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Nomenclature

Roman Symbols

ay :  velocity normal to wave front

A : Jacobian matrix or ray tube area

c . speed of sound

D :  maximum diameter

e . total energy per unit volume

€,0,,€,y, - vibrational energy of O, and N; per unit volume
E,F. .G : inviscid flux vectors

E,F, G, : viscous flux vectors

F inviscid flux vector at cell interface
g acceleration of gravity
h altitude
h, absolute humidity
h, relative humidity
H axi-symmetric inviscid term
H, axi-symmetric viscous term
1 unit matrix
J Jacobian
m mass flux
m; :  pressure gradient of segment i (Appendix)
M : Mach number
g :  number of molecular species
L . length of body
pressure
P pressure flux
Pr : Prandtl number

q : primitive variables

il



0 conservative variables

R gas constant

Re Reynolds number

S flux limiter function

S source term

S(x) cross-sectional area at x coordinate

Sc correction term for gravity term

Se gravity term

Sw translational-vibrational relaxation term

t time

‘ unit vector tangential to surface of body

T temperature

Tor triple point temperature

To,.ToN, vibrational temperature of O, and N,

u, v, w velocity components

U velocity vector

V, velocity component normal to cell interface
Wy0,>W,y, * translational-vibrational relaxation term of O, and N,
Wy, max maximum value of translational-vibrational relaxation term
Xns Vs Zn unit vector components normal to cell interface

X, Y,z Cartesian coordinates

x,r0 cylindrical coordinates

Greek Symbols

a angle of flow velocity from x direction

B temperature lapse rate

B relaxation coefficient

y ratio of specific heat

Aey: max maximum increase in translational energy per unit volume
Ap pressure fluctuation from atmospheric pressure

Ap; pressure rise at the boundary of segments i and i—1 (Appendix)
AP max pressure rise

At,, exchange time of translational-vibrational energy

v



Aty

€0,>¢€N,

00,0,

)0

Api

Hm

MM mod

To,>TN,

¢
&n ¢

Subscript
0

1

a

L, R

o0

Superscript

eq

*

rise time

mole ratio of air of O, and N,
characteristic vibrational temperature of O, and N,
thermal conductivity

spectral radius

time duration of segment i (Appendix)
viscous coefficient

Mach angle

modified Mach angle

density

viscous shear stress

relaxation time of O, and N,

scalar quantity

generalized coordinates

ground

value just before shock wave

atmosphere

left-side and right-side values at cell interface

freestream value at flight altitude

thermal equilibrium

nondimensional variable



Chapter 1

Introduction

1.1 Sonic Boom

Shock waves generated from a supersonic or hypersonic flight object propagate through the atmosphere
down to the ground. Consequently, the rapid pressure rises caused by the shock waves generate significant
impacts including explosive sounds on the ground. This phenomenon is known as sonic boom [1], which
occurs primarily due to an aircraft flying faster than the speed of sound [2] and a meteorite falling to the
earth [3, 4].

Figure 1.1 shows a schematic of sonic boom propagation from the near field around a supersonic aircraft
to the far field reaching the ground. Multiple shock waves generated from a fuselage and wings are
consolidated into an N-shaped waveform (N-wave) in the far field, and as a result the explosive sound
occurs twice on the ground [5]. For the sonic boom problem, the overland civil supersonic flight has been
restricted, and there has been no civil supersonic aircraft after the Concorde was retired in 2003 [6]. The
International Civil Aviation Organization (ICAO) [7] presently deliberates an international standard in
which the allowable level of sonic boom is determined to realize an overland supersonic flight. To
formulate the clear international standard, sonic boom intensity in various flight and atmospheric
conditions must be precisely predicted. Therefore, research activities of sonic boom including not only the
sonic boom minimization [8, 9] but also the development of accurate prediction methods for sonic boom
[10, 11] are accelerated. Moreover, to validate the accuracy of sonic boom predictions, several flight tests
for sonic boom were recently conducted by NASA [12, 13] and the Japan Aerospace Exploration Agency
(JAXA) [14, 15].

Sonic boom researches on supersonic aircrafts have been significantly advanced, whereas those on
hypersonic aircrafts have been hardly conducted. However, the development of hypersonic aircrafts is
recently accelerated [16, 17], and the sonic boom problem must be addressed not only in supersonic
aircrafts but also in hypersonic aircrafts [18]. Sonic boom intensity of a hypersonic aircraft may be weaker

than that of a supersonic aircraft because of the following reason: The cruising altitude of the hypersonic
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Fig. 1.1 Schematic of sonic boom propagation generated from supersonic aircraft.

aircraft is assumed to be higher than that of the supersonic aircraft, and the distance of sonic boom
propagation to the ground increases with increasing the flight altitude. However, sonic boom propagation
from hypersonic aircrafts cannot be precisely predicted because the existing prediction methods for sonic
boom based on the weak shock theory [19] do not consider the strong nonlinearity and thermochemical
nonequilibrium in hypersonic flow regimes [20]. Therefore, the accurate prediction method considering
these effects must be constructed to evaluate sonic boom intensity generated from hypersonic aircrafts.
Sonic boom is generated from not only an aircraft flying faster than the speed of sound but also a
meteorite falling to the earth. Ten-thousand near-earth asteroids are presently observed [21], and there is
always the possibility of a meteorite falling. In fact, the big meteorite events were observed near the
Marshall Islands in 1994 [22], Indonesia in 2009 [23], and Chelyabinsk, Russia in 2013 [24-27]. In
particular, the Chelyabinsk event was well known because the significant damage was caused by the
meteorite falling. The Chelyabinsk meteorites exploded several times, and small fragments generated by
the explosions fell to the ground. At that time, strong shock waves were generated from not only the
meteorites exploding but also their hypersonic flights, and they propagated toward the ground.
Consequently, the sonic boom rather than the direct impact of the fragments caused the significant damage
including not only the destruction of the building but also the human damage. Extrapolated from the
measurement of the window breakage in Chelyabinsk, the pressure rise caused by the shock wave was
estimated to be 3.2£0.6 kPa [24]. Hence, it can be seen that the sonic boom intensity in the Chelyabinsk
meteorite was much stronger than that in a supersonic aircraft (e.g., the pressure rise generated by the
Concorde flying at the cruising speed was approximately 95 Pa [6]). Because the proportion of the

population area on the earth is low, a natural disaster, as well as the Chelyabinsk event, was not observed in



the past century. However, it is thought that the meteorite of the same size as that of Chelyabinsk falls to
the earth once in a decade [27, 28]; thus, there is always the possibility of a natural disaster caused by a
meteorite falling. From these facts, it is important to evaluate the influence of meteorite impacts including
sonic boom and to anticipate hazard meteorites. However, the sonic boom prediction of a hypersonic
meteorite has been mainly predicted by the self-similar solution [29, 30], without consideration of the
atmospheric effects such as atmospheric stratification, viscosity, and thermochemical nonequilibrium. In
addition, the existing prediction methods based on the weak shock theory [19] cannot be applied to the
sonic boom prediction of the hypersonic meteorite because of the strong nonlinearity and thermochemical
nonequilibrium in a hypersonic flow regime [20]. Therefore, the accurate prediction method must be
constructed to precisely predict sonic boom propagation generated from hypersonic meteorites as well as

that generated from hypersonic aircrafts.

1.2 Existing prediction methods for sonic boom

Sonic boom intensity depends on the configuration of flight object, the flight and atmospheric conditions,
and the ground geometry [2]. In particular, the atmospheric effects such as atmospheric stratification [31],
molecular relaxation [32, 33], and atmospheric turbulence [34-36] significantly affect the sonic boom
intensity because the sonic boom propagates for quite a long distance until it reaches the ground. Therefore,
the accurate prediction of sonic boom with consideration of all such effects is challenging but essential for
evaluating the perceived loudness of sonic boom. Thus far, the prediction methods for sonic boom have
been mainly developed to realize a low-boom supersonic aircraft [8, 9], and the predictions have been
conducted in three different fields: the near field around a supersonic aircraft, the far field reaching the
ground, and the caustic-vicinity field [37] where the shock waves are focused due to accelerations,
maneuvers, and low-supersonic flights. In this section, the representative prediction methods in each field

and the limitation of the application are described.

1.2.1 Near field

As a three-dimensional aircraft configuration and strong nonlinearity must be considered in the near field,
near-field pressure waveforms have been obtained by experiments or Computational Fluid Dynamics
(CFD). The experiments are categorized into two types: wind tunnel [38, 39] and ballistic range [40]
experiments. The experimental techniques using wind tunnels have been already established, and the
experimental results have been used to validate the accuracy of computation [41]. However, the influence

of a sting to which the experimental model is attached cannot be ignored in the wind tunnel experiments. In



contrast, such a sting is unnecessary in ballistic range experiments because the free flight of the model is
conducted. For this reason, the ballistic range experiments have been conducted, although the experimental
technique should be further improved because the flight control including the angle of attack is difficult. In
addition, CFD analysis [42] is often performed not only to obtain near-field waveforms but also to evaluate
the flow field around the body. However, the computational results may be somewhat different from the
experimental results because of the complexity of the flow fields around three-dimensional aircraft
configurations. Thus, the CFD methods for precisely predicting sonic boom intensity have been studied [43,

44].

1.2.2 Far field

It is difficult to precisely predict sonic boom propagation for quite a long distance in the real atmosphere
because sonic boom intensity depends on various effects such as geometrical spreading, nonlinearity, and
atmospheric effects [33]. Hence, far-field waveforms have been obtained by simplified prediction methods
based on the weak shock theory formulated by Whitham [19], in which a shock wave is treated as a sound
wave, and the propagation speed at any point is modified by the isentropic wave theory to consider the
nonlinear effect; i.e., the propagation speed is assumed to be a sum of the local speed of sound and the
change of velocity. In addition, a shock wave is determined by the area-balancing technique: if two Mach
lines intersect with each other, the bisector is treated as a shock wave. According to the Whitham’s theory,
the pressure rise of weak shock wave in the far field decreases as the power —3/4 of radial distance from the
body axis (according to the Lin’s self-similar solution, the pressure rise of strong shock wave decreases as
the power —2 of radial distance [29]). Although sonic boom intensity can be roughly predicted by the
Whitham’s solution, the accuracy is inadequate for evaluating the perceived loudness of sonic boom
because of the following two reasons: First, the strong nonlinearity in the near field around a flight object
cannot be considered by the solution. Second, the atmospheric effects such as atmospheric stratification,
molecular relaxation, and viscosity cannot be considered. Thus, several prediction methods, in which the
weak shock theory is extended to the more practical use, have been proposed.

The waveform parameter method invented by Thomas [45] is a representative prediction method for
sonic boom. In this method, far-field waveforms can be predicted by extrapolating the near-field waveform
that is obtained by the experiment or CFD [46], and the wave propagation is computed in consideration of
several effects including geometrical spreading, nonlinearity, and atmospheric stratification (see Appendix
for details). However, the rise time of sonic boom, which is one of the most important parameters for
evaluating sonic boom intensity, cannot be predicted by the waveform parameter method because the shock

wave is treated as a discontinuity; i.e., the shock wave has no thickness. Although the formation mechanism



of rise time has not been well clarified, it is thought that the molecular relaxation and thermoviscous
dissipation including the fluid friction and thermal conduction have significant effects on the formation of
rise time [32]. Hence, several prediction methods of rise time, in which the molecular relaxation and
thermoviscous dissipation are considered, have been proposed. These methods are categorized into two
approaches. One is the frequency domain approach [47], wherein the relaxation effects are considered in
the frequency domain while the wave propagation is computed in the time domain. The other is the time
domain approach based on the augmented Burgers equation [48], wherein the wave propagation with the
relaxation effects is computed in the time domain. Recently, the method of solving the augmented Burgers
equation is often used to predict far-field waveforms, including not only the pressure rise but also the rise
time.

Accuracy of the prediction methods was recently evaluated by comparison with the Drop test for
Simplified Evaluation of Non-symmetrically Distributed sonic boom #1 (D-SEND#1) [14] conducted by
JAXA. As a result, the latest prediction method of solving the augmented Burgers equation [48] was the
best possible way to predict the sonic boom intensity, including not only the pressure rise but also the rise
time. However, the discrepancies between predictions and flight test measurements were significantly
changed according to the flight and atmospheric conditions [49], because of the following two reasons:
First, the effects of molecular relaxation and thermoviscous dissipation were treated as simplified models,
and the treatments might not be adequate for analyzing sonic boom propagation in various flight and
atmospheric conditions because these effects have not been fully clarified, although they have been
investigated by one-dimensional numerical and asymptotic analyses [50]. Second, the effect of atmospheric
turbulence [34-36], which causes the ragged distortion of the waveform behind the shock wave, was not
considered because it cannot be well modeled. Therefore, the effects of molecular relaxation,
thermoviscous dissipation, and atmospheric turbulence should be further investigated, and the prediction
method considering the detailed models of these effects must be constructed to precisely predict sonic

boom propagation through the real atmosphere.

1.2.3 Caustic-vicinity field

Acoustic rays that indicate the propagation paths of shock waves converge in accelerations [51],
maneuvers [52], and low-supersonic flights [53]. Consequently, the envelop surface of the rays forms a
caustic cusp, at which the sonic boom intensity becomes approximately three times larger than that without
the focusing of the rays. This phenomenon is known as focused sonic boom [54]. In order to predict
focused sonic boom, the diffraction effect caused by atmospheric stratification with altitude must be

considered. Because the far-field prediction methods such as the waveform parameter method cannot



consider the diffraction effect, focused sonic boom has been analyzed by other prediction methods of
solving the progressive wave equation [55], Khokhlov—Zabolotskaya (KZ) equation [56], nonlinear
Tricomi equation [57] and so on. The accuracies of these methods were evaluated by comparison with the
flight test, known as the Superboom Caustic Analysis and Measurement Project (SCAMP) [12] at NASA.
As a result, the latest prediction method of solving the lossy nonlinear Tricomi equation [58] was the best
possible way to evaluate the focused sonic boom, and the focusing strength was in good agreement with the
flight test results. However, because the lossy nonlinear Tricomi equation does not incorporate the
important effects of geometrical spreading and atmospheric stratification, the accuracy of the prediction
may significantly differ in the flight and atmospheric conditions. In addition, the attenuation characteristics
of the evanescent wave [57, 58] under the caustic region have not been fully clarified, although this wave is
assumed to decay exponentially toward the ground. Therefore, the flight test, known as the Farfield
Investigation of No boom Threshold (FaINT) [13] at NASA, was conducted to evaluate sonic boom cutoff
phenomena [53] in the caustic-vicinity field, where the shock waves do not reach the ground because of an

increase in atmospheric temperature toward the ground.

1.2.4 Limitation of application

Sonic boom waveforms generated from supersonic aircrafts in several flight and atmospheric conditions
can be predicted by the existing prediction methods. However, these methods are based on the weak shock
theory, and even complex phenomena are treated as simplified models. Thus, the applications of these
methods are limited, and there are four big issues as follows. First, the accuracy of the rise time prediction
is not necessarily adequate because the molecular relaxation and thermoviscous dissipation are evaluated as
simplified models, and the effect of atmospheric turbulence cannot be well considered, as described in
section 1.2.2. Second, the prediction of focused sonic boom in the caustic-vicinity field is conducted
without consideration of the important effects such as geometrical spreading and atmospheric stratification,
and the prediction accuracy of the evanescent wave is not adequate, as described in section 1.2.3. Third, the
prediction methods based on the weak shock theory cannot be applied to sonic boom propagation generated
from hypersonic flight objects because of the following reason: The area-balancing technique [19] for
determining the weak shock waves cannot be applied to the strong shock waves with strong nonlinearity. In
addition, the formation process of rise time significantly differs in supersonic and hypersonic flow regimes
because the effects of molecular relaxation and chemical nonequilibrium in the hypersonic flow regime are
much stronger than those in the supersonic flow regime. Forth, the variation in the circumferential direction
around the body axis cannot be considered, and the ground effects [59, 60], including the ground reflection

and ground topography, are treated as simplified models in the exciting prediction methods. For these



reasons, the applications of the existing prediction methods are limited, and they must be further improved
to precisely predict sonic boom intensity in various flight, atmospheric, and ground conditions. Moreover,
considering the fact that the several flight tests for sonic boom measurements were recently conducted,
high-precision numerical flight experiments should be conducted in concert with the flight tests. Therefore,
instead of the simplified prediction methods using the weak shock theory, the rigorous prediction method
based on the CFD, i.e., the full-field simulation method [61, 62] seems to be a valid approach not only for
analyzing sonic boom propagation through the real atmosphere but also for realizing numerical flight

experiments (see next section for details).

1.3 Full-field simulation
1.3.1 Introduction of full-field simulation method

Full-field simulation [61, 62] represents CFD analysis for sonic boom predictions, wherein the entire
flow field including the near, far, and caustic-vicinity fields is solved as a single computational domain.
This simulation has the potential for considering various flight, atmospheric, and ground conditions
because of the following three reasons: First, even complex effects such as molecular relaxation, viscosity,
chemical nonequlibrium, and turbulence can be incorporated by modifying the governing equations
[63—65], although the rigorous physics-based models of these effects must be constructed as needed.
Second, the three-dimensional structure of a shock wave can be clarified because this method can consider
the variation in the circumferential direction around the body axis. Third, the ground effects, including not
only the ground reflection but also the ground topography, are precisely predicted because even a complex
geometry, as well as an aircraft configuration, can be analyzed by the CFD methods [66, 67]. For these
reasons, the full-field simulation method seems to be a powerful tool for precisely predicting sonic boom
propagation in the realistic environmental conditions and for clarifying the complex sonic boom
phenomena that have not been well clarified. Moreover, this simulation holds promise for conducting
numerical flight experiments, wherein flight tests for sonic boom measurements are precisely reproduced.

CFD analysis for sonic boom propagation in the far field has been conducted by solving the
one-dimensional, spherical-symmetric, and axi-symmetric equations [68—70]. However, the resolution of
the shock wave was not necessarily adequate, and the computational load was very high. In addition, there
is no precedent for three-dimensional CFD analysis considering atmospheric stratification. Therefore, the
following three problems must be improved to perform full-field simulation in the real atmosphere. First,
the computational approach for considering atmospheric stratification must be constructed. In the case of
compressible CFD analysis, the flow field is generally discretized by the computational grid and is solved

by the Riemann solver [71]. Consequently, the change caused by atmospheric stratification with altitude is



treated as a discontinuity in the Riemann solver, and nonphysical waves are generated. Thus, a
computational approach for avoiding this change must be constructed because such an approach has not yet
been proposed. Second, the solution-adapted grid over the entire flow field must be constructed to precisely
capture shock waves [72]. Because the shock-wave angles change with the atmospheric temperature, the
grid angles must be changed according to the propagation directions of the shock waves in the stratified
atmosphere; thus, the three-dimensional solution-adapted grid must be constructed. Third, the
computational load must be reduced as much as possible because the computational domain ranges over
quite a long distance, and the thermal nonequilibrium flow analysis [68, 69] with high computational load
is essential for predicting the rise time. With those in mind, the framework of the full-field simulation

method is developed to analyze sonic boom propagation through the real atmosphere in this study.

1.3.2 Roadmap for formulation of full-field simulation method

Figure 1.2 shows the roadmap for constructing the framework of the full-field simulation method. The
roadmap is composed of three phases. The first phase is the formulation of the full-field simulation method
including the computational approach, the method of constructing the solution-adapted grid, and the
segmentation method of a computational domain. The computational approach is formulated to simulate
sonic boom propagation including five important effects as follows:

Geometrical spreading: the attenuation effect due to the geometrical spreading of a wave with

increasing distance from a generation source.

Nonlinearity: the effect of wave steepening that is caused by the difference in the propagation speed of

waves.

Atmospheric stratification: the atmospheric effect due to variation in atmospheric properties with

altitude.

Molecular relaxation (thermal nonequilibrium): the relaxation effect due to translational-vibrational

energy exchange.

Viscosity: the dissipation effect due to the fluid friction and thermal conduction.
If the computational approach considering these five effects is formulated, the extension of this approach is
assumed to be relatively easy because the full-field simulation is based on the CFD. The method of
constructing the solution-adapted grid is formulated so as to meet the following three requirements. First,
shock waves must not intersect with the grid lines; thus, the grid lines in the entire computational domain
must align with the shock waves. Second, the grid resolution near the shock waves must be adequately high.
Third, the number of grid points must be reduced as much as possible because the computational domain

ranges over quite a long distance. The segmentation method of a computational domain is constructed to
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Fig. 1.2 Roadmap for constructing framework of full-field simulation method.

reduce the computational load and to improve the efficiency of computation.

The second phase is the validation of computational accuracy. Full-field simulation is performed to
reproduce the flight test, and the simulation results are validated by comparison with the results of the
waveform parameter method, which is a representative prediction method for sonic boom, and the flight
test data. Consequently, the reproducibility of the flight test for sonic boom in the real atmosphere is
investigated.

The third phase is the demonstration of the applicability to the analysis of complex sonic boom
phenomena that have not been well clarified. First, full-field simulation with the thermal nonequilibrium is
performed to investigate the formation mechanism of rise time as described in section 1.2.2. Second,
full-field simulation is performed to analyze sonic boom cutoff phenomena [53] generated from a low
supersonic flight object, including focused sonic boom in the caustic-vicinity field as described in section
1.2.3. Third, full-field simulation is performed to investigate sonic boom characteristics in hypersonic flow
regimes as described in section 1.1. Consequently, the usefulness of full-field simulation method is
investigated as a valid approach for analyzing sonic boom characteristics at all speeds including
nonequilibrium characteristics and for clarifying sonic boom phenomena that cannot be investigated in the
existing prediction methods.

When all three phases shown in Fig. 1.2 are accomplished, it can be said that the framework of the
full-field simulation method is constructed. For the practical use of the framework, the appropriate

computational method including the governing equations is selected according to the application and is



extended as needed. Consequently, the full-field simulation can precisely reproduce sonic boom
propagation in various flight, atmospheric, and ground conditions; thus, numerical flight experiments can

be conducted by the full-field simulation.

1.4 Objectives

Based on the above discussion, the objectives of this study are to formulate the framework of the
full-field simulation method for sonic boom, according to the roadmap shown in Fig. 1.2, and to clarify
sonic boom phenomena as follows:

Formation mechanism of rise time due to molecular relaxation in uniform and stratified atmospheres.
Sonic boom characteristics at low supersonic speeds, including cutoff phenomena in the
caustic-vicinity field.
Sonic boom characteristics at hypersonic speeds, including waveform transition of sonic boom
according to flight Mach number.
Consequently, sonic boom phenomena that have not been well clarified become better understood, and the
full-field simulation method becomes a powerful tool for precisely predicting sonic boom propagation

through the real atmosphere and for realizing numerical flight experiments.

1.5 Outline of this thesis

An outline of this thesis is as follows. In chapter 2, the full-field simulation method is described. In
chapter 3, the accuracy of full-field simulation is validated by comparison with the results of the waveform
parameter method and the D-SEND#1 [14] flight test conducted by JAXA. In chapters 4 to 6, full-field
simulation is performed to demonstrate the applicability of the full-field simulation method and to clarify
sonic boom phenomena that cannot be investigated in the existing prediction methods. In chapter 4,
full-field simulation is performed to investigate the effect of molecular relaxation on the sonic boom
waveform and the formation mechanism of rise time in the uniform and stratified atmospheres. In chapter 5,
full-field simulation is performed to analyze sonic boom propagation at low supersonic speeds, including
sonic boom cutoff phenomena, and to investigate the applicability of this simulation to the analysis of
focused sonic boom in the caustic-vicinity field. In chapter 6, full-field simulation is performed to clarify
the waveform transition in a hypersonic flow regime and to investigate the applicability to sonic boom

propagation from a hypersonic flight object. In chapter 7, the conclusion is described.
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Chapter 2

Full-Field Simulation Method

The contents of this chapter are not open to the public because they will be published in journal articles.
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Chapter 3
Validation of Computational Accuracy

The contents of this chapter are not open to the public because they will be published in journal articles.
Parts of this chapter were already published as follows:
Yamashita, R., and Suzuki, K.: Full-Field Sonic Boom Simulation in Real Atmosphere, AIAA Paper
2014-2269, June 2014.
Yamashita, R., and Suzuki, K.: Rise Time Prediction of Sonic Boom by Full-Field Simulation with

Thermal Nonequilibrium, AIAA Paper 2015-2583, June 2015.
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Chapter 4

Full-Field Simulation for Rise Time

Prediction

The contents of this chapter are not open to the public because they will be published in journal articles.
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Chapter 5

Full-Field Simulation at Low Supersonic
Speed

The contents of this chapter are not open to the public because they will be published in journal articles.
Part of the contents was already published as follows:

Yamashita, R. and Suzuki, K.: Full-Field Simulation for Sonic Boom Cutoff Phenomena,

Transactions of the Japan Society for Aeronautical and Space Sciences, Vol.58, No.6, 2015, pp.

327-336.
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Chapter 6
Full-Field Simulation at Hypersonic Speed

The contents of this chapter are not open to the public because they will be published in journal articles.
Part of the contents was already published as follows:
Yamashita, R. and Suzuki, K.: Waveform Transition of Sonic Boom from N-wave to Caret-wave

generated from a Sphere at Hypersonic Speed, AIAA Journal, 2015 (published online).
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Chapter 7
Conclusions

A framework of the full-field simulation method was formulated to reproduce sonic boom propagation
through the real atmosphere and was used to clarify formation mechanism of rise time, sonic boom cutoff
phenomena, and the waveform transition in hypersonic flow regimes. The results are summarized as

follows.

Formulation of full-field simulation method (Chapters 2 and 3)

(Not open to the public because the contents of this chapter will be published in journal articles.)

Full-field simulation for rise time prediction (Chapter 4)

(Not open to the public because the contents of this chapter will be published in journal articles.)

Full-field simulation at low supersonic speed (Chapter 5)

(Not open to the public because the contents of this chapter will be published in journal articles.)

Full-field simulation at hypersonic speed (Chapter 6)

(Not open to the public because the contents of this chapter will be published in journal articles.)

As mentioned above, the framework of the full-field simulation method was completely constructed
because all three phases were completed, as shown in Fig. 7.1. Moreover, the formation mechanism of rise
time, the sonic boom cutoff phenomena, and the waveform transition in hypersonic flow regimes were well
clarified by the full-field simulation. Therefore, the objectives of this thesis were completed. Because the
full-field simulation based on the CFD has the potential for considering various flight, atmospheric, and
ground conditions, it seems promising for realizing high-accuracy numerical flight experiments for sonic

boom.
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™ geometrical spreading
™ nonlinearity
™ molecular relaxation
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™ viscosity
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(Chapter 2) )

Validation of
computational accuracy

;

\

ruf Reproduction of flight
test for sonic boom at
supersonic speed
(Chapter 3)

o Comparison with
waveform parameter

method (Chapter 3)

l

)

[ Demonstration of

applicability
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™ Simulation for rise time
prediction of sonic boom

(Chapter 4)
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boom cutoff phenomena
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™ Simulation of sonic
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(Chapter 6)

|

Fig. 7.1 Roadmap for constructing framework of full-field simulation method.
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Appendix
Waveform Parameter Method

The waveform parameter method [45] invented by Thomas is the representative prediction method for
sonic boom in the far field reaching the ground. In this method, the pressure fluctuation is derived from the
conservation of the Blokhintsev energy invariant in the geometric acoustics, and the nonlinear effect on the
waveform distortion is considered by the isentropic wave theory, in which the propagation speed is
assumed to be a sum of the local speed of sound and the change of velocity. The entire pressure waveform
is split into a sequence of segments, and the segmented waveform is described by the following three
parameters. The first parameter m; is the pressure gradient of segment i. The second parameter Ap; is the
pressure rise of the shock wave at the boundary of segments i and i—1. The third parameter 4p;is the time
duration of segment i. Figure A.1 shows the schematic of these parameters. These parameters along the ray

path are computed by the three ordinary differential equations as

i w4 Cym, (A1)
dt

% :lClApi (mi +m;_ )+C2Api (A.2)

dt 2

dl,. 1
—2L=——C (Api +Ap, )_ Cym, A, (A.3)

dt 2
AL (A.4)

2y p,a,
c, | L dpa 3 de, 1 da, 1 dd (A.5)
2p, dt 2c, dt a, dt 24 dt

where p, p and c are the pressure, density, and speed of sound, respectively. a, is the velocity normal to the
wave front, and A4 is a ray tube area [73] as cut by the wave front. Subscript @ means the atmospheric value.
The derivation of the equations above is left out here (see reference 45 for details). The variables C; and C,

in the nonuniform atmosphere change along the ray path. However, if these variables are assumed to
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m; (Gradient)

Segment i

Fig. A.1 Three waveform parameters where red line indicates waveform of segment i.

be constant during the sufficiently small time, the equations above can be solved by the finite difference
method. As the acoustic waves propagate along the ray paths, they are distorted by the nonlinear effect,
resulting in the coalescence of the waves. In the waveform parameter method, Ap; becomes zero when two
waves coalesce into a single wave. In such a case, the coalescence point is computed, and the waveform

parameters are redefined at this point.

19



References

(1]
(2]

(3]

(4]

[3]

[6]

[7]
(8]

[9]

[10]

[11]

[12]

[13]
[14]

Hayes, W. D.: Sonic Boom, Annual Review of Fluid Mechanics, Vol. 3, 1971, pp. 269-290.

Alonso, J. J., and Colonno, M. R.: Multidisciplinary Optimization with Applications to
Sonic-Boom Minimization, Annual Review of Fluid Mechanics, Vol. 44, 2012, pp. 505-526.
Garces, M., Bass, H., Drop, D., Hetzer, C., Hedlin, M., Pichon, A. L., Lindquist, K., North, R., and
Olson, J.: Forensic Studies of Infrasound from Massive Hypersonic Sources, Eos, Vol. 85, No. 43,
2004.

Chapman, C. R.: Calibrating Asteroid Impact, Science, Vol. 342, 2013, pp. 1051-1052.
Menexiadis, G., and Varnier, J.: Long-Range Propagation of Sonic Boom from the Concorde
Airliner: Analyses and Simulations, Journal of Aircraft, Vol. 45, No. 5, 2008, pp. 1612-1618.
Maglieri, D. J., Bobbitt P. J., Plotkin, K. J., Shepherd, K. P., Coen P. G., and Richwine, D. M.:
Sonic Boom Six Decades of Research, NASA SP-2014-622

International Civil Aviation Organization (ICAO), http://www.icao.int/

Rallabhandi, S. K., Nielsen, E. J., Diskin, B.: Sonic Boom Mitigation through Aircraft Design and
Adjoint Methodology, Journal of Aircraft, Vol. 51, No. 2, 2014, pp. 502-510

Ordaz, 1., Geiselhart, K. A., and Fenbert, J. W.: Conceptual Design of Low-Boom Aircraft with
Flight Trim Requirement, Journal of Aircraft, Vol. 52, No. 3, 2015, pp. 932-939.

Park, M. A., and Morgenstern, J. M.: Summary and Statistical Analysis of the First AIAA Sonic
Boom Prediction Workshop, Journal of Aircraft (Early edition), 2015.

Park, M. A., Aftosmis, M. J., Campbell, R. L., Carter, M. B., Cliff, S. E., Bangert, L. S.: Summary
of the 2008 NASA Fundamental Aeronautics Program Sonic Boom Prediction Workshop, Journal
of Aircraft, Vol. 51, 2014, pp. 987-1001.

Page, J. A., Plotkin, K. J., Haering Jr., E. A., Maglieri, D. J.,Cowart, R., Salamone, J., Elmer, K.,
Welge, B., and Ladd, J.: SCAMP: Superboom Caustic Analysis and Measurement Project
Overview, AIAA Paper, 2013-0930, 2013.

NASA FaINT project, http://www.nasa.gov/topics/aeronautics/features/faint_sonic_booms.html
Naka, Y.: Sonic Boom Data from D-SEND#1, Japan Aerospace Exploration Agency Research and
Development Memorandum, JAXA-RM-11-010E, 2012.

20


http://www.icao.int/
http://www.nasa.gov/topics/aeronautics/features/faint_sonic_booms.html

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

D-SEND Database, http://d-send.jaxa.jp/d_send e/index.html [cited 30 May 2012].

Taguchi, H., Kobayashi, H., Kojima, T., Ueno, A., Imamura, S., Hongoh, M., and Harada, K.:
Research on Hypersonic Aircraft Using Pre-Cooled Turbojet Engines, Acta Astronautica, Vol. 73,
2012, pp. 164-172.

Roncioni, P., Natale, P., Marini, M., Langener, T., and Steelant, J.: Numerical Simulations and
Performance Assessment of a Scramjet Powered Cruise Vehicle at Mach 8, Aerospace Science and
Technology, Vol. 42, 2015, pp.218-228.

Loubeau, A., and Coulouvrat, F.: Effects of Meteorological Variability on Sonic Boom Propagation
from Hypersonic Aircraft, AIAA journal, Vol. 47, No. 11, 2009, pp. 2632-2641.

Whitham, G. B.: The Flow Pattern of a Supersonic Projectile, Communications on Pure and
Applied Mathematics, Vol.5, No. 3, 1952, pp. 301-348.

Anderson, J. D., Jr.: Hypersonic and High Temperature Gas Dynamics, McGraw-Hill, New York,
1989.

NASA, Ten Thousandth Near-Earth Object Unearthed in Space,
http://www.nasa.gov/mission_pages/asteroids/news/asteroid20130624.html

McCord, T. B. et al.: Detection of a Meteoroid Entry into the Earth’s Atmosphere on February 1,
1994, Journal of Geophysical Research, Vol. 100, No. E2, 1995, pp. 3245-3249.

Silber, E. A., Le Pichon, A., and Brown, P. G.: Infrasonic Detection of a Near-Earth Object Impact
over Indonesia on 8 October 2009. Geophysical Research Letters, Vol. 38, L12201, 2011.

Brown, P. G. et al.: A 500-kiloton Airburst over Chelyabinsk and an Enhanced Hazard from Small
Impactors, Nature, Vol. 503, 2013, pp. 238-241.

Borovicka, J., Spurny, P., Brown, P., Wiegert, P., Kalenda, P., Clark, D., and Shrbeny, L.: The
Trajectory, Structure and Origin of the Chelyabinsk Asteroidal Impactor, Nature, Vol. 503, 2013,
pp- 235-237.

Popova, O. P. et al.: Chelyabinsk Airburst, Damage Assessment, Meteorite Recovery, and
Characterization, Science, Vol. 342, No. 6162, 2013, pp. 1069-1073.

Takahashi, N., and Yoshikawa, M.: Report on Field Survey in the Chelyabinsk Meteorite, Planetary
People, Vol. 22, No. 4, 2013, pp. 228-233 (in Japanese).

Ceplecha, Z.: Luminous Efficiency Based on Photographic Observations of the Lost City Fireball
and Implications for the Influx of Interplanetary Bodies onto Earth, Astronomy and Astrophysics,
Vol. 311, 1996, pp. 329-332.

Lin, S. C.: Cylindrical Shock Waves Produced by Instantancous Energy Release, Journal of
Applied Physics, Vol. 25, No. 1, 1954, pp. 54-57.

Revelle, D. O.: On Meteor Generated Infrasound, Journal of Geophysical Research, Vol. 81, No. 7,

21


http://d-send.jaxa.jp/d_send_e/index.html
http://www.nasa.gov/mission_pages/asteroids/news/asteroid20130624.html

[31]

[32]

[33]

[44]

[45]

1976, pp. 1217-1230.

Hayes, W. D., and Runyan, H. L., Jr.: Sonic-Boom Propagation through a Stratified Atmosphere,
Journal of the Acoustical Society of America, Vol. 51, No. 2C, 1972, pp. 695-701.

Hammerton, P. W.: Effect of Molecular Relaxation on the Propagation of Sonic Booms through a
Stratified Atmosphere, Wave Motion, Vol. 33, 2001, pp. 359-377.

Plotkin, K. J.: State of the Art of Sonic Boom Modeling, Journal of Acoustical Society of America,
Vol. 111, No. 1, 2002, pp. 530-536.

Lipkens, B., and Blackstock, D. T.: Model Experiment to Study Sonic Boom Propagation through
Turbulence. Part I: General results, Journal of Acoustical Society of America, Vol. 103, No. 1,
1998, pp. 148-158.

Piacsek, A. A.: Atmospheric Turbulence Conditions Leading to Focused and Folded Sonic Boom
Wave Fronts, Journal of Acoustical Society of America, Vol. 111, No. 1, 2002, pp. 520-529.
Yamashita, H., and Obayashi, S.: Sonic Boom Variability Due to Homogeneous Atmospheric
Turbulence, Journal of Aircraft, Vol. 46, No. 6, 2009, pp. 1886-1893.

Coulouvrat, F.: Sonic Boom in the Shadow Zone: A Geometrical Theory of Diffraction, Journal of
Acoustical Society of America, Vol. 111, No. 1, 2002, pp. 499-508.

Morris, O. A., and Miller, D. S.: Sonic-Boom Wind-Tunnel Testing Techniques at High Mach
Numbers, Journal of Aircraft, Vol. 9, No. 9, 1972, pp. 664-667.

Cliff, S., Elmiligui, A., Aftosmis, M., Thomas, S., Morgenstern, J., Durston, D.: Design and
Evaluation of a Pressure Rail for Sonic Boom Measurement in Wind Tunnels, Seventh International
Conference on Computational Fluid Dynamics, ICCFD7-2006, 2012.

Sasoh, A., Imaizumi, T., Toyoda, A., Ooyama, T.: In-Tube Catapult Launch from Rectangular-Bore
Aeroballistic Range, ATAA journal, Vol. 53, No. 9, 2015, pp. 2781-2784.

CIiff, S. E., and Thomas, S. D.: Euler/Experiment Correlation of Sonic Boom Pressure Signatures,
Journal of Aircraft, Vol. 30, No. 5, 1993, pp. 669-675.

Cheung, S. H., Edwards, T. A., and Lawrence S. L.: Application of Computational Fluid Dynamics
to Sonic Boom Near- and Mid-field Prediction, Journal of Aircraft, Vo. 29, No. 5, 1992, pp.
920-926.

Alauzet, F., and Loseille, A.: High-Order Sonic Boom Modeling Based on Adaptive Methods,
Journal of Computational Physics, Vol. 229, 2010, pp. 561-593.

S.Choi, J.J.Alonso, E.Van der Weide: Numerical and Mesh Resolution Requirements for Accurate
Sonic Boom Prediction, Journal of Aircraft, Vol.46, No.4, 2009.

Thomas, C. L.: Extrapolation of Sonic Boom Pressure Signatures by the Waveform Parameter

Method, NASA TN D-6832, 1972.

22



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[59]

[60]

Thomas, Charles: Extrapolation of Wind-Tunnel Sonic Boom Signatures without Use of a
Whitham F-Function, NASA SP-255, 1970, pp. 205-217.

Pilon, A. R.: Spectrally Accurate Prediction of Sonic Boom Signals, AIAA Journal, Vol. 45, No. 9,
2007, pp. 2149-2156.

Rallabhandi, S. K.: Advanced Sonic Boom Prediction Using the Augmented Burgers Equation,
Journal of Aircraft, Vol. 48, No. 4, 2011, pp. 1245-1253.

Naka, Y., Makino, Y., Hashimoto, A., Yamamoto, M., Yamashita, H., Uchida, T., and Obayashi, S.:
Validation of Sonic-Boom Propagation Analysis Methods Using D-SEND#1 Data,
JAXA-SP-12-010, 2012, pp. 95-99 (in Japanese).

Johnson, M. E., and Hammerton, P. W.: Effect of Molecular Relaxation Processes on Travelling
Wave Solutions of Sonic Boom Waveforms, Wave Motion, Vol. 38, 2003, pp. 229-240.

Marchiano, R., Coulouvrat, F., and Grenon, R.: Numerical Simulation of Shock Wave Focusing at
Fold Caustics, with application to sonic boom, Journal of Acoustical Society of America, Vol. 114,
No. 4, 2003, pp. 1758-1771.

Downing, M., Zamot, N., Moss, C., Morin, D., Wolski E., Chung S., Plotkin K., and Maglieri, D.:
Controlled Focused Sonic Booms from Maneuvering Aircraft, Journal of Acoustical Society of
America, Vol. 104, 1998, pp. 112—121.

Friedman, M. P. and Chou, D. C.: Behavior of the Sonic Boom Shock Wave near the Sonic Cutoff
Altitude, NASA CR-358, 1965.

Maglieri, D. J., Bobbitt, P. J., Massey, S. J., Plotkin, K. J., Kandil, O. A., and Zheng, X.: Focused
and Steady-State Characteristics of Shaped Sonic Boom Signatures: Prediction and Analysis,
NASA CR-2011-217156.

McDonald, B. E.: High-Angle Formulation for the Nonlinear Progressive-Wave Equation Model,
Wave Motion, Vol. 31, No. 2, 2000, pp. 165-171.

Pinton, G., Coulouvrat, F., Gennisson, J. L., and Tanter, M.: Nonlinear Reflection of Shock Shear
Waves in Soft Elastic Media, Journal of Acoustical Society of America, Vol. 127, No. 2, 2010, pp.
683-691.

Auger, T., and Coulouvrat, F.: Numerical Simulation of Sonic Boom Focusing, AIAA Journal, Vol.
40, No. 9, 2002, pp. 1726-1734.

Salamone III, J. A., Sparrow, V. W., and Plotkin, K. J.: Solution of the Lossy Nonlinear Tricomi
Equation Applied to Sonic Boom Focusing, AIAA Journal, Vol. 51, No. 7, 2013, pp. 1745-1754.
Lind, A. B., and Sparrow, V. W.: Including the Effects of Terrain Reflections and Post Boom Noise
in Sonic Booms, AIAA Paper 2009-3385, 2009.

Cho, S. T., and Sparrow, V. W.: Diffraction of Sonic Booms around Buildings Resulting in the

23



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

Building Spiking Effect, Journal of Acoustical Society of America, Vol. 129, No. 3, 2011, pp.
1250-1260.

Yamashita, R., and Suzuki, K.: Full-Field Sonic Boom Simulation in Real Atmosphere, AIAA
Paper 2014-2269, June 2014.

Yamashita, R., and Suzuki, K.: Sonic Boom Analysis for Hypersonic Vehicle by Global Direct
Simulation, Journal of the Japan Society for Aeronautical and Space Sciences, Vol. 62, 2014, pp.
77-84 (in Japanese).

Park, C.: Assessment of Two-Temperature Kinetic Model for lonizing Air, Journal of
Thermophysics and Heat Transfer, Vol. 3, No. 3, 1989, pp. 233-244.

Prakash, A., Parsons, N., Wang, X., and Zhong, X.: High-Order Shock-Fitting Methods for Direct
Numerical Simulation of Hypersonic Flow with Chemical and Thermal Nonequilibrium, Journal of
Computational Physics, Vol. 230, 2011, pp. 8474-8507.

Coratekin, T., van Keuk, J., and Ballmann, J.: Performance of Upwind Schemes and Turbulence
Models in Hypersonic Flows, AIAA Journal, Vol. 42, No. 5, 2004, pp. 945-957.

Peskin, C. S.: The Fluid Dynamics of Heart Valves: Experimental, Theoretical, and Computational
Methods, Annual Review of Fluid Mechanics, Vol. 14, 1982, pp. 235-259.

Ochi, A., Ueno, Y., and Hayama, K: A Validation Study of Higher Order CFD Analysis for
Unsteady Flow around Landing Gear, Journal of the Japan Society for Aeronautical and Space
Sciences, Vol. 59, 2011, pp. 7-15. (in Japanese)

Sakai, T.: Real Gas Effects on Weak Shock Wave Propagation in an Atmosphere, AIAA paper
2010-1388, 2010.

Honma H., and Glass, I. I.: Weak Shock-Wave Transitions of N-Waves in Air with Vibrational
Excitation, Proceedings of the Royal Society of London. Series A., Mathematical and Physical, Vol.
391, 1984, pp.55-83.

Potapkin, A.V., Korotaeva, T.A., Moskvichev, D.Yu., Shashkin, A.P., Maslov, A.A.: An Advanced
Approach for Far-Field Sonic Boom Prediction, AIAA Paper 2009-1056, 2010.

Roe, P. L.: Approximate Riemann Solvers, Parameter Vectors, and Difference Schemes, Journal of
Computational Physics, Vol. 43, Issue 2, 1981, pp. 357-372.

Park, M. A., and Darmofal, D. L.: Output-Adaptive Tetrahedral Cut-Cell Validation for Sonic
Boom Prediction, AIAA Paper 2008-6594, 2008

Hayes, W.D., Haefeli, R.C., and Kulsrud, H.E.: Sonic Boom Propagation in a Stratified
Atmosphere with Computer Program, NASA CR-1299, 1969.

24



Publications

Journal articles

Yamashita, R., and Suzuki, K.: Sonic Boom Analysis for Hypersonic Vehicle by Global Direct
Simulation, Journal of the Japan Society for Aeronautical and Space Sciences, Vol. 62, No. 3, June,
2014, pp. 77-84 (in Japanese).

Yamashita, R. and Suzuki, K.: Full-Field Simulation for Sonic Boom Cutoff Phenomena, Transactions
of the Japan Society for Aeronautical and Space Sciences, Vol.58, No.6, November, 2015, pp. 327-336.
Yamashita, R. and Suzuki, K.: Waveform Transition of Sonic Boom Generated from a Sphere at
Hypersonic Speed, AIAA Journal, Technical notes (published online on November 24th, 2015).
Yamashita, R. and Suzuki, K.: Full-Field Sonic Boom Simulation in Stratified Atmosphere, AIAA

Journal, 2015 (submitted on June 30th, 2015, under review).

Domestic conferences (in Japanese)
Yamashita, R., and Suzuki, K.: Numerical Analysis of Sonic Boom Generated by Meteorite at
Hypersonic Speeds, 57th Space Sciences and Technology Conference, JSASS-2013-4396, October,
2013 (in Japanese).
Yamashita, R., and Suzuki, K.: Sonic Boom Analysis of Meteorite at Hypersonic Speeds in Earth
Atmosphere, Japan Geoscience Union Meeting 2014, PPS21-P01, April, 2014 (in Japanese).
Yamashita, R., and Suzuki, K.: Numerical Study on Rise Time Prediction of Sonic Boom with Thermal
Nonequilibrium, 46th Fluid Dynamics Conference, JSASS-2014-2027-F/A, July, 2014 (in Japanese).
(published in JAXA Special Publication, JAXA-SP-14-010, March, 2015, pp. 35-40.)
Yamashita, R., and Suzuki, K.: Thermal Nonequilibrium Flow Analysis for Sonic Boom Propagation in
Stratified Atmosphere, 47th Fluid Dynamics Conference, JSASS-2015-2080-F/A, July, 2015 (in

Japanese).

25



International conferences (in English)
Yamashita, R. and Suzuki, K.: Numerical Analysis of Sonic Boom Cutoff Phenomena by Direct
Simulation in Whole Domain Extending to Ground Level [Peer-reviewed], 2013 Asia-Pacific
International Symposium on Aerospace Technology (APISAT), No.02-05-3, November, 2013.
Yamashita, R. and Suzuki, K.: Full-Field Sonic Boom Simulation in Real Atmosphere, 32nd AIAA
Applied Aerodynamics Conference, AIAA Paper 2014-2269, June, 2014.
Yamashita, R. and Suzuki, K.: Rise Time Prediction of Sonic Boom by Full-Field Simulation with
Thermal Nonequilibrium, 33rd AIAA Applied Aerodynamics Conference, AIAA Paper 2015-2583,
June, 2015.

26



Acknowledgement

I would like to express the deepest appreciation to Prof. Kojiro Suzuki who gave me a chance to push
back the frontiers of aeronautics and astronautics. His comments, suggestions and encouragements were
invaluable in progressing my research. Without his continuous support, this research would not have been
possible.

I would like to thank Prof. Kenji Yoshida of JAXA, Associate Prof. Koji Okamoto, Associate Prof.
Hiroyuki Koizumi, and Associate Prof. Taro Imamura for their valuable comments and suggestions on the
thesis. I also thank Dr. Masashi Kanamori of JAXA for his useful advice on my research.

I would like to express my gratitude to all of the members in Suzuki laboratory, especially Assistant Prof.
Yasumasa Watanabe, Dr. Yuya Ohmichi, Dr. Katsutoshi Hamasaki, and Mr. Hisaichi Shibata. Thanks to
them, I was able to spend a valuable time.

Last, I would like to offer my special thanks to my family for their support.

February, 2016

Rei Yamashita

27



	Front cover_J
	Front cover_E
	Contents
	Nomenclature
	Chap1_Introduction
	Chap2_Computational Method for Full Field Simulation
	Chap3_Validation of Computational Accuracy
	Chap4_Full Field Simulation for Rise Time Prediction
	Chap5_Full Field Simulation at Low Supersonic Speed
	Chap6_Full Field Simulation at Hypersonic Speed
	Chap7_Conclusions
	Appendix_Waveform Parameter Method
	References
	Publications
	Acknowledgement

