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Abstract
The role of nonlinearity in the generation and propagation of the noise radiated from
high-performance jet aircraft is not a well understood phenomenon. To address this
problem, an extensive experimental program has been carried out on high-speed
model jets, including both flow-field and acoustic measurements from pure air and
helium/air mixture jets over a large range of operating conditions. Of particular
interest is the study of the relationships between such complex mechanisms as
nonlinear propagation, Mach wave emission and jet crackling. The latter refers to an
annoying component of supersonic turbulent jet mixing noise that appears to be due
to random sets of sharp compressions followed by weak expansions.
Frequency-domain analyses indicate that there is agglomeration of energy at
the higher frequencies as the propagation distance increases for both subsonic
(highly-heated) and supersonic jets. The computation of an indicator of nonlinearity
confirms that energy is transferred from mid-frequency range to the higher-end of
the spectra, as a consequence of long-range propagation. Evidence of a nonlinear
energy transfer towards lower frequencies is also found at supersonic jet exhaust
velocities. Further comparison of the current results with measurements performed
in a different facility (Boeing Low Speed Aeroacoustic Facility) shows good overall
agreement. A very important result is the identification of the jet convective Mach
number as a critical parameter that could possibly be used to predict the onset of
nonlinear effects (more so than OASPL values, for example). The need for accurate
values of convective Mach number constitutes the main motivation for the
implementation of nonintrusive optical instruments in this work.
An optical deflectometry system is used to provide both qualitative and
quantitative analyses in the jet shear layers exhausted from circular nozzles. Jet
convection velocities and convective Mach numbers are determined from two-point,
space-time, cross-correlations for pure air jets and show excellent agreement with
data from the literature at lower speeds. However, helium/air mixture jets display
considerably lower levels of correlation and notably reduced convection velocity
values, in contrast to what schlieren photographs would indicate. It is very likely
that visualization of the large-scale turbulent patterns in helium/air mixture jets is
inhibited by the thick visual shear layer dominated by smaller scale structures.
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Finally, the time-domain data collected from both acoustic and flow-field
measurements are carefully examined with the aim of clarifying a number of
features associated with the nonlinear distortion of acoustic waves. More
specifically, it is clearly established that the jet convective Mach number is a critical
parameter that may be used to predict the onset of crackle in the pressure signals
(and not directly nonlinear propagation effects). Overall, nonlinear propagation
effects as such are estimated to be too weak to generate the typical shock-like
patterns and waveform asymmetry associated with crackling signals. Considerable
experimental evidence is gathered to suggest that the phenomenon known as
‘crackle’ may in fact represent the acoustic signature of the strong Mach waves
radiated from the jet shear layer. Simple mechanisms are proposed to qualitatively
explain how jet crackling can in turn induce significant nonlinear effects in the
course of propagation.
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Chapter 1
Introduction
Aircraft noise continues to be an important environmental concern, in spite of the
advances in noise control achieved over the last four decades. Exhaust jet noise (or
simply “jet noise”) – the noise associated with a high-speed jet exhausting into a
slower or quiescent medium – used to be the dominant noise source for turbojets and
low bypass ratio turbofans. Other noise contributors, such as turbomachinery (fan,
core and turbine noise) and airframe noise (due to landing gears, flaps and cavities,
for instance) were only of secondary importance. Nevertheless, with the introduction
of higher and higher bypass ratios on commercial turbofan engines, jet noise is no
longer the dominant noise source on an aircraft [1]. This evolution is illustrated in
Figure 1.1, comparing the noise signatures of low and high bypass ratio turbofan
engines. The problem of jet noise is more acute for modern combat aircraft [2], where
the crucial need for high speed and maneuverability prohibits the implementation of
high bypass ratios and dictates the use of turbojet engines with high specific thrusts,
thereby generating extreme levels of noise.
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(a)

(b)

Figure 1.1 Aircraft noise for (a) a low bypass ratio turbofan engine from a Boeing
727 and (b) a high bypass ratio turbofan engine from a Boeing 777, from Ref. [1].
The primary purpose of this chapter is to set forth the motivation for the
present thesis and to provide a summary of the physical phenomena that are
especially relevant to the characteristics of the propagation of jet noise through the
atmosphere. A specific section is included that highlights the principal goals and
scope of the thesis.

1.1 Motivation
1.1.1

Context of Military Aviation Environmental Impacts

Community noise and air quality have been a growing concern for military aviation
in the past several years due to increasing urbanization, increasing public and
regulatory attention, and extended use of training spaces for larger, more realistic
and multiservice operations. Such an environmental nuisance has resulted in
increasing pressure and even legal actions [3] from communities living in the
vicinity of airbases or along training routes. To address continued noise concerns,
the U.S Federal Aviation Administration (FAA) and Department of Defense (DoD)
have adopted a “balanced approach,” namely a combination of assessment of noise
impacts, land-use planning and management, noise abatement operational
procedures, operating restrictions and source reduction (quieter aircraft). For

3

example, the FAA and DoD routinely employ the day/night noise level (DNL) for
estimating the noise influence of a specific base on the local community. The DNL
metric is calculated as the A-weighted sound energy averaged over a 24-hour period,
with a 10-dB penalty for nighttime events [4]. Table 1.1 summarizes the community
response to noise as described by the DNL [5], and can be advantageously used as a
gauge to determine the compatibility of airport-local land uses with aircraft noise
levels.
Table 1.1 Residential response to noise levels, as described by the DNL measure
(from Ref. [4]).
Effects: hearing loss annoyance
Day night
average sound
level, dB

Qualitative
description

Population
highly
annoyed, %

Average
community
reaction

General community
attitude toward area

75 and above

May begin to occur

37

Very severe

Noise is likely to be the most important of all
adverse aspects of the community environment

70

Will not likely occur

22

Severe

Noise is one of the most important adverse
aspects of the community environment

65

Will not occur

12

Significant

Noise is one of the most important adverse
aspects of the community environment

60

Will not occur

7

Moderate to
slight

Noise may be considered an adverse aspect of
the community environment

55 and below

Will not occur

3

Moderate to
slight

Noise considered no more important than
various other environmental factors

1.1.2

Noise Estimations via Numerical Predictions

It would certainly be beneficial if design modifications to the aircraft engines could
produce noise reductions. In the interim, there is an important need to further
develop the aircraft analytical and computational models to estimate noise levels for
various flight configurations. Such exercises offer the opportunity to mitigate the
noise impact with modifications to the aircraft flight paths. Usually, numerical
models for noise predictions rely on a number of simplifying assumptions, such as
flat earth, time-integrated noise exposure, and most importantly, linear acoustic
propagation, which greatly reduce their computational requirements while
maintaining appropriate accuracy. It is also worth mentioning that aircraft noise
prediction algorithms do not typically account for the effects of nozzle geometry,
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thrust-vectoring capabilities or high-angle of attack maneuvers. A number of
experimental studies [6–9] have demonstrated, however, that both civil and military
aircraft can exhibit noise characteristics that are not accurately accounted for in the
existing models. In particular, recent field measurements for the current F/A-18 E/F
[10, 11] at military thrust and with afterburners engaged showed high amplitude
noise levels with peak OASPL's in excess of 150 dB at 60 ft from the jet exhausts.
For such levels, simple linear acoustic propagation theories are no longer valid and
it has been established that far-field noise spectra would not be correctly predicted
from the spectra measured (or computed) at the outer edge of the acoustic near-field
[12].
Several candidate nonlinear propagation algorithms can be found in the
literature that contain some of the features necessary for more accurate predictions,
e.g. in the works by Rudenko and Soluyan [13], Gurbatov et al. [14], Blackstock and
colleagues [15, 16], Howell and Morfey [8, 17], Crighton and Bashforth [18], and
most recently Brouwer [19] and Gee and Sparrow [20]. While most of the
aforementioned studies relied on various analytical and numerical techniques to
predict nonlinear spectral evolutions, very few included confirming experimental
evidence. Consequently, additional high-quality aeroacoustic data are necessary in
order to properly assess the relevance and accuracy of the many nonlinear
propagation algorithms currently available. Validation of the numerical schemes
will require comparison to flight tests and to laboratory experimental data. The
latter can be obtained at a substantially lower cost than those of flight tests. This
constitutes the major motivation for the present work, whose primary goal is to
examine the main features of nonlinear distortion in axisymmetric, high-speed jets
over a wide variety of operating conditions.

1.2 Theory of Aerodynamic Noise
The main aspects of the noise radiated from both subsonic and supersonic jets are
described briefly in the present section. Specific emphasis is laid on Lighthill’s
theory of aerodynamically generated sound (and its subsequent modifications),
which is regarded by most as the foundation for the study of aeroacoustics in
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general, and jet noise in particular. The characteristics of the noise from imperfectlyexpanded (shock-containing) jets are also reviewed. Overall, a substantial number of
references are given in order to provide guidance as to where more exhaustive
treatments of a particular subject can be found.

1.2.1

The Acoustic Analogy

Theoretical jet noise research was initiated by Sir James Lighthill in 1952, as he
published the first of a two-part pioneering theoretical work [21, 22] on
aerodynamically induced noise. The most challenging part of any jet noise theory
consists in identifying the noise sources. But Lighthill tackled this difficulty very
elegantly: starting from a combination of the continuity and momentum equations,
he artificially introduced the term c∞2 ∇2ρ ′ to obtain an inhomogeneous wave
equation of the form:

∂2ρ′
∂ 2Tij
2
2
′
−
c
∇
=
ρ
∞
∂xi ∂xj
∂t 2

(1.1)

where ρ ′ is the fluctuating density and c∞ the ambient speed of sound. Tij is referred
to as the Lighthill stress tensor and is defined as:

Tij = ρ ui uj + (p ′ – c∞2 ρ ′) δij

(1.2)

where ui denotes the velocity field, p ′ the pressure fluctuation and δij the Kronecker
delta. By design, the left-hand side of Lighthill’s equation (Eq. (1.1)) represents the
propagation of acoustic waves, in the form of d’Alembert’s propagation operator:
∂ 2/∂t 2 – c∞2 ∇2. The right-hand side can be interpreted as the source terms (acoustic
quadrupoles), even though this is not precisely true. In Lighthill’s equation, the
unsteady fluid flow is replaced by a volume distribution of acoustic sources
(quadrupoles) embedded in a uniform medium at rest, in which the sources may
move, but not the fluid. This explains why such an approach has been termed an

Acoustic Analogy.
One essential result that can be derived from this theory is the noise scaling
law. The formal solution to Eq. (1.1) is obtained by taking the convolution integral of
the Green’s function and the source term. By applying dimensional analysis to this
solution, Lighthill showed that the acoustic power radiated by a turbulent, low-
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speed flow varies as the eighth power of the flow velocity, Uj. Later acoustic
measurements by Lush [23] provided further validation of the eighth-power scaling
while also showing effects of flow-acoustic interactions.
The main drawback of Lighthill’s theory of aerodynamic noise is that all the
mean-flow effects on propagation, namely the source convection and the refraction
effects are encompassed in the source terms and ignored in d’Alembert’s propagation
operator. As stated previously, in the acoustic analogy the equivalent sources may
move, but the fluid may not. Lighthill identified this issue and suggested that Eq.
(1.1) should be evaluated in a frame of reference moving at the convection speed of
the turbulence. In doing so, he showed that the effective volume of the sources is
augmented by the Doppler factor |1 – Mc cosθ|. In 1963, Ffowcs-Williams
specifically examined the importance of source convection in high Mach number jets
[24] and concluded that, for such cases, the acoustic power radiated by the flow
should behave as an approximate cubic power dependence on the jet velocity.
In 1974, Lilley established that the d’Alembert’s operator in Lighthill’s
equation could be modified to take into account the effect of mean-flow refraction
[25]. Because acoustic waves propagate through a highly non-uniform flow they
undergo refraction in their passage through the jet, in the same way as a light beam
becomes tilted when it propagates through a medium with varying refraction index.
This process creates a relatively quiet region towards the jet centerline, referred to
as the cone of silence. The existence of such a quiet region was first reported in 1965
by Atvars et al. [26]. For a more in-depth description of the acoustic analogy theory,
the reader is referred to the extensive review articles by Lighthill [27], Ribner [28],
and Lilley [29].

1.2.2

Turbulent Mixing Noise

1.2.2.1 The Noise Generated by Large-Scale Turbulence Structures
As the jet velocity is increased to a point where turbulence convection velocities
exceed the ambient speed of sound, highly directional and intense acoustic waves are
generated, as visualized in the schlieren photograph given in Figure 1.2. This
phenomenon is observed, of course, in high supersonic, cold jets but also in low
supersonic (and even in subsonic) heated jets. It was first analytically described in
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the 1960’s by Phillips [37], Ffowcs-Williams [24], and Ribner [28] who termed the
mechanism the “eddy Mach wave emission”. They suggested that turbulent eddies
moving supersonically would generate Mach waves in the same manner as that
ballistic waves are produced from a bullet.

(a)

(b)

Figure 1.2 Schlieren visualization of Mach waves radiated from supersonic jets
consisting of (a) pure helium (from Ref. [38]) and (b) helium/air mixture (from Ref.
[39]).
The physical nature of such acoustic waves was to remain unclear until the
pioneering work of Brown and Roshko [40] and Crow and Champagne [41] (among
others) on large-scale turbulent structures. These authors showed that turbulence in
mixing layers and in jets is made up of large-scale as well as fine-scale structures.
Figure 1.3 presents shadowgraphs (from Refs. [40] and [45]) of such large turbulent
structures visualized in mixing layers between different gases. In the case of jets
with supersonic convection speeds, McLaughlin et al. [30] showed that the largescale structures radiate noise directly. For subsonic convection velocities, similar
large turbulence structures do play a crucial in the dynamics and mixing of the jet
fluid, but do not appear to be efficient noise generators. Morris and colleagues [31,
42], followed by Plaschko [43] and Tam and Burton [44], modeled such structures in
the form of instability waves of the mean flow, and predicted the sound generated by
these instability waves with very favorable comparison to experiments.
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(a)

(b)
Figure 1.3 Visualizations of the large-scale turbulent structures using (a) the
schlieren technique (mixing layer between helium and nitrogen, from Ref. [40]) and
(b) the Rayleigh-scattering technique (detailed view of the mixing layer between
helium and ethylene (C2H4), from Ref. [45])
From a physical viewpoint, the Mach wave emission process can be analyzed
using the wavy wall analogy. In the case of a wavy wall convected at a supersonic
speed Uc, the Mach angle µ made by the wavefronts is given by

 1 

 Mc 

µ = sin–1 

(1.3)

In equation (1.3) Mc refers to the jet convective velocity relative to the ambient speed
of sound,

Mc =

Uc
c∞

(1.4)

Notice that this definition is significantly different from the jet Mach number itself,
which is computed using the acoustic velocity within the jet flow,

Mj =

Uj
cj

(1.5)
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The direction of propagation of the Mach waves, βM, is given by the formula:
 1 

 Mc 

βΜ = cos–1 

(1.6)

For applications to jets both angles in Eqs. (1.3) and (1.6) are measured with respect
to the outlet jet axis. Before closing this discussion one should mention that a
number of authors have proposed empirical relationships to estimate the convective
velocity, with only limited comparison to experimental data (see Ref. [46], for
instance).
1.2.2.2 The Two Components of Turbulent Mixing Noise
It has been proposed by several investigators [32–35] that turbulent mixing noise
from high-speed jets essentially consists of two distinct components, which are
generated by the fine-scale and the large-scale turbulent structures of the jet,
respectively. Although this concept of the noise sources has raised some controversy
[36], it provides new and interesting perspectives on the physics of jet noise.
Following Tam’s approach on the two sources of jet noise [33], the first component
(generated by the fine-scale turbulence of the jet) radiates in every direction and
exhibits only a weak directional dependence, primarily due to convection and
refraction effects. The second noise component is created by large-scale turbulent
structures that are being convected supersonically relative to the ambient speed of
sound; the direction of noise radiation is concentrated around the angle βM (Eq.
(1.6)). Recognizing that the large-scale and small-scale structures generate noise in
different mechanisms, Tam et al. [47] have developed an empirical approach to
computing the far-field acoustic power spectra of the noise radiated by any
axisymmetric jet. They argued that since the mean flow and turbulence in a jet
exhibit self-similarity, the noise spectra should also exhibit similarity. Through
careful analysis of the jet noise database at NASA Langley Research Center, the
authors were able to determine empirically the shape of the spectrum functions for
both the fine-scale and large-scale turbulent mixing noise (which they termed the
‘similarity spectra’), depending on the observation angle. Recent comparisons of the
similarity spectra with experimental data measured at various Mach numbers have
shown good overall agreement [35, 47].
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1.2.3

Jet Crackling

The term ‘crackle’ refers to a subjectively discernible component of turbulent mixing
noise emitted at very high jet exhaust velocity conditions. Crackle was first
identified in 1975 by Ffowcs-Williams et al. [48] in the noise signature of a RollsRoyce/Snecma Olympus 593 engine operating at high specific thrust – the engine
that powered the Concorde supersonic transport. The crackling of a jet appears to be
due to random sets of sharp compressions, immediately followed by gradual and
considerably less intense expansions. A typical pressure waveform of a crackling jet
is shown in Figure 1.4. As a matter of fact, these individual spikes strongly resemble
those produced by the wave steepening mechanism that characterizes nonlinear
propagation effects (c.f. section 1.3). Ffowcs-Williams et al. [48] addressed this issue
by performing a numerical simulation in which a waveform was propagated
nonlinearly in a lossless medium. Their results implied that nonlinear steepening
was insufficient to generate significant waveform skewness, but their neglect of
atmospheric effects – particularly dispersion – made this conclusion somewhat
questionable. Moreover, their study revealed that crackle cannot be characterized
from spectral analysis but that it could be accurately quantified by the skewness
level of the probability density function of the recorded pressure waveforms. It was
suggested that noise signals with skewness values less than 0.3 are crackle-free,
whereas signals with skewness values in excess of 0.4 crackle distinctly.

Figure 1.4 Illustration of the typical shape of the pressure waveform observed in a
crackling jet, from Ref. [48].
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Recently Krothapalli et al. [49] carried out an extensive series of experiments
on axisymmetric, underexpanded, hot jets with Mach numbers 1.36 and 1.58, and
temperature ratios (ratio of the jet static temperature to the ambient temperature)

Tj /T∞ = 2.0 and 2.2, respectively. The authors showed that crackle is a highly
directional phenomenon, peaking (in terms of skewness values – as high as 0.7) in
the vicinity of the Mach wave propagation angle, βM (cf. Eq. (1.6)). Very low crackle
levels (below 0.4) were found in the forward arc. Consequently crackle-type signals
are thought to be related to Mach waves in some fashion. The authors also proposed
a new model for crackle generation, based on an explosion-type mechanism. In their
model, crackle is envisioned as a source phenomenon generated by the sudden
expansion of cold ambient fluid elements entrained with the hot jet stream. This led
to the conclusion that crackle could be produced only within hot, highly supersonic
jets with convective Mach numbers Mc substantially greater than 1.0. Experiments
on small-scale model jets carried out at Penn State University [50] gave some
indication that crackle may be primarily a source phenomenon, insofar as supersonic
heat-simulated jets were found to be distinctly crackling at distances as small as 15
jet diameters from the nozzle exit. Nevertheless, at the present time the exact
mechanisms responsible for jet crackling are very poorly understood.

1.2.4

The Noise from Imperfectly-Expanded Jets

The present study is not limited to ideally-expanded cases, but extends the jet
operating conditions to those with significant components of shock-associated noise,
present in imperfectly-expanded supersonic jets. Shock-associated noise consists of
two components, namely screech tones and broadband noise. Screech refers to highamplitude, discrete tones that can be readily identified in the acoustic spectrum.
When present, the sound levels associated with the screech tones dominate all other
noise contributions in the forward arc (i.e. upstream the nozzle exit). Powell [51, 52]
was the first to investigate the mechanism of screech tones generation in detail, and
he inferred this mechanism to be a resonant loop, driven by acoustic feedback of
noise created by the passage of flow disturbances through the nearly periodic shockcell structure. Several models were further developed by Fisher and Morfey [53],
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Tam et al. [54] and Panda [55] (among others) to accurately predict screech tone
frequencies.
The second component of shock-associated noise is broadband in nature.
Typically, its far-field spectrum amplitude rises rapidly with frequency up to a welldefined maximum and then decreases in a more gentle fashion at higher
frequencies. There is also some evidence of smaller peaks in the spectrum at higher
frequencies. The work published by Harper-Bourne and Fisher [56] in 1973 was an
important contribution to the theory of broadband shock-associated noise. In 1987,
Tam [57] proposed a stochastic model theory for broadband shock-associated noise
that showed good overall agreement with experimental data. As a example, the
different noise components for an underexpanded jet (Mj = 1.67, Md = 1.49 from Ref.
[58]) are highlighted in the acoustic spectra shown in Figure 1.5 for various polar
directivity angles (note that angles are measured with reference to the jet inlet axis).

Figure 1.5 Noise power spectra at various polar directivity angles relative to nozzle
inlet for a supersonic, underexpanded jet; from Ref. [58].
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1.3 Nonlinear Acoustics
In the previous section our attention was primarily focused on the mechanisms of
generation of jet noise. The issue of acoustic propagation has been deliberately left
aside. Broadband jet noise is usually assumed to propagate according to linear
acoustic laws, although there are clear indications from a number of experiments
(e.g. Refs. [6–9]) that nonlinear propagation effects may significantly distort the
acoustic waves and spectra at high noise levels. This section briefly reviews the
foundations of nonlinear acoustics and provides evidence of nonlinear effects in the
propagation of finite-amplitude noise.

1.3.1

A Simple Model

Although the interest in the nonlinear evolution of broadband noise spectra is rather
recent, the field of nonlinear acoustics is very old. Euler (1765), Stokes (1848) and
Earnshaw (1860) successively established the basics of the theory (see Blackstock’s
extensive review article [59] for a very detailed discussion of their respective
contributions).
The present section focuses on deriving a simple equation to help identify the
impact of nonlinear distortion on acoustic waves. The disturbance-related variables
are referred to as ρ (density), p (pressure), u (velocity) and c (local speed of sound).
The surrounding fluid is considered to be at rest, with acoustic velocity c∞. The
continuity and momentum equations can be written in the general form:
∂ρ ∂ (ρui )
=0
+
∂xi
∂t

(1.7)

∂ (ρui ) ∂ (ρuiuj )
∂p
+
=−
∂t
∂xj
∂xi

(1.8)

In doing so we neglect the viscous forces (lossless fluid) and assume one-dimensional
propagation. With the aforementioned assumptions these equations simplify:
∂ρ ∂ (ρu )
+
=0
∂t
∂x

(1.9)
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∂u 
∂p
 ∂u
 ∂ρ ∂ (ρu ) 
+u
+
 +u 
=−
∂
∂
∂
∂
t
x
t
x
∂
x





ρ

(1.10)

By combining equations (1.9) and (1.10) we obtain:
∂u 
∂p
 ∂u
+u
=−
∂x 
∂x
 ∂t

ρ

(1.11)

∂u
∂p
= ρc
∂x
∂x

(1.12)

If we use the relationship that

(with c the local speed of sound), Equation (1.11) can then be rewritten as:
∂u
∂u
+ (u + c )
=0
∂t
∂x

(1.13)

Moreover for an isentropic fluid the local speed of sound c can be expressed in terms
of the ambient speed of sound for a quiescent medium, the particle velocity and the
specific heat ratio:

c = c∞ + ½(γ – 1) u

(1.14)

This finally yields the nonlinear reduced wave equation:

∂u
∂u
+ (c∞ + βu)
=0
∂t
∂x

(1.15)

where β = ½(γ + 1). β is referred to as the coefficient of nonlinearity. It is interesting
to compare this result to the classical wave equation of linear acoustics:

∂u
∂u
+ c∞
=0
∂t
∂x

(1.16)

Equation (1.15) shows that the speed of propagation of any acoustic wave is not
constant and varies from point to point on the waveform, depending on the velocity
amplitude. Eq. (1.15) can be solved analytically in the form of the so-called Poisson
(1808) or Earnshaw (1860) solutions, depending on the type of source condition
considered. Unfortunately, both the Poisson and Earnshaw solutions are implicit in
nature. Given the illustrative purpose of this section, the use of an explicit solution
would be more straightforward. For periodic waves the Poisson and Earnshaw
solutions can be turned into explicit functions of time and distance by expanding the
solution variable (u or p) as a Fourier series. The first to employ this approach was
Fubini (1935), who was primarily interested in the monofrequency source problem
[60].
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1.3.2

The Fubini Solution

Taking pressure as the field variable, Fubini [60] sought a solution to Eq. (1.15) in
the form of a complex infinite Fourier series and derived the expression that now
bears his name:
∞

p (σ ,τ ) = p 0 ∑
n =1

2

nσ

J n (nσ ) sin(nωτ )

(1.17)

where p0 is the pressure amplitude at the source, t is time, Jn is the Bessel function
of the first kind of order n, and σ is the space variable normalized by the shock
formation distance. Plots of the Fubini solution in Figure 1.6.a illustrate the effects
of the variation of the speed of propagation on a initially sinusoidal wave (for the
sake of example, the waveform frequency is 1 kHz with 150 dB (re 20 µPa)
amplitude at the source). The pressure time history is recorded at three
progressively more distant locations. Because waveform peaks travel faster than
troughs, compression sections of the waveform become steeper and steeper, while
expansion sections become less and less steep. This process, called waveform

steepening, constitutes the most important result of the nonlinear acoustics theory.
At a distance x , strong shocks form in the waveform. x is referred to as the shock
formation distance and is used to generate the normalized quantity σ = x / x . At a
distance of about 3 x , the initially sinusoidal wave eventually evolves into a sawtooth wave. Note that the Fubini solution is only valid in the pre-shock region (σ ≤
1).
The acoustic power spectra (Fig. 1.6.b) computed from the pressure time
signals in Fig. 1.6.a display clearly the growth of harmonics and intermodulation
distortion that characterizes the propagation of periodic waves with finiteamplitude. Notice that the power spectra in Fig. 1.6.b are made up of a continuous
ensemble of well-defined peaks rather than discrete impulses, due to the use of
digital Fourier transforms and windowing. The process of nonlinear waveform
steepening results in a significant transfer of energy from the fundamental to the
higher-harmonic components of the spectrum. A similar spectral enrichment can be
reasonably expected in the propagation of broadband acoustic signals, even though
the involved physical mechanisms would be obviously of much greater complexity.
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(a)

(b)
Figure 1.6 Effect of nonlinear propagation on an initially sinusoidal waveform with
1 kHz fundamental frequency and 150 dB amplitude: (a) sample pressure signals
and (b) acoustic power spectra.
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1.3.3

Nonlinear Effects in Broadband Noise Propagation

In the early 1970’s, a series of laboratory experiments was performed in an effort to
document the nonlinear effects encountered in the planar propagation of finiteamplitude quasi-monochromatic signals (Pernet and Payne, 1971 [61]) and
broadband noise (Pestorius and Blackstock, 1974 [62]). All experiments were carried
out in air-filled pipes (i.e. with weak attenuation and dispersion, as these effects are
essentially caused by the thermoviscous boundary layers developing along the walls)
with sound pressure levels up to 160 dB. Pressure waveforms were recorded at
various distances from the source with microphones mounted flush with the side
walls of the tubes. The results clearly revealed two distinct phenomena, namely
waveform steepening and shock wave coalescence, the former of which leads to shock
formation and results in an increase in the higher harmonic content of the noise
signal. The shock waves generated in this way possess random amplitudes and thus
may propagate at different speeds [63], which eventually leads to shock coalescence.
As a consequence the waveforms develop into ones with fewer zero-crossings, and an
increase of the lower end of the acoustic spectrum results. Pestorius and Blackstock
[62] concluded that nonlinear effects in broadband noise propagation lead to an
energy transfer from the central part of the spectrum to both the high- and lowfrequency range.
Nonlinear propagation effects in the noise radiated from high-speed, cold,
model jets were first investigated by Gallagher and McLaughlin [64] in a low
Reynolds number facility. Although the noise characteristics of a jet are much more
complex than those of plane waves, the authors were able to identify and quantify
both wave steepening and shock amalgamation in the recorded pressure signals.
Recent laboratory experiments carried out at Penn State [12, 65] and at the Boeing
Company acoustic research facility [66] brought further confirmation of Gallagher
and McLaughlin's initial findings. Also, a number of experimental studies [6–9] have
revealed that flyover noise measurements made on both civil and military, highpower aircraft typically exhibit anomalously low atmospheric absorption at high
frequencies. An analysis of the recording equipment and measurement environment
indicated that nonlinear energy transfer to high frequencies was a possible
explanation for the anomalously low absorption. More recently, analyses by Gee et
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al. [10, 11] of F/A-18E Super Hornet engine run-up propagation data showed
evidence of nonlinear energy transfer, in terms of measured versus linearlypredicted spectra at multiple distances, as well as nonlinearity indicator calculations
(c.f. next section).

1.3.4

An Indicator of Nonlinear Propagation

Although very few analytical developments are available in the literature for the
nonlinear propagation of broadband noise, it is worth mentioning the work of Morfey
and Howell [17] who derived a very useful expression in the form of the following
equation:

[

]

 β
∂ 2
r exp(2α (ω )r ) S pp (ω , r ) = −ω 
3
∂r
 ρ ∞c ∞

 2
r exp(2α (ω )r )Q 2 (ω , r )
p p



(1.18)

where r, α, β and ω are the range, absorption coefficient, coefficient of nonlinearity
and radian frequency, respectively. Spp refers to the acoustic power spectrum and

Q p 2 p to the imaginary part of the cross-spectral density calculated between p 2 and
p. The authors showed that the right-hand side of Eq. (1.18) can be used to estimate
nonlinear spectral distortion between two points on the propagation path, since such
nonlinear distortion must be the consequence of a non-zero value of Q p 2 p . It is
important to emphasize that Morfey and Howell did not directly use Eq. (1.18) as a
nonlinear indicator, but as part of a numerical scheme to predict nonlinear effects in
the propagation of broadband noise. Recently, a number of researchers (see Refs.
[12, 66, 67, 68]) have started using various quantities involving Q p 2 p in order to
demonstrate evidence of nonlinear effects. More specifically, negative values of the
right-hand side in Eq. (1.18) can be interpreted as an energy loss due to
nonlinearities, while positive values denote an energy gain. Within the framework of
the present study, the so-called Morfey-Howell indicator of nonlinearity is to be
understood as the right-hand side of Eq. (1.18) normalized by the quantity Dj (prms) 2
(with Dj the jet diameter, and prms the root mean-square pressure).
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1.4 Scope of Thesis
1.4.1

Research Objectives

The main goal of this thesis is to help clarify some of the issues associated with
nonlinearities in the noise radiated by high-speed model jets. For that purpose, an
extensive experimental program has been conducted, including both flow-field and
acoustic measurements from pure air and helium/air mixture jets over a large range
of operating conditions and in a controlled environment. Acoustic properties of both
cold and hot jets are now well documented, especially in the works by Seiner et al.
[46], Tam et al. [47], Doty [69, 70], and Viswanathan [71]. Very little has been done,
however, to sort out the entanglement between nonlinear propagation effects, jet
crackling and Mach wave emission.
The current study intends to address this lack of data through measurements
of the pressure waveforms and acoustic power spectra of the sound radiated from
axisymmetric, subsonic and supersonic jets, using a linear array of condenser
microphones. In an effort to produce high-quality acoustic datasets covering a wide
range of testing conditions and configurations, the impact of the jet static to ambient
temperature ratio (Tj /T∞) as well as the nozzle pressure ratio will be thoroughly
investigated. In particular, the analysis of shock-containing jets represents a real
challenge as the latter contain additional noise contributions and exhibit directivity
and spectral patterns that are fairly different from perfectly expanded jets.
To best capture the phenomena associated with nonlinear propagation effects
and crackle, microphones must be located in the maximum noise emission direction.
Thus, such directions are determined first (in terms of polar angles) by a study of
noise directivity patterns for all operating conditions.
Furthermore, without measured flow data it is impossible to be certain what
structures and/or changes are truly present in the jet flow at a given value of
Reynolds number, Mach number, and temperature ratio. In the present work
nonintrusive optical diagnostics will be utilized with the aim of producing both
qualitative and quantitative flowfield analyses. A traditional schlieren instrument
will allow direct visualizations of the flow patterns (such as shocks and Mach waves)
and qualitative assessment of such key quantities as the jet spreading rate, shear
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layer thickness, and potential core length. An optical deflectometry system will
provide time-resolved measurements of density gradient fluctuations at two distinct
points within the jet shear layer. Generally speaking, these measurements are of
crucial importance in aeroacoustics, as they offer direct insight into the jet noise
source characteristics and can be advantageously used in computational models
based on Lighthill’s acoustic analogy [72–74].
As a summary, four interrelated objectives constitute the basis of this thesis
and are outlined below:
1. To perform an extensive experimental investigation of the impact and
principal acoustic characteristics of nonlinear propagation effects on the
broadband noise radiated from model jets at various flow conditions (pressure
and temperature ratios).
2. To carry out detailed qualitative and quantitative flowfield analyses of the
turbulence properties in high-speed jet shear layers using nonintrusive
optical diagnostics.
3. To provide a better understanding of the relationship between such complex
phenomena as nonlinear propagation, jet crackling and Mach wave radiation.
4. And finally, to contribute to a much needed, larger high-quality experimental
jet noise database available for the development and refinement of
algorithms for nonlinear acoustic propagation and broadband noise
predictions.

1.4.2

Summary of Test Conditions

A large number of experimental conditions has been selected for the purposes of the
present study, in an effort to match typical commercial and military aircraft engines
at both takeoff and cruise conditions. The experimental conditions are summarized
in Table 1.2. The table includes (for each test case) the jet Mach number Mj, the jet
static temperature ratio Tj /T∞, the jet velocity Uj, the acoustic Mach number Ma
(defined as the ratio of jet exhaust velocity to the ambient speed of sound), the jet
static to ambient density ratio ρj /ρ∞, the characteristic frequency fc = Uj /Dj, and the
Reynolds number (calculated for a ½ inch – or 1.27 cm – diameter nozzle).
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Table 1.2 Detailed summary of the experimental conditions tested in the present
study.

Geometry

Mj

Circular,
C-D,
Md = 1.5
nozzle
Dj = ½”

Circular,
C-D,
Md ≈ 1.76
nozzle
Dj = ½”
† Optical

(m.s–1)

Ma

ρj /ρ∞

fc

(kHz)

Re

229.7

0.67

1.11

18.10

199,800

1.0

241.3

0.70

1.00

18.97

196,500

1.1

253.1

0.74

0.92

19.89

193,800

0.86

287.1

0.83

1.16

22.61

250,000

1.5

379.3

1.10

0.67

29.87

192,200

2.3

469.7

1.36

0.44

36.98

174,200

3.0

536.4

1.56

0.34

42.24

127,700

0.73

397.7

1.16

1.36

31.31

345,900

2.5

734.5

2.13

0.40

57.84

196,800

0.83

316.1

0.92

1.19

22.24

330,000

1.0

345.9

1.01

1.00

24.37

286,000

1.44

412.7

1.20

0.69

29.24

233,000

2.67

562.0

1.64

0.37

39.81

169,000

0.69

427.1

1.25

1.45

33.63

371,500

0.85

477.6

1.38

1.18

37.47

321,400

1.0

518.0

1.51

1.00

40.64

284,200

1.25

577.1

1.68

0.80

45.44

242,600

2.0

730.0

2.12

0.50

57.48

195,600

2.5

816.1

2.37

0.40

64.26

174,700

1.60

0.66

447.6

1.30

1.51

35.24

376,000

1.70

0.63

465.7

1.35

1.62

36.67

405,100

1.80

0.61

485.6

1.40

1.66

38.24

422,400

1.89

0.58

496.9

1.45

1.71

39.22

432,200

0.9

1.35
Conical,
beveled,
Md = 1.0
nozzle,
Deq = 0.6”

Uj

0.91
0.7†
Circular,
conical,
Md = 1.0
nozzle
Dj = ½”

Tj /T∞

1.0†

1.5

deflectometry measurements only.
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1.4.3

Thesis Synopsis

The remainder of this thesis presents the successive experiments and associated
results conducted on the aeroacoustic properties of high-speed axisymmetric jets,
both cold and heat-simulated. Chapter 2 describes The Pennsylvania State
University high-speed jet noise facility and summarizes the main aspects of the
heated jet simulation methodology based on helium addition to the air stream. The
experimental procedures, including the data acquisition system and various types of
instrumentation are discussed in Chapter 3. Particular emphasis is placed on the
processing and correction techniques applied to the microphone and optical
deflectometry output signals.
Chapter 4 marks the beginning of the discussion on experimental results.
The noise directivity studies and all the frequency-domain results (spectral data and
Morfey-Howell indicator of nonlinearity) are reported. The results of the
nonintrusive, optical measurements are given in Chapter 5. These results are both
qualitative (schlieren images) and quantitative (spectral and cross-correlation data)
in nature. Chapter 6 is devoted to the careful examination of the time-domain data
collected from both the acoustic and flowfield measurements. More specifically, a
number of mechanisms are proposed to account for some aspects of jet crackling and
nonlinear distortion of acoustic waves. Finally, Chapter 7 provides conclusions for
this experimental work as a whole and provides recommendations for future studies.
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Chapter 2
Experimental Facility
2.1 Facility Description
All the experiments presented in this work have been carried out in the
Pennsylvania State University high-speed jet noise facility. This chapter gives only
an overview of the present-day facility. For a more thorough description of the
design, validation and evolution of the facility, the reader should refer to the
extensive work by Kinzie [75] and Doty [76].

2.1.1

High Pressure Air Supply System

The Pennsylvania State University high-speed jet noise facility consists of a
compressed air supply exhausting through a jet plenum and nozzle into an anechoic
chamber, as shown in Figure 2.1. The current compression unit is composed of a CS121 compressor connected to a KAD-370 air dryer, both manufactured by KAESER
Compressors, Inc. A second compression system (three-stage compressor) is also in
working order but serves only as back up. One of the most important features of the
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KAESER compression unit is the possibility of automatic recharge; as soon as the
reservoir pressure drops below 165 psig, the compressor automatically recharges
back to 195 psig. As a result, the air supply proved to be capable of sustaining
runtimes of several hours (for the operating conditions specified in section 1.4.2)
without any significant variation of the nozzle pressure.

Figure 2.1 Schematic of the High-Speed Jet Noise Facility at The Pennsylvania
State University.

The air supply is filtered, dried, and stored at a pressure 1.34 Mpa (195 psig)
in two reservoirs with a capacity of 18.9 m3 (6,700 ft3) each; air initially passes
through a 2.54 cm (1.0 inch) Leslie control valve where the pressure is regulated
down to the desired value by applying a shop air supply (30 psig) to the valve
diaphragm. Downstream from the control valve the air flows through a pressure
relief valve and is then delivered into a series of pipes connected to the jet plenum.
The pressure relief valve is set at 0.83 Mpa (120 psig) to avoid over-pressurizing the
line. It is important to point out that these two elements of the air supply system
have been found to be somewhat restrictive in terms of possible operating conditions.
As a matter of fact, the specifications of the control valve and pressure relief valve
are inherited from previous facility designs and are best suited for nozzle diameters
of 1.27 cm (½ inch) or smaller. However, we strongly recommend that a larger
control valve be installed (along with an appropriate pressure relief setting) for
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experiments using larger nozzles, especially in the supersonic regime and for highly
heat-simulated cases.
For such heat-simulation purposes (c.f. section 2.2), a set of three helium
cylinders pressurized to approximately 15.9 Mpa (2,300 psig) separately feeds into
the same series of piping. A system of piping and valves allows for the adjustment of
pressure and mass flow of each stream separately, while also providing an adequate
length for proper mixing of air and helium before entering the plenum.

2.1.2

High Temperature Plenum

Although the existing facility does not currently have any heated jet capability, it
includes a high-temperature, stainless steel plenum lined with Kaowool insulation
capable of withstanding temperatures up to 1366 K (2000° F). The Kaowool acts as a
good thermal insulator as well as an effective noise absorber. In this way, the
plenum also acts as a muffler. While this plenum has the capability for triaxial flow
– simultaneously running three coaxial jet flows, only the primary jet stream is
utilized for the current study. The contraction ratio of the plenum with a 1.27 cm
(0.5 in) nozzle is 50:1. A perforated plate and honeycomb, followed by six fine mesh
screens have been added upstream of the plenum inlet for turbulence management
purposes. This section does not only reduce the turbulence levels of the flow, but also
facilitates a more complete mixing of helium and air in the heat-simulated cases.

2.1.3

Nozzle Designs

Four nozzles with different design Mach numbers (Md) and geometries are tested
throughout the present study. Most experiments are carried out using a set of three
circular, stainless steel nozzles with 1.27 cm (½ inch) exit diameter and design Mach
numbers Md = 1.0, 1.5 and 1.76, respectively. A convergent, beveled nozzle with 45°
bevel angle and 1.524 cm (0.6 inch) equivalent diameter is used for targeted flowfield
measurements in both cold and heat-simulated jets. Schematics of the various
nozzles are shown in Figure 2.2. Note that “contoured” nozzles are shaped to
produce, shock-free, parallel exhaust flow. Both the beveled and the circular, Md =
1.76 nozzles were designed and provided by the Boeing Company [77].
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(a)

(b)

(c)

(d)

Figure 2.2 Schematics of the various nozzles used throughout the present work (a)
circular, contoured, converging nozzle – Dj = 0.5 in, Md = 1.0, (b) circular, contoured,
convergent-divergent nozzle – Dj = 0.5 in, Md = 1.50, (c) circular, non-contoured,
convergent-divergent nozzle – Dj = 0.5 in, Md = 1.76, and (d) conical beveled nozzle –
Deq = 0.6 in, Md = 1.0, 45° bevel angle.
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Additionally, limited measurements are performed using a convergentdivergent, rectangular nozzle (Deq = 0.695 in, Md = 1.5) and a purely converging,
elliptic nozzle (Deq = 0.687 in, Md = 1.0). The elliptic nozzle is made of fiberglass; the
rectangular nozzle was fabricated using low-cost, rapid prototyping Stereo
Lithography Apparatus (SLA). Both are occasionally used as substitutes to the
round nozzles because of their larger equivalent diameters. The use of larger nozzles
is expected to lead to more accurate acoustic measurements, as the spectral data are
subjected less severe correction factors (see section 3.2.2) due to the reduced
frequency range.

2.1.4

Anechoic Chamber

The anechoic chamber itself consists of fibreglass wedges with wedge-to-wedge
dimensions 5.02 × 6.04 × 2.80 m (i.e. 16.50 × 19.82 × 9.15 ft). The chamber cut-off
frequency is theoretically 125 Hz, but the reality of it is probably closer to 500 Hz.
As seen in Figure 2.1, an exhaust fan system prevents excessive build-up of helium
and ensures minimal change in ambient conditions over the running time. The
chamber is isolated from the ventilation fan noise by an axisymmetric muffler (cut
into two parts and placed before and after the fan) as well as anechoic treatment
throughout the exhaust duct.

2.2 Heated Jet Aeroacoustic Simulation
One important aspect of the Penn State research program over the recent years has
been the use of helium/air mixture jets as a low cost alternative to heated jets. A
thorough discussion of the heat-simulation technique can be found in Refs. [76, 78].
For the sake of completeness, the main aspects of the simulation approach are
summarized in this section.
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2.2.1

Methodology of Simulation

The variation of temperature of a jet essentially affects two parameters, namely the
density and the acoustic velocity. The jet density value is given by the ideal gas law:

ρj =

pj
R gas Tj

(2.1)

where Rgas denotes the gas constant. Moreover, Laplace (1816) derived the following
expression for the acoustic velocity:

cj =

γ R gas Tj

(2.2)

where γ represents the specific heat ratio. Equations (2.1) and (2.2) clearly indicate
that increasing the temperature of a jet decreases density (assuming constant pj )
and increases the acoustic velocity. Helium was chosen as the mixture gas because it
is significantly less dense than air and exhibits a higher gas constant.
Ideally, the aeroacoustic properties of a heated jet would be accurately
simulated using a gas mixture by matching both the density and the acoustic
velocity. One shall insist here on the fact that the characterizing parameter for a
heated jet was selected as the temperature ratio Tj /T∞ (ratio of the jet static
temperature to the ambient temperature), to account for varying ambient conditions.
Thus, the matching parameters are in fact the density ratio, ρj /ρ∞ and the acoustic
velocity ratio, cj /c∞. Nevertheless, it turns out that it is impossible to match both
ratios using a helium/air mixture: for a given temperature ratio, the appropriate
amount of helium to match acoustic velocity ratio is always smaller than what it
should be to match density ratio.
Whether the matching parameter is density or acoustic velocity, the
simulation can be generally described as a two-step iterative process. In the first
place the adequate quantity of helium is determined, depending on the selected
temperature ratio, the jet Mach number and the nozzle area. In the second place the
proper pressure settings to achieve the desired mixture are computed. In the current
study, an algorithm previously developed by Doty (and available in Ref. [76]) is used
to automatically calculate the appropriate helium concentration and corresponding
pressure settings.
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2.2.2

Implementation and Validation Studies

As stated earlier, for the heat-simulated cases a set of three helium cylinders
separately feeds into the main air stream. A system of piping and valves allows for
the adjustment of the pressure and mass flow rate of the helium stream. The
accuracy of such a simulation technique was discussed at length by Doty and
McLaughlin [69, 70, 78]. They compared both far-field spectra and directivity
patterns from heat-simulated jets with the heated jet data available in the
literature. Generally, both parameter matching showed very similar agreement with
existing heated jet data, with a 5–10 % mismatch of one parameter or the other at
the highest temperature ratios. Overall, it was found that the density-matching
cases produce slightly more accurate results. Therefore all the heat-simulated
results presented in this thesis were obtained by matching density ratio.

2.3 Facility Operation
2.3.1

Main Air Supply System

The operation of the high-speed jet noise facility is a relatively straightforward
process, following the steps shown in Figure 2.3. The main flow control is
accomplished through the use of a hand-operated dial control valve. This valve
regulates the amount of air pressure applied to the diaphragm of the pressure
control valve. The dial control valve, in turn, monitors the plenum stagnation
pressure and hence, the jet velocity.
After turning on the data acquisition electronics to allow adequate time for
warm-up, the outside eductor and the main gate valve are both opened. It should be
verified that the reservoir tank of compressed air contains an adequate supply. The
hand-operated vent valve is then closed (the function of this valve is to ensure the
piping is vented to atmosphere when the facility is not in operation). The shop air
supply line is connected to the main dial control valve, and the quick release valve is
closed at the same time as the quick shut-off valve is opened. These valves link up
the shop air supply to the main pressure control valve. The facility is now ready for
operation, and the dial control valve is slowly opened. Typically 34.5 kPa (5 psig) is
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Figure 2.3 Schematic of High Speed Jet Noise Facility operation (from Ref. [76]).
adequate to open the pressure control valve. The dial control valve is then used to
adjust the jet to the desired pressure as indicated from a pressure transducer
reading the plenum stagnation pressure. Further adjustments in the downstream
valves are necessary for helium addition experiments as detailed in the next section.
To shut down the facility, these procedures are simply performed in reversed order.

2.3.2

Adjusting Helium Concentration Level

Determining the proper pressure settings of the helium and air streams for a desired
Mach number and simulated temperature ratio involves first calculating the
corresponding mass flow rates and helium concentration level. This is achieved by
running a computer code (available from Ref. [76]), which directly produces the
required pressure values.
Prior to running an experiment, each stream is allowed to flow individually to
set the appropriate stagnation pressure at the nozzle exit (as shown in Figure 2.4).
In particular, the air stream needs to be carefully adjusted using the three throttling
valves connected in parallel in order to bring the air flow down to the desired
pressure value as well as to guarantee sufficiently high pressure upstream of the
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helium delivery line. As noted by Kinzie and McLaughlin [79], it is especially
important that the stagnation pressures set individually for each stream be
sufficiently higher than the expected mixture stagnation pressure in the plenum,
such that choked flow exists in both the helium and the air delivery lines. This
ensures that the individual mass flow rates do not vary when both streams are
flowing simultaneously and the backpressure changes. These choke points are
shown as V1 and V2 in Figure 2.4. As both streams are mixed in the plenum,
measurements are automatically acquired when the appropriate mixture stagnation
pressure is reached at the nozzle exit.

Figure 2.4 Schematic of upstream choking procedure for helium/air mixture jets
(from Ref. [76]).

2.4 Future Facility Evolution
Even though the present High-Speed Jet Noise Facility is fully operational, there
are a limited number of issues to address with the high-pressure air supply system,
the high-temperature plenum, and (potentially) the electric heater and eduction fan
system.
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As mentioned previously, a larger pressure control valve will be necessary for
experiments involving 2.54 cm (1 in) jets or larger at supersonic flow conditions
and/or for particularly high heat-simulated temperature ratios. In addition, a
pressure feedback control system would greatly reduce the time required to reach a
set condition compared to the current manual adjustments. The use of solenoid
valves (replacing the existing throttling valve) on the helium delivery line might also
help

decrease

the

helium

consumption

while

improving

the

accuracy

of

measurements.
Furthermore, the design of the high-temperature plenum may need to be
modified (or even replaced) if a co-annular flow is to be generated. Nonetheless, note
that the eductor fan system could be advantageously used to produce a large
external flow in the anechoic chamber and simulate forward flight effects, for
instance. The eduction fan system itself will also require slight modifications. More
specifically, the exhaust duct to the ambient atmosphere will need to be diffused
more effectively to reduce the velocity of the air exhausted.
Finally, a 200 kW electric heater was purchased as surplus equipment from
Syracuse University and, when installed, will provide heated jet capability. There is
no doubt that setting up this electric heater will be a long, complex and difficult
task. Nevertheless, the evolution of the current anechoic chamber into a heated jet
facility will offer an interesting alternative to the use of helium/air mixture jets, and
provide further validation of the heat-simulation technique.

33

Chapter 3
Data Acquisition and Processing
The present chapter describes the overall measurement chain in the High-Speed Jet
Noise Facility by specifically addressing the data acquisition system, the various
experimental methods employed in this study, and the associated processing and
correction techniques. Acoustic data are recorded using various arrays of pressurefield microphones with high-frequency response. Flowfield measurements are
performed using nonintrusive optical instruments, namely schlieren and optical
deflectometry. Experimental uncertainty estimates for each one of these techniques
are provided in the last section of the chapter.

3.1 Data Acquisition System
3.1.1

National Instrument A/D Board

An IBM-compatible Pentium III 550 MHz personal computer is used for data
acquisition and post-processing. The computer is linked to a university-wide
network allowing for easy file storage and automatic back-up. Data acquisition itself
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is performed by a National Instruments PCI-6110E multiple-channel A/D board
through a National Instruments BNC 2110 shielded connector block. The board uses
a 12 bit A/D converter and has an input range of ±10 volts. Data are retrieved
simultaneously from four analog channels at a scan rate of approximately 300 KHz
(exactly 298,507.5 Hz). The A/D board is compatible with LabVIEW software and is
controlled through a LabVIEW program interface. Note that this program interface
has been modified so that the jet plenum stagnation pressure (in terms of a
voltmeter reading) can be advantageously used as a trigger signal for automatic data
acquisition.

3.1.2

LabVIEW Software

The IBM-compatible computer is equipped with a LabVIEW 5.0.1 software. A
number of LabVIEW programs developed by Dr. J-S Choi and further modified by
Dr. M.J. Doty [76] are readily available for data acquisition and processing purposes.
In particular, the LabVIEW routine “acquire.vi” shown in Appendix A.1 is used to
acquire most of the measurement data presented in this work. The program
generates both a binary file, which can then be read by one of several LabVIEW
reduction codes, as well as a text file, which can be processed with various Matlab
(version 6.5.0) codes.
The combined use of the LabVIEW and Matlab provides many advantages
compared to the previously existing acquisition systems used at Penn State. First,
the

graphically-based

programming

style

of

LabVIEW

greatly

helps

the

experimenter visualize the data flow in the acquisition and reduction processes.
Second, the ability to process data in quasi real-time immediately after acquisition
offers the user an increased troubleshooting capability. Unfortunately, LabVIEW
exhibits only limited plotting capabilities. The well-developed graphical user
interface in Matlab has been found especially suitable to process the rather large
datasets recorded as part of this thesis.
Typically, for the microphone and deflectometry measurements, binary and
text files contain a total 102,400 points. These data points are either scaled from
voltage to appropriate units (using the calibration constant of each microphone, for
instance) and directly analyzed as time history, or used as input data to produce
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acoustic power spectra or cross-correlation functions. When computing frequencydomain data, a Hanning window is applied and 50% overlapping is used prior to
applying a Fast-Fourier Transform (FFT) routine using 199 averages of 1024 points
each. The resulting one-sided spectra are made up of just 512 points (as positive
frequencies only are physically meaningful) equally spaced over the frequency range
0 – 149,253.75 Hz. Thus, the frequency resolution is ∆f = 149,253.75/512 = 291.5 Hz.
Such spectra (with a constant frequency resolution) are usually referred to as
narrowband spectra.

3.2 Acoustic Measurements
3.2.1

Microphone Setup Arrangements

Pressure waveforms and acoustic power spectra are recorded using various arrays of
four identical Brüel and Kjær (B&K) pressure-field microphones (3.175 mm or ⅛
inch microphones, model 4138). Two of them are each connected to a B&K model
2639 preamplifier and powered by a B&K model 5935 power supply, where a gain is
applied. Similarly the other two microphones are each connected to a model 2669L
preamplifier and powered by a model 2690 NEXUS™ power supply. The total gain
for each channel varies between 0 to 40 dB. Each microphone signal is then highpass filtered at 500 Hz with a Krohn-Hite (Model 3384) four-channel filter, and lowpass filtered at 120 kHz for anti-aliasing purposes. Microphone calibration is always
performed with a Brüel and Kjær acoustic calibrator (model 4231).
Essentially two microphones set-ups are used, depending on the jet
properties that are being investigated. For directivity pattern studies, the
microphones are placed in the horizontal plane of the nozzle, on an arc with radius
80 jet diameters, as shown in Figure 3.1. The arc is centered at a position that
coincides approximately with the end of the potential core (i.e. five diameters
downstream to the nozzle exit) since this location is known to be the dominant noise
production region of the jet. All measurements are made at polar angles θ between
25° and 110° from the outlet jet axis, in 5° to 10° increments. Note that all
microphones are pointed towards the sound source (the plane of the diaphragm is set
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Figure 3.1 Schematic of microphone setup (not drawn to scale). Notice the two
possible microphone orientations.
perpendicular to the direction of sound), which is referred to as normal incidence.
The orientation of the microphone diaphragm is a crucial factor, as it determines the
values of the free-field correction that must be applied to the recorded sound
pressure levels (cf. section 3.2.2).
To analyze the impact of nonlinear distortion effects on the pressure
waveforms and acoustic power spectra, the microphones are all set on a linear array
at a specific polar angle and located at distances ranging from 30 Dj to 160 Dj. Again,
these distances are measured from the end of the potential core. In order to reduce
as much as possible the perturbations on the noise signal induced by one microphone
on the microphone located immediately behind, each microphone is given a specific
azimuthal inclination, as shown in Figure 3.2. The first microphone is positioned in
the horizontal plane a plane obtained by rotating the horizontal plane 50° about the
jet axis. The second and third microphones are located in planes obtained by tilting
the horizontal planes by azimuthal angles –20° and –40°. A fourth microphone is
kept in the horizontal plane for additional near-field measurements. In fact, the
microphones are all located along the surface of a cone, whose apex coincides with
the end of the potential core. Finally, it should be emphasized that all noise
propagation measurements are carried out with the microphones set at grazing
incidence, thus allowing for a considerably smaller distortion of the noise signal over
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Figure 3.2 Photograph of the microphone setup used to characterize the nonlinear
propagation of jet noise (microphones are set in grazing sound incidence)
the frequency range of interest (see section 3.1.2 for further details on microphone
corrections). In this configuration the microphone diaphragm is set parallel to the
direction of propagation, as observed in Fig. 3.2.
Finally, the critical issue of microphone mounting needs to be properly
addressed in order to produce high-quality datasets. Sound reflection from the
support beam as well as on the holding clamps can considerably contaminate the
acoustic data, and alter the shape and the smoothness of the spectra. In an effort to
minimize the reflections of sound, the various suggestions of Simonich et al. [80]
were strictly followed; these authors recommend both horizontal and vertical
displacement of the microphone attachment connecting to the primary array beam.
As shown in Fig. 3.2, half-inch pipe is used to support the microphones off the
vertical tripod threaded rods. Similar tubular extensions are used for directivity
pattern studies as well. All metal surfaces are then wrapped with strips of fibreglass
and/or acoustic foam for maximum sound absorption. The use of protruding tubes
allowed to obtain considerably cleaner acoustic power spectra, as illustrated in Ref.
[81].

38

3.2.2

Data Reduction and Corrections

To ensure that spectral data are not contaminated by components induced by
mechanisms that are unrelated to jet noise, three sets of frequency-dependent
corrections are applied to the raw data. Nevertheless, similar sets of corrections
cannot be easily derived for time signals, essentially because of the variation of the
correction factors with frequency. The present chapter first details the three types of
corrections applied to spectral data and then describes a new methodology to correct
time signals.
Two microphone corrections are applied, based on the manufacturer’s
specifications. The first set of correction coefficients is obtained through an
electrostatic actuator calibration and is simply referred to as the actuator response
[82]. An electrostatic actuator is a stiff and electrically conducting metal plate that
forms an electrical capacitor together with the microphone diaphragm. When a
voltage is applied between the actuator and the diaphragm plates, a uniformly
distributed electrostatic force is produced over the diaphragm. The diaphragm reacts
to this force as it would react in response to an equally strong sound pressure. This
method provides a well-defined calibration pressure over a wide frequency range.
The actuator response is the difference between the actual (root-mean square)
pressure value read from the microphone and the applied calibration pressure,
plotted as a function of frequency. For this reason the corrected spectral data are
obtained by subtracting the microphone actuator response. Obviously, the actuator
response is totally independent from the microphone orientation in the sound field.
However it changes significantly with the diaphragm response, which implies that
the actuator response is different for every microphone. Figure 3.3.a shows typical
actuator responses for two B&K microphones used in this work. Note that the
correction coefficients have relatively small values (about 1.75 dB for the greatest
correction).
A second microphone correction is applied to account for the disturbing effect
of the microphone itself on the acoustic field. As a matter of fact, the microphone
modifies the sound field as it diffracts and reflects the incoming waves.
Consequently, the pressure really acting on the diaphragm deviates considerably
from the true pressure value that would be read in an undisturbed field. The free-
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field response [82] represents the increase of sound pressure caused by diffraction
and reflection of the sound waves around the microphone. Again, the free-field
response must be subtracted from the spectral data for correction purposes.
Obviously, the free-field response is independent from the diaphragm tested but
strongly varies with the microphone orientation. Free-field response curves (from
Ref. [82]) for both normal and grazing sound incidence are plotted in Figure 3.3.b. In
the case of normal sound incidence, the high frequency content of the spectrum is
artificially amplified, with a deviation as large as 11 dB at 100 kHz. Such a
tremendous error value leads to concern about the reliability of the free-field
correction at the highest frequencies. Furthermore, it casts a doubt on the validity of
any results that can possibly be derived from the time signals, for which a priori no
corrections exist. To bypass these difficulties most measurements are made with
microphones oriented at grazing incidence, which results in a considerably smaller
distortion over the frequency range of interest (0 – 140 KHz), and produces much
more reliable noise time signal measurements.
The atmospheric attenuation is the third correction to be applied to the
spectral data. As the noise radiates to the far field, part of the signal energy is
absorbed in the process of molecular excitation of oxygen and nitrogen (the two main
gas components present in air). Note that the concentration of helium in the
anechoic chamber is maintained to negligible levels at all times with the use of the
exhaust fan system. Figure 3.3.c shows the evolution of atmospheric attenuation
values as a function of frequency, over a 50 inch propagation distance and for six
different values of relative humidity: 0% (i.e. classical, thermovsicous absorption
only), 20%, 40%, 60%, 80% and 100%. Note that for the largest humidity rate
attenuation coefficients reach 8 dB at higher frequencies. The atmospheric
attenuation (calculated on a logarithmic scale) varies linearly with distance and
significantly increases with the percentage of relative humidity. The correction
coefficients are derived from the methodology developed by Bass et al. [83, 84], and
must be added to the spectral data (as opposed to the microphone corrections).
For clarity and reference purposes, it is appropriate to briefly summarize the
mathematics involved in the derivation of the acoustic power spectra and review the
applied scalings and corrections. In what follows the nomenclature and naming
conventions found in Kinsler and Frey [85] and Bendat and Piersol [86] are adopted.
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(a)

(b)

(c)
Figure 3.3 (a) Microphone actuator and (b) free-field response (from Ref. [82]), and
(c) atmospheric attenuation coefficient at 50 inch propagation distance, as a function
of frequency (from Ref. [83]).
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The process starts with the raw sound pressure level (SPL, in dB re 20 µPa)
measured in the frequency band n.∆f (with 1 ≤ n ≤ 512), which is obtained through
the application of a Fast Fourier Transform (FFT) to the pressure waveforms. At
this point the three frequency-dependent corrections previously described are
applied for each frequency band. Let Cact(n.∆f ) be the actuator response, Cff (n.∆f )
the free-field response and Catm(n.∆f ) the atmospheric attenuation coefficient. The
fully corrected pressure band level is:

SPLcorr(n.∆f ) = SPLraw(n.∆f ) – Cact(n.∆f ) – Cff (n.∆f ) + Catm(n.∆f )

(3.1)

The corrected pressure band levels can be directly used to compute the overall
averaged sound pressure level (or OASPL):
 512 Icorr (n.∆f ) 
OASPL = 10 log10 

Iref
 n =1


∑

(3.2)

In Eq. (3.2) Iref = 10–12 W.m–2 and Icorr is the noise intensity corresponding to every
corrected SPL value:

Icorr(n.∆f ) = Iref × 10SPLcorr /10

(3.3)

The data reduction process does not end at this point, although the remaining
modifications are applied solely for data presentation purposes. The corrected
pressure band levels are first converted into pressure spectrum levels (or PSL) – the
pressure spectrum level is the equivalent pressure band level corresponding to a 1
Hz frequency band:

PSL(n.∆f ) = SPLcorr(n.∆f ) – 10 log10(∆f )

(3.4)

Throughout this thesis the generic expression power spectral density (or PSD) is
used to refer to either PSL or SPL. Finally, the spectra are plotted in nondimensional frequency, using the characteristic jet frequency,

fc =

Uj
Dj

(3.5)

to define the Strouhal number, St

St =

f Dj
f
=
fc
Uj

(3.6)
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To maintain the noise energy level (area under the spectrum) the same, sound
pressure levels are consistently multiplied by the characteristic frequency, resulting
in units of PSL per fc –1 (or PSD per fc –1). Because of the logarithmic scale, this gives
a scaling factor:

PSLfinal (n.∆f )= PSL(n.∆f ) + 10 log10 fc

(3.7)

An ensemble of Matlab programs have been developed to automate the data
correction and processing (performing Eqs. (3.1–3.7)), as well as to directly plot the
acoustic power spectra in an adequate and consistent fashion. These Matlab codes
are given in Appendix A.2.

3.2.3

Pressure Time Signals

The normal way to apply the three sets of corrections described in section 3.2.2 is
directly to the sound pressure levels obtained following the computation of the
acoustic power spectrum. Unfortunately, similar sets of corrections are not readily
available for time signals, essentially because of the frequency dependence of the
correction factors. At first glance, the simplest idea to derive an equivalent fully
corrected time waveform using the acoustic power spectra would be to proceed
backwards to obtain a corrected version of the discrete Fourier transform of the
pressure signal. This is not possible because of the loss of phase information when
computing the power spectral density. The basic principle of the correction method
proposed in earlier works [81, 87] is thus to correct directly the Fourier transform of
the time signal (not the power spectrum), in an attempt to circumvent the phase loss
problem. Then, the inverse Fourier transform can be computed to obtain the fully
corrected time signal. This method focuses on amplitude corrections and has been
termed a “constant-phase” correction process. The impact of phase-angle correction
has been investigated separately [87] and was found to be negligible over the
considered range of propagation. Note that each pressure time signal recorded
within the framework of this thesis has been corrected using this process (this
should be kept in mind, especially in the context of statistical analyses of the time
traces).
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Finally, it is appropriate to briefly review the definitions of the main
statistical quantities that are specifically used in the context of jet aeroacoustics.
Statistically speaking, the acoustic pressure p(t) denotes a stationary, ergodic
random process. Under these assumptions ensemble averages can be conveniently
replaced by time averages, and the mean (or average) value µp and the variance σp2
can be computed as:

µp =
2

σp =

1

N

N

∑
i

p (t i )

(3.8)

=1

N

1

( p (t i ) − µ p )
∑
i

N

2

(3.9)

=1

where N is the record length (in scans). Note that acoustic pressure has a zero mean
value; as a consequence the variance can be directly identified with the mean square
fluctuation. Also, using Parseval’s theorem, σp2 can be conveniently normalized by

pref 2 (pref = 20 µPa) to produce the OASPL value:
 σ p2
OASPL = 10 × log10 2
p
 ref






(3.10)

The variance σp2 is also referred to as the second central moment of the random
process. More generally, the n-th central moment is defined as:

m (n ) =

1

N

N

( p (t i ) − µ p )n
∑
i

(3.11)

=1

When normalized by σp (root mean square acoustic pressure), the third and fourth
central moments are referred to as skewness, sk and kurtosis, kt :

sk =

kt =

1 1

σ p3  N
1 1

σ p4  N

N

( p (t i ) − µ p )
∑
i

3




=1

N

( p (t i ) − µ p )
∑
i
=1

4





(3.12)

(3.13)

As previously mentioned skewness values are very helpful to quantify crackle. No
similar physical meaning is associated with kurtosis, which simply quantifies the
peakedness of the data set.
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3.3 Optical Measurements
The present optical measurements are performed by using a previously developed
deflectometry method to estimate the correlations of turbulent structures in highspeed jets. This technique originates in the crossed-beam correlation system
introduced by Fisher and Krause [88] and also used in various flow configurations by
Funk and Johnston [89], Damkevala and colleagues [90, 91], Davis [92], HarperBourne and Fisher [93], and Massier et al. [94]. The current optical deflectometry
instrument is similar to the setup implemented by McIntyre and Settles [95, 96] in
an investigation of turbulent mixing layers. The present section draws heavily on
earlier work by Doty [76, 97, 98].

3.3.1

Instrumentation

The optical deflectometry system is shown in Figures 3.4 and 3.5. Much like a
conventional Z-type schlieren system, the instrument consists of sending and
receiving optics and a set of two parabolic mirrors. The light source (see Fig. 3.5.a) is
a high intensity, continuous, white, tungsten-halogen automotive lamp driven at
72W by a DC power supply. The light is passed through a focusing lens and a 1.0
mm (0.04 in) slit to approximate a point source, and is then directed onto the first of
two 15.2 cm (6 in) parabolic mirrors of focal length 1.22 m (4 ft). The 15.2 cm
diameter parallel light beam illuminates the dominant noise source region of the jet
before being intercepted by the receiving mirror. At the receiving optics plate, the
image is refocused to an approximate point source and is partially intercepted by a
horizontal knife edge, set parallel to the jet axis. Typically the knife edge is adjusted
to roughly 70% light cut-off. Note that the deflectometer is sensitive to the light
intensity fluctuations caused by the variation of refraction index which, in turn, are
proportional to density gradient fluctuations in the direction perpendicular to the
knife-edge [92, 99], i.e. ∂ρ' /∂y. Two identical schlieren images of the flowfield with
equal intensity are formed by a 50/50 beam-splitter placed immediately after the
knife edge of the system. These images are each projected onto separate ThermoSystems Incorporated (TSI) photomultiplier tubes (Model 9162) that convert light
intensity to voltage in real time. At this point each image is approximately 65% of its
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Figure 3.4 Schematic (top view) of the optical deflectometry setup, from Ref. [76].

(a)

(b)

(c)
Figure 3.5 Detailed view of various elements of the optical deflectometry setup, (a)
light source, (b) two-axis motorized stage, and (c) receiving optics plate.
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original size. Two pinhole apertures of 0.5 mm diameter (0.2 in) located at the center
of each photomultiplier tube sample the illumination at any two points within the
schlieren images. Two images are used rather than one so that very small probe (i.e.
pinhole aperture) separation distances are possible.
The photomultiplier tubes are each mounted on a two-axis traverse system
that allows precise positioning of the sensing areas at specific axial and transverse
(radial) locations within the flowfield. A two-axis motorized traverse system, built
in-house, is used to accurately locate the moving photomultiplier within the jet
flowfield. The x - and y -axis stepping motors are remotely monitored from outside
the anechoic chamber using a Maxwell Electronics Inc. motor controller. A detailed
view of the dual axis motorized stage is given in Fig. 3.5.b.

3.3.2

Schlieren Flow Visualization

Since the optical deflectometer is essentially a quantitative schlieren system, it is
relatively easy to convert the instrument from one capability to the other. For
visualization purposes, the continuous light source is replaced with a short-duration
spark light source (Spectrum Dynamics Spectralite Model 900 xenon lamp) and a
regular color video camera (JVC model TK-C1308) is substituted for the receiving
optics behind the knife-edge. The stroboscope lamp is driven at a flashing rate of 10
kHz using an external function generator (Agilent model 33120A) with a pulse width
of approximately 20 µsec and the camera is set to operate with a 1/1000 second
shutter speed, resulting in the superposition of approximately 10 images on top of
one another on each video frame. The 8 mm video samples are downloaded to a
computer to produce still images.

3.3.3

Capabilities and Limitations

Optical deflectometry is a truly non-intrusive technique that is especially well-suited
for multiple point measurements (assuming multiple PMT’s) within high-speed flow
fields. The technique offers an invaluable alternative to the traditional hot-wire
anemometry [100–103], which is limited to non-heated, low Mach number flows.
Also, unlike Laser Doppler Anemometry (LDA, see [104]) or Particle Image

47

Velocimetry (PIV, see [105–107]), it requires no seeding particles. Thus, the flow
physics is not disturbed or represented indirectly by a tracer particle. Finally, optical
deflectometry is a much simpler and cost-effective technique to install compared to a
multiple-component PIV system [106].
However, there are several definite limitations with the current optical
deflectometry setup. First, the quantities measured by the instrument represent
density gradient fluctuations (∂ρ' /∂y), not fluctuating velocity, which is a more
conventional – and useful – turbulence property. Nonetheless, Wilson and
Damkevala [90] showed that reasonable assumptions can be made to relate these
physical quantities. The second limitation, namely the integral length, refers to the
fact that the light beam integrates density gradient fluctuations over the entire
length that it travels, rather than focusing at a point. Thus, strictly speaking, the
correlations are not point correlations, but rather correlations integrated over a line.
For this very reason, deflectometry measurements are concentrated in regions at or
near the edge of the shear layer so as to penetrate the smallest possible portions of
the jet. Notice that focusing schlieren techniques [108–110] could be implemented to
minimize this problem by creating a depth of focus within the flowfield. Finally, it
should be mentioned that, when measuring light intensity variations in helium/air
mixture jets, the index of refraction of the mixture is slightly different than that of
heated air at the same testing conditions. Following the Gladstone-Dale law [99], the
refractive index of air under standard conditions is nair = 1.000292, and the
refractive index of (pure) helium is nHe = 1.000035 (at λ = 0.589 µm, Sodium-D
spectral line). Despite what appears to be only a very minor difference in refractive
index, the data quality and accuracy could potentially be altered for high-speed,
strongly heat-simulated cases.
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3.3.4

Probe Positioning

Typically, both pinhole apertures are initially coarsely positioned (manually) at the
same specific location within the respective images of the flowfield. To achieve
optimum accuracy, the coherence between the two co-located pinhole apertures is
measured, and their position is further fine-tuned. The coherence function is defined
by

γ

2
12 (

f )=

S 12 ( f )

2

S 11 ( f )S 22 ( f )

(3.14)

where S11, S22, represent the one-sided autospectra given by each photomultiplier
tube signals, and S12 the cross-spectrum between the photomultiplier signals,
respectively. Slight deviations from a perfect coherence of 1.0 are expected at zeroseparation distance in a two-image system. An example of the levels of coherence
possible with the present instrument at various probe locations is shown for the case
of a pure air Mj = 0.9 jet in Figure 3.6. Maximum coherence levels above 0.95 are
common at zero-separation distance.

Figure 3.6 Example coherence functions for various separation distances between
the two PMT probes (starting at x /Dj = 4.0) along the lip line of a Mj = 0.9, unheated,
circular jet.
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3.3.5

Data Reduction

Each PMT signal is sampled at about 300 kHz, then high-pass filtered at 250 Hz to
remove any DC offset and low-pass-filtered at 120 kHz to avoid aliasing. Both
channels are typically amplified by 30 – 50 dB gains depending on the probe location
and testing conditions. It should be noted that during acquisition the anechoic
chamber is kept completely dark (with the exception of the spark or continuous light
source) to avoid contaminating the incident light to the photomultiplier tubes. Once
the pinhole apertures are accurately positioned, the motorized stage, previously
described, enables probe separations in the axial direction to be controlled remotely
during experimentation. For two-point, space-time cross-correlation measurements
the first photomultiplier tube (PMT 1) is moved in increasing axial or transverse
separation distances away from PMT 2, which remains fixed throughout the
measurements. For direct measurements of the density gradient fluctuations across
the jet shear layer PMT 1 is moved vertically with the y -axis stepping motor, while
PMT 2 remains fixed.
An ensemble of LabVIEW data reduction programs (given in Appendix A.1)
perform the fast Fourier transforms to generate the coherence functions (γ122), power
spectra (S11, S22, and S12), phase angles Θ12(f ), time domain autocorrelations, crosscorrelations as well as the cross-correlation coefficient functions (ρ12) from each
acquisition channel. Example phase angle, spectral and correlation data are plotted
in Figure 3.7 for a cold, circular, Mj = 0.9, air jet. Spectral data are normalized by
the mean square value of the power spectrum measured along the lip line at zeroseparation distance, referred to as Sll, for each set of testing conditions. For clarity
and consistency purposes, all spectral data are further adjusted to a 1 Hz bandwidth
and non-dimensionalized by the characteristic frequency, fc = Uj /Dj. Both the autoand cross-spectra are plotted versus Strouhal number, defined in Eq. (3.6). The
value of the ordinate Ψ for the resulting normalized spectra is defined as (e.g. for
channel 1):
Ψ11 ( f ) =

S 11 ( f ) × f c
S ll × ∆f

(3.15)

50

(a)

(b)

(c)
Figure 3.7 Example (a) phase angle variations, (b) cross-spectra and (c) crosscorrelation coefficient functions at various probe separations for a cold, circular, Mj
= 0.9, air jet starting at x /Dj = 4.0 along the lip line.
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The cross-correlation coefficient functions are computed in the following fashion:

ρ12 (τ ) =

R12 (τ )
[R11 (0)R 22 (0)] 1 2

(3.16)

where R11 and R22 are the autocorrelation functions for the stationary and moving
probes, respectively, R12 is the cross-correlation function, and τ represents the time
delay. Figure 3.7.c shows the cross-correlation coefficients plotted as a function of
time delay for various probe separation distances in the case of a cold, circular, Mj =
0.9 jet. Notice that the delay times of the optical deflectometry measurements are
scaled by the jet characteristic frequency (c.f. Eq. (3.5)) to properly account for the
velocity and nozzle size differences between experiments. The convection velocity of
the dominant turbulent structures, Uc, can be easily determined from correlelogram
plots such as those in Fig. 3.7.c, by dividing the successive probe separation
distances by the time delay between the correlation peaks. For optimal accuracy, the
convection velocity values are actually calculated using the method of least squares.
Experimental data and further processing details are discussed in Chapter 5.

3.4 Experimental Uncertainty
Before proceeding further, it is important to assess the level of uncertainty in the
various measurements described in this chapter. Table 3.1 provides a summary of
these estimates. For the acoustic measurements, discrepancies arise essentially from
the various corrections that must be applied to the acoustic data. Also, the
geometrical constraints in the anechoic chamber and the resulting difficulties to
accurately position the microphones (in particular at grazing sound incidence)
introduce additional uncertainties. Based on the microphone response factors
provided by B&K [82], it is estimated that the level of uncertainty for the acoustic
measurements is approximately ± 1.5 dB OASPL. Additionally, uncertainties in
microphone position are estimated to be ± 2° in polar directivity angle and ± 1 r /Dj
in radial distance from the approximate end of the potential core.
Uncertainty in the mean flow pressure measurements arises primarily from
the pressure transducer (located in the high-temperature plenum), although
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additional assumptions involving helium/air mixture concentrations somewhat
contribute to uncertainty as well. The uncertainty associated with the pressure
transducer (Validyne pressure transducer model DP15) is given by the manufacturer
as approximately ± 0.69 kPa, which corresponds to an uncertainty in jet exhaust
velocity of ± 1.3 m/s (4.3 ft/s) for an unheated, Mj = 0.9 jet.
Table 3.1 Summary of uncertainty estimates.
Measurement

Uncertainty

Microphone (B&K, model 4138)

± 1.5 dB OASPL

Angular microphone position, θ

± 2°

Radial microphone position, r

± 1 r /Dj (22.7 mm, 0.5 in)

Pitot Probe (inside jet plenum)

± 0.69 kPa (0.1 psi)

Axial PMT probe location, x

± 0.02 x /Dj (0.25 mm, 0.01 in)

Radial PMT probe location, y

± 0.02 y /Dj (0.25 mm, 0.01 in)

Temperature

± 1 K (0.56 °R)

Pressure

± 0.1 kPa (0.015 psi)

Relative humidity

± 4.0 % rh

It is difficult to quantify uncertainty levels with the optical deflectometry
system because no calibration of the instrument is performed. Such a calibration
would involve a constant calibrated knife edge position; however, knife edge
adjustments are often necessary for optimum data quality due to the wide range of
flow velocities investigated in this study. Nonetheless, the uncertainty in
deflectometer probe position in the jet flow is approximately one-half the pinhole
diameter (± 0.02 x /Dj and ± 0.02 y /Dj ), as indicated by the manufacturer (Newport
Corp. differential micrometer, Model 430). However, the uncertainty in position of
one probe relative to the other is likely to be an order of magnitude lower since the
stages have an excellent resolution of 0.025 mm (0.001 in).

53

Finally, Table 3.1 includes the uncertainty in the measurement of
atmospheric conditions within the anechoic chamber. The values are based on the
product data sheets provided by the manufacturer (Oakton Instruments). These
uncertainties are especially important, as ambient conditions contribute to the
determination of many parameters including Mach number, required helium
concentration level, and atmospheric attenuation corrections, to name a few.
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Chapter 4
Evidence of Nonlinear Acoustic
Propagation
Evidence of nonlinear acoustic propagation in both pure air and helium/air mixture
jets of various Mach numbers are presented in this chapter. In order to accurately
locate the angles of maximum noise emission for the current testing conditions,
directivity patterns are reviewed first and numerous comparisons are made against
datasets available in the literature. The remainder of the chapter focuses on
frequency-domain analyses of the data gathered along the identified peak noise
directions, with specific emphasis on spectral broadening. Finally, the influence of
nonlinear effects on the sound generated by supersonic, imperfectly-expanded jets
(containing shock-associated noise components) is briefly discussed.
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4.1 Noise Directivity Study
As described in section 3.2.1, the noise directivity studies are carried out using a
semi-circular arc with radius 1.27 m (r /Dj = 100) and centered 5 jet diameters
downstream of the nozzle exit, a location that typically marks the end of the jet
potential core for the selected test conditions. The microphone positions range from
25° to 110° from the outlet jet axis, in 5° or 10° increments. Comparisons of the
current measurements against several datasets available in the literature help
assess the overall quality of the data acquired in the Penn State High-Speed Jet
Noise Facility. Noise directivity patterns are also instrumental in locating the
maximum noise emission direction of the acoustic field, where the strongest
nonlinear propagation effects can be expected.

4.1.1

Available Datasets in the Literature

Although the existing database for high-speed, heated jet acoustic data is rather
limited, a number of authors have conducted comprehensive series of measurements
with test conditions somewhat similar to ours. The large datasets produced by
Tanna et al. [111] are particularly useful in that they include lossless data, with
corrections for both microphone responses and atmospheric attenuation. For cold,
supersonic jets, the data from NASA Langley Research Center provided by Seiner
and Ponton [112] are fairly extensive. Limited comparisons are also made to
Viswanathan [113], Burrin et al. [114], Yu and Dosanjh [115], and Norum [116].
Finally, direct comparisons are made to the measurements of Doty [76], acquired
within the framework of his doctoral work at The Pennsylvania State University.
When presenting comparisons to existing data, efforts are made to match the Mach
number, temperature ratio, and Reynolds number (whenever possible). In instances
where both the Mach number and temperature ratio are different, the experimental
conditions with the closest match of acoustic Mach number, Ma = Uj /c∞, are selected.
Moreover, given that measurement specifications are different for each and every
study, all original angles and distances have been worked out again taking the end
of the potential core (5 Dj downstream of the nozzle exit) as new reference, and
scaling distances to 100 Dj.
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4.1.2

Noise Directivity Patterns

Figures 4.1 shows OASPL polar directivities for a circular, Mach 0.9, cold jet with
simulated temperature ratios Tj /T∞ = 0.86 (cold jet, Fig. 4.1.a), Tj /T∞ = 1.5 (Fig.
4.1.b), Tj /T∞ = 1.5 (Fig. 4.1.c), and Tj /T∞ = 3.0 (Fig. 4.1.d). Note that best-fit curves
are

placed

through

the

data.

Agreement

between

current

and

previous

measurements is typically within 2 to 3 dB at all angles, which is consistent with the
level of scatter exhibited from one heated-jet facility to another. The peak noise
emission direction is observed at angles between 25° and 30° for the two lowest
temperature ratios (Tj /T∞ = 0.86 and 1.5), and reaches 35° to 40° for the largest
values of Tj /T∞. The OASPL values appear fairly uniform, though, over the angle
range between 20° to 50° and it is somewhat challenging to locate the exact
maximum noise direction. This is an expected result for subsonic jets in the absence
of Mach wave radiation.
A comparison of OASPL directivity patterns for experiments at Mj = 1.5 from
various facilities and for different temperature ratios is shown in Figure 4.2. Again,
the current and previous data show very good overall agreement. For cold jets (Tj /T∞
= 0.69, Fig. 4.2.a), discrepancies exist with the measurements of Yu and Dosanjh,
which exhibit slightly higher values (by 1 to 2 dB) at angles larger than 55°, as well
as with Tanna’s data, which have notably lower OASPL values (by up to 4 dB). This
data shift is very likely to be due to the difference in operating conditions combined
with the distinct experimental environments. However that may be, the directivity
trend remains unchanged, with the noise levels peaking around 25°. Directivity
patterns between heat-simulated and heated jets show good overall agreement,
within 2 to 4 dB at all angles. As the temperature ratio is increased, a relatively
narrow peak can be clearly identified in the directivity trends. This peak, which
shifts to larger angle values (from 35° to 55°) with increasing temperature ratio, is
characteristic of the presence of Mach waves in the acoustic field. Approximate
maximum noise emission directions will be compared to estimated Mach wave
propagation directions in the next section (4.1.3).
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(a)

(b)
Figure 4.1 OASPL directivity pattern comparisons to jet noise data available in the
literature at Mj = 0.9 for (a) Tj /T∞ = 0.86, (b) Tj /T∞ = 1.5 (continued on next page)
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(c)

(d)
Figure 4.1 (cont.) OASPL directivity patterns (c) Mj = 0.9, Tj /T∞ = 2.30, (d) Mj = 0.9,
Tj /T∞ = 2.85.
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(a)

(b)
Figure 4.2 OASPL directivity pattern comparisons to jet noise data available in the
literature at Mj = 1.5 for (a) Tj /T∞ = 0.69, (b) Tj /T∞ = 1.0 (continued on next page)
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(c)

(d)
Figure 4.2 (cont.) OASPL directivity patterns (c) Mj = 1.5, Tj /T∞ = 1.25, (d) Mj = 1.5,
Tj /T∞ = 2.5.
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Finally, the directivity patterns for a circular, Mj = 1.92, cold jet are
presented in Figure 4.3. The data have been acquired by Dr. K. Viswanathan [66] at
the Boeing Company Low-Speed Aeroacoustics Facility (LSAF), and are compared
with the data provided by Seiner and Ponton [112]. The two datasets show very good
overall agreement. For such conditions, the noise emission reaches its maximum at
relatively shallow angles to the outlet jet axis, around 30°.

Figure 4.3 OASPL directivity pattern comparisons to jet noise data available in the
literature for a Mj = 1.92, unheated jet (Tj /T∞ = 0.58).
4.1.3

Theoretical Mach Wave Angles

As discussed by Seiner et al. [46], the maximum noise emission direction due to
Mach wave radiation in a supersonic jet can be estimated from Eq. (1.6):
 1 
c
 = cos −1  ∞
 Mc 
U c

β M = cos −1 





where Uc is the jet convection velocity. It has been established from experimental
measurements [104] that the convective velocity is about 70% of the mean jet
exhaust velocity. This value has been assumed in the calculations of βΜ presented in
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Table 4.1. It should be noted, however, that accurate values of the convective
velocity obtained via optical deflectometry measurements will be presented in
Chapter 5, where they will be substituted for the 70% estimate. Because of the
approximation in the calculation of Uc, and because of the somewhat large value of
angular spacing in the measurements (±5°), only rough agreement can be expected
between the values of βΜ derived from Eq. (1.6) and the maximum noise emission
angles, θm, determined experimentally. The two datasets show reasonable
agreement, usually within 5 to 10°. Discrepancies appear to be more significant for
the lowest temperature ratios (corresponding to smaller angles) due in part to the
difficulty in performing accurate measurements at shallow angles to the jet axis.
Furthermore, for lower values of Tj /T∞ Mach wave radiation is a small contribution
to the measured noise radiation, and only limited agreement can be expected
between βM and θm.
Table 4.1 Comparison of estimated Mach wave propagation angles and experimental
maximum noise emission angles (βΜ from Eq.(1.6), θm from noise directivity
patterns).

Mach
Number
Temp.
Ratio

Mj = 0.9

Mj = 1.5

Mj = 1.92

Tj /T∞ = 2.85

Tj /T∞ = 1.0

Tj /T∞ = 1.25

Tj /T∞ = 2.5

Tj /T∞ = 0.58

θm

31°

32°

40°

55°

30°

βΜ

26°

22°

34°

53°

22°

Following the directivity pattern studies, it is clear that the maximum noise
emission directions for the selected testing conditions range from 25° to 55°.
Unfortunately, geometrical and logistic constraints in the anechoic chamber make it
somewhat difficult to modify the position of the linear microphone array (used to
analyze the characteristics of sound propagation) between runs. Judging from Figs.
4.1 to 4.3, though, one should point out that if the noise emission peaks near the
Mach wave propagation angle, the peak itself is rather broad around this angle. This
allows for some flexibility in the choice of the measurement angle for acoustic
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propagation studies. In this respect, the value of 30° is chosen for the lower speed
jets (both subsonic and supersonic), and the value of 50° is selected for the strongest
heat-simulated cases (Mj = 1.5 and Tj /T∞ = 2.0, 2.5).

4.2 Frequency Domain Analyses
Spectral data acquired for various flow conditions are now carefully reviewed with
the aim of identifying and quantifying nonlinear acoustic propagation effects.
Interest is focused primarily on quantities that could potentially reveal energy
transfers due to nonlinearities, i.e. power spectrum levels and the so-called MorfeyHowell indicator (refer to section 1.3.3 for a brief summary of the derivation and
physical meaning of this nonlinearity indicator). These frequency domain analyses
will be followed by statistical estimates from the pressure waveforms in Chapter 6.
Before moving on to the spectral data, it is especially important to first
compare the overall sound pressure levels (OASPL) measured for the current test
conditions. It is expected that these values will provide some guidance in identifying
the possible criteria and parameters responsible for the onset of nonlinear
propagation effects. Table 4.2 contains the OASPL’s calculated at a non-dimensional
distance 80 Dj (measured from the estimated end of the potential core, five jet
diameters downstream of the nozzle exit), with the microphones located close to the
maximum noise emission direction established previously in 4.1. The characteristic
frequencies (fc = Uj /Dj ) are also included in the table for future reference. Notice the
very significant difference in OASPL’s between the Mj = 0.9, Tj /T∞ = 2.3 jet and the

Mj = 1.5 jet with Tj /T∞ = 0.85. The sound power radiated in the supersonic case is
nearly 9 dB higher than in the subsonic case, even though their respective jet
velocity and acoustic Mach number are almost identical (Uj ≈ 470 m.s–1, Ma ≈ 1.4).
Recent measurements by Viswanathan [71] demonstrate that, for Ma ≥ 1.0, the
sound power radiated from jets at constant velocity decreases with temperature due
to density effects. Although this phenomenon is observed here in the extreme, the
results are consistent with Viswanathan’s conclusions, as well as with the data
available from the literature [71, 76, 111, 116].

64

Table 4.2 Measured OASPL values for selected operating conditions at a nondimensional distance r /Dj = 80, at a polar angle θ.

Nozzle

Circular, conical nozzle (Md = 1.0)

Mj

0.9

Circular, C-D nozzle (Md ≈ 1.76)
1.60

1.70

1.80

1.89

Tj /T∞

0.86

1.5

2.3

3.0

0.66

0.63

0.61

0.58

Ma

0.83

1.10

1.36

1.56

1.30

1.35

1.40

1.45

θ

30°

30°

30°

30°

35°

35°

35°

35°

fc (Hz)

22,606

29,866

36,982

42,237

35,244

36,667

38,236

39,221

OASPL
(dB)

101.6

114.2

120.3

123.3

124.7

126.4

129.5

131.1

Nozzle

Circular, converging-diverging nozzle (Md = 1.50)

Mj

1.5

1.35

Tj /T∞

0.69

0.85

1.0

1.25

2.5

2.0

2.5

2.5

Ma

1.25

1.38

1.51

1.68

2.37

2.12

2.37

2.13

θ

30°

30°

30°

30°

30°

50°

50°

35°

fc (Hz)

33,630

37,470

40,642

45,439

64,261

57,477

64,261

57,835

OASPL
(dB)

121.4

129.2

129.9

130.3

130.4

133.5

134.0

135.6

Note that the overall sound pressure levels reach somewhat comparable
levels (around 122–124 dB) for the subsonic case Mj = 0.9 with the highest heatsimulated temperature ratio (Tj /T∞ = 3.0) and the two supersonic, unheated cases Mj
= 1.5, 1.6. Even though the test conditions are obviously very different, the impact of
nonlinear effects, if any, can be expected to be roughly on the same order of
magnitude for all three cases. Overall, the strongest nonlinear effects should occur
for the conditions with the highest OASPL values (around 130 dB), i.e. the jets run
at Mj = 1.5 (Tj /T∞ = 1.0 and above), and Mj = 1.80, 1.89 (cold jets).

4.2.1

Subsonic Test Conditions

Narrowband power spectra acquired from subsonic, Mj = 0.9 jets at three different
temperature ratios are shown in Figures 4.4 to 4.6. For all experiments presented in
this section, the microphones are set at an angle 30° from the jet outlet axis (close to
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the peak noise direction for the operating conditions considered) and positioned at
distances 40, 80, 160 Dj – unless otherwise indicated. Each figure includes first the
power spectra corrected to lossless data (accounting for microphone responses and
removing atmospheric attenuation effects, Figs. 4.4.a – 4.6.a). Second, in an effort to
make the typical features associated with nonlinear propagation more immediately
obvious, the spectra have been linearly propagated to the furthest measurement’s
location assuming spherical spreading (Figs. 4.4.b – 4.6.b). Note that if the acoustic
propagation were purely linear, the three spectra scaled in this fashion should
collapse on a single curve. Third, the Morfey-Howell indicator of nonlinearity is
plotted on a separate graph at the bottom of each figure (Figs. 4.4.c – 4.6.c). As
previously discussed, this quantity has the following physical interpretation: for a
given frequency, a negative value of the indicator denotes that energy is lost and
transferred to other frequencies as a consequence of nonlinear processes.
Conversely, energy is gained at the frequencies for which the indicator takes positive
values. The combination of the power spectral data and Morfey-Howell indicators is
expected to provide a rather clear picture of the impact of nonlinear effects in highspeed jets. Note that the frequency domain data for supersonic jets will be presented
using the same methodology in section 4.2.2.
Rapid inspection of Figs. 4.4 – 4.6 reveals that all spectra exhibit similar
general characteristics regardless of temperature ratio and microphone distance,
with a gradual rise from the low frequency side to a relatively broad peak, followed
by a linear decrease on the high-frequency side (note the use of a logarithmic scale
for Strouhal number on the abscissa). This is typical of all turbulent mixing noise
spectra. The evolution of spectral shapes for the subsonic, cold jet in Fig. 4.4.b does
not show any noteworthy characteristics, as the collapse of the three spectra is
nearly perfect (at least at high frequencies). Small sound pressure level variations
can be seen on the low-frequency side, for St < 0.1. These are most likely due to a
combination of near-field effects and sound reflections from the microphone
mounting equipment as well as the exhaust fan system, and cannot be attributed to
nonlinear effects. In particular, experimental and numerical studies by Koch et al.
[147] for subsonic jets show that the extended nature of the low-frequency noise
sources results in a geometrical near-field that extends as far as 50 Dj.
Consequently, measurements performed at only 40 Dj may not accurately represent
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(a)

(b)

(c)

Figure 4.4 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 30°
for a Mj = 0.9, Tj /T∞ = 0.86 jet with Ma = 0.83. (b) Linearly propagated spectra to
160Dj (c) Variations of the Morfey-Howell indicator of nonlinearity.
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(a)

(b)

(c)

Figure 4.5 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 30°
for a Mj = 0.9, Tj /T∞ = 2.3 jet with Ma = 1.36. (b) Linearly propagated spectra to
160Dj. (c) Variations of the Morfey-Howell indicator of nonlinearity.
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(a)

(b)

(c)

Figure 4.6 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 30°
for a Mj = 0.9, Tj /T∞ = 3.0 jet with Ma = 1.56. (b) Linearly propagated spectra to
160Dj. (c) Variations of the Morfey-Howell indicator of nonlinearity.
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propagation along a given acoustic ray. Furthermore, the reduced number of data
points at lower frequencies (due to the logarithmic scale in abscissa) leads to
somewhat less accurate results. Finally, note that the Morfey-Howell indicator is
close to zero at all frequencies, which is consistent with the fact that the noise from
subsonic, unheated jets propagates in a linear fashion.
The acoustic spectra from heat-simulated jets (Tj /T∞ = 2.3 and 3.0), shown in
Figs. 4.5 and 4.6, display somewhat different features. The spectra in Figs. 4.5.b,
4.6.b, linearly propagated to 160 Dj, do not collapse at the higher frequencies. The
sound pressure levels for St > 1.5 continuously increase as the acoustic waves
propagate to larger distances, with a mismatch between 3 to 4 dB at the highest
frequencies. This is evidence of nonlinear propagation with energy being transferred
to the high frequency side of the spectrum, leading to spectral broadening. The
Morfey-Howell indicator in Figs. 4.5.c, 4.6.c exhibits significantly different trends
compared to the pure air jet condition as well. There are two main regions in which
the indicator takes opposite signs; energy from mid-spectrum (in the Strouhal
number range 0.1–0.6) is transferred to higher frequencies (St > 1.0), where the
indicator takes positive values. The variations of the Morfey-Howell indicator are
thus consistent with the rise in spectral amplitudes on the high frequency side.
As mentioned in section 1.3, spectral broadening is a direct consequence of
nonlinear acoustic propagation. The mechanisms of waveform steepening and shock
coalescence result in an increase of both the low- and high-frequency content of the
spectrum. In an effort to accurately quantify the main spectral changes as sound
propagates in a nonlinear fashion, two parameters are determined from each
spectrum, namely the peak Strouhal number, denoted by Stp, and the slope on the
high frequency side (since the sound pressure levels are seen to decrease essentially
linearly with the logarithm of frequency). This slope is computed using the sample
line regression technique, based on the least square method. The corresponding
values obtained from the subsonic data in Figs. 4.4 – 4.6 are summarized in Table
4.3. The same two parameters will be estimated as well from the spectra acquired in
supersonic jets examined in the following section (4.2.2). For each test condition,
Table 4.3 also includes the acoustic Mach number, Ma (defined as the ratio of the jet
exhaust velocity to the ambient speed of sound) and the convective Mach number, Mc
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(defined as the ratio of the jet convection velocity to the ambient speed of sound), in
a general effort to identify reliable criteria to determine when significant nonlinear
propagation effects could be expected in high-speed jet noise. As indicated in section
4.1.3, the value Uc ≈ 0.7 Uj has been assumed in the calculation of Mc.
Table 4.3 Detailed parameters characterizing nonlinear acoustic propagation in the
spectra shown in Figures 4.4 – 4.6.

Mj

0.9

Tj /T∞

Ma

Mc (est.)

Peak Strouhal
Number

High-Frequency
Slope

40 Dj

160 Dj

40 Dj

160 Dj

0.86

0.83

0.58

0.20

0.19

– 2.28

– 2.17

2.3

1.36

0.98

0.17

0.17

– 2.70

– 2.37

3.0

1.56

1.09

0.16

0.16

– 2.74

– 2.21

As seen in Table 4.3, the spectral slopes at the higher frequencies are
between –2.2 and –2.7 over the range of propagation distances considered, which
corresponds to a 22 to 27 dB attenuation over a decade increase in frequency. This is
somewhat consistent with the typical high-frequency attenuation that varies as f –2
(i.e. a slope of –2.0 on a logarithmic scale), predicted from dimensional analysis
based on the acoustic analogy [28, 117] and observed in numerous experimental
studies [118]. Not surprisingly, the high-frequency slope for the unheated case
remains virtually unchanged from 40 to 160 Dj. For heat-simulated jets, however,
the slopes are shallower by 4 to 5 dB in a decade increase of frequency (+0.4 to +0.5
change in slope), which demonstrates that energy is transferred to the highfrequency side of the spectra. Attention is drawn here to the fact that the nonlinear
energy cascade is observed only when the jet convective Mach number exceeds the
supersonic threshold (Mc ≥ 1.0). This seems to suggest that the onset of nonlinear
distortion may be directly tied to the value of Mc. This very important point will be
discussed further throughout the remainder of the present thesis.
Finally, note that the energy transfer identified towards high frequencies is
not accompanied by an energy transfer towards the low frequency side of the
spectra. In particular, the frequency of the main spectral peak does not shift towards
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lower Strouhal numbers as the waves propagate to larger distances, even at high
simulated temperature ratios. The Morfey-Howell indicator of nonlinearity does not
show significant evidence of any agglomeration of energy at low frequencies either.
This behavior appears to be typical of subsonic jets, and is also found in a number of
measurements performed at the Boeing LSAF [66]. Acoustic spectra from this study
are partially reproduced in section 4.2.3 for comparison purposes. Altogether, the
results of the current section indicate that nonlinear effects do play a role, although
limited (the linear/nonlinear mismatch reaches 3 to 4 dB, at most), in the
propagation of broadband, subsonic jet noise for large temperature ratios.

4.2.2

Ideally-Expanded Supersonic Jets

The narrowband spectra recorded from a Mj = 1.5 jet over a wide range of
temperature ratios (Tj /T∞ = 0.69 up to 2.5) and at 2 distinct polar directivity angles
(θ = 30° and 50°) are shown in Figures 4.7 – 4.11. Each figure includes the power
spectra recorded at three successive locations (r /Dj = 40, 80, and 160) and corrected
to lossless data, as well as the linearly propagated spectra to the furthest
microphone distance (160 Dj) and the Morfey-Howell nonlinearity indicator. Notice
that the first graph in each figure (Figs. 4.7.a – 4.11.a) also includes the similarity
spectra developed by Tam et al. [47]. The similarity spectra are purely empirical and
need to be adjusted to fit both the peak amplitude and peak frequency of the
measured spectra. In other words, this tool is only able to predict the general shape
of the power spectrum. For a given polar directivity angle, the shape of the spectrum
is considered to be “universal” (under the assumption of linear acoustic propagation)
and therefore does not change with distance. Thus, the similarity spectra represent
a useful way to directly visualize the impact of nonlinear distortion in the course of
propagation. Finally, applying the same processing technique as for the subsonic
cases, the Strouhal number at the peak sound pressure level and the slope of the
high-frequency attenuation have been extracted from the spectral data shown in
Figs. 4.7 – 4.11, and listed in Table 4.4.
Again, the acoustic spectra all exhibit the typical trends associated with
turbulent mixing noise, with a somewhat linear rise from the low frequency side to a
wide peak, followed by a linear decrease at higher frequencies (bear in mind that
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these are log-log plots). As shown in Fig. 4.7, the data acquired from a Mj = 1.5, cold
jet do not seem to be greatly affected by nonlinear effects. The sound pressure levels
follow the patterns predicted by Tam’s similarity spectra almost perfectly (especially
at high frequencies, Fig. 4.7.a), and the collapse between the linearly propagated
spectra is also very good. As discussed earlier (section 4.2.1), the mismatch at low
frequencies is most likely due to near-field/far-field effects and, to a lesser extent, to
reflections from the microphone mounting equipment and exhaust fan system. As
seen in Table 4.4, the peak Strouhal number and the high frequency decay rate both
undergo very small changes (by less than 5%) as the waves propagate from 40 to 160

Dj. This result takes on a particular significance when compared to the subsonic
cases with Tj /T∞ = 2.3, 3.0. In spite of comparable OASPL values (see Table 4.2),
evidence of nonlinear propagation is found in the subsonic, helium/air mixture jets,
but not in the supersonic, cold jet. The consequence of this observation is twofold;
first, it shows that the OASPL may not be as much of a critical parameter to identify
nonlinear effects as thought initially. Second, it brings to the fore (once again) the
key role of the convective Mach number in the generation of nonlinearities: the noise
from the Mj =1.5, cold jet propagates essentially in a linear fashion and Mc < 1.0 (Mc
= 0.87), as opposed to the noise from the two subsonic cases with large simulated
temperature ratios, for which Mc reaches (quasi-)supersonic values (Mc = 0.98, 1.09).
Table 4.4 Detailed parameters characterizing nonlinear acoustic propagation in the
spectra shown in Figures 4.7 – 4.11.

Mj

1.5

θ

Mc

Peak Strouhal
Number

High-Frequency
Slope

40 Dj

160 Dj

40 Dj

160 Dj

(polar
angle)

Ma

0.69

30°

1.25

0.87

0.20

0.19

– 2.74

– 2.85

0.85

30°

1.38

0.99

0.24

0.17

– 2.43

– 2.10

1.25

30°

1.68

1.17

0.15

0.11

– 2.49

– 2.08

2.5

30°

2.37

1.66

0.08

0.05

– 2.32

– 2.02

2.0

50°

2.12

1.48

0.21

0.14

– 2.65

– 1.70

2.5

50°

2.37

1.66

0.18

0.12

– 2.57

– 1.74

Tj /T∞

(est.)
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On a related note, one should point out that the Morfey-Howell indicator of
nonlinearity in Fig. 4.7.c is not zero (as would be expected in view of the lack of
nonlinearities), with amplitude levels very similar to those of the subsonic,
helium/air mixture cases in Figs. 4.5.c, 4.6.c (notice the use of a different scale on the
ordinate between the three cases). This is rather surprising, and leads to the belief
that the magnitude of the indicator may in fact primarily depend on the OASPL
value. As a consequence the Morfey-Howell indicator would only provide valuable
insight on the direction of the nonlinear energy transfers, but not on the intensity of
such transfers.
Examination of the Mj =1.5, heat-simulated spectra (Figs. 4.8 – 4.11) reveals
a number of noteworthy characteristics. Evidence of nonlinear effects is clearly
visible in Fig. 4.8 and following, even for the mildest simulated jet temperature
increase (Tj /T∞ = 0.85). First, the peak Strouhal number drops down by 25% to 40%
with propagation distance (from 0.24 to 0.17 for Tj /T∞ = 0.85, and from 0.08 to 0.05
for (Tj /T∞ = 2.5). Such a shift in (non-dimensional) frequency suggests that energy is
being transferred to the low frequency side of the spectra. Energy is also being
transferred to the high frequency side of the spectrum, as the spectral slopes become
shallower by 3 to 4 dB over a decade increase in frequency (equivalent to a +0.3 to
+0.4 change in slope). The change in the decay rate is made clearly visible in the
spectra linearly propagated to the furthest microphone distance (160 Dj, see Figs.
4.8.b – 4.11.b), as well as in the comparison with Tam’s similarity spectra. At 40 Dj,
the collapse between the experimental and empirical spectra is nearly perfect for all
simulated temperature ratios, and within 2 dB for St > 0.1. At 160 Dj, however, the
mismatch resulting from the slope changes in the experimental data reaches 6 to 8
dB for St > 1.0, with the largest mismatch observed in the maximum noise emission
direction (θ = 50°, Fig. 4.11). Overall, the comparison of the main features in Figs.
4.8 – 4.11 shows strong evidence of a notable spectral broadening associated with
nonlinear energy transfers, once again, for all cases with Mc > 1.0. Furthermore, it
should be noted that the spectral peaks slightly flatten and decrease with distance
(by 2 to 4 dB), in excess of what is predicted by linear extrapolation. This is
consistent with the mechanisms of a nonlinear energy cascade, in which energy is
lost from the mid-frequency range (i.e. near the spectral peak) and gained at the
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(a)

(b)

(c)

Figure 4.7 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 30°
for a Mj = 1.5, Tj /T∞ = 0.69 jet with Ma = 1.25. (b) Linearly propagated spectra to
160Dj. (c) Variations of the Morfey-Howell indicator of nonlinearity.
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(a)

(b)

(c)

Figure 4.8 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 30°
for a Mj = 1.5, Tj /T∞ = 0.85 jet with Ma = 1.38. (b) Linearly propagated spectra to 160
Dj. (c) Variations of the Morfey-Howell indicator of nonlinearity.
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(a)

(b)

(c)

Figure 4.9 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 30°
for a Mj = 1.5, Tj /T∞ = 1.25 jet with Ma = 1.68. (b) Linearly propagated spectra to
160Dj. (c) Variations of the Morfey-Howell indicator of nonlinearity.
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(a)

(b)

(c)

Figure 4.10 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 30°
for a Mj = 1.5, Tj /T∞ = 2.50 jet with Ma = 2.37. (b) Linearly propagated spectra to
160Dj. (c) Variations of the Morfey-Howell indicator of nonlinearity.
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(a)

(b)

(c)

Figure 4.11 (a) Fully-corrected power spectra recorded at 40, 80, 160 Dj and θ = 50°
for a Mj = 1.5, Tj /T∞ = 2.50 jet with Ma = 2.37. (b) Linearly propagated spectra to
160Dj. (c) Variations of the Morfey-Howell indicator of nonlinearity.
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lower and higher ranges. Because the OASPL values are mostly determined by the
maximum sound pressure levels, the OASPL’s at 160 Dj are also lower than expected
from linear theory. These interpretations based on power spectral data are all
confirmed by the calculation of the Morfey-Howell indicator of nonlinearity (Figs.
4.8.c – 4.11.c), even though an energy transfer towards low frequencies is not
observed in all plots. Also, note the differences in magnitude between the plots in
Figs. 4.8.c – 4.11.c, with values of the indicator of nonlinearity two to three times
larger in Fig. 4.11.c than in all others. Again, this tends to show that the magnitude
of such a quantity is less indicative of the intensity of the nonlinear energy transfers
throughout the frequency spectrum, but rather depends on the OASPL values (as
the OASPL in Fig. 4.11 is 4 to 5 dB higher than in all other cases).
Finally, the frequency-domain data acquired from supersonic, unheated jets
with Mach number between 1.60 and 1.90 are not included in this discussion, as
they are thought to be mostly inconclusive due to the combination of limited Mach
number range, transition from the acoustic near-field to far-field between 40 and 80

Dj, and sound reflections from the microphone mounting equipment and exhaust fan
system. Nevertheless, example power spectra from a Mj = 1.92, cold jet acquired in a
different test facility (Boeing LSAF) are presented in the next section.

4.2.3

Boeing LSAF Model Jet Comparison

A careful experimental study has been carried out in a controlled environment in the
Low Speed Aeroacoustics Facility at the Boeing Company to clarify certain features
associated with the nonlinear distortion of acoustic waves. The data have been
acquired in the LSAF, but processed at The Pennsylvania State University. The
corresponding results are described and discussed in detail in Refs. [50, 66]. A
limited number of spectra are reproduced in Figures 4.12 and 4.13 for comparison
with the current data. The testing conditions include both subsonic (Mj = 0.9, Fig.
4.12) and supersonic (Mj = 1.92, Fig. 4.13) cases. For the Mj = 0.9 jet two distinct
temperature ratios are presented, namely Tj /T∞ = 0.86 (cold) and Tj /T∞ = 2.84. The
latter dataset is especially important, as it offers the opportunity to compare the
results from the heat-simulated jets with true heated jets at similar test conditions
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Mj = 0.9, Tj /T∞ = 2.84

Mj = 0.9, Tj /T∞ = 0.86

Figure 4.12 Third-octave band spectra for subsonic, cold and heated jets with Mj =
0.9, Tj /T∞ = 0.86 (black) and Tj /T∞ = 2.84 (colors), linearly propagated to 20 ft
(~100Dj), Figure from Ref. [66].

Figure 4.13 Third-octave band spectra for a supersonic, cold jet with Mj = 1.92 (Tj /T∞
= 0.58), linearly propagated to 20 ft (~190 Dj), Figure from Ref. [66].
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conditions (Mj = 0.9, Tj /T∞ = 2.84 and 3.0). The measurement distances range from
52 to 150 Dj for the subsonic cases, 100 to 289 Dj for the supersonic cases, with the
microphones set at an angle 30° from the outlet jet axis (close to the peak noise
emission direction). The data in Figs. 4.12 and 4.13 have been linearly propagated to
a common physical distance of 6.1 m (20 ft, i.e. ~100Dj for the subsonic cases, ~190Dj
for the supersonic cases). Following the usual procedures commonly applied in
industry, the spectral data are corrected for microphone responses and standard day
conditions (i.e. P∞ = 1 atm, T∞ = 77 F and relative humidity rh = 70 %), and plotted in
third-octave frequency bands (note the use of dimensional frequency and not
Strouhal number on the abscissa).
Spectral shapes for the Mj = 0.9, unheated case (Fig. 4.12) do not exhibit any
noteworthy characteristics, as the collapse of the four measured spectra is excellent
at all frequencies. However, for both the Mj = 0.9, heated jet and the supersonic, cold
jet, there is no collapse at the higher frequencies. The sound pressure levels
continuously increase as the acoustic waves propagate to larger distances. The
magnitude of this increase is most pronounced at 80 kHz, reaching a value between
6 to 8 dB. Clearly, there is nonlinear propagation with energy being transferred to
the high frequency side of the spectra. The trends observed in these spectral
analyses also reinforce the idea that the limit Mc = 1.0 can be envisioned as a
threshold above which significant nonlinear effects are triggered in jet noise
propagation; indeed, Mc is below 1.0 for the Mj = 0.9, unheated case, and above 1.0
for the other two cases (Mc = 1.06 for the subsonic, heated jet and Mc = 1.02 for the
supersonic, cold jet).
The fact that the nonlinear effects appear to be more intense in the LSAF
data than in the Penn State data should not be a surprise. First, nonlinear
propagation effects are amplified by the use of a third-octave band filter, which
integrates the sound pressure levels over increasingly larger frequency bands.
Second, the nozzles tested in the LSAF study being approximately 3 to 5 times
larger (in diameter) than the PSU nozzles, the maximum resolved Strouhal number
in the LSAF data is also much higher. As an example, for the Mj = 0.9, case the
Strouhal number at 80 kHz is about 9.5, compared to a maximum Strouhal number
of only 3.0 in Figs. 4.5 and 4.6. This makes the slope variations (and the resulting
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high frequency mismatch) induced by nonlinear distortion much more obvious.
Finally, note that the absence of an energy transfer towards the low frequency side,
although somewhat puzzling, is consistent with the results presented in section 4.2.1
for subsonic, heat-simulated jets.

4.2.4

Imperfectly-Expanded Jets

Acoustic power spectra of supersonic, imperfectly-expanded jets are briefly reviewed
in this section. The physical mechanisms involved in imperfectly-expanded jets are
rather complex in nature as these jets combine the features of turbulent mixing
noise with shock-related components, namely screech tones and broadband shockassociated noise. Only a few selected examples are presented here, as the topic of
nonlinear propagation in shock-containing jets could be the subject of a full thesis by
itself. A more comprehensive study on this subject can be found in Petitjean et al.
[119].
Figure 4.14 shows narrowband spectra acquired close to the maximum noise
emission direction (θ = 35°) of an unheated, under-expanded, Mj = 1.35 jet exhausted
from a purely converging, elliptic nozzle (Md = 1.0). The microphones are located in
the minor axis plane, which was shown to be identical from an acoustic viewpoint to
a circular nozzle with the same equivalent diameter. Notice that because of the
different nozzle geometry, the measurement distances are reduced to r /Deq = 30, 60
and 120. As expected, the spectra display the typical trends of turbulent mixing
noise, along with shock noise contributions. Distinct screech tones are clearly visible
at Strouhal numbers 0.29 (fundamental), 0.59 (second harmonic) and 0.88 (third
harmonic). These non-dimensional frequencies are found to be in excellent
agreement with the theoretical value of 0.284 (fundamental) derived from the
formula provided by Tam et al. [54] for calculating the screech frequencies of hot
jets. An examination of the variations in the screech tone amplitudes with distance
does not reveal any significant nonlinear effects. Even though energy is being lost by
the fundamental tone (–4 dB from 30 to 120 Deq), no indication of an energy transfer
towards higher frequencies (in the form of harmonic generation) can be clearly
identified in the spectra. Note that broadband shock-associated noise is not present
in the data because of the shallow angle of measurement (broadband shock-related
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(a)

(b)

(c)

Figure 4.14 (a) Fully-corrected power spectra recorded at 30, 60, 120 Deq and θ = 35°
for an under-expanded, elliptic jet with Mj = 1.35 (Md = 1.0), Tj /T∞ = 2.50, and Ma =
2.13. (b) Linearly propagated spectra to 120 Dj. (c) Variations of the Morfey-Howell
indicator of nonlinearity.
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noise becomes more prominent in the forward arc [120, 121]). In fact, nonlinearities
are found mainly in the evolution of the turbulent mixing noise features. As for
ideally-expanded jets, the turbulent mixing noise peak frequency drops by 40% (from
0.15 to 0.09) between 30 Deq and 120 Deq. Moreover, the spectral slopes at high
frequencies rise significantly with distance. These two effects are made especially
obvious in Fig. 4.14.b, where the power spectra are propagated to the furthest
microphone position assuming spherical spreading. Once again, the jet convective
Mach number is greater than unity (Mc = 1.49), and the spectra appear to be
significantly distorted by nonlinear energy transfer. As seen in Fig. 4.14.c, the
Morfey-Howell indicator of nonlinearity exhibits rather puzzling trends for shockcontaining jets (note that the scale in ordinate has been truncated to match Fig.
4.11.c). The presence of sharp peaks (due to screech) in the Fourier transforms leads
to inaccurate variations in the indicator: everything looks like the energy transfers
associated with nonlinear effects occur only between the screech tones, and not in
the turbulent mixing noise. This is obviously inaccurate (as spectral data show the
opposite) and indicates a clear limitation in the use of the Morfey-Howell indicator,
which should not be applied to imperfectly-expanded jets.
An attempt is also made to examine nonlinear propagation effects on the
broadband shock-associated noise components. The acoustic power spectra measured
at a polar angle θ = 90° and at distances 40, 80 and 160 Dj for identical testing
conditions (circular, converging nozzle, Md = 1.0, Mj = 1.35, Tj /T∞ = 2.5) are given in
Figure 4.15. The OASPL is only about 124 dB at 80 Dj; these relatively small levels
are known from previous experiments to generate only weak nonlinear effects, and
therefore the propagation characteristics of broadband shock-associated noise are
not expected to deviate very significantly from linear spherical spreading. The shape
of the spectra, with a relatively steep rise from the low frequency to a large peak
centered about Strouhal numbers that range between 0.5 and 0.8, is characteristic of
broadband shock-associated noise. Notice that intense screech tones are still present
in the noise emanating from the under-expanded jet. The broadband peak flattens
notably over the propagation distance, by roughly 3 dB below what linear
propagation would predict. This nonlinear energy loss is a rather puzzling
phenomenon, for several reasons. First, it has been already mentioned that only
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minor nonlinear propagation effects can be expected in the forward arc due to the
relatively low OASPL values. Second, it is not very likely that the energy loss may
be due to nonlinearities in the propagation, since it does not appear to be
accompanied with an equally intense energy gain at lower and/or higher frequencies.
Clearly, a new experimental program, focused on a more extensive set of test
conditions and including larger nozzles should be undertaken, as the topic of
nonlinear propagation in the noise emanating from imperfectly-expanded jets has
received very little attention so far. It is hoped that such a study will bring
clarification to the surprising facts discussed above.

Figure 4.15 Acoustic power spectra measured from a heat-simulated, underexpanded, circular jet (Md = 1.0, Mj = 1.35 and Tj /T∞ = 2.5) at a 90° polar angle.

4.3 Summary
A large experimental program has been carried out with the aim of identifying and
quantifying nonlinear acoustic propagation effects in the maximum noise emission
direction from subsonic and supersonic (both ideally- and imperfectly-expanded) jets,
over a wide range of simulated temperature ratios. Spectral analyses indicate that
there is agglomeration of energy at the higher frequencies as the propagation
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distance increases for both subsonic (highly-heated) and supersonic jets. The
computation of the Morfey-Howell indicator of nonlinearity confirms that energy is
transferred from mid-frequency range to the higher-end of the spectra, as a
consequence of long-range propagation. Evidence of a nonlinear energy transfer
towards lower frequencies is also found at supersonic jet exhaust velocities, in the
form of a downward shift of the main spectral peak. Comparison of the current
results with measurements performed in a different facility (Boeing LSAF) shows
good overall agreement, and emphasizes the fact that the relatively small amplitude
of the nonlinear effects observed in the PSU data is mainly due to a more limited
frequency range.
A very important result is the identification of the jet convection Mach
number, Mc, as a critical parameter that could potentially be used to predict the
onset of nonlinear effects (more so than OASPL values, for example). Nevertheless,
the physical mechanisms susceptible to relate the value of Mc to the outbreak of
nonlinearities are not immediately obvious. This is especially true since the
convective Mach number has been determined so far using an approximate value for
the jet convective velocity, which (in particular) does not account for the effects of
temperature. The next chapter focuses on the very powerful experimental technique
of optical deflectometry, which can provide accurate values of the convective Mach
number via two-point, space-time, cross-correlation measurements. A detailed
discussion of the possible relationships between Mc and nonlinear propagation
effects follows in Chapter 6, based on the values of Mc derived in Chapter 5.
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Chapter 5
Optical Diagnostics of Jets
The present chapter focuses on qualitative and quantitative analyses of the
fluctuating flow-field in the jet shear layers exhausted from circular nozzles.
Experiments are conducted for pure air jets as well as helium/air mixture jets at
essentially the same flow conditions as shown in Table 1.1. Direct visualizations of
the flow patterns performed with a traditional schlieren instrument are presented in
section 5.1. Pictures of the jet allow for qualitative assessment of such key quantities
as the potential core length, jet spreading angle, and Mach wave radiation angles (in
the case of highly supersonic flows). In the remainder of the chapter, the optical
deflectometry system described in section 3.3 is used to provide time-resolved
measurements of density-gradient fluctuations at two points within the flow-field.
The simultaneously recorded time signals obtained at each point are Fourier
transformed to produce both cross-spectral and cross-correlation data. The jet
convection velocity can be derived using these data from either a time-domain or a
frequency-domain method. Analyses developed in Chapter 6 will draw heavily on the
jet convection velocities and Mach numbers determined with these data. Finally, a
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discussion of the main limitations associated with the current optical deflectometry
setup is given in section 5.3.

5.1 Schlieren Flow Visualizations
As previously mentioned in section 3.3.3, the light rays in an optical deflectometry
system integrate density gradient fluctuations over the entire length that they
travel. For this reason, deflectometry measurements must be concentrated in
regions at or near the edge of the shear layer, so as to penetrate the smallest
possible portions of the jet. The difficulty, however, is that the probe sensing volume
must also be located deeply enough inside the jet in order to accurately capture the
fluctuating densities associated with the large-scale turbulent structures convected
downstream. As a consequence, the jet spreading angles must be determined prior to
any deflectometry measurements, so that the photomultiplier probes can be
appropriately positioned in the flow-field. This can be achieved in a rather simple
fashion from visual inspection of schlieren images, for example. Such images are all
the more relevant as they also allow us to assess the presence and the
characteristics of Mach waves radiated from the jet shear layer. Since the optical
deflectometer is essentially a quantitative schlieren system, it is relatively easy to
convert the instrument from one capability to the other (see section 3.3 for a detailed
description of the flow visualization setup). For comparison purposes, it is important
to stress that the knife-edge was set to approximately 70% light cutoff for all images
presented in this section.

5.1.1

Schlieren Images

Figure 5.1 shows schlieren images of a circular, subsonic (Mj = 0.9) jet with
temperature ratios Tj /T∞ = 0.86 (unheated jet, Fig. 5.1.a) and Tj /T∞ = 3.0 (heatsimulated jet, Fig. 5.1.b), respectively. Notice that the annular shear layer viewed on
each side of the jet has contrasting brightness levels, due to the choice of orientation
of the knife-edge (i.e. parallel to the jet axis). In Fig. 5.1.a, the top shear layer looks
“darker” whereas the bottom shear layer looks “lighter”. For helium/air mixture jets
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(a)

(b)

Figure 5.1 Schlieren images of a circular, subsonic (Mj = 0.9) jet, with temperature
ratio (a) Tj /T∞ = 0.91 (cold jet) and (b) Tj /T∞ = 3.0 (He/air mixture).

(a)

(b)

Figure 5.2 Schlieren images of a circular, supersonic (Mj = 1.5) jet, with
temperature ratio (a) Tj /T∞ = 0.69 (cold jet) and (b) Tj /T∞ = 2.5 (He/air mixture).
such as in Fig. 5.1.b, the dark and light shear layers are switched because of the
inverted density profile across the field of view—the jet static to ambient density
ratio, ρj /ρ∞, takes values greater than unity for unheated jets but drops below unity
with the addition of helium (c.f. Table 5.1). The schlieren photographs illustrate the
dramatic increase in visual spreading angle in the case of a helium/air mixture jet
compared to a pure air jet. In Fig. 5.1.a the jet spreading rate appears to be very
small, approximately 3° with respect to the local horizontal direction. When helium
is added to the flow, however, the edge of the jet plume deviates more significantly
to about 8°. Two schlieren images of a supersonic, Mj = 1.5 jet with temperature
ratio Tj /T∞ = 0.69 and Tj /T∞ = 2.5 are shown in Figure 5.2.a–b, with much the same
result. The increase in visual spreading angle is to be expected given the larger
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mean density gradients associated with helium addition and the sensitivity of the
schlieren technique to such density gradients. This observation is also consistent
with the decrease in the potential core length with increasing jet temperature
reported by Lau [122]. Plume deflection angles measured directly from the
photographs for selected test conditions are presented in section 5.1.2 (Table 5.1).
Overall, it is found that the spreading angles in unheated jets take such small
values that transverse motion of the deflectometry photomultiplier probes is
essentially unnecessary, given that the probe separation distance never exceeds 1.5

Dj. This is not the case for heat-simulated jets, though, where the probes must be
carefully positioned and moved within the flow-field according to the spreading
angles reported in Table 5.1.
Little large-scale turbulent structure can be observed in the supersonic jets
shown in Fig. 5.1, due in part to the masking effect of the finer-scale scale
turbulence. However, acoustic radiation from these large-scale structures can be
readily identified in both Figs. 5.1.b and 5.2.b, in the form of alternate darker and
lighter fringes outside the jet plume. This is a clear indication that the turbulent
structures are convected downstream at a speed greater than the ambient speed of
sound (i.e. Mc ≥ 1.0) in both heat-simulated cases. Nevertheless, a number of
differences between the two Mach wave radiation patterns must be pointed out.
First, the radiated Mach waves seem to be more intense in the supersonic jet case,
as the light and dark fringes look more visible and more contrasted in Fig. 5.2.b than
in Fig. 5.1.b (with similar knife-edge cutoff adjustment). Second, the angle of
propagation of the Mach wave system (βM, measured from the outlet jet axis) is
larger in the supersonic case than in the subsonic one, and so should be the jet
convection velocity. This is actually consistent with the fact that the jet velocity
itself is larger in Fig. 5.2.a (Uj ≈ 816 m.s–1) than in Fig. 5.1.a (Uj ≈ 536 m.s–1); note
that the velocity ratio Uc /Uj is assumed to be somewhat similar between the two
cases. Using Mach wave theory, rough estimates of the jet convection velocity can be
obtained based on the direction of propagation of the Mach waves measured directly
from the flow visualization pictures. Such estimates are given in section 5.1.2.
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Returning to pure air jets, Figure 5.3 shows four schlieren photographs of jets
exhausting from a circular, converging-diverging nozzle (Md ≈ 1.76), with Mach
numbers Mj = 1.60, 1.72, 1.80, and 1.90 (Figs. 5.3.a to 5.3.d) respectively. Again, the
jet spreading rate is very small for all four cases (between 2° and 3°), a result that is
consistent with the trends observed by Lau et al. [123] using a laser velocimetry
system. As expected, shock-cells are barely visible in the Mj = 1.80 jet plume (Fig.
5.3.c), which is close to perfectly-expanded, whereas several shock-cells can be
identified in the imperfectly-expanded cases. Traces of Mach wave emission are
visible in Figs. 5.3.b–d, in the form of the typical pattern of alternate darker and
lighter fringes outside the jet plume; this indicates that the convective Mach
number, Mc, is greater than unity for all three cases. Notice that the strength of the
radiated Mach waves increases with the jet Mach number, as the pattern of darker

(a)

(b)

(c)

(d)

Figure 5.3 Schlieren images of circular, cold, supersonic jets (Md ≈ 1.76), with Mach
numbers (a) Mj = 1.60, (b) Mj = 1.72, (c) Mj = 1.80 and (d) Mj = 1.90.
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and lighter fringes becomes more and more contrasted. Optical deflectometry results
in section 5.2 will bring further confirmation of the inception of the Mach wave
emission process for Mj ≥ 1.72.

5.1.2

Mach Wave Emission and Maximum Noise Direction

As mentioned earlier in this work (c.f. sections 1.2.2 and 4.1.3), the Mach wave
emission process, when present, is the dominant source of noise production in the
sound field radiated from supersonic and highly-heated subsonic jets. Therefore, it is
especially interesting to compare the angles of maximum noise emission, θm,
determined from the acoustic directivity studies in section 4.1.3 with the direction of
propagation of the Mach waves, βM measured from the schlieren images. The two
sets of angular values are given in Table 5.1, and show reasonable agreement,
especially when accounting for the uncertainty (±4°) associated with measuring
angles from a photograph. This large value of uncertainty is due to the fact that
Mach wave emission is inherently a 3-dimensional phenomenon (Mach waves
radiate along a cone due to the circular geometry of the jet), which results in a lack
of focus in the schlieren images.

Table 5.1 Characteristics of jets at various operating conditions extracted from
schlieren images (α: plume deflection angle, βM: Mach wave propagation angle, θm:
maximum noise emission direction; all angles measured with respect to the outlet jet
axis).

Uj

ρj /ρ∞

0.86

1.16

287.3

3°

–

20°

3.00

0.34

536.4

8°

30°

0.69

1.45

428.6

2.5°

2.50

0.40

816.1

7.5°

1.6

0.66

1.51

447.7

1.9

0.58

1.71

498.2

0.9

1.5

(m.s–1)

α

βM

Tj /T∞

Mj

2°
to 3°

θm

Uc

Uc /Uj

Uc /c∞

–

–

–

31°

397.3

0.74

1.15

–

25°

–

–

–

53°

55°

571.8

0.70

1.66

–

28°

–

–

–

28°

30°

389.7

0.78

1.13

(±4°)

(est.)
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Table 5.1 also includes rough estimates of the jet convection velocity derived
from the Mach wave propagation angles observed in the schlieren pictures. As
discussed in section 1.2.2, the direction of Mach wave emission, βM, and the
convection velocity, Uc, are related via the following equation: c∞ /Uc = cos(βM),
Eq.(1.6). When using this relationship, the values of βM determined graphically are
measured with respect to the outlet jet centerline. Based on the estimated jet
convection velocity values in Table 5.1, it appears that the convection to jet velocity
ratio Uc /Uj is not significantly altered with helium addition, even though it drops
slightly from 0.78 (Mj = 1.9, unheated jet) down to 0.70 (Mj = 1.5, Tj /T∞ = 2.5). This
brings further confirmation of earlier findings by Lau [104], who analyzed the
convection velocity trends in heated jets using laser velocimeter correlation
measurements. This result will be of crucial importance when discussing the
convection velocity variations observed in optical deflectometry measurements from
heat-simulated jets (section 5.3.2).

5.2 Optical Deflectometry Measurements
The optical deflectometry system is used to obtain fluctuating flow-field
measurements in the jet shear layer. The measurement region of interest extends
from the axial position x /Dj = 4.0 to x /Dj = 5.5. This general area encompasses the
end of the potential core (for the operating conditions of the current study), which is
approximately where the dominant noise sources are located [124]. Spectral and
correlation data acquired in a subsonic, Mj = 0.7, unheated jet are reviewed first, in
an effort to introduce the typical analyses routinely performed on the deflectometry
outputs, as well as to highlight the physical interpretation of the data. Several
comparisons of these preliminary results with datasets found in the literature bring
further validation of the experimental technique. Finally, spectral and correlation
data

for

both

subsonic

and

supersonic

jets

are

provided.

Deflectometry

measurements in helium/air mixture jets will be discussed at length in the next
section (5.3).
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5.2.1

Spectral and Correlation Data

Spectral and cross-correlation data for a pure air, Mj = 0.7 jet are presented in this
section. Figure 5.4.a shows the power spectra acquired in a jet exhausting from a
converging, contoured nozzle with ½ inch diameter. The photomultiplier probes are
initially positioned 4 Dj downstream from the nozzle exit plane, along the jet lip line
(y /Dj = 0.5) and in the light shear layer. The second PMT probe is then moved
axially to further downstream locations by a single-axis motorized stage, typically in
0.1 Dj increments. Figures 5.4.b and 5.4.c show similar spectral data measured in a
jet exhausting from a one inch diameter nozzle. The test conditions are identical,
except that the starting probe location is down to x /Dj = 3.5 due to the reduced probe
displacement range associated with the use of a larger nozzle. For the sake of
completeness, measurements have been carried out in both the light (Fig. 5.4.b) and
dark shear layers (Fig. 5.4.c).
Each plot in Fig. 5.4 contains the auto-power spectra (S 11, S 22) at zero probe
separation, as well as the magnitude of the cross-spectrum, |S 12|. Notice that each
and every spectrum is normalized by its mean square value, which is a measure of
the total energy contained in the spectrum. For all three cases plotted in Fig. 5.4, the
spectra S

11,

S 22, and |S 12| always collapse onto a single curve as a result of the

accurate positioning of the PMT probes at the same flow-field location. The spectra
show a fairly broad peak at Strouhal numbers between 0.4 and 0.5, which is
indicative of the presence of large-scale turbulent structures within the jet shear
layer. Note that these spectra are similar to those measured in subsonic jets by
Stromberg et al. [125] using hot-wires, who reported a narrow peak (due to the low
Reynolds number conditions of their jets) at St = 0.44. Also, spectral measurements
carried out by Davis [92] with a single-beam quantitative schlieren technique (which
is, in some ways, similar to the current setup) at Mj = 0.6 and 0.9 exhibit a broad
peak at Strouhal numbers close to 0.6. Although the trends are identical for all
spectra plotted in Fig. 5.4, the peak amplitudes appear quite different between the
three cases. For the data acquired within the light shear layer, the peak spectral
amplitude drops from about 1.1 for the ½ inch jet (Fig. 5.4.a) to 0.6 for the larger jet
(Fig. 5.4.b). Also, the spectral levels are not entirely symmetric with respect to the
jet centerline, as the peak spectral amplitude in the dark shear layer reaches values
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(a)

(b)

(c)
Figure 5.4 Auto- and cross-spectral densities at zero-probe separation measured
along the nozzle lip line in a Mj = 0.7, pure air, ½ inch jet ((a): light shear layer) and
one inch diameter jet ((b): light shear layer and (c): dark shear layer).
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in excess of 0.75 (Fig. 5.4.c), compared to only 0.6 in the light shear layer (Fig. 5.4.b).
Such differences can be attributed, at least in part, to the fact that it is very difficult
to position the PMT probes precisely at the same radial and axial locations between
experiments. Furthermore, the optical settings (essentially the PMT gain levels and
the percentage of knife-edge cutoff) are adjusted between each run for optimal
accuracy. This results in dramatic light intensity variations, and makes it even more
difficult to compare the absolute or scaled amplitudes of the measured quantities.
Despite such slight (but necessary) adjustments in the light source intensity, knifeedge position, photomultiplier gains and supply voltages, reasonably consistent and
repeatable data have been acquired throughout the entire study.
The distinct space-time correlation patterns plotted in Figure 5.5 show clear
evidence of the convection of turbulence in the jet shear layer in all cases. The
conditions for Figs. 5.5.a–c match those for the spectra in Figs. 5.4.a–c. Each peak in
the cross-correlation data is indicative of the passage of turbulent structures in the
flow from the first PMT probe to the second. In Fig. 5.5, the correlation coefficient,

ρ 12, is plotted versus time delay for various probe separation distances. Throughout
this entire work, the time delay of the optical deflectometry measurements is scaled
by the jet characteristic frequency to properly account for the velocity and nozzle
size differences between the experiments. When presented in this fashion, the crosscorrelation curve corresponding to a probe displacement ∆x /Dj = 1.0 peaks around a
non-dimensional time of 1.4 for all three cases. This means that the convection to jet
velocity ratio, Uc /Uj, should take approximately the same values for the three
testing conditions; this result is obviously expected, since the measurements
presented in Fig. 5.5 differ only in the jet diameter and shear layer brightness.
Although the peak spacings are fairly similar in Fig. 5.5 (a to c), peak correlation
levels are not. For data acquired in the light shear layer (Figs. 5.5.a, 5.5.b), the
correlation levels drop significantly faster with probe separation distance in the case
of the larger jet diameter. Also, the correlation levels are not completely identical in
the two shear layers (Figs. 5.5.b, 5.5.c). Again these are most likely due to slight
differences in probe positioning, PMT gain settings and knife-edge position between
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(a)

(b)

(c)
Figure 5.5 Cross-correlation functions at various probe separations measured along
the nozzle lip line in a Mj = 0.7, pure air, ½ inch jet ((a): light shear layer) and one
inch diameter jet ((b): light shear layer and (c): dark shear layer).
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the experiments. More specifically, data from Davies et al. [100] and Doty [76]
revealed that peak correlation levels are especially sensitive to the radial location of
the measuring devices in the jet shear layer.

5.2.2

Comparison to Hot-Wire Data

One of the main limitations associated with the optical deflectometry setup is that
the quantities measured by the instrument represent density gradient fluctuations
and not fluctuating velocity, which is a more conventional – and directly useful –
property of turbulent flows. Nonetheless, Wilson and Damkevala [90] proposed a
simplified, one-dimensional approach to relate the statistics of these physical
quantities using linearized mass and momentum equations. The relationship
between the statistical properties of velocity and density gradient fluctuations can
also be investigated experimentally by comparing the current deflectometry results
to hot-wire measurements (directly sensitive to velocity variations). For that
purpose, the hot-wire data obtained by Davies et al. [100] in a circular, Mj = 0.45,
cold jet (1 inch diameter) are especially useful. The two-point, space-time, crosscorrelation curves of axial velocity fluctuations at various probe separation distances
are reproduced from the work of Davies et al. in Fig. 5.6. Correlation data obtained
from the optical deflectometry setup in a circular, cold, Mj = 0.7 jet (½ in. diameter)
are plotted on the same graph, with appropriate scaling of the time delays to account
for the differences in nozzle size and jet velocity between the two experiments. The
envelope of these curves represents the autocorrelation function in a frame of
reference moving with the dominant turbulent scales at the convection velocity, Uc.
The very good agreement of the deflectometry measurements with the hot-wire data
provides strong evidence of the validity of using optical density gradient fluctuations
data to represent the statistical properties of axial velocity fluctuations for these
scales of turbulence. This is a very important result, as correlation curves such as
those given in Fig. 5.6 can be advantageously used in analytical models to predict
the noise from high-speed turbulent flows. Details on noise prediction models based
on cross-correlation data can be found in the works by Harper-Bourne [103], Tam
and Auriault [33], and Morris et al. [126].
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Figure 5.6 Comparison of cross-correlation curves between optical deflectometer
data at Mj = 0.7 (
) and hot-wire data of Davies et al. [100] at Mj = 0.45 (
)
(starting probe location x /Dj = 4.0 (deflectometry), x /Dj = 1.5 (hot-wire), radial
location y /Dj = 0.5 in both cases).
5.2.3

Convection Velocity Calculations

The convection velocity, Uc, of the turbulence can be estimated from either a time
domain or a frequency domain method. Returning to Figs. 5.5 and 5.6, the
convection velocity of the large-scale structures can be easily determined from such
correllelogram plots, by dividing the successive probe separation distances by the
time delay between the correlation peaks. For optimal accuracy, the convection
velocity values are actually calculated by fitting a sample regression line through
the data, using the method of least squares. An example of such a procedure applied
to the Mj = 0.7 correlation data (cold, ½ in. diameter jet) is given in Figure 5.7,
where the slope of the regression line corresponds to the convection velocity. The
2
, which
quality of the linear fit can be estimated from the correlation coefficient, rcor

is equal to unity if the sample values lie exactly on a straight line. In the present
example the convection velocity is 162.5 m.s–1, and the linear fit is obviously very
2
good ( rcor
= 0.9934).
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Figure 5.7 Probe separation distance plotted as a function of the time delays
between cross-correlation peaks for a Mj = 0.7, pure air jet. The slope of the fitted
regression line is Uc = 162.5 m.s–1 (starting location x /Dj = 4.0, along the lip line).
In a more general fashion, the convective velocity can be calculated at each
frequency based on the phase angles Θ 12(f ) determined from cross-spectral analyses
(see section 3.3.3). For a given axial probe separation distance ∆x, the convection (or
phase) velocity as a function of frequency (or Strouhal number) is computed as:

U c (f ) =

2π ∆x f

Θ12 (f

)

(5.1)

Figure 5.8 shows the evolution of convection velocity versus Strouhal number, for
the operating conditions, and at four distinct PMT separation distances. The
convection velocity of interest here is found at St = 0.45 (indicated with a black
arrow), in accordance with the Strouhal number of the peak spectral amplitudes
observed in Fig. 5.4.a. (for reference, the value of Uc determined with the previous
technique is also plotted as a dot-dashed, horizontal line in Fig. 5.8). There is good
agreement between the two methods, even though the convection velocity calculated
in the frequency-domain takes a slightly lower value (Uc = 152.2 m.s–1, compared to
162.5 m.s–1, representing a 6.3% decrease). Because of the difficulties in accurately
locating the peak amplitudes from the auto- and cross-spectral data, the remainder
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Uc = 162.5 m.s–1

Figure 5.8 Variations of jet convection velocity versus Strouhal number, computed
from phase angle measurements: Uc = 152.2 m.s–1 at St = 0.45 (black arrow).
of the convection velocities presented in this work are determined using the timedomain method illustrated in Fig. 5.7.
At this point, it is appropriate to compare the convection velocity values
determined from optical deflectometry measurements with data found in the
literature and acquired with a wide variety of instruments and techniques. Results
from the current study are summarized in Table 5.2, along with measurements
using hot-wires (Davies et al. [100]), crossed-beam technique (Fisher and Krause
[88]), laser Doppler velocimetry (Lau [104]), optical deflectometry (Doty, [76]) and
PIV systems (Bridges [127]). The data presented were acquired at subsonic Mach
numbers in cold jets only, along the nozzle lip line and for various starting probe
locations. The exact experimental conditions for each study are given in Table 5.2.
The convection to exhaust velocity ratios, Uc /Uj, range from 0.65 to 0.75, with an
average value around 0.70, as is typically expected for high-speed shear layers. The
very good agreement found between the velocity ratios available in the literature
and the current results brings further evidence of the validity and accuracy of the
optical technique presented in this chapter. Moreover, it is important to note that
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the nozzle size and shear layer brightness do not seem to have any strong influence
over the convection velocity values, which vary by less than 5% as these parameters
are modified.
Table 5.2 Convection velocity results for the case of a Mj = 0.7, pure air jet and
comparison to data available in the literature.

Authors

Instrument

Probe
location

Additional specs.

Mj

Uc /Uj

Davies et
al. [100]

Hot-wire

x /Dj = 4.5

N/A

0.45

0.69

Fisher and
Krause [88]

Crossed-beam
deflectometer

x /Dj = 3.0

N/A

0.20

0.70

Lau [104]

LDV

x /Dj = 4.0

N/A

0.90

0.67

Doty [76]

Optical
deflectometry

x /Dj = 4.0

Light SL†, ½ in. nozzle

0.70

0.75

Bridges
[127]

PIV

x /Dj = 4.0

N/A

0.98

0.65

Light SL†, ½ in. nozzle

0.70

0.71

Light SL†, 1 in. nozzle

0.70

0.70

Dark SL†, 1 in. nozzle

0.70

0.68

Current

†

Opticlal
deflectometry

x /Dj = 4.0

SL stands for shear layer.

5.2.4

Pure Air Jet Measurements

The spectral and correlation data for pure air jets at subsonic and supersonic Mach
numbers are discussed in this section. The exact experimental conditions are Mj =
0.9, 1.5 and 1.72, and are the same as for the acoustic studies presented in Chap. 4.
Figures 5.9 to 5.11 show the spectra and cross-correlation curves acquired for such
jet velocity conditions. Each figure includes the auto- and cross-spectra at zero probe
separation as well as the correllelograms. The stationary photomultiplier probe is
located along the lip line at x /Dj = 4.0, while the second probe is moved axially in 0.1
to 0.25 Dj increments, up to x /Dj = 5.5. All data are acquired exclusively in the light
shear layer.

103

(a)

(b)
Figure 5.9 (a) Auto- and cross-spectra at zero probe separation and (b) crosscorrelation curves at various probe separations for a Mj = 0.9 pure air jet, starting at
x /Dj = 4.0 along the lip line.
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(a)

(b)
Figure 5.10 (a) Auto- and cross-spectra at zero probe separation and (b) crosscorrelation curves at various probe separations for a Mj = 1.5 pure air jet, starting at
x /Dj = 4.0 along the lip line.
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(b)

(b)
Figure 5.11 (a) Auto- and cross-spectra at zero probe separation and (b) crosscorrelation curves at various probe separations for a Mj = 1.72 pure air jet, starting
at x /Dj = 4.0 along the lip line.
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As observed earlier (Figs. 5.4.a–c), the subsonic spectra in Fig. 5.9.a show a
fairly broad peak at St ≈ 0.4, which is indicative of the presence of large-scale
turbulent structures in the jet shear layer. A similar, although less pronounced peak
is seen in the spectra from supersonic jets (Figs. 5.10.a and 5.11.a); the peak is also
shifted towards somewhat higher values of Strouhal number, around St ≈ 0.6. One
must point out that because the spectral data are normalized by their mean square
value, the magnitude of the spectra reflects the amount of energy at a particular
frequency, relative to the total integrated value of energy. Thus, the lower spectral
amplitudes for the Mj = 1.5, 1.76 cases in Figs. 5.10.a and 5.11.a compared to Fig.
5.9.a do not necessarily mean that there is less energy in the spectra, but rather that
less of the total energy of the spectrum can be found at these scales.
The two-point, space-time cross-correlation curves given in Figs. 5.9.b –
5.11.b do not exhibit any significant differences from the correllelograms discussed
previously in section 5.2.1 for a pure air, Mj = 0.7 jet. Again, the time delays on the
abscissa are scaled by the characteristic frequency of the jet, resulting in a
dimensionless time scale. Owing to this normalization scheme, the cross-correlation
curve corresponding to a probe displacement of x /Dj = 1.0 is seen to reach its peak
value around a non-dimensional time of 1.35 in each of the three correllelograms.
This means that each case should have approximately the same convection to jet
velocity ratio, Uc /Uj, regardless of the jet Mach number. Examination of the actual
convection velocity values computed in the next paragraph will confirm this
observation. Finally, note that even though the peak spacings seem to be comparable
in all three test conditions, the peak amplitudes are not. The correlation data for
supersonic conditions drop off somewhat more rapidly with increasing probe
separation distance, revealing a less correlated turbulent field as well as a smaller
turbulence length scale. It is possible, though, that the peak correlation values
would be higher if the second PMT probe were moved both axially and azimuthally,
in an effort to better track the helical structures that develop in supersonic jet shear
layers.
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The convection velocity of the dominant turbulent structures have been
computed from the two-point, space-time, cross-correlation measurements following
the time-domain method described in section 5.2.3 (line regression based on the
method of least squares). Table 5.3 summarizes the results for all pure air jet cases,
including extra testing conditions in the Mach 1.6 – 1.9 range. The convection to
exhaust velocity ratio, Uc /Uj, varies between 0.7 and 0.8, roughly, for the test
conditions considered. Furthermore, it appears that Uc /Uj continuously increases
with the jet Mach number in the range Mj = 1.60 – 1.90. These results are in very
good agreement with previous deflectometry measurements by Doty [76], with the
laser velocimeter correlation data of Lau [104] and with the hot-wire measurements
carried out by Troutt and McLaughlin in a cold, Mj = 2.0 jet [128]. These values will
be further discussed in section 5.3, in the light of related measurements from
helium/air mixture jets. Finally, notice that the convection Mach number, Mc, is
above unity for all supersonic jets above Mj = 1.72, in accordance with the Mach
wave emission process identified in the schlieren images (section 5.1.1).

Table 5.3 Convection velocity results for all pure air jet cases.

Mj

Tj /T∞

fc (Hz)

Uj (m.s–1)

Uc (m.s–1)

Uc /Uj

Mc = Uc /c∞

0.90

0.86

22,606

287.1

212.2

0.74

0.62

1.50

0.69

33,630

427.1

318.1

0.74

0.93

1.60

0.66

35,244

447.6

313.5

0.70

0.91

1.72

0.63

36,772

467.0

358.2

0.76

1.045

1.80

0.61

38,236

485.6

365.4

0.75

1.065

1.86

0.59

38,732

491.9

384.6

0.78

1.121

1.90

0.58

39,221

498.1

396.9

0.80

1.157
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5.3 Helium/Air Mixture Jet Experiments
Optical deflectometry measurements in helium/air mixture jets are now reviewed. It
is important to note that photomultiplier probes are displaced in both axial and
transverse directions along the edge of the jet shear layer, following the plume
deflection angles measured from the schlieren images. The starting probe location is
left unchanged, x /Dj = 4.0. The results are significantly altered from the pure air,
cold jet cases, as the data display little evidence of large-scale turbulent structures
and much lower levels of correlation. Convection velocities with helium addition are
also significantly reduced. The main limitations associated with both the heatsimulation technique and the optical deflectometer are discussed, in connection with
a number of parameter investigations. These studies are part of an ongoing effort to
better understand the physics of such unexpected trends.

5.3.1

Spectral and Correlation Data

Spectral and correlation data for circular jets with Mach numbers Mj = 0.7 and 1.5
are shown in Figs. 5.12 and 5.13. The simulated temperature ratios are Tj /T∞ = 1.0
and 1.1 for the subsonic conditions, Tj /T∞ = 0.85 and 1.0 for the supersonic
conditions. Notice that the amount of helium added to the flow is intentionally
limited to low values, between 1.6% and 8.6% by mass (see Table 5.4). Larger
simulated temperature ratios (with a percentage of Helium addition up to nearly
40% by mass) will be discussed subsequently. It becomes immediately evident that
there exists major differences between the pure air and the helium/air mixture cases
investigated, regardless of the value of Mach number. The autospectra for all heatsimulated jets show little evidence – if any – of the presence of large-scale turbulent
structures in the shear layer. The spectral energy is shifted towards St < 0.2 and
quickly decreases with Strouhal number instead. A characteristic peak, however,
can be readily identified in the Strouhal range 0.4 – 0.6 in the spectra measured
from unheated jets, and reproduced in Figs. 5.12.a, 5.13.a for reference purposes.
The testing condition Mj = 0.7 with Tj /T∞ = 1.0 (see Fig. 5.12.a) is especially
interesting as it seems to mark the transition from one spectral character to the
other; the peak associated with the convection of coherent structures is still visible

109

(a)

(b)
Figure 5.12 (a) Auto-spectra at zero probe separation for moderate temperature
ratios (Tj /T∞ = 0.91,1.0 & 1.1) and (b) cross-correlation curves at various probe
separations for a Mj = 0.7, Tj /T∞ = 1.1 jet, starting at x /Dj = 4.0 following the
deflected edge of the shear layer.
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(a)

(b)
Figure 5.13 (a) Auto-spectra at zero probe separation for moderate temperature
ratios (Tj /T∞ = 0.69,0.85 & 1.0) and (b) cross-correlation curves at various probe
separations for a Mj = 1.5, Tj /T∞ = 1.0 jet, starting at x /Dj = 4.0 following the
deflected edge of the shear layer.
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in the spectrum at St ≈ 0.5, but the spectral amplitudes have already raised
significantly for St < 0.2. Figures 5.12.b, 5.13.b show the cross-correlation curves
acquired at various probe displacements along the edge of the shear layer in circular
jets with Mach numbers Mj = 0.7, 1.5 and moderate temperature ratios Tj /T∞ = 1.1
and 1.0, respectively. Clearly, the cross-correlation peaks appear somewhat illdefined and much broader for the heat-simulated cases than for the pure air cases,
which indicates lower levels of correlation overall at these scales of turbulence. In
addition, the peaks are shifted towards larger values of normalized time delays, thus
indicating much lower values of convection velocity.
In an effort to more fully investigate the influence of helium addition on the
optical deflectometry measurements, spectral and correlation data are acquired in a

Mj = 1.0 beveled jet, with increasing temperature ratio. Tj /T∞ varies from 1.0 to 2.67,
which corresponds to a percentage of helium between 1.4% and 39.5% by mass. The
beveled jet is also run initially with pure air for comparison purposes. Notice that
these experiments are carried out along the shorter lip side of a converging, beveled
nozzle (with 45° bevel angle) that was provided by the Boeing Company. Further
details about the nozzle geometry, test conditions and acoustic characteristics can be
found in Ref. [77]. The recorded autospectra and cross-correlation curves exhibit the
same trends as described previously, but in the extreme. The amount of spectral
energy shifted towards St < 0.2 significantly increases with simulated temperature
ratio. It should be mentioned in passing that Panda et al. [129] obtained very similar
spectral shapes for the density fluctuations measured in circular, subsonic, heated
jets using the Rayleigh scattering technique. Also, their spectral data show evidence
of large-scale turbulence structures when the measuring location is moved
upstream, closer to the nozzle exit. Unfortunately, no such trend is found in the
present measurements, even with the PMT probe positioned only one jet diameter
away from the nozzle exit plane. In any case, density fluctuations from large-scale
turbulent structures in helium/air mixture jets are not accurately captured by the
optical deflectometry technique. Moreover, the cross-correlation curves for Mj = 1.0
and Tj /T∞ =1.44 (Fig. 5.15.c) exhibit greatly lower levels of correlation than in Fig.
5.15.b (cold jet) and considerably flatter, broader peaks. Once again, these peaks are
shifted towards larger time delays by almost a factor 3 compared to the pure air
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Figure 5.14 Auto power spectra at zero probe separation for moderate to high
temperature ratios (Tj /T∞ = 0.83, 1.0, 1.44 & 2.67) for Mj = 1.0, beveled jet.

(a)

(b)
Figure 5.15 Cross-correlation curves at various probe separations for a Mj = 1.0,
beveled jet with temperature ratio (a) Tj /T∞ = 0.83 and (b) Tj /T∞ = 1.44, starting at
x /Dj = 4.0 following the edge of the shear layer along the shorter lip side.
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case. The corresponding decrease in convection velocity is examined in details in the
following section.

5.3.2

Convection Velocity Trends

In the same fashion as for the pure air cases (section 5.2.4), the convection velocities
for helium/air mixture jets are determined from the line regression technique (least
square method) using the two-point, space-time cross-correlation measurements.
The experimental values for Uc and Uc /Uj are listed in Table 5.4; notice that the
data from pure air jets are also included in the table for the sake of comparison. As
expected from the analysis of the correlelograms, the velocity ratio Uc /Uj is found to
be lower than the average value of 0.75 obtained for pure air jets. In fact, there
appears to be a dramatic and continuous decrease in convection velocity with helium
addition, as emphasized by the huge drop in the convection to jet velocity ratio from
around 0.70 for the weakest heat-simulated conditions down to only 0.12 for the
values of Tj /T∞. Although these trends are somewhat consistent with some of the
observations by Kinzie and McLaughlin [130] as well as predictions by Bhat

Table 5.4 Convection velocity results for all heat-simulated jet cases.

Mj

0.7

1.5

1.0†

†

Tj /T∞

He conc.
(% mass)

0.91

fc

Uj

Uc

Uc /Uj

Mc

162.5

0.71

0.47

241.3

170.3

0.71

0.49

19,926

253.1

126.5

0.50

0.37

0

33,630

427.1

318.2

0.75

0.93

0.85

4.4

37,607

477.6

370.2

0.77

1.07

1.0

8.6

40,791

518.0

345.3

0.67

1.00

0.83

0

22,382

316.1

219.9

0.70

0.64

1.0

3.5

24,353

345.9

168.9

0.49

0.49

1.44

13.1

29,221

412.7

94.5

0.23

0.23

2.67

39.5

39,793

562.0

68.5

0.12

0.20

(Hz)

(m.s–1)

(m.s–1)

0

18,085

229.7

1.0

1.6

18,998

1.1

3.5

0.69

Indicates measurements taken along the short lip side of beveled jets.
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and Morris [131], the convection velocities seem to be largely underestimated, except
for quasi negligible quantities of helium (i.e. smaller than about 5–8% in mass).
Furthermore, the convection to jet velocity ratios estimated from the schlieren
images in section 5.1.2 show no such dramatic decrease for simulated temperature
ratios of 2.5 and above. Also, measurements by Lau [122] carried out in subsonic jets
tend to indicate that heating does not significantly alter the value of the ratio Uc /Uj.
These results have been recently confirmed by the PIV data of Bridges [127], who
performed an extensive study of space-time correlations in both subsonic and
supersonic, heated jets.
It is believed that the non-physical results obtained for the helium/air
mixture jets can be, at least in part, attributed to an intrinsic limitation of the
optical deflectometry system. The various limitations of the instrument, along with
possible explanations for the dramatic drop in convection velocity, are examined in
the next section. Until this difficulty is resolved (and for the remainder of the
present thesis), the value of the velocity ratio Uc /Uj in heat-simulated jets will be
taken as 0.70, in accordance with various estimates from schlieren images (worked
out from the Mach wave propagation angles, see Table 5.1 for more details), and
combined results from Lau and Bridges [122, 127].

5.3.3

Discussion of Limitations

In view of the non-physical results obtained when applying optical deflectometry to
heat-simulated jets, it appears that large-scale, coherent, turbulent structures are
not accurately captured by the instrument. The reason for this is not immediately
obvious, and several possibilities need to be examined. First, one could argue that
the lack of coherence of the large-scale turbulent patterns is a physical occurrence in
heated jets and, therefore, that such results should be expected as well with helium
addition. Nonetheless, the cross-correlation measurements of Lau [122] and Bridges
[127], performed with two different techniques and over a wide range of testing
conditions in actual hot jets show no evidence of a decrease in correlation levels with
increasing temperature ratio. Moreover, the large acoustic database generated by
Viswanathan [71] for subsonic, highly heated jets supports the statement that the
noise emitted at shallow angles (with respect to the outlet jet axis) is largely
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dominated by Mach wave radiation, which in turn is generated by the large-scale
turbulent structures developing in the jet shear layer. Thus, the hypothesis of the
near destruction of the large-scale turbulent structures due to heating does not hold.
A second possibility is that these large-scale structures could be destroyed, or
at least significantly modified, as a result of the addition of helium to the flow. This
is very unlikely for at least two reasons. First, the use of helium/air mixture jets in
reproducing the acoustics and mean flow properties of heated jets would not be
nearly as successful as it is (as demonstrated by Doty and McLaughlin [78]) if such
an important aspect of the physics of high-speed jets, namely the large-scale
structures, was seriously misrepresented. Second, the schlieren photographs
described in the first section of the present chapter clearly reveal the radiation of
Mach waves from the shear layer of strongly heat-simulated jets. This process could
not take place in the absence of coherent structures convected downstream of the jet.
Again, the hypothesis of the near destruction of the large-scale structures due to
helium addition does not hold. As a matter of fact, even if one does not support the
idea of instability wave/large-scale structure noise radiation, the apparent (and
considerably lower) convection velocity of the turbulence derived from the
deflectometry data would make the noise appear more like a low speed jet, which
contradicts the results from acoustic studies (Chap. 4).
As a consequence, the mechanisms responsible for the non-physical trends
observed with helium addition have to be directly related to the behavior of the
optical deflectometer itself. The results of the correlation studies in pure air jets
suggest that the basic instrument is working properly, and that the experimental
methodology currently in use is not the reason for the lack of large-scale structure
evidence at all mach numbers. The next section (5.3.4) focuses on the instrument
limitations and briefly summarizes the parameter investigations carried out to
determine their respective impact over the measurements.

5.3.4

Parameter Investigation

The influence of a number of parameters on optical deflectometry measurements can
be directly assessed in view of the various studies presented earlier. For example,
the nozzle size and geometry, the shear layer brightness as well as the Mach
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number range do not seem to affect in any significant fashion the instrument
outputs.
One of the main drawbacks to the use of optical deflectometry is its
integration length, and inability to get actual point measurements in space. One
might suspect that the increased shear layer thickness associated with helium
addition (at least the visual shear layer thickness observed in the schlieren images)
would lead to the integration of disorganized, incoherent density gradient
fluctuations over the extended path traveled by the light beam in the turbulent
region; this effect could potentially result in an overall decrease in the correlation
levels. In an effort to address the issues related to the length of integration,
measurements have been made through the length and width of a rectangular
nozzle at various flow conditions, and compared to results from circular jets.
Deflectometry data were also acquired at one corner of the rectangular nozzle, where
the integration length should obviously be minimal. Selected results from this study
are given in Appendix B. It is found that the integration length is not directly
responsible for the helium trends. Notice that focusing schlieren techniques [110]
could be implemented anyway to minimize this problem by creating a depth of focus
within the flow-field.
It is believed that the results obtained for the helium/air mixture jets could
be, at least in part, attributed to the impact of the smaller scales of turbulence. Doty
and McLaughlin [76] performed a number of diagnostic experiments in an attempt
to better understand the non-physical trends with helium. They concluded that the
deflectometer is unable to discern the large-scale turbulent structures due to the
masking effects of the smaller scale structures that largely dominate the shear layer
in both heated and heat-simulated jets. It is interesting to mention that a number of
authors reported similar findings. Crow and Champagne [41] pointed out the same
limitations in their efforts to visualize large-scale structures in carbon dioxide/air
mixture jets. To address this issue, they used a fog generated by steam water
injection over liquid nitrogen to help in visualization. More recently, McIntyre [95]
used a special schlieren setup referred to as Cranz-Schardin photography to “filter
out” the small scale turbulence and visualize the large-scale turbulent structures in
highly supersonic jets. Such a method could be advantageously applied for
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measurements in helium/air mixture jets, and should be considered in future
experiments.
Finally, the effects associated with the variation of index of refraction when
mixing different chemical species should certainly not be overlooked. When
measuring light intensity variations in helium/air mixture jets, the index of
refraction of the mixture is slightly different than that of heated air at the same
testing conditions. Following the Gladstone-Dale law [99], the refractive index of air
under standard conditions is nair = 1.000292 (ratio of the speed of light through the
considered medium to the speed light in vacuum), and the refractive index of pure
helium is nHe = 1.000035 (at λ = 0.598 µm, Sodium-D spectral line). Despite what can
be interpreted as a very minor difference in refractive index, the data quality and
accuracy could potentially be significantly altered for high-speed cases with large
amounts of added helium. Several studies by Catrakis and colleagues [45, 132, 133]
and Jumper et al. [134] show that optical beams undergo severe distortion effects
when propagating through confined turbulent regions. In particular, significant
beam-steering, focusing and defocusing can occur, depending on the refraction index
gradient magnitudes. Careful attention should be paid to such effects in future work,
so that reasonably successful measurements could be made in helium/air mixture
jets.

5.4 Summary
Qualitative and quantitative flow-field analyses in the jet shear layers exhausted
from circular nozzles have been presented in this chapter. Experiments are
conducted for pure air jets as well as helium/air mixture jets (to simulate the
properties of heated jets) at both subsonic and supersonic Mach numbers. Applying
this non-intrusive technique to obtain measurements detailing the levels of
correlation and spectral content of the density gradient fluctuations in the flows is
especially important to better understand the physical mechanisms associated with
the turbulent, large-scale structures that develop in the jet plume. Schlieren images
and deflectometry measurements show excellent agreement with data from the
literature for the pure air jet cases. However, helium/air mixture jets display
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considerably lower levels of correlation and no evidence of large scale turbulent
structures in the recorded spectra. Convection velocities with helium addition are
also significantly reduced, in contrast to what results from schlieren photographs
would indicate. The reason for these non-physical trends is not immediately obvious,
and several possibilities are examined and investigated via diagnostic experiments.
It is very likely that visualization of the large-scale turbulent patterns in helium/air
mixture jets is inhibited by the thick visual shear layer dominated by smaller scale
structures. A number of recommendations and alternate techniques are suggested
for future work. The analyses developed in Chapter 6 will draw heavily on the jet
convection velocity values derived in this chapter.
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Chapter 6
On Nonlinear Propagation,
Jet Crackling, and Mach Wave
Emission
The various analyses developed from frequency-domain data in Chapter 4 indicate
that the sound radiated from both high subsonic and supersonic jets can be notably
distorted by nonlinear acoustic propagation, in the maximum noise emission
direction. In particular, the jet convection Mach number has been identified as a
potential controlling parameter that might be used to predict the onset of nonlinear
effects. This point will be further discussed in the present chapter, based on the
values for the convection Mach number obtained via optical deflectometry
measurements (Chapter 5).
Power spectral methods, however, are unable to capture nonlinear
phenomena such as crackle. It is therefore appropriate to directly examine the
pressure waveforms and their derivatives, as well as the related statistical
estimates. Time-domain analyses will also provide a new perspective and better
understanding of such fundamental mechanisms as waveform steepening and shock
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coalescence. Overall, this chapter aims at presenting concise and consistent
interpretations of the current results, and concludes with a number of comments on
the onset of nonlinear effects in high-speed jet noise.

6.1 Pressure Waveform Statistical Analyses
6.1.1

Probability Density Functions

As part of the time domain analyses, statistical computations are performed from
the acoustic pressure signals with specific emphasis on the probability density
functions (PDF) and associated third and fourth normalized central moments; these
quantities are usually referred to as skewness, sk, and kurtosis, kt. The skewness
factor, which is a measure of the asymmetry of the data distribution, has been used
as a metric to quantify the crackling of a jet [48]. No physical phenomenon has been
associated with kurtosis to date, which describes the flatness of the distribution
(kurtosis is also referred to as the “flatness factor”). It is important to note that prior
to these statistical analyses, the time signals have been corrected for microphone
responses and atmospheric attenuation effects, as described in Chapter 3. Thus, the
acoustic pressure data at this point can be described as being “lossless”.
Figure 6.1 shows the probability density functions derived from the pressure
time traces recorded at a distance 80 Dj in subsonic (Mj = 0.9) jets with temperature
ratios 0.86 (Fig. 6.1.a) and 3.0 (Fig. 6.1.b), respectively. The PDF’s are compared
with analytical Gaussian distributions possessing identical mean values and
standard

deviations.

This

comparison

is

especially

important,

as

many

computational models for noise prediction [8, 17, 18, 135] make use of the
assumption of Gaussian statistics, at least for the initial pressure distributions. Note
that, by definition, skewness is equal to zero and kurtosis to 3.0 for a Gaussian
distribution. Sample pressure time traces are also plotted below each PDF to help
interpret the trends observed in the statistics. Similar plots for supersonic, Mj = 1.5
jets with temperature ratios 0.69 and 0.85 are presented in Figure 6.2. Although the
data are presented at a normalized distance of 80 Dj only, similar patterns are found
at other locations (40 and 160 Dj) with only minor changes in the statistics.
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(a)

(b)

Figure 6.1 PDF’s and example pressure waveforms from Mj = 0.9, (a) unheated
(Tj /T∞ = 0.86, Ma = 0.83) and (b) helium/air mixture(Tj /T∞ = 3.0, Ma = 1.56) jets.

(a)

(b)

Figure 6.2 PDF’s and example pressure waveforms from Mj = 1.5, (a) unheated
(Tj /T∞ = 0.69, Ma = 1.25) and (b) helium/air mixture(Tj /T∞ = 0.85, Ma = 1.38) jets.
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In many respects, both subsonic and supersonic, unheated cases (Figs. 6.1.a,
6.2.a) display nearly Gaussian statistics, as the calculated PDF’s match very closely
the analytical Gaussian distributions, and only minor disparities are found between
their respective skewness and kurtosis values. The statistics exhibit more dramatic
changes in the heat-simulated cases, shown in Figs. 6.1.b and 6.2.b. The calculated
PDF’s start to deviate notably from the Gaussian profile, and the skewness raises to
values much greater than zero (sk = 0.27 and 0.55, respectively). Thus, it appears
that the statistical characteristics of the pressure waveforms are directly affected by
the impact of nonlinear distortion. When the noise propagates in a linear fashion (as
for both unheated jets), the waveforms essentially possess Gaussian features.
However, as the convection Mach number passes the sonic threshold and waveforms
undergo significant nonlinear effects (as for both heat-simulated jets), such
Gaussian features are lost. Furthermore, rather large skewness values in Figs. 6.1.b,
6.2.b reveal that both heat-simulated jets are distinctly crackling (the threshold
value for crackle is sk ≥ 0.3, see Ref. [48]). The example time variations of the
acoustic signals plotted in Figs. 6.1.b, 6.2.b look obviously skewed towards positive
values, as they contain strong, narrow pressure bursts occurring somewhat
randomly. Such peaks constitute the distinctive characteristics of crackling jets. The
time signals recorded from unheated jets do not exhibit such marked, positive peaks,
and consequently appear to be crackle-free. It should be mentioned that these
results are consistent with the trends reported by Krothapalli et al. [136] and
Petitjean et al. [66] for subsonic and supersonic, highly-heated jets.
The above observations bear a number of very important consequences,
especially from the perspective of computational methods for noise predictions.
Because crackle is not discernible in the acoustic spectra, algorithms based on series
expansion solutions for the power spectra may lead to inaccurate predictions for the
noise radiated from supersonic, highly-heated jets. The specific features of crackle
must be explicitly accounted for in the pressure time signals, as in the work of
Harper-Bourne [2] and Gee [137] for instance. Also, the standard assumption of
Gaussian statistics for jet noise may be inappropriate for crackling jets, even at
locations close to the nozzle exit plane. The physical implications of the
characteristic trends identified in the statistics for pressure waveforms experiencing
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nonlinearities raise a number of fundamental questions as well, which shall be
addressed in the remainder of the present work. As originally described by FfowcsWilliams et al. [48], jet crackling appears to be due to random sets of extremely
sharp compressions, immediately followed by gradual and considerably less intense
expansions. First, no convincing explanation is currently available to account for the
typical asymmetry observed in the pressure signals, even though a number of
theories and analytical models have been proposed [49, 135]. This specific issue will
be the focus of section 6.2 in this chapter. Second, the question of the origin of such
shock-like patterns in the waveform is, to this date, unresolved. The possibility that
these shocks might result from nonlinear waveform steepening needs to be
considered. For that purpose, the statistics of the time derivative of the pressure
signals are examined in the next section.

6.1.2

Statistics of Pressure Time Derivatives

Waveform steepening is one of the most important aspects of nonlinear acoustic
propagation. In mathematical terms, waveform steepening results in to an increase
in the rising slopes of the pressure peaks (along with shorter rise times), which in
turn entails a large increase of the peak (positive) values of the time derivative. As
the negative slopes of the waveform remain basically unmodified, the time
derivative becomes more and more skewed towards large positive values, and the
statistics eventually lose Gaussian characteristics. This phenomenon is made clearly
visible in Figure 6.3, which shows the probability density functions calculated from
the pressure time derivatives for Mj = 1.5, unheated (Fig. 6.3.a) and heat-simulated
(Fig. 6.3.b, Tj /T∞ = 0.85) jets. The pressure waveforms are recorded at 80 Dj in the
maximum noise emission direction, and the derivatives are computed using a simple
forward difference scheme. Note that a forward difference stencil (1st order accurate)
is preferable to schemes with higher order of accuracy, which would induce large
dispersion errors because of the presence of shocks in the waveform [138, 139]. If the
PDF deviates slightly from the analytical Gaussian distribution for the unheated
case, Fig. 6.3.b clearly demonstrates the extremeness of the non-Gaussian character
of the time derivative statistics for a heat-simulated jet, with skewness and kurtosis
values two to three times larger than for the unheated jet. The large skewness factor
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(a)

(b)

Figure 6.3 Probability density functions from the pressure time derivatives
measured from Mj = 1.5, (a) unheated (Tj /T∞ = 0.69) and (b) helium/air mixture
(Tj /T∞ = 0.85) jets. Measurement location: r /Dj = 80, θ = 30°.
indicates that the slopes of the pressure peaks are much steeper for the helium/air
mixture jet, which is already known (from spectral analyses) to be significantly
distorted by nonlinear effects.
Because waveform steepening occurs in the course of propagation, it is
appropriate to further look into the evolution of the time derivative skewness as a
function of measurement distance, as plotted in Figure 6.4 for both subsonic (Mj =
0.9, Fig. 6.4.a) and supersonic (Mj = 1.5, Fig. 6.4.b) jets at various temperature
ratios. The values of the convection Mach number are listed in the figure captions
for reference purposes, as evidence of nonlinear propagation was found for all cases
with Mc ≥ 1 (section 4.2). The variations of skewness appear somewhat limited, both
in terms of amplitude and propagation range; for all subsonic cases, the skewness
remains more or less constant from 40 to 160 Dj. Skewness variations are notably
stronger in the supersonic, heat-simulated cases (by as much as 50% of the initial
value), but only up to 80 Dj. Generally speaking, the waveforms do not become any
steeper past this distance. A possible explanation is that shocks form in the acoustic
signals around 80 Dj, making further waveform steepening negligible at larger
distances, at least within the accuracy of the current measurements. This is rather
unlikely, though, as shock formation distances are much larger for spherical than for
plane waves, and shocks are not expected to develop in the pressure signals over
distances as small as 80 Dj (i.e. 40 in. physical distance). Another possibility is that
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(a)

(b)
Figure 6.4 Evolution of the pressure time derivative skewness with distance for both
(a) subsonic (Mj = 0.9) and (b) supersonic (Mj = 1.5) jets at various simulated
temperature ratios (θ = 30°, unless otherwise indicated).
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the waveforms steepen directly at the source or in the very near-field, as a result of
mechanisms determined by local compressible aerodynamic phenomena rather than
by propagation.
To address this issue, it would be useful to estimate the shock formation
distances for the various operating conditions considered. Unfortunately, there is
currently no theory available to describe the nonlinear propagation of broadband
noise through a relaxing fluid, which would also encompass the propagation of jet
noise. An expression for the characteristic shock formation distance of an initially
Gaussian, quasi-monochromatic noise signal has been suggested by Gurbatov and
Rudenko [63]. However, given that jet noise is neither Gaussian nor quasimonochromatic at the source, this alternate expression is equally inadequate for this
context as the monofrequency source theory. Nevertheless, the significant jump in
skewness values observed in Fig. 6.4 for Mc ≥ 1.0 indicates that pressure signals are
always notably steeper when Mach waves are generated from the jet shear layer.
This suggests that the presence of shocks in the pressure waveforms may be related
to the presence of Mach waves in the acoustic field, even more so since the skewness
of the pressure time derivatives is seen to decrease when measurements are
performed away from the Mach wave propagation direction (Fig. 6.4.b).
Finally, it should be pointed out that the skewness calculated from the
pressure time derivatives seems to be more weakly related to the OASPL values as
initially thought, as seen in Figure 6.5. In particular, skewness drops by 33% for
measurements carried out away from the Mach wave propagation direction, even
though the OASPL levels are nearly unchanged (due to the increased simulated
temperature ratio). Such results are somewhat different from the trends described
by McInerny et al. [140] in measurements recorded from high thrust military jets.
These authors attribute the good degree of correlation found in their data between
the skewness of pressure time derivatives and OASPL values to nonlinear waveform
steepening, but also acknowledge the influence of Mach wave radiation. The latter
phenomenon is believed to be dominating (at least over nonlinear propagation
effects) in the current measurements.
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Figure 6.5 Skewness coefficient of the pressure time derivatives as a function of
OASPL values at 80 Dj and in the maximum noise emission direction.

6.2 On the Origins of Jet Crackling
The present section investigates the relationships between crackle, nonlinear
propagation, and Mach wave emission. An important point must be clarified first,
regarding what is exactly meant by the expression “jet crackling”. In the original
work by Ffowcs-Williams et al. [48], the term “crackle” was proposed as a subjective
description of the quality of the sound radiated from a Rolls-Royce Olympus 593
engine operating at high specific thrust; in other words, the listener would literally
hear “crackling events” in the noise from the engine. Such a characteristic noise
component is not discernible in the current measurements because of the very high
frequency content of the spectra, where most of the acoustic energy is located past
the maximum frequency response of the human ear (around 20 kHz [85]). Thus,
within the framework of this thesis crackle refers primarily to the typical patterns
found in the waveforms, namely strong, positive, shock-like pressure bursts
occurring randomly in significantly skewed time signals. Possible mechanisms to
account for such patterns are now discussed.
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It has been suggested in section 6.1 that nonlinear steepening would be
insufficient to lead to shock formation at distances as small as 40 to 80 Dj from the
dominant noise sources. It is not immediately clear either why significant skewness
in the acoustic signals would arise from nonlinear propagation effects. Waveform
steepening and shock coalescence can be envisioned as mechanisms of redistribution
of the pressure values in the time domain, but do not induce any asymmetry in the
signals. As a matter of fact, both Ffowcs-Williams et al. [48] and Krothapalli et al.
[49] proposed that hydrodynamic effects in the near-field or directly at the noise
sources would be responsible for the crackle, even though they could not provide
convincing evidence of the processes involved. Using a fairly different approach,
Crighton [135] developed an elaborate analytical model to account for the
experimental observations of non-zero skewness in jet noise signals. His main
conclusion is that skewness should increase during the course of propagation due to
a coupling between atmospheric dispersion and nonlinear propagation effects,
making crackle – at least in part – a propagation phenomenon.
To further investigate the interaction between nonlinearity and waveform
skewness, the evolution of this statistical quantity with propagation distance is
described in detail in section 6.2.1. Source characteristics are also analyzed (in
section 6.2.2) by looking directly at the properties of the photomultiplier time signals
acquired in the jet shear layers (and recorded in the context of optical deflectometry
measurements; see Chapter 5). Based on these results, a possible mechanism for jet
crackling is proposed.

6.2.1

Skewness of the Pressure Waveforms

The evolution of the pressure waveform skewness as a function of propagation
distance is shown in Figure 6.6 for both subsonic (Mj = 0.9, Fig. 6.6.a) and supersonic
(Mj = 1.5, Fig. 6.6.b) jets at various simulated temperature ratios. Again, for
reference purposes the values of the associated jet convection Mach number are
provided in the figure captions. Even though the skewness levels are seen to vary
widely from one test condition to another, the values remain more or less constant
over the considered range of propagation (from 40 to 160 Dj). Overall, the skewness
variations never exceed ±20% of the initial value at 40 Dj, and tend to diminish from
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80 to 160 Dj. These results are in good agreement with numerical predictions by Gee
[137] suggesting that skewness should drop with distance, especially when both
nonlinear and atmospheric (dispersive) effects are taken into account. Such trends,
however, are in contradiction with Crighton’s analytical model, which predicts an
increase in skewness values over the course of propagation. This reveals that the
notable asymmetry observed in the pressure waveforms is not likely to be the
consequence of nonlinear propagation effects. Close examination of the influence of
the jet convection Mach number over skewness tends to suggest a rather different
mechanism.
A very important result, immediately obvious from Fig. 6.6, is that skewness
values suddenly rise to much larger values as soon as the convection Mach number
crosses the sonic threshold. This result has been pointed out by Petitjean et al. [66]
in heated jet data acquired at the Boeing LSAF, and briefly mentioned already in
section 6.1 in the light of the probability density function analyses. It is rather
striking to note that, regardless of measurement distance, skewness values never
exceed 0.15 for Mc < 1.0, but conversely jump to nearly 0.25 in the subsonic cases
(close to the crackle threshold) and up to 0.55 and even 0.80 in the supersonic cases
when Mc ≥ 1.0. Clearly, waveform skewness is strongly related to the Mach wave
emission process (Mach waves are radiated from the jet shear layer as Mc ≥ 1.0, see
sections 1.2 and 5.1). Furthermore, the fact that skewness falls significantly when
measurements are carried out away from the direction of Mach wave propagation
(down to 0.2 for Tj /T∞ = 2.5 at θ = 30°, even though the OASPL values are almost
unchanged) reinforces the belief that the waveform asymmetry in the time signals is
mainly due to Mach wave radiation. This point is actually made stronger when
looking at the evolution of skewness as a function of polar directivity angle, given in
Figure 6.7. The polynomial curves fitted through the somewhat scarce data exhibit a
strong and fairly broad peak in the two heat-simulated cases with Mc ≥ 1.0, but
remain more or less constant (with sk ≤ 0.2) for Mc < 1.0. The angular location of
such a peak is consistent with the Mach wave propagation angles and maximum
noise emission directions determined in various ways (including acoustic directivity
data and schlieren photographs) in the previous chapters.
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(a)

(b)
Figure 6.6 Evolution of normalized skewness with distance for both (a) subsonic (Mj
= 0.9) and (b) supersonic (Mj = 1.5) jets at various simulated temperature ratios (θ =
30°, unless otherwise indicated).
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(a)

(b)
Figure 6.7 Evolution of normalized skewness with polar directivity angle for both (a)
subsonic (Mj = 0.9) and (b) supersonic (Mj = 1.5) jets at various simulated
temperature ratios.
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6.2.2

The Role of Mach Wave Radiation

The time variations of the fluctuating density gradients recorded in the context of
optical deflectometry measurements are of crucial importance in aeroacoustics, as
they provide invaluable insight on the characteristics of the jet noise sources. Within
the framework of the current study, these data could represent a significant
contribution towards explaining the large values of skewness observed in the
acoustic pressure traces from high velocity jets (even though the two physical
quantities considered, namely p ′ and ∂ρ ′/∂y are obviously quite different). Figure 6.8
shows the variations with radial location of the normalized skewness factor
calculated from the photomultiplier tube time signals acquired in the lighter shear
layer and at four supersonic jet exhaust velocity settings (Mj = 1.50 to 1.86). Given
the uncertainty and limitations associated with optical deflectometry measurements
in helium/air mixture jets (c.f. section 5.3), the following analyses are solely based on
circular, pure air jets. The data acquisition necessitates just a single PMT probe,
located axially at x /Dj = 4.0 and moved radially using the motorized stage described
in section 3.3.1. Note that the probe is positioned on the jet centerline for y /Dj = 0.0,
and along the nozzle lip line for y /Dj = 0.5.

Figure 6.8 Normalized skewness variations for four different jet Mach numbers at
various radial locations in the light shear layer (axial probe position x /Dj = 4.0).
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The four curves in Fig. 6.8 exhibit very similar patterns, with a rise to a
maximum skewness around 0.3 on the inner side of the jet shear layer (y /Dj ≈ 0.45)
followed by a decrease to a minimum value of roughly –0.35 on the outer side (y /Dj ≈
0.65). Notice that the transition from a subsonic value of convective Mach number
(Mj = 1.5, Mc = 0.93) to a supersonic value (Mj = 1.86, Mc = 1.12) does not have any
noticeable effects on the measured signals, at least from a statistical point of view.
Unfortunately, these results do not provide additional elements susceptible to link
the large skewness values observed in the acoustic signals with noise source
characteristics; the density gradient skewness invariably returns to zero at the very
edge of the shear layer (for y /Dj ≥ 0.9), regardless of the value of Mc.
However, it is worth pointing out that the skewness variations presented in
Fig. 6.8 are consistent with the results of Lau et al. [141, 142, 143]. These authors
carried out hot-wire measurements in subsonic, cold jets to demonstrate that the
skewness of the axial velocity fluctuations should change sign when crossing
through the shear layer. They suggested that skewness changes sign due to the
passing of vortices organized in a “cylindrical vortex-sheet structure”, which
basically acts like a sheet of ball-bearings permitting the two regions (inside and
outside the shear layer) with completely different velocity scales to slide past each
other. This mechanical analogy can be envisioned as a useful interpretation of the
characteristic large-scale turbulent structures that develop in the jet shear layers. In
this respect, it is not surprising that the skewness measured through the shear layer
does not vary with the convection Mach number. The large-scale structures are
indeed always present in the shear layer, regardless of the actual value of Mc. It is
the capacity of such turbulent structures to radiate high intensity noise that
depends directly on the value of Mc [42–44].
As a final illustration of the controlling role of the convection Mach number
over the pressure waveform asymmetry, Figure 6.9 presents the evolution of
normalized skewness with Mc at two different locations (40 Dj, Fig. 6.9.a and 80 Dj,
Fig. 6.9.b), and for all the operating conditions tested as part of this thesis. The very
significant jump in skewness that occurs as Mc crosses the sonic threshold (and
exclusively in the Mach wave propagation direction) tends to demonstrate that
waveform asymmetry is strongly related to the Mach wave radiation process, if not
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θ = 50°

Off Mach wave
radiation, θ = 30°

(a)

θ = 50°

Off Mach wave
radiation, θ = 30°

(b)
Figure 6.9 Evolution of pressure skewness with convection Mach number for both (a)
subsonic (Mj = 0.9) and (b) supersonic (Mj = 1.5, 1.8) jets at various simulated
temperature ratios (θ = 30°, unless otherwise indicated).
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directly induced by such process. At the very least, the two phenomena certainly
have a common physical origin. Furthermore, it seems reasonable to suggest that
Mach waves are also responsible for the steep wavefronts and shock-like elements in
the pressure signals, as they can be interpreted as the weak limit of shock waves.
Based on the various results presented in the current section, convincing evidence
has been gathered to propose that crackle is, above all things, the acoustic signature
of the strong Mach waves radiated from the jet shear layer when Mc ≥ 1.0.
Experimental results and analyses by Krothapalli et al. [136] bring further support
to this hypothesis. Even though this does not mean that no other effects are involved
in crackling jets, it appears that nonlinear propagation mechanisms by themselves
(in particular) are too weak (or even unable) to generate the typical patterns
associated with crackle found in the pressure waveforms.

6.3 The Generation of Nonlinearity
6.3.1

The Onset of Nonlinear Effects

If crackle is principally the manifestation in the pressure waveforms of Mach wave
radiation, and not the result of nonlinear propagation effects, an important issue
remains to be addressed: why did the spectral analyses (from Chapter 4) show clear
evidence of nonlinear propagation as the wave propagates to larger distances? In
other words, why would acoustic spectra be nonlinearly distorted if nonlinear
propagation effects are actually too weak to lead to waveform steepening and, to a
larger extent, jet crackling? Close inspection of the potential consequences of the
crackling asymmetry over the waveform evolution can help resolve this apparent
contradiction. In what follows, a qualitative demonstration is presented that strong
pressure waveform skewness can bring about typical nonlinear effects.
Using weak shock theory and the approximate Rankine-Hugoniot relations,
an expression for the speed of propagation of a shock, Ush, can be derived in the form
[144]:

U sh = c 0 + β

pa + pb
2 ρ 0c 0

(6.1)
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where c 0 is the small-signal sound speed, pa the acoustic pressure just ahead of the
shock, and pb the pressure just behind it. If the shock is symmetric, i.e. pb = – pa, its
speed of propagation reduces to c 0. However, for non-symmetric shock waves (as in
crackle type signals) the speed of propagation can be significantly higher than the
small signal sound speed. Returning to the sample pressure waveforms plotted in
Figs. 6.1, 6.2, and also in Figure 6.10, one observes that the shock-like patterns
found in crackling jets exhibit random amplitudes, as strong shocks are immediately
followed and preceded by shocks with lower (and even much lower) peak values.
Thus, these individual shocks propagate at notably different speeds, which
eventually leads to shock coalescence. The underlying point here is that, due to the
random distribution in the shock amplitudes and propagation speeds, skewness may
be an appropriate metric to quantify shock coalescence. As waveforms develop into
ones with fewer and fewer zero-crossings, the low-frequency content of the acoustic
spectra is increased. In a less intuitive fashion, Lighthill [145] established that the
process he termed “shock bunching” also leads to an increase of the high-frequency
content of the spectra. As a consequence, the characteristic crackling signal
asymmetry appears to be especially conducive to nonlinear effects, in the form of a
spectral broadening. This would explain why the jet convection Mach number has
been identified previously as a controlling parameter for the onset of nonlinear

Figure 6.10 Sample pressure waveforms from a distinctly crackling jet with
Mj = 1.5, Tj /T∞ = 2.5 (Ma = 0.83, sk = 0.65) measured at r = 40 Dj and θ = 50º.
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propagation effects. The value of Mc relates primarily to Mach wave radiation and
jet crackling, which in turn (when present) trigger shock coalescence and, to a lesser
extent, waveform steepening. Note that, unfortunately, the importance of shock
coalescence could not be accurately quantified in the current measurements. This
phenomenon could be the focus of further experimental and numerical investigations
involving both crackle and nonlinear propagation effects.

6.3.2

A Note on Atmospheric Attenuation Effects

This final point briefly addresses the issues of frequency range and scalability of
nonlinear jet noise propagation. More specifically, the objective is to discuss the
critical role that atmospheric absorption plays in the propagation of the noise
radiated from high-speed model jets. Following the theory of sound absorption
developed by Bass et al. [83, 84], losses in atmospheric propagation occur by
essentially two processes: thermoviscous and bulk mechanisms, and vibrational
relaxation of nitrogen and oxygen molecules. These lossy effects typically increase as

f 2, and also depend heavily on the ambient pressure and temperature conditions.
Consequently, the energy loss due to atmospheric propagation counteracts the
potential energy gain at high frequencies that results from nonlinear waveform
steepening. In this respect, it is especially instructive to remember that nonlinear
propagation in the noise from high-power aircraft was first identified by Morfey and
Howell [7–9] in the form of an anomalously low atmospheric attenuation. These
effects are seen in the extreme in the current measurements, due to the very high
frequency range (up to 150 kHz) associated with the use of rather small model jets
(usually ½ to 1 inch diameter). Even though the time waveforms and spectral data
have been corrected to make up for atmospheric losses, it is somewhat delicate to
assess the exact extent of such phenomenon in the jet data presented. In particular,
the applied corrections do not account for the phase dispersion effects caused by
relaxation processes. Also, the correction factors are calculated with the assumption
that atmospheric losses and nonlinear effects are totally uncorrelated, which might
not be the case at high frequencies.
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An important parameter, referred to as the Gol’dberg number can be
advantageously used to determine which of atmospheric absorption or nonlinear
propagation is the controlling physical mechanism at a given frequency. Originally
derived in the context of sinusoidal plane-wave propagation in a thermoviscous
medium, the Gol’dberg number, Γ, is defined as the ratio of the absorption length to
the shock formation distance. If Γ >> 1, the shock formation distance is much less
than the absorption length, and nonlinearity is much stronger than dissipation.
Conversely, if Γ << 1, the shock formation distance is much greater than the
absorption length and the propagation is essentially linear. Although there is no
Gol’dberg number that strictly applies to broadband noise propagation, Gee [137]
analyzed the evolution of the Gol’dberg number as a function of source frequency for
spherically-spreading sinusoidal waves with 140 dB amplitude at a distance 60 Dj
from the source. His results, partially reproduced in Figure 6.11, provide some
interesting insight since they incorporate the effect of the nozzle diameter, with
nozzle scales from 1:1 to 80:1 referenced to a diameter of 1 m (the smallest nozzle

Figure 6.11 Gol’dberg number as a function of frequency for a spherical, 140 dB
sinusoidal wave and various nozzle scales at 25° C, 70% relative humidity and 1
atm, from Ref. [137].
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diameter is thus 1/80 m, which is approximately ½ inch). Clearly, the comparison of
Γ for different nozzle scales reveals a rather complicated relationship between
absorption, nonlinearity and experimental scale; an important result is that the
Gol’dberg number falls significantly with nozzle scale in the higher frequency range.
As a consequence, smaller nozzles are more affected by atmospheric absorption and
there is a distinct possibility that nonlinear propagation is somewhat underestimated at these scales. This implies that for larger jet diameters – and even more
so for full-scale jets – the atmospheric attenuation effects play a smaller role in
acoustic propagation than the shock formation process.

6.4 Summary
Several analyses carried out using time-domain data have been presented in this
chapter, with the aim of clarifying certain features associated with the nonlinear
distortion of acoustic waves. It has been clearly established that the jet convection
Mach number is a critical parameter that can be used to predict the onset of crackle
in the pressure signals. For Mc < 1.0, the noise radiated from model jets essentially
propagates in a linear fashion and the waveforms exhibit Gaussian statistics. When
the value of Mc exceeds unity, however, there is a dramatic difference in the wave
characteristics; the Gaussian features are altered as the jets are found to be
distinctly crackling. On the one hand, nonlinear propagation effects as such are
estimated to be too weak to be the sole source of shock-like patterns and waveform
asymmetry typical of crackling signals. On the other hand, close examination of the
dependence of pressure skewness on the jet convection Mach number and polar
directivity angle strongly suggests that the phenomenon known as ‘crackle’ may
represent the acoustic signature of the strong Mach waves radiated from the jet
shear layer. A simple explanation is then proposed (section 6.3.1) to qualitatively
interpret how jet crackling can possibly induce significant nonlinear effects in the
course of propagation. The chapter ends by noting that the nonlinear distortion
observed in model-scale jets might well be notably higher for larger (and obviously
full-scale) jets.
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This chapter represents the last of the experimental results to be discussed.
Chapter 7 concludes the thesis by summarizing the main points and providing
recommendations for future work.
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Chapter 7
Conclusions and Future Work
7.1 Review of Objectives
This thesis has reported on the nonlinear distortion of the noise radiated from highspeed, axisymmetric jets, both cold and heat-simulated. In an effort to facilitate this
summarizing discussion, the objectives of the present work are first restated below
(from Chap. 1):
1. To perform an extensive experimental investigation of the impact and
principal acoustic characteristics of nonlinear propagation effects on the
broadband noise radiated from model jets at various flow conditions (pressure
and temperature ratios).
2. To carry out detailed qualitative and quantitative flow-field analyses of the
turbulence properties in high-speed jet shear layers using nonintrusive
optical diagnostics.
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3. To provide a better understanding of the relationships (if any) between such
complex phenomena as nonlinear propagation, jet crackling and Mach wave
radiation.
4. And more generally, to contribute to a much needed, larger high-quality
experimental jet noise database available for the development and
refinement of algorithms for nonlinear acoustic propagation and broadband
noise predictions.
Objectives 1–3 constituted the primary focus of this thesis and were successfully
met, as discussed in Chapters 4–6. As regards the fourth objective, it is expected
that the numerous sets of high-quality data that have been generated within the
framework of this study will be used to guide the development and validation of
prediction methods for nonlinear distortion of finite-amplitude, broadband noise. A
detailed summary of the experimental results is now presented.

7.2 Summary of Experimental Results
7.2.1

Acoustic Measurements

An experimental program has been carried out with the aim of identifying and
quantifying nonlinear acoustic propagation effects from subsonic and supersonic jets
(both ideally- and imperfectly-expanded). Such a wide range of Mach numbers and
simulated temperature ratios was selected in an effort to match typical commercial
and military aircraft engine conditions at both takeoff and cruising speeds. Several
studies of noise directivity patterns have led first to the identification of maximum
noise emission angles between 20° to 55°, approximately. For expedience,
experiments were performed at only three polar directivity angles, namely θ = 30°,
35°, and 50°.
Frequency-domain results include ‘as measured’ and linearly propagated
acoustic power spectra, as well as calculations of an indicator of nonlinear energy
transfer based on the work by Morfey and Howell [17]. Spectral data indicate that
there is agglomeration of energy at the higher frequencies as the propagation
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distance increases for both subsonic (highly-heated) and supersonic jets. The
computation of the Morfey-Howell indicator is consistent with energy transfers from
mid-frequency range to the higher-end of the spectra, as a consequence of long-range
propagation. Evidence of a nonlinear energy transfer towards lower frequencies is
also found at supersonic jet exhaust velocities. Note that a number of limitations are
found in the use of the Morfey-Howell parameter as an indicator of nonlinearity,
which (in particular) is not suitable for applications in shock-containing jets.
Further comparison of the current results with measurements performed in a
different facility (Boeing LSAF) shows good overall agreement, and emphasizes the
fact that the somewhat smaller amplitude of the nonlinear effects observed in the
PSU data is mainly due to a more limited frequency range.
A very important result is indisputably the identification of the jet convection
Mach number, Mc, as a critical parameter that could potentially be used to predict
the onset of nonlinear effects (more so than OASPL values, for example).
Nevertheless, the physical mechanisms susceptible to relate the value of Mc to the
outbreak of nonlinearities are not immediately obvious, even more so since the
convection Mach numbers are only approximate. The need for accurate values of Mc
constitutes the main motivation for the two-point, space-time, cross-correlation
measurements in the jet shear layer performed via optical deflectometry.

7.2.2

Flow-field Measurements

Qualitative and quantitative flow-field analyses in the jet shear layers exhausted
from circular nozzles have been obtained with nonintrusive optical instruments.
Experiments were conducted for pure air jets as well as helium/air mixture jets (to
simulate the properties of heated jets) at both subsonic and supersonic Mach
numbers. Mach wave propagation angles, jet convection velocities and convective
Mach numbers have been determined from schlieren images and deflectometry
measurements for pure air jets and show excellent agreement when compared
against current acoustic and literature data. However, helium/air mixture jets
display considerably lower levels of correlation and no evidence of large scale
turbulent structures in the recorded data. Convection velocities with helium
addition are also significantly reduced, in contrast to what results from schlieren
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photographs would indicate. The reason for these non-physical trends is not
immediately obvious, and several possibilities have been examined and investigated
via diagnosis experiments. It is very likely that visualization of the large-scale
turbulent patterns in helium/air mixture jets is inhibited by the thick visual shear
layer dominated by larger density gradient fluctuations.

7.2.3

A Proposed Mechanism for Jet Crackling

Time-domain data collected from both acoustic and flow-field measurements have
been carefully examined with the aim of clarifying a number of features associated
with the nonlinear distortion of acoustic waves. More specifically, it is clearly
established that the jet convection Mach number is a critical parameter that can be
used to predict the onset of crackle in the pressure signals (and not directly
nonlinear propagation effects). For Mc < 1.0, the noise radiated from model jets
essentially propagates in a linear fashion and the waveforms exhibit Gaussian
statistics. When the value of Mc exceeds unity, however, there is a dramatic
difference in the wave characteristics, which are altered from the standard Gaussian
features as the jets are found to be distinctly crackling. Overall, nonlinear
propagation effects as such are estimated to be too weak to generate the typical
shock-like patterns and waveform asymmetry associated with crackling signals. In
fact, close inspection of the dependence of pressure skewness on the jet convection
Mach number and polar directivity angle strongly suggests that the phenomenon
known as ‘crackle’ may well represent the acoustic signature of the strong Mach
waves radiated from the jet shear layer. Finally, simple mechanisms are proposed to
qualitatively explain how jet crackling can possibly induce significant nonlinear
effects in the course of propagation.
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7.3 Potential Future Work
As with many research projects, the preceding conclusions bring to the fore a
number of additional issues that have yet to be addressed relating to this work.
These future studies encompass both experimental and analytical, numerical works.

7.3.1

Future Experimental Investigations

First, a new series of experiments should be undertaken, running larger jets at the
same operating conditions as in the present work. With larger jets, the spectral
content would be shifted towards the lower frequency range, where both microphone
corrections and atmospheric attenuation tend to become smaller, if not negligible.
This will make nonlinear distortion effects much more obvious, and thus easier to
identify and quantify. The run of larger jets will also enable the investigation of
Reynolds number effects (if any), which were intentionally left aside from this
thesis.
Second, additional experiments should be performed to better assess the
impact of nonlinear propagation effects in supersonic, imperfectly-expanded, model
jets, especially in the forward arc (i.e. θ ≥ 90°). Further experiments are necessary to
clarify some of the seemingly inconsistent trends identified in the propagation of
screech tones and broadband shock-associated noise, and more fully explain the
possible interactions between these two phenomena. Also, optical deflectometry
measurements in shock-containing jets could certainly contribute to a more
thorough understanding of the noise emission and propagation mechanisms from
imperfectly-expanded jets.
Third, in an effort to produce high-quality datasets that are representative of
realistic operating conditions, the influence of nozzle geometry and full-scale effects
should be carefully investigated. Additional measurements from supersonic, elliptic
and rectangular jets will be especially relevant. In particular, a rectangular nozzle
has been specifically designed to closely match the exhaust geometry of an F-22
Raptor tactical fighter. The study of the noise radiated from rectangular jets is
rather challenging, as the noise signature always includes shock components (even
at the design conditions) due to the presence of sharp corners in the geometry.
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Measurements

should

include

on-

and

off-design

testing,

thrust-vectoring

capabilities and possibly ground reflection (which can be extremely important for
aircraft-carrier based operations, for instance).
Finally, the dramatic difference observed between pure air jet and helium/air
mixture deflectometry data needs to be carefully addressed. Two-point, space-time
correlation measurements using two hot-wires (or even microphones located in the
very near-field) would certainly add important insight to the interpretation of the
current deflectometry results. Moreover, efforts will need to be made to minimize the
masking effects of small-scale turbulence. Focusing schlieren techniques [108–110]
and two-beam systems [88], in which two mutually perpendicular light beams
intersect at the measurement location, are possibilities. Methods based on the
Cranz-Schardin photography [95] and even seeding of the flowfield [41] are other
available options that have proven to be successful in the past.

7.3.2

Analytical and Numerical Developments

There are a number of possible analytical and numerical refinements that deserve
further explanation. First, the many shortcomings associated with the use of an
indicator of nonlinearity in the form suggested by Morfey and Howell [17] call for the
definition of a more appropriate quantity, especially in the context of imperfectlyexpanded jets. It is indisputable, however, that the Morfey-Howell indicator is a very
powerful and physically meaningful tool, and only minor changes to the original
derivation should be necessary.
Analyses of the photomultiplier time signals in Chap. 6 reveal important
density gradient skewness variations across supersonic jet shear layers, which
exhibit some consistency with the vortex-street structure suggested by Lau and
Fisher [141–143] for subsonic flow conditions. These interesting results could be
further investigated by building an analytical model for such a vortex-street. This
would offer significant additional insight on the physical mechanisms that take
place within high-speed jet shear layers.
It was indicated in section 6.3 that the role of shock coalescence in the
nonlinear propagation of jet noise is not well understood at the present time, and
virtually no experimental data are available that clearly quantify such a
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phenomenon. As a matter of fact, there is a strong need for the definition of an
analytical indicator to accurately identify and estimate the amount of shock
coalescence and its potential consequences over the pressure waveforms and spectra.
This final point addresses some issues with numerical schemes. Recently,
new prediction results based on rather intricate models developed by Brouwer [19]
and Gee et al. [20, 137] showed encouraging – although limited – success when
compared to actual experimental model jet data. Their new approach involves the
use of hybrid time/frequency domain algorithms to solve the generalized Burgers
equation, which includes geometrical spreading, dispersion, and attenuation effects.
Gee and Sparrow have made the results of their work available in the form of a
Matlab code. Considerable physical insight on nonlinear effects can be gained by
simply exercising the code with various input pressure waveforms and in various
propagation conditions (with or without attenuation and/or dispersion). For example,
the code could be advantageously used to determine if there is any possibility that
an initially crackle-free wave would eventually evolve into a distinctly crackling
signal in the course of propagation.
Gee et al. [20, 137] employed an elegant split-step method to solve the
generalized Mendousse-Burgers equation, separating the latter into two simpler
equations that have both analytical solutions. In the first step, the familiar
Earnshaw solution is applied to calculate the change in arrival time – due to
nonlinear effects – for each point on the pressure waveform over a sufficiently small
range step. Although mathematically accurate, the Earnshaw solution presents the
disadvantage of distorting the time scale of the waveform, and makes resampling via
linear interpolation necessary before the main propagation loop can process to the
next range step. It appears that the resampling operation may lead to significantly
different predictions as the step range takes smaller and smaller values. To avoid
this problem there is a possibility that a purely numerical approach to the first step
of the algorithm, based on simple finite-difference schemes, would be sensible. The
time scale of the pressure waveform would thus remain unchanged and resampling
would become superfluous. The main difficulty in this approach is to overcome the
numerical oscillations that usually accompany any attempt to represent strong
discontinuities – such as shock waves – with polynomial interpolation (i.e. Taylorseries expansion). The so-called ENO and WENO (Essentially and Weighted
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Essentially Non Oscillatory) schemes [146], specifically designed for problems with
piecewise smooth solutions containing discontinuities, could provide a valuable
alternative to address this issue. In particular, Wochner and colleagues have used
this approach to propose a realistic model for the atmospheric propagation of finiteamplitude waves [148–150].
Above all, it is hoped that the extensive acoustic dataset obtained within the
framework of the present study will contribute to the validation of the existing
prediction methods and provide helpful guidance for further developments.
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Appendix A
Data Acquisition and Reduction
Programs
The various LabVIEW and Matlab programs used to acquire and reduce the data
presented in this thesis are successively shown in this appendix.

A.1 LabVIEW Programs
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A.1.1 Acquire.vi
This LabVIEW code has been used to acquire the measurement data in this study. It
was initially written by Dr. J.S. Choi and has since been modified, in particular by
Dr. M.J. Doty.

A.1.2 Convert_BIN_TXT.vi
This LabVIEW code is used to convert the fluctuating voltages from the microphones
in binary format to pressure values in text format. This program was originally
developed by J. Lee and has seen several revisions.
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A.1.3 Red_acs.vi
This LabVIEW code is used to process the acoustic data, converting fluctuating
voltages from the microphones to sound pressure levels in the frequency domain.
This program was originally developed by Dr. J.S. Choi and has since been modified,
in particular by Dr. M.J. Doty.

A.1.4 Red_od.vi
This LabVIEW code is used to reduce the photomultiplier tube voltages, generating
auto- and cross-spectra, coherence and phase data for two channels within the flowfield.
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A.1.5 Red_od_cor.vi
Similar to the previous LabVIEW code, this code is used to process time domain
auto-correlation and cross-correlation functions from the photomultiplier tube
voltages.

A.2 Matlab Programs
A.2.1 main_corr.m
This Matlab code is used to compute loss-less pressure time histories from the four
fluctuating pressure signals recorded by the microphones.
%*************************************************************************
%
%
HIGH SPEED JET NOISE FACILITY
%
%
This Matlab code is a revision of the previous algorithm used to
%
compute the lossless pressure time history of a measured time signal.
%
It has been modified to run as fast and efficiently as possible.
%
The raw signal is corrected for atmospheric attenuation, microphone
%
actuator and free-field position.
%
This code was written as part of the data processing related to
%
nonlinear propagation.
%
%
Written by Benoit P. Petitjean
Sept. 16, 2004
%
%
Revision #1
July 25, 2005
%
Revision #2
August 14, 2006
%
%*************************************************************************
clear all;
format long e;
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%__________________________________________________________________________
%
INPUTS
%
DATA ACQUISITION
fs = 298507.8;
N_data = 102400;
N_fft = 1024;
N_bk = N_data/N_fft;
f_bin = fs/N_fft;
freq = 0:f_bin:f_bin*((N_fft*0.5)-1);
%
ATMOSPHERIC CONDITIONS
T_inp = 76.8;
T_amb = 273.16 + (5.0/9.0)*(T_inp - 32.0);
P_inp = 977.0;
P_amb = P_inp/1013.25;
rh = 45.5;
gamma = 1.402;
R = 286.7;
Dj = 0.5*0.0254;
dist = [10 40 81.5 164.5]*Dj;
%__________________________________________________________________________
%
CORRECTION COEFFICIENTS
cd mic_factors
fid1 = fopen('actuator_resp.dat','rt');
[act2_dB, act3_dB, act4_dB, act5_dB] = textread('actuator_resp.dat','%f %f %f
%f');
st1 = fclose(fid1);
act2 = 10.^(-act2_dB.'/20.0);
act3 = 10.^(-act3_dB.'/20.0);
act4 = 10.^(-act4_dB.'/20.0);
act5 = 10.^(-act5_dB.'/20.0);
fid2 = fopen('freefield_grazing.dat','rt');
[ff_grazing] = textread('freefield_grazing.dat','%f');
st2 = fclose(fid2);
ff_g = 10.^(-ff_grazing.'/20.0);
cd ..
%

ATMOSPHERIC ATTENUATION COEFFICIENTS

P0 = 1.0;
T0 = 293.15;
T_tp = 273.16;
% Equilibrium speed of sound
c_ss = sqrt(gamma*R*T_amb);
% Maximum absorption per wavelength associated with the Ox/Ni relaxation
process
a_ox = 0.0011;
a_ni = 0.0002;
% Frozen speed of sound
c_0 = c_ss/(1.0 + (a_ox + a_ni)/pi);
P_sat = P0*10.0^( -6.8346*((T_tp/T_amb)^1.261) + 4.6151);
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h = (rh/P_amb)*P_sat;
fr_ox = (P_amb/P0)*(24.0 + 4.04*10.0^4*h*((0.02 + h)/(0.391 + h)));
fr_ni = (P_amb/P0)*(T0/T_amb)^0.5*(9.0 + (280.0*h)*exp(-4.17*((T0/T_amb)^(1/3)
- 1.0)));
alpha_1 = 1.84*10^(-11)*(P0/P_amb)*(T_amb/T0)^0.5;
alpha_2 = (T0/T_amb)^2.5*(0.01275*exp(2239.1/T_amb)./(fr_ox+((freq).^2/fr_ox)));
alpha_3 = (T0/T_amb)^2.5*(0.1068*exp(3352.0/T_amb)./(fr_ni+((freq).^2/fr_ni)));
alpha = (freq).^2.*(alpha_1 + alpha_2 + alpha_3);
%__________________________________________________________________________
%
FINAL CORRECTION COEFFICIENTS
for i = 1:floor(N_fft/2),
ff_g(1024-(i-1)) = ff_g(i);
act2(1024-(i-1)) = act2(i);
act3(1024-(i-1)) = act3(i);
act4(1024-(i-1)) = act4(i);
act5(1024-(i-1)) = act5(i);
alpha(1024-(i-1)) = alpha(i);
end;
%__________________________________________________________________________
%
MAIN LOOP
cond =
{'Cn1','Cn2','Cn3','TR0_85n1','TR0_85n2','TR0_85n3','TR1_0n1','TR1_0n2','TR1_0n
3','TR1_25n1','TR1_25n2','TR1_25n3','TR2_0n1','TR2_0n2','TR2_0n3','TR2_5n1','TR
2_5n2','TR2_5n3'};
for ind = 1:length(cond),
filename = ['raw_data\acsM1_5',cond{ind},'.txt'];
fid = fopen(filename,'rt');
[prs2, prs3, prs4, prs5] = textread(filename,'%f %f %f %f');
st = fclose(fid);
clear filename fid st;
prs2
prs3
prs4
prs5

=
=
=
=

-prs2;
-prs3;
-prs4;
-prs5;

% Store blocks of windowed data
for j = 1:N_bk,
p2_bk(:,j) =
p3_bk(:,j) =
p4_bk(:,j) =
p5_bk(:,j) =
end;
p2_fft
p3_fft
p4_fft
p5_fft

=
=
=
=

prs2((1+(j-1)*N_fft):j*N_fft);
prs3((1+(j-1)*N_fft):j*N_fft);
prs4((1+(j-1)*N_fft):j*N_fft);
prs5((1+(j-1)*N_fft):j*N_fft);

fft(p2_bk,
fft(p3_bk,
fft(p4_bk,
fft(p5_bk,

N_fft);
N_fft);
N_fft);
N_fft);
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for j = 1:N_bk,
P2(:,j) = (p2_fft(1:N_fft,
P3(:,j) = (p3_fft(1:N_fft,
P4(:,j) = (p4_fft(1:N_fft,
P5(:,j) = (p5_fft(1:N_fft,
end;
p2_cor
p3_cor
p4_cor
p5_cor
%

=
=
=
=

ifft(P2,
ifft(P3,
ifft(P4,
ifft(P5,

j)).*ff_g.'.*act2.'.*exp(alpha.'*dist(1));
j)).*ff_g.'.*act3.'.*exp(alpha.'*dist(2));
j)).*ff_g.'.*act4.'.*exp(alpha.'*dist(3));
j)).*ff_g.'.*act5.'.*exp(alpha.'*dist(4));

N_fft);
N_fft);
N_fft);
N_fft);

OUTPUT FILE

for k = 1:N_bk,
out_cor2((1+(k-1)*N_fft):(k*N_fft))
out_cor3((1+(k-1)*N_fft):(k*N_fft))
out_cor4((1+(k-1)*N_fft):(k*N_fft))
out_cor5((1+(k-1)*N_fft):(k*N_fft))
end;

=
=
=
=

p2_cor(:,k);
p3_cor(:,k);
p4_cor(:,k);
p5_cor(:,k);

out_real = [real(out_cor2') , real(out_cor3') , real(out_cor4') ,
real(out_cor5')];
filechange1 = strcat(['acsM1_5',cond{ind},'_time'], ' = out_real;');
eval(filechange1);
disp('An output file has been generated.');
clear filename fid st;
clear prs2 prs3 prs4 prs5 p2_bk p3_bk p4_bk p5_bk p2_fft p3_fft p4_fft
p5_fft;
clear P2 P3 P4 P5 p2_cor p3_cor p4_cor p5_cor out_cor2 out_cor3 out_cor4
out_cor5 out_real;
end;
save('corrected_data\corM1_5time.mat','acsM1_5Cn1_time','acsM1_5Cn2_time',
'acsM1_5Cn3_time','acsM1_5TR0_85n1_time','acsM1_5TR0_85n2_time',
'acsM1_5TR0_85n3_time','acsM1_5TR1_0n1_time','acsM1_5TR1_0n2_time',
'acsM1_5TR1_0n3_time','acsM1_5TR1_25n1_time','acsM1_5TR1_25n2_time',
'acsM1_5TR1_25n3_time','acsM1_5TR2_0n1_time','acsM1_5TR2_0n2_time',
'acsM1_5TR2_0n3_time','acsM1_5TR2_5n1_time','acsM1_5TR2_5n2_time',
'acsM1_5TR2_5n3_time');
%

SAVE PRESSURE DERIVATIVES

fs = 298507.8;
dt = 1/fs;
derM1_5Cn1_time = diff(acsM1_5Cn1_time)/dt;
derM1_5Cn2_time = diff(acsM1_5Cn2_time)/dt;
derM1_5Cn3_time = diff(acsM1_5Cn3_time)/dt;
derM1_5TR0_85n1_time = diff(acsM1_5TR0_85n1_time)/dt;
derM1_5TR0_85n2_time = diff(acsM1_5TR0_85n2_time)/dt;
derM1_5TR0_85n3_time = diff(acsM1_5TR0_85n3_time)/dt;
derM1_5TR1_0n1_time = diff(acsM1_5TR1_0n1_time)/dt;
derM1_5TR1_0n2_time = diff(acsM1_5TR1_0n2_time)/dt;
derM1_5TR1_0n3_time = diff(acsM1_5TR1_0n3_time)/dt;
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derM1_5TR1_25n1_time = diff(acsM1_5TR1_25n1_time)/dt;
derM1_5TR1_25n2_time = diff(acsM1_5TR1_25n2_time)/dt;
derM1_5TR1_25n3_time = diff(acsM1_5TR1_25n3_time)/dt;
derM1_5TR2_0n1_time = diff(acsM1_5TR2_0n1_time)/dt;
derM1_5TR2_0n2_time = diff(acsM1_5TR2_0n2_time)/dt;
derM1_5TR2_0n3_time = diff(acsM1_5TR2_0n3_time)/dt;
derM1_5TR2_5n1_time = diff(acsM1_5TR2_5n1_time)/dt;
derM1_5TR2_5n2_time = diff(acsM1_5TR2_5n2_time)/dt;
derM1_5TR2_5n3_time = diff(acsM1_5TR2_5n3_time)/dt;
save('corrected_data\cor_derM1_5time.mat','derM1_5Cn1_time','derM1_5Cn2_time','
derM1_5Cn3_time','derM1_5TR0_85n1_time','derM1_5TR0_85n2_time','derM1_5TR0_85n3
_time','derM1_5TR1_0n1_time','derM1_5TR1_0n2_time','derM1_5TR1_0n3_time','derM1
_5TR1_25n1_time','derM1_5TR1_25n2_time','derM1_5TR1_25n3_time','derM1_5TR2_0n1_
time','derM1_5TR2_0n2_time','derM1_5TR2_0n3_time','derM1_5TR2_5n1_time','derM1_
5TR2_5n2_time','derM1_5TR2_5n3_time');
clear all;
%__________________________________________________________________________
%
END OF CODE

A.2.2 statistics.m
This Matlab code is used to compute the main statistical quantities (namely average,
rms, skewness and kurtosis values) from a given dataset organized in an array with
four columns of data.
%**************************************************************************
%
%
STATISTICAL DATA
%
%
This code is designed as a fast way to provide the fundamental
%
statistical properties of a given dataset. The following quantities are
%
computed and printed in a file called "stat_out.dat":
%
average, rms value, skewness & kurtosis. The main emphasis of the code
%
is the evolution of skewness through the shear layer, which is plotted
%
by default.
%
Moreover, a Matlab function written by Dr. Kent Gee (currently at BYU,
%
Utah) is used to compute and plot the Probability Density Function of
%
the dataset.
%
%
Written by: B. Petitjean
Jan. 09, 2006
%
Adapted for Summer data:
July 12, 2006
%
%**************************************************************************
clear all;
close all;
format long e;
fs = 298507.5;
dt = 1/fs;
cutoff_h = 120000.0/(fs*0.5);
[b, a] = cheby2(10, 20, cutoff_h);
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%__________________________________________________________________________
%
LOADING DATA FILE -- Supersonic Jet, Mj = 1.5
load data\corrected_data\corM1_5time
N_data = 102400;
N = 2;
% There are two data sets, namely TR = cold and 0.85
%__________________________________________________________________________
%
STATISTICAL DATA
avg_acsM1_5(1:N,1:4) = 0.0;
std_acsM1_5(1:N,1:4) = 0.0;
sk_acsM1_5(1:N,1:4) = 0.0;
kt_acsM1_5(1:N,1:4) = 0.0;
%

COLD JET DATA

cond = {'Cn1','Cn2','Cn3'};
for i = 1:3,
getfile = strcat('buff = ', ['acsM1_5',cond{i},'_time;']);
eval(getfile);
avg_buff = mean(buff);
std_buff = std(buff);
for j = 1:4,
data(:,j) = buff(:,j) - avg_buff(j);
data = filter(b, a, data);
end;
sk_buff = sum(data.^3);
sk_buff = sk_buff./(N_data*std_buff.^3);
kt_buff = sum(data.^4);
kt_buff = kt_buff./(N_data*std_buff.^4);
avg_acsM1_5(1,:) = avg_acsM1_5(1,:)
std_acsM1_5(1,:) = std_acsM1_5(1,:)
sk_acsM1_5(1,:) = sk_acsM1_5(1,:) +
kt_acsM1_5(1,:) = kt_acsM1_5(1,:) +

+ avg_buff/3.0;
+ std_buff/3.0;
sk_buff/3.0;
kt_buff/3.0;

clear buff data;
end;
%

TR = 0.85 DATA

cond = {'TR0_85n1','TR0_85n2','TR0_85n3'};
for i = 1:3,
getfile = strcat('buff = ', ['acsM1_5',cond{i},'_time;']);
eval(getfile);
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avg_buff = mean(buff);
std_buff = std(buff);
for j = 1:4,
data(:,j) = buff(:,j) - avg_buff(j);
data = filter(b, a, data);
end;
sk_buff = sum(data.^3);
sk_buff = sk_buff./(N_data*std_buff.^3);
kt_buff = sum(data.^4);
kt_buff = kt_buff./(N_data*std_buff.^4);
avg_acsM1_5(2,:) = avg_acsM1_5(2,:)
std_acsM1_5(2,:) = std_acsM1_5(2,:)
sk_acsM1_5(2,:) = sk_acsM1_5(2,:) +
kt_acsM1_5(2,:) = kt_acsM1_5(2,:) +

+ avg_buff/3.0;
+ std_buff/3.0;
sk_buff/3.0;
kt_buff/3.0;

clear buff data;
end;
save('mat_files\acsM1_5statistics.mat','std_acsM1_5','sk_acsM1_5','kt_acsM1_5')
;
%__________________________________________________________________________
%
GRAPHS
set(0,'DefaultAxesFontName','arial narrow');
set(0,'DefaultAxesFontSize',18);
set(0,'DefaultAxesFontWeight','demi')
set(0,'DefaultAxesLineWidth',2);
set(0,'DefaultLineLineWidth',2);
pos = [232,180,540,460];
dist = [10 35.76 77.21 160.19];
figure(1)
plot(dist(2:4), sk_acsM1_5(1,2:4),'sk:','MarkerFaceColor','k');
grid on;
set(gcf,'Position',pos);
hold on;
plot(dist(2:4), sk_acsM1_5(2,2:4),'ob:','MarkerFaceColor','b');
xlabel('Normalized Distance, {\itr}/{\itD_j}');
ylabel('Normalized Skewness, {\itS_k}');
xlim([0,180]);
ylim([0 0.8]);
set(gca,'xtick',[0 30 60 90 120 150 180]);
set(gca,'ytick',[0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8]);
title('Skewness Variations of acoustic pressure signal, {\itM_j} = 1.50,
{\it\theta} = 30 deg.');
legend('Cold Jet, {\itM_c} = 0.93','{\itT_j} /{{\itT}_{\infty}} = 0.85,
{\itM_c} = 1.07');
hold off;
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%__________________________________________________________________________
%
PROBABILITY DENSITY FUNCTIONS
data1 = acsM1_5Cn1_time(:,3);
data1 = data1 - mean(data1);
data1 = filter(b, a, data1);
[d1,pdf1] = pdfcalc(data1,min(data1),max(data1)+.01,75);
gauss_d1 = 1.0/(std_acsM1_5(1,3)*sqrt(2.0*pi))*exp(0.5*(d1/std_acsM1_5(1,3)).^2);
figure(2)
bar(d1,pdf1,'-b');
hold on;
plot(d1,gauss_d1,'-dr');
xlabel('Acoustic Pressure (Pa)');
ylabel('Probability Density Function');
legend('Gaussian Dist., {\itSk} = 0.0 & {\itKt} = 3.0',...
['Acs. Data PDF, {\itSk} = ',num2str(sk_acsM1_5(1,3),2),' & {\itKt} =
',num2str(kt_acsM1_5(1,3),3)],1);
set(gcf,'Position',pos);
hold off;
%__________________________________________________________________________
%
END OF CODE

A.2.3 save_spec.m
This Matlab code is used to compute the raw power spectral density of a measured
dataset. The resulting sound pressure levels are stored in a Matlab file.
%****************************************************************************
%
%
HIGH SPEED JET NOISE FACILITY
%
%
This Matlab code computes the power spectral density of a measured
%
time signal in the same way as the Labview code Red_Acs does it.
%
This code is intended to become the standard processing tool for both
%
acoustic propagation and directivity studies.
%
%
Written by Benoit P. Petitjean
May 20, 2003
%
First Revision
Sept. 20, 2004
%
Second Revision
April 14, 2005
%
Third Revision
July 26, 2005
%
Fourth Revision
August 13, 2006
%
%
DATA TYPE:
Propagation
%
Acquired on:
Aug. 11, 2006
%
Microphone Positions:
R/Dj = 10, 40, 80, 160, theta = 30 deg.
%
clear all;
close all;
format long e;
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%
%
%
%
%
%

IMPORTANT NOTE!
This code computes the averaged power spectrum between all the files
acquired for each given test condition. It returns the RAW power
spectra in an M-file, which can then be used to produce lossless spectra.
The appropriate code to perform the reduction is called "plot_spec.m".

%____________________________________________________________________________
%
DATA MACH 1.5
%

COLD JET DATA

cond = {'Cn1','Cn2','Cn3'};
N = length(cond);
for i = 1:N,
filename = ['data\raw_data\acsM1_5',cond{i},'.txt'];
fid = fopen(filename,'rt');
[x1, x2, x3, x4] = textread(filename,'%f %f %f %f');
st = fclose(fid);
clear filename fid st;
data = [x1, x2, x3, x4];
clear x1 x2 x3 x4;
filechange1 = strcat(['acsM1_5',cond{i},'_time'], ' = - data;');
eval(filechange1);
spectra = acs_spec(data);
filechange2 = strcat(['acsM1_5',cond{i},'_spec'], ' = spectra;');
eval(filechange2);
clear spectra;
end;
acsM1_5Cspec = (acsM1_5Cn1_spec + acsM1_5Cn2_spec + acsM1_5Cn3_spec)/3.0;
%____________________________________________________________________________
%
SAVING INTO MATLAB FILE
save('mat_files\acsM1_5time.mat','acsM1_5Cn1_time','acsM1_5Cn2_time','acsM1_5Cn
3_time');
clear all;
%__________________________________________________________________________
%
END OF PROGRAM
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%
%

FUNCTION ACS_SPEC -- COMPUTATION OF ACOUSTIC POWER SPECTRA
Created: August 13, 2006

function res = acs_spec(A)
%
%
%
%
%

A must be a matrix with 4 columns and 102400 rows.
A corresponds to the time pressure data (in Pascals!) directly acquired
from the Labview code and converted to pressure.
The function returns a matrix with 4 columns and 512 rows that contain
the non-corrected power spectral data.

%__________________________________________________________________________
%
INPUT PARAMETERS
fs = 298507.8;
N_samp = 102400;
N_fft = 1024;
N_av = (2*N_samp/N_fft) - 1;
%____________________________________________________________________________
%
WINDOWING
hw = hanning(N_fft-2);
total(1:N_fft,1:4) = 0.0;
%____________________________________________________________________________
%
MAIN LOOP
for k = 1:N_av,
dft(1:N_fft,1:4) = 0.0;
for j = 1:N_fft-2,
dft(j+1,1:4) = A((j+1+(k-1)*(N_fft/2)),1:4)*hw(j);
end
% dft contains the windowed pressure time histories
% over N_fft scans
%____________________________________________________________________________
%
DISCRETE FOURIER TRANSFORM
DFT = fft(dft);
%____________________________________________________________________________
%
POWER SPECTRAL DENSITY
psd = 2*DFT.*conj(DFT)/(N_fft)^2;
total = total + psd;
end
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%____________________________________________________________________________
%
SOUND PRESSURE LEVELS
for i = 1:N_fft/2,
res(i,:) = 10.0*log10(total(i,:)/(N_av*0.00002^2)) + 10.0*log10(8/3);
end
%

END OF FUNCTION

A.2.4 plot_spec.m
Based on the raw sound pressure levels produced by save_spec.m, this Matlab code
provides corrected SPL’s as well as plots of the acoustic power spectra.
%****************************************************************************
%
%
HIGH SPEED JET NOISE FACILITY
%
%
This Matlab code reduces the raw acoustic power spectra produced by the
%
code "save_spec.m".
%
It reduces the data as follows:
%
- Microphone corrections (actuator + free-field)
%
- Atmospheric attenuation
%
- 1 Hz frequency binwidth reduction
%
- Strouhal number scaling
%
- Furthest measurement location scaling
%
%
Written by Benoit P. Petitjean
August 13, 2003
%
First Revision
%
%
DATA TYPE
:
Propagation
%
Acquired on
:
Aug. 11, 2006
%
Microphone Positions
:
R/Dj = 10, 40, 80, 160, theta = 30 deg.
%
Nozzle diameter
:
0.5 inch
%
%****************************************************************************
clear all;
close all;
format long e;
%__________________________________________________________________________
%
INPUT PARAMETERS
%
DATA ACQUISITION
fs = 298507.8;
N_fft = 1024;
f_bin = fs/N_fft;
freq = 0:f_bin:f_bin*((N_fft*0.5)-1);
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%
ATMOSPHERIC CONDITIONS
T_inp = 76.8;
T_amb = 273.16 + (5.0/9.0)*(T_inp - 32.0);
P_inp = 977.0;
P_amb = P_inp/1013.25;
rh = 45.5;
gamma = 1.4;
R = 286.7;
%
TEST SPECIFICS
Dj = 0.5*0.0254;
dist = [10 35.76 77.21 160.19]*Dj;
dist_sc = [10 40 80 160]*Dj;
Mj = 1.5;
TR = [(1.0 + (gamma-1.0)*0.5*Mj^2)^(-1)];
Uj = Mj*sqrt(gamma*R*TR*T_amb);
%

STROUHAL SCALING

fc = Uj/Dj;
St = [freq'/fc(1)];
%

LOADING DATA FILES

load mat_files\acsM1_5spectra
%__________________________________________________________________________
%
CALCULATION OF CORRECTION FACTORS
%

MICROPHONE CORRECTIONS

cd mic_factors
fid1 = fopen('actuator_resp.dat','rt');
[act2, act3, act4, act5] = textread('actuator_resp.dat','%f %f %f %f');
st1 = fclose(fid1);
act = [act2, act3, act4, act5];
clear act2 act3 act4 act5;
fid2 = fopen('freefield_grazing.dat','rt');
[ff_grazing] = textread('freefield_grazing.dat','%f');
st2 = fclose(fid2);
cd ..
% ATMOSPHERIC ATTENUATION COEFFICIENTS
P0 = 1.0;
T0 = 293.15;
T_tp = 273.16;
% Equilibrium speed of sound
c_ss = sqrt(gamma*R*T_amb);
% Maximum absorption per wavelength associated with the Ox/Ni relaxation
% process
a_ox = 0.0011;
a_ni = 0.0002;
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% Frozen speed of sound
c_0 = c_ss/(1.0 + (a_ox + a_ni)/pi);
beta (1:floor(N_fft/2)) = 0.0;
P_sat = P0*10.0^( -6.8346*((T_tp/T_amb)^1.261) + 4.6151);
h = (rh/P_amb)*P_sat;
fr_ox = (P_amb/P0)*(24.0 + 4.04*10.0^4*h*((0.02 + h)/(0.391 + h)));
fr_ni = (P_amb/P0)*(T0/T_amb)^0.5*(9.0 + (280.0*h)*exp(-4.17*((T0/T_amb)^(1/3)
- 1.0)));
alpha_1 = 1.84*10^(-11)*(P0/P_amb)*(T_amb/T0)^0.5;
alpha_2 = (T0/T_amb)^2.5*(0.01275*exp(2239.1/T_amb)./(fr_ox+((freq).^2/fr_ox)));
alpha_3 = (T0/T_amb)^2.5*(0.1068*exp(3352.0/T_amb)./(fr_ni+((freq).^2/fr_ni)));
alpha = (freq).^2.*(alpha_1 + alpha_2 + alpha_3);
% Final correction coefficients (in dBs per meter)
alpha_dB = 10.0*log10((exp(alpha*1.0)).^2);
%____________________________________________________________________________
%
DATA MACH 1.5
%

ALL JET DATA

%

Apply all corrections to raw spectral data

for i = 1:4, %+ alpha_dB'*dist(i)
losslessM1_5Cspec(:,i) = acsM1_5Cspec(:,i) - act(:,i) - ff_grazing +
alpha_dB'*dist(i) +20.0*log10(dist(i)/dist_sc(i));
end;
%

Apply appropriate scaling (1 Hz freq. binwidth + Strouhal number)

ScM1_5Cspec = losslessM1_5Cspec + 10.0*log10(fc(1)/f_bin);
%

Apply appropriate scaling to furthest measurement location

scale = 160*Dj;
for i = 1:4,
Sc160_M1_5Cspec(:,i) = ScM1_5Cspec(:,i) + 20.0*log10(dist_sc(i)/scale);
end;
%__________________________________________________________________________
%
OASPL COMPUTATIONS
OASPL_M1_5(:,1:4) = 0.0;
OASPL_M1_5(1,:) =
10.0*log10(sum((10*ones(510,4)).^(losslessM1_5Cspec(3:512,:)./10)));
save('mat_files\OASPL_M1_5.mat','OASPL_M1_5');
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%__________________________________________________________________________
%
TAM's SIMILARITY SPECTRA
SimM1_5Cr_40 = sim_spec(131.0,0.20*fc(1));
SimM1_5Cr_160 = sim_spec(121.0,0.18*fc(1));
%__________________________________________________________________________
%
THIRD OCTAVE BAND SPECTRA
% By definition of the 1/3rd octave bands:
N_band = 28;
f_center(1:N_band) = 0.0;
f_center(1) = 250.0;
freq_3rd_oct(1:N_band+1) = 0.0;
freq_3rd_oct(1) = 2^(-1/6)*f_center(1);
for i = 1:N_band,
freq_3rd_oct(i+1) = 2^(1/3)*freq_3rd_oct(i);
f_center(i) = sqrt(freq_3rd_oct(i+1)*freq_3rd_oct(i));
end;
St_3rd_oct = [freq_3rd_oct'/fc(1)];
for j1 = 1:4,
for j2 = 1:512,
buff_spec1((1+(j2-1)*292):(j2*292),j1) = Sc160_M1_5Cspec(j2,j1);
end;
end;
for j1 = 1:N_band,
low_band = round(freq_3rd_oct(j1));
high_band = round(freq_3rd_oct(j1+1));
span = high_band - low_band +1;
M1_5Cthird_oct(j1,:) =
10.0*log10(sum((10*ones(span,4)).^(buff_spec1(low_band:high_band,:)./10)));
end;
clear buff_spec;
%____________________________________________________________________________
%
GRAPHS OF ACOUSTIC POWER SPECTRA
set(0,'DefaultAxesFontName','arial narrow');
set(0,'DefaultAxesFontSize',18);
set(0,'DefaultAxesFontWeight','demi')
set(0,'DefaultAxesLineWidth',2);
set(0,'DefaultLineLineWidth',2);
pos = [232,180,540,460];
x_min = 3;
x_max = 430;
St_max = 5.0;
min_oct = 6;
max_oct = 26;
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figure(1)
semilogx(St(x_min:x_max,1),ScM1_5Cspec(x_min:x_max,2),'b-',
St(x_min:x_max,1),ScM1_5Cspec(x_min:x_max,3),'r.',St(x_min:x_max,1),
ScM1_5Cspec(x_min:x_max,4),'g-');
hold on;
plot(St(x_min:x_max,1),SimM1_5Cr_40(x_min:x_max),'k--',
St(x_min:x_max,1),SimM1_5Cr_160(x_min:x_max),'k--');
hold off;
xlabel('Strouhal Number');
ylabel('PSD per unit {\it{St}}, {\itre} 20 {\it{\mu}}Pa');
grid on;
xlim([0.01,St_max]);
ylim([85,135]);
set(gca,'xtick',[0.01 0.1 1 5]);
set(gca,'ytick',[85 95 105 115 125 135]);
title('Fully-Corrected Power Spectral Density {\itM_j} = 1.5, Cold Jet');
legend(['{\itr /D_j} = 40, OASPL = ',num2str(OASPL_M1_5(1,2),4),' dB'],
['{\itr /D_j} = 80, OASPL = ',num2str(OASPL_M1_5(1,3),4),' dB'],['{\itr /D_j}
= 160, OASPL = ',num2str(OASPL_M1_5(1,4),4),' dB'],'Similarity Spectrum',3);
set(gcf,'Position',pos);
figure(2)
semilogx(St(x_min:x_max,1),Sc160_M1_5Cspec(x_min:x_max,2),'b--',
St(x_min:x_max,1),Sc160_M1_5Cspec(x_min:x_max,3),'r-.',
St(x_min:x_max,1),Sc160_M1_5Cspec(x_min:x_max,4),'g-');
xlabel('Strouhal Number');
ylabel('PSD - 20 {log_{10}}(160{\itD_j /r}), {\itre} 20 {\it{\mu}}Pa');
grid on;
xlim([0.01,St_max]);
ylim([85,135]);
set(gca,'ytick',[85 95 105 115 125 135]);
set(gca,'xtick',[0.01 0.1 1 5]);
title('Scaled Power Spectral Density {\itM_j} = 1.5, {\itR/D_j} = 160, Cold
Jet');
legend('{\itr /D_j} = 40','{\itr /D_j} = 80','{\itr /D_j} = 160',3);
set(gcf,'Position',pos);
figure(3)
semilogx(St_3rd_oct(min_oct:max_oct,1),M1_5Cthird_oct(min_oct:max_oct,2),'sb:',
'MarkerFaceColor','b');
hold on;
semilogx(St_3rd_oct(min_oct:max_oct,1),M1_5Cthird_oct(min_oct:max_oct,3),'sr:',
'MarkerFaceColor','r');
semilogx(St_3rd_oct(min_oct:max_oct,1),M1_5Cthird_oct(min_oct:max_oct,4),'Color
',[0.000 0.502 0.502],'Marker','s','LineStyle',':','MarkerFaceColor',[0.000
0.502 0.502]);
xlabel('Strouhal Number');
ylabel('Sound Pressure Level, in 1/3-rd Octave Bands');
grid on;
xlim([0.01,St_max]);
ylim([70,130]);
set(gca,'xtick',[0.01 0.1 1 5]);
title('Third-Octave Band Power Spectra, {\itM_j} = 1.5, Cold Jet, {\itR/D_j} =
160');
legend('{\itR/D_j} = 40','{\itR/D_j} = 80','{\itR/D_j} = 160',1);
hold off;
set(gcf,'Position',pos);
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%__________________________________________________________________________
%
HIGH-FREQUENCY SLOPE CALCULATIONS
min_freq = 50;
max_freq = 250;
N1 = max_freq - min_freq;
x = log10(freq(min_freq:max_freq));
%__________________________________________________________________________
%
COLD JET
y = ScM1_5Cspec(min_freq:max_freq,2);
[p2M1_5C, S] = polyfit(x.',y,1);
y = ScM1_5Cspec(min_freq:max_freq,3);
[p3M1_5C, S] = polyfit(x.',y,1);
y = ScM1_5Cspec(min_freq:max_freq,4);
[p4M1_5C, S] = polyfit(x.',y,1);
slope_C = 0.1*[p2M1_5C(1) p3M1_5C(1) p4M1_5C(1)];
x_avg = mean(x);
y_avg = mean(y);
st_sq = 0.0; sd_sq = 0.0; s_td = 0.0;
for i = 1:N1,
st_sq = (1.0/(N1 - 1.0))*(x(i) - x_avg)^2 + st_sq;
sd_sq = (1.0/(N1 - 1.0))*(y(i) - y_avg)^2 + sd_sq;
s_td = (1.0/(N1 - 1.0))*(x(i) - x_avg)*(y(i) - y_avg) + s_td;
end;
r = s_td/sqrt(st_sq*sd_sq);
r_sq = r^2;
fprintf('\n\nMj = 1.5, Cold Jet');
fprintf('\nHigh Frequency Slopes\t = '); disp(num2str(slope_C));
fprintf('Correlation Coefficient\t = '); disp(num2str(r));
%__________________________________________________________________________
%
END OF CODE
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Appendix B
Additional Optical Deflectometry
Data
This appendix presents additional optical deflectometry data that address more
specifically the issues related to the length of integration. Measurements have been
made through the length and width of a rectangular nozzle at various flow
conditions, and compared to results from circular jets. Deflectometry data have also
been acquired at one corner of the rectangular nozzle, where the integration length
should obviously be minimal.

B.1 Experimental Setup
The measurements are performed using a convergent-divergent, rectangular nozzle
with design Mach number Md = 1.5, equivalent diameter Deq = 0.695 in and width-toheight aspect ratio of 1.75. The nozzle was fabricated from a Solid Works CAD file
using low-cost rapid prototyping Stereo Lithography Apparatus (SLA). Both pure air
and

helium/air

mixture

cases

are

investigated,

with

moderate

simulated

temperature ratios of Tj /T∞ = 0.69 and 1.0. Comparison is made with results
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obtained from a circular (Dj = ½ in), convergent-divergent, Md = 1.5 nozzle operated
at the same test conditions.

B.2 Spectral Data
The spectral data for both pure air and helium/air mixture jets are discussed in this
section. The rectangular nozzle is rotated successively so that measurements can be
made through the length, width and in the corner of the jet. Similar to Chap. 5, the
stationary photomultiplier probe is located along the lip line at x /Dj = 4.0, while the
second probe is moved axially in 0.1 to 0.25 Dj increments, up to x /Dj = 5.5. All data
are acquired exclusively in the light shear layer.
As observed in Figure B.1.a, the auto-power spectra recorded from unheated
jets show a fairly broad peak, which is indicative of the presence of large-scale
turbulent structures in the jet shear layer. Such a peak is seen in the reference
spectrum from a circular jet at St = 0.5, but is shifted towards somewhat lower
values of Strouhal number, around St ≈ 0.3, for the rectangular jets. Spectral data
for circular and rectangular jets with Mj = 1.5 and Tj /T∞ = 1.0 are shown in Fig.
B.1.b. Once again, it becomes immediately evident that there exists major
differences between the pure air and the helium/air mixture cases investigated. The
auto-spectra for the heat-simulated jets show little evidence – if any – of the
presence of large-scale turbulent structures in the shear layer. The spectral energy
is shifted towards St < 0.2 and quickly decreases with Strouhal number instead.
However, note that the spectral characteristics remain almost unchanged as the
integration length is varied, especially for the heat-simulated cases.
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(a)

(b)
Figure B.1 Auto power spectra at zero probe separation for both (a) pure air (Tj /T∞
= 0.69) and (b) helium/air mixture (Tj /T∞ = 1.0), Mj = 1.5 jets with various
integration lengths (circular and rectangular nozzles).
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B.3 Correlation Data
The two-point, space-time cross-correlation curves for unheated, Mj = 1.5, both
circular and rectangular jets are given in Figs. B.2.a–d. The time delays on the
abscissa are scaled by the characteristic frequency of the jet, resulting in a
dimensionless time scale. Owing to this normalization scheme, the cross-correlation
curve corresponding to a probe displacement of x /Dj = 1.0 (or x /Deq = 1.0) is seen to
reach its peak value around a non-dimensional time of 1.35 in each of the four
correllelograms. This means that each case should have approximately the same
convection to jet velocity ratio, Uc /Uj, independently of the geometry of the jet or the
orientation of the rectangular nozzle. Examination of the actual convection velocity
values computed in the next paragraph will confirm this observation. Moreover, note
that even though the peak spacings seem to be comparable in all four cases, the peak
amplitudes are not. The correlation data for the rectangular geometry drop off
somewhat more rapidly with increasing probe separation distance, revealing a less
correlated turbulent field as well as a smaller turbulence length scale. Keep in mind,
though, that the flow-field in rectangular jets involves obviously more complex
structures than for circular geometry.
Figure B.3.a–d shows the cross-correlation curves acquired at various probe
displacements along the edge of the shear layer in jets with Mach numbers Mj = 1.5
and moderate simulated temperature ratio Tj /T∞ = 1.0. Clearly, the cross-correlation
peaks appear somewhat ill-defined and much broader for the heat-simulated cases
than for the pure air cases, which indicates lower levels of correlation overall at
these scales of turbulence. In addition, the peaks are shifted towards larger values of
normalized time delays, thus indicating much lower values of convection velocity.
These effects are more visible for measurements taken through the width and in the
corner of the rectangular nozzle.
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(a)

(b)
Figure B.2 Cross-correlation curves at various probe separations for a Mj = 1.5, pure
air jet, starting at x /Dj = 4.0 along the lip line: (a) circular jet and (b) length of a
rectangular jet (continued on next page)
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(c)

(d)
Figure B.2 (cont.) Cross-correlation curves at various probe separations for a Mj =
1.5, pure air jet, starting at x /Deq = 4.0 along the lip line: (c) width of a rectangular
jet and (d) corner of a rectangular jet.
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(a)

(b)
Figure B.3 Cross-correlation curves at various probe separations for a Mj = 1.5,
Tj /T∞ = 1.0 jet, starting at x /Dj = 4.0 along the lip line: (a) circular jet and (b) length
of a rectangular jet (continued on next page)

189

(c)

(d)
Figure B.3 (cont.) Cross-correlation curves at various probe separations for a Mj =
1.5, Tj /T∞ = 1.0 jet, starting at x /Deq = 4.0 along the lip line: (c) width of a
rectangular jet and (d) corner of a rectangular jet.
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In the same fashion as in Chap. 5, the convection velocities for pure air and
helium/air mixture jets are determined from the line regression technique (least
square method) using the two-point, space-time cross-correlation measurements.
The experimental values for Uc and Uc /Uj are listed in Table B.1. As expected from
the analysis of the correlelograms, the velocity ratio Uc /Uj is found to be
approximately constant for all unheated cases, with Uc /Uj ≈ 0.74. However, there
appears to be a significant decrease in convection velocity with helium addition for
the measurements acquired through the width and in the corner of the rectangular
nozzle. It is somewhat surprising, however, that the velocity ratio takes similar (and
physically meaningful) values for measurements taken in the two cases with the
largest difference in integration length (namely the circular jet and the length of the
rectangular jet). Overall, it appears that the integration length has no influence on
the accuracy of the convection velocity calculated from pure air cases. Furthermore,
this study brings no conclusive evidence that the integration length may be
responsible for the dramatic decrease in convection velocity observed in helium/air
mixture jets.

Table B.1 Convection velocity results for both pure air and heat-simulated jets with
various nozzle geometries.

Mj

Tj /T∞

0.69

Uj

(m.s–1)

430.9

1.5

Nozzle

PMT’s
Location

(m.s–1)

Circular

--

Rectangular
Circular

1.0

518.9

Rectangular

Uc

Uc /Uj

Mc

318.2

0.74

0.92

Length

333.4

0.77

0.96

Width

305.5

0.71

0.88

Corner

306.1

0.71

0.88

--

345.3

0.67

0.99

Length

377.9

0.73

1.09

Width

263.5

0.51

0.76

Corner

226.5

0.44

0.65
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