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This thesis aims to resolve some open questions about sonic boom, and particularly
secondary sonic boom, which arises from long-range propagation in a non-uniform
atmosphere.

We begin with an introduction to sonic boom modelling and outline the current
state of research. We then proceed to review standard results of gas dynamics and
we prove a new theorem, similar to Kelvin’s circulation theorem, but valid in the
presence of shocks.

We then present the definitions used in sonic boom theory, in the framework of
linear acoustics for stationary and for moving non-uniform media. We present the
wavefront patterns and ray patterns for a series of analytical examples for propagation
from steadily moving supersonic point sources in stratified media. These examples
elucidate many aspects of the long-range propagation of sound and in particular of
secondary sonic boom. The formation of fold caustics of boomrays is a key feature.
The focusing of linear waves and weak shock waves is compared.

Next, in order to address the consistent approximation of sonic boom amplitudes,
we consider steady motion of supersonic thin aerofoils and slender axisymmetric bod-
ies in a uniform medium, and we use the method of matched asymptotic expansions
(MAE) to give a consistent derivation of Whitham’s model for nonlinear effects in
primary boom analysis. Since for secondary boom, as for primary, the inclusion of
nonlinearities is essential for a correct estimation of the amplitudes, we then study
the paradigm problem of a thin aerofoil moving steadily in a weakly stratified medium
with a horizontal wind. We again use MAE to calculate approximations of the Euler
equations; this results in an inhomogeneous kinematic wave equation.

Returning to the linear acoustics framework, for a point source that accelerates
and decelerates through the sound speed in a uniform medium we calculate the wave-
field in the time-domain. Certain other motions of interest are also illustrated. In
the accelerating and in the manoeuvring motions fold caustics that are essentially
the same as those from steady motions in stratified atmospheres again arise. We
also manage to pinpoint a scenario where a cusp caustic of boomrays forms instead.
For the accelerating motions the asymptotic analysis of the wavefield reveals the for-
mation of singularities which are incompatible with linear theory; this suggests the
re-introduction of nonlinear effects. However, it is a formidable task to solve such a
nonlinear problem in two or three dimensions, so we solve a related one-dimensional
problem instead. Its solution possesses an unexpectedly rich structure that changes as
the strength of nonlinearity varies. In all cases however we find that the singularities

of the linear problem are regularised by the nonlinearity.
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Chapter 1

Introduction

1.1 Historical background and research motivation

The general theme of this thesis is the mathematical modelling of sonic boom as
generated by supersonic aircraft, and in particular of secondary boom.

After the U.S. military pilot C. Yaeger successfully broke the sound barrier in
1947 theoretical work on supersonic flow suddenly gained new glamour and hands-on
applicability. Intense research activities ensued and the U.S., U.K., France and the
former Soviet Union all launched SuperSonic Transport (SST) programmes, which
led to the production of the first generation of supersonic aircraft.

However, it did not take long to realise that the by-products of supersonic flight
were far from pleasant. Sonic boom frequently reached inhabited areas causing many
complaints and it was one of the key factors for the cancellation, in 1971, of the U.S.
SST programme.

Meanwhile, the British-French Concorde made its maiden flight in 1969, and from
1976 it flew transatlantic flights routinely. Concorde service was terminated in Oc-
tober 2003—its technological success was never questioned but it had never been a

highly profitable project.
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Figure 1.1: Concorde in a British Airways flight, 2003.



However, it is highly probable that civil supersonic aviation will be reinstated in
the future, as the travel market is steadily growing, both for leisure and business
purposes. Hence sonic boom research is currently undergoing a renaissance.

The human response to aircraft noise [116] is complicated because of the multi-
tude of factors involved such as previous exposure, geographic location, time of day,
socioeconomic status etcl. Sonic boom contributes an additional environmental noise
impact, specific to supersonic flight. As of 1973, civil supersonic flights are forbidden
above land [3]. However, the long-term effects on health of daily exposure to sonic
booms are yet to be investigated, and a quantitative measure of acceptability has not
been established. It is however commonly accepted that loud and unexpected noises
tend to disorient and startle people, and studies indicate that reaction to sonic boom
is far more severe than reaction to other types of noise at analogous amplitude levels
[79, 114]. Furthermore, there are fears that sonic boom will pose a threat to aquatic
life, and to fowl, farm and wild animals [36]. Therefore, the environmental impact
of sonic boom needs to be carefully evaluated and precise noise regulations for sonic
boom need to be devised. Such regulations could substantially limit the profitability
of a new SST or stop its implementation altogether.

For successful mitigation of the annoyance due to sonic boom, a thorough under-
standing of the generation and propagation of the relevant acoustic waves is required.
Such an understanding should lead to new predictions and modifications in aircraft
design and operation that would limit the impact of sonic boom. In Section 1.2 we
explain what a sonic boom is and classify the different forms in which it is heard at
the ground, in Section 1.3 we discuss the current state of sonic boom research, and

in Section 1.4 we give an outline of this thesis.

1.2 Sonic boom

A shock-wave pattern is formed around an aircraft when flying at supersonic speed
(i.e. faster than sound). Sonic boom is the noise from these shock waves, as heard at
the ground. Sonic booms are weak shocks: the typical overpressure at the ground is
up to 100 Pa, a shock strength of order 1073 of the atmospheric pressure [126].

For weak shocks nonlinearities can be neglected, to a first approximation, and the

disturbance due to the motion of a supersonic aircraft can be thought of as the linear

!Sound is recorded in Pa or dB. However there are various metrics that estimate the sound
perceived by a human ear. Such noise metrics, as formally stated by the U.S. Federal Aviation Ad-
ministration (see http://www.nonoise.org/library/ane/ane.htm), are the A-Weighted Sound Level
(AL), Sound Exposure Level (SEL), Yearly Average Day Night Level (DNL) metric etc.



superposition of small disturbances (i.e. sound waves) spreading out from its succes-
sive positions at the speed of sound. In a homogeneous atmosphere, and thinking for
simplicity of the aircraft as a point source in two dimensions, these disturbances form
circular wavefronts centered at the successive positions of the aircraft, as illustrated
in the left schematic of Figure 1.2. The wavefronts overlap and form an envelope,
called the Mach envelope. In two dimensions the Mach envelope is a wedge, and in
three-dimensions it is a cone, called the Mach cone. The semivertical angle of the
Mach cone is the Mach angle 0, = arcsin(1/M), where M is the ratio of the source
speed to the sound speed and is called the Mach number.? All the sound is contained
in the Mach envelope, and (to a first approximation) the envelope is the location of
the sonic boom. Figure 1.2 also illustrates why sonic boom is so startling—there is
no precursor. Furthermore, Figure 1.2 illustrates the difference in the wavefront pat-
terns due to a supersonic and a subsonic motion; in the latter case the wavefronts are
nested and the sound is radiated in all directions. These two motions are discussed
and compared in more detail in Chapter 3.

On the left schematic of Figure 1.2, we also show the “boomrays”: these will also
be defined in detail in Chapter 3 and are the rays emitted at angle 5 = arccos(1/M)
to the direction of motion. The disturbances propagating along boomrays reinforce
each other at the observer position and are heard as a single “boom”. We can thus
alternatively think of the Mach envelope as made of the tips of the boomrays, and
the boom as travelling along boomrays. Tracing the boomrays is in fact the standard
method to follow the path of the shock wave in sonic boom prediction methods, and
underpins the so-called “ray theory approach” to sonic boom.

Depending on the flight and atmospheric conditions, the shock wave formed by
supersonic flight can reach the observer on the ground in four forms—primary boom,
secondary boom, focused boom, and shadow-zone boom—which we now describe in

turn.

1.2.1 Primary boom

The term “primary boom” refers to shock waves leaving the aircraft downwards and
propagating directly to the ground. The typical pressure signature at the ground is
a double-shock N-wave, characterised by two sudden rises in pressure of 10 — 100 Pa,
separated by 0.1—0.3s. (If the r.m.s. pressure in a continuous sound was 10 — 100 Pa,

the sound pressure level would be 114 — 134 dB.) An N-wave is illustrated in Figure

2Concorde, for example, cruised at Mach 2.
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Figure 1.2: The wavefront patterns due to a supersonic motion (left) and due to a
subsonic motion (right). In the supersonic case the wavefronts form an envelope but

in the subsonic case they are nested.
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Figure 1.3: Sonic boom carpet and pressure signatures, for an aircraft flying in a
straight line and accelerating through the sound speed to a cruise flight with Mach 2.
Primary boom is discussed in Section 1.2.1, secondary boom in 1.2.2, focused boom
and caustics in 1.2.3, and shadow-zone boom in 1.2.4.



1.3 (second plot from the left). The primary carpet, defined as the area on the ground
where primary boom is heard, is a strip of land directly below the aircraft, as also
illustrated in Figure 1.3. Primary boom is the most annoying type of boom, and has

also been known to cause structural damage [76].

1.2.2 Secondary boom

Secondary Sonic Boom (SSB) or over-the-top boom, is due to shock waves that are
returned to the ground by temperature or wind gradients in the atmosphere above
the aircraft. The presence of SSB was not given due consideration until routine
operation of Concorde was established. SSB is less annoying than primary boom but
may cause easily observable building vibration and rattling [76]. The evaluation of
its community acceptance is still at a very early stage.

Data from supersonic flights show that the primary and secondary booms are
very different in nature [104]. SSB is much less intense than primary boom with peak
pressures up to about 5 Pa, and lasts up to 1.5 minutes, which is around 100 times the
duration of an N-wave. It has lost most of the high-frequency content, and is heard
as a low-frequency rumble with occasional thumps. A typical pressure signature for
SSB appears in Figure 1.4. We see that most of the pressure signature is within 0.2
Pa, but that there are also two peaks that are at about 5 Pa, and approximately 30s

apart. Such multiple arrivals are typical features of SSB signatures.
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Figure 1.4: A typical pressure-time history of secondary sonic boom, recorded in
Malden, New England, during Concorde’s approach to JFK airport (British Airways
Flight BA-171), on 18-07-1979—from Rickley and Pierce [104], p.71.

The secondary carpet, the area of the ground where secondary boom is heard,
is much wider than the primary carpet, sometimes 300 — 1000 km from the flight
path, as illustrated in Figure 1.3. With further propagation, SSB can degrade into



an infrasonic disturbance that can travel thousands of miles under certain weather
conditions.

We have to note that the shock waves involved in SSB either propagate upwards
from the aircraft, or having propagated downwards they subsequently reverse direc-
tion by reflection at the ground. In the former case we have a so-called direct sec-
ondary boom and in the latter case an indirect secondary boom. This is illustrated

schematicatically in Figure 1.5.

Primary Direct Indirect
boom secondary secondary
boom boom

Figure 1.5: A schematic illustrating a direct and an indirect secondary boom.

Furthermore, in a typical stationary atmosphere, SSB can only be generated by
reflection from the thermosphere, around or above 100 km altitude; we will call this
a thermospheric SSB. With wind in the upper atmosphere, SSB may return to the
ground from an altitude of about 50 km in the stratosphere, and we will thus call this
a stratospheric SSB. We shall see this in more detail in Chapter 3 where we discuss

a typical atmospheric sound speed profile.

1.2.3 Focused boom

The third type of boom signature that has been recorded [123, 47| is shown in the
left-most schematic of Figure 1.3. It is called a U-wave due to its shape. The resulting
boom heard at the ground is characterised by peak pressures 2 to 5 times larger than
those in a typical N-wave, and it is usually called focused boom. This amplification of
boom intensity is due to focusing of the shock waves, taking place when the aircraft
accelerates (including acceleration through the sound speed). Turns and other ma-
noeuvres may also lead to focusing, but in many cases this can be reduced or avoided

by proper selection of the aircraft trajectory.



Similar focusing also occurs in the atmosphere due to the inhomogeneous sound
speed. In a stationary stratified atmosphere focusing occurs at some height, in or be-
low the thermosphere, where the boom is reflected downwards.® The issue of focusing
is therefore relevant to the propagation route by which secondary boom reaches the
observer on the ground.

The three focusing scenarios discussed above are geometrically similar, and involve
the production of a U-wave. Because of this, and because secondary boom can itself
be focused?, in this thesis we will also give attention to accelerating motions and

manoeuvres.

1.2.4 Shadow-zone boom

The gap between the primary and secondary carpets shown in Figure 1.3 occurs
because part of the shock wave is trapped in an atmospheric waveguide and never
reaches the ground. This will be explained in more detail in Chapter 3.

At the boundary of the primary carpet with the gap region the pressure signature
is attenuated and loses its N-wave characteristic due to ground impedance effects and
diffraction. A schematic of this fourth type of boom signature is included in Figure
1.3. This boom is usually called the “shadow-zone boom”, because it is analogous to
the propagation of light by creeping rays over the unlit surface of a curved obstacle
[18].

1.3 Current state of sonic boom research

The basic theory of sonic boom has been delineated in [124, 125, 45, 54] and im-
plemented into practical models in [54, 120, 13, 24, 98, 106]. The basic sonic boom
theory mainly concerns primary booms from steady level flight. Much of this work
was accomplished by the early 1970’s, and was largely motivated by the SST effort.
However, secondary boom, focused boom and shadow-zone boom are subjects of
continuing investigation. Below we will present the major results for the four types

of boom, and outline some of the open questions.

3The boomray launched upwards in the plane of flight reflects at the height where the sound
speed is equal to the aircraft speed, usually called the sonic height; those launched obliquely reflect
lower. More details are given in Chapter 3, and illustrated with examples.

4Figure 1.3 illustrates only focusing of primary boom, but acceleration may also cause focusing
of secondary boom.



1.3.1 Primary boom

The first theoretical results on sonic boom came from the ballistic projectiles commu-
nity: within sonic boom nomenclature the flow pattern from a projectile is precisely
the shock-wave pattern due to a supersonic flight. In 1946 Landau analysed the
weak shock waves from a supersonic projectile and predicted an N-wave shape for
the pressure signature in the far-field [67] (i.e. at distances large compared with the
body dimensions). Soon afterwards, measurements of projectiles confirmed Landau’s
predictions [35].

In 1952, Whitham wrote a seminal paper for sonic boom research [124]. In this
he explained in detail the generation of the flow pattern from a ballistic projectile
and made it clear that sonic boom is a steady state phenomenon; it is generated
continuously as the aircraft flies supersonically and not only at the moment that the
aircraft breaks the sound barrier.

Near the aircraft (near-field), the pressure field is directly dependent on the ge-
ometry and the aerodynamics of the vehicle. Supersonic aircraft aerodynamics is
most easily computed by linearised supersonic flow theory [50, 39, 70, 126] and it is
presented in the normalised form of the so-called Whitham function [124, 126]. More
recently, with the advent of increased computing power, CFD methods have been
devised to calculate the near-field signature [89, 20, 100], but they are still under de-
velopment and not in wide use. However, shocks, even when very weak, are inherently
nonlinear. According to the linearised supersonic flow theory shock waves travel at
the sound speed, but in reality the speed of a shock wave is greater than the sound
speed and amplitude-dependent, and it turns out that at large distances from the
aircraft the weak nonlinearities have an important cumulative effect [124]. Whitham
has shown that nonlinear effects can be easily incorporated by shifting appropriately
the characteristics predicted by the linear theory, while still using the amplitudes
predicted by the linear solution [124, 125]. This is the famous Whitham’s rule. It
has been used extensively in sonic boom research (and it is discussed in great detail
in Chapter 4).

For a pointed aerofoil or axisymmetric body there are generally two shock waves,
one attached to the front (usually called the bow shock) and the other attached to
the tail (usually called the tail shock)—see, for instance, [126, 70].

An aircraft is a non-smooth body and in the near-field the shock-wave pattern
contains several shock waves, corresponding to the various compressions caused by
the detailed shape of the aircraft. However, away from the aircraft the shock wave

pattern distorts and steepens, and in the far-field it coalesces into only a bow and a tail



shock, as in the case of a simpler, smooth body. Records from flight tests substantiate
this since the N-wave signatures for various aircraft of similar size and weight are
essentially the same [76]. In this thesis we will study the paradigm problems of a
pointed aerofoil and a slender body—work on more complicated body shapes appears
in [50, 52, 74, 122, 125, 38].

Figure 1.6 displays a schematic of the coalescence of the near-field shock waves,
that leads to the N-wave in the far-field. At the bow shock the local pressure p
increases rapidly by amount Ap above the atmospheric pressure; Ap is usually called
the overpressure. There is a slow expansion phase between the bow shock and the
tail shock until the pressure is a certain amount below the atmospheric pressure,
and at the tail shock the atmospheric pressure is recovered rapidly. Generally, the
overpressure and the recovery pressure are of similar size. The N-wave moves with

the aircraft; it is detected once at a specific observation point on the ground. If the

MNear Fleld
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Figure 1.6: Schematic of the far-field wave pattern from a supersonic aircraft, in a
frame moving with the aircraft—from [76].

time difference between these two rapid compressions is small, as for a bullet, the two
compressions are not separately audible and the ear detects a single explosive sound.
However for longer bodies, or an aircraft high enough in the atmosphere, a double
boom may be heard. Note that as the ear responds only to sounds above a certain
frequency, it only perceives the rapid compressions and not the slow expansion phase.

Furthermore, atmospheric variation below the aircraft also needs to be taken into
account for primary boom propagation. In an inhomogeneous medium the boomrays

refract away from regions of higher sound speed. This refraction problem is analysed



using Geometrical Acoustics (GA) in non-uniform media [17, 65]. GA is generally
a good approximation since the wavelength is much smaller than the length-scale of
propagation involved, and also the length-scale of atmospheric variation. Blokhintsev
in [17] established the GA theory for monochromatic waves in a non-uniform, moving
medium, and Keller showed in [65] that this theory also applies to weak shock waves.

Based on these theoretical results the following procedure has been widely used
in the prediction of primary sonic boom: the Whitham function is obtained for the
particular aircraft geometry, usually using linearised supersonic flow theory. Then
at a certain distance from the aircraft (which depends on its size, shape and speed),
the boomrays are launched using pressure values from the Whitham function. The
boomrays are then traced, with Whitham’s rule being applied to account for the
nonlinearities.

The codes [54, 120, 13, 106, 24, 98] generally implement the prediction method
outlined in the previous paragraph, and have been used to predict primary boom
carpets and signatures successfully. We note that each of these codes has its own
capabilities and limitations depending on the task in hand at the time; the review
[99] by Plotkin contains a brief overview of the sonic boom codes that were available
in 2002, together with a discussion of their relative merits and disadvantages.

Some open questions in primary boom research concern propagation through tur-
bulence in the lower atmosphere [30, 93, 13, 96, 95], absorption and dispersion due
to viscosity and non-equilibrium (relaxation) effects [101, 83, 115, 12, 60, 49, 62],
underwater penetration [117], and so on—these however are not within the scope of

this thesis and we will not discuss them further.

1.3.2 Secondary boom

A complete theoretical understanding of secondary boom is yet to be acquired. SSB
involves propagation over long distances and it is thus quite likely that many effects
that can be safely neglected in primary boom studies need to be taken into account.

Rogers and Gardner in [108] concluded that attenuation in the atmosphere leads
to a thermospheric SSB of insignificant amplitude. On the other hand, in [33], Donn
presented measurements of SSB traces and he interpreted them as stratospheric and
thermospheric SSBs being of similar amplitude but with the latter having lower-
frequency content. Furthermore, boomray tracing was used in [104], based on real

meteorological data and Concorde flight conditions, to predict signal arrivals within
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20's of those recorded (no amplitude calculations were undertaken however).® Ad-
ditionally, the report [48] is a helpful summary of the state of knowledge of SSB in
1995, and some information is also found in the sonic boom review papers [76] and
[99].

Below we list the major open questions, prior to the SOBER programme, and

outline which of them are addressed in this thesis:

e Focusing is an important aspect of an accurate prediction of SSB, as outlined in
Section 1.2.3 above. Preliminary work on this appears in [55, 91, 41]. Further
results appear in this thesis, especially in Chapter 3, and are outlined in Section
1.4.

e We have also discussed how nonlinear effects are important in determining the
far-field signature for a primary boom. The inclusion of nonlinearities in SSB
propagation is also an interesting open problem. In Chapter 5 we develop
a paradigm model where such nonlinearities are incorporated in a consistent
manner. Other related work is in [55, 91, 108, 111, 7].

e The influence of the Coriolis effect on sound propagation in the atmosphere has
been studied by [110] and further reviewed by the author within the SOBER
programme [63]. It was found that for a propagation range of even 1000 km,
the Coriolis effect is insignificant. This was to be expected as the timescale of

SSB propagation is much smaller than a day.

e The effect of the earth’s curvature is insignificant for short-range propagation
over the earth’s surface but can become important in the kind of long-range
propagation involved in SSB. It has also been studied within the SOBER pro-
gramme by the author [63]. Tt was concluded that over long ranges these effects
are important, but that they can be nevertheless easily incorporated in a “flat-
earth” boomray tracing code to first order, by appropriately modifying the

sound speed profile with a linear correction.

e The low amplitudes involved in SSB and the long-wavetrain nature of the sig-
nature indicate that dissipation and dispersion due to viscosity and relaxation
effects are likely to be important. These effects on SSB have not been studied
in this thesis, but have been studied within the SOBER programme [7].

5Tt was subsequently concluded by the U.S Department of Transportation that SSB affected
inhabited areas in New England, and Concorde was requested to decelerate to subsonic speeds
further away from the coast.
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e Three-dimensional wind or temperature inhomogeneities, such as atmospheric
gravity waves, may also be a reason for the multiple arrivals observed in the
SSB signature. These effects have been studied within the SOBER programme.
Also, small-scale inhomogeneities created near the ground by turbulence may be
important for explaining the nature of the SSB signatures. To our knowledge,

these effects have not been studied as yet.

In SSB propagation many widely separated length-scales are involved and one should
be very careful before developing a numerical procedure for SSB prediction. While
the propagation distance is 300 to 1000 km, the scale of atmospheric variations is
about 10 times smaller and the aircraft length 1000 times smaller still. Consequently,
any numerical procedure would have to be able to deal with these multiple scales.
Furthermore, focusing in the upper layers of the atmosphere corresponds to a transi-
tion from a hyperbolic model to an elliptic one, and this also needs careful numerical
treatment.

Only three codes exist for prediction of SSB. The TRAPS code [119] is a re-
formulation of the primary boom code [54] that can also cater for upward-launched
boomrays. It is successful in predicting where SSB reaches the ground but it gives too
large amplitudes. To resolve this discrepancy, the ZEPHYRUS code [106] was subse-
quently written; its most important feature is the incorporation of air absorption ef-
fects and it indeed predicts lower values for the overpressures. However, ZEPHYRUS
is much more computer intensive than TRAPS. More recently, as part of the SOBER
programme a third code was constructed [31, 7]; this code includes nonlinearity, ab-
sorption and relaxation effects by various chemical species and uses real meteorolog-
ical data—it supersedes both TRAPS and ZEPHYRUS as it predicts, in reasonable
computing time, results that agree well with SSB observations. The thumps are inter-
preted as due to multipath arrivals due to direct and indirect SSB, and the rumbling
noise as an effect of atmospheric gravity waves. The conclusion in [108] that ampli-
tudes of stratospheric SSBs are larger than amplitudes of thermospheric SSBs seems

to now be supported by the results in [31, 7].

1.3.3 Focused boom

Focused boom is a topic of great interest in sonic boom research and there is a large
literature on it [59, 9, 10, 25, 11, 27]. Some details will be given here, and a more

elaborate discussion is given in Chapters 3, 6 and 7.
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The focusing in almost any flight condition leads to a smooth envelope of boom-
rays, a fold caustic in the terminology of catastrophe theory [15]. Higher-order focus-
ing, such as that indicated by a cusped envelope of boomrays, a cusp caustic in terms
of catastrophe theory (and geometrically similar to the famous coffee-cup caustic) is
much rarer. Furthermore, perfect lens-like focusing is unlikely to occur [76].

GA predicts an infinite amplitude at caustics. For linear monochromatic waves
the amplitude near a fold caustic is determined using the well-established Geometrical
Theory of Diffraction [66, 19, 75], which re-introduces diffraction to first order in an
appropriately defined Diffraction Boundary Layer (DBL) in the neighbourhood of the
caustic. This leads to a linear Tricomi equation.

In the focusing of weak shock waves, for an N-wave incident on a fold caustic
the linear Tricomi equation gives rise to a reflected wave which is a U-wave with
infinite peaks [109]. Such singularities are an unphysical result. The established
modelling approach for eliminating these singularities is to combine diffraction effects
with nonlinear effects. This procedure leads to a so-called nonlinear Tricomi equation,
first derived by Guiraud in [45] and subsequently re-derived in various scenarios in
(53, 91, 41, 59, 109]. The solution of the latter equation for an N-wave incident
on the caustic yields a U-wave with finite peaks [27], in good agreement with the
laboratory-scale experiments described in [118, 77].

However, the elimination of the singularities of the linear theory, by introducing
nonlinear effects, is a debated issue and the work in Chapter 7 is intended to shed
more light on this.

The theory for a cusp caustic is much less well developed; related work is in
92, 29, 28, 25]. The most complete work is by Coulouvrat in [25] where he derives a

KZ equation for prediction of the amplitude near a cusp caustic.

1.3.4 Shadow-zone boom

Some theoretical results exist (see [88, 26]) that cater for diffraction effects and ground
impedance in sonic boom propagation into the shadow zone but generally little at-

tention has been paid to this aspect of sonic boom propagation.

1.4 Thesis outline

In Chapter 2 we give a brief exposition of gas dynamics and discuss the Euler equations
and the Rankine-Hugoniot conditions for a flow with shocks. In this connection, we

also prove a new circulation theorem, analogous to Kelvin’s circulation theorem, which
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is valid for a flow with shocks [8]. In Chapter 4 this theorem allows us to rigorously
justify the use of potential flow after a shock is crossed.

In Chapter 3 we linearise the equations of gas dynamics and we present an expo-
sition of Linear Acoustics, in the context of modelling long-range sound propagation,
and in particular SSB propagation. (The paradigm situation of a point source is con-
sidered.) We carefully outline the connection between the theory of characteristics
and GA, which is not always clear in the sonic boom literature. The propagation of
thermospheric SSBs is discussed and elucidated with analytical examples of sound
propagation in certain model stratified atmospheres. In particular the gap between
the primary and secondary carpet, shown in Figure 1.3, is explained with the use of
a three-dimensional realistic analytical example and compared with numerical calcu-
lations in a real atmosphere.

Special attention is drawn to focusing of the shock waves at the sonic height,
which gives rise to a SSB. A general discussion of focusing is included and connected
with the focusing observed in our analytical examples, and similarities and differences
between focusing of ordinary rays and boomrays are outlined. The linear equations
involved are of mixed type: in the two-dimensional case they are hyperbolic below
the sonic height and elliptic above. The boom reflects off the sonic height, the Mach
envelope having the local shape of a Tricomi cusp. We discuss and illustrate how this
Tricomi cusp corresponds to the formation of a fold caustic of boomrays.

In Chapter 4 we use the method of Matched Asymptotic Expansions (MAE) to
derive systematically Whitham’s rule. We consider thin aerofoils and slender ax-
isymmetric bodies in steady supersonic motion in a uniform, stationary atmosphere.
The starting point is the nonlinear potential equation, derived exactly from the Euler
equations under the assumption of potential low. The full equation, to leading order,
is approximated in the inner region of the MAE by a linear wave equation, and in the
outer region by a nonlinear Kinematic Wave Equation (KWE). An explicit N-wave
signature is derived as a solution of the latter KWE, which is exact for a symmetric
aerofoil with parabolic shape, and asymptotic for any thin or slender shape in two or
three dimensions.

Chapter 5 extends the MAE method of Chapter 4 to the scenario of a thin,
two-dimensional aerofoil moving supersonically in a weakly stratified medium with a
horizontal wind. This is a paradigm problem for SSB propagation. We start from
the full Euler equations, as the assumption of potential flow is abandoned due to
vorticity production. Near the aerofoil, in the inner region of the MAE, the wavefield is

determined by a linear wave equation to leading order. About 10 aerofoil lengths away
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(the middle-region) nonlinear effects become important and the KWE of Chapter 4
arises then at leading order. Moreover, at about 100 aerofoil lengths away we identify
a third region, where stratification and nonlinear effects are equally important—and
we call this the outer region. The leading-order equation in the outer region is again
a KWE, but one that has non-constant coefficients. Our MAE procedure breaks
down at the sonic height but below the sonic height it predicts a remarkably simple
expression for the amplitude variation.

In Chapter 6 we use a simple approximation method to determine analytically
the amplitude near the Mach envelope in various unsteady motions of interest in
sonic boom research. For uniform acceleration through the sound speed, in two
dimensions the Mach envelope has Tricomi cusps, which are geometrically the same
as the cusps at the sonic height in Chapter 3. A qualitative change in the geometry
of the Mach envelope occurs when the shock wave passes through a Tricomi cusp
and this is carefully illustrated. We find that the wavefield possesses singularities
that violate the assumption of small disturbances underlying the linear theory. This
suggests that nonlinear effects or dissipation mechanisms have to be re-introduced.
In three dimensions, for the same accelerating motion, the Mach envelope is just
a conical generalisation of the Mach envelope curve in two dimensions but we find
that the wavefield is qualitatively different, due to the difference between the two-
dimensional and three-dimensional Riemann functions. Furthermore, for uniform
deceleration through the sound speed the Mach envelope is very different from that
of the accelerating motion: it does not have a Tricomi cusp and focusing is much less
prominent.

The results of Chapter 6 for accelerating motions motivate us to investigate in
Chapter 7 the effect of nonlinearity on the sonic singularity that appears in the linear
theory when a point force accelerates through the sound speed. As it is a formidable
task to solve the relevant nonlinear problem in two or three dimensions, what we have
been able to do is to solve a related one-dimensional nonlinear problem, which when
linearised yields a sonic singularity, which is similar to that in the higher-dimensional
problems. (The results of this chapter have been published in [64].) We present
a mainly analytical solution, and we show that introducing nonlinearities of any
strength, however small, leads to elimination of the sonic singularity. It still remains
an interesting open question whether the introduction of nonlinearity regularises the
singularities in two or three dimensions.

Finally, in Chapter 8 we summarise our conclusions and discuss open problems.
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Chapter 2

Gas Dynamics

In this chapter we present the equations of gas dynamics, and explain under which
assumptions they simplify into the Euler equations, coupled with some appropriate
Rankine-Hugoniot conditions. In this connection, we also prove a new circulation the-
orem, closely related to Kelvin’s circulation theorem, Bjerknes’ theorem and Crocco’s
theorem, but one that is valid in the presence of shocks. The latter theorem will be
used in Chapter 4 for rigorously justifying the use of potential flow after a shock is

crossed.

2.1 The equations of motion

The differential equations of motion for a compressible, simple fluid are

dp 0 B

ot + —axj (pu;) =0, (2.1)

0 0

2 o)+ (g~ o) ~ pF, =0, 22
J

0 (1 0 1
a1 (§Pu? + pe) + Y { (ﬁﬂu? + P€> Uj — 05l + q]} — pFu; = 0. (23)

J

Equations (2.1), (2.2) and (2.3) hold under the assumption that the flow quantities
are continuously differentiable, and express respectively conservation of mass, mo-
mentum and energy in the fluid. In (2.1) the variables involved are the fluid velocity
u(x,t) = (uq,us,u3) and the density p(x,t). Equation (2.2) involves additionally the
stress tensor {o;;(x,t)} and F(x, ), the total external body force per unit mass, which
may incorporate gravity, Coriolis and other effects. Equation (2.3) involves still more
quantities: the internal energy of the fluid per unit mass e, and the heat flux per unit

surface area q(x,t).
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Equations (2.1), (2.2) and (2.3) do not form a complete system as there are more
unknowns than equations. However, for most of this work, we will assume that
the fluid is inviscid, so that the stress tensor involves only the pressure p through
oij = —pdi;. We will also assume that the fluid is non-heat-conducting so that
q = 0, and that there is some functional relation between e, p, and p determined by
experimental results and thermodynamics. With these three assumptions equations
(2.1), (2.2) and (2.3) lead to the Euler equations, which do form a closed system.

To cast the Euler equations in the more usual non-conservation form, we first

0

Dt~ ot
particle. This operator is usually called the total derivative. Therefore the mass

introduce the operator + uja—, the time derivative following an individual
x .

conservation equation (2.1) becomes

Dp ou, Dp
=0= — = 0. 2.4
Dt Pow, T D TPV (24)

Then expanding out the partial derivatives in (2.2) and using (2.4) to eliminate the
p derivatives, we obtain the Euler momentum conservation equation

vyt 2B

pF. (2.5)
For the energy Euler equation, there are various forms one may adopt. Expanding

out the derivatives in (2.3) and using (2.4) and (2.5) we can reduce it to

De
pﬁt—l—pv a=0. (2.6)

Furthermore, eliminating the divergence of u, using again (2.4), leads to

De p Dp
_E2ZF _ . 2.7
Dt p?> Dt (27)

Moreover, we assume that the gas is ideal so that it obeys the equation of state
p=RpT, (2.8)

with R a characteristic constant of the particular gas under consideration. This is a
good approximation under almost all normal conditions.

In ideal gases the internal energy is a function of temperature only, and we write
e = e(T). Furthermore, in many situations it is empirically found that the specific
heats ¢, and ¢, are constants over large ranges of temperature; an ideal gas with
constant specific heats is usually called polytropic. The specific heat at constant

volume is ¢, = (de/dT"), so if ¢, is constant we have e = ¢,T. Furthermore, the
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specific heat at constant pressure is ¢, = (dh/dT),, where h = e+ p/p is the enthalpy
per unit mass, and if ¢, is constant we have h = ¢,T". Therefore for a polytropic gas
e and h are both linear functions of temperature. From p/p = h —e = (¢, — ¢,)T
and (2.8) we have R = (¢, — ¢,), and it is also customary to define' v = ¢,/¢c, (see
Whitham [126], p.153). Therefore (2.7) becomes

~De pDp ¢ Dp (cp  p\Dp (2.9)
Dt p*Dt  RpDt Rp2  p?) Dt’ ’
v (D D
— L (22 PP (2.10)
Rp \Dt p Dt
D p
Letting S = ¢, log % + So, where Sy is a constant, (2.11) takes the simple form
p
DS
— =0 2.12
=) (212

where S is the entropy per unit mass, that arises in thermodynamics. Equation (2.12)
states that S remains constant following a fluid particle. Flows that satisfy (2.12) are
usually called isentropic. Furthermore, equation (2.12) can be recast in the simpler
form

pp~ ' = Kk = constant, for a fluid particle. (2.13)

If additionally the entropy of every fluid particle is the same, S = Sy thoughout the
flow and the flow is called homentropic.

Finally, equation (2.10) shows that we can write (2.6) as

Dp 2 Dp
— == 2.14
Dt "Dt (2.14)

where
P
c(p,p) = ,/% = VART (2.15)

is the speed of sound with which sound waves propagate relative to the local fluid
velocity u (see Whitham [126], pp. 161-163). In the rest of this thesis we will be

using the latter form of the energy equation.

'For the air under everyday conditions ~ is approximately equal to 1.4.
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2.2 Rankine-Hugoniot conditions

In supersonic flows, discontinuities such as shocks or vortex sheets? arise and the
Euler differential equations presented above do not hold on them. They need to be
interpreted in the sense of distribution theory or replaced by an equivalent integral
formulation which directly represents the physical laws. The integral formulation is
derived by considering a fixed arbitrary volume occupied by the fluid, V', with surface
S, and writing down the net balance for mass, momentum and energy for that region;
a detailed derivation can be found in most gas dynamics books (see, for instance,
Ockendon and Ockendon [82], Chapter 2) so we do not pursue it here. Even though
the partial differential equations above are derived from an integral formulation we
presented them as differential equations first, since in most of this work we will be
using them rather than the integral formulation. For the Euler equations the integral

formulation is
d
- pdV+/pu ds =0, (2.16)
d
p pudV—i—/pu( .dS) /pdS /deV (2.17)
d 1 1,
(pe—l— —pu?)dV + pe + —pu” JudS+ [ pundS = [ puFdV. (2.18)
dt 2 < 2 < .

From these integral equations we can deduce the correct relations for the jump of
the flow quantities across a discontinuity. These relations are called the Rankine-
Hugoniot (R-H) conditions; for the derivation see, for instance, Chapman [21], pp
10-18. We consider a surface of discontinuity with velocity V and normal n where
V is taken to be parallel to n. The R-H conditions, corresponding respectively to
(2.16), (2.17), and (2.18), are

[p(u—V)n] =0, (2.19)
[pu(u—V).n] = —[pn], (2.20)
1
[p(e + §u2)(u —V).n] = —[pu.n|, (2.21)
where [...] denotes a jump across the discontinuity. Note that V appears in

(2.19)—(2.21) only through V.n, and from now on we let V.n = V. Also, note
that the external force F does not appear in (2.19)—(2.21).

We first consider shock discontinuities. Shocks have non-zero mass flow across
them and hence the relation p(u.n — V') # 0 holds. We can then subtract from (2.21)

2A vortex sheet can also be called a contact discontinuity.

19



the scalar product of V with equation (2.20), and use (2.19) to re-express the energy
R-H condition (2.21) as
p, (u-V)
-+ ——] =0. 2.22
e+ ) + 5 (2.22)
We deduce from (2.22) that the total head
p
He=ct 45 +y (2.23)

is conserved across a stationary shock for which V. = 0. The symbol 1 is for the po-
tential associated with an external conservative force F = — W ¢ (note that [¢p] = 0).
From (2.20) it follows that u x n, the component of the fluid velocity tangential to
the shock surface, is continuous across the shock (see, for instance, Chapman [21],
pp. 85-87).

The R-H conditions do not determine the flow pattern uniquely. From the second
law of thermodynamics the entropy can only increase when a particle crosses a shock;
it is only by imposing this additional entropy condition that uniqueness can be ensured
(see, for instance, Ockendon and Tayler [84], p. 84).

For vortex sheets, since there is no mass flow across, we have p(un — V) = 0.
Therefore the normal component of the velocity u.n is continuous, and the left-hand
side of (2.20) is zero. Consequently the right-hand side gives that the pressure is
continuous across the vortex sheet. Furthermore, equation (2.21) is automatically
satisfied. The equations do not give any information about the jump in the tangential
velocity u X n across the vortex sheet, so this jump is arbitrary. Also, for the same
reason, no entropy condition is necessary and arbitrary values of the entropy may be
taken at the two sides of the sheet.

2.3 Crocco’s equation

Below, we derive Crocco’s equation for a smooth, unsteady flow in an ideal gas

0
VH:—a—‘;+u><w+TvS, (2.24)
which is needed in Section 2.4. From the momentum equation (2.5) and the vector
identity
1
(Vxu)xu=(uVv)iu-Vv (§u2> : (2.25)
we have 5 .
a—?:—wxu—V(§u2> —%+F. (2.26)
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Using the thermodynamic relation

dp

TdS =de+ pd(1/p) = TdS = dh_p

(2.27)

(see, for instance, Whitham [126]) we can eliminate ¥ p/p from (2.26) and deduce

aa—ltl:—wxu+TVS—Vh—V<%u2)+F. (2.28)

Collecting the ¥ terms together on the left-hand side and using F = — V¥V ¢, we end
up with equation (2.24) as required.
Note that taking the curl of (2.24) results in the vorticity equation

Dw

o = @ Vu-w(Vu)+vTxVs. (2.29)

2.4 Circulation theorem in a flow with shocks

In a flow with shocks it is important to determine how the amount of the vorticity
produced downstream of a shock is related to the entropy jump at the shock. In the
gas dynamics literature, this question is addressed using Crocco’s equation. However,
Crocco’s equation relates w x u, the component of vorticity perpendicular to u, to the
entropy gradients in the flow but does not say anything about w.u, the component
of vorticity parallel to u. The relation of both components of vorticity to the entropy
change can be deduced from a Circulation Theorem, valid in the presence of shocks.
To our knowledge, such a theorem does not exist in the literature so we prove it below
(see also Allwright and Kaouri [8]).

We consider a closed curve C consisting of fluid particles moving with the flow.

The circulation around this closed curve is I' = [ u.dx. We assume that there are

shocks in the flow at which the R-H conditions hocld and that m of them intersect C
transversely, at the points P;(t), 1 <i < m (for a schematic, where four shocks are
shown, see Figure 2.1). The sense of integration in the integral defining I' and the
order in which we label the shock positions has to be taken the same. In general,

there will be a discontinuity in the tangent to C at each shock position P;(t).
We now write C = ZC where C; is the part of C from P; to P, 1, on which the

flow is smooth. The Circulatlon around C is then given by

I'= il /cz u.dx = il ;. (2.30)
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Figure 2.1: Closed material curve C(t) cut by shocks at positions P;(t). Here
1< <4,

To construct a circulation theorem we consider

' & d " dr;
i - dx )| = L )
i~ 2 (/C " X) 2o dt (2:31)

=1

ar; :
For each C; we need to evaluate i / u.dx. To do this we use the Transport
C;
Theorem for an open curve, proved in Appendix A; the general vector field a(x,t)

there is replaced by u(x,t) here. This transport theorem is a slight modification of
the standard transport theorem for an open material curve whose ends move with
the fluid (see, Batchelor [14], p. 269). This gives

d

P,
pr wdx =u (P ) Pii—u (Pf) P, +/ ! (8_u +(V xu) x u) dx. (2.32)
C;

From Crocco’s equation (2.24), the integral term in the right-hand side of (2.32)

becomes

P, P P-
/ (TVS—VH).dx:/ Tds - H|%. (2.33)

+ +

Using (2.33) in (2.32), and summing up all the C; contributions, we find

% B Z /P;l TdsS + ZZ:[H]Z- + Z (w(Phy) P —u(P)) P)).  (234)

The second term in the right-hand side of (2.34) is the sum of [H];, the jump in the
total head H at the ith shock.
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We will show now that the R-H conditions (2.19)-(2.21) lead to a simplified form
of (2.34). Using the energy R-H condition (2.22) and defining uf = u(P3¥), we find
that

D H =) Vi(uf —uy). (2.35)
The terms involving the potentials v; all add up to zero. Also, by regrouping the
terms in pairs over the ith shock, the last term in the right-hand side of (2.34), can

be expressed as

Adding (2.35) and (2.36) and dropping the subscripts we find that at each shock we
have a term of the form [u.(V — P)]. Using the vector identity

a.b=(axc).(bxc)+(ac)(b.c), (2.37)
(valid for any unit vector c¢) we can write
ut(V-P)=(u* xn).(V=P)xn)+ (u.n)(V—-P)n), (2.38)

where n is the normal to the shock at P. In (2.38) the first term in the right-hand
side is equal on both sides of the shock because the tangential velocity u x n is
continuous across the shock. The second term is zero on both sides of the shock since
Pn = V.n = V in order for P to stay on the shock. Therefore, equation (2.34)

becomes o
dI’ it+1
— = Td 2.
dt Z/P > (239

which can be written as

’

T [ s a0
The prime on the integral in the right-hand side of (2.40) signifies that it is only
taken along the smooth parts of the flow; the entropy jumps at the shocks are not
accounted for. To understand this lucidly, we consider a plane shock, with uniform
incident flow. If the flow upstream of the shock has constant entropy Sy, then the
circulation I'y = 0; downstream of the shock, the entropy attains a higher but still
contant value, Sj. Since dSy = dS|, = 0, from (2.40) we have i 0, and therefore
I' =Ty = 0. Therefore after a plane uniform shock there is no vorticity production
(Stokes’ theorem). However for a shock that is curved and/or with varying strength,

from (2.40), there are entropy gradients downstream of the shock which result in a
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non-zero value for the circulation, and generally lead to vorticity production. We
remark that for simply connected regions, from Stokes’ theorem, non-zero circulation
leads to non-zero vorticity and vice versa. For multiply connected regions, e.g caused
by an obstruction in the flow, we cannot apply Stokes’ theorem to a curve encircling
the obstruction. It is therefore possible to have non-zero circulation around a material
curve that encircles the obstruction but zero vorticity in the fluid.

One very useful application of the circulation theorem proved above is for weak
shocks, such as those involved in sonic booms. It is well-known that for weak shocks

3. A general proof of this

with strength of order e, the entropy jump is of order €
is found in Chapman [21], pp. 87-91 for normal shocks in an arbitrary gas®; the
only necessary assumption is that the gas has a convex equation of state, that is
(0?p/0v?)s > 0 where v = 1/p. Applying (2.40) to any closed material curve in
the incident gas, we conclude that the vorticity in the flow behind a weak shock is
also of order €®. This result is used in Chapter 4 to justify the use of potential flow
downstream of a shock (up to secobd order in €). Note that equation (2.40) can also
be used as an additional check on the accuracy of numerical calculations for flows
behind shocks of any strength.

The circulation theorem proved above is an extension of Kelvin’s well-known Cir-
culation theorem for barotropic flows and Bjerknes theorem [16]. Like those theorems,
it is valid for any unsteady flow and can be applied in the presence of obstructions in
the flow (e.g. an aerofoil).

We finally note that it is possible that at a certain instant ¢ = t*, C(t) is tangential
to a shock surface and the number of shocks crossing C in general changes. However

for instantaneous tangencies the circulation I' is continuous at t*. Therefore, if we

ar ar
allow Ehi # Ehi equation (2.40) holds for t < ¢t* and ¢t > t*. At vortex sheets,

the problem is more fundamental and the theorem would need modification—see [8].

3In Liepmann and Roshko [70], p. 60 and Whitham [126], p. 176, the same result is proved, but
for the special case of a polytropic gas.
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Chapter 3

Linear acoustics and ray theory

In this chapter we first give a detailed account of the definitions used in the ray
theory approach to sound propagation, especially as applied to sonic boom problems.
We then solve a series of analytical examples of sound propagation in various model
stratified atmospheres, which help us to clarify aspects of the long-range propagation
of sound, and in particular of secondary boom. Special attention is drawn to the
focusing of rays and boomrays. Where possible we compare our results with the

numerical results for a typical atmopshere.

3.1 Linearised gas dynamics

We start from the Euler equations for unsteady compressible flow (2.4), (2.5) and
(2.10). We shall linearise for small perturbations about an ambient state with pressure

po(x), density po(x) and flow ug(x). This ambient state must obey the equations

v '<Pou0) =0, (3-1)
V po+ pog =0, (3.2)
u.(V po — e v/ po) = 0. (3.3)

We shall make the slightly more restrictive assumption that ug. Vpy = 0, so also
uy. V po = 0 and V .uyp = 0. These assumptions hold, for instance, in a gravitation-
ally stratified atmosphere with horizontal wind. Equation (3.2) expresses the fact
that the ambient medium is in hydrostatic equilibrium. From this equation the at-
mospheric length-scale of variation H = Fy/(Dyg) can be identified, where Py and Dy
are respectively reference pressure and density values. The height H is usually called

the scale height of the atmosphere.
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In (2.4), (2.5) and (2.10) we set p = po + ', p = po+ p and u = uy + v,
where p’ and p’ are small compared with the respective ambient values and |u’| < c.
Substituting into (2.4), (2.5) and (2.10) and linearising we obtain

op’ : /
1 (ot + ) =0, (3.4
81'1, / / / /
Po It +uw.Vu+u.Vuy | =—Vp —pg, (35)
op’ op'
a—]z+u0.Vp’+u’.Vp0:c2 (8—’Z+u0.Vp’+u’.Vp0>, (3.6)

where ¢ = ¢(x,y, 2) is the local speed of sound in an unperturbed atmosphere. To a
good approximation the air can be considered to be a polytropic gas and therefore
the speed of sound is ¢ = \/W-

We shall see that the system (3.4)—(3.6) sustains acoustic waves, and these will
be our main concern. However, it also sustains gravity waves; a detailed discussion
of the combined theory of these two types of waves appears in Lighthill [72], Section
4.2. Acoustic waves involved in secondary sonic boom (SSB) propagation can be
considered decoupled from internal gravity waves because the latter waves have a
much larger period. The gravity term in the momentum equation (3.5) can therefore
be neglected, even though the ambient pressure py varies. (In Chapter 5, where we
consider a moving thin aerofoil in a weakly stratified atmosphere with wind, we will
retain the gravity term but we will show that its effects cancel out in the leading-
order calculation of the wavefield.) Atmospheric gravity waves are however present in
practice, due to normal atmospheric dynamics and these may affect SSB propagation,
but we do not consider them here.!

In sonic boom research, linear acoustics play an important role since a moving thin
aerofoil or a slender body causes only small perturbations to the ambient medium,
and, in many cases, the squares of these perturbations can be assumed to be negligible,
leading thus to a linear problem. The long-range propagation of secondary boom can
be determined to a good approximation by linear theory, and this is what we are
going to concentrate on in this chapter. However, in order to predict the amplitude
of the boom correctly to first order nonlinear effects have to be retained; we shall
discuss this in detail in Chapter 5.

The theory of linear acoustics in a stationary medium is sufficient for investigating

the propagation of thermospheric SSBs and these will be our main concern in this

'Within the SOBER programme, observed atmospheric gravity wave structures were simulated
[6] and it was found that these waves indeed alter appreciably some details of SSB propagation [7].
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chapter. Stratospheric SSBs, occurring only in the presence of wind, will be briefly
considered in Section 3.10, using linear acoustics in moving media.
To examine a stationary medium we now set uy = 0. We also set g = 0, as justified

by our discussion above. Equations (3.4)—(3.6) can be reduced to a single equation

for pressure. We first use (3.6) to eliminate 8—'[; from (3.4) and then differentiate the

resulting equation with respect to t to get

_ _,ou’ ou’
C 2p;t+c QW.V])()—F,O()V.W = 0. (37)
.. ou’ 1 , . L )
Combining (3.7) and 5 = V p', obtained from (3.5), multiplying by —c*, and
0

dropping the dashes, we obtain the second-order wave equation
2 2 1 2
Vv p—ptt+p—Vp-(Vpo—c V po) = 0. (3.8)
0

The wavelength of the perturbations is of the order of the body length L, which is
around 10 m for a wing and around 100 m for the fuselage. Furthermore, for a typical
atmosphere H is around 8km. We can thus define a small parameter 6 = L/H
which is of order 1073 for a wing, and of order 1072 for the fuselage. We will non-
dimensionalise equation (3.8) using x = Lx, p = Pyp(2), p = Dop(Z), ¢ = Cy¢, where

L .
Z=1z/H =46z and Cy = \/7Py/Dy. We also take t = Hot. We obtain

b — piz + —VD.(=Vpo — &V o) =0, (3.9)

where V denotes differentiation with respect to X, and ¥ denotes differentiation with
respect to Z. Since 0 is small, at leading order in § we drop the terms involving the

gradients of py and pg, and we obtain the wave equation
2
A(2)Vp —pi = 0. (3.10)

In this form, we are looking for order 1 wavelengths in a slowly varying medium.
Alternatively, we can divide (3.10) by 62, and let = 6, % = 0%, and then (dropping
the tildes) we have

A(2)V2p —pu =0, (3.11)
where we would be looking for wavelengths of order § (in a medium with order 1

variations), i.e. large wavenumber solutions.
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We shall see in Chapter 4 that the wave equation geometry provides a good first
approximation to the position of weak shocks, even though the shocks are an intrin-
sically nonlinear phenomenon. In Chapter 5, where we will address the introduction
of nonlinear effects in a paradigm problem for the prediction of SSB amplitudes, we
will also treat the stratification issue much more fully by retaining the terms of order
J.

The wave equation is ubiquitous; two fields in which it commonly arises are elastic-
ity and electromagnetism. In electromagnetism, in free space, each component of the
electric field vector E and the magnetic flux density vector B satisfy wave equations
and the speed of light is given by ¢ = 1//p0€y where ¢ is the electric permittivity
and po the magnetic permeability. In isotropic linear elasticity, the displacement of
a particle from an unstressed reference configuration v(x,t), can be expressed as the
sum of vp =V ¢p and vg = V XA where ¢p and the components of A satisfy wave
equations. (The subscript P stands for primary or pressure waves and the subscript
S for secondary or shear waves.)

We proceed from now on with the paradigm problem of a point impulsive source
at (Xo,%p). We do not lose much generality by doing so, as the solution of the wave
equation for an extended body can be expressed as a linear superposition of the
solutions corresponding to such point sources.

A surface ¢ = 0 is a characteristic surface of (3.11) if it obeys the eikonal equation
(see Ockendon et al. [85])

AVl =y (3.12)

(Note that here and for some time we will consider ¢ = ¢(x) in order to give a
more general exposition; we return to stratified media in Section 3.3.) We assume
of course that ¢ = 0 is a non-singular representation of the surface, so V¢ and
¢y do not vanish. When (3.12) is solved by Charpit’s method [85], the trajectories
passing through the source at (xq, to), called bicharacteristics, are the curves on which
information propagates [85, 21]. Bicharacteristics form a particular characteristic
surface of (3.11), called the ray conoid through (x¢,ty). The part of the ray conoid
in t > ty is the boundary of the region of influence of (xg, %), and the part in ¢t < t,
is the boundary of its dependence domain.
In order to solve equation (3.12), we recast it in the form

CQ

1
P (w-Swiree) o (3.13)
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Letting p = ¢, ¢ = 1y, 7 = 1., A = 94, equation (3.13) becomes

1 2
F=2 <)\—%(p2+q2+r2)> = 0. (3.14)

(Note that p no longer represents the pressure.) Charpit’s method reduces the non-
linear partial differential equation (PDE) to a system of eight ordinary differential
equations which yield the bicharacteristics. Bicharacteristics are also frequently called
rays and from now on when we refer to rays it will be in this context. Also, frequently
the ray conoid may be called ray surface. Charpit’s equations for the coordinates

(5,1) = (2,9, 1) are
de OF

== % (3.15)
Z_Z _ 63_]; - -4, (3.16)
% _ %_f = er (3.17)
%:g_f:% 20—;(p2+q2+r2)=1- (3.18)

When s = s, (x,t) takes the initial value (xq,%y). Integrating equation (3.18) and
taking sy = tg we deduce that s = t. Therefore the parameter along the rays is the
time ¢, and this is why we use (3.13) instead of (3.12). The remaining four Charpit’s

equations for p, ¢, r and \ are

dp  OF OF

= o —p% = c\/¢c, (3.19)
dg  OF or

% = 8_y % = Cy/\/C, (320)
dr _ Lo oF =c,\/c, (3.21)

ds 0z oY

d\ oF oF

In order to be able to solve the system the initial values (po, qo, 0, Ao) should also be
provided, satisfying (3.14). Equation (3.22) gives that A is conserved along the rays,
and by rescaling (p, ¢, r) we can set Ay = 1. This homogeneity in time arises because

the medium is time-independent and it is also expressed by the relation
P(x,t) =t — o(x). (3.23)

(The choice of A\g > 0 corresponds to the convention that ¢» > 0 behind the surface
and ¢ < 0 ahead of it.) The family of surfaces o(x) = ¢ are the wavefronts. A
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wavefront is a surface along which waveform features are received concurrently, and
is a concept which is pivotal in the study of waves.

Since the outward unit local normal to the surface ¥ = 0 is

VY (p,q,7)

= — = — = —,4q,T)C,
|V ¥ VPP + @ +r? (#47)

the set of scalar equations (3.15)—(3.18) can be abbreviated into the vector equation

(3.24)

dx

— = cn, 3.25
o (3.25)
which expresses the fact that along the rays the wavefront travels with speed c¢. Since
from (3.23) we can write n = V 0/| V o/, relation (3.25) also expresses the fact that
in a stationary medium the rays are orthogonal to the wavefronts. Furthermore,

(3.19)—(3.22) can be abbreviated into

d(p,q,r)/dt =V c/c, (3.26)

and therefore, differentiating (3.24) with respect to ¢ and using (3.26) we find

Cfl_ltl =—-Vc+ (n.Vvoen. (3.27)

Equation (3.27) dictates the evolution of n along rays and it thus expresses the
refraction of acoustic rays by the sound speed gradient. In optics the same equation
expresses the refraction of optical rays in a medium with a smoothly varying refractive
index.

As a simple example, we determine the ray conoid for a point source at (0,0, 0)
in a uniform medium. Charpit’s equations (3.25) and (3.27) integrate to the ray

parametric relations
T =—cipot, y=—coqot, 2= —cyrot, (3.28)
and therefore the rays are straight. Eliminating ¢ from (3.28) we obtain the ray cone
2+ y* + 22 =t (3.29)

with vertex at (0,0,0) and the axis of symmetry along the t-axis. The semivertical
angle, (3 say, obeys tan # = ¢y. In Figure 3.1 we plot the ray cone, choosing ¢y = 1.
The constant t-sections of the ray cone give the familiar picture of concentric

circular wavefronts generated by a stationary point source (see Figure 3.2).
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Figure 3.1: Ray cone for a uniform medium (c¢y = 1), in the (z, 2,t) space.

Figure 3.2: Wavefronts generated by a stationary point source in a uniform medium.

31



Note that the use of equations (3.25) and (3.27) for studying the propagation of
sound in non-uniform media did not become established till the 20th century. They
are very useful because, even though generally nonlinear, they are of first order and
thus amenable to standard numerical techniques (see, for instance, the article by
Moler and Solomon [80]). The procedure of determining the rays is frequently called

ray tracing.

3.2 Geometrical Acoustics

The eikonal equation (3.12) also arises at the leading order of the high-frequency
(WKB) approximation to the wave equation. The characteristics of this equation are
also called rays. This is the framework of Geometrical Acoustics (GA). We can use a
high-frequency approximation when the wavelength is much smaller than the charac-
teristic propagation length in the problem. Also for light, where the wavelength is of
order 107" m, the high-frequency approximation is often appropriate?, and we refer
to the framework of Geometrical Optics (GO). However, high-frequency approxima-
tions generally need more scrutiny in the case of sound or elastic waves, where the
wavelength can be up to a few metres or kilometres.

Below we outline the GA ansatz, in a medium with an ambient state that is slowly
varying in space. We first let the pressure p = R(Aexp(ik©)), where k = H/\ is
large, with A being a typical wavelength of the wave. The amplitude A and the wave
phase © are both slowly varying in space and time, in the sense that they vary by
order 1 when x varies by order 1. The terms of order k% in (3.11) give the eikonal

equation®
0? = 3| v o, (3.30)

which leads to the same bicharacteristics as those of the hyperbolic PDE framework
presented above. Since the phase for a plane wave is © = k.r — wt we may define in

general

99
ot

except in optical fibres, photonic crystals, and so on

3Note that the term “eikonal” was introduced in optics by Bruns in 1895 but the concept was
already known by Hamilton in 1832. The eikonal equation applicable to propagation of weak acoustic
discontinuities was derived by Heller in 1953 [56] and by Keller in 1954 [65]. These derivations were
for the more general case of acoustics in moving media.

k=V0O, w= (3.31)

2
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so that k is the wavevector and w the frequency. Therefore the eikonal equation (3.30)
becomes

w? = k)%, (3.32)

which is the dispersion relation for (3.11).

The word “ray” is somewhat ambiguous in sonic boom literature. We have seen
above two uses of this word; in the hyperbolic PDE framework and in the GA frame-
work. Furthermore, an acoustic ray may also stand for the stationary time path of
sound just as an optical ray is the stationary path for light. According to this third
definition, a ray obeys Fermat’s principle.* The rays obtained by GA comply with
Fermat’s principle but the latter principle is more general than GA and can also cater
for diffraction phenomena (see Pierce [94], p. 248). Finally, boomrays are also usually
called rays in the sonic boom literature; these will be discussed in detail in Section
3.4.2.

3.3 Stratified media and Snell’s law

To a first approximation we can assume that the atmosphere is stratified in the vertical
direction, so that the local sound speed profile is a function only of the height z, that
is ¢(x) = ¢(z). This is in fact an assumption made throughout this thesis, wherever

we consider non-uniform media. Charpit’s equations (3.15)—(3.22) simplify then to

dx d dz

= ==, 5 = =)0, = = =2, (3.33)
dr C,

P=Po, 4= dos o = (3.34)

Equations (3.33)—(3.34) show that only r changes with height, and therefore any ray
remains in the same vertical plane in which it starts. Since we can always find a
coordinate system such that ¢o = 0, it is sufficient to pursue only a two-dimensional

analysis, with x the horizontal coordinate and z the vertical coordinate. Let 6 be the

1dx

angle a ray makes with the positive z-axis. From (3.33) we have cos = P
c

and since pg is constant, we obtain

c(z)
cosf  cosby’

(3.35)

4Fermat conjectured in 1657 that optical rays are least-time paths. It was Hamilton in 1833 who
realised and postulated that they are in fact stationary-time paths with respect to the time of travel
in adjacent ray paths. More than one century later (1972) Ugingius proved that the latter principle
holds also for acoustic rays in moving media.
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This is Snell’s law, known to govern the propagation of optical rays in media where
the refractive index may vary in the vertical direction. For propagation of sound
in a stationary medium, Snell’s law is equivalent to p and ¢ being constant. In
Section 3.10 we show that the latter is also true for stratified media with horizontal
wind. Furthermore, from the first and third equations in (3.33), and using the eikonal

equation ¢*(pg + r?) =1 to express r in terms of pg, we find

dz r 1 /1
SN B LY 3.36
dx Po po V c? bo (3.36)
Since pg = — cos by /cy, we find that a ray launched at (xg, z9) obeys the ray integral

? c(z) cosby/co

+
20 /1= c2(2) cos? b/ c?

where the £ corresponds to upwards/downwards launching of the ray. The ray inte-

dz, (3.37)

r — Ty =

gral (3.37) provides an alternative way to calculate rays in stratified media; we can
perform the single quadrature on the right-hand side rather than solve the system
of Charpit’s equations (3.33)—(3.34). However the denominator of (3.37) has a sin-
gularity at the turning points of the rays where cos€ = ¢(z) cosfy/co = 1; it is thus
preferable to deal directly with the ordinary differential equations if turning points

are involved.

3.4 The Mach envelope

Let us now consider a moving point source, in a stationary, possibly non-uniform,
medium. We denote the displacement of the source by x¢(f) and its velocity by
U(t) = %o(t). We also denote by cy(x0(t),?) the sound speed at the source position.
We define the Mach number of the source as My = |U|/¢y. For a source moving

supersonically we have M, > 1 and for a source moving subsonically we have M, < 1.

3.4.1 Mach envelope as envelope of ray conoids

A supersonic source moves faster than the waves it generates and the ray conoids form
an envelope, called the Mach envelope.® If we represent the ray conoid emanating
from (x¢(7),7) by ¥(z,y,2,t;7) = 0, so that 7 is the conoid label, the envelope is

determined as a function of x,y, z, and t by eliminating 7 from the equations

0
=0 and 2Y_0 (3.38)
or
5For motions that are supersonic for only part of the time, e.g. acceleration through the sound
speed, an envelope is formed only by the supersonic part of the motion (see Chapter 6).
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The Mach envelope is very important as it is (to a first approximation) the location
of the intensification of the sound field that is called the sonic boom. The Mach
envelope is also referred to as the Mach surface or Mach conoid. From now on we
will denote it by ¥ = 0. We shall take the convention that ¥ < 0 ahead of the Mach
surface (unshocked gas) and W > 0 behind it (shocked gas).

We consider the simple example of a two-dimensional steady supersonic motion,
in a uniform medium, and we derive the Mach envelope using condition (3.38) above.
We choose the motion to be from right to left on the z-axis, and therefore U = (U, 0)
and x¢(t) = (—Ut,0).

If My < 1, at any fixed time ¢, all circular wavefronts are nested and no envelope

is formed. In Figure 3.3 we plot three wavefronts. The disturbance due to the source

Figure 3.3: My < 1: the wavefronts are nested, so no envelope is formed.

at time ¢, assuming that the motion started at ¢ = 0, is confined inside the circle
|x| < cot. For a source that travels for an infinitely long time the disturbance is felt
throughout the whole fluid.

For My > 1, at any fixed time ¢ > 0, the source is outside the circular wavefront
sent out from the source when it was located at ¢ = 0. Therefore the source can
only affect the flow behind it%; this is one of the key facts of supersonic flow. In
Figure 3.4 we plot again three wavefronts; the difference from Figure 3.3 is obvious.
The wavefronts are no longer nested and form the Mach envelope, which in this case

is usually called the Mach wedge. All disturbances are confined inside this wedge.

6This is also true for an extended, sufficiently sharply-pointed source; for an extended blunt
source a bow shock is formed in front of the source and the disturbed region of the flow is somewhat
extended.
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Mach line

Figure 3.4: My > 1: the wavefronts form an envelope. In two dimensions the envelope
is a Mach wedge with opening semiangle the Mach angle 0,0 = arcsin(1/M,).

In Figure 3.5 the same supersonic motion is visualised in the (z,z,t)-space. The
projection of the “tops” of these four cones on the (x, z)-plane is shown in Figure 3.6.

The ray conoid at (xo(7), 7) is
Un(r,z,73t) = (x+ UT)2 + 22 — i (t — 7)* = 0. (3.39)

The Mach envelope is the locus of the points (z, z, t) satisfying conditions (3.38) which

become here

0
U =0, % = 2U(z + Ur) +22(t — 7) = 0, (3.40)
and lead to
2
ZL‘—i—UT:—EO(t—T), (3.41)
%
Z = iﬁBg(t — 7'), (342)

where the Prandtl-Glauert parameter By = /Mg — 1 is real and positive only if
My > 1. The latter confirms that the Mach envelope exists only when the source

moves supersonically. Eliminating 7 from (3.41) and (3.42) we obtain the Mach lines

r+ Ut = +Byz. (3.43)
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2
The condition x + Ut > 0 holds since from (3.41) z + Ut = C—UOBg(t —7)>0. The
acute angle that the Mach wedge makes with the positive x-axis is the Mach angle
Orro = arcsin(1/M,).

3.4.2 Boomrays

The Mach envelope can be alternatively, and more simply, determined as the locus of

the tips of boomrays. Boomrays are the rays that, at launch, satisfy the condition

1

Un=c = Opg = — 3.44
n=c cos tpg My’ ( )

where 6y is the semivertical angle of the forward-facing conoid, ahead of the
source, with its axis of symmetry along the direction of motion. This condition
imposes that at launching, the component of the source velocity along the ray is sonic;
then the signals emitted from the source when travelling along boomrays reinforce
each other at the observer’s position and are heard as a single “boom” (see Lighthill
[72], pp. 196-197). From now on we will call (3.44) the “boomray condition”.

It is a key result on sonic boom that out of all the rays launched, only boomrays
have to be taken into account for determining the Mach conoid and the amplitude
of sonic boom.” All rays except the boomrays carry sound that does not contribute
to the sonic boom. We should stress that this property of boomrays holds for any
supersonic motion in any medium, and hence it provides a straightforward method
to construct the Mach envelope in any scenario. Lighthill has discussed boomrays for
an isothermal medium where ¢ is constant (see [72], p. 196) but the general result
was proved in the SOBER report [5] in 2002.

We return to the simple two-dimensional example of steady supersonic motion in
a uniform medium, to illustrate that this alternative approach is equivalent to that
presented in the previous section. We parametrise the wavefronts with the angle 6

measured from the positive x-axis so that

x+ Ut =c¢o(t —7)cosb, (3.45)
z = co(t — 7)sind. (3.46)

From (3.45) and the envelope condition (3.41) we find that the angles +6%, made
with the positive z-axis obey the condition cosfy, = —1/M,. Therefore 05, =

+(m —6fpo). The positive sign corresponds to the boomray launched upwards and the

"This is because boomrays always start and remain on the Mach envelope.
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negative sign to the boomray launched downwards. Also, from (3.42) and (3.46) we
obtain sin 0, = By/My. Therefore in two dimensions there are two possible boomray
directions. In Figure 3.5 we show on each of the ray cones the two boomrays (only

the family launched downwards is clearly visible). The two families of boomrays are

Figure 3.5: Visualisation of a two-dimensional supersonic motion in the (z, z, t)-space
(U = V2, ¢o = 1), for a point source moving in the negative z-direction. The source
path ¢ = —Ut,z = 0, is displayed by a solid straight line and its projection onto
the (x, z)-plane by a solid arrow. The two boomrays, at angle 0gy = +7/4 to the
direction of motion, are marked on each ray cone (only the family with 6py = —7/4
is clearly visible here).

clearly visible in Figure 3.6.

In Chapter 6 we will show, for a uniform medium, that the boomrays are also
those rays that carry sound to a given point in such a way that a ray emitted At
later, arrives at the point with time difference of order At™, where n > 2. For most
points on the Mach envelope n = 2, but n > 2 can occur when the boomrays form
a higher-order focusing object, such as a fold caustic (n = 3). Interestingly, we will
also get the boomray equations when we look for the stationary phase points of the

wavefield integral at a fixed observation point. This is shown in Appendix B.
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Figure 3.6: The view of Figure 3.5 in the (z, z)-space. Both families of boomrays are
shown.

3.4.3 Mach envelope in the aerodynamic frame

A third, even simpler way to calculate the Mach envelope is available when the source
is moving on a straight line with constant velocity. In this case it is natural to work
in the aerodynamic frame moving with the source.

Assuming that the source is moving from right to left on the z-axis with speed U,
we define the new travelling coordinate X = x + Ut. In this frame the source is fixed
at (0,0,0), there is an incident supersonic stream U’ = (U, 0,0) and the flow appears
steady so that

p(z,y,z,t) = ®(x + Ut,y, z) = D(X,y, 2). (3.47)

Then the partial derivatives are

0 0 0 0
(al =Uox <%)f X (3.48)

and the wave equation (3.11) becomes
B*dxx =&, + P, (3.49)

where B = /U?/c2 — 1 is the local Prandtl-Glauert parameter. The condition that
there is no disturbance upstream becomes then ® = 0, ®, = 0 on X = 0, so that if we
think of X as time we are effectively looking for causal solutions to (3.49). The Mach
surface in the original reference frame now becomes the ray cone through (0,0, 0) of

(3.49), and if it is represented by W = 0, then ¥ obeys the eikonal equation

By =V,%+ V.2 (3.50)
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Returning again to our simple example of two-dimensional steady supersonic motion

in a uniform medium, we indeed find that the (bi)characteristics of
Bi®yxx = .., (3.51)

satisfying the condition z = 0 at X = 0 (with X > 0), are the Mach lines (3.43).
Returning to the general case, rearranging (3.50) and defining P = Vx,Q = U,

R = W, we obtain

QQ + RQ B

=

This can be solved with Charpit’s method, similarly to (3.12). However, applying the

F(P,Q,R) = B*P — 0. (3.52)

derivative transformations (3.48) directly to the eikonal (3.13), we have

2 2 2 2
B=1iC (3213 _ M) = S R(P.Q.R) =0, (3.53)

We can thus immediately deduce from Charpit’s equations (3.25) and (3.27) that the

analogous equations corresponding to Fj are

dX ,
dN
i —Vc+ (N. V)N, (3.55)
where
1
N=-vVU Ul = ———(P .
VU/|VU = - (P.Q.R) (3.56)

is the unit outward normal to the Mach surface at the position (X, y, z). The vector
N coincides with ng, the unit vector in the direction of the boomray. Note that ng
(like the direction vector n for any ray) is independent of the velocity of the reference
frame; this is why equation (3.55) is the same as equation (3.27).

The trajectories defined by (3.54) and (3.55), in the hyperbolic PDE framework,
are the bicharacteristics of the Mach surface, and from now on we will refer to them
as BICHs in order to provide a contrast with the bicharacteristics of the ray surface,
which we are calling rays.

The unit vector in the direction of the BICHs is
_N+U e 1 (327_9, _E) <§, @ R ) S (357)

|(N+U| McB P P M MBP MBP

§

Using (3.57) we deduce that cos 00 = €,.6x = Bo/My, where €y is the unit vector in
the z-direction. This shows that the initial acute angle of the BICHs (and the Mach
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conoid) with the positive z-axis is the Mach angle 6,0 = arcsin(1/M,), as expected.
More generally, at any height the BICH is at the local Mach angle to the z-axis,
0y = arcsin(1/M), since cosfy = £€.6x = B/M. Furthermore, the BICH passing

through any position (X, y, z) is perpendicular to the boomray since the dot product

. . c+ U.N
OfSWItthséN:m:O

In the aerodynamic frame, the causality of the PDE (3.49) dictates that any
information introduced at a certain point will move along the BICHs. To see this
physically take a point X on the Mach conoid. In stationary air, the portion of
the shock front centered on X = (X, v, z), would advance a distance ¢Ndt in time
0t. However, in the aerodynamic frame, within the same time interval, the incident
supersonic stream U’ = (U, 0,0) sweeps the shock front portion horizontally to the
right by distance Udt. Therefore the new position of the shock front portion is
X +6X =X+ (¢N + (U, 0,0))dt which leads to the equation (3.54), as required.

Equivalently, we can say that for a stationary observer the perceived direction of
propagation is along the boomray, but for an observer moving with the source the
perceived direction of propagation is along the BICH. Note that by construction the
parameter along the BICHs is still the time t.

Up to now, we have presented three ways to derive the Mach envelope and illus-
trated each one with the two-dimensional example of a source with constant super-
sonic speed in a uniform atmosphere. For the latter example, extension into three
dimensions is trivial: the wavefronts are spheres (¢-sections of the ray cone (3.29)),
the boomrays lie on the cone with semivertical angle 6o, ahead of the source position

and the BICHS lie on the Mach cone
(x4 Ut = B3y + 22), (3.58)

which can also be found as the ray cone of Bi®xx = o, + .., or as the body
of revolution with the Mach lines (3.43) as its generators. However, for a general
scenario of unsteady motion in an non-uniform medium the Mach envelope cannot,
in most cases, be determined analytically. Below we pinpoint some examples where

this is possible, with the aim of elucidating sonic boom propagation.

3.5 Stationary source in a model stratified atmo-
sphere (two dimensions)

For a second analytical example, we consider a stratified medium with sound speed

profile ¢ = in the region z < 1. Even though this profile has an unphysical

1—

N
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singularity at z = 1, where the speed of sound becomes infinite, we can take it as
a representation of cases where ¢(z) is increasing with height. Perhaps the simplest
analytical example of a stratified medium that we could have taken is one with ¢
varying linearly with z. The rays are then arcs of circles ([94], p. 385), and the
dependence on the independent coordinates x,vy, z,t appears through trigonometric
functions. However, for the example here the Mach envelope will be determined as
a polynomial in z,y, z,t, which makes the analysis easier. At the same time, this
example gives rise to a quite complicated geometry with features that are relevant
physically.

The analysis that we will present here for the stationary source will become directly
relevant to the three-dimensional scenario with B? = 1 — 2z with just a coordinate
change.® Note that the scenario with B? = 1 — z can be thought of as the canonical
problem for the approximation of B near the reflection height in any atmosphere.

For a stationary source at (0,0,0) we derive below the ray conoid. Since the
propagation vector remains in the plane in which it originates, it is sufficient to

remain in two spatial dimensions. Equation (3.11) becomes
(1 = 2)pu = Puz + P (3.59)
Writing the eikonal equation (3.12) in the form
Fs=01-2)N—-@p+r)=0 (3.60)

will enable us to determine the ray conoid analytically. Charpit’s equations for (3.60)

integrate to the following parametric relations for the rays,

() = —2po, (3.61)
2(C) = =A5¢% = 2roC, (3.62)
t(¢) = g)\gC?’ + 2X070¢% + 200C, (3.63)
P = Do, T(C) = /\(2)€ + 70, A= )\0- (364)

(Equations (3.61)—-(3.64) also appear in [86], p. 389.) Note that we do not take
Ao = 1 because later on (Section 3.8) we will use equations (3.61)—(3.64), under the
coordinate transformation (z,z,t) — (y,z,X), for directly determining the Mach
surface in the three-dimensional scenario with B2 = 1 — z. There ), is associated

with the X coordinate and cannot be taken equal to 1.

8Furthermore the analysis for B2 = 1 — 2z will pave the way for solving analytically the more
complicated scenario B? = 1 — |z|, which provides a good insight into the geometry of the Mach
envelope in a typical atmosphere, where calculations can only be done numerically—see Section 3.8.
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The parameter along the rays is no longer the time ¢t but we can readily see that

g—z = 2X\o(1 — 2) > 0 (assuming Ao > 0). Therefore the time ¢ increases monotonically
with ¢ and the qualitative behaviour of the ray will not be affected by using the
parameter ( instead of t.

To determine the ray conoid as an algebraic relation between x, z and ¢, we need to
eliminate (, po, 7 and Ao from the equations (3.61)—(3.64). (We will study graphically
the latter equations later.) From equation (3.61) we solve for ¢ = —z/(2py) and

substitute into (3.62) and (3.63). We obtain respectively

1 )\0)2 2 (To)

z=—|—) 22+ — |z, 3.65
4(270 Po ( )
56 () () ()

t=——|—) 224+ | — — - — | 3.66
12 <]90 2\po/ \Po Do (3.66)

A T
Because of the eikonal equation (3.60), the dimensionless ratios 20 and 2 satisfy
Do Do

(j)—(‘)’)z —1+ (;—2)2. (3.67)

A

Letting C = =2 and D = @, we can write (3.65)—(3.67) as a system of three algebraic
Do Do

equations linked through the two parameters C' and D:

C*=1+D? (3.68)
1
z= —Z(C’x)2 + D, (3.69)
1 3 1 2
t= D (Cx)” + 2C'Dx Czx. (3.70)

From equation (3.69) we find D(z, z,C), substitute in (3.68), rearrange and we get a
quadratic in (C'x)?,

(Cz)' + (Cx)?*(82 — 16) + 16(2* 4 22) = 0, (3.71)
which gives the roots

1
Z(C’xf =(2—2)£4(1 —2) — 22 (3.72)
For the two roots to be real, we need to impose the constraint z < 1 — z%/4, which

indicates a qualitative change in the behaviour of the wavefield, on the curve

T
=1-—. 3.73
s=1-2 (373
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The two roots (3.72) are distinct and real inside the parabola (3.73), coalesce on it
and become complex outside. This corresponds respectively to two distinct rays inside
the parabola which coincide on it and vanish outside. Therefore the rays should be
tangent to (3.72) and so this curve is a smooth envelope of rays—a fold caustic in
the terminology of catastrophe theory [15]. In Section 3.5.3, for ¢(2) = 1/y/1 — z we
will solve the wave equation for a monochromatic stationary source, and observe that
there is indeed a drastic change in the wavefield behaviour across this caustic.

We finally substitute D(z, z,C) in the right-hand side of (3.70), square, and use
(3.72) to eventually obtain the ray conoid

2\ 3/2
9t2:(2—2)(4—4z+4z2+3x2)i8(1—2—%) : (3.74)

The positive and negative signs in (3.74) correspond respectively to so-called “pos-

itive” and “negative” sheets of the ray conoid. These two sheets meet at the curve
2

2
z=1- %,t = 5(2—2)3/2.
Note finally that the ray conoid for the more general case ¢ = co/\/1— pz is
obtained from (3.74) by taking t — ucot, x — px, z — pz:

I(pcot)? = (2 — pz)(4 — dpz + 442 2% + 3p2?) £ 8(1 — pz — p22/4)%2. (3.75)

3.5.1 Wavefronts

Below we will examine the behaviour of the wavefronts as time ¢ increases. For a
wavefront (3.74) at t = to = constant, we will call the trace of the positive sheet on
the plane t = ty, the 'upper branch’, and similarly the trace of the negative sheet will

be called the "lower branch’. These two branches meet at a 3/2-power cusp. This
2

cusp is on the caustic z = 1 — a:_) which can therefore also be thought of as a locus of
cusps (see Figure 3.7, where we plot some wavefronts for progressively larger times).

Firstly, for small times t; < 1 and r < 1,z < 1 we expand the negative branch
expression in (3.74). We get

3 3, 3
9t(2):(8—8z+822+6x2—4z—|—422)—8<1—§z—§x2—|—§22+...) =0

St =a"+ 22+ .. (3.76)

Therefore for small times ¢, the stratification is not felt and the wavefronts are circular
to leading order. However, as t; increases, the stratification will be felt more strongly

and the wavefronts are increasingly elongated in the vertical z direction, eventually
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Figure 3.7: Selected wavefronts: for ty < t. = 2/3 we show ¢, = 1/3, ty = 1/2. The
marginal wavefront t. = 2/3 is marked with a thicker line. The cusped wavefronts
to = (14++/2)/3, 2¢/2/3, \/3/2 and 4/2/3 are shown. As explained in the text, for

ty < t. the wavefront has a vertical tangent only at one point, for t. < t, < 2v/2 /3 at
two points and nowhere for ¢, > 21/2/3. The caustic (locus of cusps) z = 1 — 22 /4 is
plotted with a dashed line.

forming cusps. Below we investigate the onset of the cusps’ appearance. At the
critical time t. = 3’ a discontinuity in the curvature appears in the wavefront. In
order to investigate the behaviour of the wavefront near this curvature discontinuity,

we set € = tg — t., for tg > t., and expand (3.74) using
=04+ exr;+..., z2=1—€ez+ .. (3.77)
Keeping terms up to order ¢, we find that the wavefronts are approximated by
12 = 322 £ 82Y% = 12¢ = 322 £ 8(1 — 2)*2, (3.78)

where the positive sign is for the positive branch and the negative sign is for the
negative branch. In Figure 3.8 we plot the approximate wavefront and the exact
wavefronts for € = 0 (left plot) and € = 0.01 (right plot). The curvature discontinuity
is clearly illustrated in the former case; in the right plot we can see that the curvature
discontinuity has disappeared and two cusps have formed.

Now, the coordinates of the cusps, using (3.73) and (3.74) are found to be

Teu(to) = £2 (%tﬁ) o 1, za(t)=2- (gt())m. (3.79)
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Figure 3.8: The local behaviour of the wavefronts for e = 0 (left) and e = 0.01 (right).
When e = 0 there is a discontinuity in the curvature at © = 0,z = 1,ty = 2/3. The
exact wavefronts are plotted with dashed lines.

Expressions (3.79) constitute a parametric representation of the cusps in terms of .
They give the constraint ¢ty > t., which confirms that cusps exist only for tqg > t..
Since z, increases monotonically and z., decreases monotonically with ¢y, the cusps
move down and away from each other as ty increases. (Using € = t,—2/3, from (3.79)
we find, as expected, T, = £2¢'/2 4+ O(€/?) and 2z, = 1 — O(€¥/?).) Expressions
(3.79) will be useful in Section (3.6).

To investigate the behaviour of the tangent to the wavefront, we differentiate

(3.74) with respect to x to find that the slope of the tangent is given by

dz 6x(z —2+S5)
dr ~ (z—2)(4—82)— R£125’ (380)

where
R=4—42+42>+32% and S = (1 — z — 2%/4)V/2

Setting S = 0 we deduce that the two branches of the wavefront have a common
tangent at the cusp, that is the cusps are at zero angle. The wavefront tangent at
the cusps is perpendicular to the caustic (3.73) because the rays are perpendicular to
the wavefront at the cusp points.

It will be of use in Section 3.6 (where we construct the Mach envelope for a moving
source in the same medium), to identify where the wavefronts have a vertical tangent:
for this, we set the denominator of (3.80) equal to zero and use (3.74) to arrive at a
cubic in z,

9 =4+ 12(1 — 2) — 16(1 — 2)°. (3.81)

46



Observing the roots of (3.81) we find that, as the time increases, for
e 0 <ty< 2/3, the tangent is vertical for only one value of z.

e 2/3 <ty < 2v/2/3, cusps have formed and the tangent is now vertical at two
values of z, one greater than 1/2 and one less than 1/2. Both these z values
become 1/2 at t = 2v/2/3.

o ty>2V2 /3, the wavefront has nowhere a vertical tangent and it has a “cusped

crescent”-like shape.

Figure 3.7 illustrates all the above cases.

3.5.2 Rays, formation of an envelope

We now return to the ray equations (3.61)—(3.63) to obtain an alternative but parallel
viewpoint of the ray conoid/wavefronts behaviour.

Firstly, in Figure 3.9 we plot the rays in (z, z,t)-space for ¢t < 2/3. Figure 3.10
is the projection of Figure 3.9 on the (x, z)-plane. In Figure 3.11 we plot the rays

z -1 X

Figure 3.9: ¢t = 2/3: ray conoid.

corresponding to the time t5 < 2\/5/3 in the (z,z,t)-space. We can see here that a
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Figure 3.11: ¢t = : rays in the (z, z, t)-space.
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fold has developed; the earliest point of the fold is at + = 0, z = 1, t. = 2/3. The
negative sheet of the ray conoid carries the rays that have not passed through the
fold, and the positive sheet carries the rays that have passed through the fold.

In Figure 3.12 we plot the rays corresponding to the wavefront ¢, = 21/2/3 on
the (z, z)-plane. (The latter figure could also have been obtained as an (x, z)-view of
Figure 3.11.)

2
Figure 3.12: t = ——: wavefront and rays. The cusp-rays (defined in the text),

dividing the behaviour into upper and lower branch rays are plotted with a thicker
line.

We concentrate attention on a particular wavefront with ¢ = ¢y > 2/3, which has
cusps. The ray pattern and the wavefront are symmetric with respect to the z-axis so
we can work in x > 0. One ray goes through the cusp and it will be called the cusp-
ray from now on. We recall that cusp-rays are tangent to the caustic. The cusp-ray
divides the rays into two families: those that form the upper branch of the wavefront
and those that form the lower branch. In Figure 3.12 the different behaviour for the
rays of the lower and upper branch is clearly visible; the cusp-rays are plotted with a
thicker line.

Note that it is also possible to express a cusp in terms of the angle # = 6., the cusp-
ray makes with the positive z-axis. Combining (3.65) and (3.73) we find x = 2py /1
and then from (3.73) we get z =1 — pi/r5. Then from (3.79) we get to = —2/3r)
(note that 1y < 0 for rays launched upwards). For the cusp-rays, pg = % cos ey,

where the positive sign corresponds to the left cusp-ray and the negative sign to the
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right cusp-ray, and rg = — sin .,. These lead to the following simple parametrisation

for the cusps

x = 2cot Oy, (3.82)

z=1— cot? O, (3.83)
2

t = ——— 3.84

3sin® 6., ( )

where 0 < 0., < 7.

Furthermore, a ray launched upwards spends equal times above the source height,
before and after its maximum height, 2.y, determined from (3.62) by setting dz/d¢ = 0.
All rays launched downwards do not have any turning points since (3.62) gives
dz/d¢ < 0. Note that the above results on the behaviour of wavefronts and rays

will be also relevant for Sections 3.4 and 3.8.

3.5.3 Amplitude due to a stationary monochromatic source

In this section, we calculate the amplitude of the wavefield due to a stationary, si-
nusoidal, point source situated at (0,0), in an non-uniform medium with the sound
speed profile ¢ =1/ V1 — 2. We will use linear wave theory, and we will show that
there is a drastic qualitative change in the wavefield behaviour across the caustic
2z =1—12?/4, as already indicated by studying the ray-pattern.

The wave equation (3.11) in this case can be written as
Pt = (Do + P2z) + 0(2)5(2)R(™). (3.85)

We also need to impose two Sommerfield radiation conditions. Firstly, p — 0 as
z — 00. Secondly, for z < 1, and with the wavenumber being k = w/c(z), we want
pr +ikp = o(1/r) as r — oo, where r = /22 + 22.

The solution for a more general time-varying source can be obtained by linear
superposition. In the previous section we have plotted the ray-pattern and we found
that no rays exist outside the fold caustic z = 1 —2?/4. GA predicts an infinite value
for the wavefield at the fold caustic (the wavefield intensity is inversely proportional to
the ray tube area which becomes zero at the caustic [85]), and zero wavefield outside
the caustic. The region outside the caustic is usually called a shadow zone. Here
we will solve the full wave equation and find a finite wavefield on the caustic and a
non-zero wavefield in the shadow zone.

There is no exact analytical solution for (3.85) for this choice of ¢. We can however

make extended analytical progress. We give a summary of our procedure: for a
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monochromatic disturbance equation (3.85) reduces to an inhomogeneous Helmholtz
equation, on which we perform a Fourier transform in the x-direction. This leads
to an inhomogeneous Airy equation (under a suitable transformation) which is then
solved analytically with appropriate boundary conditions on the behaviour of solution
at infinity and at the source height. The transform is then inverted numerically. This
procedure is valid for all values of w.

Starting, we substitute
p(z, 2,t) = R(exp(iwt)U(z, 2)), (3.86)
in (3.85) and we obtain the inhomogeneous Helmholtz equation
—w?U = A(Upe + U..) + 6(2)(2). (3.87)

We then take the Fourier Transform of (3.87) with respect to z, defining

Ula,z) = / Uz, z)exp (iax)dz. (3.88)
We thus obtain
2U w? 9\ ~ o 0(2)

Note that equation (3.89) is valid for any choice of ¢; for the special case of ¢* = 1/(1 — z),
and letting Z = w?3(2z—1+4a?/w?) we obtain from it the inhomogeneous Airy equation
d*U

T = U —w36(2 - 2,). (3.90)

(We note that for a linear speed profile equation (3.89) reduces to a Bessel equation
that admits solutions in terms of Bessel functions of imaginary arguments.) The
general solution of (3.90) is given by

Ula,z) =

A

A { Ui(o, 2) = A1Ai(2) + By Bi(2),
Us(a, z) = A9Ai(Z) + BeBi(2),

QA

Z 2> Zs
Z < Z
where Ai(x) is the Airy function of the first kind and Bi(z) is the Airy function of
the second kind (see Figure 3.13) and Z; is the value of Z at the source height z = 0.
We have therefore four unknowns Ay, B, Ay, By and to determine them, we need four
conditions. The first condition to impose is that 7 — 0 as Z — co. Since Bi(2) — o0
in this limit, we have to set B; = 0. The second condition is that U has to represent

an outgoing wave as Z — —oo. This leads to the relation Ay +iBy; — 0 as Z — —o0.
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Figure 3.13: The Airy function of the first kind, Ai(z) and the Airy function of the

second kind Bi(x) (left and right plot respectively).

The other two conditions are for matching Ul and Ug at Z = Z;: we have to impose
(3.91)

continuity in U , that is
Uy =0, at 7 = 2,

and also that the derivative in U has a jump. Integrating (3.90) with respect to Z

from Z = Z; to Z = Z} we find that this jump is
(3.92)

dU,  dU
Gy e = —w at =z,

dz dz

From now on, for convenience, U will stand for its scaled version w?3U. Applying
the four boundary conditions we obtain, after some algebra,

- Ui(o, 2) = m(iAi(Z,) — Bi(Z))Ai(2), Z> Z,

U =< 7 ’ 3.93

(@) { J(a, 2) = w(iAi(3) — Bi(2))Ai(Z,), 7 < 2. (3.93)
1 .
m3(Ai(Z) +4Bi(2)) (see [1], p. 446,

Note that using the identity Ai(Ze *7™/3) = 56_
expression (10.4.9)), we can conveniently write U in terms of Ai only:

- Ur(o, 2) = 2miei™3Ai(Z,e 23 Ai(Z), 2> 3,
U = . , . 3.94
(@,2) { Us(a, 2) = 2mie™ 3 Ai(Ze 23 Ai(3,), 7 < 2. (3:94)

Inverting U(a, z) we have
>0
(3.95)

1

U, 2) = L { 7o Ui, z) exp(—iax)da, 2

s Uy(ev, 2) exp(—iax)de, =z <O0.

Moreover, because U; and U, are even functions of the Fourier variable a we can
recast expression (3.95) as a cosine transform. (This reformulation will also make the
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numerical integration that follows less time consuming.)

. — 1 fooo Ul(
Uz, z;w) = }{ IS O

There is no analytical evaluation of these one-dimensional integrals and so we will

)cos(ax)da, z>0

zZ
. ~ 3.96
, Zs) cos(ax)da, z < 0. (3.96)

A A

calculate them numerically. The interval of integration as seen in (3.96) is semiinfinite,
and for our numerical method” we need to truncate at a suitably chosen cutoff value
of a. For clarity we will integrate separately the real and imaginary part of the

integrand in (3.96), and then we will evaluate |U|, the amplitude of the wavefield.

e Cutoff value for «
To determine an approximate cutoff value for « it is helpful to map out the behaviour

of R(U) and S(U) in the (z, @) plane, where (apart from a constant factor)

o= { BN 12
and
S(U) = Ai(z,)Ai(2) Ve (3.98)

We proceed with the help of the diagram in Figure 3.14. In this diagram we plot the
curves 2 =0 a=a/w=+1-2and Z, = 0 & & = 1 (considering only positive
«). There are four different regions: in Region I we have Z; > 0,2 > 0, in Region II
we have Z, < 0,2 > 0, In Region III we have Z, < 0, Z < 0, and in Region IV we have
Z, > 0,2 < 0. We first examine the behaviour of 3(U): In Region I both Ai(%) and
Ai(Z) are decaying exponentially as o — oo (thinking of z as a fixed parameter).
Since the asymptotic form for Ai as Z — oo is

Ai(Z) ~ #2—1/46—553/ g (3.99)

A A

and similarly for Ai(Z5), S(U) decays exponentially in Region I. J(U) decays also
in regions II and IV because Ai(Z) and Ai(Z,) decay respectively, while the other

A

juxtaposed Ai factor exhibits oscillatory behaviour. In Region III &(U) is oscillatory

and remains of order 1. Therefore we conclude that the order 1 part of Q(U ) is always

contained inside the parabola & = /1T — z and 3(U) decays outside this parabola.
We then examine the behaviour of R(U). In region III, also R(U) is oscillatory and

of order 1. In Region II and Region IV also §R(U ) is decaying. However, for Region

9We will use the NAG integrator d0lakf which is suitable for oscillating, non-singular integrands
integrated over a finite interval.
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Figure 3.14: Diagram of @ = a/w versus z illustrating the four regions I, II, III and
IV as discussed in the text.

I at first glance it is not obvious whether §R(U ) is decaying or growing, because
Bi(Z) is growing and Ai(Z) is decaying. We prove below that R(U) in fact decays.
In order to investigate simultaneously positive and negative values of z we write

A

R(U) = Ai(z;4)Bi(z_), where

Z, =max(3, %) = w’(zy — 1) + Pw™/3, (3.100)
Z_=min(z, %) = w?P(2. — 1) + w3, (3.101)
with z; = max(z,0) and z_ = min(z,0). When a — oo we can use the asymptotic

form for Ai and Bi. We therefore find that the exponential factor of the asymptotic

A

form of R(U) is

2 2
exp (‘503/2 + §D3/2) < exp(—(C — D)D), (3.102)

where

C = (WP (zy — 1)+ a’w™3), D= (wP(z- — 1)+ w3

To derive the inequality (3.102) we used the fact that

— f(D
JO) = /D) _ 1'(€), for some D < £ < C, (3.103)
C—-D
and that since we have f(§) = §f3/ 2 f'(€) is increasing and therefore satisfies

f'(¢€) > D2, The right-hand side of the inequality (3.102) is equal to

exp(—w?3(zy — 2)(W?P(2 = 1) + 2w 3)12), (3.104)
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and this tends to zero as & — oo when z, > z_. Therefore we have proved that R(U)
decays in Region I, except when z = 0.

We therefore conclude that for a fixed z = zp # 0 and w = wy a reasonable cutoff
value for o should be greater than wyy/1 — 2. In the numerical integration below we
will take the value of a appreciably larger than this estimated cutoff to ensure good

accuracy in |U]|.

e Plots of RU, SU and |U|.

Below, we take the values w = 10 and w = 30 as representative cases of a moderate
and a high frequency, and we show plots of ®(U), (U) and |U|.

o For w = 10, taking the cutoff value to be a = 25, R(U), I(U) and |U| are plotted
in Figures 3.15-3.18.

()

Figure 3.15: R(U), w = 10.

o For w = 30, taking the cutoff value to be a = 50, R(U), I(U) and |U| are plotted
in Figures 3.19-3.22.

In the plots of R(U) and S(U) we see the wavelike nature of the wavefield inside
the caustic, and its decay in the shadow zone. In Figures 3.18 and 3.22 we see ridges,
more closely spaced in the latter than the former, which we explain below. The
behaviour of the wavefield for values of z > 1 is of interest, because ¢(z) goes to

infinity at z = 1 and therefore in Figures 3.18 and 3.22 we plot the wavefield up to
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3(U)

Figure 3.16: $(U), w = 10.

Figure 3.17: Contour plots for ®(U) and (U), w = 10.
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Figure 3.18: |U], w = 10.
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Figure 3.20: $(U), w = 30.

Figure 3.21: Contour plots for R®(U) and (U), w = 30.
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Figure 3.22: |U|, w = 30.

z = 2. We see that the wavefield decays for z > 1. We also note that Figures 3.18
and 3.22 exhibit some “rippling” along the line z = 0. This is a numerical artifact;
when z = 0 and as @ — oo, the integral for R(U) behaves like h Mda and
its convergence is delicate, so a very large cutoff value for o needs to be %ken for an
accurate result. This integral gives a logarithmic singularity at the source position,

which manifests itself with large spikes in the Figures for #(U) and |U|. (Whereas,
3

as @ — oo the integral for $(U) behaves like / — exp —% da, which gives a
« w

finite value at the source.)

e Why the ridges appear

The ridges and valleys in Figures 3.18 and 3.22 correspond respectively to constructive
and destructive interference of the waves, and we conclude this discussion by showing
how the ridge positions can be calculated by the Geometrical Theory of Diffraction
[19, 75]. As we have seen in the previous section at any one point (z,z) inside the
caustic z = 1 — 22 /4, there are two rays passing through, taking respectively times t;
and ty to carry the wave from the source to this point. The time ¢ as a function of
a point (z, z) is given by the ray conoid expression (3.74). If none of the rays passed

through the caustic the constructive interference condition would be ty — t; = nT
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where T' = 27 /w is the period of the waves, and n an integer. However, as we have
established above, always exactly one of the two rays passes through the caustic.
The phase of the wave is advanced by 7/2 as the ray passes through the caustic (see
for instance [94], p. 468), and therefore the constructive interference condition is
modified to

1\ 2m

Using (3.74) we can plot the contour plots of t5 — ¢; on the (z,2)-plane as n varies
and for any fixed value of w. To compare with Figures 3.18 and 3.22 we present
contour plots for w = 10 (Figure 3.23(a)) and for w = 30 (Figure 3.23(b)). On these
contour plots we superimpose also the caustic z = 1 — 2?/4 with a dashed line. We
see that the locations of the maxima of the ridges agree very well with the contour
locations. Note that this provides a nice verification of the accuracy of our numerical

calculations.

'
[ (53] o [$2] [

Figure 3.23: Contour plots of ta(x, z) — t1(x, 2) as n varies.

Inside the caustic two rays pass through each point (x, z), on the caustic the rays
coincide (and are tangent to it), and outside of it there are no rays. This indicates that
if we were to determine the stationary points of the integrals for R(U) and J(U) we
would expect to find two real stationary phase points inside the caustic that coincide

on the caustic, and become complex outside of it.

3.6 Steady supersonic motion in a model stratified
atmosphere (two dimensions)

In this section we are going to determine analytically the Mach envelope for the steady
source motion (zo(t) = —Ut, 2¢(t) = 0) in the medium with ¢(z) = 1/y/1 — z. This
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analysis is a paradigm problem for the behaviour of the Mach envelope in the vertical
plane of motion in a medium where the sound speed is increasing with height. We
will see that a fold caustic of boomrays is formed, corresponding to the appearance
of a cusp on the Mach envelope.

In the aerodynamic frame, we can determine the Mach envelope as the character-

istics of the equation
B*®yx =, (3.106)

where B? = B2 — MZz. Equation (3.106) is an equation of mixed type: it is elliptic
for B2 < 0, parabolic for B = 0 and hyperbolic for B2 > 0. The parabolic line is
determined by the condition U = ¢(z), which is equivalent to B(z) = 0. This parabolic
line will be called the sonic line and its height the sonic height from now on. Equation
(3.106) can be recast into the canonical linear Tricomi equation z®xy = ®,., when
we let 2 — MZ(1 — 2)/B2, and X — —BoX/M¢.

The characteristics for equation (3.106) are

2

incident characteristic: X = BEE ((B2 — M2z2)%? — BY), (3.107)
0
2
reflected characteristic: X = W((Bg — MZ2)*?% 4 BY), (3.108)
0
2
downgoing characteristic: X = W((Bg — M22)3? — BY), (3.109)
0

and they are plotted in Figure 3.24. (Note that since we take co = 1 we have My = U
and By = /U2 — 1.) The most interesting feature of (3.107)-(3.109) is a 3/2-power
cusp at X = 2B3/(3M2), on the sonic line z = B2/MZ. Such cusps are well-known
features of the Tricomi equation, and from now on we will refer to them as Tricomi
cusps. The terms “incident characteristic” and “reflected characteristic” are used
because we can think of the perturbation from the source as moving along the incident
characteristic, reflecting at the sonic line at the Tricomi cusp, and then moving along
the reflected characteristic.

For any atmospheric sound speed profile near a sonic line we can expand
B?(z) ~ B2 + vz, where v is a constant, and end up with a scaled version of equation
(3.106), which would give the local behaviour of the Mach surface in the vertical
plane of flight. This observation gives our example general applicability. It is thus
expected that on the Mach surface in a typical atmosphere we would observe such

Tricomi cusps (as confirmed in Section 3.8, Figure 3.39).
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Figure 3.24: Characteristics of the Tricomi-type equation (3.106).

In Figure 3.25, for U = +/2, we plot the wavefronts corresponding to
T = n\/§/6,0 < n < 7 and time t = 4\/5/3. We plot the Mach envelope with a
thicker solid line.  The wavefronts are denser near the Tricomi cusp of the Mach
envelope, at the height z = 1/2 which also indicates focusing there. ' The incident
part of the envelope is outside the wavefronts but the reflected part of the envelope is
inside the wavefronts. This becomes clearer with the schematic illustration in Figure
3.26. In Chapter 6, we shall see the same qualitative change in the Mach envelope
of an accelerating motion in a uniform medium, and we will discuss it in more detail
there.

We should stress that the stratification cusps of the individual wavefronts and the
Tricomi cusps on the Mach envelope are unrelated, even if they are both 3/2-power
cusps. The stratification cusps have nothing to do with the fact that the source is
moving; they also exist in the wavefronts generated by a stationary source (see Figure
3.12) and are associated with the sound speed ¢(z) becoming infinite at z = 1. For
any U, the “distorted” cusp locus is easily determined by eliminating 7 from the

expressions (3.79), with z., = x + UT, to =t — 7. We thus have

1 , U2, s U 32
z=1 4(x—|—Ut) 9(2 Z)+3(ac+Ut)(2 2)*=, (3.110)

10T the end of this section we will give more details on the way the wavefronts “conspire” to form
the Mach envelope.
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Figure 3.25: U = v/2, ¢y = 1: Mach envelope as envelope of wavefronts in the medium
¢ = 1/v/1 —z. The locus of cusps (as described in the text) is also shown (dashed
curve). The sonic line is at z = 1/2, and also plotted with a dashed line.

77T f&

Figure 3.26: Schematic diagrams for the formation of the incident and reflected parts
of the Mach envelope (left and right respectively). In each case the thin curves are
the wavefronts and the thick curve is their envelope.
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which is also plotted in Figure 3.25 with a dashed line. Expression (3.110) reduces to
z=1—2%/4 when U = 0, as expected.
To derive the Mach envelope for any unsteady motion on a straight line in this

medium as the envelope of wavefronts we write the family of wavefronts as

~9\ 3/2
Yz, 2,t,7) =9t —7)% — (2 — 2)(4 — 4z + 42° + 37%) £ 8 (1 —z— w_) =0,

4
(3.111)
where & = © — x¢(7); from the envelope condition (3.38) we get
9% _ _ 3t —7) ol (3.112)
or (2—2)+8(1 — 2z — #2/4)

Eliminating 7 from (3.111) and (3.112) would yield an expression for the Mach enve-
lope in terms of x, z, and t.

However, it is far simpler to find the Mach envelope as the locus of the tips of
boomrays, as discussed in Section 3.4.2. For any ray launched at the boomray angle

050 (7) made with the positive z-direction we have

(po(7),70(T)) = — (cos Oy (T), £ sinO54(7)) . (3.113)

From (3.61)—(3.63), the boomray equations are

z(C,7) = —%C + 2o(7), (3.114)
() =-CE 2%)8(, (3.115)
(¢ 1) = %C?’ - 2507(:))6 +20 4 7. (3.116)

The upper sign in the equations (3.113), (3.115), (3.116) correspond to upward launch-
ing and the lower sign corresponds to downward launching.!' Considering the case
of steady motion with some general speed U in the negative z-direction, since the
medium is stratified in the z-direction, all boomrays have equal launching angles
+0'5, that satisfy cos 8y, = —1/My, and sin(+60%,) = £By/M,. For steady motion,

we first consider the boomrays launched upwards and using (3.115), we substitute z

1 As a check, we use the boomray equations (3.114)-(3.116), in the condition (3.112) and this is
then rewritten as a cubic in (,

263 (1~ Upo) + 6r0¢>(1 — Upo) + 6¢(1 — Upy) =0, (3.117)

which vanishes identically under the boomray condition pg = 1/U.
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in the quantity (B2 — U?2)%?2. We find that this is equal to (By — U()? if ¢ < By/U
but to (U¢ — By)? if ¢ > By/U. The threshold value ¢ = B,/U, corresponds to the

maximum height of the boomrays which is the sonic height 2 = B2/U?. Now, using
(3.114) and (3.116) we have

2 2
X=z+Ur+U{t—71)= —5§+2CU—2BO§2+?UC3. (3.118)

Therefore the Mach envelope in z > 0 is

3U?

- X = (B2 —U?2)%? — B} = B3 — B}, for ¢ < By/U, (3.119)
3U?
- X = (B2 —U?2)%? + B3 = B>+ B3, for ¢ > By/U. (3.120)

The Mach envelope parts (3.119) and (3.120) join at the Tricomi cusp. Now, for
downward launching we similarly find that the boomrays form the part of the Mach

envelope

3U° 2 2_\3/2 3 3 3
X = (B} - U*2)"* - By = B* ~ B, (3.121)

Expressions (3.119)—(3.121) coincide, as expected, with expressions (3.107)—(3.109).

In Figure 3.27, and again for U = /2, we use the equations (3.114)(3.116) to
plot boomrays, emitted from equidistant source positions. The maximum height for
a boomray is at the sonic line z = 1/2. We also use the expressions (3.119)-(3.121)
to plot (with a dashed line) the Mach envelope. The incident envelope part (3.119) is
the locus of the tips of boomrays that are launched upwards but have not yet reached
their maximum height; the cusp corresponds exactly to a boomray with a turning
point on the envelope; and the reflected envelope part (3.120) is the locus of the tips
of boomrays that have already reached their maximum point and are descending.
We see that a smooth envelope of boomrays (a fold caustic of boomrays), is formed
at the sonic line z = 1/2. Summarising: the incident envelope part is formed by
boomrays that have not touched the caustic and the reflected envelope part is formed
by boomrays that have touched the caustic. In the aerodynamic frame the fold caustic
“collapses” into a Tricomi cusp, which is stationary. We shall see later that in three
dimensions this Tricomi cusp point generalises into a curve.

Finally, as promised, we give some more details on how wavefronts “conspire” to
make up the Mach envelope. We imagine a boomray superimposed on the wavefronts
of Figure 3.7. As time increases, a fixed ray, which for envelope purposes is the

boomray, first forms a point on the lower branch of the wavefront ¢ = t;. At some
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Figure 3.27: U = v/2, ¢y = 1: Boomrays and the Mach envelope made up as the locus
of their tips. The boomrays that form the reflected part of the envelope have touched
a fold caustic. The Mach envelope and the sonic line are plotted with a dashed line.

switchover time t = t, the ray forms a point on both branches, that is, it passes

through one of the two wavefront cusps. For t > t, the ray forms a point on the upper

branch of the wavefront. Since the boomrays satisfy cosfp, = —1/My = —1/U, we
have
20°
e = —5—7- 3.122
3(U2 _ 1)3/2 ( )

Therefore for all wavefronts times ¢ < ¢, the cusp locus is on the left of the reflected
Mach envelope, it crosses the Mach envelope at t = t,, and is on the right of it for
t > t,. (At the sonic line, the wavefront contributing its cusps to the cusp locus there
is t = %(1 +1/U%??) For example, for U = /2 used in our examples above, this
gives t, = 41/2/3) and therefore the intersection of the cusp locus (3.110) and the
Mach envelope is on the source height z = 0, as it can be seen in Figure 3.25.

For any value of U we can show that, below the sonic line, the cusp locus and the
reflected Mach envelope are very close to each other—in fact so near that when they
are plotted on the computer (using Mathematica) they are virtually indistinguishable
(we indeed see this in Figure 3.25).

The other general feature of the envelope formation we should make note of is
that, for all U, at the Tricomi cusp the contributing wavefront has a vertical tangent,

(and the boomray there has its turning point as we remarked above). This is a result
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valid for the local behaviour near the sonic line in any steady motion in any stratified

medium. From Section 3.5.1, for any U, the vertical-tangent wavefront is given by

VU2 -1(U*+2)
B 3U3 ’

t(U) (3.123)

and we can use the results in page 47 to determine, for any value of U, which vertical

tangency is the one contributing to the Tricomi cusp.

3.7 Steady subsonic motion in a model stratified
atmosphere (two dimensions)

It is also of interest to show the wavefront pattern in the medium ¢ = 1/4/1 — 2z when
the source motion is subsonic. In this case no boomrays are emitted and hence no
Mach envelope is formed. However we expect some interesting features to arise due to
the medium stratification. In Figure 3.28 we plot 12 wavefronts for My = 1/2,t = 2,
and 7 = n/6, n = 0,...,11. The wavefronts that satisfy t — 7 < 2/3 are nested.
Looking only at wavefronts of the latter type, Figure 3.28 is qualitatively similar to
Figure 3.3 for steady subsonic motion. However the wavefronts with ¢ — 7 > 2/3
are not nested due to the presence of the stratification cusps. A cusp locus forms as
in Figure 3.7, given again by the analytical expression (3.110) and we plot it with a
dashed line. Note that the sonic line is z = 1 — 1/U? = —3, and also shown with a

dashed line. (The thicker line in Figure 3.28 represents the path of the source.)

3.8 Steady supersonic motion in two model strat-
ified atmospheres (three dimensions)

3.8.1 Introduction and overview

For the stratified medium with sound speed profile ¢ = ¢y/+/1 — pz, we have analysed
the geometry of the Mach envelope in two dimensions, and presented relevant plots
for the case ¢ = 1, u = 1, at constant speed U = /2. We are now going to present
analytical examples in three dimensions. We will assume a steady motion and work
in the aerodynamic frame.

Of great practical interest is the intersection of the Mach surface with the ground,
called the carpet. A primary carpet (PC) is formed by BICHs launched downwards
and a secondary carpet (SC) is formed by BICHs launched upwards, which eventually
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Figure 3.28: Subsonic motion with U = 1/2 in the stratified medium ¢ = 1/y/1 — z.
For t = 2, we show 12 wavefronts 7 = n/6, n = 0,...,11. The sonic line z = —3 and
the locus of cusps (3.110) are also shown (with a dashed line).

reverse direction due to refraction and subsequently hit the ground. The Mach surface
and the carpets are determined for two model atmospheres.

Firstly, we determine analytically the Mach surface and BICHs when the Prandtl-
Glauert parameter is B> = 1 — z; through an appropriate coordinate change the
analysis is closely related to the analysis for a stationary source in Section (3.5). In
this scenario all the BICHs launched upwards are reflected back to the source height
and eventually hit the ground. However in a real atmosphere, some of the BICHs are
permanently trapped above the ground due to the stratospheric and thermospheric
waveguide. Therefore we modify the model to B? = 1 — |z|, which gives rise to
a waveguide behaviour. All calculations are again done analytically. The resulting
geometry agrees qualitatively very well with the Mach surface and the BICHs under

realistic atmospheric conditions, where they can only be determined numerically.

3.8.2 Bicharacteristics, Mach surface

For ¢ = ¢o/+/1 — pz, the ray (hyper)conoid in three dimensions is obtained by replac-
ing 22 with 22 + »? in (3.75). We get

w(% Y, Z) :(2 — MZ>(4 — 4IUZ + 4/1222 + 3#2(1-2 + y2))
£+ 8(1 = pz — p?(a® + %) /4" = 9(copt)* = 0. (3.124)
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One way to obtain the Mach surface for B2 = 1 — z would be to take the envelope of
the ray conoids (3.124) with ¢g = 1, p = 1/2 and U = /2 (or fix My = U/cy = v/2 at
the reference level z; = 0). However, this (lengthy) calculation can be circumvented
since for steady flight we can work with BICHs. The BICHs simplify the calculations
enormously as well as being the curves on which the boom propagates. Furthermore,
we will show that a change of coordinates in the ray conoid expression (3.74) will
give immediately the Mach surface here. When B? = 1 — z, the ordinary differential
equations for the BICHs cannot be analytically integrated if they are in the form
(3.54)—(3.55). We can resolve this if we work instead with the eikonal

r_tn 2 (m2p _
Fil=-F 5 (B P Iz > 0, (3.125)
which corresponds to the ordinary differential equations

dX
- = MN + (M?0,0), (3.126)

s

dN Ve Ve

—=M|(—+4+ (N.—)N 3.127
oM (- TN, (3.127)

obtained directly from (3.54)—(3.55) by setting cdt = Mds. Integrating them we
obtain the BICHs equations

3 Ry s?
X(s;Ng)=—=4+——+(1— 12
(5:No) = 35 + 5 + (1= z0)s. (3.128)
y(s;Ng) = —%5 + Yo, (3.129)
0
s2 R
2(s;Ng) = I~ ng + 20, (3.130)
P
P= Po, Q = QQ, 7"(8; No) = 708 + RQ, (3131)
where
1 Qo Ry
No=|(——+—,— — 3.132
0 ( M07 M()PQ’ MOPO)’ ( )

is the unit outward normal to the Mach surface (see (3.56)) at the source location.
It is convenient to employ a spherical polar parametrisation where the azimuthal
angle ¢ is measured in the (y, z)-plane from the y-axis anticlockwise and 6 is the

angle made with the positive z-direction. We therefore let

1
Py = cosfy = = constant, (3.133)
0
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and then

B B
Qo = sinfycos p = 29 cos v, and Ry = sinfysinp = 29 §in ©. (3.134)
MO MO

Substituting (3.133) and (3.134) into the BICH equations (3.128)—(3.131) we have

3 2

S . S
X(s3) = 15 = (Bosing) o+ (1 = 20)s, (3.135)
y(s:p) = —(Boycos p)s + yo, (3.136)
2
z(s;0) = _SZ + (Bpsin p)s + 2o, (3.137)
S 1 .
r(s;p) = T, + MO(BO sin ¢), (3.138)

where By = B(zp) = /1 — 2. For BICHs launched upwards 0 < ¢ < 7 so sing > 0,
and for BICHs launched downwards 7 < ¢ < 27 so sing < 0.
To obtain the Mach surface we need to eliminate s and ¢ from (3.135)—(3.138).

However, this is unnecessary if we apply the coordinate transformation
t— X, zw—vy, zw— 2z (andp+— D), (3.139)

in equation (3.59), which then becomes equation (3.49). The ray conoid at (0,0, 0)
of (3.59) is (3.74) and under the latter change of coordinates it leads immediately to

the required Mach surface for yg = 29 =0

2\ 3/2
9X2:(2—z)(4—4z+422+3y2)i-8(1—Z—y—) : (3.140)

4
Note that this is the same change of coordinates with which the theory of unsteady
cylindrical waves provides a shortcut in the analysis of the steady motion of an ax-
isymmetric body—see, for instance, Whitham [126], Section 7.5, p. 224. (Should we
wish to determine the Mach surface or any other expression for the more general case
of B% = a — bz we can use in (3.140) (X,y, z) — (a*2X /b, ay/b, az/b).)

Obviously, the change of coordinates (3.139) makes the discussion of the features
of the ray conoid (3.74) for the stationary source directly relevant to the analysis
of the features of the Mach conoid (3.140) (and the discussion on the ray pattern
there directly relevant to the BICHs here). Firstly, Figure 3.7 no longer represents
wavefronts but instead (when we change the horizontal axis label to y) gives the

constant X-sections of the Mach conoid as X = X increases.
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Figure 3.29: X-sections of the Mach conoid (3.140) for increasing X: for Xy, < X, =
2/3 we show Xy = 1/3 and X, = 1/2. The marginal section Xy = 2/3 is marked with
a thicker line. The cusped sections Xy = (1 4+ v/2)/3, 2v/2/3, 1/3/2 and 4v/2/3 are
shown. Apart from the axes, this figure is exactly the same as Figure 3.7.

For X, > X, = 2/3, each of these (y, z)-sections has cusps that are on the curve
z = 1—y*/4. From the expressions (3.79) we have that the y and z coordinates of

the two cusps visible on each (y, z)-section, are

9 1/3
You = £2 (ng) —1, (3.141)

3 2/3
Zew =2 — (§Xo) . (3.142)

However there is a crucial difference; the curve
z=1—9%/4, X =(2/3)(2— 2)*? (3.143)

is now the “collapse” (into the aerodynamic frame) of the fold caustic surface of
boomrays in the fixed reference frame, and from now on it will be called the fold
caustic curve. Therefore its presence is much more significant as it indicates a region
of boom focusing, rather than focusing of linear sound waves. Recall that in two
dimensions there is only such focusing point, the Tricomi cusp (see Figures 3.27 and
3.25 and the related discussion in Section 3.6).

Furthermore, the discussion of Section 3.5.2 is also of relevance. FExpressions

(3.84), (3.82) and (3.83) give respectively the following parametrisation of the fold
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caustic curve (3.143) in terms of the azimuthal angle goq:

2,0, .
Xioa = 5(1/sin® prona), (3.144)
Yiold = 2 €Ot Pfold, (3.145)
Zfold = 1-— COt2 Pfold - (3146)

Going back to a X = X = constant section (X, > 2/3) of the Mach surface:

o for g < ¢ < T — Yioq the BICHs have passed through the caustic and make
up the positive sheet of the surface (3.140),

e for the remaining values of ¢g,q the BICHs have not passed through the caustic

and make up the negative sheet of the surface (3.140),

where g = arcsin(2/(3X,))"? is determined from (3.144).

3.8.3 Primary and secondary carpets

We now consider a BICH launched upwards from height zy, which is taken equal to
zero. Its maximum height is reached at 2. = MZR2 = B2 sin® ¢ which is determined
by setting in (3.130)

d
d—z — 0 which corresponds to Smax = 2Mo Ro. (3.147)
S

We are going to represent the ground with the plane z = 2z, = constant where z, < 0.
The BICHs hit z, when s satisfies the quadratic z, = —s?/4 + (B sin ¢)s. Choosing

the positive root of the quadratic, we have

R Ro\? (o7 2
sq(p; 24) = —QF;) + 2 (ﬁj) — zg =2Bysing + 1/ B} sin® ¢ — Zg (3.148)

The BICHs are plotted in Figure 3.30 and terminated when they hit z, = —1/2. The
location of the fold caustic curve can be identified. The ¢ = 7/2 BICH attains its
maximum on the caustic and has a cusp there, but all other BICHs are smooth and
their maximum is not on the caustic curve. The ¢ = /2 BICH is plotted with a
thicker red line. A cusp is visible on this BICH; the cusp is the “tip” of the fold
caustic at X =2/3,y =0,z = 1.

The ¢ = m/2 BICH can also be calculated by the method of Section 3.6, since the
Mach envelope in two dimensions can be thought of as the projection of the Mach

surface on the y = 0 plane. However in any other vertical plane, II; say (defined
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Figure 3.30: BICHs for the model atmosphere with local Prandtl-Glauert parameter
B? =1 — z. They are stopped at z = z, = —1/2 and the corresponding carpet is
plotted. The ¢ = w/2 BICH (plotted with a thicker red line) has its maximum at the
sonic line z = 1. This maximum is a Tricomi cusp.

by the unit vector in the z direction, &, and the BICH direction vector &) the two-
dimensional analysis does not carry through because the BICHs, unlike the boomrays,
do not remain in the vertical plane they are launched in and do not satisfy Snell’s law
(3.35). (In fact, in a stratified atmosphere, the BICHs satisfy a generalised Snell’s
law (3.165), which is derived in Section 3.10.)

For any z, the analytical expression for the carpet is found by substituting s, from
(3.148) into X and y in (3.135) and (3.136) respectively. Then

2
Xposclp; zg) = 3 (— cos 2psin g — (2 — z, + cos 2p)y/ —z, + sin’ gp) . (3.149)
ypc-sc(p; zg) = 2cos g (sincp + 4/ =2, + sin? go) : (3.150)

Expressions (3.149) and (3.150) give the primary carpet (PC) when 7 < ¢ < 27, and
the secondary carpet (SC) when 0 < ¢ < 7 (and hence the PC-SC subscript). The
carpet, for z; = —1/2, is plotted on Figure 3.30 and a separate picture of it is given
in Figure 3.31, where the SC is the part of the curve with the thicker line. Even
though this example is useful because it gives us a first taste of the SSB propagation

in three dimensions, the PC and SC are joined because all BICHs eventually hit the
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ground z,. This is not the qualitatively correct behaviour for a real atmosphere and
we will later consider the modified model atmosphere B? = 1 — |z| which yields a

more qualitatively correct carpet, whilst still being analytically tractable. We note

y

Figure 3.31: The carpet for B> = 1—z at z = z, = —1/2. The primary and secondary
carpets are joined because all BICHs launched upwards, eventually reach z,.

that the carpet has two extreme points that are cusps. These cusps are the traces of
the fold caustic curve (3.143) on the ground, and satisfy the relations (3.144)—(3.146).
Therefore the width of the carpet, defined as the y-distance between these two cusps,
is found simply to be 4\/1_7% , which increases with height.

Before moving on to a realistic atmosphere we would also like to analytically
examine the phenomenon of the boom reflection at the ground. There are two points
to comment on: the pressure recorded at the ground, and the continued propagation
of the reflected boom. The former is of practical interest because for a receiver on
the ground, the perceived boom is enhanced by reflection from the ground. The
enhancement factor is generally a factor of 2 when assuming a perfectly reflecting
ground (infinite acoustic impedance) but it may be smaller if the ground is soft, and
larger if there are multiple reflectors of the boom (such as corners between the ground
and walls).

For the same model profile B> = 1 — z (and keeping z, = —1/2), in Figure 3.32
we plot the BICHs reflecting from z, = —1/2 once; we stop them when they hit z, for
a second time. We assume perfect reflection, so after a BICH hits z, we just reverse
the sign of r(s4(¢), ¢), the z-component of the BICH direction vector, and calculate
the subsequent trajectory using again equations (3.135)—(3.138). We see that two
more caustic curves appear; one due to the reflected PC BICHs and one due to the
reflected SC BICHs. We can also see that some of the reflected PC BICHs intersect
with some of the SC BICHS. Such intersections, even though they are not caustics,

are also places where the boom will be enhanced. Such intersections may occur under
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realistic atmospheric conditions and it is desirable that they are not too near to the

ground.

Figure 3.32: B? =1 — z: BICHs reflecting off the z-level z, = —1/2.

The corresponding carpet has been calculated again analytically as a function of
p—the lengthy formulae are not illuminating and hence not given here. Plotting the
carpet expression in Mathematica, in Figure 3.33, we obtain two closed curves. The
first closed curve starting from the left is the carpet that appeared already in Figure
3.31. The second closed curve is the carpet formed entirely by BICHs reflected off
the ground. The part of the curve shown with a solid line is formed by reflected PC
BICHs and the part of the curve shown with a dashed line corresponds to an indirect
SC; it is formed by reflected SC BICHs. We again note that the carpets are closed
curves because all BICHs eventually hit z,.

Below we present the Mach surface and BICHs in a typical atmosphere, calculated
numerically, and show the primary and secondary carpets. We then modify the model
to B% = 1—|z|, and determine the BICHs and carpets (still analytically). We will see
that most of the qualitative features of the realistic carpet are captured by the latter
model. Again we note that the “reflected” carpet is wider than the PC-SC carpet.
The width increase with time is a general feature of SSB carpets, owing to the fact

that the Mach conoid becomes larger with time.
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Figure 3.33: B? = 1—2z: the carpet when we take into account reflection at z, = —1/2.

From left to right, the first closed curve is the carpet of Figure 3.31. The second closed
curve is a “reflected” carpet; it consists of a part (solid line) formed by the reflected
PC BICHs and a part (dashed line) that is formed by the reflected SC BICHs.

3.8.4 Numerical results for a real atmosphere; the analytical
example B% =1 — |z|

We consider a typical atmospheric sound speed profile ¢ and the related plot of B? as
in Figure 3.34. We integrate numerically the BICHs equations (3.54)—(3.55) (using
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Figure 3.34: Typical sound speed profile for a real atmosphere (left) and the B? profile
(right).
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Matlab). We consider a supersonic aircraft (still modelled as a point source) flying at
2o = 18km, and with M, = v/2. The Mach surface is shown in Figure 3.8.4. Indeed
we see that it looks like a deformed cone but we cannot draw more useful information
from it. Therefore we will study its behaviour by looking at constant y and constant

z sections. The traces of the BICHs on the ground are shown in Figure 3.36. We
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Figure 3.35: Mach surface for a typical stationary atmosphere, calculated numerically.
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Figure 3.36: The carpet: PC, SC and indirect SC

observe that the PC (first curve from the left) and SC (the second and third curve
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from the left) are disjoint and of finite extent (note that a curve here is taken to mean
a collection of BICHs traces). Therefore we conclude that some of the BICHs do not
reach the ground and we investigate this below.

For this it is easier to argue in terms of boomrays since they obey Snell’s law
cos ) = c(z) cosBy/cy (see Section 3.3). Applying it, we find that under almost all at-
mospheric conditions'? a boomray that attains its maximum height in the stratosphere
below 50 km can never reach the ground, because ¢, > cp,, where ¢, is the maximum
value of the sound speed in the stratosphere. All such boomrays are therefore chan-
nelled or “trapped” in the stratosphere and we can refer to a stratospheric waveguide.
Therefore in a windless atmosphere all boomrays that do reach the ground must at-
tain their maximum height and “reflect” in the thermosphere around or above 110 km
(according to Figure 3.34). Therefore, in a typical, stratified stationary atmosphere
an SSB can only be thermospheric. Also in the thermosphere, if the “reflection”
height is for a sound speed value that is less than ¢, (heights between 50 km and
100 km) the boomrays are trapped between the thermosphere and some point in the
troposphere above the ground, and we can refer to a thermospheric waveguide.

We can investigate the waveguide behaviour analytically, by considering B? = 1 — |z|
for which the sound speed profile has a minimum at z = 0. As in the previous ana-
lytical examples, we take zp = 0 and 2z, < 0. (If we want to consider some other more
general situation we can stretch and rescale accordingly.) This model can capture
well the qualitative features of thermospheric SSBs. Since B? =1 — |z| = 1 + 2 for
z < 0, all BICHs launched downwards attain a minimum at z = —sin®¢. Setting
z = z, we find from the relevant BICH equations (we do not give them here as it is

just a matter of algebra) that

2P, P\’
and we need to pick the positive root. The square root in (3.151) gives that PC values

of ¢ should satisfy
sin® p > —2z, (3.152)

and consequently since sin ¢ < 0, we have m+arcsin(/|z4]) < ¢ < 2m—arcsin(/|z4]).
The PC is then

2 2
Xpc = —5(2 + cos 2¢p) sinp — 5(2 + 24 + €08 2¢)1/ 2, + sin’ i, (3.153)

ypc = —2cos p(sin g + 1/ z, + sin p). (3.154)

except in arctic conditions where ¢, may be very low

12
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Above zy = 0, the BICHs are governed by B? = 1 — z. Therefore all of them return
to zg = 0, pointing downwards. Their behaviour from then on will be governed by
B? = 1 + z so the considerations that led to the PC expressions again become valid.

The SC expression is

1
Xgc = 3 (—Qg/zg+sin2g0(1—|—zg+2(:osgg0)+1Osingp—|—251n390—|—20052gpsingp) :
(3.155)

Ysc = 2cos p(3sin g — 1/ z, + sin® p). (3.156)

The carpet condition (3.152) is still valid for the SC but since sinp > 0 we have
arcsin(y/]z,]) < ¢ < 7 — arcsin(y/[z,[). BICHs not satisfying the carpet condition
will never hit z,, due to the symmetry of B? in the plane z = 0.

In Figure 3.37 we plot only BICHs that reach z, = —1/2, and we also superimpose
the PC and the SC. In Figure 3.38 we plot separately the carpet. Comparing Figures

Figure 3.37: B* = 1 — |z|: BICHs that hit z, = —1/2 are shown (2 = 0). Some
BICHs never hit z,. The limiting (grazing) BICHs are shown with a blue colour.
The PC and SC are shown with solid curves, plotted using the analytical expressions
(3.155) and (3.156).

3.36 and 3.38 we observe good qualitative agreement. In Figure 3.37, the PC is the
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Figure 3.38: B> =1 — |z]: the first open curve from the left is the PC at z, = —1/2,
and the second open curve is the SC.

first open curve from the left. The second open curve is the SC and it is formed by
BICHs that were initially launched upwards, as we can see in Figure 3.37. Similarly
in Figure 3.36 the first curve from the left is the PC and the second curve from the left
is the SC formed by BICHs that returned from the thermosphere. The third curve
from the left is an indirect SC formed by PC BICHs that reflected at the ground
(assuming perfect reflection), went up and were returned to the ground again by the
thermosphere. For the model atmosphere we did not consider any reflection at the
ground, so we do not have an indirect SC.

The carpets of Figures 3.36 and 3.38 have finite extent due to the upward refraction
of the BICHs. The SC is larger than the PC in both cases since the Mach conoid
increases in lateral extent with the time of propagation of the boom. The width of
the PC and SC increases with increasing height and Mach number.

Below we present in Figure 3.39 the cut of the Mach surface on the y = 0 plane
containing the line of flight. The cusps we see are Tricomi cusps; they look very
similar to the cusp we obtained for the analytical example in Section 3.6. This is
to be expected since for any atmospheric condition near the sonic surface equation
(3.49) becomes a Tricomi-type equation, as we already remarked in Section 3.6. In
Figure 3.40 a cut of the Mach surface at height z = 50 km is taken. The solid curves
correspond to BICHs that were launched upwards, i.e. their azimuthal angle satisfies
0 < ¢ < 7. The dashed curves are formed by BICHs that were launched downwards.
In more detail, (and observing for clarity the horizontal line drawn at 50 km in Figure
3.39):

e The first (leftmost) solid curve is formed by upward BICHs before they reached

the sonic line.
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Figure 3.39: The y = 0 section of the Mach surface: Tricomi cusps are visible. The
horizontal line at 50 km facilitates understanding of Figure 3.40 below.

e The second solid curve (which is joined to the first curve at cusp points) is

formed by those BICHs that were reflected once from the sonic line.

e The third solid curve is formed by those BICHs that were also reflected off the

ground once.

e The first (leftmost) dashed curve is by BICHs that were reflected off the ground

once.

e The second dashed curve is formed by BICHs that were reflected at the ground,

then from the sonic line.

e The third dashed curve is by BICHS that were reflected at the ground, then

from the sonic line and at the ground for a second time.

The y = 0 line drawn coincides with the horizontal line drawn in Figure 3.39 and

shows how the two figures are related geometrically.
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Figure 3.40: An (z,y)-cut of the Mach surface at z = 50km. The solid line curves
track the behaviour of BICHs that were launched upwards (0 < ¢ < ) and the
dashed line curves track the behaviour of BICHs that were launched downwards
(m < @ < 2m).
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3.9 Focusing

In this section we discuss focusing of sound waves and weak shock waves in general,
consider some particular examples, and outline similarities and differences.

The word caustic'® was adopted by Airy in 1838 to describe regions of light focus-
ing [4]. An acoustical caustic is similarly a region of sound focusing. In the physical
world the amplitude of light or sound at a caustic may be an order of magnitude larger
than in any other region of the wavefield. Therefore caustics are desirable in appli-
cations where focusing of waves provides a benefit, e.g. in medical procedures such
as ESWL (Extracorporeal Shock Wave Lithotripsy—the breaking of kidney stones by
focusing shock waves [105]), but they are obviously an undesirable side effect in the
sonic boom context.

An optical or acoustical caustic can be defined as an envelope of optical or acoustic
rays (in the framework of GA or GO); there adjacent rays meet. At an envelope the ray
tube area becomes zero [94] and the hence the amplitude predicted by GA is infinite.
(It is a standard result of GA that the wavefield intensity is inversely proportional to
the ray tube area.)

We consider a two-parameter family of rays labelled with parameters s;, s and ¢
is the parameter along the rays. It can be shown formally that the ray tube area is
proportional to the Jacobian of the transformation between the spatial coordinates

and the ray parameters, given by

8(1‘1, T, J)g)

J(Sl,Sg,t) = 8(31 59 t) .

(3.157)

(See, for instance, [68].) Therefore when J = 0, the ray tube area is zero and a
caustic can be alternatively defined as the locus of points for which J = 0. Caustics
are therefore also the singularities of the map from the space coordinates to the ray
parameters and hence sets of co-dimension 1; this means that in three dimensions they
are surfaces and in two dimensions they are curves [68]. (This has been illustrated in
all the examples we have seen previously.)

An infinite amplitude at the caustic obviously cannot agree with physical observa-
tions. This discrepancy of GA with the physical world indicates that the assumption
on which GA is built, namely that the local gradients of the wavenumber are small
(or equivalently that diffraction is negligible), breaks down.

However, even though GA fails to predict the correct amplitude at a caustic, it

still accurately predicts the location and geometry of the caustics. This is true both

3the word comes from the greek word “kaiein” meaning “burning”.
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for focusing of linear waves and weak shock waves. For linear waves, this was nicely
illustrated by our amplitude calculation in Section 3.5.3. We shall return to weak
shock waves later in this section.

There are various types of foci: a fold caustic is a smooth envelope of rays and
can also be called a simple focus. A cusp, also frequently called an aréte, can also be
called a superfocus, and it joins two fold caustics—the aréte and the two fold caustics
together are usually referred to as a cusp caustic. The fold caustic and the cusp caustic
are in fact the two types of caustic most frequently encountered in practice. They are
structurally stable in the sense that small perturbations in the conditions creating the
caustic do not affect the caustic formation (see Nye [81]). The terms “fold caustic”
and “cusp caustic” are transferred from “catastrophe theory” (see Berry [15]). A
third type of focus is a perfect lens-like focus; this is structurally unstable [81].

Below, we discuss various examples in order to bring out the important points. A
fold caustic of rays was illustrated in Figure 3.12 and a fold caustic of boomrays was
illustrated in Figure 3.27. The behaviour of these two caustics is locally the same:
at a point in the “illuminated” side of the caustic two rays pass through. These rays
coincide when this point moves on the caustic; no rays exist in the shadow side of the
caustic. In both cases the caustic is formed due to the stratification of the medium.
We shall see in Chapter 6 that similar fold caustics of boomrays are formed due to
acceleration and due to manoeuvres.

For an example of a cusp caustic formation in a stratified medium, we consider a
point source at the origin in the medium with sound speed profile ¢(z) = 2—exp(—2z?).
In Figures 3.41(a) and 3.41(b) we plot respectively the rays and wavefronts for ¢ty < 1;
no focusing has yet appeared.

In Figure 3.42 we plot the rays for ¢ < 4. Cusp caustics are now observed.
Comparing with examples mentioned above, the cusp is a new feature. In Figure 3.42
we also show a magnified view of the right caustic. For the rays near the z-axis, z is

small so ¢(z) &~ 1+ z2. A series of caustics forms at approximate distances
Ton = £nm(y/¢/ oo = £n7/V2, n=1,2,3, ... (3.158)

along the x-axis. (For the general formula for the location of the cusps in any stratified
medium see, for instance, Pierce [94] p. 392). In Figure 3.43 (and Figure 3.42), since
t < 4, we see only the first caustics in the series at x¢, = :l:7r/\/§ = £2.22.

In Figure 3.43 we also plot the wavefronts. Inside the caustic the wavefronts are
folded with cusps touching the caustic. In the same Figure, the right plot is a zoomed

version of the wavefront pattern in the right caustic. These cusp caustics are very
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(a) Rays, t < 1. (b) Wavefronts, ¢ < 1.

Figure 3.41: Ray pattern and wavefronts for a stationary source in the stratified
medium ¢ = 2 — exp(—2z?), before focusing has begun.
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Figure 3.42: ¢ = 2 — exp(—2?), rays and their focusing leading to the formation of a
caustic (t = 4).
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X X

Figure 3.43: ¢ = 2 — exp(—2?), the folded wavefronts are shown (¢t = 4) taken at time
intervals At = 0.1.

similar to the coffee-cup caustic, visible on the surface of coffee in a cup placed in the
sun—see the photograph in Figure 3.44(a) from Nye [81].1 The coffee-cup caustic
consists of two fold caustics joined by a cusp.!® The cusp is the brightest point of the
caustic. In Figure 3.44(b) it is shown how the rays form the caustic by reflecting off
the inside surface of the cup. At a point P in the illuminated side of the caustic four
rays pass through. Three rays are reflected from the cup, at points A and B and C,
and the fourth ray DP reaches P directly. When P moves to the right side of the
caustic, the two reflected rays AP and BP coalesce but when P moves to the left side
of the caustic, the two reflected rays C'P and BP coalesce. When P is the cusp point
all three rays AP, BP and C'P coalesce. When P moves anywhere on the dark side
of the caustic (shadow region) only two rays pass through (the two rays that have
coalesced on the caustic do not exist in the shadow region).

Note that these geometrically similar cusp caustics come about from very different
physical problems; in the stratified atmosphere example the caustic is formed because
rays curve due to stratification, whereas in the case of the coffee-cup caustic the rays
are straight and focusing occurs due to reflection at the cup. Examples of cusp

caustics of boomrays are much more difficult to pinpoint!'® but we identified one such

1The list of optical caustics is very rich—see the same book for a wealth of optical caustics
accompanied by real photographs.

15The first sketch of the coffee-cup caustic was by Leonardo da Vinci in 1508.

16 A good part of the difficulty in creating a cusp caustic of boomrays arises from the fact that
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(a) Real photograph of a coffee-cup caustic
(negative so that the caustic stands out.)

20

(b) The caustic shown as envelope of rays.

Figure 3.44: Photograph and sketch of rays for the coffee-cup caustic.
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scenario, which can still be treated analytically. It will be discussed at the end of
Chapter 6.

In all the examples of caustics mentioned above the difference in the number of
rays across the caustic is exactly two. This is in fact a generic feature of all caustics
(see Lighthill [72], Section 4.11, p. 385).

The remedy for the infinity of the wavefield predicted by GA at caustics has
been the subject of intensive research, both for linear and nonlinear waves. The
discrepancy between the physical world and GA predictions is due to diffraction,
nonlinearity, dissipation and other effects that are not accounted for in the latter.

Assuming that diffraction effects are more important than the other neglected
effects in the neighbourhood of the caustic, for linear monochromatic waves Buchal
and Keller [19] and Ludwig [75] constructed the Geometrical Theory of Diffraction
(GTD), which recovers diffraction effects to first order in an appropriately defined
neighbourhood of the caustic, usually called the Diffraction Boundary Layer (DBL).
It turns out that the consistent approximation of the Euler equations in the DBL
is the linear Tricomi equation. The generic solution of the Tricomi equation for
monochromatic waves is the Airy function. The solution in the DBL is then matched
to the GA solution outside of the DBL.

Focusing may arise as an undesirable consequence of a supersonic flight. Focusing

of the shock waves can have one or more of three causes:

1. Because the flight takes place in a non-uniform medium—a very likely scenario

especially for SSBs and it is what we have concentrated on in this chapter.

2. Because the aircraft in every supersonic flight has to accelerate through the
sound speed (but maybe also during other parts of the flight). This focusing is
further discussed in Chapter 6; it will be shown that for constant acceleration
in a uniform medium again a fold caustic of boomrays arises. We will also see

there that a cusp caustic of boomrays arises when the same motion takes place

in the stratified atmosphere ¢ = 1//1 — z.

3. Because of other manoeuvres such as turns. Examples of various manoeuvres

are also discussed in Chapter 6.

Flight tests [123, 47] suggest that the caustics that arise in sonic boom focusing are
mainly fold caustics and much more rarely cusp caustics [76]. (Cusp caustics have

only been documented in the flight tests by Wanner et al. in [123].) The primary

boomrays are always emitted at a fixed angle dictated by the boomray condition.
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sonic boom enhancement factors observed are two to five times for a fold caustic and
can be up to ten for a cusp caustic.

In sonic boom problems we are interested in the caustics of boomrays, rather than
caustics of ordinary rays, but the local geometrical features of the former and the latter
case are the same, as indicated by catastrophe theory [15] and as illustrated through
the examples in this thesis. For weak shocks, experimental work by Sturtevant and
Kulkarny [118] and by Marchiano et al. [77] supports the belief that deviation caused
to the caustics’ geometry by nonlinearity is negligible. Therefore geometrical results
from linear waves are still accepted as relevant. It is believed, however, that in
order to predict the correct amplitudes near caustics diffraction effects have to be
complemented by nonlinear effects; we elaborate on this below.

When the wave incident on a fold caustic is a shock, the solution of the linear
Tricomi equation is singular; an incoming double-shock N-wave is transformed into
the so-called U-wave with two infinite peaks (this U-wave can be derived as the
Hilbert transform of the N-wave —see article [109] by Rosales and Tabak). This is
an unphysical result.

For a correct estimation of the associated wavefield at a fold caustic it seems that
nonlinear effects need to be retained as a limiting mechanism. This assertion is sup-
ported again by the laboratory-scale experiments of Sturtevant and Kulkarny [118]
and of Marchiano et al. [78]. When retaining both diffraction and nonlinear effects
near fold caustics of weak shocks the nonlinear Tricomi equation (z + ®x)Pxx = P,
arises as the consistent approximation of the Euler equations. The latter equation
was first derived by Guiraud in 1965 [45], and again by Hayes in 1968 [53]. Pechuzal
and Kevorkian [91] arrived at the same equation when they studied the focusing of
shocks created by a supersonic source in a weakly stratified linear wind and in a two-
dimensional uniform atmosphere. Similar equations were subsequently derived by
Fung [41], Rosales and Tabak [109], and Auger [10]. Numerical solutions of the non-
linear Tricomi equation for a single shock were provided by the approximate method
of the hodograph transform by Seebass [113], Gill and Seebass [43], and Fung [41]. By
2002, Cheng and Hafez [23] and many others had devised other numerical methods for
solving the nonlinear Tricomi equation. A faster and more robust numerical method
was introduced by Auger and Coulouvrat [11] in 2002. In 2003, Marchiano, Coulou-
vrat and Grenon in [77] applied this method to an incident N-wave for estimating
the amplitudes created by acceleration through the sound speed at the ground track,
using the Eurosup configuration derived from the European configuration for a future

SST [37], in realistic atmospheric conditions.
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On the other hand, for the wavefield at a cusp caustic, much less research has been
done [29, 28, 25]. In the linear theory the generic function describing the solution at
a cusp is the Pearcey function [90]. For an incoming shock wave the outgoing wave
has again infinite singularities; the idea for remedial action is the same as for the fold
caustic, that is by introducing nonlinearity as a limiting mechanism. The most recent
work is by Coulouvrat [25]; he proposes that the KZ equation should be solved in the
vicinity of the cusp and provides a description of how a numerical scheme could be

developed to handle an incoming N-wave.

3.10 Sonic booms in an atmosphere with wind

Waves in fluids are generally affected by any underlying motion of the fluid, such as
winds in the atmosphere or currents in the ocean. Below we will present briefly the
theory of GA in a moving medium [17, 65, 87] in order to determine how atmospheric
winds influence the SSB propagation. We consider a non-uniform background flow of
the form U(x) = (Uy(x), U2(x), Us(x)), taking place in a slowly varying atmosphere.
We assume that the length-scale of variation of the ambient flow is much larger than
the wavelength and therefore U(x) is slowly varying. This assumption is necessary if
we are to retain the GA framework used for stationary media. Note that from now
on we will refer to the ambient flow as “wind”.

The ray equations valid in a moving medium are the ordinary differential equations

. Ow . Ow

X = o k = o’ (3.159)
which are valid for any waves with the general dispersion relation w = w(k;x) (see
Lighthill [72], equations (106)—(107) and the discussion on ray tracing in a wind, pp.
325-334). For sound waves in a stationary medium the local dispersion relation is
w, = c(x)|k|, as we already noted in (3.32). The subscript r applied here stands
for rest or relative because w, is the frequency of the waves relative to the ambient
flow velocity. For sound waves in a moving medium the local dispersion relation is

modified to
w(k;x) = w, (k) + U(x).k = ¢(x) k| + U(x) .k, (3.160)

and therefore equations (3.159) become

dx; Ow,

=l o+ =T 1 : .161
o U; + ok U; + cn;, (3.161)
dk; oUu;  Ow ou;  Oc
— =k - L = k.- k|. 162

90



Since n = k/|k| the system of equations (3.161)—(3.162) is closed. The right-hand
side of (3.161) is the vector sum of the wind velocity and the direction vector of
the ray when the fluid is at rest. The first term in the right-hand side of (3.162)
represents refraction due to the gradients of the wind and the second term refraction
due to gradients of the sound speed.

For typical atmospheric conditions the wind is in many cases approximately hori-
zontal. We show below, generalising Lighthill’s treatment in [72] for U = (U(z2), 0, 0)
to the case of U = (U(z), V(2),0), whose magnitude and direction varies with height,
and a stratified atmosphere we can derive a generalised Snell’s law. Firstly, from the

dispersion relation (3.160), and letting k = —(p, ¢,r) = (k,l, m), we have
w(k;x) = clk| + kU (2) + 1V (z). (3.163)

For a medium stratified in the z-direction equations (3.162) give that k and [ are con-
stant; since the changes are only in the z-direction only the component m changes.

Furthermore w is constant along a ray, since the derivative of w along a ray is
d ow dx;  Ow dk; . .
d—:‘; = 8; d:; + 81(; p 0 (using equations (3.161) and (3.162)—see also [72], p.

319.) We then take

k = kg cos, | = kgsiny, m = kg cot ), (3.164)

where ky = vVk? 4+ [2, v is the constant azimuthal angle to the wind direction, and
¥ is the wvariable angle to the z-direction; we find that (3.163) then becomes the

generalised Snell’s law

<z)

sin

+ U(z)costp + V(z)siny = k‘i = constant

c(2)

ing = :
i wky' — U(2)cosyp — V(z)sin

(3.165)

When we take U =V = 0 and 9 — 7/2 — 6 we recover (3.35), the Snell’s law in a
stationary medium.

Relation (3.165) is very important because it can explain how a stratospheric SSB
may arise. For a boomray to be reflected from a height z = 2, in the stratosphere
and then reach the ground, setting V' =0 in (3.165), we find that the condition

cosP(U(z,) —Uy) > ¢y — c(2) (3.166)

should be satisfied, where ¢, is the ground sound speed and c(z,), the sound speed

at the reflection height. This means that the difference in the wind speed between
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the reflection height and the ground must be large enough in the direction of the
boomray so that it compensates for the fact that ¢, is greater than c¢(z,).

Note that from (3.163) we can write down

m@:iﬂ%gw)tkz_p 8.167)

and equations (3.161) give
dy  Ow,/Ol  dx  U(z)+ Ow,/0k

dz 0w, /0m’ dz  Ow./Om

where the right-hand sides are known functions of z and when integrated give the

(3.168)

projections of the rays in the x and y plane respectively. This is not so useful for rays
that go through a reflection point where m changes sign, and solving the ordinary
differential equations directly is preferable.

For the most part in this chapter we have investigated the geometry of thermo-
spheric SSBs and in this section we looked at stratospheric SSBs. It is also important
to know what is the intensity associated with these two types of SSBs. This issue has
been addressed within the SOBER programme, and it has been briefly discussed in

the Introduction.

The link with the BICHs

There is still an interesting point to make here, as promised on page 73: If we take
U to be a constant (and the medium stratified in the z-direction) equations (3.161)-
(3.162) reduce to the equations for the BICH (3.54)—(3.55). Therefore the BICHs can
be thought of as the rays in a medium with a “supersonic” stream (U, 0,0) and they
satisfy the generalised Snell’s law (3.165). (We no longer call (U,0,0) the “wind”

because wind is never supersonic.)

3.11 Other considerations

The well-defined impact areas shown in our simple models do not really materialise
in real atmospheric conditions; variations in the atmospheric wind and temperature
profiles may cause drastic changes to the character of the carpets.

Furthermore, in reality, the atmospheric parameters are given as data points sam-
pled or predicted in certain intervals of time and at certain locations on the ground.
Therefore the necessary interpolation needed to produce a smooth profile for the
ambient properties of the atmosphere, such as temperature or pressure, inevitably

introduces errors that may change the character of the computed carpet.
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3.12 Summary and conclusions

In this chapter, we have first detailed the terms frequently used in sonic boom re-
search. We presented a series of mainly analytical examples which showed how rays
and boomrays arise as a means for studying long-range sound and sonic boom prop-
agation in a non-uniform atmosphere. For the main part we looked at stationary
media. In particular we illustrated a fold caustic of rays and a fold caustic of boom-
rays and in the latter case we have shown how this corresponds to a Tricomi cusp
on the Mach envelope. The Mach envelope parts joining to each other through this
Tricomi cusp were called “incident” and “reflected”. We shall see in Chapter 6 that
we can use the same labelling for the Mach envelope arising in acceleration through
the sound speed.

For our three-dimensional examples we worked in the aerodynamic frame and
traced the BICHs rather than the boomrays. This is an alternative, simpler, way to
follow the boom in the case of steady level flight. In particular, the analytical example
with B? = 1 — |z| gave carpets qualitatively similar to those in a typical atmosphere.

Throughout the chapter we concentrated on the geometrical features of propaga-
tion, except in Section 3.5.3 where we have calculated the amplitude due to a sta-
tionary monochromatic source in the medium with sound speed profile ¢ = 1/4/1 — 2.
In that example we have compared the full linear wave theory with the Geometrical
Theory of Diffraction: we have shown that an order 1 wavefield exists inside the fold
caustic z = 1 —x?/4 where ray theory predicts two rays passing through each point, a
larger amplitude exists near the caustic where the rays coalesce, and an exponentially
decaying wavefield exists outside the caustic as also predicted by GTD. (Work on the
amplitudes related to focusing will also be presented in Chapters 6 and 7.)

We have also discussed similarities and differences in the focusing of linear waves
and weak shock waves, and related this discussion to our examples. Finally, we looked

at ray tracing in a wind as a means for explaining stratospheric secondary booms.
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Chapter 4

Steady supersonic flow in a
uniform atmosphere

4.1 Introduction

In this chapter we are going to investigate the flow around aerofoils, moving at a
constant supersonic speed (—U, 0,0) in a stationary uniform medium. The equations
of motion are taken to be the Euler equations, as detailed in Chapter 2. This is a
good approximation in most of the flow; we will neglect viscous and thermal effects
which are confined to boundary layers around the body.

The chapter is structured as follows: firstly, the Euler equations are recast, under
certain assumptions, into a scalar nonlinear equation for the velocity potential. Sub-
sequently, the method of Matched Asymptotic Expansions (MAE) is used to derive
consistent approximations of the potential equation near the aerofoil (near-field) and
far from the aerofoil (far-field), in two and three dimensions. In the near-field a linear
wave equation is derived at leading order. However, the linear approximation breaks
down in the far-field due to small nonlinear effects that cumulatively become impor-
tant there. In the far-field the consistent approximation of the potential equation at
leading order is a so-called “Kinematic Wave Equation”. Solving the latter equation
determines the characteristics and shocks.

That the nonlinearities are important in the far-field is a well-known result in sonic
boom research. In 1952 Whitham, in [124], used an ingenuous geometrical approach
to include these nonlinearities. He created the so called “quasi-linear” theory based
upon the hypothesis that the linear theory yields the correct values of perturbations
along the characteristics as long as these characteristics are shifted appropriately in
the far-field. These modified characteristics incorporate at leading order the effect

of nonlinearity. Eventually the shifting of characteristics leads to their crossing, and
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shocks have to be introduced to resolve the resulting multi-valued regions. On the
other hand, Hayes in [51] derived the correct KWE at the far-field for planar bodies
and bodies of revolution, but he did not employ formal asymptotic methods; he
neglected terms in a somewhat ad hoc way based on physical intuition. However, the
advantage of our asymptotic analysis here is that it is systematic and does not need
to rely on such physical arguments. ! Furthermore, it provides us with the means to

calculate the higher orders, should we wish to do so.

4.2 Euler equations for steady flow

We define the Mach number of the aerofoil as My = U/cy > 1 and the local Mach
number of the flow as M = |u|/cy. For an aerofoil with My < 1 (typically less than
0.3) the compressibility effects are usually negligible to first order and the flow is
called incompressible. The flow is said to be compressible for larger values of My. It
is called subsonic or supersonic if the flow velocity relative to the aerofoil is subsonic or
supersonic everywhere; it is called transonic if there are both subsonic and supersonic
regions: for typical aerofoils the subsonic regime is for M, from about 0.8 to 1.2. Note
that for My greater than about 5 the flow is called hypersonic. The exact cutoff values
of My are dependent on the particular configuration. In this thesis, the Mach number
M, will always be large enough for compressibility effects to play an important role
but we will not consider hypersonic flows.

It is convenient to work in the aerodynamic frame in which the aerofoil is station-
ary and there is an incident supersonic stream (U,0,0). By defining the travelling
coordinate X = x + Ut, the problem becomes time-independent, and the Euler equa-
tions (2.4), (2.5) and (2.12) simplify to

V. (pu) =0, (4.1)
Vp+p(u v)ju=0, (4.2)
uwvS=0 or wVp=cuvp, (4.3)

for a smooth flow. Equation (4.3) gives that the entropy is constant along streamlines
(fluid particle paths and streamlines coincide in steady flow). Furthermore, to a good

approximation air is a polytropic gas (with v = 1.4), so ¢ = yp/p and (4.3) becomes

pu.Vp=ypu.Vp. (4.4)

1Our MAE framework in two dimensions is very similar to that in Van Dyke [121] but MAE
framework in three dimensions is more original.
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We also need to impose appropriate boundary conditions. Firstly, at the surface of
a stationary solid body, the direction of an inviscid flow must be tangential to the
solid boundary?. Letting the surface of the aerofoil be described by the equation

G(z,y,z) = 0, this boundary condition is expressed as
u-vG=0. (4.5)

Secondly, we need to specify a condition at infinity. A body in a supersonic stream
does not influence the flow upstream, as we remarked in the previous chapter. This
fact dictates that the disturbance to the flow by the aerofoil can only be outgoing.
Any body in a supersonic stream leads to shock formation in the flow. In the
aerodynamic frame the supersonic streams are steady and the shocks are stationary.
The flow upstream is steady and homentropic and Crocco’s equation (2.24) reduces
to
VH=uxuw. (4.6)

Dotting (4.6) with u the right-hand side vanishes identically and we have
wvH=0, (4.7)

which says that the total head H is conserved along streamlines. Such a flow is usually
called isoenergetic. If furthermore, H = Hy = constant for all streamlines at infinity,
as is the case here, then H is a constant throughout the flow and the flow is usually
called homenergetic. (The homenergetic condition H = Hj is actually Bernoulli’s law
for steady compressible flow). Summarising, the flow upstream is steady, homentropic
and homenergetic.

Across a shock the Rankine-Hugoniot conditions (2.19)—(2.21) hold. For station-
ary shocks, the energy Rankine-Hugoniot condition (2.22) gives that the total head
H is conserved across the shock. The entropy jumps, however, to a higher value
and the flow after the shock is in general not homentropic. Since the flow is steady,
downstream of the shock, by (4.3), the entropy is constant, along streamlines and
the flow, even though not homentropic, is isentropic. Summarising, the flow after a
curved shock is still steady and homenergetic but isentropic.

A thin supersonic aerofoil with small thickness parameter e produces weak shocks
in the flow, with strength of order e. As we discussed in Chapter 2, Section 2.4,

for such weak shocks, the jump in entropy across the shock, is only of order € and,

2Recall that in a steady, inviscid flow streamlines can be replaced by stationary solid body surfaces
or vice versa—see, for instance, Acheson [2].
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by the Circulation equation (2.40), the vorticity is of order €3. Therefore the flow
perturbation downstream of a weak shock is irrotational up to a relative error of

order €2.

4.3 The velocity potential equation

For irrotational flows a velocity potential ® can be defined and the system of Euler
equations reduces to a single nonlinear scalar equation for ®, which simplifies the
analysis. Below, we derive a potential equation for steady flows, and then we seek
an approximate solution using asymptotic methods in the case of an aerofoil in a
supersonic stream, in two and three dimensions. The potential equation will be valid
only up to order €2, due to the vorticity production.

Using in succession (4.1), (4.2) and (4.3), and setting F = 0 since the ambient

pressure py = is constant, we find that

c2V.u:—c

2u'pv'0:—u'pvp:u.(u.Vu). (4.8)

Letting u = V ® where @ is the velocity potential, (4.8) becomes
VO -vo (Ve v(ve)) =0. (4.9)

Note that in equation (4.9) we still have to express the local speed of sound ¢ as
a function of the velocity potential and this is possible through the homenergetic
condition

H:H0:>h+%|u|2:hg+%U2. (4.10)

Equation (4.10) is valid upstream and downstream of the shocks, since H is conserved
across stationary shocks.

For a polytropic gas h = Ll]—) and ¢ = yp/p and therefore equation (4.10)

Y—1p
becomes

v—1
02:cg+T(U2—|vc1>|2), (4.11)
which relates the local speed of sound ¢ and the ambient sound speed cy. Combining

(4.9) and (4.11) leads to the required potential equation

(cg+77_1(U2— VOP)VIO— VO (VD V(VE) =0,  (412)

Equation (4.12) is valid for any steady compressible flow since it was derived with no

assumption on the size of the Mach number M.

3For unsteady flows an analogous potential equation can be derived—see for instance Chapman
[21] p. 62.
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The body boundary condition (4.5) becomes

0P
. =— = 4.1

where ng = V G is the normal to the aerofoil surface G = 0. The condition at

infinity can be written as
Vo — (U,0,00 as x — —o0. (4.14)

Once @ is determined, all flow quantities can be obtained. An expression for pressure
in terms of ® can be found by combining (4.11) and ¢ = yp/p, where p = (p/r)"/"
from the constant entropy condition (2.13) (valid here up to O(€?)):

~

-1 F-1
p=p 1+ (0= |VOP)) . (4.15)
2¢;

Once we have obtained p we can go back to (2.13) to obtain p. We can obtain
T = p/Rp, using the equation of state (2.8).

4.4 'Two-dimensional supersonic flow

In this section we apply the steady supersonic flow theory presented above to the
analysis of the flow around a two-dimensional thin aerofoil in a uniform supersonic

stream. This analysis is applicable for

(a) flows in which conditions are identical in sections parallel to the (z, z)-plane,

such as certain portions of wings (see Figure 4.1).

(b) flows around surfaces of any shape with their (z, z)-section varying only slowly
with y. The flow is then almost identical in every (z, z)-plane. Case (a) is a

special case of this.

We take an aerofoil symmetric with respect to the z-axis. We can then examine all
the essential features of the flow by looking only in the half-plane z > 0. A symmetric
geometry is non-lifting but the analysis that we will present can be easily extended to
lifting aerofoils with asymmetric effects due to light camber and/or non zero, small,
angle of attack (see, for instance, Chapman [21], pp. 145-151). Using cartesian
coordinates x and z we consider an aerofoil profile z = £G(z). The function G(z) is
usually called the thickness function. We take the chord length to be L, extending
from x = —L/2 to x = L/2, and assume that G.x < L (see Figure 4.2). Both ends
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Figure 4.1: A body for which the induced supersonic flow can be analysed with
two-dimensional theory.

G(x)
—L/L/2
—G(x)

Figure 4.2: An aerofoil with thickness function G(z) and chord L, symmetric with
respect to the z-axis.

of the aerofoil are taken to be pointed. This will lead to the shocks being attached
to the ends of the aerofoil. (If the aerofoil is blunt the shocks will be detached and
stronger and the analysis becomes more complicated.) The thickness ratio of the

aerofoil is defined by

(4.16)

and it is small, with a typical value of 0.1. We nondimensionalise both & = x/L and
2= z/L and then 2(%) = £eG(2) where G is a fixed O(1) function and —1/2 < & <
1/2. We will also nondimensionalise all velocities with U, the speed of the incident
supersonic stream. The pressure p is nondimensionalised with its undisturbed value
po and p with its undisturbed value py. From now on, we will use nondimensional

variables, but we will drop the hats for convenience.

4.4.1 Potential equation

In two dimensions, the potential equation (4.12) becomes

1
o, — B2D,, = M@{%(@m F D) (D24 B2 — 1) + Dy (D2 — 1)+
20,8.0,, + ®20..}, (4.17)
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where By = \/m is the Prandtl-Glauert parameter, as already defined in the
previous chapter. On the left-hand side of (4.19) we have the linear wave operator
0/0z* — B20/0x? and on the right-hand side all the nonlinear terms.

The aerofoil causes a weak disturbance of order € to the uniform stream and there-
fore the velocity field is a superposition of the uniform incoming flow
U, = (1,0,0) and a perturbation velocity field eu’, so that u = Uy, + eu’. Therefore

the potential ® is written as
b= +ep=1x+ €. (4.18)

The first term on the right-hand side of (4.18) represents the potential for the uniform
stream U, and the perturbation potential ¢ is for v’ = V¥ ¢. Inserting (4.18) into
the equation (4.17) and dropping terms of order €3, we obtain an equation for the

perturbation potential ¢:

v—1
+ Mg {Tm t+ 6::)(67 + 02) + O20:: + Gibus + 2@@%} . (4.19)
We also want to express the boundary conditions in terms of ¢: since u = ¢, =

1+ep,,v=>, = 0+€g, and the normal ng is parallel to (—eG’(x), 1), the boundary

condition (4.13) becomes

¢ (7, 2)

At It —— e = . 4.2
% etn(r,2) (x) on z=¢€G(x) (4.20)
The condition at infinity becomes
(¢z,0.) — (0,0) as x — —oo. (4.21)

4.4.2 Asymptotic analysis

Lowest-order perturbation potential
We tentatively assume the following asymptotic series for the perturbation potential

¢, in integral powers of e,
¢($,Z,E) N¢1(5L‘7Z)+€§Z52<CL’,Z)+O(62>. (422)

Therefore we substitute (4.22) in (4.19) and we equate corresponding powers of € in

order to determine the equations satisfied by ¢, and ¢9. At the lowest order we obtain
(blzz - Bg¢1xx =0. (423)
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Equation (4.23) is a homogeneous, second-order, wave equation with constant co-
efficients and has two families of characteristics © + Bpz = constant. The general

D’Alembert’s solution in z > 0 is

¢1(z,2) = f(x = Boz) + g(z + Boz) = f(§) + 9(n), (4.24)

which is a superposition of waves propagating upwards and downwards. Setting
x =t z=u1xand By = 1/cy equation (4.24) becomes the familiar equation of one-
dimensional propagation of sound waves, and we can consider linear acoustics and
linear supersonic acrodynamics to be essentially the same subject.

Note that in z < 0 for a symmetric aerofoil the D’Alembert’s solution can be
obtained from (4.24) by taking z — —z i.e. ¢1(x,2)|.<0 = f(n) + g(§), but for a
general aerofoil a different set of f and g functions would be involved in the solution.

In order to equate corresponding powers of ¢ we should also transfer the body
boundary condition (4.20) to the axis z = 0. Assuming that ¢y (x, z) are analytic at

z = 0 we expand in Taylor series about z = 0
0. (7,6G(x)) = ¢s(x, 04) + €G(2)¢..(x,04) + O(€%), (4.25)
and similarly for ¢, (x,eG(z)). Therefore to the lowest order, (4.20) becomes
$1.(2,0+) = G'(2). (4.26)

For the lower part of the aerofoil ¢1,(z,0—) = —G'(x) and therefore ¢, has a jump
of 2G'(z) for —1/2 < x < 1/2. There is no jump in ¢y, for x > 1/2 or x < —1/2.

The upstream condition at this order is
(P12, P12) — (0,0) as & —, —00. (4.27)
where, from D’ Alembert’s solution (4.24)

¢1:c = f/(g) + 9/(77)7 lez = _B()f/(g) + BoQ’(U)» (428)

We consider a fixed 1 = x + Byz characteristic. Letting z — oo, since 7 is fixed, we
have x — —oo. Therefore from (4.27) and (4.28) we get

Bod1e + ¢1. = 2Bog'(n) — 0= g — go as * — —oo0 and z — oo.
We set gg = 0, since only the gradient of ¢ is physically relevant. Therefore
¢1(x, 2) = f(8). (4.29)
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A more physical way of arriving at relation (4.29) is to immediately discard the
function g since, by the condition at infinity, only outgoing waves are possible.
Enforcing the boundary condition (4.26) we find f = —G/By + fy where the

constant fy is also set to zero. Therefore finally

¢1(x,2) = —%f) = —G@%OBOZ), (4.30)

i.e. at distance z from the aerofoil ¢; is obtained by translating the function —G(x)/ By
Byz units to the right of the initial condition ¢y (z,0) = —G(z)/By. The velocity field
(u1,v1) is given as

G'(§)
By

v = qblz = G/(f) = —Boul. (431)

U1=¢1a::—

Also in the (nondimensional) pressure relation (4.15), we put ® = x + €¢ which gives

v — 1 v/(v=1)
p- (140 - a@ ) (4.8

Expanding to bring down the exponent /(7 — 1), we have

M4
2] 202+ O(E), (4.33)

p=1— 2 M2, + (6 +62) + €

Assuming the asymptotic expansion p ~ 1 + ep; + €*ps + O(€?), from (4.22), the

pressure at the lowest order is
p1 = —YMEh1, = —yMuy. (4.34)

Now, the nondimensional homentropic flow condition is p = p” and substituting in it
the asymptotic expansion for p given above, and p ~ 1 + €p; + €2py + O(€3), we find
at this order p; = yp;. Therefore from (4.34) we find

pr=—MZpr, = —MZu,. (4.35)

We note that
(u1>vl>plap1) = u1(17_307 _’YM(??_MOZL (436)

i.e. the first-order flow variables can all be expressed as a function of ;.

The above analysis is basically the linear Ackeret theory (see, for instance, [121]).
The Ackeret theory is a sufficiently good approximation at and near the body (near-
field). However, it represents disturbances which propagate with undiminished strength

to infinity on the straight, parallel characteristics x + Byz = constant and fails at
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large distances from the aerofoil (far-field), where nonlinear effects accumulate be-
coming important. There the characteristics are no longer parallel, they cross, and
shocks are formed. In Figure 4.3(a) we plot a schematic for the characteristics and
the streamlines of the Ackeret theory, and in Figure 4.3(b) a schematic of character-
istics in a modified nonlinear theory. In Figure 4.3(b) the solid-line curves entered by

characteristics represent shocks and an expression for them will be derived later.

(a) Linear theory: the (b)  Nonlinear  theory:
characteristics are straight the characteristics are no
and parallel. The arrowed longer parallel and shocks
curves are the streamlines. appear.

Figure 4.3: Flow pattern above a supersonic thin aerofoil, showing the contrast be-
tween linear and nonlinear theory. Only the z > 0 plane is shown (assuming an
aerofoil symmetric with respect to the z-axis).

Next order in the asymptotic expansion of the potential
In this section, we show the breakdown of the linear Ackeret theory by calculating
the perturbation at the next order, ¢, and showing that e¢s becomes of order 1 when

z is of order 1/e. The equation that ¢, obeys is

From (4.30), ¢; is a function of £ only, and therefore ¢1, = ¢1¢, ¢1. = —Bop1e which

leads to a simpler form for (4.37), namely

where we have used 1 + BZ = MZ. This is an inhomogeneous, second-order wave
equation. As expected, the operator in the left-hand side is the same as that in the
lowest order wave equation (4.23). We use (4.30), to express the right-hand side in

(4.38) in terms of the thickness function G
4

Gror — Blgus = %gw L )G(E)EE). (4.39)
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The boundary condition (4.20) at this order gives
1
P26 =2, 2=04) = g{BSG(:E)G’”(:v) — (G'(2))?} when —1/2<2<1/2.
0
(4.40)

The upstream condition becomes (¢a,, P2.) — (0,0) as  — —oc.

Oblique coordinates; breakdown of the asymptotic expansion
We now change to the oblique coordinates (&, z), following Hayes [51] and Van Dyke
[121], p.108. The equation (4.19) for the perturbation potential ¢ becomes

G2z — 2Bode = eMI{ (7 4 1) MG e bee + 2(h. — YBogbe) pe- (4.41)
+ (7 = D)yt — 2Bop.ec} + O(€%). (4.42)

We can determine the equation satisfied by ¢9(§, 2), either by transforming (4.39) or
by plugging in (4.41) the asymptotic expansion ¢ = ¢1(£, 2) + €po(€, 2) + O(e?) and
taking the terms of order e. We get

4

M,
¢2zz - 2BO¢2Z§ = B_g(ﬁ)/ + 1)G/(§)G”(€)a (443)

0
and it is now clear why changing to oblique coordinates is useful: we can readily
integrate (4.43) with respect to z and obtain the first-order (linear) hyperbolic partial

differential equation

M4
Gae — 2Bang = T (7 + DEOC ()2 + C(E), (4.44)
0
where C(§) is an arbitrary function of {&. We can solve (4.44) with the method
of characteristics. The characteristics have constant slope d¢/dz = —2B, and we
recover the characteristic family
€+ 2Byz = n = 19 = constant. (4.45)

The variation of ¢9 along these characteristics is given by the ordinary differential

equation
dgs My
dz B}

From (4.45) we can express £ = 1y — 2Byz in terms of z and the characteristic label

(v + DE(E"(§)z + C(). (4.46)

Mo, and (4.46) becomes

doy _ My

7 = 52 (1T DG (0 = 2B0z)G" (1 — 2Boz)z + Clno — 2By2). (4.47)
0

4Van Dyke [121] proceeds instead with an iteration method.
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Integrating (4.47) with respect to z, we get

Mg (y+1)

ae,2) = T [5G - 2B02)6 - 2Bud) i+ | Clmn—2By2)d, (448)
0

and integrating by parts we get

$2(8,2) = My gg 2 ( 1B, (G'(no — 2Byz))* + 4;0 Z(G/(Uo — 2305))2d5>
-8 Gy

(4.49)

We have two unknown functions: C7(§), which stands for the indefinite integral of
C, and Cy(no). Due to the condition at infinity, Cy(n) must be set to 0 and C} is

determined below from the body boundary condition
1
622 (§ = w,04) = Boooe(€ = 2, 04) = 2-ABiG(2)G"(x) = (G'())*}. (4.50)
0

From (4.49) we obtain the partial derivatives

4

P2z = 433 (7 + 1)(G/<5>)2a (4'51)
P2e = 2]\23 (v + DE(€)G"(§)z — 8%3%(7 +1)(G'(€)? - 2_300(@ (4.52)

and using them in (4.50), we obtain C' in terms of G, G', G” and M,

4

Cla) = G w) = (G @) + TG+ DEE2 (459)

By

Inserting (4.53) into (4.52) and after some rearrangement, we get the horizontal com-

ponent of the velocity at this order

M4 G/ 2 M4
RGeS (1- 18

s = g = (+1) - GO
(4.54)
where we assumed the asymptotic expansion u = 1 + eu; + ¢2uy + O(e?). The result
(4.54) is in agreement with Van Dyke, (see [121], p. 107, expression (6.24), where this
result was found by iterating on the equation (4.19)), and at the surface, coincides

also with the Busemann solution. From (4.54), the perturbation is

4

o5 0 (G2 (4.55)

€pg ~ (e2)(y+ 1) ==z
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and therefore e, is of order 1 when (ez) ~ 1. Therefore, when z ~ 1/¢, the assumed
asymptotic expansion (4.22) breaks down. Returning to dimensional variables, the
breakdown occurs at a physical distance of order L /e away from the aerofoil, roughly
10 aerofoil chord lengths away. The breakdown of the asymptotic expansion phys-
ically means that the nonlinear effects that we initially neglected in the near-field
problem become cumulatively significant in the far-field and the nonlinear term ¢¢¢e¢
in (4.41) can no longer be neglected. Hayes, in [51], included these nonlinear effects
and derived the appropriate nonlinear equation using physical reasoning. In the next
section we will follow a mathematically systematic approach, consistently modifying
our asymptotic analysis in order to remedy the non-uniformity (4.55) of the asymp-

totic expansion (4.22) and derive the relevant equation valid in the far-field.

4.4.3 Far-field: Kinematic Wave Equation (KWE)

In order to determine the governing equation at the lowest order, in the far-field, we

define the new coordinate
7 = ez. (4.56)

Within the MAE framework, the region where z is of order 1 will be called the inner
region and the region where Z is of order 1 the outer region. Using (4.56) in (4.41)
we get

Epzz — 2eBopze = My (y + 1) degee + O(€2), (4.57)

where €2¢, in the left-hand side is of order €2 and thus negligible within our order of
accuracy but left in for clarity. The term —2Bj¢.¢ in the left-hand side of (4.41) has
become —2¢By¢ze and hence balances the nonlinear term e M (y+1)edee. Assuming,

for the outer region, the asymptotic expansion

¢ (€, Z) ~ 6\ (€, Z) + Oe), (4.58)

and substituting in (4.57) we obtain
o M4 o o
R »

which is a second-order nonlinear hyperbolic equation for ¢§°). In the outer region, we
have therefore derived consistenly the correct approximation to the potential equation
(4.41). We deduce that u§°) = gzﬁ?, the lowest-order horizontal velocity in the outer
region, satisfies the KWE

] M4 o o
ugZ) +(v+ 1)2—B(Lu§ )ugé) = 0. (4.60)
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Since (4.60) is a first-order partial differential equation we need to impose one ini-
tial condition. This condition will be supplied by matching u§°) (&, Z) in the outer
region with the expression u;(z,z) = ugi)(x, z) = —G'(€)/By in the inner region (the

superscript (¢) has been employed for the inner region variables).

4.4.4 Solution of the Kinematic Wave Equation

We give below a solution of the KWE (4.60) for a general body shape G(z), using the
method of characteristics. Without loss of generality we will assume that the aerofoil
extends over —1/2 < x < 1/2. We will let for convenience D = (v + 1)M,/2B,. We
will not examine higher orders, so we will drop the subscript 1 from the flow variables
at the first order.

Firstly, since du(®/dZ = 0 on the characteristic curves that have slope

dé/dZ = Dugo), we conclude that u(® is constant on the characteristic lines
€0 =& — Dul)(&)Z. (4.61)

The term Du?(&)Z in (4.61) is exactly the modification caused to the linear theory
characteristics £, = £ by the nonlinear terms. The solution in the outer region, as

long as it is single-valued, is
(&, Z) = Gi(&)- (4.62)

The unknown function G is to be determined by matching u(® with «?. We apply
Van Dyke’s matching principle

wme = im ()¢, 7)) = lim (u(6)) = u®(€) (4.63)

Z—0 Z—00

and using (4.31) and (4.62) we find ™" = G,(¢) = —G'(¢)/By which gives
G, = —G'/By. Hence from (4.61) and (4.62)

u(€, 2) = —G'(&)/ Bo, (4.64)
on the characteristics
fo=¢E4 DG;éiO) Z. (4.65)

A uniformly valid solution, as long as it is single-valued, is therefore
u(€,2) = u®(& 2) +uV(€ 2) — u™ N = ~G'(&)/Bo, (4.66)

107



on the characteristics

£o=12— Boz + DG/(&])EZ . (4.67)
0

——

O(e) correction

In the outer region, the DG’ ()ez/ By term in the characteristics (4.67) becomes of or-
der 1, leading to the characteristics crossing and the continuous solution
(4.66)—(4.67) becoming multi-valued. To obtain a unique solution, the shocks need
to be inserted using the appropriate Rankine-Hugoniot and entropy conditions.

For an aerofoil with thickness function G(z), with a maximum at a point .y
where G’ (zmax) = 0, G’ has a positive and a negative part in relation to the undis-
turbed value G’ = 0 and the same applies to u = —G'/By. In Figure 4.4 we plot a
representative G(x) and the corresponding G'(z). A leading shock is formed with the

Figure 4.4: The upper part of an aerofoil with thickness function G(x) (thicker line)
and G’(z) which has a positive and negative part in relation to the undisturbed value
G’ = 0 (since G(—1/2) = G(1/2) the areas under the positive and negative part are
equal).

parallel characteristics £, = £ entering it from the left, and the characteristics (4.67),
where G’ > 0 entering from the right. A trailing shock is formed with characteristics
(4.67), for which G’ < 0 entering from the left and the parallel characteristics {, = &
entering from the right. In the inner, linear theory, region, the two shocks are in-
finitely weak and coincide with the characteristics £ = & = —1/2, £ = § = 1/2 but
in the outer region they deviate from the characteristics; we determine this deviation
below.

We present below the simple analytical example of an aerofoil with a parabolic

thickness function in a steady supersonic stream; we will calculate analytically the
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characteristics, shock pattern and the wavefield. With this example we will be

equipped to discuss further the case of a general G.

4.4.5 Analytical example: parabolic thickness function

We let
Gx)=—(z—1/2)(x+1/2) =1/4—2* —1/2<2<1/2. (4.68)

We write the KWE (4.60) in the conservation form

D
Uz + 5(%2)5 = 0, (469)

where we have dropped the superscript (0). This corresponds to the Rankine-Hugoniot
relation i DY D
shock ‘slope’ = 7= T = E(Uf +ug), (4.70)
where the superscript 4+ corresponds to the trailing/leading shock respectively. Sub-
scripts L/ R correspond to the solution to the left /right of either shock respectively.
The equation (4.69) is one of infinitely many conservation laws one can write
for equation (4.60). It is however the only correct law (at this order) associated
with the Euler equations. We can show this, if we write the compressible Euler
equations in conservation form, change to oblique coordinates, substitute Z = ez,
insert asymptotic expansions for u, v, p and p and equate the coefficients of the O(e?)
terms.
For the leading shock, since the value of w on the left is u; = 0 and on the right

ug(&), the Rankine-Hugoniot condition (4.70) becomes

g D

D D
77 = o url&) = — -5 G'(&%) = gofo- (4.71)

2B,

Equation (4.65) is, in general, transcendental in &, for an arbitrary G, but for the

parabolic G (4.68) we find

_ £

- 1+2DZ/By’
This step is in fact what makes our example analytically tractable. Combining (4.71)
and (4.72),

€o (4.72)

&« _D 3

_ b 4.73
dZ — By (1+2DZ/By)’ (4.73)

which readily integrates to

1+ 7 =)\, (4.74)
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where Z = 2DZ/By. We find that A = 4, by imposing £ — &, = —1/2 as Z — 0. The
leading shock is the 26~ = —v/1 + Z portion of the parabola (4.74), with &~ < —1/2.
The trailing shock is symmetric in the line £ = 0 and therefore it is the 267 = /1 + Z
portion of the same parabola (4.74), with £ > 1/2. In Figure 4.5 we plot the shocks

and some of the characteristics which they bisect. The distance between the two

z

12+

10}

-1.5 -1 -0.5 0.5 1 1.5

Figure 4.5: The characteristic diagram with the shock paths for the parabolic thick-
ness function.

shocks at a fixed Z = ZO, is given by &t — & = 1+ Zo, which increases as the
square root of Z, for large Z.

Having determined the geometry of the characteristic diagram, the method of
characteristics gives immediately the wavefield. The jump of u at the leading shock
is

_ _ _ _ 1
W =up—u; =up = ——————— (4.75)

Bo1+ 2,

At the trailing shock u has a positive jump u; which is of the same magnitude due
to the symmetry. The smooth part of u between the shocks is 2¢/(Bo(1 4 Zy)) which
varies linearly with £&. We plot u in Figure 4.6 and mark the position of the leading
and trailing shock, and the value of u at the corresponding jumps. As Z increases,
the profile changes but the qualitative feature of a positive and negative part persists
and furthermore the area under the positive/negative part of the profile remains the
same (for the wu-profile the area is 1/4B;). This area conservation property holds
for any G and provides a geometrical way, alternative to the algebraic one employed
here, to fit the shocks into the characteristic diagram. This method was devised by
Whitham and it is usually called the equal area rule (for details see Whitham [126],
pp. 42-46).
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1
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V1+2DZ/B

Figure 4.6: The profile of w.

The more physically relevant pressure signature may be obtained by taking
p = —yM2u; it resembles the letter N and it is usually called the N-wave. An
N-wave is the typical pressure signature associated with a primary sonic boom and

is discussed further below.

4.4.6 Asymptotic N-wave

In this section we return to the general G analysis. We restrict our attention to
concave G. Then G” < 0 and the characteristics emanating from the aerofoil do not
cross for any Z > 0 (since Zgoss = +(Bo/(DG"(&y)) is always negative); we thus
only have a leading and a trailing shock as in the special parabolic thickness function
above.

We take a point (&, Zs) on the trailing shock. We parametrise the family of
characteristics on the left with & and the family of characteristics on the right with

&1. Therefore on the shock the expressions

& =& + Dur(&)Zs, (4.76)
& =& + Duy (&) Z, (4.77)

hold simultaneously. (We have dropped the superscript + from w; and ug.) The
unknown quantities are &, & and & and the third relation required to close the
system is furnished by the Rankine-Hugoniot relation (4.70). Since ug(&) = 0 the
three equations (4.76), (4.77) and (4.70) become respectively

d¢s D

=&, & =&+ Dug(&)Zs, d_ZS 5

ur(&2). (4.78)
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Figure 4.7: Schematic that shows the relation between the characteristic labels & and
& mentioned in the text.

We can thus parametrise the shock with the characteristic label &. From the second

relation in (4.78), and dropping the subscript from uy, we have
& =1+ Du(&)Z, + Du'(&) Zs, (4.79)

where the prime denotes differentiation with respect to &;. Similarly from the third

(Rankine-Hugoniot) relation in (4.78), we have

D
£ = Su(&) . (4.80)
Combining (4.79) and (4.80) in order to eliminate &,, we obtain the first-order ordinary

differential equation

/ ul<€2) _ 2
Z 42 (&) Zs = Duey)’ (4.81)
Integrating this we obtain
1 1/2
FDue’ 2 = [ Du(ejas (4.8
9 1/2
~Z46) = G /f G (4.83)

Therefore we have determined expressions for &,(&) and Z, (&) which can be used

to plot the shock very easily for many profile choices.?

5The plotting will be exact in the cases that the integral f;/ 2 u(€)d¢ can be found exactly but
even if this cannot be done it is very simple to calculate the one-dimensional quadrature numerically.
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The parametric method applied above for fitting the shock is also going to be
used (repeatedly) in Chapter 7. It can be applied to determine analytically any
shock entered by characteristics with constant slope at either of its sides. The more
general equal area rule could have been applied but this has not been necessary.

To determine the asymptotic behaviour of the solution of the KWE (4.60) we
take the limit of (4.82) as Z — oo. Since &, decreases as Z; increases we have that
& — & where G'(&,,) = 0. We thus find that asymptotically the shock strength is

Usg = u(&) ~ 1/ 2141% (484)

1/2
where A; = area in the positive part of u = / w(&)dé = Gmax. Hence, from (4.77)

&m 0
and (4.84) the asymptotic shock position is

§s ~ 241/ DZ;. (4.85)

Similarly for the leading shock, the asymptotic shock position and strength are given

respectively by

I /e 1
55 ~ — 2A2 DZS7 U~ —1/ 2142\/?47 (486)

Em

where Ay = area in the negative part of u = / w(§)d§ = Ay = A. Therefore the
—1/2

leading and trailing shocks are parabolae asymptotically. Lighthill had shown this in

[71], in 1944, using a geometrical argument.
The solution between the two shocks is given asymptotically by the straight line

segment

u~&¢/DZ, —\/2ADZ.;p < £ < \/2ADZ,r, (4.87)

where the subscripts sF' and sT' signify the leading and trailing shock respectively.
The expressions (4.85)—(4.87) can be used to determine the asymptotic N-wave profile
for the pressure p. Since the shocks are parabolae asymptotically, the width of the
N-wave increases with the square root of Z and the strength of the shocks decreases
like 1/ V/Z. This makes obvious how the linear theory disturbances, predicted to
propagate undiminished to infinity on the straight parallel lines & = &, are weakened
and “driven apart” by the nonlinear effects in the outer region. A schematic for the

asymptotic N-wave appears in Figure 4.8.
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Figure 4.8: The asymptotic N-wave profile. A is the area under the positive /negative
1) M
part and D = %.

4.5 Axisymmetric supersonic flow

In this section we will look at the flow around three-dimensional bodies elongated in
the z-direction. We will limit our attention to bodies of revolution which are slender.

For elongated bodies of revolution it is convenient to adopt cylindrical coordi-
nates (x,r,0) with the z-axis aligned with the body axis. The angle § measures the

inclination of the meridian (z,r)-plane from the (z,z)-plane (see Figure 4.9). The

AZ

Figure 4.9: A (slender) axisymmetric body and the chosen system of cylindrical polar
coordinates.

flow around a body of revolution r = R(z),0 < x < L is the same viewed from any
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meridian plane, and does not depend on the angle 0 (axisymmetric flow). We will
assume an aerofoil with pointed ends. Nondimensionalising on the chord length, we
have (in nondimensional variables) r = eR(x) with the body axis occupying 0 < z <1
(see Figure 4.10). The parameter € is small, typically 0.1 and it is usually called the
slenderness ratio (the smaller € is, the slenderer is the body). The presence of this

small parameter will enable us to employ asymptotic methods to analyse the flow.

r

Figure 4.10: A meridional section of a slender body of revolution (which is nondi-
mensionalised on the chord length).

We write the potential equation (4.12) in cylindrical polar coordinates, for ax-

isymmetric flow (with no swirl)

d, 1 P,
o, + P, + — _M2{— <<I>m +®,, + —> (@2 + &2 — 1) + &, P2+
T

20,0,0,, + 2P, }. (4.88)

Note that if we omit the ®,/r terms from (4.88) and exchange the coordinate r with
the coordinate z we obtain the potential equation for planar flows. However it is
precisely the presence of the — term that causes differences between the planar and
axisymmetric flow, as will be ghown below.

We set ® = x + €2¢ where ¢ is the perturbation potential and equation (4.88)

then becomes

¢

+ €' M} { (cbm + ¢ + @) (03 + O7) + O2brr + Oran + 2¢x¢r¢xr} - (4.89)
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The body boundary condition (4.13) should be satisfied. In the current coordinate

system it is expressed as

©, (2, eR(z)) _ ¢, (z,eR(x))
O, (r,eR(x)) 1+ €¢p.(z,eR(x))

= eR'(z). (4.90)
The condition at infinity should be additionally satisfied and we will return to it later.

4.5.1 Asymptotic analysis

o Inner region (linear theory)

Linearised slender-body theory is well established and can be found in textbooks
such as Whitham [126], Liepmann and Roshko [70] and Frankl and Karpovich [39].
The minor advantage of our exposition of this theory here is the explicit use of the
small slenderness parameter e.

Even though, as we have shown, for the two-dimensional problem the linear theory
fails at large distances from the body it is still valuable because it gives the correct
pressure forces acting on the body. Also from Whitham’s point of view, as he explains
in [124], the only failure of the linear theory at first order is that the characteristics
it predicts are incorrect; otherwise the theory predicts correctly the values on the
characteristics and hence the only modification needed to the linear theory is to shift
appropriately the characteristics and introduce shocks in multi-valued regions.

We tentatively assume that the solution of (4.89) is represented by the asymptotic

expansion
¢~ 1+ Py + O(6(e)) where o > 0 and 0(€) < €°; (4.91)

« is later identified to be equal to 2. We will substitute the expansion (4.91) into
the equation (4.89) and equate the coefficients of terms of same order in e. (We
emphasise however that the substitution in the boundary condition will be more

subtle.) At leading order we obtain

1
¢1r7’ + ;qblr - Bg¢1xx =0. (492)

Under the change x — ¢ and 1/B2 — ¢ we obtain the well-known cylindrical waves

equation

1
b1 — C2(¢1rr + ;Cblr) =0,
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which admits a solution (see Whitham [126], p. 220, expression (7.29))

1 q(¢)
2 J oo (=02 —12/c2

This solution represents only outgoing waves from a line source distribution with

o1(r,t) = dc. (4.93)

uniform strength ¢(¢) per unit length. Therefore, we can transcribe (4.93) so that it
gives the solution of (4.92) (see also [126] p. 224, expression (7.38))

1 [o—Bor m(¢)
_% ; \/(ZE—C)2_BO2T2
where m(() is to be determined by the body boundary condition. It is proved below

¢1<£L', T) =

dc, (4.94)

that m(z) = S'(x) where S(x) = wR?, is the scaled cross-sectional area of the body at
distance = from the nose. Therefore S’ gives the rate at which the body pushes fluid
out, and it can be interpreted as the strength of a “supersonic” monopole situated at
x. The integral (4.94) can, thus, be interpreted as the field due to a distribution of
“supersonic” monopoles along the axis, with density S’(¢).

The upper limit in (4.94) is ( =  — Bor due to the condition at infinity, which
dictates that there is no downstream influence in a supersonic flow. Also, this implies
that ¢, is zero for x < Byr, upstream of the leading characteristic, and this sets the
lower integration limit to zero.

The velocity perturbation field is given by (u,v,0)=(¢14, ¢1,,0) with ¢; given
by (4.94). Since the denominator in the integrand of (4.94) vanishes at the upper
limit ¢ = x — Byr, the differentation of ¢ is subtle. Hadamard (see [46] and [112])
constructed rules to deal with this differentiation. Alternatively we can remove the

singularity in (4.94), and hence differentiate straightforwardly, if we employ the trans-

formation
x — ( = Byrcoshf. (4.95)
We obtain
1 cosh™Y(z/Bor)
o1(x,r) = 5 m(z — Byr cosh ) do, (4.96)
T Jo
and differentiating we have
1 coshfl(B”(”)T) ) 1
U = D1y = “or |, m'(x — Bor cosh ) df — m/(0) m , (4.97)
1 COShil(B:ST)
v =G = —— m/(z — Byr cosh 0)(— By cosh 6) d6

2m Jo

+m(0) (ﬁ) . (4.98)
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We will consider only bodies for which m(0) = 0 (and we will show later that this
condition holds for a pointed aerofoil). Reverting to the original integration variable

we have
_i x—Bor m/(c)
N S - T
Lo () (x —¢)
vy (z, 1) /0 7 d¢. (4.100)

2 (x—CP - Bar?

dc, (4.99)

uy(z,r) =

o Applying the body boundary condition

The body boundary condition at leading order is written as
edr(z,eR(x)) = R (). (4.101)

In the earlier two-dimensional analysis we had transferred the body boundary condi-
tion to the axis z = 0. This was possible because ¢, and ¢, were analytic at z = 0.
However for axisymmetric flows ¢, is not analytic at » = 0 so we cannot pursue the
expansion of ¢, about r = 0 in (4.101). To apply the body boundary condition we
need to determine instead the asymptotic behaviour of ¢y,(x,7) as r — 0. From
(4.100) as r — 0, it follows that®

I S (S [ O B VR NN
2rrvy (x,r) = /0 NCERE d¢ /0 (€)d¢ = m(x). (4.102)

Therefore

m(x)

wr

as r — 0. (4.103)

UI(ZL’,’T’) = ¢1T($,T) ~
Using (4.103) in conjunction with (4.101), we find a relation between m(x) and R(x)

27 R(x)

= R'(z) = m(z) =27 R(z)R'(z) = 5'(z). (4.104)

(For an aerofoil with a pointed nose R(0) = 0 and relation (4.104) makes clear why
we have set m(0) = 0 above.) Therefore from (4.94) we have
1 x—Bor S/(C>

o1z, 7) =~ i oo o dc. (4.105)
0

In (4.102), putting s = \/(z — ¢)? — B2r? leads to —/ m/(z — \/s? + B3r?)ds. If we
0

restrict attention to aerofoils for which m’ is bounded and continuous then, as r — 0, the latter
integral tends to - [ m/(z — s)ds = [ m/(¢)dC.
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Also from (4.99) and (4.100) the perturbation velocities are

B 1 x—Bor SN<C)

uy(x,r) = “2r ), NCEE d¢, (4.106)
_ 1 z—Bor S”(C)(Q} . C)

vi(z,7) = %/0 NI T dc¢. (4.107)

¢ Tail of the axisymmetric wave
For a finite planar aerofoil, with the thickness function G(z) being zero except for
the length interval [0, 1], the disturbance due to the aerofoil, in z > 0, is confined
to Byz < x < Byz + 1 where x = Byz is the characteristic emanating from the nose
(x =0,z =0) and x = Byz + 1 is the characteristic emanating from the trailing end
(x =1,z = 0). Therefore for a fixed point downstream of x = Byz+ 1, no disturbance
is felt from the presence of the aerofoil.

However, for an axisymmetric body, of same (unit) length, a point (z,r) down-
stream of the characteristic cone at the trailing end, x — Bgr = 1, does experience
a disturbance, from all the upstream “supersonic” monopoles. For fixed r = rg,

x > Byrg + 1, we find that asymptotically as z — oo

o ~—{ o [ s10ach - { & [ s} 4 (4.108

For a body with a pointed nose and a pointing tail we have S(0) = S(1) and therefore
the coefficient in the leading term of the series (4.108) is zero. The coefficient of the
second term is however always greater than zero and therefore ¢; decays to zero with
rate O(1/2%) as © — oo.

This so-called “tail” of the wave is a feature of waves in even dimensions. Here

the dimension is defined as the integer n in the general wave equation
b =0 b, (4.109)
i=1

This is one of the important differences between waves in even and odd dimensions,
first pointed out by Huygen. A schematic of the different behaviour is found in Figures

4.11(a) and 4.11(b).
¢ Pressure in the near-field

We want to calculate the leading-order pressure in the near field. We return to (4.15)

and substitute ® = z + ¢2¢ which then becomes (in nondimensional form)

o 1 v/(y=1)
D= (1 — TMg (2620, + €*¢2 + e4¢$)) (4.110)
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(a) Planar problem (uni- (b) Axisymmetric problem
form medium). (uniform medium).

Figure 4.11: The difference between planar and axisymmetric problems is sketched.
In axisymmetric flow the wave has a “tail” as explained in the text.

For a consistent approximation of (4.110) near the body, we have to identify the

lowest-order terms. Firstly, we have shown already that v; = ¢y, ~ m(x)/(27r) near
m'(z)
Inr.

the body. Also, from the irrotationality relation uy, = v, we obtain ¢y, ~
Then

o ¢, ~(Ine+1nR)

E2

R?

o o, ~

o ¢t ~ e(lne+InR)? < €'¢? for small e.

Therefore, near the body and for small €, the nonlinear term e*¢? contains the same
power of € as €2¢y, (if we except the In e factor) and the consistent approximation for
the near-field pressure at leading order is

M2
p=1- 6272 0 (261, + €2¢2,) . (4.111)

4.5.2 Near Mach cone, and far-field approximations

Now, we are going to investigate the region near the leading Mach characteristic,

& = x — Byr = 0, and at large distances from the aerofoil. Mathematically we
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consider the (Whitham) region (see [126], p. 227)

§
S <L (4.112)

In this region the nonlinear effects are of order 1 and shocks are formed. The
strength of the disturbance is greater in this region so we capture sufficiently ac-
curately the qualitative behaviour of the far-field solution by limiting our attention
there while we can benefit from being able to treat it analytically.

To proceed, we factor the denominator of the integrand in (4.105) as follows:

L S'(¢)

008 = g [ e (1113)
11 f8 E-¢\”
B _%\/2307’ 0o VE—C (1 i 2307“> . e

11 &S0 1 [e,
~ 21\2Byr Jo ¢g_gd<+0(m/o S(C)\/S—Cdc). (4.115)

¢ The Whitham function
As ¢ — 0, (4.115) reduces to the asymptotic result
r

1 [f5Q
27T\/2B(]7’ 0 \/é—g

To obtain analogous asymptotic expressions for ¢1, and ¢y, in the Whitham region

$1 dc. (4.116)

we return to (4.106) and (4.107) and follow the same method of expansion seen in
(4.113)-(4.115). We then have

1
D1o ~ —WF(Q, (4.117)

By
o), (4.118)

L1 e SN0
F@“%/o L

¢1r ~

where

is called the Whitham Function.

However, we expect that cumulatively the nonlinear effects become important and
shocks will form in the far-field in a similar way to that encountered in the planar
analysis. We can pinpoint quantitatively when the linear theory breaks down by
determining when the asymptotic expansion (4.91) becomes non-uniform. We do this

below.
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4.5.3 Breakdown of the asymptotic expansion

The next order of the asymptotic analysis in the inner region (upon setting o = 2 in

(4.91)) gives the inhomogeneous wave equation

¢2rr + % - B(2)¢Zzz = Mg {(’V + 1)¢1x¢1x:p + (’Y - 1>¢1x <¢1rr + gb;T) + 2¢1r¢lxr} .

(4.119)

Restricting attention to the Whitham region, we can use expressions (4.117) and

(4.118) to determine the second-order derivatives

F(§) By

¢1$(17 ~ _\/ﬁ7 ¢17‘:D ~ \/WOT

By
vV 2Bo7"

F/(g)v ¢1r7~ ~ - F/(§)7 (4120)

1 '3 S”/(C) S”(O) ) . .
asr — oo, where F'(§) = — < ——==d( + —== ]. Substituting the expressions
2 \Jo VE—C Ve
(4.120) in the right-hand side of (4.119) we get, as r — oo,
P2 My FEF'(E)
— — B ~ — 1) ————=. 4.121
¢2rr + r O¢2CEI 2BO (r)/ + ) r ( )

The right-hand side of equation (4.121) contains the non-uniform term
Mg (y+ 1)F(&)F'(€)/(2Byr) which is inversely proportional to 7. When nonlinearity
becomes important this term will balance the (curvature) term ¢o,. /7 in the left-hand
side so that ¢o,./r ~ 1/r; then ¢, will be an order 1 quantity. We conclude that,

since ¢y, ~ 1/4/7, the asymptotic expansion ¢y, + €2¢,, breaks down when

1, 1
—= "~ € :>T'N—4.
r €

(4.122)

4.5.4 Derivation of a Kinematic Wave Equation

To derive an appropriate nonlinear equation governing the disturbance in the Whitham

region we rewrite the potential equation (4.89) in oblique coordinates:

1
Grr = 2Bodre + (¢ — Bod) = e MF{(y + 1) Mg eee — 2y Bodeper+

(v = De(drr + %(cbr — Booe)) + 20,0re — 2Bodpdect + O(eh).  (4.123)

To remove the secularity we define a new rescaled variable

Y = ¢e*r, (4.124)
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motivated by (4.122). We also need to scale the perturbation potential in order to be
able to match consistently with the near field. We set:

¢ =€ (4.125)

We can obtain the scalings for r and ¢ by substituting Y = ¢#r, ¢ = €“¢ in equation
(4.123) and balance terms out so that the governing equation at leading order involves
the nonlinear term ¢@¢@e.

Using the scalings (4.124) and (4.125) in (4.123)and setting ¢ = ¢ + O(e) we find

. -
(v + 1) My Predree = _ e (4.126)

Drev + 2B, o7

We let u; = &15, the horizontal perturbation velocity in the far-field, and we obtain

the inhomogeneous KWE

- (’y + 1)]\461 o Uy
A = ——. 4.127
Ury + 5B, U U1e 2y ( )

4.5.5 Solution of the Kinematic Wave Equation

In order to render the KWE (4.127) homogeneous, we perform the transformation
iy, =Y 120(E,Y).
We thus obtain
Cy + DY V2CC; =0, (4.128)

where again D = M{(y + 1)/2B, . By the method of characteristics C' = C(&) =
constant on the characteristics with slope d¢/dY = DCY ~'/2. Therefore the solution
to (4.127) is given by

iy, =Y Y20(&), (4.129)
on the characteristics
=& —2DC (&)Y, (4.130)

We note that these characteristics are parabolae—in contrast with the straight lines

found in the planar case.
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The far-field solution (4.129)—(4.130) should be matched to the solution in the
inner region in order to determine the unknown function C'. In the Whitham region

¢/r < 1, we apply the Van Dyke’s matching principle
lim (VY ay(€,Y)) = lim (Vrui(€,7)). (4.131)

The left-hand side in (4.131), in terms of the inner region variables £, r and wuy,
is C'(£), and the right-hand side is given by —F(§)/+/2By. Therefore we conclude
that C'(§) = —F(§)/v/2By. Consequently, a uniformly valid solution, as long as it is

single-valued, is

u=— 5%, (4.132)
on the characteristics
fo = &+ rEF(&)r'?. (4.133)
where
4
K= % =D % (4.134)

The solution to the axisymmetric KWE presented here agrees exactly with the so-
lution Whitham provided through his nonlinearisation technique—see [126] p. 332,
expression (9.67) and p. 333, expressions (9.70), (9.71). We have thus provided a
systematic derivation of this well-known Whitham result. The only difference in our
solution is the appearance of the €2 factor in the correction to the linear theory char-
acteristics. This is of course implied in the Whitham expressions since his F' function
is €2 times our function F' here.

We know that the solution becomes multi-valued when characteristics cross at
r ~ 1/e* and shocks form at the physical distance L/e*. If we take ¢ = 0.1 this gives
that the shocks form at distance ~ O(10® km). The shocks need to be determined
through the appropriate Rankine-Hugoniot and entropy conditions. Two shocks will
be formed, a leading and a trailing one.

The asymptotic behaviour of the leading shock can be determined in a straight-
forward manner either by applying an appropriate area conservation rule or using a
parametric method similar to that we used to determine the planar flow shocks. In
the planar flow the shocks were asymptotically parabolae (as z — oo, but in axisym-
metric flow, as r — oo, we will show that the leading shock is asymptotic to a surface

whose meridian surface is a quartic (it is of the form & = —byr!/4).
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We first consider a point (&, Ys) on the leading shock. We parametrise the family
of characteristics on the left of the shock with & and the family of characteristics on
the right with & in a similar way to that in the planar flow analysis for the trailing

shock. Therefore on the shock the expressions

£ =& 4+ 2DC(6)Y)?, (4.135)
€ = &+ 2DC(&) Y (4.136)

hold simultaneously. The unknown quantities are &, & and & and the third relation

required to close the system is furnished by the Rankine-Hugoniot relation

dgs o Q —-1/2
v, 2 (C(&1) + C(&))Y, 7~ (4.137)

Ahead of the leading shock the disturbance is zero and therefore C'(§;) = 0. Hence
the three equations (4.135), (4.136) and (4.137) become respectively

& =64, &=6+2DO(&)Y])?, ;% = 20(52)2—1/2. (4.138)

We will parametrise the shock with the characteristic label &. From the second

relation in (4.138) we have
€ =1+ DOV, 2Y! + 2DC (&)Y Y2, (4.139)

where the prime denotes differentiation with respect to &. Similarly from the third

(Rankine-Hugoniot) relation in (4.138), we have
/ D —1/2vy/
& =5 C&)Y, 7Y (4.140)

Combining (4.139) and (4.140) in order to eliminate &, we obtain the first-order

nonlinear ordinary differential equation

0 2"
Y 44—y, = . 4.141
Cie) "~ TDOG) L
We now use the transformation w = Yi/? in (4.141) and obtain
/ O,(§2) 1
w' + 2 W= — . 4.142
Cie) "~ DG e

This is precisely the same equation as (4.81) which we had integrated and obtained
(4.82). Therefore we have

1 [&
2y1/2 . — / !
clery =~ [ e (1.143
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Therefore, since C = —F/+/2B, we get
9 £ 1/2
P~ (2 [ Feae) v (4149
K Jo
where £ is defined in (4.134). Hence, asymptotically the shock position is given by

1/2

&2
§s~ & — (QH/O F(ﬁ/)df/) v (4.145)

& 1/2
=& — (2/-@ / F(g’)dg’) ert/4, (4.146)
0

which agrees with the Whitham expression in [126], p. 335, expression (9.77), apart
from the € factor, bearing in mind that Whitham’s F is €2 ours. Consequently, using
(4.129) and (4.144), we find that the jump of w on the shock is given by

& 1/2
2] ~ — ¢21?0(% /0 F(f’)dé’) v (4.147)

The fact that for flow around bodies of revolution the width of the N-wave varies as
r1/4 and the shock strength as r=3/% was first noted by DuMond et al. in [35]. Using

the relation p = —yMZu we can express (4.147) in terms of the pressure jump across
the shock, [ps]. We find
1/2
~ YMg (2 / © N gel —3/4
5| ~ - F(&)d Y, 4.148
i~ T (2 [T rena) v, (4.115)

Using (4.134) in (4.148) along with Y, = ¢'r and [p,] = €¢72[p,] (so that we write the

expression in terms of original variables—see (4.125)) we find

21/4,y
[ps] (

&2 1/2
W(Mg—l)l/g (/0 F(S’)dﬁ’) et (4.149)

In the physical variables the pressure is p = po(1 + €*p,) and therefore its jump is

21/4 &2 1/2
L%] = 62[ s] ~ —(’y T 1’;1/2(M§ — 1)1/8 (/0 F({’)df') 67“_3/4, (4‘150)

which agrees with Whitham [126], p. 336, expression (9.78). The latter formula
shows that the strength of a primary boom has a very weak dependence on the Mach

number M, and decreases with distance like »—3/4. Information about the geometry

& 1/2
of the aerofoil is encompassed in the term ( / F(¢)d¢' ) :
0
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We have thus derived asymptotic expressions for the leading shock position and
strength. Determining the trailing shock surface is more complicated due to the tail
of the wave. This is also of the form & = byr!'/* and details are found in Whitham’s
paper [124]. The asymptotic form of the wave is an N-wave as in the planar analysis
except that here the disturbance downstream of the trailing shock is non-zero, due to

the presence of the tail.
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Chapter 5

Two-dimensional steady supersonic
motion in a stratified medium with
wind

This chapter extends the work of Chapter 4 to show how small nonlinear and strat-
ification effects become cumulatively important in the far-field for the scenario of
a steadily moving supersonic aerofoil in a weakly stratified atmosphere and with a
weakly stratified wind. This scenario constitutes a paradigm problem for secondary

sonic boom.

5.1 Introduction

In this chapter we investigate two-dimensional flow around a thin supersonic aerofoil
of chord length L, moving at constant speed U, along the x-axis, from right to left,
in a medium weakly stratified in the z-direction, with a horizontal weakly stratified
wind. As in the previous chapter the aerofoil velocity is (—U, 0) but now the ambient
pressure po(z), density po(z) and temperature Ty(z) are all varying. The altitude of
flight, z = 0, will be taken to be the reference level, and the pressure and density
values there are denoted by Py and Dy respectively. We will represent the wind with
wo(z) = (wo(2),0), and therefore the air-speed of the aerofoil is Uy = U 4+ wp(0). The
Mach number of the aerofoil is then My = Uy/cy = UO\/W, and we assume
that My > 1.

As in the previous chapter, we take the aerofoil to be symmetric with respect to
its axis of motion, and with a thickness function GG, and we denote by € again the
thickness ratio G,/ L; this is typically of order 1071, A thin aerofoil induces weak

perturbations to the ambient medium and all shocks are weak. We have shown that

128



for a uniform medium the strength of the shocks is of order €. In a stratified medium
the order of the perturbations may change but it will still involve a positive power of
e. The ambient properties vary on the scale height of the atmosphere H = Fy/(Dqg),
already introduced in Chapter 3; for a typical atmosphere H is around 8 km. There-
fore we can identify a second small parameter 6 = L/H which is of order 1073, as we
did in Chapter 3; however here we will address the stratification effects more fully.
The presence of the small parameters € and § points to the use of asymptotic
methods. Abandoning the assumption of potential flow we will seek consistent ap-
proximations to the Euler equations, in various regions of interest. For typical atmo-
spheric conditions it is reasonable to proceed with the assumption § < €2. We will

employ the method of Matched Asymptotic Expansions to show that

e Near the aerofoil nonlinear and stratification effects are negligible to leading
order and the Euler equations are approximated by a linear wave equation with
constant coefficients as that of the previous chapter. This region will be the

inner region (or near-field).

e At distance L from the aerofoil (about 10 aerofoil lengths away), nonlinear
effects becomg of order 1 but stratification effects are still negligible. We will call
this the middle region (or mid-field). The Euler equations will be approximated
by a KWE which is the same as the KWE in the far-field in the previous chapter.

L L
e Further out stratification effects also become of order 1, at distance 3 > <> —
€ €

(about 1000 aerofoil lengths away). We will call this region the outer region (or
far-field). A more complicated KWE then arises.

Our work is related to work by Helfand [55] and Pechuzal and Kevorkian [91]. Helfand
studied the simpler scenario of a thin aerofoil in a stationary atmosphere with a weakly
stratified temperature profile and Pechuzal and Kevorkian studied the scenario of a
thin aerofoil in a uniform atmosphere with a weakly linearly stratified wind. Both
these studies employed the method of Multiple Scales and the stratification parameter

0 was assumed to be of order e.

5.2 The Euler equations and nondimensionalisa-
tion

Since the motion is steady we again adopt the aerodynamic frame of reference, in

which the aerofoil is stationary and with the stream (U + wp(2),0) incident on it.
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Therefore the Euler equations (2.4), (2.4), (2.14), upon switching to the travelling

coordinate X = x + Ut become

(pu)x + (pv). = 0,

px + puux + pvu, = 0,

p. + puvx + pvv, = —pg,
p(upx +vp.) = yp(upx + vps).

We note that in contrast with Chapter 3, we will retain the term —pg in the momen-
tum equation and will show consistently that internal gravity waves are not excited
at the order we will be working to. (In Chapter 3, we had neglected this term because
for secondary sonic boom propagation acoustic waves are decoupled from the gravity
waves.) We further note that the naming of the dependent variables is somewhat
unconventional in that we take v to be the velocity in the z-direction, and wqy to be
the wind in the z-direction. Also, from now on, for notational convenience, we will
denote X by .
We nondimensionalise the system (5.1)—(5.4) using & = x/L, 2 = z/L and

u = Uy(tp(02) + €u), v = eUyv, p= Po(po(02) + €p), p = Do(po(02) +€p). (5.5)

In expression (5.5) we have defined

- U + 'LU[)(Z)
=7
so that 1(0) = 1, and similarly po(0) = 1 and po(0) = 1. Dropping the hats and

to(0%) ; (5.6)

defining, for convenience, a new variable Z = §z, we find the nondimensional equations

e(uops + polle + polz) + (i) + (p0).) + €dpozv = 0, (5.7)
€(Pa + Y MG pouoiiz) + Y Mg € (potitiy + uopily + povliz)+
YMEE3 (pt, + pot,) + yMEed poroz0 + YMEe*dugspv = 0,
(5.8)
e(p + YMEpotgty) + YMEE* (poity, + uopty, + povt,) + YMEe (puv, + pod., )
= —0(poz + po) — €0p,
(5.9)
e(pouops) + € (potipy + polP. + uopps) + € (pupy + pup,) + €5 poposd + €26pozpv =

Ye(pouops) + Y€ (Polips + PoUP: + UoPPy) + V€ (PUPy + PUP) + Yedpopoz + V€O poz .
(5.10)

In equation (5.9) the first term on the right-hand side, —d(poz + po), is zero because
of the hydrostatic balance relation pp; = —pg. Note that in the nondimensionalised

system above we have presented the terms in ascending order in the powers of e.
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5.2.1 Inner region (near-field)

When we substitute the Taylor series

po(62) = po(0) + dzpez(0) + O(6%), (5.11)
Po(02) = po(0) + dzpoz(0) + O(6?), (5.12)
uo(02) = up(0) + dzupz(0) + O(6?), (5.13)

into (5.7)—(5.10), we find that the lowest-order stratification terms involve €dz. Since
we are going to deal with terms only of order € and order €? these stratification terms
are negligible.

Next, we assume that the perturbations can be represented by the asymptotic

series
pw,2) ~ p1 +eps + O(%), (5.14)
]5(1‘,2’) ~ D +€p2+0(62)7 (515)
u(z, 2) ~ up + euy + O(€), (5.16)
v(x,2) ~ v + evy + O(€%). (5.17)

We substitute (5.14)—(5.17) into (5.7)—(5.10) and we obtain at order e the linear

system

5.18
5.19
5.20
0.21

P1z T U1 + V1, = 07
D1z + ’VMgulw = 07
pr- + Y Mivi, = 0,

(5.18)
(5.19)
(5.20)
Pre — Yp1e = 0. (5.21)

Eliminating p; and p; from (5.18)-(5.21) we obtain the following linear wave

equation for wuy:
Ulzz — Bgulw:v = 0. (522)

Equation (5.22) is the consistent leading-order approximation of the Euler equations
in the near-field. Note that

Vig — U1z = 0 (523)

holds, and therefore the vorticity at this order is zero. (This is obtained by integrating
(5.19) with respect to x, differentating with respect to z, and using the resulting
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relation in (5.20) to eliminate p;,. All integration constants are set to zero due to
the upstream conditions.) The characteristics of equation (5.22) are the straight lines
& =x — Byz, n = ¥ + Byz and the D’Alembert solution is ¢1(£,1) = f(£) + g(n).

Concentrating on the half-plane z > 0 the flow quantities at order € are

U = —%f), U1 = _Bou1(€)7 b= _7M3u1(£)7 p1 = _Mgul(&-)? (524)

just as in (4.31), (4.34) and (4.35) from Chapter 4. Then, proceeding to order € we
find:

5.25
5.26
5.27
0.28

P2z + U2y + V2, = —p1(U1y + V12) — (W1p12 + V1P12),
D2z + ’YMguzz = —’YM(?(Ululm + ViU, + prung),
Doz + YMFvg, = —y MG (u1v1z + 0101, + p1v1s),

(5.25)
(5.26)
(5.27)
(5.28)

P2e — VP2x = —P1P1e + VP1P1e + (YU1P1e — UrP1e) + (YV1P12 — V1PL2).
The left-hand side at order €2 is the same as that of the order € system, upon changing

the subscript “1” to "2” (as expected). We use the order € solution (5.24) to evaluate

the right-hand sides of the system (5.25)—(5.28) in terms of u; and subsequently use
G'(¢)

U = . We obtain
0
_ 4 _ Mél IYalll
P2z + U2y + Vo, = 2M0 Ul = ?G G s (529)
0
Poe + YMGus, = 0, (5.30)
P2 + /}/MO2,U2$ = 07 (531)
_ — _ 4 _ _ Mé ol
P = VP20 = (7 = DMgurwig = (7 = 1) 57 GG, (5.32)
0

where the dash signifies differentation with respect to . Integrating (5.30) with
respect to x we obtain py = —yMZuy(z,z) + f(2). The undetermined function f(z)
will be set to zero because there is no disturbance upstream. Differentating with

respect to z and combining with (5.31) we obtain
Vog — U2, = 07

from which we deduce that the flow is still irrotational at this order. Also the linear
combination v(5.29) 4 (5.32) — (5.30) gives

2 ]w(l)l Yall
Vo, — Biug, = (7 + 1)?G G". (5.33)
0
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We set us = ¢y, V2 = ¢, and (5.33) gives
MA

$322 — Bibasa = (v + 1) Miuyure = (v + 1)2—B°0(G’G”), (5.34)
which is, as expected, equation (4.38) of Chapter 4. We have already solved (4.38) by
reverting to the oblique coordinates £ = x — Byz, z and have found that at distances
z ~ 1/e we have epy ~ ¢1, which causes the asymptotic expansion for ¢ to become
nonuniform. This nonuniformity arises because nonlinear effects accumulate to an
order 1 effect at physical distances z ~ L/e from the aerofoil. We had thus defined
there a second region where this nonuniformity was removed by incorporating non-
linear terms at the leading order which balanced the secular term (v + 1) Mjujuse.
This led to the KWE (4.60). Here however, beyond this second region there is a

third region (at distance z ~ —), where stratification will become equally important
to nonlinearity; we will call the second region “middle region” and the third region

“outer region”.

5.2.2 Middle region (mid-field)

In order to investigate the “middle region” where nonlinearity is an order 1 effect
we are going to switch to the coordinates Z = ez and £ = x — Byz. In the “middle
region” Z and £ are order 1. This region is at physical distances of order L/e from
the aerofoil. We will pursue the derivation of the KWE (4.60) in terms of all 4 flow

quantities u, v, p and p. It is helpful to recall that the partial derivatives in terms of

the new variables are — = — and 2 = 0 — Bo2

or oc "oz “az  Yae
Writing then the system (5.7)—(5.10) in terms of Z and &, and collecting terms of

the same order together, we have

e(uope + po(tie — BoTe)) + €*((po0) z + (ptt)e — Bo(po)e) + O(€) =0, (5.35)

e(Pe + YMG pouoiie) + Y MG €*(pouoz® + potitie — poBovtie + uopiie) + O(€*) = 0,
(5.36)

e(—Bope + YM{ pouote) + €27 + M€ (potive — poBote + uope) + O(e*, €6) = 0,
(5.37)

epouoDe + € (po(it — Bob)Pe + uoppe) =
vepouope + v€ (po(@ — Bo)pe + uoppe) + O(€7, €6). (5.38)

Substituting in (5.35)—(5.38) the Taylor series

Po @Z) =1+ gZ,ODg(O) +0 ((g)j : (5.39)
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and similarly for pg <§Z ) , and g (éZ ) we find that the lowest-order stratification
€ €

terms are of order § (they arise from e x —Z). Since § < €* these terms are still not
involved in the order € and €? we are retaining below. Furthermore, the gravity term
on the right-hand side of equation (5.37) is equal to —edp is and hence also negligible.

We assume that in this region perturbations are represented by the asymptotic

expansions
5(57 Z) ~ p1+€p2 + 0(62)’ (540)
P&, Z) ~ p1+ ep2 + O(€?), (5.41)
(&, Z) ~ uy + euy + O(€?), (5.42)
v(€,7) ~ vy + vy + O(€2). (5.43)

We insert the asymptotic expansions (5.40)—(5.43) in equations (5.35)—(5.38) and we

obtain at order e

Pi¢ + Ure — Bo’Ul,;: = O, (544)
p1e + Y MGuie = 0, (5.45)
—Bopre +vMgvie =0, (5.46)
pie —vp1e = 0. (5.47)
At order €2 we obtain
pac + Use — Bovae = —{p1(u1 — Bov1)}¢ — 1z, 5.48

5.49
5.50
5.51

Poe + 7M3U25 = —VM(? ((wqg — BOU1)U1§ + p1U1§) )
—Bopae + 7M02U25 = —W’Mg ((u1 — Bovl)vlg + Plvlg) — D1z,

(5.48)
(5.49)
(5.50)
(5.51)

Pag — VP2e = —pP1P1e + YP1p1e — (U1 — Bovr)p1e + y(u1 — Bovr)pe.

The order € equations (5.44)—(5.47) constitute a linear system of three equations in
four unknowns. Therefore we can express vy, p; and p; as functions of the undeter-

mined function u, (€, Z) as follows
V1 = —Boul, P1 = —’yMgul, P1 = —Mgul (552)

We note that expressions (5.52) are identical to (5.24).
In order to determine u; we need to go to order €2. We use (5.52) in the right-hand

side of equations (5.48)—(5.51) to express all terms as a function of this undetermined
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solution wu; (&, Z). We obtain

9.53
5.54
2.55
5.56

p2¢ + Usg — Bovae = Bouiz + 2Mgujuye,
Doe + 7M02U2§ =0,
—Bopae + YMgvoe = YMGur 7,

(5.53)
(5.54)
(5.55)
(5.56)

pae — Yp2e = (v — 1) Myuquye.

Comparing the order €* system in the middle region (5.53)-(5.56) with the order €
system in the inner region (5.29)—(5.32) we find that the rescaling of z has led to
the appearance of two more terms in the right-hand side of the former; Byuiz in the
continuity equation (5.53) and —p;7 = YMZu, 7 in the Z-momentum equation (5.55).
These terms are precisely the ones that will balance the nonuniform terms of the form
ujue. Also it is this aforementioned ascent of terms from order € to order €2 that
renders the system at order € indeterminate in the middle region.

For the order €? system (5.53)-(5.56) to have a solution a consistency condition

needs to be satisfied, given by the linear combination of equations (5.53)—(5.56)
YM2(5.53) — (5.54) + Bo(5.55) + M2(5.56). (5.57)

This (upon division by the factor 2yMZBy) leads to the KWE

r+l

2B, Miujuye = 0, (5.58)

Uiz +

which is equation (4.60) of the previous chapter (upon dropping the superscript from

In the previous chapter we showed that for a general (concave) thickness function
G(z) (see Figure 4.4), the solution of (5.58) is an N-wave asymptotically (see Figure
4.8). However we note that for the current scenario stratification effects come in at
distances L/ and the signature may not have attained its asymptotic form by then.
In the next section we will derive a KWE with nonconstant coefficients and a non-zero
right-hand side that governs the wavefield behaviour in the outer region, to leading

order.

5.2.3 Outer region (far-field)

We now investigate the outer region where nonlinearity and stratification effects are
both of order 1: since z will be of order 1/4 the appropriately rescaled vertical variable

is Z = dz. In the horizontal direction, the deviation of (x, z) from the linear acoustic
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characteristic through (0,0) is £ = o — fo s)ds where B is the Prandtl-Glauert

parameter in the outer region

po(g)

We have seen that in the middle region the deviation of the nonlinear characteristics

B(3) = \/Mgug(é)p‘)(g) ~1, (5.59)

from the linear is of order € when the vertical coordinate is of order 1. Therefore in
the outer region we expect £ to be of order €/d. So we choose our scaled horizontal
variable to be ( = d&/e. Note that B is now a function of Z and we shall restrict
attention to the hyperbolic region where B is real. In this outer region the gradients
of the ambient quantities are of order 1. With these scalings we are still near the

leading shock and far from the aerofoil since {/z = e(/Z < 1. It is helpful to
00
note that the partial derivatives in terms of the new variables are e _a_C and
r €
0 g 6.0
Z s _Sg~.
0z 0z € 0OC
We first rescale equations (5.7)—(5.10) to obtain their new form in terms of ¢ and
Z. It is not worthwhile to present all the resulting cumbersome equations. We will

present only the rescaled form of equation (5.9) in order to discuss the gravity terms:

8(—Bp¢ + v Mg pouetc) + €6(pz + vMg (po(t — Bo)oe + uopte)) + O(*8) = —edp
(5.60)

We assume, as usual, that the perturbations in the outer region are represented by

the following asymptotic expansions

p(C,2) ~ p1+epy + O(e?)), (5.61)
(G, 2) ~ p1 + epy + O(e%)), (5.62)
(¢, 2) ~ up + euy + O(€?)), (5.63)
0(C, 2) ~ vy + evy + O(€%)). (5.64)

From (5.60) and (5.61) we conclude that the gravity term edp; will appear in the
order € order of the analysis.

We obtain at order ¢ the system

uppi¢c + pourc — Bpovie = 0, (5.65)
pic + vMiuopourc = 0, (5.66)
—Bpic + yMgugpovic = 0, (5.67)
Pi¢c — ’Y%Plg =0. (5.68)
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Equations (5.65)—(5.68) can be solved in terms of u; as

V¢ = —Bulg, (569)

pic = =7 Mg pououac, (5.70)
u

pic = —Mongp—oulc. (5.71)
0

Integrating (5.69)—(5.71) with respect to ¢ we obtain the relations
U1 = —BU1<<72), p1 = —7M§p0U0U1(<7§>, P1 = _M()onp_ul(gu )7 (572)

where u; is an undetermined function that will be determined at order €§. At order

€6 we obtain the system

uopa¢ + po(uze — Bua) = —{p1(ur — Bui)}¢ — (povr)s, (5.73)

Pac + Y M potguse = —yM§ (v1pouez + po(ur — Boy)usc + uoprune) ,  (5.74)

— Bpac + YM; pougvac = —p1z — yM§ (po(ur — Buy)vig + uoprvic) — p1,  (5.75)
UpPo <p2c — ’Y%P%) = (Ypopoz — poPoz)v1 — Pic(po(ur — Buy) + ugpr)+

Yp1¢c(po(ur — Buy) +ugpy).  (5.76)

We use relations (5.72) to express the right-hand side of the equations (5.73)—(5.76)
in terms of u; and we obtain

3,3
Uopac + po(uzc — Buac) = 2M§%Ululg + (poBuy )z, (5.77)
0
Pac + v Mg pouguac = Mg pouoz Buy, (5.78)
u
—Bpac + VM(?POUOUK = ’YM02(P0U0U1)2 + M(?p%p—oul, (5.79)
0

2u2 B 7
Po Oululg + — (poz ’}/—Opog) Uus. (580)
0 Uo Po

Do
Dac — 7%%72( = (v —1)M;

For the order €6 system (5.77)—(5.80) to have a solution, a consistency condition

needs to be satisfied. This is given by the linear combination
Y M2uo(5.77) — (5.78) + B(5.79) + M2u2 (5.80), (5.81)
Po

which leads to the following KWE for u; (upon division by the factor 2vMZuypoB

and using poz = —po):

Y1, sh% _1(pB);
s+ —=M, = —— “Uy. 5.82
Uiz + (5 5B nggmulg 5 0B Uy (5.82)
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Generally we need to solve the KWE numerically; either through the method of
characteristics or through a numerical scheme applied directly to the equation.

Applying the method of characteristics to equation (5.82) we have that u; obeys
the ODE

2= u (5.83)

p
——— Mgug—u;. (5.84)
Do

Solving (5.83) we can deduce that along the characteristics u; varies according to

simple relation

= Ai(poB)7?, (5.85)
along each characteristic
T+1 4/2 uy(s)p5(s)
—M —————uyds = (p. 5.86
=72 M) Bl O (550

Substituting u; from (5.85) in (5.86) we obtain

¢t [ 58— o (557

Note that the amplitude expression (5.85) becomes infinite when B = 0, at the sonic
height, where the source speed relative to the wind is equal to the sound speed. This
indicates that the asymptotic procedure breaks down there. A fourth region needs to
be introduced with B taken as a third small parameter. Pechuzal and Kevorkian [91]
have undertaken this for the simpler case of a uniform medium that has a horizontal
linearly stratified wind. They deduced that the consistent approximation of the Euler
equations in this sonic region is a nonlinear Tricomi equation. It remains an open

question what is the analogous equation in our scenario.

Matching
The middle-region solution, in the region between the shocks, is given by
l 4
O () - fo=E6—Du™Z, D= b+ DMy (5.88)
By 2B,
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To match the outer region solution with the middle region we multiply the outer

region expression (5.87) by €/6 and also write Z = —Z: we have
€

i 7
§-SAD /0 F(s)ds = & (5.89)

Boyugpg
Bpj
expand the integrand F'(s) in a Taylor series. From this Taylor series we then retain
the leading term F(0) = 1/+/By. As we tend to the middle region, since £ — &, (5.89)

becomes

J
where F(s) = (poB)~Y2. In (5.89), since the upper limit —Z is small, we can
€

A
vV Bo

Comparing (5.90) and (5.88) we conclude that 4; = —G'/+/By.

The characteristic expression (5.86) incorporates both stratification and nonlinear

¢—LDz=¢ (5.90)

effects. Therefore it would provide a way to quantify the error in the linear theory
which was employed in Chapter 3 to calculate the path of secondary sonic boom
propagation.

Summarising our results: in the near-field and the mid-field, to leading order,
the analysis turned out to be equivalent to that of Chapter 4, but in the far-field
an inhomogeneous KWE arose that accounted also for order 1 stratification effects.
Therefore we can say that, at leading order, shocks are formed as in a uniform medium
and then get affected by stratification. This might have not been the case if we had
looked at a different balance of § and e.

Finally we note that in the approximations of the Euler equations presented above
there is no direct excitation of gravity waves, even though the motion takes place in a
gravitationally stratified atmosphere. This is so because, at the order we are working
to, the sound waves are decoupled from gravity waves as the wavenumber 1/L is large
compared with 1/H. This condition for decoupling is given by Lighthill—see [72],
Section 4.2, expression (29), p. 291.
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Chapter 6

Acceleration and deceleration
through the sound speed,
manoeuvres

6.1 Introduction

In this chapter we return to the framework of linear acoustics introduced in Chapter
3. We will determine the wavefront pattern, Mach envelope, and the pressure field
due to a point source moving in a stationary uniform medium. Our analysis will
be based on the linearised gas dynamics equations, reduced to a single equation for
pressure. We are going to deal with the following types of motion that are of interest
in sonic boom research: steady motion, motions with acceleration and deceleration
through the sound speed, and manoeuvres.

The chapter is divided into two parts: two-dimensional problems and three-
dimensional problems. For the purposes of determining the geometry this distinction
in the dimension is not important if the source moves in a straight line, since the
three-dimensional geometrical pattern is obtained simply by revolution of the two-
dimensional geometrical pattern about the axis of the source motion. However, as we
will see there are fundamental differences in the corresponding wavefield, due to the
differences in the Riemann function.

In two dimensions we will solve the steady motion problem (Section 6.2.2), the
constant acceleration problem (Section 6.2.3) and the constant deceleration problem
(Section 6.2.4). Even though for the steady motion problem closed-form solutions
can be found almost trivially, such solutions cannot be found for accelerating and
decelerating motions in general. In the case of constant acceleration and constant

deceleration motions closed-form solutions can be found in terms of standard elliptic
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integrals but we will not do this here; we will present instead a simple method of
approximation for obtaining a closed-form expression for the wavefield near the Mach
envelope, in the time domain.

In three dimensions, we will also solve the steady motion problem exactly, and
then modify the method of approximation developed for two dimensions to calculate
the wavefield near the Mach envelope.

The linearised gas dynamics equations, presented in Chapter 3, for a stationary,
uniform ambient medium with sources reduce to a scalar equation for pressure

1 0% oq

Vip— 2op - Py T —y(x,1), (6.1)
0

where ¢ is the time rate of change of the volume excluded from the fluid by the
source per unit volume. In order to obtain the source term in the right-hand side of
equation (6.1) we have replaced the zero in the right-hand side of the linearised mass

conservation equation by ppq. The initial conditions to be imposed are

dp
=0, ==0att=0. 6.2
The Riemann function G(x,t;xg,7) corresponding to a unit point impulsive source
satisfies
1 0°G
2 _
V-G — 0_(2) e —4(t — 7)d(x — Xo), (6.3)

. . . 0G
where x¢ = (o, Yo, 20). From causality considerations G and — are zero for ¢ < 7.

ot

Therefore in free space, in three dimensions the Riemann function is

o(t—7—R/c
G3(Xat;X07T) = ( ZT(’R / 0)’ (64)

where R = |x — x¢| (see [85]). The disturbance due to the source propagates with

speed ¢y on the wavefronts
Qs =ci(t—7)* - R*=0, (6.5)

in the region ¢t > 7. Therefore the disturbance arrives at an observation point distance
R away from the source at time R/cy after it was emitted; it then ceases instanta-

neously. By the superposition principle, the solution to (6.1) is given by

p= //// Gs(x,t; X0, 7)Y (X0, T)dzodyod2zodT. (6.6)
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This integral extends over all xy, and 7 but of course the integrand is zero when t < 7
(since G3 = 0 then) and when X lies outside the source region S(7) at time 7 (since
there v = 0). So the integral could alternatively be written as restricted to 7 < t and
Xo in S(7).

From (6.4) and evaluating the 7-integral in (6.6) we find that a solution of (6.1)

p= /// V0t = BJCo) o vodzo, (6.7)
4T R

the well-known “retarded potential” solution [85].

18

Note that we can also introduce a velocity potential ¢ through the relation

99

P=—pog,- We then obtain, from (6.1), the inhomogeneous potential equation

1 0%
2
_ ¥ _ t .
V (b C(% atQ q(X7 )7 (6 8)
with initial conditions
¢
=0. Z =0att=0. 6.9

The solution is then (using (6.7)) given by

¢ = _/// q<X07fl7T_RR/CO)de0ddeZQ. (610)

In two dimensions (x and y), the Riemann function is

_ 2 H(QZ)H(t — T)
2m \/Q2(377 Y, t; To, Yo, 7_) ,

G2($,?J7t;$0a90>7) (611)

where

Q2 =ci(t—7)* = (z —20)> — (y — w)* (6.12)

1

and H stands for the Heaviside function.” The presence of the Heaviside function

ensures that G5 takes only real values. The wavefronts are the circles ()2 = 0 and the

"'We can determine G either by solving equation (6.3) directly or by evaluating

% 4(g(2))
4T R

Gl y) = / Gi(a,y,2)dz = / daz,

— 00

where g(z) = t — 7 — R(z)/co. Therefore G = 0 when Q2 < 0, and when Q2 > 0, using the
integration property of the § function,

1

%= 2 RO o1
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disturbance does not cease instantaneously after it arrives at an observation point;
since Gy ~ — as t — oo the disturbance decays to zero only as t — oo (this is the
so-called tail 7(T)f the cylindrical waves). Due to its tail G5 is very different from G3. A
nice discussion of dimensionality and the wave equation appears in Ockendon et al.
[82], Section 4.6.8.

The general solution for the two-dimensional problem is therefore (by superposi-

tion of terms of the form (6.11))

p(z,y,t) /// Go(z,y,t; 20, Yo, 7)Y (%0, Yo, T)dxodyodr, (6.15)

where again the integrand is zero when ¢ < 7 (since G5 = 0 then) and when x, lies

outside the source region at time 7 (since there 7 = 0).

6.2 Two-dimensional problems

We will first consider two-dimensional problems (and we take the independent vari-
ables to be z and z). For a point source of unit strength moving on the path
(x0(t), 20(t)), from (6.15), the pressure field p(z, z,t) is

p(x, z,1) / AQ(7))dr (6.16)

where @ is given by (6.12) (dropping the subscript).

6.2.1 Mach envelope equations for any unsteady motion

Below we derive the parametric equations for the Mach envelope for any unsteady

motion in a uniform medium, by seeking the envelope of the wavefronts Q(7) = 0.

We thus set 38_62 = 01in (6.12) and this leads to the relation
T

zh(r — 20(7)) + 25(2 — 20(7)) — 3 (t — 7) = 0, (6.17)

where the dash denotes differentation with respect to 7. Solving (6.17) for (z — zo)

we have

wh(z — m0) = c3(t — 7) — 20(2 — 20), (6.18)

summed over zr = £+/Q2 for which g(zr) = 0. This leads to

Co Co
Go= Y = : (6.14)
o dr|zr] 2w/ Q2

For a more geometrical derivation see also Whitham [126] pp. 234-235.
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and substituting into = 0 we obtain the quadratic in (z — zp)

(z — z0)2($62 + z62) — 22602(75 —7)(z—20) + cg(t — 7)2(03 — xgz) =0. (6.19)

This gives

ot —1) / '] o2 2 9
Z—Zo—W(COZOi% "+ 27— ¢, (6.20)

0

which is real only if a:62+262 > ¢2, that is for supersonic parts of the motion. Equation
(6.20) gives an expression for z in terms of the parameter 7. The analogous parametric

expression for x in terms of the parameter 7 is
Co (t - T) ( / / 72 2 2>
T—29g=—5 | coTp F 2o/ Xy + 207 —c5 ). 6.21
2+ 22 0T 0\ To 0 ( )

When the motion is on a straight line with zp = 0 the parametric expressions (6.20)
and (6.21) simplify to

r—xo(7) = %;T), (6.22)
- iw oh2(7) — . (6.23)

6.2.2 Steady motion

6.2.2.1 Supersonic motion

Starting from the simplest example, we are going to determine the wavefield for
steady motion in a straight line. To make the problem more realistic, we consider a
finite-start problem in which there is no source before ¢ = 0, and zy(t) = —Ut for
t > 0, with U > ¢g. The wavefronts emitted for ¢ > 0 form an envelope which is the
truncated Mach wedge
X% =B ogxgﬁ,
U

where X = x 4 Ut is the travelling coordinate. Note that for a source moving for
an infinite time with constant speed the Mach wedge extends to infinity (X > 0), as
we have seen in Chapter 3. Since all the sound from the source is located inside the
region defined by the initial wavefront and the Mach envelope, as plotted in Figure

6.1, the pressure p is zero outside this region.
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Figure 6.1: Schematic of the Mach wedge and the initial wavefront (IW). The point
A; is outside the IW and Aj is inside the IW. (The horizontal line represents the path
of the source.)

Below we determine the wavefield inside the region. Setting z¢(7) = —UT and
2o = 0 in (6.12) we have

Q=—(U*—-c)r* —21(zU + cit) — (2 + 2° — c3t?). (6.24)

Therefore @) is a quadratic in 7 with roots 71 and 7, given by

GBI = —(aU + &t) % coyf (x + Ut)? — B2, (6.25)

where 71 corresponds to the negative sign in front of the square root and 7, to the
positive sign. We now consider a control point A = (z, z). Since A is inside the Mach
wedge both 71 and 75 are real and distinct. (When A is on the Mach wedge, 7 and
Ty coincide.)

When A is outside the initial wavefront (IW) we have 0 < 73 < 7o, but when A is
inside the IW, 71 becomes negative. Below we plot ) at two points (inside the Mach
wedge) in order to exhibit the transition in the sign of the roots: the left picture
shows @ for the point A; = (—(U + ¢o)t/2,0) outside the IW, and the right picture
shows @ for the point Ay = (—(¢o — U)t/2,0) inside the IW.

The pressure field p(z, z t) outside the IW is given by

—p x,z,t) (6.26)

|, vaw

and from (6.24) we have

2 Bopla, 2, 1) — / K e _‘Z(T — (6.27)
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Figure 6.2: The quadratic ) at two points inside the Mach wedge, A; outside the
IW (left plot) and A = A, (right plot). The points A; and A, are shown in Figure
6.1. On the left plot both roots of () are positive but on the right plot 7 has become
negative. (We have chosen co = 1, U = /2, t = 3.)

where 7y and 7, are given by (6.25). Performing the transformation
T = 71 cos® § + T sin’ 0, (6.28)

we have 7 =71 = 0; = 0, and 7 = 75 = 0 = 7/2. Therefore the integral (6.27) gives
the simple expression

1

L 6.29
2B, (6.29)

p:

We conclude that the wavefield is constant for all points inside the Mach wedge and

outside the IW. The pressure field pys inside the IW is given by

27 Bopos(x, 2, t) (6.30)

Y -

and is not constant as shown below. Performing again the transformation (6.28) we

1
find 03 = 7/2 but ¢, = = arccos <T2 * Tl). Therefore (6.30) becomes
2 To — T1
To +T1
27 Bopos(x, z,t) = 2(02 — 01) = m — arccos ( ) , (6.31)
To —T1
where
otT xU + it ' (6.32)
Ty — T co/ (z + Ut)2 — B2z2
Therefore
1 1 xU + &t
s, 2,t) = — — arccos | — , 6.33
Po ( ) 2B, 27 By ( Co\/($+ Ut)Q — B222> ( )
1 U+ cit
= arccos % . (6.34)
2m By cor/(x + Ut)? — B2
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Note that pgs joins continuously to p since pys = p implies 71 = 0 which is the value
of 7 for points on the IW. At the points (v = —c3t/U, z = +t/M,), where the IW
meets the Mach wedge both the numerator and denominator in the right-hand side

of (6.32) are zero and there is a discontinuity. Figure 6.3 superimposes 27p and 27po,

(U= 3,c0=1,t=3).

AR

e
MITHTHTHRnxR ‘:‘:‘:‘:‘.‘n‘.}.‘.‘\\\)«\\\\\\\\\\\
LRI 1) 1] \
N A
AT
\ )
A
4

Wi
\\\\\\\\\\\‘“ MR
N

%,
%,
///
R
X

I
i

iy

llllllllfl/ffll’
N

X

3

22,

N
N

D
N
N
N
AN

%
7

)

.

%
7

\ \\\\
\\\\\\\\\\\\\ 7 i
YU

7
Wi

7
il
il

Figure 6.3: Plot of 27wpgs where py, is the wavefield inside the IW when the point
source travels with constant speed from right to left, U = v/2,¢y = 1,t = 3.

6.2.2.2 Subsonic motion

Since we are going to examine subsequently acceleration and deceleration through
the sound speed it is also useful to determine the geometry and the wavefield for a
subsonic steady motion.

We assume again a finite start with the source “switched on” at ¢ = 0. Since
in subsonic motion all wavefronts are nested, at any time instant ¢; > 0 all the
disturbance is found inside the IW 22 4 2% = ¢2t2. The expression for the quadratic
@ is again (6.24) but now, since ¢y > U, @) has a minimum and not a maximum. We

define 32 =1 — U?/c3 and then the two roots of Q) are given by

B = (U + cit) £ co\/(:v + Ut)? + (3322, (6.35)

where 77 is the root corresponding to the negative sign and 75 the root corresponding

to the positive sign.
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Since (z + Ut)? + 3222 > 0 for any point (z, z), the roots are always real and

distinct. This is equivalent to — not becoming zero (and consistent with the fact

-
that in subsonic motions no envelope of the wavefronts can be formed). The only

exception to this is the source position x+ = —Ut,z = 0 where 8—Q and the roots
coalesce. Furthermore, when the point (z, z) is inside the IW the pTroduct and sum
of the roots are both positive so the roots are both positive.

Moreover, since the wavefronts are nested there is a unique 7, satisfying 0 < 7 <

t, at which @ = 0. Using this geometrical information the wavefield integral (6.7)

becomes
odr 1 n dr
pSub(xa 2, t) - S — / . (636)
2r o VQ 2B o /(i —T)(m—T)
This can be calculated exactly if we let 7 = 7 cosh® u — 7 sinh? u; we get
(2,2,8) = — / " du= ! (6.37)
Psub\ T, 2, = — 5 U= ——ur, .
’ w0 ), T
1 U+ ct
where uy, = = cosh™ (Tl i T2> and 2772 _ % . (6.38)
2 Ty — T To—T1 o/ (x + Ut)2 + (5222

From the last expression we find, as expected, that the wavefield is infinite at the
source.
In order to see the precise nature of the singularity, we consider points near the

source, with © = —Ut + 7 cos ¢, z = rsin ¢ where r is small. From (6.35) we have

caBimia = coBet +rUcos g £reg \/cos2 ¢+ 3 sin? ¢. (6.39)

Using (6.39) in (6.37)—(6.38) we obtain

1 265t +rU
Psource = 55 COSh_l 0050 il C(QJS.QSQ . (640)
213 cory/cos2 ¢ + 32 sin’ ¢

Therefore as » — 0 we have

1 2tco 3
Psource ™~ In 0060 2 - 9 ) (641>
27 o ry/cos? ¢ + (32 sin’ ¢

which gives a logarithmic singularity as » — 0. The analogous three-dimensional
calculation can be found in Goldstein [44] pp. 45-50.

148



6.2.3 Acceleration through the sound speed

We now consider a point source accelerating through the sound speed—a problem
of great interest in sonic boom research since any supersonic vehicle must do this.
Flight tests, recorded in [123], indicate that acceleration through the sound speed
leads to the formation of a focused boom with amplitudes 2 to 5 times that of a
primary boom. It is a well-known fact in the early sonic boom literature that an
envelope of boomrays is formed during such a motion. In agreement with the more
recent sonic boom literature and the earlier parts of this thesis we will be calling this
envelope of boomrays a fold caustic. This fold caustic corresponds to the formation
of a cusp on the Mach envelope. These cusps had been reported as novel features in
the 1953 paper by Lilley et al. [73] and their position had been determined there.?
We feel that, up to now, the connection of these cusps to the fold caustic has not
been illustrated clearly nor explained adequately and we will strive to achieve both
these tasks below.

Furthermore, in Rosales and Tabak [109] when caustics of linear waves are re-
viewed it is shown that a Hilbert transform relates the waves before focusing to those
after focusing. The waves before focusing are called “incident” and the waves after
focusing are called “reflected”.® There it is emphasised that a simple discontinuity
“converts” through the Hilbert transform to a logarithmic singularity. The latter
work employed high-frequency approximations.

However, as far as we know, no global approximation of the amplitude was made
in the literature. Below we also pursue this task, using the full linear wave theory
and working in the time domain.* We find that significant progress can be made
analytically: using our detailed exposition of the underlying geometry we locate and
identify the singularities of the linear solution. This breakdown of the linear theory
indicates that the underlying small-amplitude approximation is no longer valid and
indicates that nonlinear effects should be introduced. However, the introduction of
nonlinearities in this problem is not an easy task. For a discussion of the introduc-
tion of nonlinear effects when modelling the focusing of weak shock waves we refer
the reader to Section 3.9; we recall from there that the current consensus in the

literature is that a nonlinear Tricomi equation should be solved to get the correct

2Also, the wavefront patterns were confirmed with experiments in a shallow water tank, making
use of the "hydraulic’ analogy.

3We have already used these terms in Chapter 3 and we will also be using them here.

4We found after this work was completed that the method we use has close connections with the
time-domain method of Friedlander, in [40], pp. 67-70. Also, it would be interesting to explore the
connection of our work to the time-domain method used by Chapman in [22].
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amplitudes near a fold caustic. This equation has been recently solved numerically
by Coulouvrat et al. for the scenario of constant-acceleration of a supersonic aircraft
[27]. However, in the next chapter, we will take a different approach and we will
investigate mainly analytically the re-introduction of nonlinear terms for a simpler
one-dimensional problem but one which is already quite complicated in its own right.

If the acceleration is a constant o and we scale time with ¢y/a and space with
c?/a then we get a dimensionless problem in which the sound speed and acceleration
are both equal to 1. So z¢(t) = —t?/2, and we assume zy = 0. We define U (t) = ()
to be the velocity, My(t) = |U(t)| the Mach number, and By(t) = /M2 —1 the
Prandtl-Glauert parameter. For the motion under consideration U(t) = t, My(t) =t
and By(t) = /12 — 1; the motion becomes supersonic at ¢ = 1.

e Geometry

Below we discuss algebraically and geometrically the structure of the Mach envelope.
A discussion of the geometrical features can be found in [73, 102] and the Appendix
of [91], but we believe that the exposition here brings a better understanding as
it clarifies how this geometrical structure is related to the appearance of certain
logarithmic singularities in the wavefield and the associated breakdown of the linear
theory.

Now, from (6.12) the wavefronts are given by

2
Qz,zt,7)=(t —7)* — (91: + %7’2) — 22 =0, (6.42)

so @ is quartic in 7, and quadratic in z, z and ¢. From (6.22) and (6.23) the parametric

equations describing the Mach envelope are

rp(rt) = —27? — (t - T) | (6.43)

slrt) = £(t — 7) (1 - i) " (6.44)

in the range 1 < 7 < t. It is possible to eliminate 7 from (6.43) and (6.44) and the
resulting equation for the envelope is cubic in t? and z? and quartic in z, but we shall
find the parametric form more convenient.

In Figure 6.4 we plot the Mach envelope for ¢t = 1.2,1.5,2,3. When ¢, = 2 the
source catches up with the disturbance it sent out at 7 = 0 so we also plot the
wavefront 22 + 22 = t2. In Figure 6.4 we can see that the Mach envelope has two

cusps which join a wedge-like part of the envelope with an arc-like part. These two
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Figure 6.4: The Mach envelope for the times ¢t = 1.2,1.5,2, 3, generated by a point
source moving with constant acceleration from right to left. The cusp locus (thicker,
red line) is plotted along with the wavefront 2% + 22 = 2 (dotted blue line), where
t, = 2 is the time at which the source catches up with its initial disturbance.

parts will be called respectively the front envelope and back envelope. The cusps are

singular points of the envelope and can be readily determined analytically by setting

0? 0 0
¢ = YE _ %°F _ (). From (6.43) and (6.44) the latter condition leads to
or? or or

7o = Y3, (6.45)

The wavefront with 7 = 7. contributes to the envelope its two cusp points, and it has
centre (zo(7.) = —t?/3/2,0) and radius 7. = t — t'/3. Therefore the front envelope is
given by equations (6.43)—(6.44) over the 7-range t'/® < 7 < t, and the back envelope
by the same equations but over the 7-range 1 < 7 < t'/%. Substituting 7. = ¢t/ in
(6.43) and (6.44), we find that the coordinates of the cusps, for any ¢ > 1, are

3
Te=zp(T) =1- 5752/3,

Eliminating ¢ from (6.46) we find that the cusp locus is

2 1\*

which is a semicubical parabola starting at the sonic point (—1/2,0) where the source

ze = 2p(T,) = £(t¥3 — 1)%/2, (6.46)

speed is equal to the sound speed. The cusp locus (6.47) is plotted with a thicker line
in Figure 6.4.
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In Figure 6.5 we plot the boomrays, the special rays launched at the sonic angle
0, = arccos(1/M,) to the direction of motion. Note that the Mach envelope could
have also been obtained as the locus of the tips of the boomrays, as discussed in
Chapter 3, Section 3.4.2. Here, boomrays are straight lines emitted for each 7 in
1 <7 <'t. At the sonic time 7 = 1, #, is zero and the boomrays are coincident. The

angle 0, steadily increases with 7. We also plot the Mach envelope with a dashed
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Figure 6.5: The boomrays form a fold caustic (¢t = 3), shown with a thicker red line.
The boomrays passing through the cusps (75 = t'/3) are plotted with green. The
Mach envelope is plotted with a dashed line.

line, the cusp locus (6.47) with a thicker red line, and the boomrays passing through
the cusps with green. Figure 6.5 illustrates the fact that the cusp locus (6.47) is also
a fold caustic of boomrays. We shall show this below.

Before doing so we stop to observe that the fold caustic in Figure 6.5 is qualita-
tively similar to the fold caustic of boomrays that arises in steady motion in a stratified
medium in Chapter 3, Figure 3.27: in both cases for a fixed time ¢ the boomrays that
contribute to the front envelope have not passed through the fold caustic, but the
boomrays that contribute to the back envelope have touched the caustic. In Chapter
3, the front envelope is the so-called “incident characteristic” and the back envelope
is the so-called “reflected characteristic”. There we used the terms “incident” and
“reflected” because we thought of the perturbation as propagating on the incident
characteristic, reflecting from the sonic line at the Tricomi cusp, and subsequently
travelling on the reflected characteristic. Even though here the motion is unsteady

and we cannot switch to the aerodynamic frame, for any fixed time ¢ the cusps on the
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envelope can still be thought of as Tricomi cusps in the same way, and we shall indeed
use this term often from now on. We also saw in Chapter 3 that in the fixed frame
the Tricomi cusp moves at the local sound speed; similarly in the current scenario
the Tricomi cusp is also moving with the speed of sound. We shall see more scenarios
where fold caustics occur at the end of this chapter; they will all have qualitatively
the same behaviour. This qualitative similarity unifies this thesis and makes the work
in this chapter relevant to all scenarios where a fold caustic arises. This is of course
compatible with catastrophe theory which considers all fold caustics to be essentially
the same, locally [15].

We shall now show that the cusp locus is a fold caustic (smooth envelope) of
boomrays. The cusp locus (6.47) agrees with the expression by Dempsey in [32], but
there it was obtained in a different way, by using two focusing conditions as he calls
them. For the case of rectilinear acceleration, he derived these focusing conditions as
a limiting case of the focusing conditions for motion in a circle. Below we will derive
these conditions directly.

We will consider any two rays emitted at small distance € apart as shown in Figure

6.6. The ray from A is emitted at time 7 and the ray from B is emitted time A7

B=(—d—e0) A= (-d,0)

Figure 6.6: Two boomrays at distance e apart, emitted from points A and B at time
difference A7, meeting at a point F'.

later. Hence

2

1@2—%,[&2U:—T (6.48)
A 2
rp = —u, Up = —(1 + AT). (6.49)

2

Since xp = —d — ¢, (T + AT)? = 2(d + ¢€), and therefore A7(e) = —7 + 1/2(d + €)

(discarding the negative root). Expanding the time difference between the arrivals at
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F | tpr + A1(€) — tar as a series in powers of € we find

1 d
tBF—i-AT(E)—tAF:G -+ T +
T V(w+d)?+ 22
€2 1 (x+d)? 1
-5 - + +
2\ 7 (w+d?+2P7 J(w+d)?+ 22

f (z+d)° B r+d y
2 (7‘5 + (x+d)2+ 2252 ((z+d)? +22)3/2) +0(€).

(6.50)
Setting the coefficient of the order € term to zero we recover the boomray condition
cos bt = m (discussed in Chapter 3) where 6, is the acute angle between AF and

AB. The boomray condition can be thought of as a “first-order focusing condition”
for the rays. Now, we look for an envelope of boomrays by setting the coefficient of
the order €2 term to zero. From the resulting relation and the boomray condition, we

obtain the “second-order focusing condition”
z+d=—U?sin? 0. (6.51)

For the points such that the boomray condition and condition (6.51) are satisfied, the
boomray signals arrive with a time difference of order €*. Eliminating 7 from these
two conditions we obtain again the cusp locus expression (6.47). So we have proved
that the cusp locus is a curve of second-order focusing. Furthermore, the coefficient
of €3 is always positive so in a constant acceleration motion we cannot have any focus

of order higher than second.

Wavefront pattern

In this section we will discusss the wavefront pattern further, and explain how a
wavefront emitted at time ¢ = 7 > 1 contributes to the Mach envelope. In Figure
6.7 we plot the wavefronts for various values of 7 in the interval 0 < 7 < ¢ when
t = 3; we also plot the cusp locus with a thicker, red line. We observe a distinct
geometrical difference between the front and the back envelope; the 3 < r <t
wavefronts envelope the front envelope from the inside, that is the front envelope is
formed in a similar way to the Mach wedge, but the 1 < 7 < t!/3 wavefronts envelope
the back envelope from the outside. This difference is shown more clearly in the
schematic diagrams of Figure 6.8. An algebraic criterion for distinguishing the two
types of envelope formation appears also below. In Chapter 3, the same qualitative

change took place in the wavefront pattern associated with a fold caustic of boomrays:
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Figure 6.7: The wavefront pattern generated by an accelerating source from right to
left (¢t = 3).

this was, for example the case in Figure 3.25: the incident characteristic was on the

outside of the wavefronts and the reflected characteristic was inside the wavefronts.

777 ﬁ

Figure 6.8: Schematic diagrams for the formation of the front and back parts of the
Mach envelope (left and right respectively). In each case the thin curves are the
wavefronts and the thick curve is their envelope.

Although at first glance it might look a complicated task, we can describe easily the
formation of the back envelope with the help of Figure 6.9. The key is to plot the
7 =1 and 7 = t"/? wavefronts. The 7 = 1 wavefront is tangent to the back envelope
at the point D and the two boomrays are horizontal and coincident. This wavefront

intersects the front envelope on the left of the cusp points Cy and C5. As 7 increases
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the boomrays diverge from each other more and more, till they reach C and Cs
(when 7 = ¢'/3). While the boomrays are diverging from each other the intersection
points of the corresponding wavefront move closer to the cusps (we could say that
the wavefront “rolls backwards” towards the cusp).

The back envelope is a new feature, produced by the acceleration of the source
and from now on it will be called the acceleration caustic. The noun “caustic” in the
new name for the back envelope will be justified when we calculate the associated
amplitude; we will find that the amplitude is finite on the front envelope but becomes
infinite on the acceleration caustic.

We can also express the difference between the front and back envelope in an
algebraic way. Firstly, both on the front and back envelope ¢ = 0 and ?3_? =0
at 7 = 7. This dictates that 7 = 7 is at least a double root of the quartic Q).

Calculating

o

2
(a Q) =2 2rp — 3757, (6.52)

and using (6.43) in (6.52) to express zg in terms of 7 we obtain

82Q t— TE3
— =2 . 6.53
( or? ) TE (6:53)
TE
2
Therefore at the cusp — = 0 and 7 = 7, is a triple root of (). At any envelope point

2
(@ has either a local maximum or a local minimum. We thus deduce the following
algebraic criterion for distinguishing the front from the back envelope:
2
e on the front envelope 92 < 0= @ has a local maximum.®.
T
62
e at the cusp 92 = 0 = @ has a point of inflexion.
T

2
e on the back envelope — > 0 =@ has a local minimum.

or?
In Appendix A the above algebraic criterion formulated in the time domain will be
reinterpreted in the frequency domain in terms of the eigenvalues of appropriately

defined matrices.

®That the front envelope is qualitatively similar to the Mach wedge is also confirmed by finding
that for steady motion @,, = —2(U? — 1) which is also negative.
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Figure 6.9: The formation of the back envelope (¢ = 3): The Mach envelope and
the fold caustics are plotted with green and red respectively. We plot the wavefront
T = t'/3 passing through the cusps C; and C, and the associated boomrays; we
also plot the wavefront 7 = 1 touching the back envelope at the point D where the
boomrays coalesce. The wavefronts for the values of 7 between 1 and t'/3 always cross
the front envelope and therefore have two distinct contact points that touch the back
envelope from outside.
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tH d
Since the amplitude is proportional to / H(Q(r))dr
0o VA7)

ence in the behaviour of () directly relates to corresponding differences in the ampli-

, the aforementioned differ-

tudes at the front envelope, the back envelope, and the cusp. We will investigate this

in detail in the next section.

eWavefield

We have plotted above the wavefront pattern and Mach envelope associated with
constant acceleration through the sound speed and we have discussed their features.
Using that information, we are now going to approximate appropriately the wavefield
integral (6.16) near the front envelope, near the acceleration caustic and near the
cusp. (In Section 6.2.4 we will extend the same method to calculate approximate
amplitudes near the Mach envelope for a motion with constant deceleration through
the sound speed.)

The wavefield at a certain point (z, z) is determined by the integral (6.16). For a
moving point source of unit strength that starts moving at time 7 = 0, no contribution
comes from values of ¢ that are less than zero. Also when (z, z) is outside the Mach
envelope and outside the IW, as explained above, ) < 0 and p = 0. Therefore, to
summarise, the integral (6.16) is defined only over the first quadrant of the Q-7 plane.

Since () is a quartic the limits of integration are more difficult to determine alge-
braically than those of the steady motion. It would be possible to obtain an expression
for p everywhere in the region of influence, in terms of standard elliptic integrals, but
we will not do this here as it is unnecessarily complicated. To determine only the
singular part of the wavefield near the Mach envelope that is associated with the
sonic boom it is enough to perform a simple approximation on the integral. On the
envelope () has either a double or triple root so we can determine all four of its roots

analytically. Expanding @ from (6.42) as a polynomial in 7 we obtain
—4Q(1,w,2,t) = 74 — 4(1 — 2)7% + 8tT — A(t* — 2% - ). (6.54)

For any envelope point, since 7 = 75 is a double root, () satisfies the relation

—4Q = (1 — 75)%g(7) where g(7) = (7 — 1) (T — T4). (6.55)

Therefore
Sum of roots = Sy = 275 + 32 + 74 = 0, (6.56)
Product of roots = Py = 7p1174 = 4(a%, + 25 — %), (6.57)
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From (6.56) and (6.57) we can write down the sum Ss4 and product P34 of the two
unknown roots 73 and 74,
(2% + 22 — %)

2
)

534:7'3—|—7'4: —QTE, P34:7'37'4:4 (658)

Note that g(1) = 72 — S347 + P34. Hence

[t t
T3=—Tp — 24/ —, Ta=—Tp+2\/—. (6.59)
TE TE

The relation (6.59) gives further information on the behaviour of @) at the Mach

envelope:

e For the acceleration caustic: since 1 < 75 < t1/3 from (6.59) we have 74 > 7g;

however 73 is always negative and hence less than 7.

e For the front envelope: from t'/? < 75 < t and (6.59) we have 7, < 75. Since
T3 < 74 now both roots 73 and 74 are less than the double root 7. By (6.59) 73
is always negative, but 74 becomes positive if 7 > 75. Setting 74 = 0 in (6.59)
we obtain 7 = 4/3¢1/3_ and also from (6.58) 22 + 2% = t? holds. From these
two relations we conclude that the IW 2% + 22 = 2 crosses the envelope at the
points contributed by the boomrays emitted at 7. Imposing 77, < ¢ we find as
expected that we need ¢ > 2 for such an intersection to be possible. Note also
that for all ¢ we have 77 = 41/3t1/3 > 7, = t1/3 and so the IW never crosses the

acceleration caustic.

e At the cusp: 7 = t'/3 = 7, = 7. Therefore there is a triple root at the cusp, as
we already remarked. Summarising, we can say that when approaching the cusp
from the front envelope 74 approaches 7 from the left, and when approaching

from the back envelope 7, approaches 75 from the right.

In Figure 6.11 we plot ) as a function of 7 at seven points representative of the various
regions of interest shown in Figure 6.10: A is a point outside the front envelope (and
outside the IW), B is on the front envelope (and outside the IW), C is inside the
envelope (and outside the IW), D is the cusp, E is on the left of the acceleration
caustic and inside the IW, F' is on the acceleration caustic and G is on the right
of the acceleration caustic and inside the IW. Below, we will use these results to
find consistent approximations to ) and hence to the wavefield integral (6.16). From
the transition ABC and EFG in Figures 6.10-6.11, the algebraic criterion in p. 156,

and the geometrical differences between the front envelope and the back envelope it
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Figure 6.10: Plot of the Mach envelope, the initial wavefront and indication of the
typical points A, B, C', D, E, F and G.

T

Q Q
Q 4 Q B
vﬁt %t
L%t
E F G

Figure 6.11: Plot of @ at points A, B, C, D, E, F and G in Figure 6.10.
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is obvious that the wavefield on the back envelope is of a different nature from the
wavefield on the front envelope.

Let us take a general point (zg, zg) anywhere on the envelope (with ¢ considered
a fixed parameter). Since the acceleration caustic is never parallel to the z-axis we
will keep zg fixed and we will obtain the approximation to the wavefield integral
as a function of x where |x — xg| is small. The small parameter of the asymptotic
procedure will be taken to be proportional to |x — zg|* where « is greater than zero
and to be determined.

Under the assumption of |z — x| being small, the quartic () will be approximated
with lower-order polynomials, while retaining in each region its most important fea-
tures. Roughly the idea of the approximation method we will use is the following:
since @ has a local maximum/minimum at any front/back envelope point, two roots
of @ are enough to reconstruct the local behaviour and () will be approximated with
a quadratic there; () will be approximated with a cubic near the cusp since it has a
point of inflexion there and three roots are in play. These approximations for ) will
enable us to find approximations to the amplitude analytically.

We consider any point near the envelope and expand Q(r,x; zg,t) in a Taylor

series about the envelope point (7g, xg; 2g, t), using @ = (?_Q = 0 on the envelope.
T
We obtain
1 2
Q(r,z;zp,t) = <g—§)E (x —zp)+ 3 (?97622)]3 (1 —718)* + h.ot (6.60)
We let
t —
= (29) — om0t T gt <<, (6.61)
or ) TE
1 (0%°Q t—1p [ <Ofort!®<rp<t
and02_§<872)E_ TE {>0f0rt§TE§1. (6.62)

So, from (6.60) we conclude that for any point (z,z) near the envelope with € ~
|x — xg| the T-roots of @ are perturbed by O(e). We will denote the perturbed roots

by 1, 15, T4 and 7.

o Wavefield near the front envelope
We pick the point (zg, zg) on the front envelope. We will consider points at small
distance |x — zg| from this point. Without loss of generality, we can take (zg, zg) so

that 75 > 41/3t1/3 so that the wavefield outside the envelope is zero.9

6At a point on the front envelope but inside the IW, there is an extra contribution to the
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From the general expression (6.16) and using (6.60), (6.61) and (6.62), we obtain
for x > xp (see plot C' in Figure 6.11)

2p(z; zp, t / , 6.63
0~ ol 00
where
, C
n=TE Cl(E—x)
2
, C
Ty =Tg + C(xE—a:)
2

The roots 74 and 74 are both negative.
From the calculations for steady motion (6.27)—(6.29) the integral (6.63) immedi-

ately evaluates to

1

p(z, zg, t) ~ : (6.64)
2/ |Cy|
Hence, as © — xg the pressure jump across the front envelope is given by
1 1/ 7 \"°
+
plxs, zg,t) —0 = :—(—> . 6.65

We plot the jump (6.65) in Figure 6.12 for t'/3 < 7 <t —0.001. The jump near the
source, as 7Tg — t, is

1

S — 6.66
T (6.66)

N | =

p(t,t) =

Since the local Prandtl-Glauert parameter By = V72 — 1 takes the value V2 — 1
in the limit 75 — ¢, (6.66) agrees with the steady motion result (6.29) and provides
another verification of the similarity between the Mach wedge and the front envelope.

However as 7 — t'/3 the jump tends to infinity. This indicates that the quadratic
approximation for () is insufficient at the cusp and more terms would need to be
retained in the Taylor series (6.60) for ). We leave the analysis of the wavefield near

the cusp for later.

T4 d
wavefield, given by / \/—% (see plot E in Figure 6.11). However, this contribution is continuous

across the envelope and since we are interested in the abrupt jump in the wavefield due to the

2 dr
singular contribution / ﬁ we do not lose any generality by considering points outside the IW.
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Figure 6.12: Pressure jump on the front envelope.

© Wavefield near the acceleration caustic
We now consider a point (xg, zg) on the acceleration caustic and we again wish to
find the wavefield at small distance |x — zg| from this point (where z = zp is taken
to be fixed as before).

To calculate the singular behaviour of the wavefield at points near this acceleration
caustic again we again note that only two of the four roots of ) are in play. We

consider first the wavefield on the left of the acceleration caustic. We are going to

denote the four perturbed roots by 731, 7g — €, Tg + €, 741, Where € = é(:pE — ) is
taken the same as in the front envelope calculations. We note that this is already an
approximate representation of the roots; in fact the two roots near 75 are TE:i:e—i-O(62)
and 731, = 73 + O(€?), Tar. = 74 + O(€?). As € — 0 these roots tend respectively to

(73, TE, Te, T4). The pressure field py, on the left of the acceleration caustic is given by

TETC dr AL dr
2T, = / —+ —, (6.67)
J 0 \/QJ N TEp+e \/@,
JTA J‘er
where
—4Q = ((t — TE)2 - 62)gL(7') and g7 (1) = (7 — 7)) (T — T31). (6.68)

The wavefield on the right of the acceleration caustic is given by

TE dr TAR T
U = / ATy 4 6.69
= )vet ) va (6.69)
J2A JQB
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where
—4Q = (1 — 1)* + ) ggr(7) and gr(7) = (7 — 73r)(T — Tur). (6.70)

As € — 0, both g(7) and ggr(7) tend to g(7).
We will first evaluate J;4 and Jo4 and compare them as they both deal with the
range of integration 0 < 7 < 7 (see Figure 6.18, plot E). Firstly for

TETC fo(r)dr

Jia = : 6.71
w= [ (6.71)
4 ‘ ‘ '
where fr(7) = T7 to extract the singular behaviour, we split the numerator as
ar(T
fo(r) = fu(te) + (fL(1) — frL(7E)): therefore
d TE —€ _ d
JlA — fL TE) T (fL(T) fL<TE)> T ‘ (672)
V(T —TR) —52 (T —71p)?—€
J1A( ) JlAv@,L-)

The first integral Jy4(;) contains the singular behaviour of Ji4 and Jjazs) tends to
a finite limit as ¢ — 0 which is negligible in comparison with the singular part.

Therefore we have

Jiag) = fo(rp) cosh™ (T—E) (6.73)

€

2
€
and as € — 0 we have

JlA(i) = f(TE) (— Ine -+ 111(2TE)) + 0(1) (675)

Therefore Jy 4(;) gives rise to a logarithmic singularity of strength f(7z). Now, for

Jragiy = /OTE_E (ulr) - fL(TE))dT, (6.76)

(1 —7R)% — €

letting € — 0 we obtain

J1a(ii) —>/ E>)d7—, (6.77)

164



which is finite. Now, in the same fashion we have adopted for (6.72), we write

)d TE — d
JQA _ fR TE T (fR(T> fR(TE)) T ) (678)
V(T —7E) +62 (1 —71p)2+ €
J2A< ) JQZ(ii)

Again, the first integral J,4(;) contains the singular behaviour of Jo4 and Jo4(;) tends

to a finite limit as € — 0. Now

Joag) = fr(E)sinh ™! <T?E> (6.79)
— fu(7p)In (TEE + (%)2 + 1) , (6.80)

and as € — 0 we have

Joawy = f(1E) (—Ine +1n(278)) + o(1). (6.81)

Therefore Jy4(;) also gives rise to a logarithmic singularity of strength f(7z). We thus
conclude that the logarithmic singularities from J;4(;) and Jya(;), respectively on the
left and on the right of the acceleration caustic, are of equal strength. Lastly, letting

€ — 0 in the finite part of Jau,
B — d
Jaai) = / i) Jnlre) 77 (6.82)
0

(T —7E)%+ €

we have that

J2A (41) H/v E))dT (683)

(e —7)
Therefore we also conclude that as e — 0 the integrals Jy 4z and Jyaas) tend to the
same finite limit. This finite integral is negligible in comparison with the singular
part and we are not going to calculate it precisely.

The range of integration 75 + € < 7 < 74 is dealt with similarly. We find

JiG) = fu.(7E) cosh™ <—T4 —e TE) (6.84)
2
= fu(re)In | ==+ \/(T4 - TE) -1/, (6.85)
and as € — 0
Jisey = f(TE) (—Ine+In(2(14 — 78))) + o(1). (6.86)
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Also on the right of the acceleration caustic

JQB(Z‘) = fR(TE) Sil’lh_1 (7—4 _6

2
jﬂmmlue%+v%m€w)+q,

and as € — 0

Jopy = f(me) (= Ine+In(2(r4 — 78))) + o(1).

We also find that as € — 0, Jipu) and Jop(i) tend to the same finite limit

[ )= S

Cr . Since

J1 = Jiaw) + JiBe) + J1aw) + 1B,
as € — 0, putting together all the results from above, we have
J1 = —=2f(7g)In(e) + O(1),
and similarly

Jy = Jaaw) + Sy + J2ai) + J2Bi)-

(6.87)

(6.88)

(6.89)

(6.90)

(6.91)

(6.92)

It remains to find f(7g) so that we can determine the strength of the logarithmic

singularities. Since

—4
T = )
f{rs) 9(7)
using (6.58) we obtain
TE
flre;t) = =

(6.93)

(6.94)

Therefore f(7z) blows up as 7z — t/3.  We plot f(rg) in Figure 6.13 for

1 < 75 < t/3 —0.001. Note that at the point where boomrays coalesce, we have

[ 1
f(1;t) = 1 which is finite for any ¢ > 1; this point has no other significance

beyond this fact. Comparing the jump on the front envelope and the strength of the

logarithmic singularity f(7g,t) we see that both involve the function
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Figure 6.13: Plot of f(7g,t) as a function of 7g, where —2f(7g,t) is the strength of
the logarithmic singularity.

It is also of interest to determine how f(7g) is related to |z — z.| where 2. is the

z-coordinate at the cusp and |z — z.| small. We find

1 (72—1)"8
f(TE) ~ 61/4

- (zp — 2) V4,

and using 7, = t'/% we have

1

¢ Wavefield near the cusp
At the cusp the truncated Taylor series (6.60) is not a sufficient approximation since

0*Q

= 0. Still fixing our attention on points on a horizontal line z = z., we retain

or?
3
the next term up in the series in 7 which is the term with 95 = 0: we have
T
0 1 /03
Q(T,x; ze, ) = (a—cj)c (x —z.) + 8 (a—g)c (1 —7.)° + h.o.t, (6.96)
o , . 0*Q
where | — | is given as a function of 7 and ¢ in (6.61) and 92) = —67. There-
C T (&
fore we rewrite (6.96) as
t—
Q(7,x; e, 1) =2 E (x — x) — Te(T — 7)* + h.o.t. (6.97)
TE
=Cy(z — z.) — C3(1 — 1) + h.o.t. (6.98)
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t .
where C] = 2 B

E
We first consider z > z. and we let

(as before) and C5 = 7.

€ = ﬁ(x —x.) > 0. (6.99)
Cs
Then from the integral (6.16) we have
1 Tete dr
s T} Zeyt) ~ : 6.100
peate et~ e [ T (6.100)

T —Te

Making the change of variables = v (where v < 1) in (6.100) we obtain

€

P <2 dv 6.101
™ T;2e,b) = —= —_— .
rerlei e ) =6 ) i (o100
As € — 0 we have

-1/2 1 d

‘ ! (6.102)

2pen ~ e | e
PCR o N
h /1 W 420655 is found icall
where — =4 is found numerically.
oo V1 =03 Y
We now take r < z. so that we have a point on the left of the cusp. We keep the
(6.99) definition of € so that € < 0. Then

1 7e~lel dr
27 T2, t) = —— . 6.103
N ol Y & e o
Letting % = v (where v < —1) in (6.103) we obtain
€
‘6’_1/2 /—1 dv
Mmper = L — (6.104)
VG o V=
As |e| — 0 we have
“1/2 -1y
< Y (6.105)

2T ~— _—,
PcL _03 N =

~1
where / T g 49865,
oo V—1 — 03
Therefore on the horizontal line z = z. we can determine the behaviour of the

wavefield as a function of x, where z is at small distance to the left or to the right of
Z.. It is also of interest to determine the wavefield near the cusp when approaching
(¢, z¢) from directions other than the horizontal, but we do not pursue this here. We
emphasise that the singularities we identified are not transient, they propagate with

the speed of sound for all times .
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6.2.4 Deceleration through the sound speed

We now consider another motion of great practical relevance. We consider a point
source moving along the x-direction, from left to right in steady supersonic motion,

with My > 1 and which starts decelerating uniformly at 7 = 0. We thus have that

zo(t) = Mot —t2/2 0 <t < M. (6.107)

The motion is supersonic for t < My — 1. At t = My — 1 the source speed equals the
sound speed and for My — 1 < t < M, the motion is subsonic. The source stops at
t = My. Below we will calculate the geometry and the associated wavefield. Pictures
of the geometry are found in [73]. Virtually no discussion of the amplitudes was

located in the literature.

e Geometry

For times t < My — 1 the wavefront pattern and Mach envelope are qualitatively the
same as that of steady supersonic motion but new features appear when ¢t > M, — 1.
In Figure 6.14(a) we plot the wavefront pattern for t = M,. We see that for My—1 <
T < M, the wavefronts are nested and do not contribute to the envelope. In Figure

6.14(b) we present the same plot but also superimpose the boomrays. The boomrays
1

‘.’13'6| Mg — T ’
Therefore the angle 6, decreases as 7 increases, and this corresponds to a defocusing

are emitted at angle +6, to the direction of motion, where cos 6, =

effect. The two boomrays emitted at the sonic time 7 = My — 1 coincide with 6,
being zero, and the slope discontinuity in the envelope on the z-axis, that is present
in supersonic motion, vanishes. The latter envelope point is called from now on the
sonic point of the envelope. Note that no boomrays are emitted for 7 > My — 1.
The sonic wavefront emitted at time 7 = My — 1 is tangent to the envelope at the
sonic point for all times t > My — 1. Figure 6.14 reveals the features of the Mach
envelope. For the steady supersonic part of the motion the Mach envelope is the usual
Mach wedge truncated at the point contributed by the boomrays that are emitted at
7 = 0. For the supersonic deceleration part of the motion, when 0 < 7 < My — 1, the
envelope equations (6.22) and (6.23) become

2
T t—T

rp = Mor — — + ,
E 0 2 M[)—T

zp = *(t — 7')\/1 - (]\40—1—7)2' (6.109)

(6.108)
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(a) The wavefronts for ¢t = My; they form (b) Same as Figure 6.14(a) but also the
the Mach envelope for 7 < My — 1) but boomrays are superimposed.
they are nested for My —1 < 7 < M.

Figure 6.14: t = M,: wavefront pattern and boomrays.

In Figure 6.15 we plot the envelope at the four times ¢t = My—1.25, My—1, My, My+1.
As we expect, on the x-axis for t = My — 1.25 the envelope has a slope discontinuity
but for the other three snapshots it is rounded.

There are thus important differences in the geometry of the acceleration and the
deceleration scenarios. The boomrays of the acceleration scenario focus and form a
fold caustic, which corresponds to the appearance of a Tricomi cusp on the Mach
envelope. However the boomrays of deceleration do not focus, no caustic is formed
and no cusp appears on the envelope; the only focusing point is the sonic point and
we will return to this later. Therefore acceleration and deceleration through the
sound speed are quite different geometrically. These geometrical differences lead to

considerable differences in the associated wavefield.

e Wavefield
The pressure field for a decelerating point source with z(t) as in (6.106)—(6.107) is
given by the integral

H(Q(r))dr

1 t
p(z,2,t) = %/_Oo \/ﬁ, (6.110)
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Figure 6.15: The Mach envelope for ¢t = My — 1.25, My — 1, My, My + 1 (My = 1.5).
The dotted part is the steady supersonic motion envelope and the solid line part is
the deceleration envelope.

where
Q=H(-7)Qs+ H(1(Mo — 7))Qu,
with Qs = (t — 7)% — (v — My1)* — 22, (6.111)
and Qq = (t — 7)* — (z — Myt + %2)2 — 2 (6.112)
= —%4 + Mo + (1 — 2 — Mo)7T* + 2(Mox — t)7 + (* — 2% — 2%). (6.113)

The polynomial @) is of fourth-order in 7 and therefore (6.110) is generally an elliptic
integral again. As in Section 6.2.3 we will approximate this integral near the Mach
envelope with a simpler expression by approximating )4y with lower-order polynomi-
als.

First, we prove that in a general decelerating motion in a straight line it is impos-
sible for more than two wavefronts to pass through the same point and therefore only
two roots of () are relevant in switching on and off the H(Q(7)) factor in (6.110). To
prove this we suppose that the source passes through the distinct points 7 < 2o < 23
at T < 79 < 73 and that the three wavefronts emitted at these times do go through
(x,2) at t > 13. Therefore \/22 + (v — z;)2 =t — 7; holds for i = 1,2,3. We let now
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X; = x — x; and therefore X; > X5 > X3. The mean source speed over [y, 7] is

To — T X1 — Xy

- , 6.114
=T 22+ X — /22 + X2 ( )

Ug =

and similarly over [y, 73] the mean speed is us3. If the motion is decelerating then
U9 < W19 which can also be written as 1/t19 < 1/tag, i.e.

V22 + X — 22+ X3 _ V22 X222+ X2

6.115
X1 =X Xy — X3 (6:115)

However inequality (6.115) is impossible because v/ 22 + X? is a convex function; the
left-hand side of (6.115) is the slope of the chord BC' (see Figure 6.16) and the right-
hand side is the slope of the chord AB and for a convex function the former slope

is greater than the latter slope. Therefore not more than two wavefronts can pass

Figure 6.16: For a convex function the slope of the chord AB is less than the slope
of the chord BC.

through a point in the region of influence.” In this case the wavefronts are exactly
two. This is because () < 0 as 7 — —oo and at 7 =t but for some 7 we have ) > 0
because (x,z) is inside the region of influence; this means that () becomes zero at
exactly two values of 7. We denote these roots by 7 and 7. The maximum value
of @ is attained for a 7, such that 1 < 7, < 7. If (2,2) is outside the region of
influence we have ) < 0, and the integral (6.110) is zero.

We can think of the region of influence as composed of three regions, according to
whether the two wavefronts are both from ), both from @, or one from each. We
will discuss these regions with the help of Figure 6.18, where we plot @) for the five
points A, B, O, C', D shown in Figure 6.17. The first region is on the left of the IW

"For a general accelerating motion the inequality (6.115) is reversed and therefore there could
be points in the region of influence where three wavefronts may go through. For the constant
acceleration case, considered earlier, such points have indeed been identified; they were the cusps.
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and A is a typical point in this region. The wavefield at any point in this region is
entirely determined by ()5 and 75 < Tos < 0, where 75 and mpg are the two roots of
Qs as calculated in Section 6.2.2.1). We will call this a Type I region. We can say
that the presence of the decelerating part of the motion is not “felt” in this region.
The wavefield integral (6.110) reduces then to

1 (™ dr 1
p = — —_— =
or .. VQ. 2B

Similarly the region on the right of the IW is entirely determined by Q4 and 0 < 71p < Top,

(6.116)

where 7 p and Top are those two roots of Q4 that coalesce when D moves on the enve-
lope. We will call this a Type II region. The point D is a typical point in this region.
Points in the Type II region do not “feel” the presence of the steady supersonic
motion. The wavefield integral (6.110) is then

1 [0 dr

P=5- A
27T T1D Qd

and will be evaluated later, near the envelope.

(6.117)

The third region is inside the IW itself. This is a “hybrid” region where we have
to use both @), and ), to determine the wavefield. Then 75 < 0 < 7op and we will
call this region a Type I-II region; the point O (the origin) is a typical point in this
region. The wavefield integral (6.110) is then

1 O dr 1 S

P=o + 5 -
21 Jrs Vs 21 )y VQa

The points B and C' on the IW have been chosen to show the threshold behaviour:
B is on the IW part that separates the Type I region from the Type I-II region and

(6.118)

therefore 7,6 = 7p = 0 there. The point C' is on the IW that separates the Type II
region from the Type I-II region and therefore 7 = 7 p = 0 there. We are only
interested in the behaviour of the wavefield near the envelope where the sonic boom
is located. For points near the Mach envelope and in the Type I region the pressure is
given by 1/(2By). For points near the envelope and in the Type II region the analysis

is entirely similar to that in the accelerating case:

Qa~ —|Ci|(z — xp) — |Cs|(T — 7)?, (6.119)
where C} = % = 2(Mor —i—x)——Qt_—TE<OforaHO<T < My—1
1=\ L 0TE T SV A—— E o— 1,

(6.120)
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Figure 6.17: The envelope and the initial wavefront for ¢ = My — 1. In Figure 6.18
we plot the behaviour of @) at the points A, B, O, C' and D.

Figure 6.18: Plot of @) at points A, B, O, C' and D as shown in Figure 6.17.
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and

182Qd t—TE
Co=|= =(1—(My—r7g)?*) — ——"—, forall 0 My — 1.
2 (2 572 )E ( ( 0 TE)) MO—TE’ or a < T < 0

(6.121)
2
or?

was also negative in steady supersonic motion (see Section 6.2.2.1), which of

< i negative and (), has a local maximum. We recall that

At any envelope point

9’Qq
oT?

course confirms again the qualitative similarity between these two scenarios.

We substitute (6.119) in the integral (6.117). For z = xg the quadratic expression
(6.119) has a double root at 7 = 7g; for x < xg (6.119) has two real roots

Tipap = T £ V/|C1|/|ColVa — g, (6.122)

which approximate the exact roots 71p and mp. Therefore the integral (6.117) yields

1

p~ .
2,/1Cs|

and hence there is a jump discontinuity in

(6.123)

1

2/ B2 +t/M

the wavefield along the 75 = 0 boomray passing through the points where the Mach

As 7 — 0 we find p —

envelope of the steady part meets the Mach envelope of the deceleration part (labelled
as Jy in Figure 6.17). This discontinuity is 0 only when ¢ = 0. In Figure 6.19 we plot
the pressure jump across the envelope, for —(My — 1) < 75 < My — 1 and t = M,
(Mo = 1.5). We see the discontinuity at 7z = 0 and also that the pressure jump is
increasing with 7.

Similarly, in the Type I-II region, near the points J., and for all times ¢, we use
(6.119) in (6.118) and obtain

1 1 / /
p= (_W + arccos <M>) + — (7r — arccos <—T}D * TZ,_D>> .
2mBo Tis = 728 21/ |Cy Tip — Tap

(6.124)

As expected, the expression (6.124) reduces to the Type I result p = 1/(2B,) when
Tos = Top = 0 and it reduces to the Type II result p = 1/(24/]|Cs|) when we set
T1s = Tip = 0. The roots 71, < 0 < 75, are the expressions (6.122) and 715 < 0 < Tog
are the roots of Q).

Note that, at the leading envelope point for t < My — 1 we have

TQu _ (1~ (My — 7)) < Oandfor t > My—1 we have 204 — _a(t — My 1) <0
972 (1 - (Mo —7)°) < 0and fort > My—1 we have 52 = —2(t—My+1) <0.
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Figure 6.19: The pressure jump on the deceleration envelope, for
_(MO — ].) S TE S MO - ]_, t = MO (MO = ].5)
9’Qq .
So at t = My — 1 we have 5 = —2(t — My + 1) =0 and the pressure is singular

at the sonic point, as deduced from (6.123)). Now, three roots of Q); coalesce and
therefore a cubic approximation for Q4 should be taken. A more detailed study of

the singularity will not be undertaken here.
2

. o 0°Qq . :
The other issue worth noting is that for ¢t > My—1, 8—Q2d is negative at all envelope
T
points but positive at the source position. Therefore the wavefield is singular at the
source. In order to investigate the singularity at the source, it is again sufficient to

approximate the quartic ()4 near the source by a quadratic; we have
Qa~ (1 —(My—t)*) (1 —1)* — (v — 0(t))? (6.125)

where x(t) = Myt — t?/2. Hence in

1 t—6
p / dr (6.126)

27 a1 VQ4
(6.127)
where § = (z — x0)/1/(1 — (Mg — t)?), we let t — 7 = § coshu and we obtain
1 1 t—(My—1
p=— cosh™! (M) for My — 1<t < M, (6.128)
2 /= (0, 1) 5

We have thus derived a logarithmic singularity, as expected by the calculation for the
steady subsonic motion. Note that for ¢ > Mj the source is switched off so the source

singularity vanishes.
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Note on the exact roots of the quartic ()4

On the envelope the four roots of Q)4 are 7g, 7, 73, 74 Where

My —t
VMO_TE'

We will take 73 to be the root with the negative sign in (6.129), and 74 the root with

T34 = 2M0 — TR +2 (6129)

the positive sign in (6.129), so that 74 > 73. The roots 73 and 7, are real when the
two conditions t < My and 75 < Mj hold. There is no physical reason to comply
with the first condition; we can choose to consider any time t. However the second
condition has to be satisfied for all ¢ since it ensures that the source has speed greater
than zero. For t < My — 1

(M(] — TE)3/2 — (MO — t)l/z
(Mo — 72)'72

=2 >0 (6.130)

when 75 < My — (My — t)1/3 so both 73 and 74 are greater than 7z. Since only two
92
( £0. When t = My — 1,
or?
0*Qq

the root 73 coalesces with the double root 7z at the sonic point and 5.2
-

out of the four roots are ever coincident we know that

=0, as

already remarked.

6.2.5 Manoeuvres

We now consider the wavefronts, boomrays and the Mach envelope for a motion on a
curved path in a uniform medium, so that we can discern some of the features of sonic
booms due to manoeuvres of a supersonic aircraft. Flight tests with manoeuvring are
documented in the articles [123, 97, 34]. We will see that the type of focusing in most
of the motions examined below is restricted to the formation of a fold caustic, like
those formed in the other two scenarios we studied: acceleration through the sound
speed and steady motion in the stratified medium ¢ = 1/4/1 — z. When the geometry
is qualitatively similar, the mathematical analysis of the wavefield can be deduced
from that for the acceleration scenario, seen earlier, and we hence we will not bother
with amplitude questions here.

For a general trajectory (xo(t), 20()), the Mach number at any point is equal to
My = y/x}* + ) and the direction of the motion is given by 2} /. When M, < 1 the
motion is subsonic and no boomrays are emitted. When M, > 1, two boomrays are
emitted, respectively at angle +6, to the direction of motion, where 6, = cos™(1/Mj).

We will call the boomrays corresponding to —#, right-pointing boomrays and the

boomrays corresponding to 46, left-pointing boomrays. The corresponding equations
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are for the

left-pointing boomrays: © — xg = cos(f + 6)s, 2z — zp = sin(0 + 6;)s (6.131)
right-pointing boomrays: © — xg = cos(0 — 6y)s, 2z — zy =sin(d —0)s, (6.132)
2 Xy

where sin ) = ﬁoo’ cosf = ﬁoo and 0 < s <t—7. (When My = 1, the two boomrays
are coincident with the direction of motion.)

Let us represent a point in the source trajectory by the plane polar coordinates
(r,0), as most of the motions considered below can be conveniently treated in this
coordinate system. Denoting by €, and &y the unit vectors in the radial and transverse

directions, we have that the velocity and acceleration of the source are given by
i =78, + 108, T =(i—r0%)8e,+ (rf + 2i0)é. (6.133)

For a circular trajectory with radius » = Ry the direction of motion is tangential to
the trajectory and My = Rof. The source is taken to move anticlockwise. When
M, < 1 is constant (we take Ry < 1,0 = 1) the motion is entirely subsonic, no
boomrays are emitted, and no Mach envelope is formed. In Figure 6.20 we plot the
wavefront pattern arising from motion in a circle of radius Ry = 0.75 (with change
in direction of angle 7). (Note that in all plots below the source trajectory is plotted
with a red thicker line.) We can observe in Figure 6.20 a congestion of wavefronts at
a certain region. This indicates intensification of the amplitude there and it can be
thought of as the “precursor” of the Mach envelope that will be formed when M, > 1
(see Figure 6.21(a) below).

When M, > 1 (we now take Ry = 2 but still § = 1), in Figure 6.21(a) we plot the
wavefronts and the Mach envelope. Note that the Mach envelope curves in this section
are drawn using the parametric equations (6.20) and (6.21), with a blue thicker line
(unless indicated otherwise). In Figure 6.21(b) we plot the boomrays and the Mach
envelope. Since M is constant, the boomrays are always emitted at constant angles
+46,, but the change in the direction of motion causes the left-pointing boomrays to
focus, forming a fold caustic. This caustic is qualitatively the same as the fold caustic
due to acceleration in a straight line and steady motion in a stratified atmosphere.
The same picture with 6.21(a) appears in [73] and many subsequent articles.®

Secondly, we consider motion in a circle but with increasing angular velocity,
say 0 = 7 (the source is again moving anticlockwise). In Figure 6.22(a) we plot the

wavefront pattern and the Mach envelope, and in Figure 6.22(b) we plot the boomrays
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Figure 6.20: The wavefront pattern for a circular motion with radius Ry = 0.75 < 1
and angular velocity 6 = 1.
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(a) The wavefront pattern and the Mach

(b) The boomrays and the Mach envelope.
envelope.

Figure 6.21: Circular motion with constant angular velocity (My = 2 with Ry = 2
and 0 = 1).
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(a) The wavefront pattern and the Mach (b) The boomrays and the Mach envelope.
envelope.

Figure 6.22: Motion in a circle with non-constant angular velocity (Ry = 2, 0 = 7).

and the Mach envelope (we take 0 < 7 < 7). We see from Figure 6.22(b) that now
also the right-pointing boomrays form a fold caustic. The Mach envelope is now a
closed curve featuring two Tricomi cusps, and it looks like a distorted version of the
envelope of the accelerating motion in a straight line.

Thirdly, we consider a motion on the parabolic trajectory xo(t) = t, zo(t) = —t2.
This motion is an example for a motion that decelerates and then accelerates. The
Mach number is My = /1 +4t2. For t < 0 the source moves supersonically while
decelerating, at t = 0 it touches the sound speed and for ¢ > 0 it accelerates.

In Figure 6.23(a) we plot the wavefront pattern and the Mach envelope for for
t =1 and launch times —1 < 7 <t = 1. In Figure 6.23(b) we plot the boomrays and
the Mach envelope. The boomray pattern has now some additional features. One of
the two boomrays is always in the z-direction because £y = 1 = sound speed. When
—1 < 7 < 0 (deceleration) the boomrays trace the light blue part of the envelope. The
horizontal boomrays in this case are right-pointing. At time 7 = 0, the two boomrays
are emitted from the origin and coincide, giving the sonic point of the envelope. The
tangent to the envelope at this sonic point is normal to the z-axis. Subsequently, for
0 < 7 < 1 the horizontal left-pointing boomrays from the acceleration phase trace

again the part of the light blue envelope in z < 0. Therefore the z > 0, z < 0 region

8We have not seen the plot of Figure 6.20 somewhere though.
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Figure 6.23: Motion in a parabolic trajectory zo(7) = 7, 2(7) = 7% we take t = 1
and -1 <7 <¢t=1.

between the source trajectory and the Mach envelope is doubly traced; this is a direct
consequence of there being always a horizontal boomray.

The right-pointing boomrays, for 0 < 7 < 7* trace a darker blue envelope part
which is qualitatively similar to the acceleration caustic. At 7 = 7* a right boomray
passes through a cusp and for 7* < 7 <t the boomrays trace the part of the darker
blue envelope part in a way WhiQCh is qualitatively similar to that in a steady supersonic

flight. We find 7* by setting g—? =0
T

1 1
7_* — 2t + ,/1 + 4t2 1/3 _ > . 6134
2 <( ) (2t + V1 4 412)1/3 ( )

2

0
Note that 7 =0 is al t of — =0.
(Note that 7 is also a root of —— )

6.2.6 Higher-order focusing

We have also investigated the possibility of identifying a motion where a focus of
higher order than a fold caustic arises. Such a motion would be highly undesirable

when manoeuvring a supersonic aircraft because it may lead to a very strong boom

on the ground.
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For cusp caustics of boomrays associated amplitudes at the ground are generally
quoted to be ten times those of primary booms. (A cusp caustic of boomrays has been
detected in the flight tests of [123].) After an exhaustive search, we have not been
able to find in the literature an analytical example of a cusp caustic of boomrays.
We subsequently achieved to pinpoint such an example and we present it in the
next section. We note that when trying to construct a cusp caustic of boomrays
geometrically a certain difficulty arises because the boomrays are always emitted at
the angle fixed by the boomray condition. Such a constraint does not exist in a cusp
caustic of ordinary rays: for, example, in the coffee-cup caustic, discussed in Chapter
3, the ray passing through the cusp is the one reflecting from the cup at right angles;
however a boomray emitted at right angles to the direction of motion corresponds to

an infinite source speed.

6.2.7 Accelerating motion in a stratified atmosphere

It is of practical interest to present also analytical examples for unsteady motions
in nonuniform media, which would provide paradigm problems for secondary boom
formation due to an unsteady motion. We studied the example for a motion with
constant acceleration through the sound speed, in the stratified medium with sound
speed profile ¢ = 1/4/1 —z. Steady supersonic motion in this medium has been

already discussed in detail in Chapter 3, and the boomray equations were derived
2

there. We have, as in the previous parts of this chapter, xq(t) = —g 0= 0. As
before, the motion is supersonic when t > 1. In Figure 6.24 we plot boomrays
emitted at consecutive times 7 and take t = 3, giving a finer spacing in Figure 6.25 in
order to show in more detail the formation of the Mach envelope. The Mach envelope
part formed by boomrays launched upwards is shown with green and the part formed
by boomrays launched downwards is shown with red. Note that the Mach envelope is
determined analytically as the locus of the tips of boomrays, as described in Chapter
3—see equations (3.114)—(3.116).

Comparing now Figure 6.25, Figure 3.27 in Chapter 3 (steady supersonic motion
in the same atmosphere), and Figure 6.5 we observe similarities and differences. In
all figures the boomrays form fold caustics; in Figure 3.27 one caustic is formed, and
in Figures 6.25 and 6.5 two caustics are formed.

In Figure 6.25 the caustic is on the line z = 1/2 and this corresponds to one Tricomi
cusp on the envelope; in Figure 3.27 the two caustics are formed symmetrically placed

with respect to the line of motion, and two Tricomi cusps are formed on the envelope;
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Figure 6.24: Constant acceleration in the stratified medium with sound speed profile
¢=1/y/1— z: Boomrays for t =3, 7 = 1.1 to 7 = 2.9, in increments of 0.05.

.

T

Figure 6.25: Constant acceleration in the stratified medium with sound speed pro-
file ¢ = 1/4/1 — z. The boomrays are ilustrated for t = 3, 7 = 1.01 to 7 = 2.9
(in increments of 0.01). The Mach envelope formed by the boomrays launched up-
wards is drawn with green and the Mach envelope formed by the boomrays launched
downwards is drawn with red.
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in Figure 6.25 this symmetry is destroyed due to the medium stratification: one
caustic starts at z = 0 and goes up to approximately z = 0.75, and the other one
starts at z = 0 and goes down to approximately z = —1. (Note that it is possible to
find these caustics analytically.) The Tricomi cusps are not symmetric with respect
to the line of flight. The Mach envelope is an open curve in Figure 3.27 and a closed
curve in Figures 3.27 and 6.25, consisting of “incident” and “reflected” parts as we
defined them in Chapter 3 and earlier in this chapter.

In Figure 6.26 we show the wavefronts for 7 ranging from 1.1, to 2.9 in increments
of 0.1. This figure is the analogue of Figure 6.7 in the current chapter and of Figure
3.25 in Chapter 3. Again, the wavefront patterns related to the incident parts of

: | 1
lli’ﬁ‘t\v?\i- 1>
Suliillly =SSSEEEE T/
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Figure 6.26: Wavefronts for ¢ = 3: only supersonic part of the motion.

the envelope and to the reflected part of the envelope differ as illustrated in the
schematic of Figure 6.8. Note that, as in Figure 3.25, the wavefront cusps will form
a locus that is very close to the “reflected” envelope; this is still an artifact of the
medium stratification and is not related to the formation of the reflected envelope.

However a novel behaviour is in store here. As seen in Figure 6.27, the analogue
of Figure 6.4 for the current scenario, by time t = 5 the back envelope has changed
curvature and at about ¢ = 8 it develops a curvature discontinuity. For subsequent
times, as the Mach envelope propagates further it folds on itself and this curvature
discontinuity gives way to two new cusps. These cusps correspond to the formation
of a cusp caustic of boomrays. In Figure 6.28 we show a magnified version of these
cusps at times ¢t = 20 and ¢ = 21; the latter figure is qualitatively the same as Figure
3.43 in Chapter 3.
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Figure 6.27: The Mach envelope for ¢t = 3, ¢t = 5, t = 8. (The envelope for ¢t = 8 is
very elongated in the z-direction and not all of it shown.)
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Figure 6.28: The Mach envelope for ¢t = 20 and ¢ = 21: magnified view near the new
cusps which correspond to the formation of a cusp caustic of boomrays. The lower
Tricomi cusps are also shown on each of the two envelope.
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6.2.8 Perfect focus of boomrays

Dempsey [32] pinpointed two examples of perfect focusing, where all boomrays pass
through the same point. We have reworked and plotted these examples below. The
important point to make here is that for perfect focusing to occur at a point F, a
“sound speed condition” should hold: the component of the source velocity towards
F should equal the sound speed (which here is taken equal to 1). We consider the

source moving from left to right, with zy = 0 and

(1) =—VvV72 -1, 7< -1 (6.135)

Then the speed of the source is

/ e
xy(T) = pem (6.136)
which is monotonically increasing with 7. The boomray angle 6, satisfies
1 T2 -1
cos Oy(7) = = : (6.137)
|26(7)] 7]

We consider only the left-pointing boomrays and look at the right angled triangle
POF in Figure 6.29, where O is the origin. The side OF has the value 1 for all 7

F=(0,1)

\O\

0y
P VT2 —1 O

Figure 6.29: A perfect focus of boomrays (motion in a straight line).

and at t = 1 all boomrays pass through the perfect focus F' = (0,1). The boomray
pattern is of course symmetric with respect to the x-axis, and another focal point
exists at (0, —1).

Perfect focusing also occurs due to motion in an equiangular spiral, provided
that the sound speed condition holds. We take the motion to be anticlockwise. All
left-pointing boomrays pass through the origin (the right-pointing boomrays do not
focus). In Figure 6.30(a) we display the source trajectory, wavefronts, and the Mach
envelope (at t = 2). In Figure 6.30(b) we display the source trajectory, boomrays,
and the Mach envelope.
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(a) The wavefront pattern and envelope (b) The boomrays and envelope for an
for an equiangular spiral trajectory (¢t = equiangular spiral trajectory (¢t = 2).
2).

Figure 6.30: A perfect focus of boomrays: motion in an equiangular spiral.

6.3 Three-dimensional problems

When a supersonic source moves on a straight line, the Mach envelope in three di-
mensions is simply the surface of revolution of the Mach envelope in two dimensions.

However, the pressure due to a point source is now given by

p(x,y, 2, t20(7)) = % /_Oo W, (6.138)

where f(7) = |x —xo(7)] = \/(z — 20)2 + y2 + 22 and g(7) =t — 7 — |[x — Xo(7)|. The
integral (6.138), by the integration property of the delta function, evaluates to

1 & 1
p= E;m’ (6.139)

where n is the number of distinct, simple, real roots 7; of the equation g = 0. Any-
where on the Mach envelope, g has coincident roots so p is not defined. Note that

also in the two-dimensional analysis p was not defined on the envelope.

6.3.1 Steady motion

For steady supersonic motion xy(t) = —Ut for all ¢, g = 0 is equivalent to the same

quadratic equation ) = 0 in Section 6.2.2.1, where @) is given by (6.24). The roots
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of g are therefore given by (6.25). Therefore, the expression (6.139) evaluates to

L L inside the Mach cone,
p={ TN @tU)-B3(2+2?)
0 outside the Mach cone.,

which is of course the Riemann function for Bipxx = Dyy + P22. As expected, p tends
to infinity as the Mach cone (z + Ut)? — B2(y? + 2%) = 0 is approached from the
inside. This constitutes a difference with the two-dimensional analysis where there is

a finite jump in the wavefield across the Mach wedge.

6.3.2 Acceleration through the sound speed

For the uniformly accelerating motion zo(t) = —t%/2, the equation g(7) = 0 is equiv-
alent to the quartic equation @@ = 0, where @) is the quartic given in (6.54). The roots
of g can thus be determined exactly and an exact expression for the wavefield can be
obtained. However we will simplify things and get a better grasp of the qualitative
behaviour if we approximate g near the Mach envelope with a lower-order polyno-
mial as we did for the two-dimensional analysis; we undertake this below. To our
knowledge, this is a new result.

Near any envelope point, excluding the cusp points, only two roots are in play
when determining the sonic boom part of the wavefield, and we will thus approximate
g with a quadratic:

1 1 9

9~ go=—(v—2p)+ 59" (76)(T — 78)

6.140
TE 2 ( )

t— Tg

Te(t — TE)
75 > 7, = t'/3), ¢"(75) > 0 on the back envelope (where 1 < 7 < 7.), and ¢"(75) = 0
at the cusp (where 7 = 7.). Note that g,(7) = %ag;)) where @, was the quadratic
approximation of () in the two-dimensional analysis; this relation provides a clear

where ¢"(7p) = ; therefore ¢”(tg) < 0 on the front envelope (where

link of the approximation method here with the approximation method of the two-
dimensional analysis.
The roots of g, are real when = — xp has opposite sign to g% = ¢”(7g) and are

given by

Tar =TpE |- E (6.141)
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The derivative of g,, evaluated at these two roots is

9u(Tat) = 95(Tax — 7R) = isign(gﬁé)\/ —2933(36;—;]5). (6.142)
Also
f=t—n=fo=t—178 (6.143)
Therefore from (6.139), (6.142) and (6.143) we obtain
1 t—71p)? —1/2
P~ (—2935%@ — a:E)) : (6.144)

Expression (6.144) constitutes the sonic boom part of the wavefield; p tends to

infinity with an (z — 25)~"/2

power law as the Mach envelope is approached from
inside. The latter result is different from the analogous two-dimensional analysis
where there is a finite jump in the wavefield across the front envelope, and there is a
logarithmic singularity on both sides of the back envelope.

Just outside the envelope and inside the IW ¢ has one real root. As a point
(x,y, z) approaches the Mach envelope this root tends to 74 = —7g + 2\/15/_7'E (see

(6.59) in the two-dimensional analysis) and the corresponding limit of p is given by

1 1
P (f<r4>|g'<u>|) | (6:145)

T4(33E—|—7'42/2)
t—7'4

1 7'2/2
= — ) 6.146
P 47 21/2(41/2 — 7_}31/2>2 ( )

The denominator in (6.146) becomes zero at the cusps. At the cusp the wavefield is

Since f(ry) =t — 74 and |¢'(14)] =1+ , (6.145) yields

more singular as g% = 0. Three of the roots of g coalesce and we need to approximate

g with a cubic:

1 T—1.)3
9% ge=—(z—z) + g”’(n)%, (6.147)
" " —3 . .
where ¢"'(1.) = g = @) < 0. The triple root of g. is
6(z — x.) /3
Teusp = Te + <_W) . (6148)
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Therefore on either side of the cusp, at leading order, p is given by

1 6_2/373/3

—-2/3

Pc

From (6.149) we conclude that at the cusp p goes to infinity with the power law
|z — x|/,
We close this section by plotting the trace of the fold caustic with a horizontal

plane, which models the ground. The fold caustic is the surface

s o 2 1\’
y. + 20 =— §$C+§ ) (6.150)

obtained by revolution of (6.47) around the z-axis. The intersection of (6.150) with

the ground, which is represented here by z = z,, is thus

2 1\°
Y= — (gxc + g) —z2. (6.151)

It is on this curve that the boom is loudest. In Figure 6.31 we plot (6.151), taking
zg = —8. We also plot the (z,y)-cut of (6.151) at the horizontal plane of motion

(dashed line). This curve is what we had arrowed as the “caustic” in Figure 1.3.

Figure 6.31: The trace of the fold caustic at the ground. The (z,y)-cut of the fold
caustic at the height of the source (z = 0) is also plotted (with a dashed line).
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6.4 The link between Chapter 6 and Chapter 7

In this chapter when we evaluated the wavefield near the Mach envelope for constant-
acceleration motions in two and three dimensions we identified singularities that were
incompatible with the small-amplitude assumption of linear theory. However, solving
corresponding nonlinear problems is a formidable task. Therefore in the next chapter
we will solve a simpler one-dimensional nonlinear problem. This will be itself a
demanding task and will reveal an unexpectedly rich structure. We will see that

nonlinearities, however small they may be, regularise the sonic singularities.
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Chapter 7

Solution of the Kinematic Wave
Equation with an accelerating
point source

7.1 Introduction

In this chapter we solve, mainly analytically, the inhomogeneous Kinematic Wave

Equation
u? t2
up + (?) = Ao (x - 5) , with the initial condition u(z,0) =1, (7.1)

where A is any real number. Here, § stands for the Dirac delta function and the
equation is interpreted in the sense of distributions. Letting u = 1 + Av we obtain

the equivalent form

t2
v+ (14 Av)v, =90 (x - 5) , with the initial condition v(z,0) = 0. (7.2)

This is a model equation for the interaction of nonlinearity with a point force that
accelerates through the sound speed. The point force is represented here by the
singular source term §(z — #?/2) and the sound speed by the initial value v = 1 in
(7.1), or by the undisturbed characteristic speed 1 in (7.2). The displacement of the
source is z(t) = t*/2 (uniform acceleration) and therefore its velocity at time ¢ is
#(t) = t. Consequently, for 0 < ¢ < 1 the source is subsonic, it passes through a sonic
point at t = 1, and it is supersonic for ¢ > 1.
Problem (7.1) is interesting because it constitutes an analytically tractable paradigm

for the inclusion of nonlinearities in higher-order problems that involve accelerating

motion, such as the rocket propulsion of carriages with the aim of achieving a certain
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speed [107] and the pantograph problem [42, 61] related to an accelerating electric
locomotive. It is also a paradigm for problems in more space dimensions such as the
accelerating flight of a supersonic aircraft [73, 103]. In these and many other exam-
ples nonlinearity is important for determining the amplitudes correctly, but usually
this cannot be tackled analytically. Therefore, any insight provided from paradigm
problems is very valuable.

There is limited literature devoted to one-dimensional problems related to the
nonlinear problem (7.1). H. Huang has performed direct numerical simulations for
the related problem with small diffusion and with the source replaced by a narrow
Gaussian [58]. The simpler problem of a point source moving with constant velocity
has been considered by Hoffman [57] in the context of MHD, and by Whitham in [126].
Numerical simulations in the case of a stationary point source have been presented
by LeVeque [69] for modelling nonlinear traffic flow with on-ramps or exits. An
abbreviated version of the results in this chapter appears in the article [64].

The outline of the chapter is as follows: in Section 7.2 we show that a singularity
arises at the sonic point from the linear approximation of (7.2) when A is small.
To investigate whether the inclusion of nonlinearity converts the singularity into a
finite value, in Section 7.3.1 we solve the nonlinear problem when A is positive and
in Section 7.3.2 when A is negative. We summarise our results and draw conclusions

in Section 7.4.

7.2 Linear problem

In order to demonstrate the appearance of the sonic singularity, we will solve below
the linear approximation of problem (7.1). We linearise equation (7.2) around the
state u = 1 by neglecting the quadratic term Awvv,, under the assumption of small A.
We thus obtain! 2

Vv, =0 (x — 5) : v(z,0) = 0. (7.3)
The characteristic projections are the straight lines x = ¢t + zo. A characteristic
diagram with the characteristics —1 < xy < 1/2 is shown in Figure 7.1. The parabola
x = t?/2, representing the source path is also shown. The left dashed line is the
characteristic tangent at the sonic point, called the sonic tangent from now on. The
right dashed line is the characteristic carrying the disturbance emitted by the source
initially (called the origin characteristic from now on) and this meets the source again

at the time t = 2. The characteristics can be classified into three types, according to

!The problem appears in [86], exercise 4.6, p. 143.
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15F

- Sonic Point

v

Figure 7.1: Characteristics for the linear problem. The various regions marked cor-
respond to values of u as explained in the text.

the number of times they cross the source path. Those of Typel, on the left of the
sonic characteristic (xg < —1/2), do not cross the source; those of Type2, between
the sonic characteristic and the origin characteristic (—1/2 < zg < 0) cross twice,
and those of Type3 on the right of the origin characteristic (zq > 0) cross once. The

ordinary differential equation

dv t?

holds on each characteristic. The real roots of the argument of the delta function
g(t;z0) =t — 12/2 + xp, are exactly the crossing times. To integrate (7.4) along the

characteristic, we use the fact that

/ 5(g(t))dt = Z |g,(1Ti)| (7.5)

if g has simple zeros T; in (a, b).

1 1
Therefore v = 0 before a crossing has occurred, v = = after one
. )]~ V¥ 20
crossing at t = t1, and v = + = after two crossings at t = t;
lg'(t)] 1g'(E2)] 1+ 20

and ¢t = ts.
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1
Therefore v = 0 in the regions 1, 2a and 3a, v = v(x,t) = in
14+ 2(z—1t)

2
regions 2b and 3b and v = v(x,t) = T2 in region 2c.
+ 2(x —

When t < 1 the jump in v at the source is 1

. This jump becomes infinite
at the sonic point (arrowed in Figure 7.1). After the sonic point, an infinite jump
continues on the sonic tangent =t —1/2 and a finite jump continues with the source

and has value

. A jump of fixed value 1 propagates along the characteristic x = ¢
undisturbed from the origin to infinity.

We have presented the exact solution of the linearised problem and deduced that
a sonic singularity emerges. Such a singularity violates the assumption of small
disturbances tied to the linear problem. We will solve below the nonlinear problem

(7.1), and show that nonlinearity converts the sonic singularity into a finite value.

7.3 Nonlinear problem

Returning to the problem (7.1), the characteristic projections have velocity dz/dt = u.

Since the variation of u along the characteristics is governed by

du 9
— = Abz —1/2), (7.6)

u is constant along characteristics except for jumps when crossing the source. There-
fore before the characteristics cross the source, they are still the straight lines x =
t 4+ xo. We still classify the characteristics by Typel, Type2 and Type3 before they
cross the source. Typel characteristics never cross the source as in the linear problem.
If a Type2 characteristic crosses the source at time 7, u will change to a new value
we call usg(7), and the new characteristic, called Type2R, is
2
$:§—|—u(t—7'). (7.7)

We shall show below that for any characteristic crossing the source from left to right

at time 7, the relation between u; and ug, is

up =7+ /(up — 7)2 + 2A. (7.8)

Therefore, applying (7.8) to the Type2R characteristics we find that

usr =T+ (1—7)2+2A (7.9)
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Finally Type3 characteristics always cross the source. After crossing, they are called
Type3L and their velocity is us, = 7 — /(1 —7)%2 — 2A, found according to the

general relation

up =7 —\/(up — 1) — 2A, (7.10)

satisfied by any characteristic crossing the source from right to left at time 7. We
now derive (7.8) and (7.10). Let us define the new variable

E=x—1t*/2 (7.11)

so that, in the (&, t)-plane, the source path transforms to the straight line £ = 0 and

the characteristics have velocity
£ =i —1=u—twith u varying on them as @ = A§(€). (7.12)

Differentiating § with respect to ¢, we obtain

f=u—1=A5) - 1. (7.13)

Multiplying (7.13) by &, integrating over ¢, and applying the initial conditions, we
have )
52

o= (H(§) — H(zo)) =&+ 20+ 1/2 (7.14)

If a characteristic crosses the source, then applying (7.14) just on the left of the source
(¢ =07) and just on the right (¢ =07), and taking the difference, we obtain

& &
Ly (7.15)

and using (7.12) we rewrite (7.15) as

(up —t)? — (ug, — t)* = 2A, (7.16)

where t is the crossing time. This can also be obtained by a Rankine-Hugoniot type

argument using the conservation law (7.1). We therefore have

up =t/ (up —t)2+2A and wup =t++/(ug —t)2 — 2A. (7.17)

For characteristics crossing the source from left to right the velocity both on the
left and on the right is larger than the source velocity. To satisfy this we must select
the positive roots in (7.17). The first one of these equations is precisely relation (7.8),
where t = 7. However, for characteristics crossing the source from right to left the

velocity at both sides is smaller than the source velocity. Therefore in (7.17) we have
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to pick instead the negative roots and the second equation is precisely (7.10), where
t=rT.

We finally note that relation (7.10) is also to be applied if the Type2R char-
acteristics cross the source from right to left; they would then be called Type2RL
characteristics.

As we expect from (7.6), if A > 0 the characteristics become faster on crossing the
source, but if A < 0 they become slower. We also deduce from the above discussion
that whereas all Type2 characteristics cross the source for any A > 0, for negative A
only characteristics with 7 < 7, = 1 — \/M cross, since usr becomes complex if 7,,
is exceeded. These first differences between the A > 0 and A < 0 cases indicate that
the respective solutions will differ significantly. Therefore we first develop the case
A > 0in Section 7.3.1 and later the case A < 0 in Section 7.3.2.

7.3.1 Positive force (A > 0)

In addition to the characteristic families of Type 1, 2 and 3 (and the deflected families
Type3L, Type2R and Type2RL), another family of characteristics appears in the
nonlinear problem for A > 0. These characteristics all start from zq = —1/2, reach
the source at ¢t = 1 and then travel for some time along the source?. If they emerge
out on the left where £ = 07, and at time 7 > 1, then (7.14) implies £ =0, ie.
u = ug(7) = 7, i.e. the characteristics emerge tangent to the source. We will call
these characteristics Type4. If they emerge on the right, where £ = 07, then (7.14)
implies £ = u — 7 = +1/2A and since u > 7 we have u = usp(7) = 7 + v/2A4 and the
characteristics emerge at an angle to the source. We will call the latter characteristics
Type4R.

Type2R and TypedR characteristics become faster as 7 increases and each family,
if not prohibited, would focus into an envelope in a finite time. The solution would
become multi-valued beyond the envelopes and therefore the envelopes’ formation has
to be prevented by the introduction of shocks as we elaborate below. As an example,

we show the focusing of the Type2R family (for A =1) in Figure 7.2.

¢ Shock from the origin
Since the Type2R characteristics are faster than Type3, these families intersect and a
multi-valued region is formed which is resolved by the introduction of a shock starting

at the origin. We will call this Shockl from now on. We shall parametrise the path

2these characteristics will therefore fill what initially appears as an empty region between the
sonic tangent and the 7 = 1 characteristic which has velocity usp(r =1) =1+ V24
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Figure 7.2: Focusing of the Type2R characteristics (A = 1)

(xs,ts) of Shockl by the value of 7 parametrising the Type2R characteristics. The
velocity of Shockl obeys the Rankine-Hugoniot condition,

dry 1

which arises from the conservation law (7.1). In (7.18) we rewrite dz/dts = 2/t
where ' denotes differentation with respect to 7, and this leads to an expression for z..
Furthermore, the characteristic expression (7.7) relates xs and ¢, where u = usg(7, A),

and differentiating it we obtain a second expression for x,
=714 (t, — Du(r) + o' (7)(ts — 7). (7.19)

Equating the two expressions we found above for x, we obtain obtain the linear

first-order ordinary differential equation for ¢,

2u'

th +

1758 =2(u—T1+u'T) (7.20)

which, upon using the integrating factor, is rearranged into

(=1 = 20— 1) — 7 + ') (7.21)

and integrated easily to give

21/ (1 =71)>+2A  27(u—r1)
T—1+/1-72+24 u—-1

Equation (7.21) is valid for any shock with v = 1 on one side and will also be of use

ts(1;A) = (7.22)

later. The parametric expression (7.22) is potentially valid for 0 < 7 < 1. However,
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it may cease to be valid when Shockl hits the source or an envelope attempts to form
on Shockl. We examine these two possibilities and we find that the first is realised
for 0 < A < 0.27551 and the second for 0.27551 < A < 1/2. We will label with
Tss the characteristic entering Shockl on the source; 7g; is determined by solving
algebraically the equation z, = ¢2/2. (This leads to a quartic in 7 and care must be
applied to select the root that is real and less than 1.) The point on ShockI where an
envelope attempts to form on the shock is also determined algebraically by solving
dts/dr = 0 (this also leads to a quartic for 7 and again the chosen 7 has to be the
one that is real and less than 1).

Therefore it is for A > 1/2 that expression (7.22) is valid for all 0 < 7 < 1.
The endpoint of Shockl in this case is always at time ¢ = 2 (and corresponds to
x=3/2+V2A > 5/2 with equality at A = 1/2). It is useful to compare this with
the linear problem; ¢ = 2 was the time that the initial disturbance z = t was inter-
secting the source path. Therefore we can think of Shockl as the path of the initial
disturbance, modified by the nonlinearity. Shockl velocity is always greater than 1

and increases pointwise with A.

¢ Second shock

From our findings above it is obvious that for any A < 1/2 not all Type2R charac-
teristics enter Shockl; the remaining ones would cross Type4R characteristics leading
to a multi-valued region. To resolve this a second shock has to be introduced with
Type4R entering it from the left and Type2R characteristics entering it from the right.

Renaming usr = uy and usg = us, the Rankine-Hugoniot condition for ShockII is

dz, 1
d‘f = 5 (ur(r1, 4) + us(73, A)) (7.23)

where (zg, t5) now labels a general point on ShockIl. To decide where to start ShocklII,
we find the earliest time of singularity; for both families this is at time ¢ = 1+ v/2A4,
on the 7 = 1 characteristic. Therefore ShockII has to start at © = 1+ V2A +2A,t =
1+ v2A. We note that it starts with zero strength as usp(1) = usr(1) = 1+ v2A.
ShockIl can be analytically calculated only in the vicinity of its starting point by
using the parametric expressions for usr and usg: the relevant analysis is at the end
of this section. For all later times it can only be determined numerically and for

this we use the following method. From the Type4R and Type2R characteristics the
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following two relations hold respectively on ShockII,

2

€, = %1 Fui(m, A)(ts — 1), (7.24)
73
Ty = 5} + us(1o, A)(ts — 72). (7.25)

Differentiating (7.24) and (7.25) with respect to ts, then combining in turn with the
Rankine-Hugoniot condition (7.23) and solving for dr /dts and dr,/dts we obtain the

following system of ordinary differential equations for 7, and 7»:

dri _ u1(71) — ua(72)

dt, — 2(ui(n) = —ui(n)(ts — 1))’ (7.26)
dry  _ _ uy (71) — uz(72)

dt, — 2(ua(r) — 12 — uh(r)(ts — 7)) (7.27)

The system (7.26)—(7.27) determines any shock that joins two non-constant u states,
uy and ug. It is therefore the only other tool we need, further to equation (7.21), for
completing the solution. This system is easily solved numerically by using the Matlab
ODE solver ode45.

To solve the system we also have to provide initial conditions for 71 and 75; for
ShocklI these are supplied by the starting point data, i.e. 71 = 7 = 1 at t, = 14++v/2A.
We need to be careful when imposing the initial condition on ShockIl numerically,
because the denominator of (7.26) is zero at the starting point of the shock and (7.26)
has a singularity there. By the geometry of the characteristic families it is clear that
71 should be increasing with t,, whereas 7 should be decreasing. Therefore, we ensure
this by selecting an initial value for 7; slightly larger than 1 and an initial value for 7
slightly smaller than 1 (below we find that near the shock starting point 71 ~ 14cav/e,
Ty~ 1— (%cg)l/ ? 3/4 where co is a function of A. Using the latter expressions, with
a fixed value of €, would provide a more detailed way to choose 71 and 75). When
the integration of the system is completed we plot 7 and 75 versus ¢, in order to
check that the former is monotonically increasing whereas the latter is monotonically
decreasing with t,. As a further quality control on the integration we also check that
(7.24) and (7.25) agree (within tolerance).

¢ Analytical calculations in the vicinity of ShockII at starting point

Calculating the derivatives of

u(m) = wr(n) =7+ V2A (n>1)
and ug(m) = usr(me) =T+ \/(1 —1)2+24 (1 <1)
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we find that the first derivative u|(1) = wu4(1) = 1 is equal at both sides at the
starting point of ShockII. However, «” jumps from u”(1,) = 0 to u4(1_) = 1/v/2A.
This discontinuity tends to zero as A — oo.

To investigate the vicinity of the starting point, we define € > 0 through the

relation

ts=1+V2A +e (7.28)

As we remarked above when we discuss the initial condition for ShockIl, we expect
71 to change by some small positive amount dependent on € and 7, by some small

negative amount. Therefore set

T = 1+($1, (729)
To = ].—(52, (730)

where 0; < 1 and 0, < 1 are functions of €. To determine d; and dy we will insert
(7.28), (7.29) and (7.30) in the system (7.26)—(7.27). To facilitate this we will first

expand the numerator of the system

ur (1) —ug(2) = wi(1) —ua(l) +uy(1)d1 + u5(1)0y — U'z’(U% + O(6y)

03
2124

Note that the errors in (7.31) are O(d3) because ujy (1) = 0.

Secondly, we consider the denominator of (7.26):

= 01+ 06y — +O(03) (7.31)

2ui(m) — 11 — (1) (ts — 1)) = 2(V2A — t, + 1) = 2(6;, — €). (7.32)

Since 1 is increasing with ¢, and ui(7) > ua(72), the denominator (7.26) is positive
and we thus deduce that §; > e.

The denominator of (7.27) similarly gives

3 52 652
9 ()t — ) = —2 [ 22 e S22 5. .
() = = ()t~ ) = =2 (5 e+ L v0l). (13
52 652
Now, since 7 is decreasing with t, 2 e+ +0(83) > 0. Since §y < 1

224

implies €dy < €, as € — 0, we must have

V24

3 62
- > . .34
2m>e:>52_0(\/2) (7.34)
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Substituting the expressions we obtained for the denominators in the system (7.26)—
(7.27) and using (7.28), (7.29) and (7.30) we obtain

s, 1[040+ 57 +0(5) (7.35)
de 2 0, — € ’
s, 1 [ 0+t 5 +0(5) (7.36)
de 2\ 32 g o) '

224 V2A

Conclusion (7.34) leads us to assume 3 ~ cgy/e. Combining this with the guess that
d1 < 09, (7.36) simplifies to

Lo Lo an (3 _
5C2€ 5C2€ / 2 ad 1)e), (7.37)

—-1/2

in which both sides are proportional to € . Equating the coefficients we find

4
c5 = g\/ 2A. (7.38)

In order to proceed further with (7.35) since we have concluded already that 6; > €

it is reasonable to make the guess € < ;. Therefore we obtain

di 10 er/e
de 261 2(51

9 1/2
51 ~ (362) 63/4. (740)

The scalings for §; and dy are therefore fully consistent. The jump at the shock is

(7.39)

and this leads to

exactly the numerator (7.31) calculated above and to this order is approximated by

CQ\/E.

¢ Interaction of shocks

In Figure 7.3 we plot Shockl and ShocklII for A = 0.05. ShockII has to be computed
differently when it meets the source, on the characteristic 7 = 7g;; say, or when
ShockII meets Shockl. For A = 0.05, the next change in behaviour is when the source
catches up with ShockIl. Therefore the subfamily of Type2R characteristics satisfying
Ts1 < 7 < 7977 do not enter either Shockl or ShockII but cross the source instead,
emerging on the left of the source as Type2RL characteristics. Applying the jump

condition (7.10), at this second crossing time 7, we find that their velocity is

1 2, 3
U2RL:§+§(7— —\/(1—7') —6A) (741)
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Figure 7.3: A = 0.05: the shocks and some important characteristics are plotted here.
The value of u as parametrised by 7 (or 7’ as appropriate) is also noted in the various
regions. The merging of the shocks occurs above the source path.
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Below we derive the relation (7.41), which is valid for both positive and negative A.
However for A > 0 (7.41) holds only for the restricted range of 7/ > 1 + V6A.

From the jump relation (7.17) we have the following relation between usgy and

U2R
usrr = 7' — /(7' — uag)? — 24. (7.42)
Since any Type2R characteristic is a chord of the parabola x = t?/2, it satisfies the
relation
7 2
5 =5 + ugr(T)(t — 7) (7.43)

which gives the relation
7= 2ugp(T) — T =74 2/(1 —7)2 — 2A. (7.44)
Inserting (7.44) in (7.42) we obtain
Ugpe (7, 7) = 2ugr(7) = 1 =747 - 1. (7.45)

Therefore to express uspry, in terms of 7/ only we need to find 7 as a function of 7" by

solving (7.44) for 7. Rearranging (7.44) we obtain the quadratic
31=7)P+201-7)1-7)+8A— (7" —1)*=0 (7.46)

which gives
7_/

(1-7)= ! ig\/(1—7/)2—6A (7.47)

3
and selecting the positive root and inserting in (7.45) we obtain (7.41). The positive

root is selected by checking that when A =0 (7.47) gives 7/ = 2 — 7 as in (7.44).

ShockIl will continue above the source; its continuation, called ShocklIlab from
now on, will have on the left Type4 characteristics and on the right Type2RL char-
acteristics. The system (7.26)—(7.27) holds again for Shockllab, but with u; replaced
by u4 and uy replaced by usgy, (as indicated in Figure 7.3). Similarly, for the contin-
uation of ShockI above the source, to be called Shocklab, the system (7.26)—(7.27) is
to be solved again, but with u; replaced by usgyr, and us replaced by usy, (as indicated
in Figure7.3). Shocklab and ShockIlab are shown in Figure 7.3.

Shocklab and ShockITab merge at some time ¢perge, and the resulting shock, called
ShockIV, has on the left Type4 characteristics and on the right Type3L characteristics,
and obeys again the system (7.26)—(7.27), with u; replaced by u4 and uy replaced by
usr. The merging point and ShockIV are indicated in Figure 7.3. Summarising, we
used the ordinary differential equation (7.21) for determining ShockI and the system
(7.26)—(7.27) for determining ShockII, ShockIlab, Shocklab and ShockIV.
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When defining the initial conditions for each shock numerically, a careful procedure
similar to that for ShockII was followed for Shocklab and ShocklIlab, since (7.26) has
a singularity at the starting point for these. Below we list the initial conditions for
the shocks.

e For Shocklab: 7 =7 =t, = 797 + 2\/(1 — 751)? + 2A.
e For Shockllab: 7 =7 =t, = 7917 + 2\/(1 — Ts11)? + 2A.

Note that 73 and 75 and ¢, stand for different quantities according to the shock we

are considering.

e For ShockIV the initial conditions on 7; and 7, are determined by identifying the
7/ that parametrises the common Type2RL characteristic entering the merging point
of Shocklab and Shockllab. Then for this 7/ we identify the corresponding 7 that
parametrises the Typed characteristic entering the merging point from the left and
this provides the initial condition for 7; for ShockIV. We also use 7., to identify the 7
of the Type3L characteristic entering the merging point from the right, and the latter
value provides the initial condition for 7 for ShockIV.

As A increases we expect the merging of Shocklab and ShocklIlab to occur at
an earlier time. We find numerically that for A ~ 0.109 the merging happens on
the source path, and for values of A larger than 0.109 the merging occurs below the
source. (Therefore the threshold value A = 0.27551, mentioned earlier, proves to be
irrelevant.)

As an example of this we present the case A = 0.2 in Figure 7.4. The shock formed
when Shockl merges with Shockll, called ShockIIl, can now be calculated analytically
using (7.21) since it has on the left TypedR characteristics and on the right Type3
characteristics that have velocity 1. Integrating (7.21) with v = uyg we find

20 — P+ C

to(u) =2 -1 (7.48)

where the constant C' is calculated numerically as a function of the merging point.
ShockIV now starts where ShockIII meets the source and (7.26) has a singularity
there. The initial conditions for ShockIV are 71 = 7 = t4;;; where t ;7 is the time of
crossing of ShockIIl and the source (and can be determined analytically). In Figure
7.4 we also plot the sonic tangent and the 7 = 1 characteristic and label the various
regions of wu.

Finally, for values of A > 1/2, Type2R characteristics have all entered Shockl
so ShockII is absent and ShockIII is formed as the continuation of Shockl. ShockIV
starts at the source where ShockIII crosses. We display ShocklI, ShockIIT and ShockIV
in Figure 7.5.
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Figure 7.4: A = 0.2: the shocks are shown. Now the merging happens before the
source path. The sonic tangent and the 7 = 1 characteristics are shown with dotted
lines. The various regions of u values are indicated.
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o Wavefield

Having determined the characteristic geometry for all values of A we have also
essentially determined the wavefield, since u is constant on each characteristic, and
we have shown which family of characteristics covers each part of the (z,t)-plane.
For A = 0.05, we plot a snapshot of the wavefield at the sonic time ¢t = 1, u(z, 1), in
Figure 7.6. We also plot v(z,1) = (u(x,1) — 1)/A. For any A, v is the solution of
ve + (1 + Av)v, = §(x — t2/2) with initial condition v(z,0) = 0. We had shown in
Section 7.2 that v becomes singular at the sonic point for the linearised problem for
small A. Our plot in Figure 7.6 clearly shows that v at the sonic point has been made
finite by the nonlinearity. Furthermore, v attains a peak value there. This peak value,
attained at © = (1/2)%, is \/2/A — 0o as A — 0*. For more explicit calculations on

7 T T T T T T T T
— u(x, 1)
— = v(x, D)=(u(x,1)-1)/A

u,v

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11

Figure 7.6: A=0.05: snapshot of the wavefield at the sonic time ¢ = 1: u(z,1) and
u(z,1) —1

the perturbation v(z, 1) = yi

the wavefield and snapshots at other times see Appendix C.
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7.3.2 Negative force (A < 0)

¢ Characteristic diagram and the shock

We now consider the A < 0 problem. In this case, we already noted that Type2R
characteristics are slower than Type3 characteristics and therefore an empty region is
formed between them. To resolve this, we introduce the expansion fan characteristics
r = M, with \/1_72|A| < XA < 1. We will call the expansion fan characteristics
Typeb. Clearly, |A| = 1/2 is a threshold value, and we start with the case |A| < 1/2.
A characteristic in the expansion fan continues up to the source, crosses it at time 7,

and then deflects with velocity

usp (1) =7 — 1/ — + 2|A|. (7.49)

A Type3 characteristic crosses the source once at time 7 and slows down afterwards

with velocity uz;, = 7—+/(7 — 1)2 4 2|A]. The Type2R characteristics cross the source
again and emerge on the left of the source with a smaller velocity usgy, (as given by
(7.41) with A = —|A|). They therefore cross the Typel characteristics coming from
the left. Hence, we have to fit a shock on the left of the source. This shock starts
on the source at the time ¢t = 1 — \/m when the leftmost Type2R characteristic
becomes tangent to the source. This corresponds to a Type2RL characteristic with
velocity 1 — QM which crosses a Typel characteristic at the source. Using this
fact we calculate the initial velocity of the shock there, using the Rankine-Hugoniot

condition,
dre/dt = (1+ (1 — 2+/2]A|))/2 =1 — /2|4, (7.50)
and we conclude that the shock starts off tangentially to the source. Since the Typel

characteristics have constant velocity equal to 1, this shock can be calculated analyt-
ically, by integrating (7.21). We find

(uarp (1) — 1)ty = & (y/ (7 = 1)2+ 6[A[(1 + 6|A| + (4 — 57')7") +
(34 36| A| + 7/ (57" — 9))) + £ — 2L, (7.51)

where the constant of integration is determined by imposing the initial condition,

ts=1—/2|Al at 7/ =1 — /2]A|.
The shock moves subsequently into the region of the TypebL characteristics, and

then into the region of the Type3L characteristics, while having always Typel char-

acteristics on the left. The analytical expression for the shock, corresponding to the
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above regions, in succession is

Yt = T(4Al+ (1 —71)(—7 4+ /8| A| + 72)) (7.52)

(7.53)

ty = 2(1 — 1) (2|A| + 7(usr, — 1)) + 4|A]

(U5L(T) -1 2
(uar(r) — 1)
where the constants in the right-hand sides are determined by joining smoothly to-

gether the three parts of the shock. In Figure 7.7, we display the (z,t)-plane for
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Figure 7.7: A = —0.2: the shock and the expansion fan (region inside the dashed
lines on the right of the shock). The characteristics entering the point joining the first
and second part of the shock are also shown. The various regions of u are indicated.

As | A increases from 0 to 1/2 the starting point of the shock moves from the source
point x = (1—+/2|A[)?/2, t = 1— /2| A| down to the origin. For values of |A| > 1/2,
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no Type2 characteristic enters the source (because uyr would become complex). An
empty region therefore forms between the source and the origin characteristic and
to resolve this we need to extend the expansion fan so that it fills the whole of this
region. The shock now starts at the origin but at a definite angle to the source
that increases with A. The Type5L characteristic there has velocity —\/M and
therefore the initial velocity of the shock is (1 — \/2[A])/2, which is always negative
for |A| > 1/2. However, us;, increases with 7 always attaining the value —1, and
therefore the shock velocity will become zero at a certain point corresponding to
Trp = 2(—2+ /1 + 6]A]). This point is a turning point for the shock (hence the use
of the subscript TP). After turning, the shock velocity is positive and increasing, and
the diagram is similar, in general terms, to Fig 7.7. The analytical expression for the
shock is now given only by (7.52) and (7.53) (there is no Type2RL region). In Figure
7.8 we display an enlargement of the region near the origin, for A = —1, showing the

shock with its turning point and the associated characteristics.
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Figure 7.8: A = —1: details of the behaviour near the origin. The shock has a turning
point corresponding to 7pp = 2/3(—2 + /7) = 0.43. We plot the characteristics
entering this turning point from the left and from the right.

© Wavefield
Snapshot of the wavefield at the sonic time t = 1.
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In Figure 7.9, for A = —0.2, we plot the snapshot of the wavefield for ¢t = 1, u(z, 1),
and the corresponding v(z, 1). Comparing Figure 7.6 and Figure 7.9 we find important
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Figure 7.9: A = —0.2: snapshot of the wavefield at the sonic time t = 1. The snapshot
u(x, 1) is plotted with a solid line and the snapshot v(x,1) = (u — 1)/A is plotted
with a dotted line.

qualitative differences. In the former Figure the peak value of v is attained at the
sonic point but in the latter Figure it is attained at the shock. Furthermore, there are
two jumps: a positive one at the shock and a negative one at the sonic point. These
features are valid for any value of A < 0. It is of interest to investigate how the peak
value varies with A. It is the peak value that tends to oo as A — 0; the value of v at
the sonic point does not do so and it is therefore less interesting.

There turn out to be four different cases depending on the value the parameter A
takes:
Casea: —3/8< A<0
Case b:5/4 —3v/5/4 < A< —3/8
Casec: —1/2 < A< 5/4—35/4
Cased: A< —1/2

For cases a and b the peak of v is defined by a Type2RL characteristic; for cases ¢
and d it is defined by a Type5L characteristic. The threshold value A = 5/4 —3+/5/4
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holds when the leftmost TypebL characteristic enters the shock at time ¢t = 1.
Examining in detail the cases a and b, to find the peak of v at the shock we employ
the parametric shock expression (7.51). We reexpress (7.51) in terms of u by using

the relation
214 3
+ -

u—1 4
(obtained by solving for 7/ the expression for usgr;, and dropping the subscript) and

m(u)=1-—

(u—1), (7.54)

set ts = 1 to end up with the simple quartic equation
5(u—1)* —64A4% =0, (7.55)

which gives

1/4
u:l—(%> \/W:I—Q\;/;\/m. (7.56)

We have picked the root of (7.55) that is real and less than 1 as it should represent
the velocity of characteristics that have crossed the source one or more times. (Also
we check that from (7.56) and (7.54) we obtain

_r1/2
T=1- (3 25 )51/4\/2\A|:1—0.255 2|4, (7.57)

which is between the values 1 — /2| A| and 1 as expected.)

64\ " 1
Therefore for these values of A, the peak in v is <—) ——. Comparing with

5/ WAl

the results for positive A (Section 7.3.1), we conclude that also for negative A, as
A — 0, the peak of v tends to co with scaling 1/4/|A| (except that the constants are
different). The rate of change of the peak with A may change in cases ¢ and d but

we will not examine these cases here.

As an example of the calculation for obtaining the jump in v at the sonic point

2
we examine case a: we evaluate usrr (7' =1)=1—2 g\/ |A| to give the value just

2
on the left, and using uspr, = 2usr — 1 we find usp =1 — \/;\/ |A|, the value just

2
on the right. Therefore the (negative) jump in v at the sonic point is \/;

L For
VIA[

snapshots at other times see Appendix C.

7.4 Conclusions and discussion

In this chapter, we have solved the one-dimensional, nonlinear, initial value problem

(7.1) mostly analytically, for all values of the nonlinearity parameter A and for all
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points in the (x,t)-plane. This problem constitutes a simple one-dimensional model
for the interaction of nonlinearity with a point force accelerating through the sound
speed. Our solution furnished us with the full details of this interaction. This under-
standing is useful for the various physical problems mentioned in the introduction of
the chapter and which cannot be tackled by analytical means.

In Section 7.2 we have solved the linear approximation of problem (7.1), for small
A in order to show that a singularity is formed at the sonic point © = 1/2,¢ = 1 which
then propagates along the sonic tangent x =t — 1/2. In Section 7.3.1 we have solved
the full problem (7.1) for all positive A, and in Section 7.3.2 for all negative A. We
obtained the solution by constructing the characteristic diagram in the (z,t)-plane
and resolving multi-valued regions with shocks and empty regions with expansion
fans. For 0 < A < 1/2, there are two shocks which merge later; for A > 1/2 and
all negative A only one shock forms. The solution is entirely analytical for negative
A. For positive A the solution is also analytical, except for some shocks that are
calculated numerically by solving the second-order o.d.e. system (7.26)—(7.27).

Overall, the results are very different qualitatively for the different signs of A,
reflecting the expected physical differences that would come about in the wavefield
when a point force changes direction. However for any non-zero A our solution dis-
plays how the introduction of nonlinearity makes the sonic singularity finite. In order
to show this clearly, for selected positive and negative A, we plotted snapshots of v
at the sonic time t = 1. Furthermore, we found that the peak value of v tends to oo
as A — 0 with scaling 1/1/[A].

We assumed uniform acceleration and were thus able to calculate most of the
solution analytically. However, we expect this to be a very useful guide to any scenario

where the source has a monotonically increasing velocity.
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Chapter 8

Conclusions

We began the thesis with a brief history of sonic boom research and its current
importance for a new SST. We subsequently gave a brief exposition of the established
theory and the major open questions.

In Chapter 2 we presented the equations of gas dynamics, and explained when
these equations simplify into the Euler equations, coupled with the appropriate
Rankine-Hugoniot conditions for fitting shocks into the flow pattern. In this connec-
tion we also proved a new circulation theorem, closely related to Kelvin’s circulation
theorem, Bjerknes’ theorem and Crocco’s theorem, but one that is valid in the pres-
ence of shocks. We showed that the circulation I around a closed material curve in an
inviscid gas flow evolves according to an equation that involves the entropy changes
around this curve, excluding the entropy jumps at the shock. We thus proved, in a
rigorous way, that if a uniform transonic or supersonic flow is incident on a thin wing
or a slender rigid body, and the resulting flow contains only weak shocks with strength
of order €, then the vorticity produced after the shocks is of order €3. This result was
subsequently needed in Chapter 4 for rigorously justifying the use of potential flow
after a shock is crossed.

In Chapter 3 we started by laying out the basic definitions governing sonic boom
geometry. The notions of a characteristic surface, wavefront, bicharacteristic, ray,
boomray, Mach envelope, and the carpet were defined. Three ways to construct the
Mach envelope were then presented and the relationships between them elucidated.
We also outlined carefully the connection between the theory of characteristics and
geometrical acoustics and showed that the equation for the characteristic surfaces of
the wave equation is precisely the eikonal equation arising at the leading order in the
geometrical acoustics framework. This is often not clear in the sonic boom literature.

We then applied the theoretical results to particular examples and illustrated them

carefully in order to elucidate aspects of the long-range propagation of sound, and in
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particular of sonic boom in stationary media. (The theory of Geometrical Acoustics
in moving media was briefly presented in Section 3.10 and was used to explain how
stratospheric SSBs may arise.)

We first studied the geometry of the ray surface in the model stratified atmosphere
¢ =1/+/1— 2. We found that the rays from a stationary source form a fold caustic.
We subsequently calculated the amplitude due to a stationary, sinusoidal source in
this atmosphere. Due to the nature of this particular sound speed profile we were
able to use the full linear wave theory. We showed that inside the caustic there is an
order 1 wavefield which is amplified on the caustic and decays exponentially outside.
These results agreed nicely with the Geometrical Theory of Diffraction.

We then considered a source moving at constant supersonic speed in the same
stratified medium. The governing linear PDE was of mixed type: in the vertical plane
of motion, it was hyperbolic below the sonic height, parabolic at the sonic height, and
elliptic above this height, and could be recast into the Tricomi equation. The boom
reflects from the sonic line, the Mach envelope having the local shape of a Tricomi
cusp there (as illustrated, for example, in Figure 3.27). This Tricomi cusp joins two
qualitatively different parts of the Mach envelope, which we called respectively the
incident part and the reflected part. It is a key fact that the presence of a Tricomi
cusp on the Mach envelope is directly associated with the formation of a fold caustic
of boomrays, and corresponds to focusing of the sonic boom. The fold caustic is
precisely the sonic line (see Figure 3.27); the Tricomi cusp moves on the sonic line at
the local sound speed. In Chapter 6, in a constant-acceleration motion through the
sound speed in a uniform medium, we also saw a qualitatively similar behaviour (see
Figure 6.5): boomrays again formed fold caustics', and this corresponded to Tricomi
cusps that again moved at the sound speed on the “cusp-locus” curve (6.47).

The geometry of a fold caustic of ordinary rays and that of a fold caustic of
boomrays is similar, and in terms of catastrophe theory they are essentially the same.
This is generally the viewpoint found in the sonic boom literature. However, we

emphasise two important differences:

e Boomrays are curves in (x,t)-space emanating from the source, but for a sta-

tionary harmonic source one generally thinks of rays simply as curves in x-space.

e Rays are emitted by a source in all directions, but boomrays are only emitted
when the source is supersonic, and only at a certain angle to the direction of

motion.

I'Two caustics were formed which were symmetric with respect to the direction of motion.
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Next, through a simple coordinate transformation we used the stationary source
example ¢ = 1/y/1 — z to determine the Mach surface for steady motion in three
dimensions in the medium with Prandtl-Glauert parameter B> = 1 — z. In this case
the Tricomi cusp generalised to a focusing curve. The carpet was also determined
analytically and possessed cusps, indicating the location of focusing regions on the
ground.

We then extended the latter example to B? = 1—|z|, where the sound speed profile
has a minimum, as in a typical (windless) atmosphere. We found that we could still
treat this analytically. Some of the bicharacteristics launched downwards formed a
primary boom carpet, some of those launched upwards formed a secondary carpet,
whereas a third set of bicharacteristics was trapped in the atmosphere and never
reached the ground, resulting in disjoint primary and secondary carpets. Again cusps
were observed at the carpets corresponding to regions of focusing. This behaviour
agreed qualitatively with the behaviour of bicharacteristics in a typical atmosphere,
which was investigated numerically.

We discussed focusing of linear sound waves and weak shock waves at the end
of the chapter in general and also in connection with specific examples. In Chapter
4 we mainly dealt with amplitude questions. We investigated the wavefield around
thin aerofoils or slender axisymmetric bodies moving at constant supersonic speed in
a uniform medium. The starting point was the nonlinear potential equation, derived
exactly from the FEuler equations under the assumption of potential flow (as justified
by our results in Chapter 2). We used Matched Asymptotic Expansions (MAE) to
derive consistent approximations of this potential equation in appropriately defined
regions: in the inner region of the MAE (the near-field) we found that the pressure
is governed by a linear wave equation at leading order. However, we showed that
the linear approximation breaks down at a certain distance from the body, due to
small nonlinearities that cumulatively become important. Thus a second region was
introduced, the outer region (or the far-field). In this outer region, the consistent
approximation of the potential equation at leading order is the nonlinear Kinematic
Wave Equation (KWE). An N-wave signature was derived as a solution of this KWE,
exactly for an aerofoil with parabolic shape in two dimensions, and asymptotically
for any thin or slender shape in two or three dimensions. The work in this chapter
formalises Whitham’s rule [124, 125], and the work of Hayes in [51]. The latter
studies accounted only for first-order corrections but our MAE framework allows for

the calculation of the higher orders.
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In Chapter 5 we extended the work of Chapter 4 in order to incorporate non-
linearities in a consistent way for the long-range propagation of weak shocks in a
stratified atmosphere with wind. This work is new and can be thought of as the
extension of the primary boom results in Chapter 4 (and other literature) to the case
of secondary boom. We sought the wavefield due to a thin, two-dimensional aerofoil
moving supersonically in a general weakly stratified medium with a horizontal wind,
which itself was also weakly stratified. Two small nondimensional parameters were
defined, namely the thickness ratio € (as in Chapter 4), and the ratio of the aerofoil
length to the scale height of the atmosphere, ¢ (as in Chapter 3). We have assumed
that ¢ is much smaller than €2, an assumption which is reasonable for a typical atmo-
sphere. We also abandoned the assumption of potential flow, since there is already
vorticity in the incident stratified flow, so we worked with the full Euler equations.
We again applied MAE to derive consistent approximations for these equations in

three regions of interest:

e Near the aerofoil the wavefield was determined by linearised wave theory at

leading order. This was the inner region of the MAE method.

e At distances of order L/e nonlinear effects were important (but not stratification
effects) and we found that the governing PDE at leading order was a KWE. This
was the middle region of the MAE method.

e At distances of order L/0 stratification and nonlinear effects were both of order
1. This was the outer region of the MAE method. We found that the governing
equation at leading order was an inhomogeneous KWE with non-constant co-
efficients. The derived KWE led to a very simple expression for the amplitude

variation along the characteristics.

We noted that the approximations of the Euler equations in the inner region and the
middle region turned out to be the same as those in Chapter 4, in the near-field and
far-field respectively.

Our MAE method blows up near the sonic line where B is small. A fourth re-
gion needs to be introduced with B taken as a third small parameter. Pechuzal
and Kevorkian [91] have undertaken this for the simpler scenario of a homogeneous
medium that has a horizontal linearly stratified wind. They deduced that the consis-
tent approximation of the Euler equations in this sonic region is a nonlinear Tricomi
equation. It remains an open question as to what the analogous equation is for our

scenario.
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Another point we would like to stress here is that we retained the gravity term
in the Euler momentum equation throughout Chapter 5, in contrast with Chapter 3
where it was neglected by arguing that acoustic and gravity waves were decoupled.
We found that at the order we worked to there was no direct excitation of gravity
waves, even though the motion took place in a gravitationally stratified atmosphere.
This mathematically confirmed our approach in Chapter 3.

Finally, for this chapter it would be interesting to extend the work for studying a
slender body in the same general ambient conditions.

In Chapter 6 we employed linear wave theory to determine the wavefield due
to a point source in various unsteady motions, in two and three dimensions, in the
time domain. In two dimensions we first considered uniform acceleration through the
sound speed, in a uniform medium. We calculated analytically the Mach envelope; it
has Tricomi cusps, qualitatively the same as those on the Mach envelopes for steady
motions in the stratified atmospheres, as seen in Chapter 3. These cusps join two
qualitatively different parts of the envelope. The so-called front, or incident, envelope
is formed in a similar way to the usual Mach wedge of steady supersonic motion, with
the wavefronts touching their envelope from inside. The so-called back or reflected
envelope (also referred to as the acceleration caustic) is formed by wavefronts touching
it from outside. This Tricomi cusp corresponded again to the formation of a fold
caustic of boomrays and again the front envelope was formed by boomrays that have
not touched this fold caustic and the back envelope by boomrays that have touched
the caustic. This is a generic behaviour of all fold caustics and their associated Mach
envelopes, and was illustrated in detail in all the scenarios we examined in this thesis,
namely steady motion in a stratified medium (in Chapter 3), acceleration through
the sound speed in a uniform medium (in Chapter 6) and manoeuvring in a uniform
medium (in Chapter 6).

In order to determine the wavefield near the Mach envelope for the accelerating
motion in two dimensions we devised a simple approximation method in the time
domain: we found a finite jump at the front envelope and logarithmic singularities
at the back envelope. The appearance of these singularities violates the assumption
of small disturbances underlying the linear theory. This suggests that nonlinearity or
damping have to be re-introduced into the equations. Experiments by Sturtevant and
Kulkany have shown that in some circumstances, nonlinearity is the limiting factor.
The link of our work with the existing literature is that the logarithmic singularities
we identified correspond exactly to the infinite peaks of the U-wave formed when

the N-wave reflects from the fold caustics. Our method was based on the fact that
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for a uniform medium we can work with the wavefield integral rather than the wave
equation itself, treating the time ¢ as a parameter. This spared us the need to look
for local approximations of the wave equation near the focusing regions, which is the
current method in the literature.

We also considered a source that decelerates uniformly after initially travelling
at a constant supersonic speed. We found that the geometry of the Mach envelope
is very different from that of the accelerating motion. The Mach envelope does not
have a Tricomi cusp (or equivalently no fold caustic is formed) and although focusing
occurs when the source goes subsonic, it is restricted to a single point. We calculated
the wavefield near the Mach envelope, using a similar simple approximation method
as for the acceleration problem: we found that the wavefield is finite for all times
except at the focusing point. This indicates that nonlinearity is likely to be far less
crucial in the prediction of amplitudes in decelerating motion than in accelerating
motion.

We then considered a point source accelerating uniformly through the sound speed,
in three dimensions. The Mach envelope is just a conical generalisation of the Mach
envelope in two dimensions but the wavefield exhibits a very different behaviour due to
the difference between the two-dimensional and three-dimensional Riemann function.
The wavefield tends to infinity on one side of the envelope and is finite on the other
side. It would be interesting to investigate what these singularities become in the
case of an extended source.

Moreover, at the end of Chapter 6 we looked at a uniformly accelerating motion
through the sound speed in the stratified medium ¢ = 1/4/1 — z: in Figure 6.25 we
observed that the reflected envelope itself developed cusps which corresponded to a
cusp caustic of boomrays.

The results of Chapter 6 for accelerating motion through the sound speed in
two and three dimensions motivated us to investigate the effect of nonlinearity on
singularities arising when a source goes through the sound speed. However, it is a
formidable task to solve the nonlinear problem in two or three dimensions. What we
have been able to achieve instead in Chapter 7 is to solve a related one-dimensional
nonlinear problem. We considered u; +uu, = Ad(z —t*/2), with the initial condition
u =1 at ¢t = 0. This is a model for a locally forced kinematic wave in which the
force accelerates through the sound speed at the sonic time ¢t = 1. In the linear
approximation, when the nonlinearity parameter A is small, there is a singularity
at the sonic point, which propagates along the characteristic from that point. (The

propagation of this sonic singularity is also a feature of higher-dimensional problems.)
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However in such sonic singularities the amplitude may be limited by nonlinearity
or damping. We thus produced a global solution of this PDE, valid for arbitrary
A and which is in most regions analytical. As A varies, the qualitative features
of the characteristic diagram change, but for all A we found that the introduction
of nonlinearity leads to a finite amplitude at the sonic point. It still remains an
interesting open question as to whether the introduction of nonlinearity regularises
the singularities in two or three dimensions. It would also be interesting to pinpoint
whether our one-dimensional problem could arise as a consistent approximation of
the Euler equations. A possible scenario would be the forced acceleration of a body

along a tube of gas, so that the drag would effectively exert a point force on the gas.
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Appendix A

Transport Theorem for an open
curve

A Transport Theorem for open curves with time-varying endpoints, was used in the
derivation of the Circulation Theorem for a compressible flow that takes shocks into
account, in Chapter 2. We called this theorem KCTS, where the S in the end is to
signify that is valid in the presence of shocks.

The derivation was based in breaking up the closed curve (or circuit) of fluid
elements C into open subcurves separated by shock fronts.

We consider one such subcurve and we parametrise it with s and ¢, where each
s corresponds to a given fluid element in the gas and t is time. Such a parametric
method is standard in the derivation of Kelvin’s circulation theorem. With this
parametrisation we have

0x

5 (5:8) = u(x(s,1).1). (A1)

Let the endpoints of C be labelled by P and Q. They correspond respectively to

parameter values sp and sg such that
P(t) =x(sp(t),t), Q(t) =x(sq(t),1). (A.2)

For circulation theorems we are particularly interested in the rate of change of the

circulation

= /Cu.dx, (A.3)

but here we will show a general result that is valid for any vector field, say a(x,t).
We let

I = /Q a(x,t).dx, (A.4)

P
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and with the parametrisation introduced above, (A.4) becomes

5Q
I:/ a(x(s,t),t).g—xds. (A.5)
sp ds
Therefore the total derivative of [
dl d [°? ox
—_— = — t),t).—ds; A.
=) A 0.0 s (4.6)

applying the Fundamental Theorem of Calculus we have

dl ox, . ox, . Q0 ox
== a(Q).%\stQ - a(P).g‘sPSp + /SP e <a(x(s,t),t).$) ds. (A.7)

We let the third term in (A.7) be

J= / :Q % (a(x(s,t),t).g—};) ds. (A3)

. . Ox; | . .
and this, using u; = ——, is written in component form as

ot

fQ 8ai 8CLZ‘ 8!@ 5Q 8Uj
J = /SP (E +U36—x]> %ds + /SP ajgd& (Ag)

Integrating by parts the second integral in (A.9) we get

5Q . 5Q ,
/ aj%ds = |au]ie — / uj%ds
s sp

= a(Q)u(Q)—a(P)u(P) — /P uja—jdxi. (A.10)

Substituting (A.10) into (A.9) and returning to (A.7) we have

dI 0x 0x .
=@ (w(@)+ Friq) ~a®). (up) + s )
Q (9@1- 8ai 8aj
Rewriting the first two terms using (A.2) and using
8@2- 8aj .
U, (&Uj - axi) = ((V xa) x u);, (A.12)

we finally have that the total derivative of the line integral I, for any vector field a is

dI Q

= a(Q).Q —a(P).P + /

P

(%‘ +(V xa) x u> dx. (A.13)

Note that another, more geometrical, way to derive the above Transport Theorem

exists (see [8]) but we are not going to give it here.
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Appendix B

Stationary-phase method for sonic
boom problems

In this appendix we will present an alternative way for deriving the Mach envelope,
in two dimensions for any unsteady supersonic motion in a straight line. The method
also provides a classification of the Mach envelope points, according to the sign of
the eigenvalues of an appropriately defined matrix and thus gives a clear link of the
frequency domain to the time domain.

We consider a point source moving horizontally on the trajectory (zo(t),0). A
small disturbance due to this point source is governed by the linear wave equation

and initial conditions
uy — Viu = 0(x — x0(t))0(2), (B.1)

u=u =0att=0. (B.2)

(We have taken ¢y = 1.) Taking the Fourier Transform of (B.1)—(B.2) with respect
to x and z we have

Uy + k*u = exp(ik12o(t)), (B.3)
—@=0att=0., (B.4)

N

where k = \/k} + k3. Solving the ODE problem (B.3)-(B.4) we have
i in k(t —
a(ky, ko, t) = / o) SUEL =) (B.5)
0 k
Taking the inverse Fourier transform of (B.5) we obtain

u(wy, z,t) = 4_7r2/ / / e’kl(wO(T)_m)e_’kQZWdekldkg, (B.6)
—oo0 J —00 JO
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which can also be written as

t zkl (zo(T)—21) 71]{22( ik(t—7) _ fzk(t T))
u(zy, 2, t) 87?2/ / / k drdk,dk,.

(B.7)
From now on we will let
Jq = // dky, Jp = // dk,, (B.8)
where the phase functions for J4 and Jp are respectively
b= ki(xo(T) — 1) ; koz + k(t — T)’ b= ki(xo(T) — 1) ; koz — k(t — 7'). (B.9)
Therefore we have
8ru = —i(J4 — Jp). (B.10)

Below we determine the stationary points of ¢ and v as a first step towards developing
stationary-phase approximations to the integrals J4 and Jp (with ¢ considered to be
a large parameter) and show that the classical stationary-phase method cannot be
used to calculate wavefields. However, the method is still very useful because even
though it eventually breaks down, it provides the geometry of the Mach envelope.
Since ¥(—k) = —¢(k) there is a 1-1 correspondence between the stationary points
of ¢ and 1, and it is sufficient to calculate only the quantities associated with the phase

¢. In order to determine the stationary point(s) of J4, s4 say, we set respectively

V dls, = 0. (B.11)

We will make a convenient change of notation from (k1, ko, 7) to s = (s1, S2, S3) SO
that the stationary points are denoted by s4 = (Sa1, Sa2,543). Writing (B.11) as a

system of three equations in the three unknowns sa1, 42, S43 we have

0p xo(Sa3) — T Sa1 (
— = _— 1— —) = B.12
i 0T T )0 (B.12)
¢ SA2 5A3
dSQ + kA < t > ’ ( )
9 _4 SAlxo(SA?’) —ka _ 0, (B.14)
d83 t
where kg = /5%, + s%,. From (B.14) we have
k
2 (s43) = —2. (B.15)
SA1
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Reverting to the original notation (B.15) gives
2o(10) = T— (B.16)

Letting k19 = ko cos 6, kog = kosiné in (B.16) we recover the boomray condition

1
cosf) = ——, B.17
() (47

which has been discussed in detail in Chapter 3, p. 37. The boomray condition

cannot hold if |z((79)| < 1, which simply means that when the source motion is

subsonic there are no boomrays. Also combining (B.12) and (B.13) we obtain
(l’o(To) - l’)Q + 22 = (t — 7'0)2, <B18)

the circular wavefronts evaluated at the stationary point. The points defined by the
relations (B.17) and (B.18) are precisely the Mach envelope points. Therefore the
current method leads to expressions equivalent to the Mach envelope equations for
any general motion on the horizontal line (see expressions (6.22) and (6.23)). For any
7 such that the boomray passes through (x, z) at ¢, there is a corresponding half-line
of (kio, koo) vectors. The stationary points are therefore not isolated and we now

investigate this degeneracy.

B.1 Classification of the Mach envelope points

We proceed to determine the Hessian matrix of ¢, which we will call A:

8%

= B.19
= gy (5.19)

A is a symmetric matrix and thus only six entries need to be calculated:

1 k3 (1 B @) A — _ k1okao (1 _ @) Ay = z(10)  kio

TR t kg t t kot
k%o To F20 k1o
Agy = W (1 — ?> , Aoz = "ot Asz = T%’(To)-
The determinant is
t — 710)(—24(70) k1o + ko)?
dot 4 = L=k + ko) _ (B.20)

k33
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having used the boomray condition (B.16). Therefore A is singular, and one of its

three eigenvalues is zero, for any two-dimensional supersonic motion. The eigenvalues

| B S
)\1 = O, )\2,3 == % :i: 5 022 + 401, <B21)

are

zo(10)” =1 ag(m0) t — 70
where C] = =M\ \3 = 2 T & (B.22)
" k, t _
and Cy — \g + A — 2070 Ko 70 (B.23)

zp(1o) t * kot
The subscripts “2”7 and “3” refer respectively to the positive and negative signs in
front of the square root in (B.21). We expect a qualitative change in a Mach envelope
point when an eigenvalue changes sign. We recall that the Mach envelope equations

are determined by ) = 0, 9 = 0 where
T

Q= (t— 1= (v —wo(r))* = * =0, (.24

Taking the second derivative of ) with respect to 7 we have

0

55 =~ 225" = 1) +2(z — xo(7))a5. (B.25)

Using the first envelope equation (6.22) we have

°Q : o
S5 = 2w —1) =2t - T)x—z, (B.26)
and from (B.26) and (B.22) we conclude that

2’Q

Sz = 2 (B.27)
.

Relation (B.27) gives a very useful classification of the Mach envelope points. Before
stating this classification criterion for the general case of a source moving with arbi-
trary velocity on a straight line, we will present the paradigm problem of a constant-

acceleration motion through the sound speed. In this case

0%Q 9 7' —t
o = 2 = —2

We have already studied and plotted the Mach envelope for this in Chapter 6. There

we found that it consists of a front envelope which the wavefronts envelope from

(B.28)

inside, and a back envelope which the wavefronts envelope from outside. For the
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2

0
back envelope we had identified that 8—622 > 0 and therefore 1 < 7 < t'/3, and for
T
2

0
the front envelope we had identified that a—? < 0 and therefore t'/3 < 7 < t. This
T
consistuted the algebraic criterion of p. 156. Now this criterion can be reinterpreted

more lucidly in terms of the product of the eigenvalues of the Hessian matrix A: since

3
)\2)\3 - —

T° —1

2 we conclude that on the
-

o2
e front envelope: t'/3 < 7 <t < M3 <0< 8—622 <0,
T

5?2
e back envelope: 1 <7 < t'/3 & X3 >0 < a—? > 0.
T

The front and back envelope join when A A3 = 0, 6827622 =0, and () has a point
of inflexion there. We already know that this common point is a cusp. Having
established these resuts we can proceed to state the following general assertion “For
a general two-dimensional supersonic motion of a point source in a straight line (and
with a uniform ambient medium) a Mach envelope point can only be one of the
following three types:

92
Type a. 8_622 <0 < M3 < 0: the envelope point belongs to an envelope part that
T

is formed by wavefronts enveloping it from inside (such as the Mach wedge in

steady motion and the front envelope of the constant-acceleration motion).

32
Type b. —Q =0 << M3 =0: cusp
o2
9*Q . .
Type c. 92 >0 < A3 > 0: the envelope point belongs to an envelope part which
T

wavefronts envelope from outside (such as the back envelope of the constant-

acceleration motion).”

Note that it is A3 that changes sign when going from the front to the back envelope.
This assertion gives consisely the relation of the frequency domain to the time

domain in sonic boom problems.

B.2 Wavefield

We have established above a general method to classify the Mach envelope points.
This method was set up as a stationary-phase method and the next question, af-

ter determining the stationary points, is whether it can be employed to determine
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amplitudes, for two-dimensional sonic boom problems. Note that we have already
calculated such amplitudes for steady flight, a uniformly accelerating flight, and a
uniformly decelerating flight through a time-domain method in Chapter 6.

The task is to determine a consistent approximation of the integral (B.6). Letting
(k1, ko) = (kcosf, ksinf), (B.29)

we have from (B.6) that

1 OO o= ! ik((zo(7)—x) cos—zsin s
u(z, z,t) = o) /ko/e /0 etk((@o(r) =) cosb 9 sink(t — 7)drdfdk.  (B.30)

=0

The k integral is not (classically or Lebesgue) convergent so it can only be inter-
preted in terms of distribution theory. The classical stationary-phase approximation
breaks down because the contributions from all wavenumbers are important (instead
of a certain interval of k£ dominating the integral). This arises because sound is not
dispersive (in this approximation). Note that if we evaluate the integral over k as a

distribution by

/ e*Pdk = 7o (p) + ]%, (B.31)
0

then we recover exactly the usual integral representation of u, as cited on p. 143.

(Noting that u here is the pressure p in the notation of Chapter 6).
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Appendix C

Details of the wavefield features in
Chapter 7

e Case A>0

Below we will discuss in more detail the qualitative features of the wavefield discussed
in Chapter 7 and show additional snapshots, for times other than ¢t = 1. For A < 1/2
(and concentrating without loss of generality on values of A < 0.109) there are six
types of qualitatively different behaviour, separated by the five events: the sonic time,
the formation of ShockII, ShocklII crossing the source, Shockl crossing the source, and
shocks I and II merging.

In Figure C.1 (for A = 0.05) we show the characteristic diagram and separate
these six regions with horizontal lines. We also mark the regions with WF1, WF2,
WEF3 and so on, in the direction of increasing time. Overall, the wavefield is not
constant (not equal to 1) when the point (x,t) is in any of the five regions Type2R,
Type2RL, Type3L, Type4 and TypedR. The wavefield can be calculated explicitly in
the Type4 and Type4R regions: to obtain uy(z,ty) we solve for 7(x,ty) the charac-

teristic expression

2

= %+u4(t0—7), (C.1)

and this leads to

T(x,to) = ug(z, to) = to — ¢/ 12 — 2. (C.2)

(We picked the negative root so that v = 1 at x =ty — 1/2.) In the same way, we

find
ugr(z,to) = to + /12 — 2o + 24, (C.3)
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(where the positive root has been picked so that u > 1).
An implicit expression is obtained for usp if we rearrange usg(7) = 7++/(1 — 7)2 + 24

2(1 — u2R>
characteristics. We obtain

1 1—u§R+2A)2 ( 1—u§R+2A)
r==—|——"——F—1| +u tg— ————mm |, C4
2 ( 2(1 — uar) AT 2(1 — uap) (C4)

into 7(ugg) = , and we substitute the latter relation into the Type2R

2(1 — U3L)
substitute into the Type3L characteristics; to obtain uggy(z,ty) we invert ugrr(7'),
1\2 _ 4, 84
3(ugrr —3)° — 5+ %

get 7' (ugpr) = = and substitute into the Type2RL characteris-
4 ('LI,QRL — 1)

Similarly, to obtain usy (x, tg) we rearrange usy,(7) into 7(usg) = and

tics.
T , T T
P ShocklV WE6
R e mefging ]
/
v
v s
Ve
25l e . % i
/ S WF5
\O” O
// OC\P ‘(\o
e
S
,,,,,,,,,,,,,,,,,,,, lu S
2F / 4 B
R4 WF4
7777777777777777 7T T, . 7777u’27RE7777777777777777777777
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1.5 // 6\(\0 WF3
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u z
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Figure C.1: A = 0.05: characteristic diagram that shows the six different types of
behaviour a snapshot of the wavefield may have. The regions are separated with
horizontal dotted lines and each region is marked with WF1, WF2, WF3 and so on.

We examine the features of a snapshot at fixed time ¢y as we are moving from

small to large x.

231



1.9 T

181

17

151

14r

131

11r

Figure C.2: Snapshots for A = 0.05 for times ¢t = 0.75,1 + 0.5v/2A = 1.158, 1.5.

o ty < 1 (WF1, see Figure C.2, first curve from the left): on the left of the

source, u = 1 and u jumps to the value usp(to) = to + /(1 —t0)2 + 24 > 1

at the source. On the right of the source and left of Shockl, a Type2R region

exists where u = usg(z,t9). Note that this decreases monotonically with x; for

fixed ty, and tracing back along the straight characteristics, larger values of x

correspond to smaller values of u, since usg(7) increases monotonically with 7.

The value of u just on the left of Shockl, is found by obtaining 7 numerically

from the equation tgpeerr(7) = to, Where tspoers 1S given by expression (7.22),

and substituting into usp(7).

o 1 <ty <1+vV2A(WF2, see Figure C.2, second curve from the left). Typed and

Type 4R regions appear. Just on the left of the source we have u = u4(to) = to.

At the source, u jumps up to usg(ty) = to + V24, decreases monotonically and

joins with the Type2R region on the 7 = 1 characteristic. We note that the

jump at the source from the Typed to the TypedR regions has the constant

value v2A.

o 1+ +v2A <ty <ty where t;; is the time at which ShockII intersects the source
(WF3, see Figure C.2, third curve from the left). The new feature is the presence

of ShocklIl, which separates a TypedR from a Type2R region.
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There are still three more cases to consider: t;; < tg < t; (WF4) where t; is the time
at which Shockl intersects the source path, t; < ty < tmerge (WEFD) and 5 > tmerge
(WF6). These transitions simply involve the shocks crossing the source, and merging,
and are not illustrated.

For A > 1/2 the behaviour is slightly simpler as there are just four types of
qualitatively different behaviour. For A = 1, in Figure C.3, we separate these regions
with horizontal lines, corresponding to times t = 1, t = 2 and the time where ShockIII
crosses the source (¢ = 3.85). Note that the snapshots C.4 given for the A > 1/2 case

are also for A = 1.
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Figure C.3: A = 1: characteristic diagram showing the four cases of different wavefield
behaviour.

e tg < 1: only Shockl is present. In Figure C.4, first curve from the left, we plot
the o = 1/2 snapshot.

e 1 <ty < 2: the regions Typed4 and TypedR appear. The TypedR region is
separated from the Type2R region by the 7 = 1 characteristic. (For clarity the
Type2R part is plotted with a thicker line.) In Figure C.4, second curve from
the left, we plot the to = 3/2 snapshot.

e 2 <ty < trrr where trrr is the time that ShockIII crosses the source path. The
difference with the snapshots at earlier times is that the Type2R region vanishes
and ShockIII takes over Shockl. In Figure C.4, third curve from the left, we plot
the tg = (1 + t777)/2 = 2.924 snapshot.
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e tq > trrr ShockIV takes over from ShockIII, and the Type3L region appears on
the right of it. In Figure C.4, fourth curve from the left, we plot the t, = 4

snapshot.

Figure C.4: A = 1: snapshots at times ty = 0.5,1.5,2.924,4. Each snapshot belongs
to a different time regime as explained in the text.

e Case A <0

Assuming —1/2 < A < 0, without loss of generality, the wavefield has five cases of
qualitatively different behaviour. In Figure (C.6), we show the characteristic diagram
for A = —0.2 and separate the five regions with horizontal lines for the times ¢ =
1— \/M =0.367,t = m = 0.774,t = 2 and the time where the usgy, and usy,
regions meet on the shock (¢ = tg0ac = 4.211). The wavefield is not constant when
the point (z,t) is in either of the five regions Type2R, Type2RL, Type3L, Typeb
and TypebL. The wavefield in the first three regions is obtained in the same way as
for the A > 0 case. In the Typeb region u = us(x,tg) = x/ty. To obtain usy(z,t)
we rearrange usr,(7') into 7' (usz) = —usr + =4/ uz; + 6]A| and we substitute into the

3 3
TypebL characteristics.

o t < 1—/2[A| (see Figure C.6, first curve from the left)): this corresponds to
times before the shock is formed. On the left of the source, u equals 1 and u
drops to ugr(t3/2,t0) < 1 on the right of the source. It then increases monoton-
ically up to the leftmost characteristic of the expansion fan, x = /1 — 2| Alt.
In the expansion fan (Typeb region) u = us(x,ty) = x/ty, which becomes 1 on

the characteristic z = t.
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Figure C.5: A = —0.2: characteristic diagram with horizontal lines marking the times

t=1—+/2|A| =0.367,t =+/1—2|A| =0.774, t = 2, tshoak = 4.211 dividing the five
cases of different wavefield behaviour.
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Figure C.6: A = —0.2: wavefield snapshots for ¢t = (1—4/2|A|)/2 = 0.184,1.25,1.8, 3.

These correspond respectively to the first four cases.
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o 1—/2|A] <t <2y/1—2]A| (see Figure C.6, second curve from the left)): The

shock now appears. On the left of it u equals 1; this value drops to usgr(z, o)
if A > —3/8 and to usr(z,tg) if A < —3/8. We are primarily interested in small
A so we are going to pursue only the A > —3/8 case. At the source, u jumps
up to ugr(x,tp) and from then on the features are the same as for the first 3

cases.

e 2\/1—2|A] <t < 2 (see Figure C.6, third curve from the left)): a TypebL

region appears.

® 2 <t < tgoek Where tgock is evaluated at 7 = 24/1 — 2|A| (see Figure C.6,
fourth curve from the left)) : the new feature is the appearance of the Type3L
region on the right of the TypebL region. At the source u jumps from usy (z, to)

up to 1.

o > tgoa: the Type2RL region vanishes but otherwise all the features are the

same as in the preceding snapshot.
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