δ
∂u
∆x

(2.53)

Because the residual after the smoothing procedure is Res = ∆u/∆t, equation
2.52 actually reduces to

1 − βδ 2 Res = Res

(2.54)

The superscript n is dropped without causing any confusion. Or, equation 2.54
can be expanded at grid point i
−βResi+1 + (1 + 2β)Resi − βResi−1 = Resi

(2.55)

where, β = αa∆t/∆x. σ = a∆t/∆x is actually the CFL number. When the
solution converges, all the residuals go to zero. Hence the smoothing has no impact
on the accuracy of the solution. If applying the Fourier transform on both sides,
one finds that the amplitude of each component of the residual in the wave space
after the smoothing procedure is scaled by
d
IRS(ω)
=

1
1 + 4β sin2 (ωh/2)

(2.56)

Therefore, by choosing an appropriate coefficient β, it is possible to increase
the time step ∆t without compromising the stability.
The derivation procedure of the IRS scheme implies that there is no restriction
on the construction of the pseudo-residual in equation 2.47. Therefore, the current
research still uses the second-order derivative for the smoothing scheme, and the
DRP scheme for the residual calculation. However, this results in a new stability
region, which is different from the stability constraints in all references [66, 67, 68,
69].

43
The stability constraint can be derived from the one-dimensional wave equation
2.28. Numerical analysis shows that the amplification factor
3
X
ûn+1
G(ω) = n = σ
cj eIj∆x
û
j=−3

(2.57)

where, û indicates the amplitude of the Fourier transformed variable, and cj are
the coefficients of the DRP scheme. With the use of the IRS scheme in equation
2.55, the amplification factor becomes
P3
Ij∆x
∗
σ
j=−3 cj e
∗
d
G (ω) = G(ω)IRS =
1 + 2β − 2β cos(ω∆x)

(2.58)

In the unsmoothed scheme, the stability constraint usually imposes a limit on
the CFL number σ. To retain the same stability region, the following constraint
is imposed:
|G∗ (ω)| ≤ σ

for all error-wave components

(2.59)

By solving equation 2.59, a new stability constraint is derived as the relationship
between β and σ ∗ /σ (the ratio of CFL numbers after and before applying the IRS).
Because the analytic solution is too complicated, it is approximated with a simple
form:
1
β>
3



1
1.158



2
σ ∗ /σ
+ 0.1
1.6227

(2.60)

For three dimensional simulations, the IRS can be written as
1 − βi δi2



1 − βj δj2




1 − βk δk2 Res = Res

(2.61)

The residual smoothing can be performed successively in three directions, with
the right-hand side terms replaced by the smoothed residuals in the previous
smoothing procedure. Usually, the ratio of CFL numbers after and before the
smoothing can reach 2.5 for three-dimensional computations. To account for cells
with a large aspect ratio near the wall, the ratio of CFL numbers in equation 2.60
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is modified following Radespiel [69]:


1/2 1/2
1
+
max
r
,
r
ηξ
ζξ
σ
σ
←
σ
σ 1 + max (rηξ , rζξ )
∗

∗

(2.62)

for the smoothing in ξ direction, where, rηξ = λη /λξ and rζξ = λζ /λξ . λξ is the
spectral radius of the Jacobian matrix of the flux terms, see appendix A. Similar
forms are used for the residual smoothing in the η and ζ directions.
Two problems arise when the central scheme of the IRS is used near the boundaries. First, as indicated above, different spatial discretization schemes might lead
to different stability constraints of the IRS. This happens for the grid points in
the boundary region where the high-order DRP scheme requires the grid points
beyond the boundaries and thereby lower-order schemes are used instead. Although different stability constraints can be derived, numerical tests show that the
schemes are not stable. Another problem is that the implicit linear equation has
to be solved globally in the whole computation domain. When the computation
is running in a parallel mode, frequent data communication is required between
processors, the long idle time might even outweigh the benefit of using the IRS
method. To resolve these problems, the current research keeps the residuals unchanged in the boundary region and solves the implicit linear equations locally on
each processor. Apparently, the speed-up would be sacrificed. However, numerical
tests show that a significant improvement of convergence rate can still be achieved
with this approach.

2.2.6

Boundary conditions

Different kinds of Boundary Conditions (BC) are used in the current research.
In this section, only the non-reflecting boundary conditions and block interface
conditions are discussed. Descriptions of other types of boundary conditions can
be find in [55].
As in many other acoustic problems, the downstream boundary of the finite
computational domain cuts across the jet plume. The outer boundary conditions
should be not only capable of recovering the non-uniform mean flow, but also
be transparent to outgoing acoustic waves and other disturbances. Otherwise,
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reflections at the outer boundaries back into the computational domain would
contaminate the solution, and lead to a physically incorrect result.
2.2.6.1

Characteristic Boundary Conditions

In 1990, Thompson [71] proposed a family of boundary conditions using the characteristic wave relations. Poinsot and Lele [72] further developed this method for the
NS equations. The basic idea is that a hyperbolic system of equations represents
the propagation of characteristic waves. The behaviors of outward propagating
waves are determined entirely by the solution along and within the boundary,
therefore no boundary conditions should be specified. The behaviors of inward
propagating waves are defined by the flow conditions outside of the computational
domain, thereby appropriate boundary conditions must be imposed.
Thompson’s derivation starts with the conservative form of the Euler equations.
Suppose that the boundary condition in the x direction for a 3D inviscid flow
problem is required:
∂G
∂Q ∂E ∂F
+
+
+
=0
∂t
∂x
∂y
∂z

(2.63)

Using the chain rule, equation 2.63 can be rewritten in terms of primitive
variables U = {ρ, p, u, v, w}:
P

∂U
∂E ∂U
+
+C =0
∂t
∂U ∂x

(2.64)

where,
∂Q
∂U
∂F
∂G
C=
+
∂y
∂z
P =

(2.65)
(2.66)

Multiplying through equation 2.64 by P −1 , one obtains:
∂U
∂U
+A
+ P −1 C = 0
∂t
∂x

where

A = P −1

∂E
∂U

(2.67)
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A diagonalizing similarity transformation can be generated for matrix A:
A = SΛS −1

(2.68)

which transforms equation 2.67 into another form
S −1

∂U
∂U
+ ΛS −1
+ S −1 P −1 C = 0
∂t
∂x

(2.69)

∂U
+ L + Sc = 0
∂t

(2.70)

or
S −1
where,



u−c
···
0




u


 ..
.. 
Λ= .
u
. 




u


0
···
u+c

(2.71)

and
S
S

−1 ∂U

∂t
−1 ∂U

∂x


=

=
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T
(2.73)

As a result, the original form is decoupled into five independent equations in
2.69, which have a clear physical meaning. They represent the propagation of
two sound wave components traveling in the negative and positive x directions
at velocities u ± c, one entropy wave and two vorticity waves advected at the
velocity u. The incoming and outgoing waves can be classified according to the
signs of their corresponding eigenvalues. For outgoing waves, the characteristic
lines theory indicates that no boundary condition should be imposed. Therefore,
a one-sided difference scheme can be used to calculate the spatial derivatives. For
incoming waves, boundary conditions should be imposed on the spatial derivatives
L. Thompson [71] and Poinsot and Lele [72] presented the theory of how to decide
the values of L for different kinds of boundary conditions.
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The characteristic equations in a generalized coordinate system were derived
by Lockard [43]. However, a possible zero term appeared in the denominator of
his equations which would lead to a failure of the computation in some cases.
Therefore, a new form has been developed in the current research and is presented
in appendix B.1.
2.2.6.2

Characteristic block interface conditions

When a multi-block mesh topology is used for a complex geometry, a sharp turn of
the grid lines usually appears across the block interface as shown, for example, in
figure 2.6(a). With the use of finite difference schemes, it is difficult to ensure the
continuity of the grid transform matrix at the block interface. In traditional CFD,
one-sided difference schemes are used and the flow variables and their derivatives
are approximated by averaging the left- and right-side limits. This certainly incurs
numerical errors and the conservation law and dispersion-relation are no longer
satisfied.

(a) Fully-matching interface

(b) Non-matching interface

Figure 2.6: Schematic of the block interface conditions
Two types of block interfaces are present in the current research. In figure
2.6(a), two blocks share the same grid distribution at the block interface, which
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is referred to as a “fully-matching block interface”. However, for chevron nozzle
simulations, a different strategy is desired. As mentioned in section 2.2.4, refining
the grids around solid bodies can improve the resolution of the IBM. Unfortunately,
under the constraint of the fully-matching block interface approach, grid refinement
around the chevrons will propagate all the way to the outer boundaries where the
grid clustering is completely unnecessary, and this results in a large mesh size and
long computation time. However, if two blocks do not have to share the same grid
distribution at the common interface as shown in figure 2.6(b), the grids can be
refined significantly in a small region around the chevrons to improve the resolution,
without increasing the global mesh size. This is referred to as a “non-matching
block interface”.
In 2003, Kim and Lee [73] proposed a Characteristic Interface Condition (CIC)
based on Thompson’s characteristic boundary conditions for the fully-matching
block interface. Following Thompson’s theory, the governing equations are decomposed into a system of characteristic wave equations as shown in equation 2.69.
Since the flow variables and their time derivatives must be the same at the block
interface, the following conditions must be satisfied:
LL + ScL ≡ LR + ScR

(2.74)

where, the superscript L and R denote the variables at the block interfaces of the
left and right blocks.
For each block, a one-sided difference scheme is used to compute the spatial
derivatives of the flow variables in the normal direction to the block interface. Then
the derivatives are corrected using the values from its neighbor if the characteristic
waves are propagating into this block. The corrections are made according to
equation 2.74, such that the time derivatives of the flow variables are the same for
each pair of matching grid points at the block interface. As a result, the block
interface condition for the left block can be written as:
(
LLi
if λLi = λR
i > 0
L∗L
=
i
R
L
LR
λLi = λR
i + Sci − Sci if
i < 0

(2.75)

For the non-matching block interfaces, the current research proposes to calcu-
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late all the variables at the neighbor’s grid points with a high-order interpolation
method, and then apply the CIC in equation 2.75 in the same way as the fullymatching interfaces. The interpolation is based on Lagrange polynomials in the
computational domain. Details are presented in appendix B.2.
It should be noted that equation 2.75 is not easy to implement, especially when
the mesh-orientations are not the same across the block interface (for example,
the Imax-surface of the left block matches any other grid surface except the Iminsurface of the right block). Therefore, modifications have been made in the current
research to manipulate the residuals of the conservative form of NS equations
directly. This is presented in appendix B.2.
2.2.6.3

Radiation BC

The characteristic boundary conditions are based on the Local One-Dimensional
Inviscid (LODI) relations. Although one-dimensional simulations showed that
they are almost perfectly non-reflecting, their performance deteriorates for threedimensional problems, as observed in several benchmark cases in the current research or shown in some references [74]. Usually, a buffer zone is added at the
far-field artificial boundaries to damp out the reflections, see [25, 32, 33, 34]. Tam
and Webb [75], Tam and Dong [76] developed radiation boundary conditions for
jet noise problems by writing the instantaneous solutions as the superposition of
a mean flow part and a disturbance part. Like the buffer zone techniques, the
greatest disadvantage is that a known mean flow solution is required, which is very
difficult to obtain before the simulation is completed. Therefore, a modified version
of radiation boundary conditions proposed by Dong [74], for which the mean flow
solutions are not necessary, is applied at far-field boundaries of the computation
domain.
Based on the asymptotic solutions of the steady Euler’s equation, Dong’s modified radiation boundary condition replaced the mean flow solutions with the uniform ambient solutions, which are known for a given problem. The governing
equations at the artificial boundaries are:
1 ∂p ∂p 4
+
+ (p − p∞ ) = 0
a∞ ∂t ∂r r

(2.76a)
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1 ∂u ∂u 2
+
+ (u − u∞ ) = 0
a∞ ∂t
∂r r
1 ∂v ∂v 2
+
+ (v − v∞ ) = 0
a∞ ∂t
∂r r
1 ∂w ∂w 2
+
+ (w − w∞ ) = 0
a∞ ∂t
∂r
r
1 ∂ρ ∂ρ 4
+
+ (ρ − ρ∞ ) = 0
a∞ ∂t
∂r r

(2.76b)
(2.76c)
(2.76d)
(2.76e)

where, r is the radius in spherical coordinates, measured from the center of the flow
source to a grid point on the boundary. Dong showed that the proposed boundary
condition is not very sensitive to the choice of the center. Therefore, the center is
assumed to be at the center of the nozzle exit in the current research.

2.3

Noise predictions

In 1952, the pioneering work of M. J. Lighthill [4, 5] established the theory of
aerodynamic noise. Lighthill’s acoustic analogy theory converts the actual noise
generation and radiation problem of a fluctuating fluid flow occupying a limited
part of a large volume of fluid at rest into the sound radiation problem in a uniform,
stationary acoustic medium experiencing a fluctuating external force field. In
mathematical form, the continuity and momentum equations of an arbitrary fluid
motion are reformulated into a convective wave equation:
2
∂ 2ρ
∂ 2 Tij
2∂ ρ
−
c
=
0
∂t2
∂x2j
∂xi ∂xj

(2.77)

where, Tij = ρui uj +(p − c20 ρ) δij −τij is known as Lighthill stress-tensor. Its double
divergence on the right side of equation 2.77 can be interpretated as a distributed
equivalent source term.
Derived from the general NS equations, the Lighthill equation is exact. All
aeroacoustic processes, including the sound generation by the flow fluctuation,
sound propagation through the fluid, and sound dissipation by viscosity or heat
conduction, are accounted for accurately. Due to its generality, the right-hand
side contains the flow-sound interaction effect. Approximations must be made
before the wave equation can be solved explicitly by means of the Green’s function
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technique. Therefore, in practice, the variants proposed by Ffowcs Williams &
Hawkings [6] are usually used instead.

2.3.1

Standard implementation of the FWH approach

Ffowcs Williams and Hawkings [29] extended the Lighthill acoustic analogy by
using the generalized function theory. Assume a permeable surface S is placed
inside the flow field. The surface divides the flow domain into two parts: the
first one contains the noise sources. This can be described by the NS equations
with some source terms. The other part is the uniform, stationary medium in
which the noise radiation propagates. This can be described by the NS equations
without source terms. The governing equation for the whole computation domain
can be generalized by multiplying through the general NS equations 2.2 by the
~ t) defines the surface. Essentially, the FWH
Heaviside function H(S), where S(X,
theory assumes that sound generated by flow outside the control surface S can be
neglected, if only surface integrations are to be performed, as noted below.
After eliminating the momentum terms from the generalized equations, Ffowcs
Williams and Hawkings obtained an inhomogeneous wave equation:


2

c20 ρ0



∂
∂
=
[ρ0 Un δ(f )] +
[Li δ(f )] +
∂t
∂xi




∂2
[Tij H(f )]
∂xi ∂xj

(2.78)

where, 2 = 1/ (c20 ) ∂ 2 /∂t2 − ∂ 2 /∂x2k is the wave operator. Un = (1 − ρ/ρ0 ) vn +
(ρ/ρ0 )un and Li = P δij n̂j + ρui (un − vn ). ui are the components of the local flow
velocity vector and vi are the components of the local velocity vector of a point
on an arbitrarily moving integration surface. Using the acoustic approximation
ρ0 = p0 /c20 , the pressure perturbation form of the equation can be derived.
Farassat [77] derived an integral form of solution to equation 2.78. Expressed in
a retarded-time formulation (indicated by the symbol [·]ret , because, for a moving
noise source, its sound radiation at the retarded time happens to reach the observer
at the specified observer time after traveling in space for some time), the acoustic
pressure at a far-field observer is:
p0 (~x, t) = p0T (~x, t) + p0L (~x, t) + p0Q (~x, t)

(2.79)
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where, the thickness noise component p0T and the loading noise component p0L are
given by,

Z
4π ṕT =





ρ0 U̇n + Uṅ



r (1 − Mr )2


Z



dS +



ρ0 Un




rṀr + c (Mr − M )

r2 (1 − Mr )3
2

ret

dS

ret

(2.80)
4π ṕL =

1
c

Z "

#

Z 

Lr − LM
L̇r
dS +
2
2
r (1 − Mr ) ret
r (1 − Mr )2

 
Z Lr rṀr + c (Mr − M 2 )
1 
 dS
+
c
r2 (1 − Mr )3


dS
ret

(2.81)

ret

where, the dot over a variable implies source-time derivative of that variable. LM =
Li Mi , and a subscript r or n indicates a dot product of the vector variable with
the unit vector in the radiation direction r̂ or with the unit vector in the surface
normal direction n̂, respectively.
The quadrupole component p0Q in equation 2.79 models the contribution of
non-linear source terms external to the integration surface. It is often neglected
in the noise prediction, mainly because of the computational challenge of volume
integration. Previous research [45] without including the quadrupole component
has produced good results for subsonic jets.
The FWH equation is the most general and popular form of Lighthill acoustic
analogy. Brentner and Farassat [30] demonstrated that, in contrast to the Kirchhoff
approach, the FWH method has an advantage of placing less constraints on the
shape and position of the integration surface. It allows arbitrary acoustic data
surfaces to be immersed in the flow, either open or closed, though the surface
should still be located external to the expected noise source region.

2.3.2

Variants of the FWH equation

The FWH approach assumes that all noise sources outside the control surface S
can be neglected. The closer S is placed to the jet, the less realistic this assumption becomes. Unfortunately, for the jet noise problem with the turbulent motion
extending far downstream of the nozzle, using a large control surface while still

53
maintaining a high resolution of noise sources requires a fine mesh and thereby
expensive computer resources. When the quadrupole term is neglected, additional
errors are introduced. Another problem associated with the standard form is that
the replacement of ρ0 = p0 c20 is questionable for hot jets. The local density perturbation around the the ambient flow, i.e. ρ0 = ρ − ρ0 , differs significantly from the
acoustic approximation p0 /c20 because of the temperature fluctuation.
Morfey and Wright [78] and Spalart and Shur [79] extended the standard FWH
equation to reduce the problems by using functions of the pressure rather than the
density in key terms. Defining a quantity ρ ≡ ρ0 (1 + p0 /P0 )1/γ and replacing ρ
by ρ , Spalart and Shur derived a new equation:
∂
∂
[ρ0 Un δ(f )] +
[L δ(f )]
∂t
∂xi i
(

)
 ) ∂p
 ∂ Q̄
∂2  
∂
(ρ
−
ρ
ij
+
T H(f ) +
−
Q ui +
∂xi ∂xj ij
∂t
∂xi
ρ
∂xj

2 c20 (ρ − ρ0 ) =

(2.82)
where all variables with a superscript  have the density ρ in the standard form
replaced by ρ , and Q ≡ − [D (ρ − ρ ) /Dt + (ρ − ρ ) ∂ui /∂xi ].
Spalart and Shur’s modification has several benefits compared with the standard form. First, the pressure is much more uniform than density, therefore, Un ,
Lij , Tij are calmer than Un , Lij and Tij . Neglecting the quadrupole terms is more
benign. The sensitivity of the sound to the position of the outflow disk is much
lower. Second, the definition ρ ≡ ρ0 (1 + p0 /P0 )1/γ is neutral in any isentropic
region, therefore it allows the control surface S to be placed closer to the turbulent region. Third, this replacement avoids the error of the standard form for hot
jets, for which the acoustic approximation p0 = ρ0 c20 is questionable because of the
temperature flucationats. Spalart and Shur [79] showed that these modifications
reduce the sensitivity of the noise prediction to the size and position of FWH
control surface significantly. Therefore, this form is used in the current research.
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2.4

Code validation

Before running jet noise simulations, several benchmark cases have been simulated
to demonstrate the accuracy and efficiency of the various algorithms implemented
in present codes. Four model problems are used: propagation of a two-dimensional
Gaussian pressure pulse; supersonic turbulent flow past an RAE2822 airfoil; laminar flow over a two-dimensional cylinder; and three-dimensional supersonic jet
flow. Each case is used to test multiple algorithms that are of critical importance to the current research. The last three benchmark cases can be found in the
“NPARC alliance verification and validation archive” [80].
It should be noted that the current version of the jet flow simulation code
solves the three-dimensional governing equations. Although the first three cases
are essentially two-dimensional, three-dimensional meshes are created and are run
in three-dimensional mode. For each case, four grid points are created along the
z -direction and symmetry boundary conditions are used at the two z -boundaries.
In this way, quasi-2D simulations can be achieved.

2.4.1

Propagation of Gaussian pressure pulse

A typical model problem for testing the wave propagation characteristics of a CAA
algorithm is the propagation of an initially Gaussian pressure pulse. The analytical
solution of the two-dimensional pressure pulse problem in the stationary frame of
reference is given by Tam and Webb [54]:
1
p (x, y, t) =
2α1

Z

∞

e−ω

2 /4α

1

× cos (ωt) J0 (ωη) ωdω

(2.83)

0

q
where, η = (x − M t)2 + y 2 , and J0 is the Bessel function of order zero. M is
the Mach number of the moving ambient. The initially Gaussian pressure pulse is
given by:
p = ρ = 1 e−α1 r

2

(2.84)

where, the parameter α1 is related to the half-width of the initial pulse b by α1 =
ln 2/b2 , and 1 is the amplitude of the initial pressure pulse. r is the distance of a
point in space to the center of the initial pressure pulse.
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A nine-block structured mesh is created in the circular computational domain
with a radius of 10, as shown in figure 2.7. To avoid the centerline singularity, a
rectangular block is generated around the center of the domain, with its corners
placed at 1/4 of the radius along the coordinate axes. Four identical blocks, which
have fully-matching block interfaces with each other and the center block as well,
occupy the rest of the circular domain with a radius of 5. Surrounding these blocks
are another four identical blocks, which have fully-matching block interfaces with
each other but non-matching block interfaces with the inner blocks, as only about
1/3 of the grid points are used in the circumferential direction compared with the
grid density of the inner blocks. The dimensions for the three types of blocks are
100 × 100, 100 × 50 and 32 × 70, respectively. Grid details of the two types of
intersections between these blocks are also shown in figure 2.7.
As one of the validation purposes, this complex mesh topology is chosen intentionally to test the accuracy of the multi-block topology and fully-matching and
non-matching block interface conditions for sensitive acoustic problems. Exactly
the same mesh topology is used in the axial cross-section of the jet flow simulations. Another purpose is to evaluate the performance of non-reflecting boundary
conditions. Specifically, Thompson’s characteristic boundary condition and Dong’s
modified version of radiation boundary condition are imposed at the outer boundaries in two separate runs to evaluate their performance.
The current validation case assumes that the initially Gaussian pressure pulse
has an amplitude of 1% of the ambient pressure and a half-width of 0.5. To test
the code’s ability to capture acoustic waves in a strong ambient flow, the initial
pulse is embedded in a uniform ambient flow moving in the positive x direction
with M = 0.5.
Figure 2.8 shows the instantaneous pressure contours at t = 10 when two types
of boundary conditions are imposed. At t = 10, the initial pulse has passed through
two types of block intersections and has propagated out of the computational domain at the right side, but just reaches the type 2 block intersection at the left side
after traveling through the type 1 block intersection. The pressure contours look
smooth, indicating that the block interface treatment, either the fully-matching
or the non-matching type, captures the behavior of sound waves correctly while
crossing these block interfaces, where the spatial derivatives are not continuous and
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(a) Computational mesh

(b) Grid details around the intersection of type 1

(c) Grid details around the intersection of type 2

Figure 2.7: Computational mesh for the propagation of a 2D Gaussian pressure
pulse
require a less accurate approximation in traditional CFD techniques. The precision of the block interface conditions can also be observed in figure 2.9, in which
the pressure distribution along the x -axis is compared with the analytic solutions.
The agreement is excellent despite the complex mesh topology.
However, figure 2.8 also shows that, compared with the computation with the
radiation boundary conditions imposed at the outer boundaries, a much stronger
reflection of sound waves appears after the initial pulse passed through the outer
boundaries if the characteristic boundary conditions are used. The effect can
be identified clearly in figure 2.10, in which the evolution of the instantaneous
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(a) Thompson type of Method of Characteristic
(MOC) boundary conditions

(b) Dong’s modified version of Radiation
(RAD) boundary conditions

Figure 2.8: Comparison of instantaneous pressure contours at t = 10 with two
types of far-field boundary conditions for the propagation of a Gaussian pressure
pulse

Figure 2.9: Comparison of pressure distribution along the x -axis at two time steps
t = 5 and t = 10 when two types of far-field boundary conditions are used for the
propagation of a Gaussian pressure pulse
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pressure at two positions A and B (shown in figure 2.7) are compared with the
analytic solutions. While at the outer boundaries the radiation conditions almost
predict the pressure history precisely, the simulation results deviate significantly
from the analytic solutions if Thompson’s characteristic boundary conditions are
used instead.

Figure 2.10: Comparison of pressure evolution at two positions A & B when two
types of far-field boundary conditions are used.
One solution to suppress the reflection at outer boundaries is the buffer zone
technique, for example in [81, 82]. Wasistho’s buffer zone is implemented in the
current version of code, and its combination with the characteristic boundary condition produces excellent results for this validation case. Unfortunately, apart from
the extra computational load introduced by the buffer layers, another main difficulty comes from the requirement of a prior knowledge of the base flow upon which
the reflections are damped. For a realistic jet noise simulation, the base flow is
usually difficult to acquire before the simulation is completed. Therefore, in the
current research, Dong’s modified version of the radiation boundary conditions are
imposed at the outer boundaries.
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2.4.2

Transonic flow past the RAE2822 airfoil

The steady transonic flow over an RAE2822 airfoil is simulated to validate the
accuracy of shock-containing turbulent flow simulations and the effectiveness of
convergence-acceleration methods. The free-stream incoming flow has a Mach
number of 0.729, and a Reynolds number of 1.63 × 107 based on the chord of the
airfoil. A two-block structured mesh is created, as shown in figure 2.11. Each block
has a dimension of 233 × 121. The standard Spalart-Allmaras turbulence model
is used in the simulations. The first grid point off the wall has a grid spacing of
1 × 10−5 L, where L is the chord of the airfoil.

(a) Grids in the whole computational domain

(b) Grids around the airfoil

Figure 2.11: Computational mesh for the transonic flow over an RAE2822 airfoil
Two convergence-acceleration methods are available for steady flow simulations: IRS and multigrid. They can be activated separately or together. For this
validation case, a ratio of CFL numbers σ ∗ /σ = 2.5 is used if the IRS is activated.
When the multigrid method is used, three grid levels are used (although more grid
levels are supported in the computational mesh, only three grid levels are used to
avoid significant deformation of the grids in the coarsest mesh) and the number of
Runge-Kutta cycles at the fine and the successive coarser meshes are 1, 2 and 3
respectively.
Figure 2.12 shows the pressure distributions along the airfoil for each computation with and without use of the convergence acceleration methods. Obviously,
these methods have no impact on the accuracy of the simulation. Figure 2.13 shows
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the convergence histories of the residual of the continuity equation and the turbulent eddy viscosity at a fixed point A behind the trailing edge in figure 2.12(a).
Although the computation with the normal Runge-Kutta iterative method has not
reach a converged solution after 20000 cycles, 18000 cycles are enough to produce
a converged solution when either method is activated. If the two methods are activated together, a well converged solution is obtained within 10000 cycles, which
indicates that each method can almost double the convergence rate.

(a) Isolines of pressure coefficient and contours of (b) Distribution of pressure coefficient on the
the turbulent viscosity ( IRS + MG )
airfoil surface

Figure 2.12: Comparison of flow solutions with and without the convergenceacceleration methods
Figure 2.12 shows that the shock on the suction surface of the airfoil shifts in
the upstream direction in the numerical simulation. The validation cases in [80] indicated that the turbulence model is most likely responsible for the mismatch. Because of the large adverse pressure gradient, the boundary layer thickness increases
suddenly behind the shock. Reference [83] showed that the Spalart-Allmaras model
gives a poor prediction of the recovery rate of the velocity field downstream of the
reattachment point. The thick boundary layer would push the shock wave in the
upstream direction.
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(a) Residual of the mass equation

(b) Turbulent eddy viscosity at point A

Figure 2.13: Comparison of convergence rates with and without the convergenceacceleration methods

2.4.3

Laminar flow over a two-dimensional cylinder

The laminar unsteady flow over a circular cylinder is simulated for multiple purposes. The uniform incoming flow has a Mach number of 0.2, and the Reynolds
number based on the cylinder diameter is 150. At this Reynolds number, the flow
is essentially two-dimensional with periodic laminar vortex shedding, and the experimental observation of vortex shedding frequency corresponds to St numbers
from 0.179 to 0.182.
Multiple functions are tested using this benchmark problem. The first is to
evaluate the improvement of computational efficiency with different convergence
acceleration methods for unsteady flow simulations. For this purpose, a bodyconformal multi-block mesh with fully-matching block interfaces, as shown in figure
2.14(a) and (b), is created, and Riemann boundary conditions are imposed at
all far-field boundaries to recover the mean flow. The grid spacing of the first
grid point off the solid body is 0.1% of the diameter, which corresponds to y + ∼
0.1. The dual-time stepping method, with or without the convergence acceleration
methods for the inner iterations, is used for an efficient unsteady flow simulation.
Because it is usually difficult to determine how sufficient the convergence in the
fictitious time domain would be enough, the computations are run with different
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(a) Body-conformal grids with fully-matching block interfaces

(b) close-up view

(c) Body-conformal grids with non-matching block interfaces

(d) close-up view

(e) Cartesian grids with non-matching block interfaces

(f) close-up view. The
blue curve shows the actual boundary.

Figure 2.14: Three computational meshes for the 2D cylinder wake flow simulations. (Every other grid line is shown for clarity)
numbers of inner iterations to find out the minimum number of iterations to acquire
a reliable flow simulation. Therefore, the speed-up of the convergence acceleration
methods can be evaluated by the ratio of the required number of inner iterations
before and after applying these methods.
Table 2.1 lists the calculated St numbers of the vortex shedding frequency
when different numbers of inner iterations and different convergence methods are
used in the numerical simulation. The speed-up benefit from these convergence
acceleration methods is more clearly shown in figure 2.15. Once again, the results
show that the IRS with a CFL number ratio of 2.5 can produce a speed-up of
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around 2 for the inner iterations of the dual-time stepping method. The threelevel multigrid method also has the similar effect.
Table 2.1: Calculated vortex shedding frequencies with different algorithms for the
laminar wake flow of a 2D circular cylinder
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Mesh
a
a
a
a
a
a
a
a
a
a
a
a
a
a
b
c

MGrid
3
3
3
3
-

IRS
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
-

Iterations
St
20
0.0785
30
0.1051
40
0.1257
50
0.1393
60
0.1519
70
0.1572
20
0.1250
30
0.1449
40
0.1543
50
0.1624
20
0.1562
30
0.1667
40
0.1730
50
0.1779
30
0.1562
60
0.1736

The second purpose of this validation case is to demonstrate the accuracy of
the non-matching block interface conditions when strong flow gradients are presented in the flow and its compatibility with the convergence acceleration method.
The computational mesh is shown in figure 2.14(c) and (d). Compared with the
previous test case, it has a similar topology and grid sizes, except that four pairs of
non-matching block interfaces are created intentionally to cut through the vortex
structures in the wake.
The last purpose is to demonstrate the validity of the IBM method in unsteady
flow simulations. The computational mesh is shown in 2.14(e) and (f). The grids
around the solid body are refined significantly so that the computational boundaries better approximate the actual ones. As a result, four pairs of non-matching
block interfaces are created where the grid sizes have a sudden change.
For the last two tests, the calculated vortex shedding frequencies are listed in
table 2.1. The instantaneous density contours for the last IBM test are shown in
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Figure 2.15: Comparison of calculated St numbers with/without convergence acceleration methods

Figure 2.16: Instantaneous density contours. (Run 16 with the IBM method. The
white circle shows the geometry of the circular cylinder)
figure 2.16. Apparently, with both the IBM method and the non-matching block
interface the simulation produced excellent results comparable to the traditional
technique using body-conformal, fully-matching, multi-block structured meshes.

2.4.4

Supersonic turbulent jet flow

In this validation case, a steady turbulent supersonic jet is simulated to validate
the code’s capability for the flow simulation of realistic jets. An on-design cold jet
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emanates from an axisymmetric convergent-divergent nozzle with a design Mach
number of 2.2. The experiment was performed by Eggers in 1962 [84]. Based on
the ambient stationary gas, the fully expanded jet velocity and the nozzle exit
diameter, the jet has a Reynolds number of 9.06 × 105 .
This test case has been initiated in the development of the jet flow simulation
code “CHOPA”. The same simulation strategy is adopted, except that no noise
prediction is intended. Instead of running an axisymmetric flow simulation in
cylindrical coordinates, a three-dimensional Cartesian mesh with 2M grid points,
shown in figure 2.17, is created, using a similar topology as shown in figure 2.1.
This mesh is refined significantly as compared to the mesh in the validation archive,
but the grid spacings are still much larger than the requirements for jet noise
simulations.

(a) Grids in the symmetric plane

(b) Grids at the nozzle exit in the
symmetric plane

(c) Grids in the axial crosssection close to the nozzle exit

Figure 2.17: Computational mesh for a 3D turbulent supersonic jet
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The same boundary conditions are imposed as for the realistic jet flow and
noise simulations. Specifically, a total inlet condition is imposed at the nozzle inlet,
where the total pressure and total temperature are fixed. For the outer boundaries,
a Riemann type boundary condition is imposed at the inflow boundaries outside
the nozzle, and Dong’s modified version of radiation boundary condition is imposed elsewhere (therefore, the results show that this type of radiation boundary
condition can also recover the correct mean flow solutions at far-field boundaries).
A no-slip adiabatic wall condition is imposed on the nozzle wall, except that, at a
small section of inner wall starting from the nozzle inlet, a slip wall condition is
set up to initiate the boundary layers.

Figure 2.18: Mach contours in the symmetric plane of the 3D turbulent supersonic
jet.
For this on-design jet, very weak shock cells can be identified in the Mach
number contours in figure 2.18. The distributions of the axial velocity component
along the jet axis, and in the radial direction at several axial positions are compared
with the experiment measurements in figure 2.19. Generally, the agreement is very
good, except that the spreading of the mixing layer is under-predicted. Again it is
believed that the accuracy of the simulation is sensitive to the turbulence modeling.

2.5

Summary

This chapter describes the numerical methods for jet flow and noise simulations.
A hybrid method combining advanced CFD technology with an acoustic analogy
is used to acquire a satisfactory accuracy with a relatively low computer resource
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(a) Axial velocity along the centerline

(b) Axial velocity in the radial direction at
several axial stations

Figure 2.19: Distribution of axial velocity of the 3D turbulent supersonic jet.
requirement.
For jet flow simulations, the URANS equations are solved to capture the unsteady turbulent noise sources in the mixing layer. A modified version of DES is
proposed to avoid excessive dissipation of the high frequency turbulent eddies. A
multi-block, body-conformal, structured mesh topology is used to represent the
realistic nozzle geometry. However, a local grid refinement around the chevrons
and the IBM are used to avoid the difficulty in mesh generation for chevron nozzle
jet simulations. To simulate the propagation of sound waves in space accurately,
a fourth-order DRP scheme is used to discretize the governing equation. Apart
from the parallel computation using MPI, many convergence acceleration methods
are adopted to improve the computation efficiency, such as the dual-time stepping
method, the multigrid strategy and the implicit residual smoothing. Problems associated with these methods in parallel computations are described and solutions
are proposed in the context. Theories of the non-reflecting boundary conditions
and the block interface conditions are described. Important modifications have
been made to optimize the governing equations for boundary treatments and presented in Appendix B.
The FWH theory is used for far-field noise predictions. Flow solutions are accumulated on a set of acoustic data surfaces surrounding the jet potential core while
the unsteady turbulent jet flow simulation is running. Numerical integration of the
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flow solutions at retarded time gives the far-field acoustic pressure. Theories of the
standard formulation and the variant proposed by Spalart et al. are presented.
Four benchmark cases have been run to validate the accuracy and efficiency of
the various algorithms implemented in the codes. The results show a very good
agreement with the analytic solution or experimental measurements. Application
of the convergence acceleration methods is found to significantly improve the computation efficiency.

Chapter

3

Jet noise simulations of the
military-style baseline nozzle
The current study focused initially on baseline nozzle configurations (designed
with the method of characteristics). Far-field acoustic measurements of militarystyle nozzles have been gathered and presented by Kuo [85], McLaughlin et al.
[86], Veltin [87] and Bridges [88]. This chapter presents the jet flow and noise
simulations for one baseline nozzle at several off-design conditions. The predicted
far-field noise radiation is compared with the experimental measurements, and
the characteristics of the flow structures and noise sources are examined. The
objective of this study is to demonstrate the accuracy of the numerical approach
for realistic jet noise simulations and to provide the basis for the evaluation of the
noise reduction effects of the nozzle with chevrons.

3.1

Description of the military-style nozzle

Figure 3.1 shows the three-dimensional geometry of the military-style baseline
nozzles for the current study. To facilitate the adaptability of military aircraft in
different flight envelopes, typical military-style nozzles have a sharp change of inner
contours near the throat, so that the nozzle area ratio can adapt the jet exhaust
easily to specific operating conditions to achieve the desired thrust. Flaps and
seals create faceted surfaces inside the nozzle. In contrast to traditional CD nozzles
with smooth inner contours which are designed to minimize the strength of the
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shock cells at slightly off-design conditions, military-style nozzles produce strong
shock waves even at the design conditions, and thereby different noise radiation
(especially the shock-associated noise components).
The internal contours of the baseline nozzle shown in figure 3.1 are similar to
the GE F414 series engine exhaust nozzle. The exact contours are the property of
GE and were provided under the contract for the present research. Three similar
nozzles with exit-to-throat area ratios of 1.067, 1.181 and 1.295, which correspond
to design Mach numbers Md of 1.3, 1.5 and 1.65 respectively, are available for
research. Except for the internal divergent section, the three nozzles share the
identical geometry.

Figure 3.1: Military-style GE baseline nozzle
One of the objectives of the current research project is to examine the scaling
methodology of extending the acoustic data measured with small-scale supersonic
model jets to practical engine exhaust jets. Therefore, two sets of experiments
have been conducted independently at PSU and NASA GRC. Based on the same
GE design, the PSU small-scale nozzles have an equivalent nozzle throat diameter
of 0.631 inches, while the medium-scale nozzles at NASA GRC have an equivalent
nozzle throat diameter of 4.45 inches. Details of the experiment facilities and
nozzle models can be found in [85, 86, 14]. Far-field noise measurements have been
made at different polar angles and propagated to R/D = 100 for comparison. The
PSU and NASA GRC measurements agree very well with each other, and they are
both used to assess the following numerical simulations.
Considering the very good agreement between the PSU small-scale measure-
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ments and the NASA GRC medium-scale measurements, jet flow and noise simulations are performed only for the small-scale baseline nozzle model. Specifically,
the jet noise simulations are performed only for the nozzle with Md = 1.5. Table
3.1 lists the operating conditions at which the experimental measurements and
the numerical simulations are compared. Three off-design hot jets are studied
with N P R =3, 3.5 and 4, and T T R = 3.0 1 , which correspond to Mj =1.36, 1.47
and 1.56 respectively. With this model, the physical properties of supersonic jet
noise radiation at different off-design conditions can be evaluated using the same
computational mesh and settings, with negligible influence imposed by numerical
issues.
Table 3.1: Operating conditions of the measurements for the small-scale baseline
nozzle with Md = 1.5
NP R
3.0
3.5
4.0

TTR
3.0
3.0
3.0

Mj Tj /T∞
1.36 2.190
1.47 2.095
1.56 2.018

Ma
Re
2.013 7.8 × 105
2.135 8.3 × 105
2.223 8.6 × 105

β
0.633
0.298
0.428

In table 3.1, the off-design parameter β is defined as:
β=

3.2
3.2.1

q

Mj2 − Md2

(3.1)

Numerical issues
Grid generation

The demand of very fine grids around the solid body and thereby of large computer resources restrict the application of jet noise simulation to complex nozzle
geometries. Many previous publications excluded the nozzle geometry from the
computation. For example in the research by Shur et al. [33, 34, 35], the inlet
1

For the experiments in NASA GRC, T T R is the mixed temperature ratio of the heated core
jet and the cold annular bypass stream. The cold bypass bleed flow is introduced to simulate
the realistic engine exhaust system and to avoid overheating of the nozzle wall. Experiments
showed that the T T R based on the mixed temperature, instead of the core jet temperature,
provided a better agreement between the single stream, small-scale measurements at PSU and
the dual-stream, medium-scale measurements in NASA GRC. See [85].
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boundary condition was imposed at the nozzle exit, using the solution from a separate steady flow solutions in which the nozzle geometry was included. In contrast,
the current research represents most details of the nozzle geometries faithfully,
including the faceted contours and finite nozzle lip thickness.
Figure 3.2 shows the computational mesh used in current supersonic jet noise
simulations. Measured from the nozzle exit, the computational domain extends to
62D in the jet flow direction. Away from the centerline in the radial direction, the
outer boundary extends to 16D at the nozzle exit, and 23D at the downstream
boundary. Four outer blocks form an O-type topology in the axial cross-section,
which allows an optimal grid distribution in the annular jet mixing layer. Surrounded by the four outer blocks, a center block is created around the jet axis to
avoid the centerline singularity.
The numerical analysis in section 2.2.3.1 shows that the grid cell size imposes
a limit on the shortest wave that can be resolved by a given computational mesh.
Therefore, a sufficiently fine mesh should be created to resolve the multi-scale noise
radiation within a desired range. Suppose that N points are required to resolve the
shortest wave component, i.e. λ = N ∆x, the grid cell size ∆x can be estimated
according to equation:
St =

cDj
N ∆xUj

(3.2)

As an example, for the noise simulation of the on-design hot jet with Mj = 1.5
and T T R = 3, the jet velocity approximates to the fully-expanded jet speed of
Uj ≈ 2.14 in the jet core region, and Dj /D = 1.01. It is assumed that N = 10
grid points are enough for a reasonable representation of sound propagation from
the source region up to the acoustic data surface. As a result, if the resolution
is desired to reach a highest frequency corresponding to St ≈ 4, the estimated
grid-spacing is
∆x
Dj
c
1
=
= 1.01 ×
≈ 0.012
D
D N Uj St
10 × 2.14 × 4

(3.3)

Due to the fact that the temporal and spatial scales of the energy-containing
turbulent structures in the mixing layer are growing gradually as they are propagating downstream and that the majority of noise sources are confined within two
jet potential core lengths from the nozzle exit, it is not optimal to refine the grids
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(a) Full computational domain and the FWH integration
surface

(b) Close-up at the nozzle exit

(c) The axial station at X/D = 0.5

Figure 3.2: The computational mesh of the military-style baseline nozzle. The
blue curves show the block interfaces of the multi-block mesh, and the pink curves
show the FWH integration surfaces.
uniformly in the whole computational domain according to this rule. Instead, the
grids are stretched gradually in the streanwise and radial directions. The grid cell
sizes estimated from the rules are imposed at X/D ≈ 2.0, and a grid stretching
ratio around 1.01 ∼ 1.02 is used up to X/D = 25 in the streamwise direction and
up to R/D = 3 in the radial direction. This is followed by a rapid stretching in
both directions all the way to the outer boundaries.
Equation 3.2 is derived from equation 1.3. It can be demonstrated that both
dimensional and dimensionless analysis share the same formulation. However, it
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should be noted that equation 3.3 only gives a rough estimate of the grid cell
size, because: (1) as the grid size increases in the streamwise direction, small-scale
noise sources are dissipated numerically and their contributions to the far-field
noise radiation are not clear; (2) the spatial scales of energy-containing turbulence
and the dominant acoustic wavelengths do not match because of, for instance, the
mutual cancellation between noise sources; (3) other numerical issues, for example
the artificial dissipation terms, will also jeopardize the resolution of high-frequency
noise sources, as will be demonstrated.
Table 3.2 summarizes the grid details of the four outer blocks downstream of
the nozzle exit. For comparison, grid details of the work by Shur et al. [33, 38],
which appears to be among the best publications of complex jet noise simulations,
are included. During a preliminary study, two computational meshes, labeled as
F1 and F2 (shown in figure 3.2 and used for current computations) are created.
Compared with mesh F 1, mesh F 2 has smaller grid-spacings, hence more grid
points, around the jet core region and more benign grid-stretching near the mixing
layers. The total numbers of grid points of meshes F 1 and F 2 are 3.5M and 5.8M ,
respectively.
Table 3.2: Grid details of the four outer blocks downstream of the nozzle exit
(All dimensions are normalized with the nozzle exit diameter.)
Outer blocks
Mesh size (Nx , Nr , Nφ )
Number of grid points
∆x at nozzle exit
Average ∆x for 0 ≤ x ≤ 4
Average ∆x for 4 ≤ x ≤ 10
Min ∆r in shear layer
r∆φ in shear layer
Highest St resolved

Shur 1 [38]
Shur 2 [38]
Grid F1
Grid F2
(308, 81, 61) (515, 101, 80) (265, 81, 121) (401, 97, 121)
1.6M
4.2M
2.7M
4.8M
0.011
0.008
0.01
0.01
0.033
0.022
0.038
0.024
0.11
0.055
0.072
0.047
0.003
0.0025
0.001
0.001
0.05
0.04
0.025
0.025
2.5
7
1.5
3

Two sets of meshes in the current research have similar cell size and gridstretching as the work by Shur et al., but have different highest resolved St numbers. As indicated by equation 3.2, the highest resolved St numbers might be
different for the jets operating at different conditions even with the same computational mesh. The work by Shur et al. focused on a subsonic cold jet, and the
current research deals with supersonic hot jets with much higher jet velocities and
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temperature ratios.
Since a finite nozzle thickness is modeled to trigger the unsteadiness in the
turbulent shear layer, nine grid points are used in the transverse direction to resolve the wake shear layer from the nozzle lip. The first grid point off the nozzle
wall has a grid-spacing of 8 × 10−4 D, which corresponds to y + ≈ 20. Without
using any artificial excitation, the unsteady flow in the jet plume can be established spontaneously since the wake flow behind the nozzle lip exhibits an absolute
instability.
In the circumferential direction, 121 grid points are used to represent the
non-circular faceted nozzle contour. The circumferential resolution is determined
largely by the requirements of a good representation of the faceted nozzle contours and of a smooth grid stretching. Jet noise simulations by some researchers
[37, 38, 89, 90] showed that improving the circumferential resolution would affect
the transition of the mixing layer significantly, but played a much less important
role in the noise prediction as compared to the radial and streamwise grid resolutions. Although the current research does not include the experimentation with
the circumferential resolutions because of the limitation on mesh sizes, the chevron
nozzle simulations hint at a possible impact on the noise predictions, as will be
discussed in chapter 4. Nevertheless, it should be noted that the current research
still uses a higher circumferential resolution than most recent publications.

3.2.2

Jet flow simulation

The physical time step also limits the temporal resolution of the unsteady flow
solutions when the dual-time stepping method is used, as shown in section 2.4.3.
Assuming that at least N time steps in each period are required to represent the
real-time signal of the highest frequency sound wave component, one can derive an
estimate of the physical time steps for the jet flow simulation from equation 1.3:
St =

Dj
N ∆tUj

(3.4)

As an example, the noise prediction of the on-design jet with the operating
condition Mj = 1.5, T T R = 3 has a dimensionless nozzle exit diameter of D =
0.676 (the reference length is Lref = 100 ). If the highest resolved frequency is desired
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to reach St ≈ 4 and N = 10 physical time steps are required to represent one period
of the component, the dimensionless physical time steps can be calculated as
∆t =

Dj
0.676
=
= 0.01
N Uj St
10 × 2.14 × 4

(3.5)

Before the flow solutions are sampled on the FWH integration surfaces for
noise prediction, the jet flow simulations should be fully developed. The noise
prediction with the flow solutions in a transient state will introduce large errors
over the entire frequency range. However, since the jet plume is undergoing large
oscillations, it is difficult to propose a criterion of a statistically stable unsteady
flow solution. In practice, the unsteady jet flow simulations are usually run for
a sufficiently long time to propagate most of the initial disturbances out of the
computational domain, as proposed, for example, in [91].
In the current research, it is assumed that 15 times the time for the turbulent
eddies to travel through the jet core is enough to advance the unsteady jet to
a statistically stable state. Based on a conservative estimate that the average
convection speed of turbulent eddies is 50% of the jet velocity and that the jet core
extends to a distance of 10D downstream of the nozzle exit, the total dimensionless
simulation time is
T =

15 × 10D
15 × 10 × 0.676
= 95
=
50%Uj
50%2.14

(3.6)

which corresponds to 0.95 × 104 physical time steps.

3.2.3

Noise prediction

Since recording the instantaneous solutions of the whole computation domain at
each physical time step requires huge disk space, the unsteady flow samples for
noise prediction are only saved on the FWH surfaces while the unsteady jet flow
simulation is running. After enough samples have been recorded, the noise prediction code “PSJFWH” is run to predict the acoustic pressure at a given far-field
observer location using the FWH theory.
The real-time signal of acoustic pressure is broken into several 1024-point segments to calculate the noise spectrum using the Fast Fourier Transform (FFT).
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Each segment has 50% overlapping with the previous one, to get a smoother noise
spectrum. Hence, the frequency range of the noise spectra is between fmin =
1/(1024∆t) and fmax = 512/(1024∆t). The flow solutions are sampled every other
physical time step in the current research, which gives an approximate St range
from 0.015 to 7.7.
Due to the time delay, more data have to be recorded on the FWH surfaces to
produce a certain length of the noise signal at a far-field observer. For example,
in the current computations, the flow solutions are sampled every two physical
time steps, and 5000 samples on the FWH surfaces could produce approximately
4000 points at an observer with a distance of 100D from the nozzle exit in the
peak noise radiation direction. Theoretically, the record length should be long
enough to meet statistical certainty requirements as well as a good resolution at low
frequencies. The predicted noise spectrum becomes smoother and includes more
low-frequency noise as the record length increases. The current research shows
that about 4 segments give a noisy but satisfactory approximation to the noise
spectrum. Therefore, unless otherwise specified, all computations will acquire at
least 5000 samples (i.e. about 8 segments) for the noise predictions at the observers
with R/D = 100 and θ = 30◦ ∼ 120◦ , which amounts to 1.0 × 104 physical time
steps.

3.2.4

Computer resources

All computations are run on the newest cluster Cocoa4 from the Department of
Aerospace Engineering at PSU. Cocoa4 has 54 computation nodes. Each node
has four dual-core Intel Xeon processors (CPU type: E7220, 2.93GHz), and 16GB
RAMs.
Using MPI, CHOPA can run in the parallel mode with any number of processors. However, due to a limitation of the code structure (and essentially the
limitation of the multi-block structured mesh topology), it is not easy to achieve
a perfect load-balancing between processors. For example, in the present computations, a multi-block structured mesh with 5.8M grid points is created and 102
processors are used. The maximum load on one processor is 0.066M grid points,
and the maximum load-ratio is 1.68. It takes an average CPU time of 10.0 sec-
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onds to run one 4-stage Runge-Kutta cycle when the two-level multigrid method
and the implicit residual smoothing method are used (i.e. 162 seconds/million
points/processor/cycle).
To overcome the stability constraint of the time-accurate computation with the
explicit Runge-Kutta method, a dual time-stepping method is used to improve the
computational efficiency. A fixed number (for example, 10) of inner iterations is
used at each physical time step. For the noise simulation of the on-design hot
jet with Mj = 1.5 and T T R = 3.0, the numbers of physical time steps for the
unsteady jet flow simulation and flow sampling on the FWH surface are 0.95 × 104
and 1.0 × 104 , respectively. Therefore, the whole computation requires a total
number of 2.0 × 104 cycles, which corresponds to 23 days.
It should be mentioned that the success of the dual time stepping method
depends on an efficient sub-level steady flow simulation solver. Unfortunately, it is
not easy to determine how sufficient the convergence at the inner iterations would
be for unsteady flow simulations, as indicated in section 2.4.3. At present, a fixed
number (10, for example, when the multigrid method and the implicit residual
smoothing method are activated) of inner iterations is used at each physical time
step. It is possible that more, or less, inner iterations are required for an accurate
computation, which would require more, or less, computation time. More research
should be done in the future to study the effect of inner iterations on the accuracy
of the jet noise simulations. Other convergence acceleration methods, for example
an implicit time-integration scheme, could be used to improve the computational
efficiency of the inner iterations further.

3.3

Some issues that affect the resolution of jet
noise simulations

The theoretical analysis and numerical validations in Chapter 2 have justified the
numerical methods used for jet noise simulations. This section presents several
additional issues that have been identified to have significant impacts on the resolution of jet noise simulations. The under-expanded jet with Mj = 1.56 is selected
in the preliminary research, because theoretical analysis shows its high jet speed
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has the most strict requirements on the numerical methods, as compared to the
jets operating at the other two lower speeds.

3.3.1

Effects of the grid refinement

Analysis in sections 2.2.3.1 and 3.2.1 showed that the grid sizes impose a limit on
the shortest wave components that can be resolved. The problem in practice is
how to determine the grid distribution in an optimal way, so that the jet noise
simulation reaches a high resolution with a moderate mesh size.
Figure 3.3 shows the grids of the coarse mesh F1 and fine mesh F2 in the
jet potential core region in a symmetry plane. More details of the grid sizes can
be found in section 3.2.1. Compared with the coarse mesh F1, the fine mesh F2
reduces the streamwise grid stretching ratio from 1.02 to 1.01 until X/D = 25. The
radial grid refinement extends from R/D = 1 to R/D = 3, therefore the FWH
integration surface can be placed further away from the mixing layer to include
more noise sources without sacrificing the required radial resolution around the
integration surface. In the circumferential direction, however, the two meshes
have the same grid distribution.

(a) Coarse mesh F1

(b) Fine mesh F2

Figure 3.3: Comparison of the grid details in the symmetric plane for the coarse
and fine meshes.
Figure 3.4 shows the comparison of the predicted noise spectra for the observer
at θ = 60◦ and R/D = 100 with the experimental measurement at NASA GRC.
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A good agreement can be observed up to St ≈ 1.5 for mesh F1, and St ≈ 3.0
for mesh F2. The increased resolution at high frequencies is attributed to the
smaller turbulent eddies resolved by the fine mesh, as can be identified clearly
from the instantaneous density gradient and vorticity contours shown in figure 3.5.
The good agreement between the estimated and predicted highest St numbers
shows the validity of the estimate of grid spacings in equation 3.3. However, the
optimal grid stretching ratios in the streamwise and radial directions are still open
questions.

Figure 3.4: Comparison of the predicted noise spectra with the coarse and fine
meshes for the observer at θ = 60◦ and R/D = 100 for the under-expanded jet
with Mj = 1.56, N P R = 4.0 and T T R = 3.0. Used approximately 2500 samples
in each prediction.
The time-mean flow solution is calculated by averaging the instantaneous flow
solutions over many physical time steps, starting at the same time as the flow sampling on the FWH surface. The time-mean Mach number contours in a symmetry
plane are shown in figure 3.6, and the variations of the centerline axial-velocity, and
0
0
0 
the turbulent kinetic energy (defined as k = u 2 + v 2 + w 2 /2 ) along the centerline and lip line are shown in figure 3.7. Because of the higher spatial resolution
of the fine mesh F2, more shock cell structures are resolved in the jet plume. The
fine mesh F2 also allows more large turbulent motions to break down into small
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eddies, therefore it predicts a smaller turbulence intensity along the centerline and
the lip line, and thereafter a longer jet potential core.

(a) Instantaneous vorticity contours

(b) Instantaneous density gradient contours

Figure 3.5: Comparison of the instantaneous flow visualizations from the coarse
and fine mesh computations. Operating conditions: Mj = 1.56, N P R = 4.0,
T T R = 3.0

Figure 3.6: Comparison of the time-mean Mach number contours from the coarse
and fine mesh computations. Operating conditions: Mj = 1.56, N P R = 4.0,
T T R = 3.0
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Figure 3.7: Comparison of the time-mean axial velocity, turbulent kinetic energy
along the centerline and lip line from the coarse and fine mesh computations.
Operating conditions: Mj = 1.56, N P R = 4.0, T T R = 3.0

3.3.2

Effects of artificial dissipation

Given a fixed number of supporting points in the finite difference schemes, a central
difference scheme is always superior to a biased scheme because it has a lower order
of truncation error and is essentially non-dissipative, which are very important for
acoustic problems. However, a common issue with non-dissipative central difference schemes is that artificial dissipation is required to damp out the unresolved
short wave components. Otherwise, they would grow exponentially and lead to a
failure of the computation. Jameson [59, 61] used an adaptive artificial dissipation
model combining the second-order and the fourth-order spatial derivatives of the
flow variables in his second-order central difference schemes. Tam et al. [54, 76]
derived an optimized higher-order dissipation model for acoustic problems. The
current research uses the artificial dissipation model based on the work by Lockard
[43].
An artificial dissipation model adds extra terms to equation 2.27:
∂Q
= Res(Q) + D(Q)
∂t

(3.7)
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where, the artificial dissipation D(Q) contains the contributions from the ξ, η and
ζ directions
D(Q) = Dξ (Q) + Dη (Q) + Dζ (Q)

(3.8)

and the contribution from the ξ direction is:


∂2
∂o
Dξ (Q) = (|U | + c |∇ξ|) 2 2 + o o Q
∂ξ
∂ξ

(3.9)

where, 2 and o are adaptive coefficients. A similar formulation is used in the η
and ζ directions. More details can be found in [43].
The artificial dissipation model in equation 3.9 consists of a second-derivative
term to remove the spurious oscillations around the discontinuities such as shock
waves, and a higher-order-derivative smoother to damp out the unresolved short
wave components. For supersonic jet noise simulations, the gradients of density,
pressure and/or temperature are usually used to detect shock cells. Although they
ensure the stability of the computation, the second-derivative dissipation terms will
unfortunately eliminate the sound waves and smaller scale turbulent structures
around shock cells. The current research has shown a significant impact of the
artificial dissipation on the resolution of high-frequency sound waves.
Figure 3.8 shows a comparison of the predicted far-field noise spectra of the
under-expanded jet with Mj = 1.56 when different switches are used to activate the
second-derivative dissipation terms in the jet flow simulations. Large oscillations
appear in the noise spectra due to the insufficient record length. Nonetheless, it
is shown that using only the local pressure gradient as the switch improves the
high frequency resolution significantly from St ≈ 2.0 to St ≈ 3.0, compared with
the computation when the maximum value of local density and pressure gradients
is used as the switch. The effect can be explained by the smaller instantaneous
pressure gradient in the shear layer as compared to the density gradient.
Figure 3.9 shows a comparison of the power spectral density of the instantaneous pressure fluctuations at three locations X/D = 2.0, 3.0 and 6.0 along the
lip line. Near the nozzle exit, a higher level of high-frequency turbulent motions is
predicted if only the local pressure gradient is used as the switch, but the difference
becomes smaller at farther downstream locations. The diminishing difference is attributed to the decreasing density gradient, as shown in figure 3.5(b). However,
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Figure 3.8: Comparison of predicted noise spectra with different artificial dissipation models at the observer angle 80◦ and R/D=100 for the baseline nozzle jet
operating at Mj = 1.56, N P R = 4.0 and T T R = 3.0. Used approximately 2500
samples in each prediction.
figure 3.9 shows that the difference at low frequencies becomes higher at farther
downstream locations, indicating that an improved high-frequency resolution has
affected the development of large-scale (or low-frequency) turbulent motions at the
downstream locations significantly by allowing more energy to be transferred to
smaller turbulent scales. Considering these effects, it is concluded that the artificial
dissipation should be kept sufficiently low to prevent the high-frequency turbulent
motions from being damped out in the jet flow simulation, provided that stability
is retained. Therefore, the current research uses only the local pressure gradient
as the switch whenever possible.

3.3.3

Effects of the FWH surface

The wave extrapolation method based on the FWH theory involves several assumptions which, if violated, may jeopardize the accuracy of far-field noise predictions.
First of all, the FWH theory essentially assumes that the noise sources outside
of the control surface can be neglected. The closer the control surface is placed
to the jet, the less realistic the assumption becomes. Therefore, terminating the

85

Figure 3.9: Comparison of the power spectral densities of the static pressure along
the lip line at X/D = 2.0, 3.0 and 6.0 with different artificial dissipation models
for the baseline nozzle jet operating at Mj = 1.56, N P R = 4.0 and T T R = 3.0.
streamwise extent of the control surface with a closing disk which cuts the developing jet plume, and placing the control surface close to the shear layer always
violate this assumption. Secondly, when the quadrupole term is neglected because
of the difficulty of a volume integration, additional errors are introduced. Finally,
associated with the standard FWH implementation is another problem that the
acoustic approximation ρ0 = p0 /c20 is invalid in the near-field for hot jets. Extending
the size of the acoustic data surfaces is beneficial, but will inevitably increase the
mesh size, and thus the computational load, if the same resolution is desired. As a
result, most research compromises the resolution in return for an affordable mesh
size. The current study examines the impacts of the FWH surfaces with different
radial and axial extents on far-field noise predictions. A similar study has been
presented by Shur et al. [33].
Several FWH surfaces with different axial and radial extents are used in the
tests, as shown in figure 3.10. Included are also the instantaneous vorticity contours, which indicate that the majority of noise sources have been included in the
closed FWH surfaces. The effects of different sizes of the FWH surfaces can be
evaluated by examining the predicted noise spectra at different observer angles.
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In the first set, three FWH surfaces (L1W2, L2W2, L3W2 ) have the same radial
extent, but are terminated at different downstream locations X/D ≈ 20, 25 and
30. While in the second set, three surfaces (L2W1, L2W2, L2W3 ) are terminated
at the same downstream location X/D ≈ 25, but have different radial extents. All
surfaces have the upstream and downstream ends closed. As suggested by Shur et
al. [33], using an open surface would incur large low-frequency errors.

Figure 3.10: The FWH acoustic data surfaces with different axial and radial extents
for the baseline nozzle jet operating at Mj = 1.56, N P R = 4.0 and T T R = 3.0.
The color contours show the instantaneous vorticity.
Figure 3.11 presents the predicted noise spectra at four different observer angles
using the FWH surfaces with different axial extents. Although the high-frequency
noise spectra are almost identical, a large difference is observed at low frequencies
for all observer angles when the standard FWH implementation is used. Generally, the longer the FWH surface, the better the agreement with the experiment
measurements. However, with the variant of the FWH implementation proposed
by Spalart and Shur [79], the difference at most observer angles is reduced significantly, and the agreement with the experiments is also improved compared with
the standard FWH implementation.
Comparisons of the predicted noise spectra at the same observer angles with
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(a) Standard FWH implementation

(b) Modified FWH implementation

Figure 3.11: Comparison of the predicted noise spectra using different axial extents
of the FWH surfaces for the baseline nozzle operating at Mj = 1.56, N P R = 4
and T T R = 3. Used approximately 3000 samples in each prediction.
different radial extents of the FWH surfaces are shown in figure 3.12. A rapid drop
of SPL at high frequencies is observed as the radius of the FWH surface increases.
Considering the fact that the grid is stretching in the radial direction gradually, the
high-frequency acoustic energy is believed to be filtered by the excessive dissipation
of the shorter sound waves while propagating to the acoustic data surfaces. The
modified FWH implementation produced almost identical high-frequency noise
spectra as the standard implementation. Some slight differences are found at low
frequencies between these two FWH implementations. This should be attributed
to the increased size of the downstream disk with the larger radius of the FWH
surface.
These tests indicate that the length of the FWH surfaces is important for the
low-frequency noise prediction, and that the radial extent of the FWH surfaces
is critical for the high-frequency noise prediction. Considering these observations,
the acoustic data surface L3W2 and the modified FWH implementation are used
in the current research.
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(a) Standard FWH implementation

(b) Modified FWH implementation

Figure 3.12: Comparison of the predicted noise spectra using different radial extents of the FWH surfaces for the baseline nozzle operating at Mj = 1.56, N P R = 4
and T T R = 3. Used approximately 3000 samples in each prediction.

3.4

Simulation results

Following the best practices in the preliminary jet noise simulation of the baseline
nozzle jet operating at Mj = 1.5, N P R = 3.5 and T T R = 3.0, three off-design
supersonic jets are simulated at the operating conditions listed in table 3.1. This
section presents the results of the jet flow and noise simulations. Specifically, characteristics of the far-field noise, the near-field flow features and the noise sources
are analyzed and compared with the available experimental measurements.

3.4.1

Far-field noise predictions

Using the FWH theory, the far-field noise predictions are made with approximately
5800 samples of the instantaneous near-field flow solutions. The predictions are
compared with the acoustic measurements at PSU and NASA GRC. Considering
that a 2 ∼ 3 dB deviation is usually observed for the noise spectrum and OASPL
measurements of the same nozzle using different facilities (see chapter 4 of [87] ),
or the different scales of nozzle models using the same facilities (see chapter 4 of
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[85] and [86]), the agreement is believed to be “very good” if the disparity between
the predictions and the experiments is within 3 dB.
Figure 3.13 presents the predicted far-field sound pressure level at different polar angles ranging from 30◦ to 120◦ , as well as the far-field acoustic measurements
acquired at NASA GRC and PSU. The predicted OASPL agrees better with the
small-scale measurements at PSU as compared to the medium-scale measurements
at NASA GRC. However, caution must be used when the comparisons are evaluated because of the experimental issues. The PSU measurements of single-stream
jets used the helium/air gas mixtures to simulate the heating effect, while the
NASA GRC measurements had an extra annular cold bypass flow surrounding the
heated core jet. As indicated in [85, 86], uncertainties could be introduced in both
measurements. The current numerical research of the baseline nozzle matches the
small-scale single-jet measurements at PSU. Overall, the two sets of measurements
showed a 2 dB disparity, and the mismatch of the predicted OASPL is within 4 dB
compared with the measurements at NASA GRC, and is less than 2 dB compared
with the measurements at PSU. Therefore, the agreement with the experiment
measurements is considered as “very good”. For all three jets, the peak noise radiation is found at the polar angle of approximately θ = 50◦ , and matches well with
the experimental measurements.
The noise spectra at different observer angles for the three jets are shown in
figures 3.14, 3.15 and 3.16. Each noise spectrum is shift by 20 dB relative to its
neighboring observer for clarity. In figure 3.14, both the measurements acquired
at NASA GRC and at PSU are shown for comparison. It was noted that the
higher levels of noise at low frequencies are believed to be a result of the lower
Reynolds number operating condition [86] and the temperature ratio issue. The
noise spectra measured at PSU for the other two jets are not shown because of
other uncertainty issues in the experiments.
Overall, the “very good” agreement reaches to St ≈ 3 as expected since the
computational grids are designed to resolve the highest frequency up to St ≈ 4.
The peak-noise frequency shift to the low-frequency range as the observer angle
decreases is well captured for all three jets. Specifically,
• At all upstream directions (θ > 90◦ ), the predictions have an excellent agreement with the experimental measurements. The frequencies and the ampli-
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(a) Predicted OASPL for the three jets

(b) Comparison of the predicted and measured OASPL at
NASA GRC and PSU. Sound pressure levels for the Mj = 1.56
jet are shift by 10 dB for clarity.

Figure 3.13: Comparison of the predicted far-field OASPL with the experiment
measurements for the baseline nozzle jets. All data are scaled to the same distance
R/D = 100.
tudes of the BBSAN component are captured precisely. The overall discrepancy at discrete frequencies is less than 4 dB.
• At all downstream polars (θ ≤ 90◦ ), a good agreement is found from St ≈
0.01 to St ≈ 0.3 for all three jets. The maximum deviation from the measurements is within 4 dB at several frequencies, while most are within 2
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(a) θ = 30◦ ∼ 70◦ , R/D = 100

(b) θ = 80◦ ∼ 120◦ , R/D = 100

Figure 3.14: Comparison of the measured and predicted noise spectra at different
observer angles for the baseline nozzle operating at Mj = 1.36, N P R = 3.0 and
T T R = 3. Note: the NASA measurements have a core T T R = 3.0, and a mixed
T T R = 2.56.
dB. Computations show that the agreement at low frequencies is usually
improved as more samples are accumulated for noise predictions.
• However, above St ≈ 0.3, an intriguing but consistent trend is observed:
below the peak noise radiation direction (about θ ≈ 50◦ ), the agreement becomes worse as the observer moves closer to the jet axis. The over-prediction
increases from less than 2 dB for the Mj = 1.36 jet to more than 8 dB for
the Mj = 1.56 jet. While above the angle of the peak noise radiation direction, the agreement becomes better as the observer moves upstream. The
over-prediction decreases from more than 8 dB for the Mj = 1.36 jet to less
than 3 dB for the Mj = 1.56 jet.
• For all three jets, the agreement of the noise spectra at the peak noise radiation direction around θ ≈ 50◦ is as good as those at the upstream observers.
During the research, many attempts as mentioned in section 3.3 have been
made to address the mismatch at frequencies above St ≈ 0.3 by manipulating the

92

(a) θ = 30◦ ∼ 70◦ , R/D = 100

(b) θ = 80◦ ∼ 120◦ , R/D = 100

Figure 3.15: Comparison of the measured and predicted noise spectra at different
observer angles for the baseline nozzle operating at Mj = 1.47, N P R = 3.5 and
T T R = 3. Note: the NASA measurements have a core T T R=3.6, and a mixed
T T R = 3.0.
grid distribution in the jet potential core, the artificial dissipation terms and the
FWH surfaces. Unfortunately, the same trend is observed. The mismatch needs
further research. However, a clue is offered by the chevron nozzle simulations
presented in the next chapter.
Table 3.3 lists a summary of the accuracy of jet noise simulations in recent publications. It should be noted that most recent research focused on cold or slightly
heated, subsonic or shock-free supersonic jets. The highest resolved Strouhal numbers are around 1 ∼ 3. The BBSAN component is rarely reported in the jet noise
predictions. The most encouraging results were reported by Shur et al. [34, 38, 35].
Very limited simulations of shock-containing supersonic jets were reported other
groups, but they concentrated mainly on the near-field flow structures and noise
radiations within reduced computational domains [42]. As compared to the most
recent research, the current study reaches a better resolution up to St ≈ 3 with
a small mesh size for off-design supersonic jets with a much higher temperature
ratio (as mentioned before, the increased jet speed and temperature ratio reduce
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(a) θ = 30◦ ∼ 70◦ , R/D = 100

(b) θ = 80◦ ∼ 120◦ , R/D = 100

Figure 3.16: Comparison of the measured and predicted noise spectra at different
observer angles for the baseline nozzle operating at Mj = 1.56, N P R = 4 and
T T R = 3. Note: the NASA measurements have a core T T R = 3.6, and a mixed
T T R = 3.0.
the highest resolved St number, given the same grid density and numerical methods). The predicted noise directivity and narrow-band spectra agree well with the
experiment measurements within ±4 dB difference over a wide range of observer
angles. The frequencies and amplitudes of the BBSAN component are captured
accurately as well.

3.4.2

Near-field flow structures

Since the region within two jet potential core lengths from the jet exit is where most
noise sources reside, analysis of the near-field flow features is helpful to elucidate
the noise generation mechanisms. In this section, the statistical and instantaneous
near-field features are presented, and the characteristics of the turbulent noise
sources are discussed in the next section.
Before a discussion, it should be noted that no experimental measurements
at the same operating conditions for the same nozzle are available to provide
direct support to the analysis of the near-field flow structures and the turbulent
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Table 3.3: Summary of the accuracy of jet noise simulations in recent publications
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noise sources in the next section. Instead, a limited number of publications of the
measurements at similar operating conditions are referenced to assess the quality
of the predictions. However, caution should be used when the conclusions are
drawn, for two reasons: (1) The vast majority of publications use smooth contoured
nozzles which are essentially shock-free when operating at the design conditions.
As shown later, the military-style nozzle in the current research has an extra
train of shock structures, which results in a great impact on the flow structures.
(2) The current research focuses on imperfectly expanded supersonic jets with a
very high temperature ratio T T R = 3.0. Although there are increasing acoustic
measurements of hot jets [94, 86, 95], very few flow and turbulence measurements
have been conducted because of the significant complexity, high cost of the heated
jet facilities and the limitations of instruments in the harsh flow conditions. Among
these limited measurements, most are subsonic and shock-free supersonic jets, see
[96, 97].
Therefore, to better assess the quality of the unsteady jet flow simulations, the
effects of heat and jet Mach number on the flow and turbulence structures are
summarized first based on the experimental measurements. Instead of comparing
the measurements of heated jets with similar acoustic Mach number as in [94, 97],
some conclusions are drawn by comparing the measurements of heated jets with
similar fully-expanded jet Mach numbers as shown in [96]. The reason is that,
although the similar acoustic Mach number guarantees that two jets have the
similar jet velocity and the similar sound pressure level, it is the jet Mach number
that determines the shock cell structures in the supersonic jets. It should also be
mentioned that these conclusions are based on subsonic and shock-free supersonic
jets, and that the shocks might make some conclusions questionable. Generally,
for subsonic or shock-free supersonic jets, it has been observed that:
• The jet potential core generally contracts with the increasing temperature
ratio or decreasing jet Mach number, but the axial distributions of the mean
velocity collapse when ploted in terms of U/Uj and x/xc (where, xc is the
potential length). See [96, 97].
• The turbulence intensity generally grows slightly, and the transition becomes
faster with the increasing temperature ratio and decreasing jet Mach number.
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The distributions of the turbulent intensities also collapse in the same way
as the axial mean velocity. See [96, 97].
• Radial distributions of the mean velocity collapse well (better than the collapse of axial velocity distributions along the centerline) within two potential
core lengths. However, no consistent changes of the thickness, half-velocity
point of the mixing shear layer are found with the changes of the jet temperature. See [96].
• The overall convection velocity of the large scale turbulent structures generally falls as the temperature ratio increases, but the change reduces and
approaches the local mean velocity downstream of the potential core. Its
change with the jet Mach number is slight and shows no consistent trend.
See [96, 98].
• The time and length scales grow very slightly within the jet potential core
region when the temperature ratio rises. See [97].
• For all of the aforementioned observations when no monotonic change of the
vorticity thickness, half-velocity point etc. is found with the jet temperature
and/or jet velocity, the trend of the changes usually happens when the acoustic Mach number approaches 1, indicating that the acoustic Mach number is
as important as the jet Mach number to evaluate the jet flow structures and
the noise generation mechanisms. See [96].
Figure 3.17(a) shows the time-averaged Mach number contours in a cutting
plane through the jet axis. A sonic isoline is drawn to delimit the supersonic
and subsonic regions. As expected, for over expanded jets with Mj = 1.36 and
Mj = 1.47, an oblique shock originates from inside the nozzle near the exit and
induces a small separate region near the nozzle lip. The interaction between the
shocks from the opposite sides of the nozzle wall forms a Mach disk near the jet
axis, which creates a subsonic region behind it. However, for the under-expanded
jet with Mj = 1.56, the expansion wave is found to originate right from the nozzle
lip. Downstream of the nozzle exit, repeated shock-expansion cells appear in the jet
plume, until the flow decelerates sufficiently in the irreversible energy loss process

Figure 3.17: Time-averaged flow visualizations of the three baseline nozzle jets.

(a) Time-averaged Mach number contours of the three baseline (b) Shadowgraphs recorded for cold jets from the same nozzle. Reference
nozzle simulations. The gray line indicates the sonic isoline
[99]
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while mixing with the low-speed ambient and traveling through the shock cell
structures.
Another prominent feature is the second quasi-periodic shock cell structures.
This pattern starts with the expansion wave which is excited by the sharp throat
inside the nozzle. Its interaction with the external shear layer forms a shock wave
behind the first shock or expansion wave near the nozzle lip. This flow pattern
blurs with the first shock cell structures at downstream locations due to the same
dissipation mechanism as the first shock structure structures experience. The
double-shock structures were captured in the shadowgraph image of each cold jet
with the same jet Mach number, as shown in figure 3.17(b) from reference [99]. The
locations of the first several shocks look almost the same in both the prediction and
experiment for all jets. Clearly, computations without including the realistic nozzle
geometries can not correctly reproduce the second quasi-periodic shock structures
produced in the military-style nozzles. As a comparison, figure 3.18 shows the
time-averaged Mach number contours of an under-expanded jet from a contoured
CD nozzle, where only one train of shock cell structures is found.

Figure 3.18: Time-averaged Mach number contours of a NASA circular CD nozzle
with a smooth inner contour and a design Mach number Md = 1.5. Operating
condition: Mj = 1.7, N P R = 4.94, T T R = 2.2
Figure 3.19(a) shows the time-averaged axial velocity and the turbulence intensity along the jet centerline. Generally, the higher the jet velocity, the longer the jet
potential core and the lower the turbulence intensity, as observed in experiments.
The oscillations of the axial velocity caused by the double shock structures can
be seen clearly from the close-up view in figure 3.19(b). For the under-expanded
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jet, the first shock structures, starting with the expansion wave at the nozzle lip,
create a weaker shock at the centerline as compared to the second shock structures
originating from the nozzle throat. On the contrary, the over-expanded jets, starting with the shock wave inside the nozzle, create a stronger shock at the centerline
as compared to the second shock system.

(a) A view of the jet potential core from X/D = (b) A close-up view from X/D = 0 to X/D = 5
0 to X/D = 15

(c) Comparison of the predictions of the Mj = 1.47 jets
with the measurements at similar conditions

Figure 3.19: Distribution of the time-averaged axial velocity and the RMS value
of velocity along the centerline for three jets.

100
Shown in figure 3.19(c) are comparisons of the numerical results for the Mj =
1.47 jet with the measurements for several jets operating at similar conditions
[88, 100, 101]. Clearly, the decrease in the jet potential core length is observed
as the jet temperature increases. Particularly, from the comparison of the overexpanded jet and the on-design jet both at Mj = 1.4, it is found that the shock
cells accelerate the velocity decay significantly. Therefore, the on-design jet of
the military-style nozzle with a complex double-shock system would have much
shorter potential core length than the on-design shock-free jet of the contoured
nozzle, although it is also likely that the computation over-predicts the velocity
decay along the jet axis. The oscillations of the shock cells can introduce a faster
transition and a larger turbulence intensity along the jet axis, as documented by the
experimental measurements [88, 102]. This indicates that the turbulence intensity
along the centerline is also predicted reasonably.
Figure 3.20 shows the normalized axial velocity distributions in the radial direction at several axial stations for the under-expanded jet operating at Mj = 1.47.
A similarity coordinate is used based on the radial half-velocity point and the local
vorticity thickness. The similarity coordinate η is given by:
η=

x2 − x2(0.5)
δω

(3.10)

and the vorticity thickness δω is defined by:
δω =

Umax
|∂U/∂ (r)|max

(3.11)

Similar measurements were made by Lau [103], Doty and McLaughlin [104],
Morris [105], Veltin [87], and Miller and Veltin [100]. Experiments reveal that,
with the normalization, the axial velocity for a wide range of downstream locations
collapses well onto the common profile. Figure 3.20 also shows the measurement
at X/D = 8 from an on-design, simulated heated jet with Mj = 1.5 [100], and the
Gortler function. The good collapse of the axial velocity indicates the fidelity of
jet flow simulations. Similar observations are observed for other two jets.
The distributions of the half-velocity point and the local vorticity thickness
for all three jets are shown in figure 3.21. The comparison shows that a similar
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Figure 3.20: Normalized axial velocity profile along the radial directions at several
axial stations. Operating conditions: Mj = 1.47, N P R = 3.5, T T R = 3.0
spreading rate of the turbulent shear layer is observed regardless of the different
jet speeds. These predictions are compared with the measurements of cold jets
operating at Mj = 1.5 and Mj = 1.7 from the same nozzle model, see [87]. Although no monotonic trend of the changes with the jet temperature are observed
from the experiments as mentioned before, the agreements are encouraging within
the resolved axial range in the flow measurements. Obviously, the contraction and
expansion of the jet induced by the shock cells, as shown in figure 3.18, would
change the distributions dramatically. The jump of the vorticity thickness around
X/D = 0.5 in the experimental measurement of the Mj = 1.7 cold jet could be
attributed to this effect.
Snapshots of the instantaneous vorticity contours for the three jets are shown
in figure 3.22. They exhibit similar turbulent flow structures, from which the large
and small turbulent eddies can be identified clearly. Due to the fact that the shock
cells are also experiencing oscillations, a large turbulence intensity level is observed
along the jet axis near the nozzle exit. The vorticity contours also indicate that the
flow becomes fully turbulent earlier as the jet speed increases. Although at first
it seems to be contradict with the experimental measurements that the transition
becomes slower with an increasing jet Mach number, the effect of the strong shock

102

(a) Half-velocity point

(b) Vorticity thickness

Figure 3.21: Thickness parameters of the three jets. Note: the experiment measurements were acquired from the cold jets with TTR=1.0 of the same nozzle.

Figure 3.22: Comparison of the instantaneous vorticity contours of the three jets.
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cell structures helps to solve this contradiction.
For a clearer view of the noise generation mechanisms, figure 3.23 shows snapshots of the density gradients and the pressure time-derivatives of the three jets
using the same contour levels. While the view of density gradients illustrates
the shock cell structures in the jet plume, the pressure time-derivatives, drawn
in the acoustic range, shows the propagation of acoustic waves. Two distinct
types of sound waves can be identified, the first is the strong Mach wave radiation
propagating in the downstream direction, and the other is the lower level sound
propagation in the upstream direction. Both are found to originate from near the
nozzle exit. For details, figure 3.23 also shows the close-up view near the nozzle
exit. Consistent with Lui and Lele’s findings in [27, 106] with an simplified model
with a three-dimensional turbulent shear layer and a single shock-cell unit, the
current simulations of realistic jets show that the oscillating shock cells produce
acoustic emissions at the places where they interact with the shear layer. A new
observation is that the contact of the shock cell and the mixing layer does not necessarily produce acoustic radiations. As shown in figure 3.23, for the Mj = 1.36
jet, no strong acoustic waves are seen from the tips of the first two shock cells,
while for the Mj = 1.56 jet, strong acoustic emissions appear at the tip of the first
shock cell. This can be attributed to the low radiation efficiency of the undeveloped mixing layer: the interaction between the shock cell structure and the mixing
layer barely produces noticeable acoustic radiation unless the turbulence intensity
is large enough. Also it is noticed that the noise source mechanism is related to
the multiple, partially coherent interactions of the mixing layer turbulence with
the entire shock cell system.

3.4.3

Investigation of the noise source characteristics

An investigation of the noise source characteristics is of great importance to the
development of quantitative noise prediction theories and the design of noise reduction devices. Using the real-time near-field flow solutions provided by the unsteady jet flow simulations, the current study examines the characteristics of the
near-field noise sources. It is believed that, without suffering from the flow-device
interaction introduced by intrusive probes, such as a hot-wire anemometer, and

(e) Mj = 1.47, N P R = 3.5, T T R = 3.0

(d) Mj = 1.36, N P R = 3.0, T T R = 3.0

(f) Mj = 1.56, N P R = 4.0, T T R = 3.0

(c) Mj = 1.56, N P R = 4.0, T T R = 3.0

Figure 3.23: Instantaneous contours of density gradients (colored contours) and pressure time derivatives (grayed backgrounds). The second row shows closer-views of the contours near the nozzle exits.

(b) Mj = 1.47, N P R = 3.5, T T R = 3.0

(a) Mj = 1.36, N P R = 3.0, T T R = 3.0
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the limited resolution of the experimental instruments, such as the acoustic mirror
microphone and the Laser Doppler Velocimetry (LDV), the numerical research can
offer a valuable complement to the experimental research given sufficient resolution
and accuracy of the jet flow simulations.
In this section, three techniques are used to explore the characteristics of the
noise sources. The first is the two-point space-time cross correlation measurement,
a statistical description of the turbulent noise sources based on the acoustic analogy
theory and turbulence measurements. The second is the direct flow-acoustic correlation measurement, which infers the noise source characteristics by measuring the
turbulent fluctuations and the far-field acoustic pressure simultaneously. In the
third approach, a virtual microphone array is used and the acoustic time history
predicted on the array is used to derive the near-field noise source characteristics
following the beamformed approach.
3.4.3.1

Two-point space-time cross correlations

From a statistical point of view, the fully developed turbulent jet flow is a stationary random process. Its characteristics can be described quantitatively by means
of statistical tools. For instance, single- and multi-point measurements can be used
to measure the turbulence intensity, integral temporal and spatial scales, convection velocities, etc. A theoretical basis for modeling the jet noise sources with
two-point correlation functions is provided in Appendix C.
In the current research, thirty virtual probes are inserted in the flow field along
the lip line to record the unsteady flow solutions, as shown in figure 3.24. Then twopoint space-time cross correlations are calculated to examine the characteristics of
the turbulent noise sources. To quantify the rapid development of the turbulent
shear layer, 20 probes are located up to the downstream location X/D = 5.0 with
a separation distance of 0.25D between two neighboring probes. The remainders
are inserted until X/D = 10.0 with an increased separation distance of 0.5D.
The development of the turbulent shear layer is shown by the variation of the
RMS value and the power spectral density of the axial velocity perturbation u0
(normalized by the fully expanded jet velocity Uj ) along the lip line. Consistent
with figure 3.23, the RMS value of the axial velocity fluctuations shows that the
transition point of the shear layer from quasi-laminar to fully turbulent shifts
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Figure 3.24: Probes along the lip line where the flow solutions are sampled. The
colored contours show the time-averaged Mach number contours of the baseline
nozzle jet operating at Mj = 1.47, N P R = 3.5 and T T R = 3.0.
upstream as the jet velocity increases. The higher the jet velocity, the faster the
shear layer becomes fully turbulent, but the slower the turbulence intensity drops
with downstream distances.
Figure 3.25(b) shows the axial evolution of the energy spectra of the axial
velocity fluctuations for the Mj = 1.47 jet. The spectra exhibit typical mixinglayer turbulence characteristics, with a dominant low-frequency energy-containing
region, and an inertial high-frequency subrange rolling off approximately with the
Kolmogorov law f −5/3 . The axial evolution indicates that, after the shear layer
becomes fully turbulent at around X/D = 1.0, the low-frequency energy levels
increase gradually but the high frequency levels decrease rapidly. This is consistent
with experimental observations [107] and also justifies the grid stretching in the
jet flow direction.
For the two-point space-time correlation computations, two definitions are used:
one is the second-order correlation and the other is the fourth-order correlation.
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(a) RMS value of the axial velocity fluctuation (b) Power spectral density of the axial velocity
for the three jets
fluctuation for the Mj = 1.47 jet.

Figure 3.25: Variation of the axial velocity fluctuation along the lip line.
They are defined as:
R11 (x, ξ, τ ) = u0 (x, t)u0 (x + ξ, t + τ )


R1111 (x, ξ, τ ) = u0 u0 − u0 u0 (x, t) u0 u0 − u0 u0 (x + ξ, t + τ )

(3.12)
(3.13)

where, an overline denotes the time-averaging.
All correlation functions are normalized by the cross correlation of the signals
at zero time delay to derive the correlation coefficients ρ11 and ρ1111 , from which
the integral length and time scales and the convection speed of the turbulent structures are calculated. The second-order correlation describes the characteristics of
turbulent structures. The fourth-order correlation gives information about the
Reynolds stress field which is pertinent to the noise sources.
Figure 3.26 shows the two-point space-time correlation of the axial velocity
fluctuation for the Mj = 1.36 over-expanded jet, with the reference probe fixed
at X/D = 4.0 and the traveling probes at different downstream stations with
separation distances ξ. Compared with the second-order correlation, the fourthorder correlation decays more rapidly as expected. At larger separation distances,
the peaks of the correlation functions are less well resolved, mainly because the
record length is short (approximately 5800 samples) and the correlation is largely
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contributed by the large-scale turbulent structures. Therefore, the integral scales
of the turbulent motions are evaluated only from the second-order correlations.

(a) Second-order cross-correlation

(b) Fourth-order cross-correlation

(c) Correlation coefficients at zero time delay

Figure 3.26: Cross correlation coefficients of the axial velocity at X/D = 4.0 along
the lip line. Operating conditions: Mj = 1.36, N P R = 3.0, T T R = 3.0.
The time and length scales, denoted by Lτ and Lx respectively , of the turbulent
structures are estimated to quantify their spatial extent and decay rate in the shear
layer via a geometric construction method. For example in [105, 87], the time scale
is defined as the time delay where the 1/e decay point of the envelope of the spacetime correlation functions is obtained in figure 3.26(a), and the length scale is
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defined as the separation distance when the 1/e decay point of the correlation at
zero time delay τ = 0 are obtained in figure 3.26(c). Therefore, at X/D = 4.0 for
the Mj = 1.36 over-expanded jet, the integral length scale is Lx /D = 0.263, and
the time scale is Lτ Uj /Dj = 2.13, based on the second-order correlation.
The variation of time delay for maximum correlation with the separation distance is shown in figure 3.27. Except for the poor prediction of the correlation
peaks at larger separation distances because of the short record length, a linear
dependence is found for both definitions of the correlation functions. The slope of
the curve represents the overall convection speed of the turbulent eddies, which is
Uc /Uj = 0.542 for the second-order correlation and Uc /Uj = 0.607 for the fourthorder correlation.

Figure 3.27: Variation of time delay for maximum cross correlation with separation
distance at X/D = 4.0, along the lip line (r/D = 0.5). Operating conditions:
Mj = 1.36, N P R = 3.0, T T R = 3.0.
The estimates of the time and length scales and the convection speed of the
turbulent structures are summarized in table 3.4 for all three jets. The nearly
perfect-expanded jet with Mj = 1.47 has a slightly higher convection speed but
relatively smaller time and length scales. Consistent with the experiment measurements in [87], the results reveal that the presence of shock cells induces a lower
convection speed and a slower decay of the turbulent eddies. The overall acoustic
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Mach numbers Ma = Uc /c∞ , relative to the ambient speed of sound, are estimated
in table 3.4. It is observed that the acoustic Mach number ranges from Ma = 1.091
to Ma = 1.229 for the three jets.
As a comparison, table 3.5 summarizes the experimental measurements of the
time and length scales, and the convection speed for several supersonic jets. It
should be mentioned that very few measurements are available for supersonic hot
jets. And between these measurements, relatively large differences exist even at
similar operating conditions due to various experimental limitations and uncertainties [104]. As mentioned earlier and from theoretical analysis [108], the convection
speed generally falls with the increasing jet temperature, but its change with the
jet velocity is not monotonic. Therefore, no unambiguous conclusion can be drawn
from the comparison except that the present predictions are within a reasonable
range.
Table 3.4: Predicted integral scales of the turbulent structures of the baseline
nozzle jets. Calculated at X/D = 4.0 along the lip line based on the second-order
cross correlation of the axial velocity fluctuations.
Mj
Lτ Uj /Dj
1.36
2.13
1.47
1.49
1.56
1.66

Lx /D
0.263
0.242
0.248

Uc /Uj
0.542
0.555
0.553

Uc /c∞
1.091
1.184
1.229

Table 3.5: Experimental measurements of the overall scales of the turbulent structures along the lip line at X/D = 4.0
Md
1.37
1.0
1.5
1.5
1.5
1.5

Mj T T R
1.37 1.37
1.2 1.00
1.30 1.00
1.50 1.00
1.47 1.00
1.47 1.79

Lτ Uj /Dj
1.46
0.95
-

Lx /D
0.20
0.22
0.17
-

Uc /Uj
0.76
0.56
0.72
0.74
0.78
0.46

Equipment
LDV
LDV
OD
OD
OD
OD

Reference2
[98]
[107]
[87]
[87]
[109]
[109]

Since the turbulent structures in the mixing layer have a wide range of scales,
knowledge of the frequency-dependent scales is important for proper modeling
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of turbulent noise sources. The frequency-dependent convection speed can be
calculated from the phase of the complex cross spectra as:

Uc (f ) = 2πf /

dΦ(f )
dξ


(3.14)

where, Φ(f ) is the phase delay of the complex cross spectrum at a downstream
location with a separation distance ξ relative to the fixed probe. Figure 3.28 shows
the variation of the frequency-dependent phase delay (in radians) with different
separation distances. Due to an insufficient record length, larger oscillations appear
as the separation distances increase. Therefore, only the correlation functions at
the first three downstream probes are used for the prediction of the frequencydependent convection speed.

(a) Mj = 1.36, T T R = 3.0

(b) Mj = 1.56, T T R = 3.0

Figure 3.28: Variation of the phase delay of the second-order cross correlation for
the three jets. The reference probe is fixed at X/D = 4.0 along the lip line.
Figure 3.29 shows the convection speed as a function of Strouhal number. Following the experimental observations in [87, 105, 110], the results are fitted with a
general logarithmic function Uc /Uj (St) = A ln St + B and are shown in the figure.
Clearly, the convection speed is found to increase with frequency, and no significant
difference is observed between the three jets. Again, it should be noted that the
convection speed in heated jets is expected to be lower than that in unheated jets,
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as mentioned in section 3.4.2. Therefore, considering the overall convection speed
in tables 3.4 and 3.5, it is believed that the predictions are reasonable.

Figure 3.29: Convection velocity as a function of Strouhal number for the three
jets. The reference probe is fixed at X/D = 4.0 along the lip line. Note: the
experimental measurements were made for an unheated jet with Mj = 1.5, T T R =
1.0 issuing from a contoured nozzle with Md = 1.5

3.4.3.2

Direct flow-acoustic cross correlations

The flow-acoustic correlation method was originally proposed by Siddon [111].
Based on the cause-and-effect relation, it is argued that the jet noise sources can
be identified by measuring the direct correlation between the near-field turbulent
fluctuations and the far-field acoustic pressure. Many flow-acoustic correlation
measurements have been performed with different experimental techniques. But
significant advancements were made after the advent of the Molecular Rayleigh
Scattering (MRS) technique [112, 113, 114, 115, 116]. With a “numerical experiment”, the current study examines the noise sources using the unsteady flow field
solutions and far-field noise predictions. Similar research has been performed by
Bogey and Bailly for subsonic unheated jets [40].
The investigation focuses on the cross correlation between a single near-field
flow signal probe and a single far-field acoustic signal. The near-field virtual

113
flow probe is set along the lip line, as shown in figure 3.24. The far-field virtual microphone is set at different polar angles, but with the same distance 100D
to the nozzle exit. In the calculation of the time delay, the retarded time at
the flow probe is accounted for based on the straight path between the flow
probe and the far-field observer. In other words, at zero time delay, the virtual flow probe signal has a time advance dτ = |y| /c0 as compared to the virtual microphone signal, where, |y| is the distance between the near-field flow
probe and the far-field microphone, and c0 is the ambient speed of sound. Two
normalization methods are used to present the correlation function in the current study. The first method uses the individual product of the RMS values
for each pair of flow and acoustic signals, which leads to the conventional definition of “correlation coefficient”,
denoted by Rh∗,p0 i . In mathematical form,
q
Rh∗,p0 i = ∗ (t + dτ ) p0 (t)/ ∗2 (t + dτ ) · p02 (t), where an asterisk represents a nearfield flow quantity. The second one uses a common value (for example, the correlation of a particular pair of signals) for a group of flow-acoustic signals to quantify
the magnitude of the correlations of the signals acquired at different locations and
operating conditions. This normalized correlation is denoted by h∗, p0 i. In mathematical form, h∗, p0 i = ∗ (t + dτ ) p0 (t)/∗ (t + dτ ) p0 (t)(X/D=3.0;θ=30◦ ,R/D=100) , where
the cross correlation between the flow signal at X/D = 3.0 and the noise signal at
θ = 30◦ and R/D = 100 are used as the reference value.
To assess the quality of the numerical simulations, experimental measurements
from recent publications are referenced, because no direct flow-acoustic correlation
measurements have been acquired for the same jet operating conditions. Using
the MRS technique, Panda et al. [114, 117, 116, 115] performed the most extensive research on the direct flow-acoustic correlations with different turbulent flow
quantities. The variations of the peak correlations with the jet operating conditions and the probe locations are summarized below. Similar observations have
also been made in other works [112, 113, 87].
• The correlation peaks measured with various turbulent flow quantities at the
same location have different amplitudes, but the variation of the peaks with
the probe locations and jet operating conditions show a similar trend. See
[116].
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• With a fixed flow probe, the peak correlation coefficient has a high value of
approximately 0.1 ∼ 0.2 when the microphone is located at shallow angles.
The peak correlation coefficient decreases rapidly to less than 0.01 as the
microphone moves upstream above the peak noise radiation direction around
θ ≈ 60◦ . See [112, 114, 116, 87].
• With a fixed far-field microphone, the peak correlation coefficient decreases
as the flow probe moves transversely away from the centerline to the outer
region. The peak correlation coefficient is the highest at the centerline, and
falls by one order of magnitude to approximately 0.01 outside the mixing
layer. [116, 115].
• With a fixed far-field microphone, the peak correlation coefficient reaches a
maximum value near the end of jet potential core if the near-field flow probe
is traveling downstream along the centerline. However, when the flow probe
is in the mixing layer, the peak correlation shows a strong dependence on
the jet Mach number, and has a relatively smaller change over a wide range
of axial extent. See [116, 115, 87].
• The peak correlation increases as the jet velocity increases. See [117, 115,
118].
• Increasing the jet temperature improves the peak correlation significantly.
See [117, 115, 118].
As a reference, Table 3.6 lists the measured positive peaks of the direct correlation
between the acoustic pressure p0 and different flow variables for several unheated
supersonic jets from recent publications. Only the measurements with the flow
probes inside the mixing layer are included, since, in the current numerical study,
the flow solutions are sampled along the lip line.
For the nearly on-design jet with Mj = 1.47, the cross correlation coefficients of
0

hρ , p0 i as a function of time delay are shown for the fixed flow probe at X/D = 5.0
with various acoustic probes at polar angles ranging from θ = 30◦ to 60◦ in figure
3.30(a), and for the fixed acoustic probe at polar angle at θ = 40◦ with various
flow probes at axial stations ranging from X/D = 4.5 to 6.0 along the lip line
in figure 3.30(b). A large correlation peak appears around zero time delay for
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Table 3.6: Experimental measurements of the correlation coefficients of the acoustic pressure with different turbulent fluctuations along the lip line.
Mj
Md
0.993 1.0
1.5
1.5
1.8
1.8
1.8
1.8
1.8
1.8

TTR
2.72
1.0
1.0
1.0
1.0

Positive peaks
0.135
0.095
0.0572
0.0554
0.0616

Variables
ρ0
|∇ρ|0
(ρuu)0
u0
ρ0

(a) A fixed flow probe at X/D = 5.0

Locations
5D; 40◦ , 100D
4D; 34◦ , 42D
6D; 30◦ , 50D
6D; 30◦ , 50D
6D; 30◦ , 50D

Equipments
MRS
OD
MRS
MRS
MRS

Reference
[115]
[87]
[116]
[116]
[116]

(b) A fixed acoustic probe at θ = 40◦

Figure 3.30: Cross correlation coefficients Rhρ0 ,p0 i as a function of time delay. Operating conditions: Mj = 1.47, N P R = 3.5, T T R = 3.0.
each pair of signals, indicating that the turbulent fluctuations indeed contribute
to the far-field noise radiation. The correlation peak magnitude is also found to
experience a rapid change with a small variation of the polar angle. The peak is
around 0.15 at shallow angles below the peak noise radiation direction θ ≈ 50◦ ,
but drops to 0.05 at the polar angle of θ = 60◦ . However, a very small change
is found with a large change of the flow probe location. These trends agree well
with the experimental observations. For the correlation between ρ0 at X/D = 5.0
and p0 at θ = 40◦ , the peak correlation is 0.135, as compared to the measured
value of 0.14 for the hot jet with Mj = 1.0 ( or Ma = 1.48) at the same locations
in [115] and Table 3.6. However, caution should be used in the evaluation of the
data, because the jet velocity, temperature ratio, and probe locations will affect
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the peak correlation significantly as observed in the experimental measurements.
The maximum value of the peak correlation coefficients is 0.17, which is a quite
high but reasonable value for this supersonic hot jet.
Many flow variables are measured in practice to explore the noise source characteristics based on different acoustic analogy theories. No unanimous conclusion has
yet been reached about what turbulent quantities should be measured to quantify
the noise sources. Figure 3.31 show the maps of the peak correlation coefficients
between the acoustic pressure p0 and three flow variables: the density fluctuation
ρ0 , the axial velocity fluctuation u0 and the axial momentum fluctuations (ρuu)0
for the Mj = 1.47 jet. Both the positive peaks (denoted by +R<∗,p0 > ) and the
maximum amplitude of the positive and negative values (denoted by R|<∗,p0 >| ) are
shown separately. Each grid point in figure 3.31 corresponds to a pair of flow and
acoustic signals whose cross correlation is computed. The correlation functions
are examined within a wide range of polar angles from θ = 20◦ to 120◦ and axial
positions from X/D = 2.0 to 10.0, to examine the characteristics of their cross
correlations with the acoustic pressure signal.
Regardless of the different amplitudes, all three flow quantities show a significant higher correlation with the acoustic pressure p0 at lower polar angles (θ < 60◦ )
as compared to high polar angles. Panda et al. proposed [115] that the rapid fall
of the correlation coefficients as the polar angle increases is due to the different
directivity of the noise radiation from the large-scale and the small-scale turbulent
eddies. It is believed that the large-scale structures are correlated over a large
spatial extent and generate strong noise radiation at shallow angles. The flow
measurement at a fixed point represents the characteristics of the large scale fluctuations over a large flow region. Therefore, a high correlation is found at shallow
angles, where the microphone senses the noise contributions from the entire jet
plume. On the other hand, the small-scale structures have a little spatial correlation and the noise radiation is weaker and more omni-directional. The flow probe
measures the small-scale turbulent fluctuations locally in a small region. Hence,
at higher polar angles, their noise radiation is overwhelmed by uncorrelated noise
radiations from small turbulent fluctuations in the entire jet plume. Thereby, a
low correlation is observed.
It is also observed in figure 3.31 that, for hu0 , p0 i and (ρuu)0 , p0 , larger nega-

(e) u0 , maximum peaks

(d) ρ0 , maximum peaks

0

(f) (ρuu) , maximum peaks

0

(c) (ρuu) , positive peaks

Figure 3.31: Maps of the correlation coefficient peaks between the acoustic pressure p0 and different turbulent quantities.
Operating conditions: Mj = 1.47, N P R = 3.5, T T R = 3.0. The top row shows the positive peaks, and bottom row
shows the maximum amplitude of the positive and negative peaks.

(b) u0 , positive peaks

(a) ρ0 , positive peaks
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tive peaks dominate at the downstream locations from X/D ≈ 6. All three flow
quantities show similar patterns if the negative peaks are accounted for. Experiments also recorded strong negative correlation peaks at downstream locations,
but recent publications are not consistent regarding whether the negative peaks
should be used [118, 119]. Exploration of the mechanism of strong negative peaks
is difficult considering that the acoustic pressure signal is contributed by the turbulent fluctuations in the whole jet plume and that only a small part of the turbulent
fluctuations measured at the flow probe radiates as the noise. In fact, these are
also why the controversial interpretations of the cross correlation function arise.
Panda proposed that the correlation coefficient can be interpreted as the radiation
efficiency of the fluctuations present at the probe volume. This view qualitatively
explains the improved correlation coefficients with the increasing jet temperature
and velocity [115]. Since the downstream locations are where most of low frequency
noise sources reside, neglecting the negative peaks will lead to a contradiction with
the experimental and computational observations. The appearance of dominant
negative peaks might suggest a change of the noise generation mechanism by different flow fluctuation quantities. Therefore, the current numerical study uses the
absolute magnitude.
Figure 3.32 shows the correlation coefficient peaks of Rhu0 ,p0 i at all three operating conditions. Based on the view of interpreting the correlation coefficients as the
radiation efficiency of the turbulent fluctuations, it is found that the radiation efficiency improves in most of the jet potential core region as the jet velocity increases.
Figure 3.29 indicates that the increased jet velocity produces more large-scale turbulent eddies with a supersonic phase speed, which become efficient noise sources
according to the instability wave theory. It is also found that, for the Mj = 1.36
jet, a large peak of the correlation coefficient appear when the flow probe is near
the nozzle exit (X/D < 1.0) where the mixing layer has not become fully turbulent.
No similar experimental measurement has been reported.
To quantify the noise source strength, the flow-acoustic correlation function
is normalized by a common value for the flow and acoustic signals acquired at
different locations and operating conditions. Figure 3.33 shows the correlation
peaks hu0 , p0 i at all three operating conditions, normalized by the product of the
RMS values of the flow signal recorded at X/D = 3.0 along the lip line and the

(b) Mj = 1.47

(c) Mj = 1.56

(b) Mj = 1.47

(c) Mj = 1.56

Figure 3.33: Peaks of the flow-acoustic correlation hu0 , p0 i. Normalized by the product of the RMS values of the flow
probe at X/D = 3.0 along the lip line and the acoustic probe at θ = 30◦ , R/D = 100 for the Mj = 1.36 jet.

(a) Mj = 1.36

Figure 3.32: Peaks of the correlation coefficient Rhu0 ,p0 i . Normalized locally by the product of the RMS values of the two
signals.

(a) Mj = 1.36
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acoustic signal predicted at 30◦ R/D = 100 for the Mj = 1.36 jet. The results
show that the dominant noise sources reside downstream of the jet potential core for
shallow angles, and shift upstream for higher polar angles. At a fixed polar angle,
the axial extent of the dominant noise source grows and the noise source strength
becomes stronger, as the jet velocity increases. All these effects are consistent with
the experimental observations in [118, 119]. They are attributed to the increased
turbulent fluctuations and the improved radiation efficiency. The figure also shows
a significantly weak noise source strength near the nozzle exit where the high
frequency noise source dominates but is not resolved by the single-point flowacoustic correlation measurement, an observation consistent with Figure 3.23 and
the experimental measurements.
To examine the frequency dependent noise source strength in the mixing layer,
Figure 3.34 shows the spectra of the correlation function hu0 , p0 i recorded along
the lip line and several polar angles. The dimensional values are plotted in a log
∗

scale, i.e. CSD = 10 log ũ0 p̃0 , where a tilde denotes the Fourier symbol and an
asterisk represents the complex conjugate. Therefore, an increment of the spectral
intensity by 10 indicates an increase of the amplitude by 10 times. Figures 3.34(a),
(b) and (c) show the cross spectra of the correlation functions with the acoustic
signal predicted at three different polar angles of θ = 30◦ , 60◦ , and 90◦ for the
Mj = 1.36 jet, and Figures 3.34(d), (e) and (f) are the values with the acoustic
signals predicted at the polar angle of θ = 30◦ for the jets operating at three
operating conditions. Clearly, all figures show that the low frequency turbulent
eddies are correlated over a wider axial extent and are the strongest noise sources.
In contrast, the high frequency turbulent eddies mainly reside close to the nozzle
exit, and have a noise strength one or two orders of magnitude lower than the low
frequency ones. Comparison of Figures 3.34(a), (b) and (c) shows that, at a fixed
jet velocity, the noise radiation from the low frequency turbulent eddies to high
polar angles is much weaker than those to shallow angles, but the difference of the
noise radiation from the high frequency is small at the three polar angles. This
is consistent with the view that large scale turbulent structures are the dominant
noise sources in the aft direction but the small scale turbulent eddies are weak
and omni-directional noise sources. At the peak noise radiation direction, a larger
noise source intensity is found over most of the frequency range. Particularly, the

(e) Mj = 1.47, θ = 30◦

(d) Mj = 1.36, θ = 30◦

(f) Mj = 1.56, θ = 30◦

(c) Mj = 1.36, θ = 90◦

Figure 3.34: Cross spectral density ( dB per unit St number) of the flow-acoustic correlation hu0 , p0 i. Dimensional values
are plotted in a log scale. Note, the lower and upper sides of the plot scale are capped.

(b) Mj = 1.36, θ = 60◦

(a) Mj = 1.36, θ = 30◦
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approximately 10 dB difference of the low frequency spectral intensity at the polar
angles θ = 60◦ and 90◦ agrees well with the 10 dB difference of SPL at the two
polar angles (note that the spectra are only plotted with the specified range, with
the lower and upper side of the scale truncated). Comparison of Figures 3.34(d),
(e) and (f) shows that, at a fixed polar angle, turbulent eddies over the entire
frequency range become stronger noise sources as the jet velocity increases. At
a given frequency, the noise source strength improves over a wider axial extent.
These indicate an improved radiation efficiency over entire frequency range and an
increased turbulent noise source strength with a higher jet velocity. Once again,
Figures 3.34(e) and (f) show strong noise radiation appears upstream of X/D = 1.0
and over most of the frequency range, an observation consistent with Figures 3.23
and 3.33. This also suggests that the strong noise radiation near the nozzle exit
should be responsible for the over-prediction of noise level for the Mj = 1.47 and
Mj = 1.56 jets.
3.4.3.3

Beamformed flow-acoustic correlations

Different from the previous two approaches, a third noise source identification
method uses a microphone array to record the far-field noise signal simultaneously.
Several theories have been developed to derive the characteristics of noise sources
from microphone array measurements using different signal processing techniques.
For instance, the polar correlation approach[120] and the beamformed phase array
method proposed by Billingsley and Kinns[121]. By modeling the noise sources as
spatially correlated or uncorrelated point or line sources, the source distribution is
derived based on the acoustic pressures measured by the microphone array. Any
distribution that fits the far-field observations is deemed as reasonable. Some
experiments have been conducted to extract the frequency dependent noise source
distributions in full-scale engine tests or model jets[120, 122, 123, 124, 125].
The beamformed flow-acoustic correlation technique proposed by Papamoschou
et al.[126] is an extension of the flow-acoustic correlation method. Multiple flow
and acoustic probes are used to allow a more sophisticated noise source localization. Figure 3.35 shows a sketch of the beamformed flow-acoustic correlation
measurement. In the numerical simulations, acoustic predictions are performed by
a virtual microphone array focused near the nozzle exit along the lip line. The
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microphone array covers a polar angular range from 45◦ to 75◦ , and the angular
spacing is logarithmic to account for the rapid decay of the acoustic correlation as
the angular spacing increases.

Figure 3.35: Sketch of the beamformed flow-acoustic correlation method
With appropriate signal processing approaches, the beamformed phase array
technique sums the acoustic measurements on the microphone array to maximize
the acoustic signal emanating from the focal point but minimize the contribution
from the noise sources away from the focal point[121, 123, 127]. Therefore, the assembled pressure approximately measures the noise source strength at the focus of
the microphone array. The simplest approach is the delay-and-sum (DAS) method.
This approach defines the assembled pressure measured by the microphone array
as:
g(ξ, t) =

M
X

p0m (t + τm (ξ))

(3.15)

m=1

where,

p0m

is the acoustic pressure recorded by the microphone m. The auto

spectrum of the assembled pressure is:
Sgg (ξ, ω) =

M X
M
X

Pm∗ (ω) Pn (ω) eiω[τn (ξ)−τm (ξ)]

(3.16)

m=1 n=1

where, Pm is the Fourier transform of the noise signal p0m , an asterisk denotes the
complex conjugate, and τm (ξ) is the time delay from the focus position ξ to the
microphone m location.
The turbulent flow fluctuations are measured in the turbulent mixing layer.
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From the cross correlation functions of the flow fluctuations, the convection speed
Uc , time scale Lτ and length scale Lx of the turbulent eddies at the reference flow
probe can be calculated. A similar DAS method can be applied to the flow probe
array to produce the assembled flow fluctuations:
h(x, t) =

J
X

fj (x, t + Tj )

(3.17)

j=1

where, fj is the the flow fluctuations recorded at the probe j. Tj is the time delay of
the flow fluctuation recorded by the movable flow probe located at x+∆x, and Tj =
∆x/Uc . Therefore, the cross spectrum between the assembled flow fluctuations
and the assembled acoustic pressure, H(x, ω)G∗ (ξ, ω), provides information on the
noise source characteristics associated with the flow fluctuations that travel at the
convection speed of the turbulence. Experiments[126] have shown that the peak
correlation between a single flow probe output and a beamformed microphone array
output appear when the focus of the microphone array is in the vicinity of the flow
probe position, indicating that the microphone array output indeed approximately
measures the noise source at the focus of the microphone array.
Because of an insufficient record length, predictions of the beamformed flowacoustic correlations have not been performed in the current numerical study. Figure 3.36 shows the auto spectrum of the assembled acoustic pressure predicted by
the virtual microphone array in the preliminary study. As mentioned before, this
approximately measures the noise source strength at the focus of the microphone
array as a function of frequency. Since no beamfored measurements of this particular nozzle have been conducted at the same operating conditions, the measurement
for a Mj = 1.7 unheated jet by Papamoschou[126] is referred to for comparison.
An encouraging agreement of the varation of the frequency-dependent noise source
strength with downstream distance is found. Figure 3.36 also shows that the noise
source strength increases over the entire frequency range as the jet Mach number
increases.
The trace of the peak value at each discrete frequency represents the peak
source locations. In the past, different experimental techniques have been used
to examine the peak source locations, such as the polar correlation technique by
Tester et al.[128], the beamformed method by McLaughlin et al.[129], Narayanan
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(a) Mj = 1.36, T T R = 3.0

(b) Mj = 1.47, T T R = 3.0

(c) Mj = 1.56, T T R = 3.0

(d) Mj = 1.7, T T R = 1.0. Measurement by
Papamoschou et al.

Figure 3.36: Auto spectral density of the DAS of the acoustic pressure at different
operating conditions. The dots and line in each figure show the predicted peak
source locations and the experimental results for a subsonic jet and several shockfree supersonic jets.
et al.[123] and Lee and Bridges[124]. The peak source locations derived from these
measurements and the predicted results in the current study are also included in
Figure 3.36. Consistent with these experimental findings, the results show that
the peak noise source moves towards the nozzle exit as the frequency increases. As
compared to the measurements, a good agreement of the peak source location is
found, although the predicted peak source locations at some frequencies are shifted
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slightly upstream. Without the direct support from experimental measurements
for this particular nozzle at the same operating conditions, this is believed to be
caused by the reduced jet potential core lengths induced by the shock cell structures
and the effect of jet heating.

3.5

Summary

In this chapter, jet flow and noise simulations are presented for a military style
baseline nozzle operating at three off design conditions using the numerical methods described in the previous chapter. A multi-block structured mesh with 5.8M
grid points is created and the grids are refined significantly around the jet potential core based on the estimate to resolve the highest frequency noise sources
up to St ≈ 4. To capture the impact of the realistic nozzle geometry on the jet
flow development and the noise radiation faithfully, the faceted nozzle geometry
with a sharp change of the inner contour at the throat is represented by the fully
body-conformal mesh. The finite nozzle thickness is also modeled to trigger the
unsteadiness in the turbulent mixing layer, without using any artificial excitations.
The preliminary numerical study has identified three numerical issues that are
of critical importance to an accurate jet noise simulation: the grid spacings, the
artificial dissipation, and the acoustic data surface. Numerical tests of the Mj =
1.56 jet have shown that the fine mesh with 5.8M grid points resolves the noise
spectra up to St ≈ 3 satisfactorily. In addition to the use of a modified DES
model to avoid excessive dissipations in the jet flow, the artificial dissipation is kept
sufficiently low to allow more fine turbulent eddies to be captured, provided that
stability is retained. Specifically, the current computations have shown that using
only the pressure gradient as the switch to turn on the second order dissipation
terms near shock cell structures increases the high frequency resolution of the
noise predictions for supersonic hot jets. It is also found that the noise prediction is
sensitive to the size of the acoustic data surface, and that the use of the new variant
proposed by Spalart and Shur is helpful to reduce the sensitivity. Nevertheless,
it is still adviced to place the downstream disk at a further downstream location
than X/D = 30 to avoid contaminations at low frequencies. Refining the grids
and placing the FWH control surface farther away from the mixing layer in the
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radial direction are helpful to improve the high frequency resolution.
Following the best practices in the preliminary study, three supersonic hot
jets emanating from the baseline nozzle with the design Mach number of Md =
1.5 are simulated at the operating conditions of N P R = 3.0, 3.5 and 4.0 and
T T R = 3.0, which correspond to an over-expanded jet with Mj = 1.36, a nearly
perfectly expanded jet with Mj = 1.47 and an under-expanded jet with Mj = 1.56,
respectively. As compared to the experimental measurements, the noise predictions
show a very good agreement at the peak noise radiation angle θ ≈ 50◦ up to
St ≈ 3.0 and large polar angles θ > 90◦ up to St ≈ 2.5. The frequencies and
amplitudes of the BBSAN components are captured accurately at all the three
off design conditions. However, a large disparity appears within the frequency
range from St ≈ 0.3 to 3.0 for the Mj = 1.36 jet at large polar angles from
θ = 60◦ to 90◦ , and for the Mj = 1.47 and Mj = 1.56 jets at shallow angles
from θ = 30◦ to 50◦ . The reason for these mismatches remains unknown yet.
Nevertheless, as compared to recent publications, the current numerical study
shows very encouraging resolutions with a moderate mesh size for supersonic hot
jet noise simulations.
Visualization of the time-averaged flow shows that a complex double-shock
system appears in the jet plume for each jet. A good agreement is found as
compared to experimental shadowgraphs of the shock cell structures. The extra
train of shock cells is found to originate from the sharp nozzle throat, implying
that, in order to predict the complicated jet flow structures and the noise radiation
from the military style nozzle correctly, it is important to include the realistic
nozzle geometries in numerical simulations. The jet flow simulations predict a
shorter jet potential core length and a decreasing turbulence intensity along the
jet centerline as the jet velocity increases, which is reasonable and consistent with
the experimental observations. The unsteady flow visualization show two types
of acoustic waves: Mach wave radiation and BBSAN. It also reveals that the
turbulence intensity should be high enough to excite the BBSAN component.
The noise source characteristics are investigated with three techniques. The
first one uses the two-point space-time cross correlation function to examine the
statistical characteristics of the turbulent eddies. Virtual probes are set along the
lip line to record the turbulent fluctuations. Results show that the turbulence
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intensity in the mixing layer reaches a peak at approximately X/D = 2.0. As
the jet velocity increases, the transition of the mixing layer becomes faster and
the amplitude of the turbulence intensity peak decreases, but a stronger turbulence intensity is observed at further downstream locations. However, the overall
convection speed, time and length scales of the turbulent structures, when normalized by the fully expanded jet velocity and jet diameter, are nearly independent
of the jet operating conditions. The overall convection speeds are approximately
Uc /Uj = 0.55 at the axial location X/D = 4.0 along the lip line for the three operating conditions, corresponding to convective Mach numbers of Mc = Uc /c∞ = 1.09,
1.18 and 1.23, respectively. The frequency dependent phase speed, when normalized by the fully expanded jet, is also found nearly independent of the jet operating
conditions. Large scale turbulent structures are convected at a lower speed than
small scale structures. As the jet velocity increases, more turbulent eddies gain a
supersonic phase speed, which then become strong noise sources.
The second technique uses the flow-acoustic cross correlation function to examine the noise source strength in the mixing layer. Consistent with the observations
from other experimental techniques, the direct flow-acoustic correlation shows that
low frequency noise sources are correlation over a wide axial extent and are strong
noise sources at shallow angles, but high frequency noise sources reside near the
nozzle exit and are weak and omni-directional. As the jet velocity increases, the
amplitude of turbulent fluctuations grows and more low frequency turbulent eddies
gain a supersonic phase speed. Therefore, the noise source strength improves over
the entire frequency range, and the axial extent of the strong noise source at each
discrete frequency also increases.
The third technique involves the beamformed flow-acoustic correlations. A
microphone array is used to examine the noise source distribution. Due to an insufficient record length for the calculation of the flow-acoustic correlations, only the
auto spectrum of the acoustic pressure on a virtual microphone array is shown as a
preliminary study of the noise source characteristics. An encouraging agreement of
the predicted noise source map with the beamformed measurements of a Mj = 1.7
unheated jet is observed. The predicted peak source locations show a reasonable
agreement with the experimental results revealed by different techniques. The predictions show that strong high frequency noise sources appear near the nozzle exit
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while the dominant low frequency sources reside at further downstream locations.
As the jet Mach number increases, the noise source strength increases over the
entire frequency range.

Chapter

4

Jet noise simulations of chevron
nozzles
Due to the noise reduction benefit and the low performance penalty, chevron nozzles are presently the most popular jet noise reduction concept in both commercial
and military applications. They feature triangular serrations at the nozzle trailing
edge, protruding slightly into the jet flow. By introducing streamwise vorticities,
chevrons increase the turbulence intensity near the nozzle exit, but reduce the effective jet velocity and the turbulence intensity in the main noise source region.
Usually, this enhanced turbulent mixing effect leads to a reduced low-frequency
noise level, but penalties on the high-frequency noise and thrust. The ultimate
goal of the chevron design is to reduce the low-frequency noise, while preventing
the high-frequency noise penalty and thrust loss. In the extensive research that
has been conducted on chevron nozzles, some important parameters, such as the
chevron count and the chevron penetration, have been identified to have the most
significant impacts on the noise radiation [130, 131, 132, 13, 14]. However, due to
an insufficient database of noise measurements and the difficulty of acquiring details of the near-field noise sources experimentally, the understanding of this noise
reduction concept remains very limited.
Military-style baseline nozzles, equipped with different designs of chevrons,
have been tested at different model scales at NASA GRC and PSU independently
[14, 85]. As a supplement to the experimental research, the current jet noise
simulations examine the effects of the chevrons by investigating the far-field noise
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radiation and the near-field turbulent flow structures of the chevron nozzle jets
operating at the same conditions as the baseline nozzle jets in the previous chapter.

4.1

Description of the military-style nozzles with
chevrons

In the experimental studies, the same baseline nozzles, mounted with different
designs of chevrons, have been tested independently at NASA GRC and PSU. Farfield acoustic measurements and near-field flow measurements have been recorded
and compared with the baseline nozzle measurements at the same operating conditions [13, 14, 85]. Considering the favorable comparison of the noise measurements from NASA GRC and PSU and the difficulty of replicating all details of the
chevrons on the small-scale models at PSU, only the NASA moderate-scale models
with an equivalent throat diameter of 4.45 inches are used as a comparison in the
current numerical research.
Using the Modern Design of Experiments (MDOE) technique, the experimental
research at NASA GRC studied 9 chevron designs in a series of parametric tests.
It examined the chevron parameters with the most significant impacts on the noise
reduction [14]. As illustrated in figure 4.1, three parameters are defined to identify
the geometric features of chevrons: (1) penetration, the distance from the chevron
tip to the line extending along the inner faceted surface; (2) length, the distance
from the nozzle trailing edge to the chevron tip projected onto the line parallel to
the facet surface; and (3) width, the chevron base width at the exit of the baseline
nozzle. In the experiments, three values for each parameter were chosen. The
penetration varied from 0.3 inches, 0.45 inches, to 0.6 inches. The length varied
from 0.75 inches, 1.25 inches, to 1.75 inches. And the width was 60%, 80% or 100%
of the facet width. As a result, 9 chevron models are available. The center-point
design with a penetration of 0.45 inches, a length of 1.25 inches, and a width of
80% of the facet width, is labeled as “P05L13W08 ” in [14]. In dimensionless form,
the chevron peneration and length correspond to values of 9.3%D and 25.8%D,
respectively.
Figure 4.1 shows the military-style chevron nozzle in the current numerical
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study. The center-point chevron design P05L13W08 is studied because the richest
database is available compared with other chevron designs. Although 12 chevrons
are used to match the number of facets inside the nozzle, only 4 are shown for
clarity. The nozzle has a design Mach number of Md = 1.5. Thus, by comparison
with the results of the baseline nozzle simulations in the previous chapter, the
chevron effects on over-expanded and under-expanded jets can be evaluated.

Figure 4.1: The military-style nozzle with chevrons and three geometric parameters. (Only 4 out of 12 chevrons are shown for clarity)

4.2

Numerical issues

Due to the great difficulty in creating a body-conformal mesh and the requirement
of very fine grids to resolve the geometric and flow details, the numerical research
in recent publications involving complex nozzle geometries usually excluded actual
nozzle geometries from the simulations, see [33, 34, 35]. An inlet boundary condition was imposed at the nozzle exit, using the solutions acquired from separate
steady jet flow solutions for which the nozzle geometries were included. Artificial
disturbances were often used to excite the unsteadiness in the jet flow. The effects
of chevrons were simulated by well-calibrated mass/momentum source models at
the nozzle exit. Although these simulation results were encouraging, uncertainties
were introduced in the noise predictions. Bodony and Lele [39] reviewed the research on the influence of inlet flow forcing and initial shear layer thickness, and
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pointed out that it was important to include the nozzle geometries in the future
research.
Recently, some successful attempts have been made to include realistic chevron
geometries in the simulations, despite the large efforts needed for mesh generation.
For example, Liu et al. [42] used an unstructured tetrahedral mesh with 65M
elements to examine the near-field noise sources of supersonic cold jets; Uzun
et al. [41] generated a multi-block, body-conformal, overset structured mesh to
study the near-nozzle noise generation mechanism of a Mj = 0.9 unheated jet.
The mesh had 512 blocks and approximately 100M grid points in a very confined
computational domain. Xia et al. [36] used a traditional fully-matching multiblock structured mesh with 12.5M grid points to simulate a Mj = 0.9 hot jet from
a chevron nozzle. The agreement with the experimental acoustic measurements
was found to reach St ≈ 2.0 with 12.5M grid points, but the disparity of the low
frequency noise level with the experimental measurements was as much as 10 dB
at the observer angles of 30◦ and 90◦ and the distance of R/D = 40.
In the current research, a new strategy is proposed to include the actual chevron
geometries in the jet noise simulations. Instead of using the fully body-conformal
mesh, a non-body-conformal mesh is created in a small region in the vicinity of
chevrons and the IBM (see section 2.2.4) is used to simulate the effects of chevrons
on the jet flow. For the main part of the actual nozzle geometry, however, a fully
body-conformal mesh is still used. This simulation strategy trades accuracy in
return for a less expansive, less accurate but still satisfactory simulation. The
emulation technique by Shur et al. [33, 34, 38] has shown that the effects of small
geometric features, such as chevrons and tabs, on the jet flows can be captured satisfactorily without requiring a fully body-conformal mesh over all the fine geometry
details.
To reduce the grid effect on the evaluation of the noise reductions, the same
mesh for the baseline nozzle simulations is used except that a small region around
the chevrons is refined significantly to improve the accuracy of the IBM, as shown
in figure 4.2. Specifically, three times the number of grid points are used in the circumferential direction, and double the grid points are used in the radial direction,
as compared with the grid density in the main computational domain. Consequently, multiple pairs of non-matching block interfaces appear at their common
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interfaces with the surrounding blocks. The non-matching block interface condition is used and its details are described in appendix B.2.2. An advantage of this
strategy is that the accuracy of the IBM representation of the chevrons is greatly
improved with a small increase of the mesh size. The total number of grid points
reaches 6.35M, in contrast to 5.89M grid points in the baseline nozzle simulations.

(a) A symmetric plane through one chevron tip

(b) An axial station at about 50% of
the chevron length

(c) Grid details around point A

Figure 4.2: Grid details around the chevrons. The same computational mesh in
figure 3.2 for baseline nozzle simulations is used, except that a small region around
the chevrons is refined significantly.
A preprocessing code has been developed to mark the grid points immersed in
the chevron geometries automatically using the Line Intersection Method (LIM)
[58]. Jet noise simulations with different chevron configurations can be performed
simply by providing the corresponding geometry files without recreating a mesh.
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In figure 4.3, the regions with red color show the immersed grid points, for which
the governing equations are modified (see section 2.2.4) to emulate the effects of
the chevrons on the jet flow.

(a) A symmetric plane through one chevron tip

(b) An axial cross-section at 50% of the
chevron length

Figure 4.3: The IBM representation of the chevron geometries. The region with
red color shows the immersed grid points.

4.3

Simulation results

This section presents the results of the chevron nozzle simulations with the same
operating conditions as defined in Table 3.1 for the baseline nozzle configuration.
It should be mentioned that no acoustic and flow measurements are available to
validate the simulations results. Therefore, caution should be used to evaluate the
simulation results, considering the numerical and experimental uncertainties.
Attention is paid to reduce the negative influence of the numerical issues on the
evaluation of the chevron effects. The same computational mesh and numerical
methods are used intentionally in the majority of the computational domain, with
the exception of the significantly refined grids and the IBM around the chevrons.
Therefore, considering the fidelity of the jet flow and noise simulations for the
baseline nozzle jets as shown in the previous chapter, it is convincing that the
difference of the jet flow structures comes from the impact of the chevrons, with a

136
minor, if any, contribution from the improved grid resolution near the nozzle exit.
In accordance with the baseline nozzle simulations, the characteristics of the
far-field noise, the near-field flow features and the noise source characteristics are
analyzed and compared with the available experiment measurements. More importantly, the differences of the far-field noise spectra and the jet flow structures
between the baseline nozzle the chevron nozzle simulations are analyzed to highlight the noise reduction mechanisms.

4.3.1

Far-field noise predictions

Comparison of the predicted noise spectra for the baseline nozzle and the chevron
nozzle operating at all three jet conditions is shown in figures 4.4, 4.5 and 4.6. Each
noise spectrum is shift by 20 dB relative to its neighboring observers for clarity.
Since no experimental measurements for the chevron nozzle jets are available, only
the baseline nozzle measurements are plotted for comparison. Several observations
are:
• At all upstream directions (θ > 90), the noise predictions for the chevron
nozzle show a good agreement with the baseline nozzle measurements as the
predictions for the baseline nozzle. The chevron nozzle jets show a slightly
lower noise level than the baseline nozzle simulations over almost the entire
resolved frequency range up to St ≈ 3.0.
• At the peak noise radiation direction (θ ≈ 50), a good agreement with the
baseline nozzle measurements is also found as observed in the baseline nozzle
simulations. An apparent lower noise level is found at high frequencies from
St ≈ 1.0 to St ≈ 3.0.
• At other polar angles, and within the St number range from 0.3 to 3.0,
the predicted noise spectra for the chevron nozzle match better with the
baseline nozzle measurement than the predictions for the baseline nozzle
do. Apparently, the noise level is over-predicted in this frequency range for
the baseline nozzle jets. The chevron nozzle simulations appear to be more
reliable.
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(a) θ = 30◦ ∼ 70◦ , R/D = 100

(b) θ = 80◦ ∼ 120◦ , R/D = 100

Figure 4.4: Comparison of the measured and predicted noise spectra at different
observer angles for the chevron nozzle operating at Mj = 1.36, N P R = 3.0 and
T T R = 3. Note: the NASA baseline measurements have a core T T R = 3.0, and a
mixed T T R = 2.56.
Before the discussion of the noise reduction effect, it should be noted that two
issues make it difficult to evaluate the accuracy of the predicted noise level and
the noise reduction quantitatively:
• the statistical requirement: Theoretically, the record length should be long
enough to meet statistical certainty requirements as well as a good resolution
at low frequencies. Due to the long CPU time for the jet flow simulation,
only approximately 5800 samples are recorded for each case, as compared
to a total number of 204,800 samples in the acoustic measurements at PSU
(i.e. a record length of 0.7 seconds with the sampling frequency of 300KHz).
Large oscillations still present in the predicted noise spectra, especially at
low frequencies. Considering the small noise reductions measured in the experiments, it is important to acquire a longer record length to better evaluate
the noise reduction effect at low frequencies.
• the experimental uncertainties: The experiments at NASA GRC have an
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(a) θ = 30◦ ∼ 70◦ , R/D = 100

(b) θ = 80◦ ∼ 120◦ , R/D = 100

Figure 4.5: Comparison of the measured and predicted noise spectra at different
observer angles for the chevron nozzle operating at Mj = 1.47, N P R = 3.5 and
T T R = 3.

(a) θ = 30◦ ∼ 70◦ , R/D = 100

(b) θ = 80◦ ∼ 120◦ , R/D = 100

Figure 4.6: Comparison of the measured and predicted noise spectra at different
observer angles for the chevron nozzle operating at Mj = 1.56, N P R = 4.0 and
T T R = 3.
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annular bypass cooling flow surrounding the heated core jet and its impact
on the jet flow and the noise radiation is not well understood.
However, considering that the computational grids and numerical methods for the
jet flow simulations and noise predictions are the same for both the baseline nozzle
and the chevron nozzle simulations and that the only difference comes from the
significantly refined grids around the chevrons, it is believed that the difference of
the predicted noise spectra and the jet flow structures between the baseline nozzle
and the chevron nozzle simulations are the result of the effects of the chevrons,
with negligible influences from the improved azimuthal/radial grid resolutions.
Although the acoustic measurements of the chevron nozzle jets are not available
at present, measured noise reductions are found at two polar angles of θ = 20◦ and
θ = 100◦ for two jets with Mj = 1.36 and Mj = 1.47 from reference [14]. Figures
4.7 and 4.8 show the predicted and measured noise reductions. The comparison
shows that the predictions over-estimate the high-frequency noise reductions and
the insufficient record length causes large oscillations to the noise spectra. Reference [14] has shown that the noise reduction depends strongly on the operating
conditions for the same nozzle and chevron configurations and that the annular
bypass flow in the experiments might reduce the noise reduction effect. Therefore,
considering the numerical and experimental issues, the quantitative comparison of
the noise reduction effects is problematic, but the general trend is encouraging.
Figure 4.9(a) shows the predicted OASPL for all the jets. Generally, the predictions show that the chevron nozzle jet has a lower overall noise level over a
wide range of polar angles as compared to the baseline nozzle jet operating at
the same condition. The difference is larger at shallow angles than that at large
polar angles. Specifically, at the peak noise radiation angle (θ ≈ 50◦ ), the noise
reduction varies from 1.3 dB for the Mj = 1.36 jet, 3.3 dB for the Mj = 1.47 jet,
to 4.2 dB for the Mj = 1.56 jet. At the higher polar angles (θ > 90◦ ), the noise reductions are around 1.5 dB for the three operating conditions. However, the noise
reductions at other observer angles are expected to be over-predicted, because an
over-prediction of the noise level appears for the baseline nozzle simulations at mid
to high frequencies.
In figure 4.9(b), the predicted OASPL for the Mj = 1.47 and Mj = 1.56
jets are compared with the experimental measurements for the baseline nozzle.
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(a) Prediction, θ = 20◦ , R/D = 100

(b) Prediction, θ = 100◦ , R/D = 100

(c) Experiment [14], θ = 20◦ , R/D = 100?.

(d) Experiment [14], θ = 100◦ , R/D = 100?

Figure 4.7: Comparison of the predicted and measured noise reductions at two
observer angles. Operating conditions: Mj = 1.36, N P R = 3.0 and T T R = 3.0.
Note: the green line corresponds to the current simulation. An annular bypass
cooling flow present in the NASA GRC experiment.
The comparison shows that the predictions match well with the baseline nozzle
measurements at NASA GRC. The deviation from the NASA GRC measurements
are about 2.5 dB at the polar angles of θ = 70◦ , 80◦ and within 2 dB at all other
polar angles. Nevertheless, it should still be pointed out that uncertainties in the
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(a) Prediction, θ = 20◦ , R/D = 100

(b) Prediction, θ = 100◦ , R/D = 100

(c) Experiment [14], θ = 20◦ , R/D = 100?

(d) Experiment [14], θ = 100◦ , R/D = 100?

Figure 4.8: Comparison of the predicted and measured noise reductions at two
observer angles. Operating conditions: Mj = 1.47, N P R = 3.5 and T T R = 3.0.
Note: the green line corresponds to the current simulation. An annular bypass
cooling flow present in the NASA GRC experiment.
experiments prevent an unambiguous conclusion from being drawn. The NASA
GRC measurements had the extra annular bypass cooling flow surrounding the
heated core jet, and its impact on the noise radiation is not well understood [101].
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(a) Comparison of the predicted OASPL for the baseline nozzle
and the chevron nozzles at the three operating conditions

(b) Comparison of the predicted and measured OASPL at
NASA GRC and PSU. Note: sound pressure levels for the
Mj = 1.56 jet are shift by 10 dB for clarity.

Figure 4.9: Comparison of the predicted far-field OASPL with the experiment
measurements for the chevron nozzle simulations. All data are scaled to the same
distance R/D = 100.
The mismatch of the predicted noise spectra with the experimental measurements is found in most publications. Generally, the sound pressure level is slightly
over-estimated at low frequencies, but significantly under-estimated at high frequencies [34, 36, 38, 92]. Grid resolution is often referred to as one of the important reasons. Jet flow simulations have shown that grid refinements in the axial,
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radial and/or azimuthal directions are found to decrease the low-frequency noise
level, and increase the high frequency resolution at most polar angles, as shown in
[33, 38] and section 3.3.1 in the current study. These observations appear to be
well explained by the changes of the turbulent mixing layer development with the
grid resolution. It has been shown consistently for subsonic and supersonic jet flow
simulations that grid refinement leads to an earlier transition of the mixing layer.
The turbulence intensity increases near the nozzle exit, where the high frequency
noise radiation at large polar angles is generated, but decreases in the main region
downstream of the jet potential core, where the low-frequency noise radiation at
lower polar angles originates. However, this effect does not explain satisfactorily
the over-prediction of the mid-frequency sound levels at shallow angles but the
good agreement at high polar angles as shown in the current simulations. A similar over-prediction of the high-frequency noise level is also found with very fine
grids for supersonic jets in references [89, 133].
As a test case, the noise simulation of the baseline nozzle jet with Mj = 1.47
has been conducted using the chevron nozzle computational mesh. As compared
to the baseline nozzle computational mesh in the previous chapter, three times
the number of grid points (i.e. 361 points in total) are used in the circumferential
direction, and double the grid points are used in the radial direction in a small
region near the nozzle exit. Comparison of the predicted noise spectra with the
two meshes is shown in Figure 4.10. Regardless of the large oscillations caused by
the insufficient record length, the predicted noise spectra with the two meshes are
almost the same at all the polar angles, suggesting that further grid refinement
can not improve the accuracy of the noise prediction. Therefore, other issues must
have contributed to the over-prediction.

4.3.2

Near-field flow visualization

In this section, the impacts of the chevrons on the jet flow structures are analyzed by comparison with the baseline nozzle simulations. Since no experimental
measurements are available to validate the numerical results, a limited number of
publications of the jet flow measurements for chevron nozzles are cited to assess
the quality of the jet flow simulation. Generally, the experiments show that:
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(a) θ = 30◦ ∼ 70◦ , R/D = 100

(b) θ = 80◦ ∼ 120◦ , R/D = 100

Figure 4.10: Comparison of the predicted noise spectra using the baseline and
the chevron nozzle computational meshes for the baseline nozzle jet operating at
Mj = 1.47, N P R = 3.5 and T T R = 3.
• Chevron penetration has the most significant impact on the jet flow and
noise radiation. But the effectiveness of the chevron penetration varies with
the operating condition. More penetration is required to have an effect on
over-expanded jets. See [13, 101].
• Chevrons produce streamwise vortices, and thus induce strong lateral spreading of the jet flow and enhance the turbulent mixing in the shear layer. See
[134, 85, 101].
• Chevrons increase the turbulence intensity near the nozzle, but reduce the
intensity in the main part of the jet downstream. See [134, 101].
• Chevrons shorten the potential core of subsonic jets. However, for supersonic
jets, the effect varies with the operating condition, indicating a complex
impact of chevrons on jets. See [13, 101].
In the current simulations, a direct impact of the chevrons on the jet flows can
be identified clearly from a three-dimensional view of the vorticity iso-surfaces,
shown in figure 4.11. Two iso-surfaces are plotted at the values of ωx D/Uj = ±5.
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The red iso-surface indicates a counter-clockwise rotating vortex, and the blue
color indicates a clockwise rotating vortex, if viewed from a downstream location.
As the jet flow is blocked by the chevrons, a high-pressure region is formed near the
inner surface of the chevrons. Driven by the pressure imbalance at the inner and
outer surfaces, a lateral secondary flow is induced and thereafter creates a pair of
strong vortices by each chevron as the flow travels downstream. No well-organized
vortex structures are found in the baseline nozzle jets. As the pressure ratio and
hence the jet velocity increase, the vortices become stronger, expand further in the
radial direction, and keep well-organized for a longer distance, until they break
down at the downstream position of x/D ≈ 1.8. Therefore, it can be expected
that the chevrons have the least impact on the jet flow operating at Mj = 1.36,
but the most significant effect on the jet flow with Mj = 1.56.

(a) Baseline, Mj = 1.36. Note: the chevrons
are shown as a reference.

(b) P05L13W8, Mj = 1.36

(c) P05L13W8, Mj = 1.47

(d) P05L13W8, Mj = 1.56

Figure 4.11: Three-dimensional view of the instantaneous streamwise vorticity isosurfaces for three jets. Two iso-surfaces are plotted at the values ωx D/Uj = ±5.
The red iso-surface represents a positive value, and the blue, a negative one.
The well-organized vortices induce strong transverse flows even beyond the
reach of the chevrons. Figure 4.12 shows a comparison of time-averaged axial
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velocity contours at several axial stations for the baseline nozzle and the chevron
nozzle operating at Mj = 1.56. Similar observations are found at the other two
operating conditions. The figures are plotted with the same orientation and the
same geometry and color scales, allowing a direct comparison of the jet flow from
the two different nozzles. A high speed region spreads in the radial direction in
the chevron valley plane when the streamwise vortices bring the high-speed flow
away from the jet core. An opposite trend is found on the tip plane. Consequently,
as compared to the baseline nozzle jet, a lobed pattern of the velocity contours
matching the azimuthal distribution of the chevrons appears at the axial station
X/D = 1.0 for the chevron nozzle jet. This indicates an enhanced turbulent
mixing induced by the streamwise vortices. The velocity contours show a weak
but discernible lobed shape at X/D = 2.0 and resume the similar pattern as the
baseline nozzle jet at further downstream locations after the streamwise vortices
break down.

(a) Baseline

(b) P05L13W8

Figure 4.12: Comparison of the three-dimensional views of the time-averaged axial
velocity contours for the baseline nozzle and the chevron nozzle simulations at
several axial stations. Normalized by the fully expanded jet velocity Uj = 2.223.
Operating condition: Mj = 1.56, N P R = 4.0, T T R = 3.0.
The impact of the chevrons on the jet flow can also be seen from a comparison
of the time-averaged Mach number contours in figure 4.13. Two cutting planes are
created for the chevron nozzle simulations. One is through the tip of a chevron and
the jet centerline, and the other is through the valley between two chevrons and the
jet axis. As compared to the baseline nozzle jets, changes are found in the chevron

(b) Mj = 1.47

(c) Mj = 1.56

Figure 4.13: Comparison of the time-averaged Mach number contours of the baseline nozzle and the chevron nozzle
simulations

(a) Mj = 1.36
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nozzle jets. In the tip plane, the jet flow contracts toward the jet centerline due
to the presence of the chevrons, but expands rapidly in the radial direction in the
valley plane. The degree of the contraction/expansion improves as the jet velocity
increases. For the over-expanded baseline nozzle jet with Mj = 1.36, a small
separation region appears inside the nozzle and the expansion wave turns the flow
toward the centerline gradually. But for the under-expanded jet with Mj = 1.56,
the shock wave from the nozzle lip turns the flow away from the jet centerline.
Therefore, the effectiveness of chevrons is weakened in the former but enhanced in
the latter. The shear layer thickness grows rapidly in the valley plane when the
streamwise vortices bring the high-speed flow away from the jet core. However,
in the tip plane it remains relatively small as the vortices entrain the low-speed
ambient flow into the jet core. The difference disappears as the mixing layers merge
together after the vortices break down at X/D ≈ 1.8. The shock cell strength
increases as shown by the enlarged subsonic regions. The shock cell structures are
also changed. The chevrons destroy the second train of shock structures starting
at the nozzle throat and replace it with another one starting at the chevron tip.
A complex shock system is formed from the chevron tip to X/D ≈ 1.8 where the
repeated contraction/expansion of the flow induced by the streamwise vortices in
the azimuthal direction appears. The double shock structure, which is apparent in
the baseline nozzle jets, disappears at further downstream locations mainly because
of the energy loss caused by the improved turbulent mixing and shock strength.
Due to the enhanced turbulent mixing and shock structures, the jet potential core
length is reduced. The reduction becomes greater as the jet velocity increases,
although a change is not apparent for the Mj = 1.36 jet.
The enhanced turbulent mixing can be quantified by examining the distributions of the half-velocity point and the vorticity thickness shown in figure 4.14. In
the valley plane, the streamwise vortices bring the high speed flow away from the
jet core, creating a strong lateral flow and a thick initial vorticity thickness. An
opposite trend happens in the tip plane, except that the contraction is blocked by
the high pressure jet core. The difference in the tip plane and the valley plane is
reduced after the streamwise vortices break down. However, the improved lateral
jet flow development reduces the axial velocity gradient in the radial direction, and
thus increases the vorticity thickness significantly.

(e) Mj = 1.47, Vorticity thickness

(d) Mj = 1.36, Vorticity thickness

(f) Mj = 1.56, Vorticity thickness

(c) Mj = 1.56, Half-velocity point

Figure 4.14: Variations of the half velocity point and vorticity thickness of the baseline and chevron nozzle jets along
the lip line.

(b) Mj = 1.47, Half-velocity point

(a) Mj = 1.36, Half-velocity point
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Figure 4.15 shows a quantitative comparison of the axial velocity and turbulence intensity along the jet centerline between the baseline nozzle and chevron
nozzle jets. Larger amplitudes of the axial velocity oscillations appear along the
jet centerline of the chevron nozzle jets, indicating that the chevrons increase the
shock cell strength. The effect becomes more pronounced as the jet velocity increases. Consequently, its combination with the enhanced turbulent mixing cause
a reduction of the jet potential core length. Distributions of the turbulence intensity along the centerline also show a weak, but discernible reduction and upstream
shift of the peak turbulence intensity in the chevron nozzle jets, as consistent with
the experimental observations [13, 101].
Figure 4.16 show snapshots of the density gradients and the pressure timederivatives in the tip plane and the valley plane for the three jet conditions. While
the view of density gradients illustrates the shock cell structures in the jet plume,
the pressure time-derivatives show the propagation of acoustic waves. A similar
pattern of the density contours is observed in the tip plane and the valley plane for
all three jet conditions, except for the significant difference in the lateral expansions
and the shock cell structures from the nozzle exit to X ≈ 1.8D. The strong
and relatively smooth density gradient remains until X ≈ 1.8D, corresponding to
the location where the streamwise vortices induced by the chevrons break down.
But the pressure time-derivative contours suggest that the sound waves are not
apparent in this region. These two observations indicate that the strong streamwise
vortices stabilize the turbulent fluctuations responsible for noise generation in the
initial mixing layer.
As compared to the similar snapshots of the baseline nozzle jets in figure 3.23,
significant differences are found near the nozzle exit. Apart from the different
lateral expansions and shock cell structures discussed above, it is observed that
strong Mach wave radiation starts at farther upstream locations in the the baseline
nozzle jets, but only appears after the streamwise vortices break down at X ≈
1.8D in the chevron nozzle jets. This difference is small at the lower jet speed of
Mj = 1.36, but becomes very significant as the jet velocity rises to Mj = 1.56.
This indicates that the highly-directional Mach wave radiation in this extra region
might contribute to the over-prediction of the noise levels at low polar angles for
the baseline nozzle jets.
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(a) Mj = 1.36

(b) Mj = 1.47

(c) Mj = 1.56

Figure 4.15: Comparison of the time-averaged axial velocity and the turbulence
intensity for the baseline nozzle and the chevron nozzle jet simulations along the
centerline.
These observations seem to suggest that the baseline nozzle simulations underestimate the stability of the mixing shear layer. The mixing layer becomes fully
turbulent earlier for the baseline nozzle jets in the jet flow simulations than it
should in reality. Considering that numerical simulations have shown that grid
refinements usually leads to an earlier transition of the mixing layer [133, 38, 89],
it appears unlikely that the grid resolution should be responsible for this earlier
transition.

(e) Mj = 1.47, valley plane

(d) Mj = 1.36, valley plane

(f) Mj = 1.56, valley plane

(c) Mj = 1.56, tip plane

Figure 4.16: Instantaneous contours of density gradients (colored contours) and pressure time derivatives (grayed backgrounds). The second row shows the closer-views of the contours near the nozzle exits.

(b) Mj = 1.47, tip plane

(a) Mj = 1.36, tip plane
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4.3.3

Investigation of noise source characteristics

In this section, the characteristics of the noise sources are examined using the
same techniques as in the previous chapter for the baseline nozzle simulations.
The difference between the baseline jets and chevron nozzle jets are highlighted to
show the noise reduction mechanism.
4.3.3.1

Two-point space-time cross correlations

In order to examine the statistical characteristics of the turbulent noise sources
using the two-point space-time cross correlation method, thirty virtual probes are
inserted in the flow field along the lip line with a separation distance of 0.25D
between two neighboring probes to record the unsteady flow solutions. This follows
the same procedure as in the baseline nozzle jet simulations. The probes are located
in the same cutting plane as shown in figure 3.24 for the baseline nozzle simulations.
This plane is slightly displaced from the chevron valley.
Figure 4.17(a) shows the RMS values of the axial velocity perturbation u0 along
the lip line for the Mj = 1.36 baseline nozzle jet and the Mj = 1.36 chevron nozzle
jet in the tip plane and the valley plane. The peak intensity moves upstream and
has a larger amplitude in the valley plane as compared to the turbulent mixing
layer in the tip plane. But the difference decreases at farther downstream locations
after the streamwise vorticies induced by the chevrons break down, an observation
consistent with the experimental measurements [101]. Compared with the baseline
nozzle jet, the peak amplitude increases in the valley plane but decreases in the
tip plane, which is a reasonable prediction.
A comparison of the turbulence intensities between all the jets is shown in figure
4.17(b). A significant difference appears within the first two nozzle diameters,
indicating a dramatic change of the axial evolution of the turbulent mixing layer.
Apart from the increased peak turbulence intensity near the nozzle exit in the
valley plane, it is observed that the turbulence intensity is reduced at downstream
locations due to the enhanced turbulent mixing induced by the chevrons.
To examine the details of the turbulent mixing layer development, figure 4.18
shows the power spectral density of u0 (normalized by the fully expanded jet velocity Uj ) at several locations for both the baseline and the chevron nozzle jets.
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(a) Mj = 1.36, tip plane & valley plane

(b) Three jets, baseline & P05L13W8 valley
plane

Figure 4.17: Comparison of the turbulence intensities between the baseline nozzle
jets and the chevron nozzle jets along the lip line.
All probes downstream of the axial location X/D = 2.0 for all jets show similar
energy spectra as measured in a typical turbulent mixing layer, except that the
intensities are slightly different. This suggests that the mixing layer becomes fully
turbulent after X/D = 2.0 and the self-similarity is captured correctly for all jets.
In figure 4.18, however, a significant difference is found within the first two
nozzle exit diameters. For all the chevron nozzle jets and the baseline nozzle
jet with Mj = 1.36, a gradual increase of the intensity over the entire frequency
range is seen and a strong peak appears at the frequency corresponding to St ≈
0.3. For the baseline nozzle jets with Mj = 1.47 and Mj = 1.56, an abrupt
increase of the energy spectra is found and the peak becomes more broadband
or disappears. The peak is identified as the Strouhal instability, corresponding
to a particular frequency of the disturbance that is selectively amplified in the
shear layer. Experimental measurements exhibit the similar behavior around the
Strouhal number St ≈ 0.3 ∼ 0.5 [8, 135].
Figure 4.19 shows the velocity vectors near the nozzle exit for the baseline
nozzle jets with Mj = 1.36 and Mj = 1.56. A boundary layer separation appears
inside the nozzle for the Mj = 1.36 jet, and thus creates a thick shear layer in the
jet flow. However, no separation appears in the Mj = 1.56 jet and the mixing layer
is relatively thin. For the Mj = 1.47 jet, a weak, but discernible separation is also

(e) Mj = 1.47, P05L13W8

(d) Mj = 1.36, P05L13W8

(f) Mj = 1.56, P05L13W8

(c) Mj = 1.56, baseline

Figure 4.18: Comparison of the power spectral density of u0 between the baseline nozzle jets and the chevron nozzle jets
at various axial locations along the lip line.

(b) Mj = 1.47, baseline

(a) Mj = 1.36, baseline
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found inside the nozzle. Numerical simulations have shown that the initial mixing
layer is important to the development of the turbulent mixing layer, and therefore,
to jet noise simulations. A review of the effects of the initial boundary on the
jet noise simulation have been presented by Bodony and Lele [39]. More recently,
Bogey et al.[136] studied a Mj = 0.9 jet with a prescribed Blasius laminar profile
and velocity perturbations excited by different tripping procedures upstream of the
nozzle exit. Similar over-predictions at high frequencies are observed using even a
significantly fine mesh with 256M grid points.

(a) Mj = 1.36, baseline

(b) Mj = 1.56, baseline

Figure 4.19: Comparison of the velocity vector around the nozzle lip.
Theoretical analysis [137, 10, 138] of the steady axisymmetric jet (for which
only an azimuthal component of the vorticity vector exists) shows that the ratio
R/δ is a jet parameter that influences the jet instability (where, R is the jet radius
and δ is the mixing layer thickness). Supported by the experiments, analysis
shows that: (1) the spatial growth rate of the disturbances is found to increase
with increasing R/δ, indicating that the jet becomes more stable as the shear
layer thickness increases; (2) the growth rate peaks at a low frequency, indicating
that the jet selectively amplifies a particular frequency of the disturbances; (3)
high frequency disturbances are stable for a wide range of R/δ, but low frequency
disturbances are unstable at most locations upstream of the end of jet potential
core; (4) as the mixing layer becomes thinner, more low frequency disturbances
become unstable. These effects explain that, in the predictions of the baseline
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nozzle jets, as the jet speed increases and the mixing layer thickness decreases,
the jet turns more rapidly to fully turbulent and the turbulence spectra becomes
broadband. Consequently, as the thin mixing layer in the higher speed jets becomes
more affected by the perturbations induced by its interaction with the shock cells,
strong noise radiation is found closer to the nozzle exit in higher speed jets. In
sum, the above analysis indicates that the baseline nozzle simulations might underestimate the initial mixing layer thickness near the nozzle exit. The effect of the
initial boundary layer thickness on the jet noise simulations should be studied to
evaluate this assumption.
Based on the two-point space-time cross correlations of the axial velocity perturbation u0 along the lip line, the overall convection speed, time and length scales
of the turbulent structures can be estimated. Table 4.1 summarizes the predictions for all jets. No attempt is made to quantitatively evaluate the effects of the
chevrons on the statistical characteristics of the turbulent structures, considering
that the small changes might be contaminated by several issues: (1) measurements
of the turbulent fluctuations at the same locations along the lip line are subject
to difference, considering the strong radial convection of the turbulent eddies for
off-design supersonic jets. This issue has been pointed out by Veltin [87]. Apparently it becomes more severe for chevron nozzle jets because of the strong lateral
flow induced by the streamwise vorticies; (2) previous computations of the baseline
nozzle jets show that the record length of the flow samples is still not enough to
meet the statistical certainty requirement. The correlation peak is poorly resolved
at a larger separation distance; (3) the geometric construction method introduces
a large error in the evaluation of the time and length scales, especially when the
separation distance between the probes is large and thus a smooth change of the
correlation with the separation distance can not be produced in the current computations; (4) analysis shows that the evolution of the turbulent mixing layer is not
predicted accurately in the baseline nozzle simulations. Despite these uncertainties, the comparison shows that all jets have similar statistical integral scales at
the axial location of X/D = 4.0. Consequently, similar noise radiation directivity
is observed as shown in the noise spectra in figures 4.4, 4.5 and 4.6.
The predicted frequency-dependent phase velocities are presented in figure
4.20(a) for all jets. Following the practice for the baseline jet simulations, the
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Table 4.1: Predicted integral scales of the turbulent structures for all jets. Calculated at X/D = 4.0 along the lip line based on the second-order cross correlation
of the axial velocity fluctuations.
Nozzles
Mj Lτ Uj /Dj
Baseline
1.36
2.13
P05L13W8 1.36
1.87
Baseline
1.47
1.49
P05L13W8 1.47
1.76
Baseline
1.56
1.66
P05L13W8 1.56
1.64

Lx /D
0.263
0.254
0.242
0.240
0.248
0.228

Uc /Uj
0.542
0.517
0.555
0.515
0.553
0.560

Uc /c∞
1.091
1.041
1.184
1.100
1.229
1.245

results fitted with a logarithmic function Uc /Uj (St) = A ln St + B are shown in
figure 4.20(b). All jets show an increasing phase velocity with frequency. There
are only slight differences between the baseline nozzle jet and the chevron nozzle
jet at the same operating condition, and between the jets from the same nozzle at
different operating conditions. Again, it should be mentioned that no quantitative
evaluation is made because of the statistical uncertainty introduced by the very
short record length and the problematic prediction of the turbulent mixing layer
in the baseline nozzle simulations.

(a) Predicted convection speed

(b) Fitted convection speed

Figure 4.20: Comparison of the predicted frequency-dependent phase speeds for
all the baseline and chevron nozzle jets.
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4.3.3.2

Direct flow-acoustic cross correlations

The flow-acoustic correlation function is used to examine the noise source characteristics for the chevron nozzle jets. The far-field acoustic pressure signals are
predicted at different polar angles with a distance of 100D away from the nozzle
exit. The virtual flow probes are set along the lip line in a plane slightly off the
chevron valley, the same as used in section 4.3.3.1 for the two-point space-time correlations. The axial velocity perturbation u0 is used as the turbulent fluctuation
quantity to predict the flow-acoustic correlations.
The peak correlation coefficient of Rhu0 ,p0 i is shown in Figure 4.21. The acoustic
pressure is predicted at low angles from θ = 20◦ to 60◦ , and the axial velocity
fluctuations are recorded within the axial range from X/D = 0.25 to 7.5. The
focus is first placed at downstream locations after the vorticies induced by chevrons
break down at X/D ≈ 1.8. While the Mj = 1.36 and Mj = 1.47 chevron nozzle jets
show the similar pattern in the peak correlation coefficient map, the amplitudes
for the Mj = 1.56 are the lowest and confined within a small region around the
end of the jet potential core. As compared to the baseline nozzle jet simulations
in Figure 3.32, it is found that the amplitude of peak correlation coefficients grows
at Mj = 1.36, but decreases at Mj = 1.56. All the maximum-amplitude locations
moves upstream. These observations show a dramatic change of the noise source
mechanisms due to the impact of chevrons on the jet flow.
Based on the aforementioned interpretation of the peak correlation coefficient,
a first glance at these changes implies a decreasing radiation efficiency as the jet
velocity increases for the chevron nozzle. Although this trend agrees well with
the increasing noise reduction effect shown in section 4.3.1, it is not in line with
the increasing overall convection speed in Table 4.1 which suggests an improving radiation efficiency. The issues with the estimate of the convection speed as
mentioned in section 4.3.3.1 contribute to this observation. Apart from the uncertainties caused by the insufficient record length, the strong lateral displacement
of the turbulent mixing layer could cause a large error when two-point correlation
measurements are made only in the axial direction to estimate the convection speed
of the turbulent eddies. Therefore, a more complete survey of the turbulent eddies
is required to gain more in-depth knowledge about the noise source mechanisms.
Peaks of the dimensional flow-acoustic correlations, normalized by a common

(b) Mj = 1.47

(c) Mj = 1.56

(b) Mj = 1.47

(c) Mj = 1.56

Figure 4.22: Peaks of the flow-acoustic correlation hu0 , p0 i. Normalized by the product of the RMS values of the flow
probe at X/D = 3.0 along the lip line and the acoustic probe at θ = 30◦ , R/D = 100 for the Mj = 1.36 jet.

(a) Mj = 1.36

Figure 4.21: Peaks of the correlation coefficient Rhu0 ,p0 i . Normalized locally by the product of the RMS values of the two
signals.

(a) Mj = 1.36
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value, are shown in Figure 4.22 for the chevron nozzle jets at all three operating
conditions to examine the noise source strength. The product of the RMS values
of the flow signal recorded at X/D = 3.0 along the lip line and the acoustic
signal predicted at 30◦ R/D = 100 for the Mj = 1.36 jet is used as the reference.
A weak, but discernible growth of the noise source strength in the jet potential
core is observed as the jet velocity increases. The increased turbulent fluctuations
should be attributed to this effect.
Now the focus is turned to the first two nozzle diameters near the nozzle exit.
It should be mentioned that no experimental measurements have been recorded
near the nozzle exit for shock-containing supersonic jets in recent publications. A
large peak appears between X/D = 1.25 and X/D = 1.5 at the three operating
conditions in Figures 4.21 and 4.22, suggesting both a high radiation efficiency
and a high noise source strength of the turbulent fluctuations to the peak noise
radiation direction. Figure 4.16 also shows that strong acoustic waves appear in
this region. Therefore, it is believed that the enhanced turbulent mixing results
in effective and strong noise sources near the nozzle exit, which emit strong Mach
wave radiation because of the high convection speed and also contribute to the
high frequency noise penalty at high polar angles. However, its effect at shallow
angles is offset by the weakened turbulence intensity in the main jet potential core
region.
Figure 4.23 shows the cross spectral density of hu0 , p0 i. The flow and acoustic
signals are recorded at the same locations and plotted in the same scale as the
baseline nozzle simulations in Figure 3.34, so that the frequency dependent noise
source strength can be examined for both the baseline and the chevron nozzle
jets. Similar observations as in the baseline nozzle jets are found. At a fixed
jet velocity, the low frequency turbulent fluctuations have a much higher noise
radiation to shallow angles than to high polar angles. But the high frequency noise
sources have a very small difference of radiation level over a wide range of polar
angles. As the jet velocity increases, the noise source intensity increases over the
entire frequency range. Comparison with Figure 3.34 shows an apparent difference
near the nozzle exit at the operating conditions correspond to Mj = 1.47 and
Mj = 1.56. For the baseline nozzle jets, the high frequency turbulent eddies have
a significant strong noise source intensity within the first nozzle diameter, as shown

(e) Mj = 1.47, θ = 30◦

(d) Mj = 1.36, θ = 30◦

(f) Mj = 1.56, θ = 30◦

(c) Mj = 1.36, θ = 90◦

Figure 4.23: Cross spectral density (dB per unit St number) of the flow-acoustic correlation hu0 , p0 i. Dimensional values
are plotted in a log scale. Note, the lower and upper sides of the plot scale are capped.

(b) Mj = 1.36, θ = 60◦

(a) Mj = 1.36, θ = 30◦
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in Figure 3.23. But for the chevron nozzle jets, the high frequency noise sources
are relatively weak. For instance, the difference of the peak spectral intensity
at St = 2.5 is approximately 10 dB for the baseline and the chevron nozzle jets
operating at Mj = 1.47, close to the difference of the SPL at the same frequency.
This suggests that the strong noise sources within the first several nozzle diameters
might be responsible for the over-prediction of the noise levels at shallow angles
for the baseline nozzle jets with Mj = 1.47 and Mj = 1.56, as proposed in section
4.3.3.1.
4.3.3.3

Beamformed flow-acoustic correlations

The beamformed flow-acoustic correlation technique as described in section 3.4.3.3
is used here to examine the noise source characteristics. However, the flow and
acoustic correlations have not been calculated due to an insufficient record length.
The beamformed acoustic pressure predicted on the microphone array are analyzed.
As mentioned before, this approximately measures the noise source in the vicinity
of the focus of the microphone array.
Figure 4.24 shows the auto spectrum of the beamformed acoustic signals for
both the baseline and chevron jets. A similar pattern of the source map is observed
for all the jets. The results indicate that the noise source strength is weakened for
the chevron jets at low frequencies downstream of the nozzle exit as compared to
their baseline counterparts. This is caused by the enhanced turbulent mixing and
hence the decreased turbulence intensity at the downstream locations.
The trace of the peak value at each discrete frequency represents the peak source
locations. The dots and the line shown in Figure 4.24 are the peak source locations derived from the experimental measurements with different techniques, such
as the polar correlation technique by Tester et al.[128], the beamformed method by
McLaughlin et al.[129], Narayanan et al.[123] and Lee and Bridges[124]. As compared to the experimental results, an encouraging agreement of the peak source
locations is found. The slight shift of the predicted peak source location to the
upstream location is attributed to the reduced jet potential core length induced
by the shock cell structures and the effect of jet heating. Future experimental and
numerical research are required to gain a more in-depth knowledge of the noise
source characteristics.

(e) P05L13W8, Mj = 1.47, T T R = 3.0

(d) P05L13W8, Mj = 1.36, T T R = 3.0

(f) P05L13W8, Mj = 1.56, T T R = 3.0

(c) Baseline, Mj = 1.56, T T R = 3.0

Figure 4.24: Comparison of the auto spectrum of the DAS of the acoustic pressure at different operating conditions for
both the baseline and the chevron jets. The dots and line show the predicted peak source locations and the experimental
results for a subsonic jet and several shock-free supersonic jets.

(b) Baseline, Mj = 1.47, T T R = 3.0

(a) Baseline, Mj = 1.36, T T R = 3.0
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Figure 4.24 also shows that, for the baseline jets with Mj = 1.47 and 1.56,
strong noise sources appear near the nozzle exit as compared to the chevron jets.
This is consistent with the unsteady flow visualizations in Figure 3.23 and the
flow-acoustic correlations in section 4.3.3.2. These observations suggest that the
rapid transition of the initial mixing layer and the high turbulence intensity levels
near the nozzle exit might be responsible for the over-prediction in the mid to high
frequencies of the baseline nozzle jets. However, future numerical investigations
are required to test this speculation.

4.4

Summary

This chapter has presented the results for the chevron nozzle jet simulations. A
baseline nozzle equipped with the center-point chevron design “P05L13W08” is
studied at the same off-design conditions as the baseline nozzle simulations in the
previous chapter. The far-field noise spectra, near-field flow structures and the
noise source mechanisms are examine to study the noise reduction mechanisms.
Several solutions have been proposed to address the numerical difficulties imposed by chevrons. First, the IBM is used avoid the difficulty in creating a bodyconformal mesh for the chevrons. This method allows some grid points to be
immersed inside the chevron geometries, and the governing equations for the immersed grid points are modified to simulate the effect of chevrons on the jet flow.
A preprocessing code has been developed to mark those immersed grid points
automatically. Second, the grids in a small region around the chevrons are significantly refined to improve the accuracy of the IBM, but the same mesh and
numerical methods are still used in the majority of the computational domain.
A benefit of this approach is a minor increase of the mesh size (and thereby, a
small increase of the computational load), but a drawback is that multiple pairs of
non-matching block interfaces have be be created at the locations where the grid
density changes. Thirdly, a non-matching block interface condition is proposed
based on a high-order Lagrange interpolation method.
Although the baseline nozzle simulations show an apparent over-prediction of
the SPL at high frequencies at some polar angles, a very good agreement of the
predicted noise spectra with the baseline nozzle acoustic measurements is found
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for chevron nozzle jets. Consequently, the noise reduction is also over-predicted
as compared to the experimental measurements. Nevertheless, the general trend
of the predicted noise reduction is encouraging. The results also show that a
sufficiently long record length is important for an accurate estimate of the noise
reduction effect, because the actual noise reduction is small and a short record
length produces large oscillations of the noise spectra.
Analysis of the jet flow shows that the effect of chevrons depends strongly on
the operating conditions. Generally, a pair of streamwise vorticies is induced by
each chevron. The vorticies keep well organized for a longer distance and the
strength becomes stronger as the jet velocity increases. They eventually break
down at approximately X/D = 1.5 ∼ 1.8. Near the nozzle exit, the streamwise
vortices induce a strong lateral secondary flow, and thus enhance the turbulent
mixing and improve the turbulence intensity. The lateral displacement of the
mixing layer also changes the shock cell structures significantly. At downstream
locations, however, the turbulence intensity is weakened. The jet potential core
length is reduced because of the enhanced turbulent mixing. The unsteady flow
visualization suggests that the streamwise vortices stabilize the mixing layer near
the nozzle exit, but generate strong noise radiations after they break down.
The two-point space-time correlation shows a small change of the overall convection speed, integral time and length scales, and the frequency-dependent phase
speed of the turbulent eddies. However, considering the uncertainties introduced
by the lateral displacement of the mixing layer and the short record length, more
detailed analysis is required to gain in-depth knowledge of the statistical characteristics of the turbulent eddies under the impact of chevrons.
The direct flow-acoustic correlation is analyzed to study the noise sources in
the turbulent mixing layer. As compared to the baseline nozzle jet simulations, a
dramatic reduction of the noise radiation efficiency and noise source intensity is
found for the under-expanded jet with Mj = 1.56. The analysis also highlights
a high noise radiation efficiency and a strong noise source intensity at the location where the streamwise vorticies induced by chevrons break down at all the
three operating conditions. The spectral density of the flow-acoustic correlation
function suggests a decreased noise source intensity at high frequencies near the
nozzle exit for chevron nozzle jets. All these observations are consistent with the
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observations of the increased turbulence intensity near the nozzle, where the highfrequency noise sources reside and are almost omni-directional, and the decreased
turbulence intensity at further downstream locations, where large-scale turbulent
eddies dominate and are strong noise sources at shallow angles.
The beamformed technique is also used to examine the noise source characteristics. The virtual microphone array is focused at different locations along the
turbulent mixing layer. The auto spectrum of the acoustic pressure on the array
is calculated to reveal the frequency dependent noise source strength. The results show that the chevron jets have a lower source intensity as compared to the
baseline jets operating at the same conditions. Consistent with the experimental
measurements using other techniques and the previous numerical analysis, the results show that dominant high frequency sources appear only near the nozzle exit
but the low frequency sources exist in the majority of the jet plume.
The reason for the over-prediction of the noise levels at mid to high frequencies
at some polar angles for the baseline nozzle jets still remains unknown. A strong
noise source region near the nozzle exit might contribute to this over-prediction.
Although most publications have cited the grid resolution as the most important
reason for the mismatch of the predicted noise spectra with the experimental measurements, the jet noise simulation for the Mj = 1.47 baseline nozzle jet with the
chevron nozzle computational mesh, for which the grids are locally refined near
the nozzle exit, showed no improvement of the accuracy of the noise predictions.
Instead, the current analysis suggests that the initial mixing layer is more likely
to be responsible for this problem. Numerical studies are required in the future
to explore the reason for the over-prediction of the noise spectra for the baseline
nozzle jets.

Chapter

5

Conclusions and future work
In the current research, jet flow simulations and noise predictions have been performed for a military-style baseline nozzle and a chevron nozzle operating at three
off-design conditions. By supplementing the experimental research with details
of the turbulent noise sources, the current numerical study has aimed to provide
insight into the noise generation mechanisms of shock-containing supersonic hot
jets and the noise reduction mechanisms of the chevron nozzles. The numerical
methods used for the jet noise simulations and the main conclusions of the characteristics of the supersonic hot jet flows and their noise radiations are summarized
below.

5.1

Summary of the numerical methods

Under the constraint of limited computer resources, a hybrid method combining
advanced CFD technology with an acoustic analogy is used for realistic jet noise
simulations. In this approach, an unsteady turbulent flow simulation is launched
first to resolve the major near-field turbulent noise sources. Then, the FWH theory is used to predict the far-field acoustic pressure using the unsteady jet flow
solutions accumulated on a set of acoustic data surfaces. Difficulties associated
with the realistic jet noise simulations are addressed with sophisticated numerical
approaches:
• the compressible URANS equations, supplemented with a modified DES ap-
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proach, are used to capture the unsteady turbulent noise sources in the
shock-containing supersonic hot jets. In this modified DES approach, the
turbulence model is turned off in the DES region to avoid excessive dissipation of the fine turbulent fluctuations. This is based on the same idea as
model-free LES computations.
• a multi-block, structured mesh topology is used to create high quality meshes
when complex nozzle geometries are involved in the numerical simulations.
The faceted inner contours are represented faithfully in the computational
mesh to predict their impact on jet flows, and the finite nozzle thickness is
modeled to trigger the unsteadiness of the turbulent mixing layer.
• the immersed boundary method is used to simulate the effects of chevrons
on the flow without creating a body-conformal mesh. A preprocessing code
has been developed to automatically mark those immersed grid points.
• for spatial discretization, a fourth-order DRP scheme is used to minimize the
dispersion of the characteristic waves.
• for time integration, a dual time-stepping method is used to overcome the
strict stability constraint imposed by the time accurate methods.
• to improve the computational efficiency, the multigrid approach and implicit
residual smoothing, in addition to the parallel computation capability using
MPI, are used to accelerate the convergence of inner iterations in the fictitious
time domain. For the multigrid approach, the solutions in the boundary
region are frozen for the coarse grid computations to ensure stability. A
local implicit smoothing procedure on each processor is proposed to avoid
the time-consuming data communication between processors. A new stability
constraint for the implicit residual smoothing is derived.
• the characteristic boundary conditions and block interface conditions have
been optimized to reduce the complexity of implementation and to avoid the
singularity problem at some circumstances. A non-matching block interface
condition has been developed, so that the grids can be refined locally in a
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small region to improve the resolution of the immersed boundary method for
chevron nozzle simulations, without increasing the mesh size significantly.
• a noise prediction code has been developed based on the FWH theory. The
variant of the FWH equation proposed by Spalart and Shur has been implemented to reduce the sensitivity of noise predictions to the size and location
of the acoustic data surfaces.
All numerical methods have been implemented in the jet flow simulation code
“CHOPA” and the noise prediction code “PSJFWH”. The codes have been validated using several benchmark cases. A very good agreement with the analytic
solutions or the experimental measurements is observed.

5.2

Summary of the jet noise simulations

5.2.1

Jet noise simulations for the baseline nozzle

Before the extensive jet flow and noise simulations, a preliminary study has been
performed for the baseline nozzle jet with Mj = 1.56 to validate the accuracy of
the realistic jet noise simulations. A series of tests have been run with different
grid resolutions, different numerical schemes and various acoustic data surfaces to
explore the best practices. Several numerical issues that significantly affect the
resolution of jet noise simulations have been identified:
• grid refinements in the axial and radial directions improve the high frequency
resolution of the noise spectra significantly. A higher grid resolution captures
more fine turbulent structures, and thus allows more large eddies to break
down into small scale turbulent eddies. Consequently, the turbulence intensity increases near the nozzle exit but drops in the majority of the jet
potential core. Due to the different noise generation mechanisms of the large
and small scale turbulent motions, it is found that the noise level increases
at high frequencies, but decreases at low frequencies.
• using a weaker dissipation term keeps finer turbulent fluctuations from being damped. This has the similar effect of improving the high frequency
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resolution as the grid refinement. However, numerical stability might be
jeopardized. In the current research, provided that stability is retained, only
the local static pressure gradient is used as the switch to turn on the secondorder dissipation terms around the shock cells because the static pressure is
more uniform than other flow quantities.
• the size and location of the acoustic data surface is of critical importance to
accurate noise predictions. Closing the downstream disk and extending the
disk to a further downstream location improve the low frequency resolution.
Placing the acoustic data surface farther away from the mixing layer but still
keeping a sufficient radial grid resolution near the surface increase the high
frequency resolution.
Following the best practices identified in the preliminary study, a multi-block
structured mesh with 5.8M grid points is used for the baseline nozzle jet noise
simulations. The grids are refined significantly around the jet potential core based
on an estimate to resolve the highest frequency noise sources up to St ≈ 4. Three
supersonic hot jets emanating from the baseline nozzle with a design Mach number
of Md = 1.5 are simulated at the operating conditions of N P R = 3.0, 3.5 and 4.0,
and T T R = 3.0, which correspond to an over-expanded jet with Mj = 1.36, an
almost perfectly expanded jet with Mj = 1.47 and an under-expanded jet with
Mj = 1.56, respectively. The results show that:
• the predicted noise spectra generally agree very well with the acoustic measurements at the peak noise radiation angle θ ≈ 50◦ up to St ≈ 3.0 and at
large polar angles θ > 90◦ up to St ≈ 2.5. The disparity is within 4 dB over
the entire resolved frequency range. More encouraging is that the frequencies
and amplitudes of the BBSAN component are captured accurately at all the
three off-design conditions.
• a large over-prediction appears at mid to high frequencies at some polar
angles. For the Mj = 1.36 jet, the disparity increases from about 4 dB at
θ = 60◦ to 8 dB at 90◦ . For the Mj = 1.47 and Mj = 1.56 jets, the overprediction decreases from about 10 dB at θ = 30◦ to 4 dB at 50◦ . The reason
for these disparities remains unknown yet.
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• a complex double-shock system appears in the jet plumes. The extra train
of shock cells is found to originate from the sharp nozzle throat, implying
that, in order to predict the complicated jet flow structures and the noise
radiation of military style nozzles correctly, it is important to include the
realistic nozzle geometries in numerical simulations.
• jet flow simulations predict a shorter jet potential core length and a decreasing turbulence intensity level along the jet centerline as the jet velocity
increases. The unsteady flow visualization suggests that the turbulence intensity should be high enough to excite the BBSAN component.
• the turbulence intensity in the mixing layer reaches a peak at X/D ≈ 2.0.
As the jet velocity increases, transition to a fully developed turbulent mixing layer becomes faster and the amplitude of the turbulence intensity peak
decreases, but a stronger turbulence intensity is observed at further downstream locations.
• the overall convection speed of the turbulent eddies, when normalized by the
fully expanded jet velocity, experiences a small change at different operating
conditions. The overall convection speeds are approximately Uc /Uj = 0.55
at the axial location X/D = 4.0 along the lip line at the three operating
conditions, corresponding to convective Mach numbers of Ma = 1.09, 1.18
and 1.23, respectively.
• the frequency dependent phase speed, when normalized by the fully expanded
jet, also experiences a small change at different operating conditions. Large
scale turbulent structures are convected at a lower speed than small scale
structures. As the jet velocity increases, more turbulent eddies gain a supersonic phase speed, which then become strong noise sources.
• the direct flow-acoustic correlations and the auto spectrum of the beamfored
acoustic pressure show that low frequency noise sources are correlated over
a wide axial extent. They are strong noise sources at shallow angles. But
high frequency noise sources reside mainly near the nozzle exit. They emit
weak and omni-directional noise radiations.
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5.2.2

Jet noise simulations for the chevron nozzle

The chevron nozzle simulations have been performed with the same computational
mesh and numerical methods, except that several solutions have been proposed
to address the numerical difficulties caused by chevrons. First, the IBM is used
avoid the difficulty in creating a body-conformal mesh for the chevrons. Instead,
a Cartesian mesh is created around the chevrons. The governing equations for
the immersed grid points inside the chevron geometries are modified to simulate
the effect of chevrons on the jet flow. Second, the grids in a small region around
the chevrons are refined significantly to improve the accuracy of the IBM. But the
same mesh and numerical methods are still used in the majority of the computational domain, to avoid a significant increase of the mesh size (and thus, the
computational load) and to reduce the grid effect in the evaluation of noise reduction mechanisms. Multiple pairs of non-matching block interfaces are created at
the locations where the grid density changes, and a non-matching block interface
condition based on a high-order Lagrange interpolation method is used for the
boundary treatment.
Jet noise simulations have been run for the chevron nozzle at the same operating conditions as for the baseline nozzle. Far-field noise spectra, near-field
flow structures and noise source characteristics of the chevron nozzle jets are analyzed and compared with the baseline nozzle jets to evaluate the noise reduction
mechanisms. The results show that:
• a very good agreement of the predicted noise spectra with the baseline nozzle
acoustic measurements is found for chevron nozzle jets. No apparent overprediction of the noise level is observed considering the small noise reductions
recorded in the acoustic measurements.
• the noise reductions are over-predicted at some polar angles as compared
to the experimental measurements because of the over-prediction of noise
spectra for the baseline nozzle jets. Nevertheless, the general trend of the
predicted noise reduction is encouraging.
• a pair of strong vorticies is induced by each chevron. The vorticies keep well
organized for a longer distance and the strength becomes stronger as the jet
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velocity increases. They eventually break down at X/D ≈ 1.5 ∼ 1.8. Jet
flow simulations show that the effect of chevrons depends strongly on the
operating conditions.
• the streamwise vortices change the flow structures near the nozzle exit significantly. They induce strong lateral secondary flows, and thus enhance the
turbulent mixing and improve the turbulence intensity. The lateral displacement of the mixing layer also changes the shock cell structures significantly.
• the unsteady flow visualization suggests that the streamwise vorticies stabilize the mixing layer near the nozzle exit, but generate strong noise radiation
after they break down. The flow-acoustic correlations indicate a high noise
radiation efficiency and a large noise source intensity at the location where
the streamwise vorticies induced by chevrons break down.
• at downstream locations, the turbulence intensity is weakened. The jet potential core length is reduced because of the enhanced turbulent mixing.
• chevrons induce a small change of the overall convection speed, integral time
and length scales, and the frequency-dependent phase speed of the turbulent
eddies. However, considering the uncertainties introduced by the lateral
displacement of the mixing layer and by the short record length, more details
are required to gain in-depth knowledge of the statistical characteristics of
the turbulent eddies under the impact of chevrons.
• the spectral density of the flow-acoustic correlations and the auto spectrum
of the beamformed acoustic pressure suggest the same noise source characteristics of the large- and fine-scale turbulent eddies as the baseline nozzle
jets. Since the enhanced turbulent mixing amplifies the high frequency noise
sources near the nozzle exit, it is expected to cause high frequency noise
penalty. The decreased turbulence intensity in the main jet potential core
weakens the low frequency noise sources, and thus results in a low frequency
noise reduction, particularly at shallow angles.
• the results also show that a sufficiently long record length is important for
an accurate evaluation of the noise reduction effect, because the actual noise
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reduction is small and a short record length produces large oscillations of the
noise spectra.

5.3

Future work

This thesis presents a hybrid methodology for supersonic jet noise predictions. Very
encouraging results are shown for realistic military-style baseline and chevron nozzles. Analysis revealed important noise source characteristics of shock-containing
supersonic hot jets and noise reduction mechanisms of chevron nozzles.
However, further improvements in the accuracy of jet noise simulations are
required. One of the obvious solutions is to simply improve the overall grid resolution, as this will increase the range of Strouhal numbers that can be resolved.
The size and location of the FWH acoustic data surface, even with the useful information provided in recent publications and in the current research, should not
be considered a closed question. Different implementations continue to suggest
different trends and further investigation of this important issue is required.
Several other issues should be addressed in the future work. One unresolved
problem in the current research is the intriguing but consistent over-prediction
of sound pressure levels at mid to high frequencies at some polar angles for the
baseline nozzle jets. Although most publications have cited the grid resolution as
the most important reason for the mismatch of the predicted high frequency noise
spectra with the experimental measurements, the current research does not support
this assumption. Instead, analysis suggests that the initial turbulent mixing layer,
or the turbulent boundary layer inside the nozzle, are more likely to be responsible
for this problem. Numerical studies are required in the future to explore the reason.
Improvement of the computational efficiency is another urgent issue. First,
the current simulations use a multi-block structured mesh with approximately 6M
grid points and 102 processors for parallel computations. Approximately 25 days
of CPU time is required to run one jet noise simulation. Considering that much
finer grids should be used to improve the resolution of high frequency turbulent
noise sources, an even longer simulation time is not affordable under the constraint
of computer resources. Second, the current study has shown that a sufficiently long
record is necessary for a more accurate evaluation of noise reduction effects and for
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an in-depth understanding of the frequency-dependent noise source characteristics.
This requirement would increase the simulation time significantly. In the future
research, an implicit time integration method could be implemented to improve
the computational efficiency.
The future research should also include more physical features in the realistic
jet noise simulations. For example, the experimental measurements at NASA
GRC have an annular bypass cooling flow surrounding the heated core jet, but
the numerical simulations have only a single heated jet flow. The capability for
dual-stream jet simulations should be helpful to address this uncertainty.
Most recent numerical studies focused mainly on validating and improving the
accuracy of far-field noise predictions. The current numerical study has shown that
the noise source characteristics can be explored by making use of the turbulent
flow solutions recorded in the jet flow simulations, which are usually difficult, if
not impossible, to be measured accurately in experiments because of the harsh
conditions in shock-containing supersonic hot jet flows. In the future research,
with the improved accuracy of jet flow simulations and noise predictions, various
techniques can be used to advance the research of noise generation mechanisms.

Appendix

A

Governing equations in general
curvilinear coordinates
When the multi-block structured mesh and finite difference schemes are used in
the numerical simulations, the Navier-Stokes equation 2.2 is usually rewritten in a
generalized coordinate system. With the use of a grid transformation



 ξ = ξ(x, y, z)

(A.1)

η = η(x, y, z)


 ζ = ζ(x, y, z)
and the Jacobian of the transformation is defined as:
−1

J = det

∂ (ξ, η, ζ)
=
∂ (x, y, z)

ξx ξy ξz
ηx ηy ηz

xξ xη xζ
=

yξ yη yζ

ζx ζy ζz

(A.2)

zξ zη zζ

The unit normal vector at a grid point along the constant ξ direction, denoted
by ~lξ , can be found from equation A.1:
~lξ =
where, |∇ξ| =



ξx
ξy
ξz
,
,
|∇ξ| |∇ξ| |∇ξ|


(A.3)

p 2
ξx + ξy2 + ξz2 . Similar forms are found for the unit normal vectors

at a grid point along the constant η and ζ directions. The unit normal vectors are
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often used for boundary condition implementations.
Application of the transformation to the dimensionless compressible URANS
equations 2.2 yields:
∂ Q̂ ∂ Ê ∂ F̂
∂ Ĝ
∂ EˆV
∂ FˆV
∂ GˆV
+
+
+
=
+
+
∂t
∂ξ
∂η
∂ζ
∂ξ
∂η
∂ζ

(A.4)

where, a hat is used to denote the terms in general curvilinear coordinates. They
are the functions of the flow quantities in Cartesian coordinates:
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 ρW w + ζ p 

x

(A.6)

(A.7)

(A.8)
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(A.9)

(A.10)

(A.11)

In the equations above, U , V and W are the contravariant velocities in the
three directions of the general curvilinear coordinate system. They are defined as:
U = ξx u + ξy v + ξz w

(A.12)

V = ηx u + ηy v + ηz w

(A.13)

W = ζx u + ζy v + ζz w

(A.14)

The three terms in the energy equation are defined as
A = uτxx + vτxy + wτxz

(A.15)

B = uτxy + vτyy + wτyz

(A.16)

C = uτxz + vτyz + wτzz

(A.17)

If one defines:
L1 = ξx

∂
∂
∂
+ ηx
+ ζx
∂ξ
∂ξ
∂ξ

(A.18)
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∂
∂
∂
+ ηy
+ ζy
∂ξ
∂ξ
∂ξ
∂
∂
∂
L3 = ξz
+ ηz
+ ζz
∂ξ
∂ξ
∂ξ

L2 = ξy

(A.19)
(A.20)

then, the viscous and the heat transfer terms can be written as:
2M
µ (2L1 u − L2 v − L3 w)
3 Re
2M
τyy =
µ (−L1 u + 2L2 v − L3 w)
3 Re
2M
µ (−L1 u − L2 v + 2L3 w)
τzz =
3 Re
M
τxy =
µ (L1 v + L2 u)
Re
M
τyz =
µ (L2 w + L3 v)
Re
M
τxz =
µ (L3 u + L1 w)
Re
1 M µ
qx = −
L1 T
γ − 1 Re P rL
1 M µ
L2 T
qy = −
γ − 1 Re P rL
1 M µ
qz = −
L3 T
γ − 1 Re P rL

τxx =

(A.21)
(A.22)
(A.23)
(A.24)
(A.25)
(A.26)
(A.27)
(A.28)
(A.29)

Appendix

B

Boundary Conditions
B.1

Characteristic boundary conditions

Following Thompson’s theory in section 2.2.6.1, the governing equations for the
characteristic boundary condition implementation in the ξ direction is derived
here. The derivation begins with the governing equations A.4, and includes all
other terms into a general term C. Then, the NS equations in general curvilinear
coordinates can be written as:
∂ Q̂ ∂ Ê
+
+C =0
∂t
∂ξ

(B.1)

Using the chain rule, the temporal and spatial derivatives can be expressed in
terms of conservative variables:


1 ∂Q
ξx ∂E ξy ∂F
ξz ∂G
∂Q
+
+
+
+
J ∂t
J ∂Q
J ∂Q
J ∂Q
∂ξ
 
 
 

∂ ξy
∂ ξz
∂ ξx
+ E
+F
+G
+C =0
∂ξ J
∂ξ J
∂ξ J
or

∂Q
∂Q
+A
+ Ĉ = 0
∂t
∂ξ

(B.2)

(B.3)

where,
A = ξx

∂E
∂F
∂G
+ ξy
+ ξz
∂Q
∂Q
∂Q

(B.4)

182


∂
Ĉ = J E
∂ξ



ξx
J



∂
+F
∂ξ



ξy
J



∂
+G
∂ξ



ξz
J




+C

(B.5)

The term Ĉ does not contain derivatives of the flow variables in the ξ direction.
Therefore, it can be evaluated directly.
Matrix A is usually referred to as the “Jacobian of the inviscid flux”. Its eigenvalues have a clear physical meaning and are frequently referred to in numerical
methods. Application of a diagonalizing similarity transformation to matrix A, (
i.e. A = SΛS −1 ) will lead to a similar form as equation 2.69:
S −1

∂Q
+ L + Sc = 0
∂t

(B.6)

where, L = ΛS −1 ∂Q/∂ξ and Sc = S −1 Ĉ. The eigenvalues form the diagonal matrix


U − c |∇ξ|
···
0




U




..
..
Λ=

.
U
.




U


0
···
U + c |∇ξ|

(B.7)

The five diagonal components are labeled as λ1,5 = U ∓ c |∇ξ| and λ2,3,4 = U .
They represent the propagation speeds of five characteristic waves. The spectral
radius of matrix A, or the maximum speed, is λξ = |U | + c |∇ξ|.
Equation B.6 can be interpreted as the propagation of five characteristic waves
in a general curvilinear system. Different choices of the eigen-matrix S will result
in different forms of the characteristic waves. Lockard [43] introduced the term
(ξx + ξy + ξz ) in the denominator of equation (C.11) of his dissertation, which
could be zero. For example, when the constant ξ surface has a angle of −45◦
with the constant x, y or z plane. To avoid possible singularities in the governing
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equation, the eigen-matrix is defined as:


ξ˜x
B~0x

ρ
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ξ˜y
B~0y

ξ˜z
B~0z

ρ
2c

 ρH ρŨ
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2
 2c
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 2c
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Ũ
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ξ v
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(B.8)


ξ˜z
− w(γ−1)
−
ρc
ρ

γ−1 ˜
1 ˜
ξ
w
−
ξ
x
y
2
c
ρ 
γ−1 ˜
1 ˜
ξ w + ρ ξx 
c2 y

γ−1 ˜

ξ
w

c2 z
w(γ−1)
ξ˜z
− ρc + ρ
(B.9)

with the definitions


|v|2 ~
B~0 =
lξ + ρ ~v × l~ξ
"2
#
2

|v|
(γ
−
1)
1
~
~
~
B1 = 1 −
lξ −
~v × lξ
2c2
ρ
H=

|v|2
c2
+
2
γ−1

(Entropy)

(B.10)
(B.11)
(B.12)
(B.13)

√
2 . l~ is the unit normal vector at
u2 + v 2 + w
ξ

~
˜
a grid point on the block interface, defined by lξ = ξx , ξ˜y , ξ˜z , where ξ˜x = ξx / |∇ξ|,

where, the velocity magnitude |v| =
ξ˜y = ξy / |∇ξ|, ξ˜z = ξz / |∇ξ|.

With the choice of the eigen-matrix S and its inverse S −1 in equation B.8 and
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B.9, the amplitudes of the characteristic waves in equation B.6 are:
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(B.15)

Note that some errors in reference [73] are corrected. Equation B.14 is different
from the corresponding formulation in [73].
Now, the second, third and fourth components of L (they are actually the
combination of entropy wave and vorticity wave in the physical domain) can be
~ = (L2 , L3 , L4 ) to simplify the governing equations:
defined as a vector L
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 2
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 2c 1
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1
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ρ
~ · l~ξ w − ρ L
~ × l~ξ
(L1 + L5 ) w − ρ2 (L1 − L5 ) ξ˜z + L
2c


ρ
2c

z

(B.16)
For a given boundary condition, the same formulation as in references [71, 72]
can be used to determine all components of L in equation B.15. Once found, they
can be substituted into equations B.3 and B.16 to update the residuals at the
boundaries. Clearly, there is no singularity in all the equations in this section.

185

B.2

Block interface conditions

This section provides a way to simplify the governing equations of the block interface condition for very complex mesh topologies in general curvilinear coordinates.
First, both blocks are assumed to have the same mesh orientation, and the block
interface condition proposed by Kim and Lee [73] is re-written in terms of residuals. Then, the equations are extended to situations with arbitrary mesh-orientation
across the block interface. Finally, a high-order interpolation method is presented
for the implementation of a non-matching block interface condition.

B.2.1

Fully-matching block interface conditions

B.2.1.1

Same mesh-orientation

In the simplest case, both blocks are assumed to have the same orientation at the
block interface, i.e. the Imax-surface of the left block is connected to the Iminsurface of the right block, and so on. Starting with equation B.6, the residual form
of the general N-S equations is recovered:
∂Q
= Res = −S (L + Sc )
∂t

(B.17)

This reveals the relationship between Res and L + Sc :
Res = −S (L + Sc )
L + Sc = −S −1 Res

(B.18)
(B.19)

Application of the characteristic interface condition will change L, and thus
result in new residuals:
Res∗ = −S (L∗ + Sc )
= −S [(L∗ + Sc ) − (L + Sc ) + (L + Sc )]
= Res − S (L∗ − L)
= Res − S∆L

(B.20)

which shows that the block interface condition imposes some corrections on the
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original residuals, i.e.
∆Res = −S∆L

(B.21)

When the mesh-orientation remains the same across the block interface, two
blocks have the same normal vector at the interface, for instance l~ξL = l~ξR , and
the same eigen-matrix S and its inverse S −1 . Therefore, the same block interface
condition in equation 2.74 is applied. The corrections to L for the left block can
be written as:
∆LL = L∗L − LL

LR + ScR − ScL − LL


= LR + ScR − LL + ScL
R
L
= − S −1 ResR + S −1 ResL
L

= − S −1
ResR − ResL
=

(B.22)

As a result, the block interface condition is developed in terms of the corrections
to the residuals, which can be further written as a function of the difference of the
residuals between the two blocks. Note that equation B.22 cannot be substituted
into equation B.21 directly to update the residuals, because some terms of ∆LL
might not be used when the characteristic waves are propagating from the left
block to the right one. A diagonal matrix M can be defined to describe the
features of characteristic waves. For example, an identity matrix M = I¯ means
all the wave components are traveling supersonically from the right block to the
left one. Therefore, all corrections to L go into the residual corrections for the left
block. On the contrary, a zero matrix M = 0 means the reversed propagation of
characteristic waves from the left block to the right one. Therefore, no correction
appears for the left block.
With the use of the matrix M , the block interface condition for the left block
can be generalized as
Res∗L = ResL + SM S −1

L

ResR − ResL



(B.23)

187
B.2.1.2

Arbitrary mesh-orientation

When the Imax-surface of the left block does not match the Imin-surface of the
right block, two possibilities exist: (1) it might connect to the Jmin- or Kminsurface of the right block; (2) or it could share the Imax-, Jmax- or Kmax-surface
in the right block. Since the normal vector l~ξ (or l~η , l~ζ ) always points to the
direction in which the index of i (or j, k ) grows, the unit normal vectors for both
blocks are the same in the first case, but have opposite signs in the second one.
Therefore, both blocks are said to have a “continuous” mesh-orientation in the
former case, but an “opposite” mesh-orientation in the latter one.
By defining a tansformation matrix Trl , the matrix S and its inverse S −1 in the
right block can be transfered to the left block via
S L = Trl S R
L
R
S −1
= Trl S −1

(B.24)
(B.25)

where, the transformation matrix Trl for two types of mesh-orientations, indicated
by the superscript c and o respectively, are:

Trlc

Trlo


1
···

 1

.
=  ..
1


1

0
···

0
···

 −1

.
=  ..
−1



1
···


0



.. 
.



1

(B.26)


1



.. 
.

−1 

0

(B.27)

Therefore, the block interface condition becomes
LL + ScL ≡ Trl LR + ScR



(B.28)
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In both cases, while the residual corrections B.20 remains unchanged for the
left block, the corrections to L should be re-calculated. According to equation
B.28,
∆LL = L∗L − LL



= Trl LR + ScR − ScL − LL


= Trl LR + ScR − LL + ScL
L
R
= −Trl S −1 ResR + S −1 ResL
L
L
= −Trl Trl S −1 ResR + S −1 ResL
L
L
= − S −1 ResR + S −1 ResL
L

= − S −1
ResR − ResL

(B.29)

which is the same as equation B.22. Here, an interesting property of Trl is used,
i.e. Trl Trl = I¯ for both cases.
Consequently, no matter what the mesh-orientation is across the block interface,
the same formulations of ∆L and ∆Res are derived. The governing equation B.23
can be used for the block interface condition regardless of the mesh-orientation.

B.2.2

Non-matching block interface conditions

At non-matching block interfaces, because grid points of one block may not be
coincident with grid points in the other, the flow variables have to be interpolated
using the information from its neighbor, so that the same block interface condition
can be used as the fully-matching version. It is important to use a high-resolution
interpolation method to minimize the interpolation error for acoustic problems.
By decomposing the numerical error in wave number space, Tam [139] developed
a high-accurate optimized interpolation scheme for acoustic problems. A quantitative error analysis showed that the optimized scheme is significantly superior to
traditional methods when the interpolation point is around the center of the stencil (which is excellent for overset grids). However, when the interpolation point
is near the boundary of the stencil, which is the case in the current research, no
significant improvement of this method is observed compared with the Lagrange
interpolation. Therefore, the Lagrange interpolation method is still used in the
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current research.
Figure B.1 shows the typical interpolation procedure in two-dimensional simulations for clarity. The same idea can be extended to three-dimensional simulations.
Therefore, all discussions below are in three-dimensional form.

Figure B.1: Transformation of the interpolation from the physical domain to the
computational domain at the non-matching block interfaces
To account for the nonlinearity of the grid stretching and flow development (for
example, near the wall) while still retaining an affordable complexity, a stencil with
three grid points in each direction is used. Because the grids in the physical domain
might have a large aspect ratio and poor orthogonality, the interpolation based on
the Cartesian coordinates could introduce large errors. Therefore, the stencil is
mapped into the computational domain before interpolation. The mapping is made
such that an irregular 27-point stencil forms a 2 × 2 × 2 cube in the computational
domain, with the center at (ξ, η, ζ) = (0, 0, 0) as shown in figure B.1.
Using the products of Lagrange polynomials in the computational domain, the
interpolation of any variables can be achieved with the formula:
f (ξ0 , η0 , ζ0 ) =

X3

X3

i=1

j=1

X3
k=1

aijk f (ξi , ηj , ζk )

(B.30)

where, f (ξi , ηj , ζk ) is the value of a function f at the grid point (ξi , ηj , ζk ), and the
interpolation coefficient, aijk , is given by
aijk =

Y3 (ξ0 − ξl ) Y3 (η0 − ηm ) Y3 (ζ0 − ζn )
m=1
n=1
l=1
m6=j (ηj − ηm )
n6=k (ζk − ζn )
l6=i (ξi − ξl )

(B.31)
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Once the local coordinates (ξ0 , η0 , ζ0 ) of the interpolation point inside the stencil
are found, the values at the point can be evaluated according to equations B.30
and B.31. Particularly, the exact value will be recovered if the interpolation point
happens to coincide with one point of the stencil. The coefficients depend only
on the local coordinates, therefore they can calculated once at the beginning of
simulation.
The (ξ, η, ζ) coordinates of the interpolation point can be found by replacing
the function value in equation B.30 with the Cartesian coordinates and then solving
the equation implicitly. To be specific, equation B.30 can be rewritten as
f (ξ, η, ζ) =

X3,3,3
i=1,j=1,k=1

ãijk ξ i−1 η j−1 ζ k−1

(B.32)

Therefore, replacing the function values by the (x, y, z) coordinates of the interpolation results in

P3,3,3
i−1 j−1 k−1


 x (ξ, η, ζ) = Pi=1,j=1,k=1 αijk ξ η ζ
3,3,3
βijk ξ i−1 η j−1 ζ k−1
y (ξ, η, ζ) = i=1,j=1,k=1

P

i−1 j−1 k−1
 z (ξ, η, ζ) = 3,3,3
η ζ
i=1,j=1,k=1 γijk ξ

(B.33)

By substituting the Cartesian coordinates of the 27 points of the stencil into
equation B.33, the unknown coefficients αijk , βijk and γijk can be found, which
gives the mapping of coordinates from the physical domain to the computational
domain by



 x = f1 (ξ, η, ζ)
y = f2 (ξ, η, ζ)


 z = f (ξ, η, ζ)
3

(B.34)

Given the Cartesian coordinates (x0 , y0 , z0 ) of the interpolation point, the local coordinates (ξ0 , η0 , ζ0 ) can be calculated using the Newton-Raphson method.
Starting with an initial guess (ξ01 , η01 , ζ01 ), a better approximation (ξ02 , η02 , ζ02 )
can be estimated by






ξ − ξ01

−1 x0 − x01
 02



η02 − η01  = ∂ (f1 , f2 , f3 )
 y0 − y01 




∂ (ξ, η, ζ)
ζ02 − ζ01
z0 − z01

(B.35)
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This process is repeated until the solution is converged sufficiently. Usually,
about 8 iterations have been found enough to reduce the error down to 10−5 .

Appendix

C

Theories of the noise source
modeling
C.1

Two-point space-time correlation measurements

For a jet flow emanating into the atmosphere at rest, the fully developed turbulent jet flow field is a stationary random process. By means of some statistical
tools, single and multi-point measurements can be used to describe the statistical
characteristics of the turbulent fluctuations.
The two-point cross-correlation of two turbulent fluctuation signals u1 and u2 ,
which quantifies their dependence, is defined as:
Z T




1
~
~ t + τ dt
R12 ~x, ∆, τ = lim
u1 (~x, t) u2 ~x + ∆,
T →∞ 2T t=−T

(C.1)

or when one uses an overline to denote the time-averaging:




~ τ = u1 (~x, t) · u2 ~x + ∆,
~ t+τ
R12 ~x, ∆,

(C.2)

~ represents the separation distance of the two probes, and τ represents
where, ∆
the time delay of two signals. Note that the two-point space-time correlation
calculations in the present study assume separation in the axial direction only.
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From the two-point space-time correlation measurements, the integral temporal
scale Lτ and spatial scale L∆ , and convection velocity Uc can be estimated to
characterize the temporal and spatial evolutions of the turbulent mixing layer (for
example, see [107, 105]). For the purpose of the turbulent noise source modeling,
~
the correlation function is represented in a moving frame ∆−U
c τ at the convection
velocity. As proposed by Batchelor [140], the two-point space-time correlation
can be modeled by the product of independent functions of space and time. For
example, a model is proposed by Morris and Miller [22]:


~
R12 ~x, ∆, τ = k exp (− |τ | /Lτ )





exp − (∆1 − Uc τ )2 /L2∆1 exp − ∆22 + ∆23 /L2∆23

(C.3)

~ = {∆1 , ∆2 , ∆3 }. L∆1 is the length
where, k is the turbulent kinetic energy, and ∆
scale in the cross-correlation measurement direction, and L∆23 is the length scale
in the transverse direction.

C.2

Noise source modeling via two-point correlation measurements

The two-point space-time correlation measurements can be related to the noise
source modeling by different acoustic analogy theories. For example, by using the
free-space Green function G (~x, ~y , t − τ ), the solution of the Lighthill equation 2.77
can be written as an integral over the turbulence source volume of the double
divergence of the Lighthill stress tensor at the retarded time:
0

∂ 2 Tij δ (|~x − ~y | − c0 (t − τ ))
d~y dτ
4πc20 |~x − ~y |
V τ ∂yi ∂yj


Z
1
∂2
|~x − ~y |
d~y
=
Tij ~y , t −
2
4πc0 ∂xi ∂xj V
c0
|~x − ~y |


Z
2
1
∂
|~x − ~y |
d~y
=
Tij ~y , t −
2
4πc0 V ∂xi ∂xj
c0
|~x − ~y |
Z Z

ρ (~x, t) =

(C.4)

With the far-field approximation and neglecting the retarded time differences
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in the source region lead to another form of the solution:
1 xi xj
ρ (~x, t) =
4πc40 x x2
0

Z
V



∂2
x
d~y
Tij ~y , t −
∂t2
c0

(C.5)

Using the acoustic approximation p0 = ρ0 c20 and the retarded time notation [·],
the far-field acoustic pressure is found as:
0

Z

p (~x, t) ∼
V

∂2
[Tij ] d~y
∂t2

(C.6)

The far-field noise spectrum is given by the Fourier transform of the autocorrelation of the far-field acoustic pressure signal:
Z

∞

Rp0 p0 (~x, τ ) eiωτ dτ

S (~x, ω) =
Zτ =−∞
∞
=
τ =−∞
∞

p0 (~x, t) p0 (~x, t + τ )eiωτ dτ





Z
∂2
x
∂2
x
∼
T ~y1 , t −
d~y1
T ~y2 , t + τ −
d~y2 eiωτ dτ
2 ij
2 ij
∂t
c
∂t
c
0
0
τ =−∞ V1
V2

 2


Z
Z
Z
2
x ∂
x
iωτ ∂
~
~
d∆ dτ e
d~y
∼
Tij ~y , t −
Tij ~y + ∆, t + τ −
∂t2
c0 ∂t2
c0
τ
V
V
(C.7)
Z

Z

Therefore, from equation C.7, the noise sources can be modeled by the twopoint space-time cross-correlation of the fourth-order Lighthill stress tensors:




2
2
~ t+τ
~ τ = ∂ Tij (~y , t) ∂ Tkl ~y + ∆,
Rijkl ~y , ∆,
∂t2
∂t2

(C.8)

Although Lighthill’s theory is successful in predicting the gross features of the
jet noise, it is incapable of explaining the sensitivity of the jet noise radiation to
the jet flow details. Goldstein [141] proposed a generalized acoustic analogy by
rearranging and linearizing the Navier-Stokes equations around an assumed base
flow. When the time-averaged RANS solution of the jet flow is used as the base
flow, the source terms of the linearized equations are given by the fluctuation
in the instantaneous Reynolds stress tensor u0i u0j − u0i u0j . By using the free-space
Green function G (~x, ~y , t − τ ), the solution shows that the noise sources can be
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modeled by the two-point space-time correlation of the Reynolds stress tensor, or
a fourth-order correlation:
Rijkl = u0i u0j · u0k u0l

(C.9)

Due to the difficulty of measuring directly the fourth-order cross-correlation
in equation C.9, assumptions are usually made to relate the fourth-order crosscorrelation measurements to second-order correlations [142, 105]:
Rijkl = Rij Rkl + Rik Rjl

(C.10)

In recent years, extensive research on the turbulent noise sources has been
conducted for subsonic and supersonic jets, see [110, 107, 142, 109, 87, 105].

C.3

Direct flow-acoustic correlation

Starting with equations C.6 and C.7, the far-field noise spectrum can be rewritten
as:
Z

Z
S (~x, ω) ∼

∞

d~y
V

τ =−∞



∂2
x
Tij ~y , t −
p0 (x, t + τ )eiωτ dτ
∂t2
c0

(C.11)

where, the integrand is defined as the direct flow-acoustic correlation:
Rp0 T



∂2
x
(~x, ~y τ ) = 2 Tij ~y , t −
p0 (~x, t + τ )
∂t
c0

(C.12)

With the acoustic pressure included in the formulation, equation C.12 cannot be
used for noise predictions. However, comparison of equation C.7 with equation
C.11 indicates that the flow-acoustic correlation provides an estimate of the contribution of the turbulent fluctuations to the noise radiation. As an example, Schaffer [112] successfully reproduced the noise auto-spectra at shallow angles that were
comparable to the direct acoustic measurements using the correlations between the
axial velocity fluctuations and the far-field acoustic pressure.
Due to the difficulty of measuring the Lighthill’s stress tensor in experiments
directly, the tensor is decomposed into several components to evaluate their contributions to the noise radiation separately. By dropping the dependent variables
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without causing any confusion, and decomposing the variables into their timeaveraged part and fluctuation part (for example, ρ = ρ̄ + ρ0 and u = ū + u0 ), one
obtains:
ρuu · p = 2ρ̄ūu0 · p0 + ūūρ0 · p0
+ 2ūρ0 u0 · p0 + 2ρ̄u0 u0 · p0 + 2ρ0 u0 u0 · p0

(C.13)

The measurable turbulent fluctuations depend on the experimental facilities.
Usually, velocity or pressure fluctuations are measured with various experimental instruments, for example, hot-wire anemometers or an LDV. But the density
fluctuations are difficult to measure with non-intrusive instruments. Assumptions
are often made to ignore the density fluctuation. In recent years, the Molecular
Rayleigh Scattering-based (MRS) instrumentation has been developed to measure
unsteady density and velocity fluctuations simultaneously. Flow-acoustic correlation measurements for different flow variables have been conducted by Panda and
other researchers [114, 116].

Bibliography

[1] Bottcher, J. (2004) “Noise certification workshop,” in Annex 16, Volume
1 and equivalent procedures.
[2] Bjorn, V. S. and J. K. Wilt (2009) “Hearing Protection Improvements
for Naval Aviation Personel,” in Forty-Eighth Navy and Marine Corps Public
Health Conference.
[3] Naval Research Advisory Committee (2009) “Report on Jet Engine
Noise Reduction,” .
[4] Lighthill, M. J. (1952) “On sound generated aerodynamically, I. general
theory,” in Proceedings of the royal society, A211, pp. 564–587.
[5] ——— (1954) “On sound generated aerodynamically, II. turbulence as a
source of sound,” in Proceedings of the royal society, A211, pp. 1–32.
[6] Ffowcs Williams, J. E. (1963) “The noise from turbulence convected at
high-speed,” Philosophical transactions of the royal society of London (A),
255, pp. 469–503.
[7] Lilley, G. M. (1974) On the noise from jets: noise mechanisms, Tech. Rep.
AGARD-CP-131.
[8] Crow, S. C. and F. H. Champagne (1971) “Orderly structure in jet
turbulence,” Journal of fluid mechanics, 48, pp. 547–591.
[9] Tam, C. K. and K. C. Chen (1979) “A statistical model of turbulence in
two-dimensional mixing layers,” Journal of fluid mechanics, 92, pp. 306–326.
[10] Tam, C. K. and P. J. Morris (1980) “The Radiation of Sound by the
Instability Waves of a Compressible Plane Turbulent Shear Layer,” Journal
of fluid mechanics, 98(2), pp. 349–381.

198
[11] Tam, C. K. W. (1993) “Supersonic jet noise,” Annual review of fluid mechanics, 27, pp. 17–43.
[12] Viswanathan, K. (2004) “Nozzle shaping for reduction of jet noisefrom
single jets,” in AIAA paper 2004-2974.
[13] Bridges, J. and C. A. Brown (2004) “Parametric testing of chevrons on
single flow hot jets,” in AIAA paper 2004-2824.
[14] Henderson, B. and J. Bridges (2010) “An MDOE investigation of
chevrons for supersonic jet noise reduction,” in AIAA paper 2010-3926.
[15] Viswanathan, K. (2008) “Personal communication,” .
[16] Kuo, C. and D. K. McLaughlin (2010) “Personal communication,” .
[17] Tam, C. K. W. (1998) “Jet noise: since 1952,” Theoretic and computational
fluid dynamics, 10, pp. 393–405.
[18] Bailly, C., P. Lafon, and S. Candel (1997) “Subsonic and supersonic
jet noise predictions from statistical source models,” AIAA journal, 35, pp.
1688–1696.
[19] Harper-Bourne, M. and M. Fisher (1973) The noise from shock-waves
in supersonic jets, Tech. Rep. AGARD-CP-131.
[20] Tam, C. K. (1987) “Stochastic model theory of broadband shock associated
noise from supersonic jets,” Journal of sound and vibration, 116, pp. 265–
302.
[21] Ray, P. K. and S. K. Lele (2007) “Sound generated by instability
wave/shock-cell interaction in supersonic jets,” Journal of fluid mechanics,
587, pp. 173–215.
[22] Morris, P. J. and S. A. Miller (2010) “Prediction of broadband shockassociated noise using Reynolds-averaged Navier-Stokes computational fluid
dynamics,” AIAA journal, 48(12), pp. 2931–2961.
[23] Tam, C. K., J. M. Seiner, and J. C. Yu (1986) “Proposed relationship
between broadband shock associated noise and screech tones,” Journal of
sound and vibration, 110, pp. 309–321.
[24] Tam, C. K. (2004) “Computational aeroacoustics: an overview of computational challenges and applications,” International journal of computational
fluid dynamics, 18(6), pp. 547–567.

199
[25] Colonius, T. and S. K. Lele (2004) “Computational aeroacoustics:
progress on nonlinear problems of sound generation,” Progress in aerospace
sciences, 40, pp. 345–416.
[26] Bailly, C. and C. Bogey (2004) “Contributions of computational aeroacoustics to jet noise research and prediction,” International journal of computational fluid dynamics, 18(6), pp. 481–491.
[27] Lui, C. and S. K. Lele (2002) “A numerical investigation of broadband
shock noise,” in AIAA paper 2002-0074.
[28] Freund, J. B., S. K. Lele, and P. Moin (2000) “Numerical Simulation
of a Mach 1.92 Turbulent Jet and Its Sound Field,” AIAA Journal, 38(11),
pp. 2023–2031.
[29] Ffowcs Williams, J. E. and D. L. Hawkings (1969) “Sound generated
by turbulence and surfaces in arbitrary motion,” Philosophical transactions
of the royal society of London (A), 264, pp. 321–342.
[30] Brentner, K. S. and F. Farassat (1998) “Analytical comparison of the
acoustic analogy and Kirchhoff formulation for moving surfaces,” AIAA journal, 36(8), pp. 477–491.
[31] Spalart, P. R., W.-H. Jou, M. Strelets, and S. R. Allaras (1997)
“Comments on the feasibility of LES for wings and on a hybrid RANS/LES
approach,” in Proceedings of the first AROSR international conference on
DNS/LES, Ruston, Louisiana, pp. 2101–2127.
[32] Paliath, U. and P. J. Morris (2004) “Prediction of Jet Noise From Circular Beveled Nozzles,” in AIAA Paper 2004-3096.
[33] Shur, M. L., P. R. Spalart, and M. K. Strelets (2005) “Noise prediction for increasingly complex jets. Part I: methods and tests. Part II:
applications.” International journal of aeroacoustics, 8, pp. 213–266.
[34] Shur, M. L., P. R. Spalart, M. K. Strelets, and A. V. Garbaruk
(2006) “Further Step in LES-based noise prediction for complex jets,” in
AIAA paper 2006-485.
[35] Viswanathan, K., M. L. Shur, P. R. Spalart, and M. Strelets
(2008) “Flow and noise prediction for single and dual-stream beveled nozzles,” AIAA journal, 46(3), pp. 601–626.
[36] Xia, H., P. G. Tucker, and S. Eastwood (2009) “Large-eddy simulations of chevron jet flows with noise predictions,” International journal of
heat and fluid flow, 30(6), pp. 1067–1079.

200
[37] Spalart, P. R., M. L. Shur, and M. K. Strelets (2009) “Added sound
sources in jets: theory and simulation,” International journal of aeroacoustics, 8(6), pp. 511–534.
[38] Shur, M. L., P. R. Spalart, and M. K. Strelets (2010) “LES-based
evaluation of a microjet noise reduction concept in static and flight conditions,” in IUTAM symposium on computational aeroacoustics for aircraft
noise prediction.
[39] Bodony, D. J. and S. K. Lele (2008) “Current status of jet noise predictions using large-eddy simulation,” AIAA journal, 46(2), pp. 364–380.
[40] Bogey, C. and C. Bailly (2005) “Investigation of sound sources in subsonic jets using causality methods on LES data,” in AIAA paper 2005-2885.
[41] Uzun, A. and M. Y. Hussaini (2009) “Simulation of Noise generation in
near-nozzle region of a chevron nozzle jet,” AIAA journal, 47(8), pp. 1793–
1810.
[42] liu, J., K. Kailasanath, R. Ramamurti, D. Munday, E. Gutmark,
and R. Lohner (2009) “Large-eddy simulations of a supersonic jet and its
near-field acoustics properties,” AIAA journal, 47(8), pp. 1849–1864.
[43] Lockard, D. P. (1997) Simulations of the loading and radiated sound of
airfoils and wings in unsteady flow using computational aeroacoustics and
parallel computers, Ph.D. thesis, The Pennsylvania State University.
[44] Shieh, C. M. (2000) Parallel numerical simulations of subsonic, turbulent,
flow-induced noise from two- and three-dimensional cavities using computational aeroacoustics, Ph.D. thesis, The Pennsylvania State University.
[45] Paliath, U. (2006) Numerical simulation of jet noise, Ph.D. thesis, The
Pennsylvania State University.
[46] Mittal, R. and G. Jaccarino (2005) “Immersed boundary methods,”
Annual review of fluid mechanics, 37, pp. 239–261.
[47] Mohd-Yusof, J. (2007) Combined immersed-boundary/B-spline methods
for simulations of flow in complex geometries, Tech. Rep. NASA/TM-2007214853.
[48] Erlebacher, G., M. Y. Hussaini, C. G. Speziale, and T. A. Zang
(1992) “Toward the large-eddy simulation of compressible turbulent flows,”
Journal of fluid mechanics, 238, pp. 155–185.
[49] Lesieur, M. and O. Metais (1996) “New trends in large-eddy simulations
of turbulence,” Annual reviews of fluid mechanics, 28, pp. 45–82.

201
[50] Smagorinsky, J. (1963) “General circulation experiments with the primitive equations. I. The basic experiment.” Monthly wseather review, 91, pp.
99–164.
[51] Strelets, M. (2001) “Detached Eddy simulation of massively separated
flows,” in AIAA Paper 2001-0879.
[52] Spalart, P. R. and S. R. Allmaras (1993) “A one-equation turbulence
model for aerodynamic flows,” La Recherche Aerospatiale, 1, pp. 5–21.
[53] Grinstein, F. (2006) “Recent progress on monotone integrated large eddy
simulation of free jets,” JSME international journal, 49(4), pp. 890–898.
[54] Tam, C. K. W. and J. C. Webb (1993) “Dispersion-relation-preserving Finite Difference Schemes for Computational Aeroacoustics,” Journal of computational physics, 107(1), pp. 262–281.
[55] Hirsch, C. (1990) Numreical computation of internal and external flows,
vol. 2, 2 ed., John Wiley and Sons.
[56] Hu, F. Q., M. Y. Hussaini, and J. L. Manthey (1996) “Low-dissipation
and low-dispersion Runge-Kutta schemes for computational acoustics,” Journal of computational physics, 124, pp. 177–191.
[57] Liew, Y.-P. (2007) Computation of interactions of blast with responding
solids using an “embedded solid” approach, Ph.D. thesis, The Pennsylvania
State University.
[58] LaBozzetta, W. F., T. D. Gatzke, S. Ellison, G. P. Finfrock,
and M. S. Fisher (1994) “MACGS-towards the complete grid generation
system.” in AIAA paper 94-1923.
[59] Jameson, A. (1991) “Time dependent calculations using multigrid, with
applications to unsteady flows past airfoils and wings,” in AIAA paper 911596. AIAA 10th computational fluid dynamics conference.
[60] Brandt, A. (1977) “Multi-level adaptive solutions to boundary-value problems,” Mathematics of computation, 124(138), pp. 333–390.
[61] Jameson, A. and T. J. Baker (1984) “Multigrid solution of the Euler
equations for aircraft configurations,” in AIAA paper 84-0093.
[62] Lockard, D. P. and P. J. Morris (1998) “The radiated noise from airfoils
in realistic mean flows,” AIAA journal, 36(6), pp. 907–914.
[63] Zhu, Z. (1996) Multigrid operation and analysis for complex aerodynamics,
Ph.D. thesis, Vrije Universiteit Brussel.

202
[64] Chima, R. V., E. Turkel, and S. Schaffer (1987) Multigrid solution of
the Euler equations for aircraft configurations, Tech. Rep. NASA/TM-1987167843, NASA Lewis research center.
[65] Hanel, D., M. Meinke, and W. Schroder (1989) “Application of the
multigrid method in solutions of the compressible Navier-Stokes equations,”
in Proceedings of the fourth Copper mountain convergence on multigrid methods.
[66] Jameson, A. and T. J. Baker (1983) “Solution of the Euler equations for
complex configureations,” in AIAA paper 83-1929-CP.
[67] Martinelli, L. and A. Jameson (1988) “Validation of a multigrid method
for the Reynolds averaged equations,” in AIAA paper 88-0414.
[68] Swanson, R. C. and E. Turkel (1987) “Artificial dissipation and central
difference schemes for the Euler and Navier-Stokes equations,” in AIAA paper
87-1107.
[69] Radespiel, R., C. Rossow, and R. C. Swanson (1990) “Efficient cellvertex multigrid scheme for the three-dimensional Navier-Stokes equations,”
AIAA journal, 28(8), pp. 1464–1472.
[70] Zhu, Z., C. Lacor, and C. Hirsch (1993) “A new residual smoothing
method for multigrid, multistage schemes,” in AIAA-93-3356.
[71] Thompson, K. W. (1990) “Time-dependent boundary conditions for hyperbolic systems, II,” Journal of computational physics, 89, pp. 439–461.
[72] Poinsot, T. J. and S. K. Lele (1992) “Boundary conditions for direct
simulations of compressible viscous flows,” Journal of computational physics,
101, pp. 104–129.
[73] Kim, J. W. and D. J. Lee (2003) “Characteristic interface conditions for
multiblock high-order computations on singular structured grid,” AIAA journal, 41(12), pp. 104–129.
[74] Dong, T. Z. (1997) “On boundary conditions for acoustic computations
in non-uniform mean flows,” Journal of computational acoustics, 5(3), pp.
297–315.
[75] Tam, C. K., J. C. Webb, and T. Z. Dong (1993) “A study of the
short wave components in computational acoustics,” Journal of computational acoustics, 107, pp. 1–30.

203
[76] Tam, C. K. and T. Z. Dong (1996) “Radiation and outflow boundary conditions for direct computation of acoustics and flow disturbance in a nonuniform mean flow,” Journal of computational acoustics, 4(2), pp. 297–315.
[77] Farassat, F. (2007) Derivation of Formulations 1 and 1A of Farassat,
Tech. Rep. NASA/TM-2007-214853, NASA Langley research center, Hampton, Virginia.
[78] Morfey, C. L. and C. M. Wright (2007) “Extension of Lighthill’s acoustic analogy with application to computational aeroacoustics,” in Proceedings
of the royal society, A, pp. 2101–2127.
[79] Spalart, P. R. and M. L. Shur (2009) “Variants of the Ffowcs Williams
- Hawkings equation and their coupling with simulations of hot jets,” International journal of aeroacoustics, 8(5), pp. 477–491.
[80] NPARC-Alliance (2009), “NPARC alliance verification and validation
archive,” http://www.grc.nasa.gov/WWW/wind/valid/archive.html.
[81] Wasistho, B., B. J. Geurts, and J. G. M. Kuerten (1997) “Simulation
techniques for spatially evolving instabilities in compressible flow over a flat
plat,” Journal of Computers and fluids, 26(7), pp. 713–739.
[82] Freund, J. B. (1997) “Proposed inflow/outflow boundary conditions for
direct computation of aerodynamic sound,” AIAA journal, 35(4), pp. 740–
742.
[83] Edwards, J. R. and S. Chandra (1996) “Comparison of eddy viscositytransport turbulence models for three-dimensional , shock-seperated flowfields,” AIAA journal, 34(4), pp. 756–763.
[84] Eggers, J. M. (1966) Velocity profiles and eddy viscosity distributions
downstream of a Mach 2.22 nozzle exhausting to quiescent air, Tech. Rep.
NASA TN D-3601, NASA Lewis research center.
[85] Kuo, C. (2010) Extending acoustic data measured with small scale supersonic model jets to practical aircraft exhaust jets, Ph.D. thesis, The Pennsylvania State University.
[86] McLaughlin, D. K., J. Bridges, and C. Kuo (2010) “On the scaling of
small, heat simulated jet noise measurements to moderate size exhaust jets,”
International journal of aeroacoustics, 9(4), pp. 87–95.
[87] Veltin, J. (2008) On the characterization of noise sources in supersonic
shock-containing jets, Ph.D. thesis, The Pennsylvania State University.

204
[88] Bridges, J. (2010) “Personal communication,” .
[89] Khalighi, Y., F. Ham, P. Moin, S. K. Lele, T. Colonius, R. H.
Schlinker, R. A. Reba, and J. Simonich (2010) “Unstructured large
eddy simulation technology for prediction and control of jet noise,” in Proceedings of the royal society, A, pp. 2101–2127.
[90] Mendez, S., M. Shoeybi, A. Sharma, F. E. Ham, S. K. Lele, and
P. Moin (2010) “Large-eddy simulations of perfectly-expanded supersonic
jets: quality assessment and validation,” in AIAA 2010-271, pp. 2101–2127.
[91] Andersson, N., L.-E. Eriksson, and L. Davidson (2005) “Large-eddy
simulation of subsonic turbulent jets and their radiated sound,” AIAA journal, 43(9), pp. 1899–1912.
[92] Lo, S.-C., G. A. Blaisdell, and A. S. Lyrintzis (2011) “Numerical investigation of 3D supersonic jet flows using large eddy simulation,” in AIAA
Paper 2011-2388.
[93] Xia, H., S. R. Karabasov, O. Graham, P. G. Tucker, A. P. Dowling, and K. D. T. P. Hynes (2011) “Hybrid RANS-LES modeling of
chevron nozzles with prediction of far field sound,” in AIAA Paper 201121.
[94] Viswanathan, K. and M. J. Czech (2009) “Role of jet temperature in
correlating jet noise,” AIAA journal, 47(5), pp. 1090–1106.
[95] Kuo, C., J. Veltin, and D. K. McLaughlin (2009) “Acoustic measurements of models of military style supersonic nozzle jets,” in AIAA paper
2009-18.
[96] Lau, J. C. (1981) “Effects of exit Mach number and temperature on meanflow and turbulence characteristics in round jets,” Journal of fluid mechanics,
105, pp. 193–218.
[97] Bridges, J. (2006) “Effect of heat on space-time correlations in jets,” in
AIAA paper 2006-2534.
[98] Lau, J. C. (1980) “Laser velocimeter correlation measurements in subsonic
and supersonic jets,” Journal of sound and vibration, 70(1), pp. 85–101.
[99] Munday, D., E. Gutmark, J. Liu, and K. Kailasanath (2008) “Flow
and acoustic radiation from realistic tactical jet C-D nozzles,” in AIAA paper
2008-2838.

205
[100] Miller, S. A. E. and J. Veltin (2010) “Experimental and numerical
investigation of flow properties of supersonic Helium-air jets,” in AIAA paper
2010-471.
[101] Bridges, J. (2011) “PIV measurements of chevrons on F400-series tactical
aircraft nozzle model,” in AIAA paper 2011-XXXX.
[102] Bridges, J. and M. P. Wernet (2008) “Turbulence associated with
broadband shock noise in hot jets,” in AIAA paper 2008-2834.
[103] Lau, J. C., P. J. Morris, and M. J. Fisher (1979) “Measurements in
subsonic and supersonic free jets using a laser velocimeter,” Journal of fluid
mechanics, 93, pp. 1–27.
[104] Doty, M. J. and D. K. McLaughlin (2003) “Acoustic and mean flow
measurements of high speed helium air mixture jets,” International journal
of aeroacoustics, 2(3&4), pp. 293–334.
[105] Morris, P. J. and K. Zaman (2010) “Velocity measurements in jets with
application to noise source modeling,” Journal of sound and vibration, 329,
pp. 394–414.
[106] Lui, C. and S. K. Lele (2003) “Sound generation mechanism of shockassociated noise,” in AIAA paper 2003-3315.
[107] Kerherve, F., P. Jordan, Y. Gervais, J.-C. Valiere, and . P. Braud
(2004) “Two-point laser Doppler velocimetry measurements in a Mach 1.2
cold supersonic jet for statistical aeroacoustic source model,” Experiments in
fluids, 37, pp. 419–437.
[108] Morris, P. J. and T. R. S. Bhat (1993) “Supersonic elliptic jet noise,”
in AIAA paper 93-4409.
[109] Doty, M. J. and D. K. McLaughlin (2005) “Space-time correlation measurements of high-speed axisymmetric jets using optical deflectometry,” Experiments in fluids, 38(4), pp. 415–425.
[110] Harper-Bourne, M. (2003) “Jet noise turbulence measurements,” in
AIAA paper 2003-3214.
[111] Siddon, T. E. (1973) “Noise source diagnostics using causality correlations,” in AGARD CP 131, noise mechanisms 71-1:7-13.
[112] Schaffar, M. (1979) “Direct measurements of the correlation between axial
in-jet velocity fluctuations and far field noise near the axis of a cold jet,”
Journal of sound and vibration, 64(1), pp. 73–83.

206
[113] Richarz, W. G. (1980) “Direct correlation of noise and flow of a jet using
Laser Doppler,” AIAA journal, 18(7), pp. 759–765.
[114] Panda, J. and R. G. Seasholtz (2002) “Experimental investigation of
density fluctuations in high-speed jets and correlation with generated noise,”
Journal of fluid mechanics, 450, pp. 97–130.
[115] Panda, J. (2005) “Identification of noise sources in high speed jets via
correlation measurements-a review,” in AIAA paper 2005-2844.
[116] Panda, J., R. G. Seasholtz, and K. A. Elam (2005) “Investigation of
noise sources in high-speed jets via correlation measurements,” Journal of
fluid mechanics, 537, pp. 349–385.
[117] Panda, J., R. G. Seasholtz, K. A. Elam, and D. G. Eck (2004) “Effect
of heating on turbulent density fluctuation and noise generation from high
speed jets,” in AIAA 2004-3016.
[118] Panda, J. (2007) “Experimental investigation of turbulent density fluctuations and noise generation from heated jets,” Journal of fluid mechanics,
591, pp. 73–96.
[119] Tam, C. K., K. Viswanathan, K. K. Ahuja, and J. Panda (2008) “The
sources of jet noise: experimental evidence,” Journal of sound and vibration,
615, pp. 253–292.
[120] Fisher, M. J., M. Harper-Bourne, and S. A. Glegg (1977) “Jet engine
noise source location: the polar correlation technique,” Journal of sound and
vibration, 51(1), pp. 23–54.
[121] Billingsley, J. and R. Kinns (1976) “The acoustic telescope,” Journal
of Sound and Vibration, 48(4), pp. 485–510.
[122] Battaner-Moro, J. P. (2006) “A large polar array for full-scale aeroengine noise source location and breakdown,” in AIAA Paper 2006-2652.
[123] Narayanan, S., T. J. Barber, and D. R. Polak (2002) “High subsonic
jet experiments: turbulence and noise generation studies,” AIAA Journal,
40(3), pp. 430–437.
[124] Lee, S. S. and J. Bridges (2008) “Phased-array measurements of single
flow hot jets,” in AIAA Paper 2005-2842.
[125] Papamoschou, D. (2008) “Imaging of directional distributed noise
sources,” in AIAA paper 2008-2885.

207
[126] Papamoschou, D., P. J. Morris, and D. K. McLaughlin (2010)
“Beamformed flow-acoustic correlations in a supersonic jet,” AIAA journal,
48(10), pp. 97–130.
[127] Venkatesh, S. R., D. R. Polak, and S. Narayanan (2003) “Beamforming algorithm for distributed source localization and its application to
jet noise,” AIAA Journal, 41(7), pp. 1238–1246.
[128] Tester, B. J., P. J. Morris, J. C. Lau, and H. K. Tanna (1978) The
generation, radiation, and prediction of supersonic jets noise, Tech. Rep.
AFAPL-TR-78-85.
[129] McLaughlin, D. K., C.-W. Kuo, and D. Papamoschou (2008) “Experiments on the effect of ground reflections on supersonic jet noise,” in AIAA
Paper 2008-22.
[130] Saiyed, N. H., K. L. Mikkelsen, and J. E. Bridges (2000) “Acoustics
and thrust of separate-flow exhaust nozzles with mixing devices for highbypass-ratio engines,” in AIAA paper 2000-1961.
[131] Callender, B., E. Gutmark, and S. Martens (2005) “Far-field acoustic
investigation into chevron nozzle mechanisms and trends,” AIAA journal,
43(1), pp. 87–95.
[132] ——— (2008) “Near-field acoustic investigation of chevron nozzle mechanisms,” AIAA journal, 46(1), pp. 36–45.
[133] Viswanathan, K., M. Shur, P. R. Spalart, and M. Strelets (2007)
“Comparisons between experiment and large-eddy simulation for jet noise,”
AIAA journal, 45(8), pp. 1952–1966.
[134] Alkislar, M. B., A. Krothapalli, and G. W. Butler (2007) “The
effect of streamwise vortices on the aeroacoustics of a Mach 0.9 jet,” Journal
of fluid mechanics, 578, pp. 1090–1106.
[135] Ahuja, K. K., J. Lepicovsky, C. K. W. Tam, P. J. Morris, and R. H.
Burrin (1982) Tone excited jet: theory and experiments, Tech. Rep. NASA
CR-3538, NASA.
[136] Bogey, C., O. Marsden, and C. Bailly (2011) “Large-eddy simulation
of the flow and acoustic fields of a Reynolds number 105 subsonic jet with
tripped exit boundary layers,” Physics of Fluids, 23(3).
[137] Morris, P. J. (1976) “The spatial viscous instability of axisymmetric jets,”
Journal of fluid mechanics, 77, pp. 511–529.

208
[138] Michalke, A. (1984) “Survey on jet instability theory,” Progress in
aerospace sciences, 21, pp. 159–199.
[139] Tam, C. K. and F. Q. Hu (2004) “An optimized multi-dimensional interpolation scheme for computational aeroacoustics applications using overset
grids,” in AIAA paper 2004-2812.
[140] Batchelor, G. K. (1953) The theory of homogeneous turbulence, 2 ed.,
Cambridge University Press.
[141] Goldstein, M. E. (2003) “A generalized acoustic analogy,” Journal of fluid
mechanics, 488, pp. 315–333.
[142] Kerherve, F., J. Fitzpatric, and P. Jordan (2006) “The frequency
dependence of jet turbulence for noise source modeling,” Journal of sound
and vibration, 296, pp. 209–225.

Vita
Yongle Du
Yongle Du was born on October 22, 1979 in Hubei province, P. R. China.
Like most boys, he was fascinated by the birds that fly high in the sky since his
childhood. The dream of flying led him into the study of aerospace engineering. He
entered Beijing University of Aeronautics & Astronautics in 1998, and graduated
with a master degree from the National Lab of Computational Fluid Dynamics
in 2004. After three years of professional working experience in CFD, he decided
to continue the CFD research. Bearing the first name meaning “always happy”
in Chinese, he happily came to Penn State in a beautiful place named “happy
valley” in 2007, where he was luckily advised by Dr. Philip J. Morris and began
his journey in jet noise research.

