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EXECUTIVE SUMMARY

The objectives of the Sonic Booms in Atmospheric Turbulence (SonicBAT) Program were to develop
and validate, via research flight experiments under a range of realistic atmospheric conditions, one
numeric turbulence model research code and one classic turbulence model research code using
traditional N-wave booms in the presence of atmospheric turbulence, and to apply these models to
assess the effects of turbulence on the levels of shaped sonic booms predicted from low boom aircraft
designs. The SonicBAT program has successfully investigated sonic boom turbulence effects through
the execution of flight experiments at two NASA centers, Armstrong Flight Research Center (AFRC)
and Kennedy Space Center (KSC), collecting a comprehensive set of acoustic and atmospheric
turbulence data that were used to validate the numeric and classic turbulence models developed. The
validated codes were incorporated into the PCBoom sonic boom prediction software and used to
estimate the effect of turbulence on the levels of shaped sonic booms associated with several low boom
aircraft designs.

The SonicBAT program was a four year effort that consisted of turbulence model development and
refinement throughout the entire period as well as extensive flight test planning that culminated with
the two research flight tests being conducted in the second and third years of the program. The
SonicBAT team, led by Wyle, includes partners from the Pennsylvania State University, Lockheed
Martin, Gulfstream Aerospace, Boeing, Eagle Aeronautics, Technical & Business Systems, and the
Laboratory of Fluid Mechanics and Acoustics (France). A number of collaborators, including the Japan
Aerospace Exploration Agency, also participated by supporting the experiments with human and
equipment resources at their own expense. Three NASA centers, AFRC, Langley Research Center
(LaRC), and KSC were essential to the planning and conduct of the experiments. The experiments
involved precision flight of either an F-18A or F-18B executing steady, level passes at supersonic
airspeeds in a turbulent atmosphere to create sonic boom signatures that had been distorted by
turbulence. The flights spanned a range of atmospheric turbulence conditions at NASA Armstrong and
Kennedy in order to provide a variety of conditions for code validations.

The SonicBAT experiments at both sites were designed to capture simultaneous F-18A or F-18B
onboard flight instrumentation data, high fidelity ground based and airborne acoustic data, surface and
upper air meteorological data, and additional meteorological data from ultrasonic anemometers and
SODARs to determine the local atmospheric turbulence and boundary layer height.

The first SonicBAT experiment was conducted at NASA AFRC, on Edwards Air Force Base, California,
from 11 through 22 July 2016 in a hot, dry environment. Primary validation measurements involved the
aircraft flying nominally east to west, straight and level at Mach 1.38 and 34kft MSL along a path that
was directly over the primary acoustic array. The primary acoustic array consisted of a linear array of
sixteen microphones spaced 100 feet apart and oriented east-west; secondary and tertiary acoustic arrays,
consisting of eight microphones each, laid out in a cross configuration, were offset 7,500 feet and 15,000

feet north of the primary array, respectively. Airborne incoming sonic boom wave measurements were
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measured by a TG-14 motor glider for 60 of the 69 flight passes. Along with surface and upper air
measurements, measurements from two SODARs and two sonic anemometers located near the primary
array were used to determine the local atmospheric turbulence levels and the boundary layer height. In
total, 20 flights, including 69 passes over the arrays, were conducted over the two week period; four of
these passes were conducted to collect data at Mach cutoff conditions and were not part of the primary
analysis. Review of the 2,059 sonic boom signatures recorded at all three acoustic arrays for primary
validation purposes indicated that about 96 percent of these signatures had been affected by atmospheric
turbulence.

The second SonicBAT experiment was conducted at NASA KSC, Florida from 21 through 31 August
2017 in a hot, humid environment. The primary validation measurements were conducted with the
aircraft flying straight and level at Mach 1.36 and 34kft MSL along a northwest—southeast, offshore
path. The flight path and study area were carefully selected to avoid placing focused booms on
populated areas near KSC. The experiment at KSC used two ground based acoustic arrays that were
separated by about 3,800 feet and oriented northwest—southeast. For this experiment, the secondary
array was located closer to the flight path. The primary array consisted of sixteen microphones spaced
100 feet apart and the secondary array consisted of twenty microphones spaced 100 feet apart. Airborne
incoming sonic boom wave measurements were measured by the TG-14 for 35 of the 56 flight passes.
Along with surface and upper air measurements, measurements from one SODAR and three sonic
anemometers located near the primary array were used to determine the local atmospheric turbulence
and the boundary layer height. Review of the 1,883 boom signatures recorded at both acoustic arrays
for primary validation purposes indicated that about 95 percent of these signatures had been affected
by atmospheric turbulence.

The numeric model developed to explore supersonic signature turbulent distortions is based on the
solution of an augmented Khokhlov-Zobolotskaya-Kuznetzov (KZK) equation, a propagation equation
including atmospheric losses and nonlinearity. Turbulent fields were generated with Random Fourier
Modes (RFM) using an atmospheric turbulence model that incorporates turbulence production by both
wind shear and solar heating. The numeric model has been validated by running simulations using the
sonic boom signatures and turbulence parameters recorded during the two measurement campaigns.
Simulated statistics were found to well represent the measurements, with the best performance in
predicting level standard deviations. Additional N-wave simulations were run at a wide range of
turbulence and propagation conditions, and the results used to construct a suite of turbulence FIR filters
designed to quickly give an estimate of turbulence effects on a given signature. These filters were then
applied to shaped signatures from three different configurations, and the perceived level and peak
overpressure variations over a wide range of turbulence conditions were analyzed. The filter method’s
accuracy was preliminarily investigated by comparing the approximations with full numeric simulations
propagating the shaped signatures through turbulence. From these results, the utility of sonic boom
shaping in reducing perceived level and overpressure variations due to turbulence was examined.

Classical modified-linear propagation codes have provided rapid estimates of sonic boom under
quiescent conditions, so they were extended to handle turbulent conditions for SonicBAT. While our
numerical KZK code provides a more accurate analysis of sonic boom, its processing requirements
make it difficult to use today on a casual basis like PCBoom. Given computing advancements, rapid
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propagation of many rays through turbulence is possible in minutes on a typical PC. Our classical
“TURBO” code is a fully 3-D, linear acoustic propagation allowing turbulent temperature and gust
variation versus altitude along with up to 100 mean temperature and wind variations. This classical
turbulence code also works with Burgers methods to generate results that superimpose the separate (no
interactions) effects of non-linear aging, rounding, mean and turbulent atmospheric variations, and
easily runs inside the PCBoom interface. We acknowledge that more calibration is required to get the
best approximation of the numerical KZK code and rapid statistical results. The KZK code, FIR filters
and TURBO code generate the full range of high resolution predictions, representative signatures and
rapid statistics.

In summary, the SonicBAT program was a highly successful example of contractor team-NASA-partner
collaboration, with such notable accomplishments as:

¢ First time in 60 years of sonic boom measurements that the characteristics of the turbulence,
through which the boom signatures have travelled, have been measured along with the
signatures.

*  One of the largest sonic boom data sets ever collected including 125 flight passes and over
4,000 sonic booms recorded, of which greater than ninety-five percent of the booms had
signatures that showed the effects of atmospheric turbulence.

*  Development of meteorological measurement and analysis methods to characterize
atmospheric turbulence and the boundary layer height.

¢ Development and validation of two new sonic boom turbulence models which account for the
effects of atmospheric turbulence.

¢ Demonstrated the effects of turbulence on the levels of shaped sonic booms predicted from
low boom aircraft designs.

e Assessed the effects of turbulence using modern sonic boom metrics such as Steven’s Mark
VII Perceived Level (PL) instead of relying only upon maximum acoustic pressutre (Pmax)-

* Excellent example of collaboration between three NASA centers, the contractor team, and

international partners.
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ACRONYMS

Acronym Definition
ABL Atmospheric Boundary Layer
ABLH Atmospheric Boundary Layer Height
ADC Air Data Calibration
AFRC Armstrong Flight Research Center
AGL Above Ground Level
ANSI American National Standards Institute
ASEL A-Weighted Sound Exposure Level
BSEL B-Weighted Sound Exposure Level
CFD Computational Fluid Dynamics
CSEL C-Weighted Sound Exposure Level
dBV Decibels Referenced to Voltage
DSEL D-Weighted Sound Exposure Level
ESEL E-Weighted Sound Exposure Level
CST Commercial Supersonic Technology
dB Decibel
FFT Fast Fourier Transform
FIR Finite Impulse Response
FLMAX Maximum Scale Length
FLMIN Minimum Scale Length
FSEL Unweighted Sound Exposure Level
GPS Global Positioning System
HZ Hertz
INS Inertial Navigation System
IRGASON Infrared-Gas Analyzer-Sonic
IRIG Inter-Range Instrumentation Group
ISBAP Indoor Sonic Boom Annoyance Predictor
JAXA Japan Aerospace Exploration Agency
KSC Kennedy Space Center
KZK Khokhlov-Zobolotskaya-Kuznetzov
KZKFourier Khokhlov-Zobolotskaya-Kuznetzov Fourier
LaRC Langley Research Center
LBFD Low Boom Flight Demonstrator
LCL Lifting Condensation Layer
LLZf Zwicker Loudness for Frontal Incidence
LLzd Zwicker Loudness for Diffuse Incidence
MOST Monin-Obukhov Similarity Theory
MPI Message Passing Interface
MSL Mean Sea Level
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NASA National Aeronautics and Space Administration
NLMAX Number of Modes

NPE Nonlinear Progressive Wave Equation
oTT Over-The-Top

PC Personal Computer

PL Steven’s Mark VII Perceived Level

PLdB Perceived Decibel Level

PNL Kryter’s Perceived Noise Level

RAYSEP Ray Separation

RFM Random Fourier Modes

RH Relative Humidity

RMS Root-Mean-Square

SEL Sound Exposure Level

SODAR Sonic Detection And Ranging

SonicBAT Sonic Booms in Atmospheric Turbulence
SPM Seconds Past Midnight

TURBO Classic Turbulence Model

uTC Coordinated Universal Time
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INTRODUCTION

The National Aeronautics and Space Administration (NASA) conducts supersonic vehicle research,
through its Commercial Supersonic Technology (CST) Project, aimed at eliminating the technical
barriers to commercial overland supersonic flight. This research includes developing new aircraft
technologies and designs that result in shaped, low-amplitude sonic boom signatures rather than the
historical unacceptable N-wave signature, improving predictive tools used for sonic boom assessment,
and increasing knowledge about sonic boom atmospheric effects — turbulence in particular, transmission
into structures, and human response.

NASA’s commitment to the goal of commercial overland supersonic flight requires accurate sonic boom
prediction tools that can be used in the near term to evaluate the Quiet Supersonic Transport or QueSST
aircraft design. QueSST is the initial design stage of NASA’s planned Low Boom Flight Demonstrator
(LBFD) experimental airplane that will be used to gauge community acceptance to overland supersonic
flights. Llonger term, after the barrier to commercial overland supersonic flight has been lifted, accurate
sonic boom prediction tools will be needed for routine assessment of commercial supersonic flight
operations in the US and abroad.

Since the late 1950’s and early 1960’s it was found that the atmosphere through which the shock waves
from a supersonic transport propagate plays an important role in the sonic boom that is experienced at
the ground. Atmospheric pressure, temperature, density, and winds (the “macro” influences) and
turbulence, atmospheric absorption, and molecular relaxation (the “micro” influences) all come into
play. Over the years of making boom measurements it has been found that among all of these the one
that causes the most significant alterations to the sonic boom signature is turbulence, in particular, the
turbulence that is experienced in the lower layers of the atmosphere, the earth's boundary layer.

Prediction codes are in place to account for the atmospheric “macro” influences and a few of the
“micro” influences. A prediction code that accounts for turbulence was non existent. Part of the CST
Project is aimed at addressing this critical need and is the reason why NASA has conducted the Sonic
Booms in Atmospheric Turbulence (SonicBAT) Program. SonicBAT was designed to increase
knowledge of sonic boom atmospheric turbulence effects and improve prediction tool accuracy via the
development of 2-D and 3-D numeric turbulence models and a classic turbulence model. Two research
flight tests were conducted at NASA’s Armstrong Flight Research Center (AFRC) and Kennedy Space
Center (KSC) to record sonic booms in different geographic locations in a variety of atmospheric
conditions. The turbulence models developed on the program were validated, via flight test data, and
then were integrated with PCBoom, NASA’s general purpose sonic boom propagation software.
PCBoom and the turbulence models were then used to assess the effects of turbulence on the levels of
shaped sonic booms predicted from low boom aircraft designs.

The remainder of Section 1.0 includes a brief description of sonic boom propagation in the atmosphere
(Section 1.1) and the SonicBAT program objectives (Section 1.2). Section 2.0 provides an overview of
the atmosphere and turbulence modeling requirements. Section 3.0 presents the fundamentals of
numerical turbulence modeling including its background, atmospheric model inputs, numerical
propagation theory, and a representation of turbulence effects from numerical propagation. Section 4.0
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presents the fundamentals of classical turbulence modeling including its background and basis in

classical scattering theory.

The two SonicBAT research flight tests at Armstrong Flight Research Center (2016) and Kennedy Space
center (2017) are described in Section 5.0. The Atmospheric turbulence measurements and data analysis
procedures employed during these flight tests are described in Section 6.0.

Section 7.0 presents the validation of the sonic boom turbulence research codes and Section 8.0 presents

a statistical analysis and uncertainty quantification of these codes.

Results of the low boom vehicle analysis performed with the new turbulence models are provided in
Section 9.0. Details of the integration of the turbulence models with PCBoom is provided in
Section 10.0. The project summary, recommendations, and conclusions are presented in Section 11.0.

1.1 SONIC BOOM PROPAGATION IN THE ATMOSPHERE

Sonic Boom pressure disturbances are created anytime a vehicle flies faster than the speed of sound.
Research into understanding sonic booms started before manned supersonic flight, but the levels of
sonic booms from manned supersonic vehicles flying over 14 km (45 kft) above the ground was not
anticipated from prior experience with shock waves, such as from: thunder (from lightning), buggy
whips, explosions and firearms. Much of the difference was eventually found to come from the way
sonic booms propagate from a vehicle through the atmosphere (Maglieri et al. 2014). Understanding
propagation was therefore actively researched as critical to the understanding and mitigation of

supersonic transport sonic boom.
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Figure 1. The atmosphere layers and features concerning a supersonic aircraft’s primary sonic boom.
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Unique characteristics of sonic boom propagation contribute greatly to its strong overpressure and
perceived level at the ground. Sonic booms propagate as a conical shell, instead of filling space three-
dimensionally or as a spherical shell (blast shock). For a supersonic airplane flying at 14-18 km (45-60
kft) in Figure 1 (Russell, L.M., 2015), initially (1 km or 3,000 ft) the shock strength attenuates with the
inverse of the of radius to the -3/4 power (t(3/4) (Maglieri, D.J., et. al., 2014). This attenuation for N-
wave shocks in a nearly uniform atmosphere is the sum of two effects: linear acoustic spreading and
non-linear signature aging. But for the low boom shaped signatures described by Seebass and George
(Seebass, A., and George, A., 1972) and Darden (Darden, C., 1979), only the initial bluntness shock is
able to stretch to a lower overpressure more quickly at r(3/4) while the shaped signature attenuates at ¢
172, And the real atmosphere reduces attenuation, compared to a uniform atmosphere as shown in
Figure 2. From 11 km (36 kft) to the ground, the standard atmospheric temperature gradient of
+6.5C/km refracts linear acoustic spreading and even slightly reverses spreading, causing the signature
to slightly increase in amplitude from 11 km (36 kft) to the ground as shown by the dashed line in Figure
2 (11 km to ground corresponds to 30 to 60 kft from the airplane in Figure 2, modified from Kane,
1967). At the ground it reflects for a 1.9 times impact, and combined with the amplitude increase below
29,000 feet results in twice the level at the ground compared to the peak of Mount Everest in Figure 1.
Because of trends like these, understanding the atmosphere is important for understanding, predicting

and mitigating sonic boom.
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Figure 2. Effect of atmosphere’s variation on sonic boom amplitude during propagation.

The analysis of sonic booms across multiple disciplines of science and engineering has resulted in the
separation of its prediction into three portions: vehicle disturbance, propagation, and human annoyance.
Turbulence has its strong effect during propagation and is further limited to propagation in the last 0-6
km above the surface. This lowest altitude region of strong turbulence is known as the planetary or
Atmospheric Boundary Layer (ABL). The ABL is named as such and varies daily because it defines the
altitude to which atmospheric heating of air near the ground rises before it cools enough or the
surrounding air is warm enough to arrest its ascent. Diurnal heating and cooling variations fuel the
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turbulence here, and its gust and temperature variations follow known trends that can be measured,
modeled and predicted to a useful level of accuracy. Therefore turbulence effects are predicted by
calculating sonic boom propagation through a model of the ABL.

There have been many useful past flight test measurements of sonic booms in atmospheric turbulence
that enabled the SonicBAT program. However, none of those past flight test programs acquired the
mean and turbulent atmospheric measurements necessary for validation of codes that predict sonic
boom distortions in atmospheric turbulence. The SonicBAT research flight tests at AFRC and KSC
marks the first time in 60 years of boom measurements that the characteristics of the turbulence through
which the boom signatures have travelled have been measured along with the signatures.

1.1.1 ATMOSPHERIC DISTORTION OF N-WAVE SONIC BOOM

Sonic boom flight test measurements at the ground are always found to have distortions from their
expected N-wave shape (Pierce and Maglieri, 1972) and these distortions are associated with turbulence
in the atmospheric boundary layer (Maglieri et al. 1967). When flight tests are conducted under calm
atmospheric conditions (e.g., early morning with little or no wind), measured booms have insignificant
distortions and match the N-wave shape predicted by theory. When atmospheric conditions are not
calm (desert afternoons, with obvious thermal activity, or gusting surface winds) booms have a basic N-
wave shape, but they are distorted. This is illustrated in Figure 3 (Hilton et al. 1966). The turbulent-
condition booms have a fine scale distortion, which is strongest near the shock waves, and the shock
waves themselves are somewhat thicker. Theories have been set forth which appear to explain the
distortions (Crow 1969 and Pierce 1968) and shock thickening (Plotkin and George, 1972). These
theories require as inputs various atmospheric turbulence quantities. The specific turbulence quantities
required for the models developed on this program are described throughout this report.
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Figure 3. Sonic booms measured under calm and turbulent conditions.
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1.1.2 STATISTICAL VARIATION

Many research efforts and flight test programs were executed to understand sonic boom and its distorted
shapes measured at the ground. Turbulence is statistical in nature and distortions of signatures (peaking
or rounding of sonic boom signatures) occurs with time or distance (Maglieri et al., 2014)). The book
shows a summary of data from many of the planned sonic boom experiments in the U.S., showing the
variation in the ratio of measured to predicted peak overpressure for the military aircraft types indicated
(Maglieri, D.]. and Plotkin, K.J., 1991). These aircraft were operated at altitudes from 10,000 to 80,000
feet with a Mach number range of 1.0 to 3.0. A total of 1625 supersonic flights resulted in 12,406 data
samples. Figure 4 shows the probability distribution of the ratio of measured to predicted overpressure
for on-track measurements indicating the probability that the measured overpressure is greater than the
predicted overpressure. Given that the flight parameters were well understood, variation indicated is a
result of atmospheric effects and to a large degree turbulence. The need to understand turbulence
effects and develop more accurate prediction tools are what is driving the current research as is the

motivation to develop quiet supersonic aircraft for commercial use.
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Figure 4. On-track statistical variation of measured to predicted overpressure for supersonic military aircraft.

1.1.3 MOTIVATION TO UNDERSTAND TURBULENCE DISTORTION OF SHAPED SONIC
BOOM

NASA has continued to research the understanding, prediction and mitigation of sonic booms. NASA
has been working toward a manned experimental airplane that demonstrates shaped sonic boom
believed quiet enough for acceptable over land flight. Since turbulence greatly affects the levels of N-
wave sonic booms, knowing its effect on a shaped sonic boom demonstrator’s level is desirable.
Further, accurate prediction capability is paramount for making design improvements and mitigation.
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1.2 PROGRAM OBIJECTIVES

Supersonic aircraft with shaped, low boom signatures have the potential of finding community
acceptance to commercial supersonic flight. The objective of this research was to develop models that
estimate the effect of atmospheric turbulence on low boom signatures and their perceived level. To
accomplish this, research flight tests were conducted in a variety of atmospheres at two different
geographic locations to examine boom propagation effects over a range of turbulence conditions. Two
sonic boom turbulence models were developed including 2-D and 3-D versions of a numeric
propagation and turbulence model, and a classic, semianalytic propagation model. Practical
implementations of both of these models were incorporated into PCBoom, NASA’s sonic boom

prediction tool.

The first research flight test was conducted at Armstrong Flight Research Center in Edwards Air Force
Base, California to provide continuity with the vast majority of sonic boom flight tests that have been
conducted in that dry desert environment. The second research flight test was conducted at Kennedy
Space Center, Florida in a hot, humid environment to expand the range of climate conditions tested.
During both flight tests, atmospheric turbulence and sonic boom were measured simultaneously. Flight
test booms were all N-waves, but data was collected in sufficient detail to validate the sonic boom

turbulence models.

A numerical sonic boom turbulence model was developed using a Khokhlov-Zabolotskaya-Kuznetsov
(KZK) method. This numeric propagation model includes convection, multi-dimensional diffraction,
nonlinearity, and absorption effects. Turbulence is represented by a Fourier modes model. Both 2-D
and 3-D versions of the numeric model were developed. The 3-D version has been preliminarily tested
and is computationally expensive to run. Thus, the 2-D version was used to produce the results in this
report. Both versions are run using NASA’s Pleiades supercomputer which allows for massively parallel
computation. Using the numeric model, finite impulse response filters were developed for different
turbulence conditions; these filters represent the practical implementation of the numeric model in
PCBoom. A classic propagation model, based on scattering theory, was also developed for use in
PCBoom. Other required updates were made to PCBoom to permit processing of high resolution
signatures and to allow Burger’s evolved signatures to enter the turbulence models.
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ATMOSPHERIC TURBULENCE OVERVIEW

Turbulent distortion is present in almost all sonic boom waveforms measured during the day. The
exception is very early in the morning immediately after the atmosphere has settled down throughout
the night. The distortion due to atmospheric turbulence has been seen in many field tests, resulting in
waveforms that are substantially different in shape and sonic character just a few hundred feet apart.

Predicting the effects of atmospheric turbulence on shaped sonic boom ground signatures, requires a
mathematical representation of the significant atmospheric effects. Understanding and modeling of the
atmosphere’s characteristics has been greatly developed in the past few decades primarily for weather
forecasting and aircraft simulations. Correspondingly, many instruments for atmospheric measurement
have been developed for satellites, aircraft and ground-based measurements. Since modeling and flight
test measurements of the Atmospheric Boundary Layer (ABL) are of greatest significance for sonic
boom distortions, this section will focus on applications in the ABL.

2.1 ATMOSPHERIC TURBULENCE RESEARCH AND MODELING BACKGROUND

In parallel with research and development of acoustical theories for sonic boom propagation,
fundamental research and theories were being developed on turbulence and atmospheric modeling for
aircraft and meteorology. In 1941 Kolmogorov (1941a and 1941b) and Obukhov (1941) postulated the
existence of a statistical theory of turbulence, which allows the computation of statistical and spectral
quantities suitable for ABL modeling. Obukhov further developed the application to atmospheric
turbulence and in 1962 published formulas for the scaling of turbulence within the ABL, which we now
call structure functions. With these structure functions, measurements of turbulence from a tower on
the ground can be used to characterize turbulence throughout the whole ABL.

Meteorologists worked throughout the 1970s and 1980s to improve computational modeling of the
atmosphere and its boundary layer with research measurements and instrumentation developments.
One notable experimental paper is the seminal work of Thomson, Coulter, and Warhaft (1978) where
they proved that a ground-based SODAR acoustic sounding device could remotely measure the
turbulent structure functions of the atmosphere just as well as a traditional hot-wire measurements made
by an aircraft passing through that atmosphere. Chapter 2 of the 1986 book of Stuart Bradley explains
the operation and signal processing used in SODARs and mini SODARs.

Subsequent work in the 1980s and 1990s solidified the ability of meteorologists to measure the structure
parameters indicating the strength of both thermal and kinetic atmospheric turbulence. A detailed
summary is captured in the review paper of Neff and Coulter from 1986. A briefer summary is given

in Coulter (1997).

The most recent work over the last 20 years has emphasized a model of the atmospheric boundary layer
that is altitude dependent, and included both shear and buoyancy forcing. Wilson described such a
model in 2000, although it was not applied specifically to sonic boom propagation. Additional
theoretical analysis of both homogeneous (altitude independent) and inhomogeneous (altitude
dependent) turbulence models are explained in Chapter 6 of the recent second edition of the book by
Vladimir Ostashev and Keith Wilson (2010).
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2.2 ATMOSPHERIC LAYERS AND PROPERTIES

2.2.1 STRATOSPHERE

Sonic Boom for civil transportation is generated in the stratosphere, between 14 to 18 km in altitude,
and generally above subsonic commercial traffic. The sonic boom propagation occurs in the
stratosphere and troposphere. Even over-the-top (OTT) booms get refracted back down within the
stratosphere. For the primary sonic boom that SonicBAT will initially address, the lower stratosphere
has little temperature gradient, so there is little refraction during propagation in the stratosphere. Sonic
boom generation in the stratosphere spreads relatively simply and conically into the troposphere.
Pressure increases as altitude decreases to the surface. This real atmosphere logarithmic increase in
pressure results in a much stronger sonic boom at the ground than in a uniform atmosphere. This
change depends on the initial altitude and varys little with atmospheric temperature and wind variations.
However, temperature and wind variations will bend/refract sonic boom propagation, which will affect

sonic boom strength.

2.2.2 TROPOSPHERE

Ray Tube Area Radial Spreading and Carpet Cut-Off
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(Const. Temp.)

Shock Ray
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Figure 5. Refraction in the Troposphere bends sonic boom during propagation until it no longer intersects the
ground. The final intersection points of tangency on each side define the edges of the sonic boom carpet, and a
rapid drop to no sonic boom beyond the edges.

The troposphere is a layer of high temperature gradient. Sonic boom can be strongly refracted by the
changing speed of sound during propagation. The refraction bending of the propagation direction causes
only a limited group of rays to strike the ground (£50 deg at Mach 1.6) while shallower rays bend up and
never intersect, as shown in Figure 5. The bending results in a finite width of sonic boom impact called
the boom carpet. The refraction also increases radial spreading of the disturbance, which decreases the
overpressure of the sonic boom. This spreading is often analyzed by propagating two rays with a small
difference in radial angle (dRoll, dPhi or dRVV, roll about velocity vector). Then two more rays are
propagated at the same two angles, but at a small difference in time. The four rays make up a ray tube.
The area change of the ray tube is used to calculate the overpressure change during propagation and its
integral and propagation distance affects non-linear aging. The curvature of the Earth may be part of the
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calculation, and it will tend to reduce the carpet edge roll angle by approximately 1.5 degrees but increase
the carpet half-width by approximately 1.5 nm.

The refraction bending also occurs in the direction of travel as shown in Figure 6. Three initial propagation
times: t0, t1 and t2 are labeled. Ray refraction in the longitudinal direction occurs in the troposphere where
temperature varies with altitude.

Acoustic Propagation Along Rays In Longitudinal Direction

Stratosphere Direction of .+
Ray Travel %
(constant temp)

Troposphere
(variable temp)

o

Ground

Figure 6. Ray refraction in the longitudinal direction during troposphere propagation.

The troposphere is more active and contains our weather and clouds. Clouds are fueled by moisture
and heat from the surface, but they absorb sunlight and thereby may rise up (above the ABL) to the top
of the troposphere. But once the temperature stops dropping in the stratosphere, it cannot rise to
higher altitudes, as illustrated in Figure 1 by the cumulonimbus cloud.

2.2.3 ATMOSPHERIC BOUNDARY LAYER

The atmospheric boundary layer, ABL, (also called the planetary boundary layer) is at the bottom of the
troposphere. It describes the most turbulent layer of atmosphere because it becomes heated each day
and cools each night, as shown in Figure 7. The ABL height describes the distance to which air that is
heated by its proximity to the ground will rise before stopping. If the air above is just as warm as or
warmer than the air before heating (adiabatic lapse is zero or positive), it will stop rising quickly. If the
air above is colder (negative adiabatic lapse), it will keep rising longer. The ABL height at a spot on the
planet is determined by its solar heat flux and its moisture. Moist ground with frequent rain is harder
to heat up. But when moist air is finally warmed enough to rise, it resists cooling as is rises. Conversely,
desert air heats quickly and rises to heat the air above it. As more heated air rises, it passes through
previously heated air so it rises higher and builds the boundary layer higher by later in the day in the
summer with strong turbulent convection throughout the layer. Boundary layer heights vary with local
atmospheric conditions and are commonly up to 1-2 km but are up to 5-6 km in desert dry humidity
(common at NASA’s Armstrong Flight Research Center in the Mojave Desert). This active convection
fueled by surface heating makes for the energetic turbulence that distorts sonic booms as they pass
through.
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Figure 7. The atmospheric boundary layer’s diurnal variations.

Figure 7 illustrates the ABL for typical day/night conditions, over homogeneous terrain. There are

three distinct layers:

1.

Surface Layer - The lowest part of the ABL is called the surface layer. The properties of the
ground and mechanical shear at the surface play a major role. Because much of our existence
is in the surface layer, it has been the most widely studied and is the best-understood region. A
now-classic scaling law developed by Monin and Obhukov (1954) has been well established in
this layer. The stability of this layer can be computed by this scaling law. Stability conditions
can also be estimated by simple rules, such as Turner class, which are based on simple
meteorological observations of surface wind, solar angle, and cloud cover.

The surface layer is characterized by vertical fluxes (momentum, heat, and moisture fluxes)
varying little with height, so it is often referred to as the constant stress layer. Panofsky and
Dutton (1984) argue that the surface layer can be defined to be the lowest 10 percent of the
mixing depth, on the grounds that fluxes are close enough to constant over this range, even if
they vary linearly over the full mixing depth.

It is common to see logarithmic wind and temperature profiles used to model surface layer
conditions. Logarithmic profiles correspond to neutral conditions, where heat flux is zero.
Under stable or unstable conditions, profiles are depicted by forms which are not strictly
logarithmic, although a logarithmic profile may be an adequate approximation. The region in
which logarithmic profiles are appropriate is sometimes referred to as the inertial layer.

Convective Mixed Layer - Here the mean gradients are usually smallest: the mean temperature
(adiabatic) and velocity are essentially constant with height, which would follow from this being
the layer with the strongest vertical convection. The upper limit of the mixed layer extends to
a height of approximately zi. Scaling laws for this region have been developed by Deardoff
(1972) and Wyngaard et al (1974). These scaling laws depend on vertical heat flux and the layer
height.
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3. Inversion Layer - This region extends roughly between 0.8 zi to 1.2 zi as indicated in Figure 8.
Conditions in this region represent a transition between the mixed layer and the free

atmosphere.
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Figure 8. Atmospheric boundary sub-layers.

Sonic boom distortions have been identified as coming from the inversion layer and mixed layer but
not strongly from the surface layer.

It has been stated that the surface layer has no impact on sonic boom distortions. This conclusion was
based upon a ray ground measurement, with distortion, that reflected and was remeasured on a tower
with microphones every 50 ft (Maglieri, et. al. p. 38 fig. 2.20, 2014). The tower measurement impacted
by the same ray as the ground measurement (based on the known shock angle from the temperature
and vehicle speed) had the same sonic boom distortion, indicating that the boom had not been further
distorted from the ground to the tower. Turbulence reduces near the surface in general, and z-velocity
winds are more strongly suppressed. Ideally, a model with a representative surface layer would quantify

this reduced importance and its dominant mechanism. Otherwise, not specifically modeling the surface

layer or ignoring its effect appear to be reasonable strategies.

2.2.4 GROUND MEASUREMENT HEIGHT FOR BEST TURBULENCE MEASUREMENTS

The inversion layer and mixing layer turbulence affects the surface layer turbulence in a predictable way.
So conversely, surface measurements provide good predictions of the turbulence in the layers above.
However, surface layer measurements are degraded by ground changes like clutter, man-made structures
or harsh geographic features (e.g., mountains, lake, or snow pack). Surface measurements are ideally
made far from such high-gradient features. Especially with clutter but also from low-gradient ground
interactions, there are wind shears near the ground where the direction of the wind changes. At the
node between the wind layers, measurements of turbulence are at their worst. The nodes occur less
frequently the higher you go, so the general rule is that higher is better. 10% of the ABL height is ideal,
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but there are diminishing returns approaching that ideal, so the optimum cost versus benefit trade will
often depend on existing infrastructure.

2.3 MODELING THE ATMOSPHERIC BOUNDARY LAYER

Turbulence scatters sonic booms, causing an otherwise identical boom propagations to randomly vary
in level with each reoccurrence and vary during a single event between ground measurements as little as
30 meters apart. This makes it difficult to set a level limit and be able to measure it reliably without a
large number of measurements. Turbulence alters the amplitude and shape of the sonic boom in
creating this large variation.

2.3.1 RANDOM FOURIER MODES

Mathematical simplifications and characterizations of turbulence by Chernov (1960) and Tatarski (1961)
were expanded into initial modeling methods by Candel (1979), Dashen (1979) and others in the 1980s
for simulating acoustic propagation through turbulence. Toward the end of the decade, an efficient
scheme for simulating 3-D isotropic turbulence was introduced as the method of random Fourier modes
by Karweit, Blanc-Benon, Juve and Comte-Bellot (1991). In their words for their new, “approach—
explicit numerical simulation of the motion of an acoustic ray propagating through a hypothetical,
inhomogeneous velocity field. The hypothetical field consists of a small number of randomly oriented,
discrete, Fourier velocity wave vectors whose amplitudes have been chosen to produce a distribution of
velocities comparable to those found in experimental flows (page 52).”

They introduced a number of helpful features for propagating sonic booms through turbulence. By
using Fourier modes, acoustic ray-trace equations can be evaluated analytically at every point along a
path. They used a von Karman spectral model that is based on a choice of a largest length scale, Ly,
and they modified the von Karman spectrum to include an inner or minimum length scale “tail” due to
Pao (1965, 1968). The von Karman spectrum follows the established 5/3 power Kolmogorov spectral
distribution (Kolmogorov 1941a and 1941b, Obukhov 1941 and 1962) and modes with very small scale
sizes would have little effect on sonic boom propagation, so it is more efficient to have a minimum scale
size to eliminate wasted modes. They distributed their modes logarithmically and found that 30 modes
could generate a sufficient turbulent field with their computing resources at that time. Their method
insures that mean conditions remain zero, provides proper spectral scaling, has a high degree of
randomness in direction and phase, maintains a homogeneous distribution of turbulence, and has modes
that can easily be evaluated analytically.

Their method can also be extended to match more complex and more structured ABL turbulence
variations being introduced in the last 20 years as represented in Figure 9 (Panofsky et al. 1984) which
shows the wave-vector geometry of a single Fourier velocity mode. Referring to Figure 9, for a given
wave vector k with direction specified by ® and ¢, a complex amplitude vector a(k) is produced as
follows: a(£) lies in the plan perpendicular to k with arbitrary orientation ¢; the magnitude |a(k)| ~
E(4)1/2; the complex phase is arbitrary (not shown). Modes can be scaled with altitude in different ways,
as long as the scaling is added to the calculation of derivatives with respect to dZ. Likewise X, Y
inhomogeneous turbulent representations of thermals and other features are again possible provided
the additional variations are included throughout the refraction derivative calculations.
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Figure 9. Description of a random Fourier mode implementation.

2.3.2 MODELING TURBULENCE DISTRIBUTION

The goal of the modeling in SonicBAT is to develop the capabilities so that NASA can assess the effects
of atmospheric turbulence on low-boom waveforms either by using a practical implementation of the
numeric model (Section 3.0) or the analytic classic model (Section 4.0). In this research the primary
effort is to develop both models to take a “clean” sonic boom waveform and incorporate turbulence.
Both of these models need to account for the strength of the turbulence, geometrical factors such as
the boundary layer thickness and the angle of incidence the sonic boom propagates through the
turbulence.

To provide proper inputs to both models, information about the atmosphere is required. In addition to
the non-turbulent, average conditions of wind, temperature, and humidity as a function of altitude, both
models require special information regarding the atmospheric turbulence. The part of the atmosphere
of most interest in SonicBAT is called the mixed layer (Section 2.2.3), and on a warm sunny day at KSC,
for example, the mixed layer could be 1 to 2 km in height.

In the mixed layer the parameters that are needed are:

Z; , the height of the mixed layer;

ly , the inner scale or smallest eddy size of the turbulence;

Ly , the outer scale or largest eddy size of the turbulence;

C% , the temperature structure parameter for the thermal turbulence; and

CZ , the velocity structure parameter for the kinetic turbulence.

The inner scale of the turbulence is indicated by the dissipation by viscosity (millimeters), and the outer
scale of the turbulence is indicated by the largest scales of the convection in the atmosphere (10s to

100s of meters). The temperature structure parameter and velocity structure parameter give an indication
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of the strength of the thermal (solar radiation) and velocity (wind) forcing functions. Both CZ and C2
control the amplitude of the turbulent spectra for the thermal and velocity portions of the turbulence.
Note that C# and CZ are not directly linked, as a windy day can exist with little sun, and vice-versa. The
expressions relating the structure parameters to the spectra will not be reproduced here, but are widely
available, for example in (Cotte, B. and Blanc-Benon, P., 2007) or in (Salamons, 2001).

The turbulence is implemented via the well-known Fourier modes of P. Blanc-Benon. Essentially the
speed of sound fluctuations in the propagation medium is derived from either a temperature or velocity
fluctuation derived from the appropriate turbulent spectrum, and each spectrum is based on the value
of the structure parameter. For example for the inhomogeneities in the atmosphere due to temperature
fluctuations, the value of CZ uniquely determines the corresponding spectrum G(K) that determines
the speed of sound fluctuation in the atmosphere via the Fourier Modes approach. A similar relationship

exists for C2.

The most recent work over the last 20 years has emphasized a model of the atmospheric boundary layer
that is altitude dependent, and includes both shear and buoyancy forcing. Wilson described such a
model in 2000, although it was not applied specifically to sonic boom propagation. One can find that
C# and CZ have been characterized, clearly, to be functions of height. Example profiles of CZ and C2
are available, for example, in Chapter 2 of the 2008 book of Stuart Bradley. Additional theoretical
analysis of both homogeneous (altitude independent) and inhomogeneous (altitude dependent)
turbulence models are explained in Chapter 6 of the recent second edition of the book by Vladimir
Ostashev and Keith Wilson (2016). An example of some experimentally measured values of C# and C2
as a function of height is shown in Figure 10 from Neff and Coulter (1986). The plot data was chosen
from convective daytime and stable night-time conditions, based on observation. Notice that both

structure parameters scale with altitude as Z**for all cases. The parameters O+, T« w+ and u- are
calculated from combinations of atmospheric characteristics, described in detail and employed in the
atmospheric turbulence model of the numerical model (Section 3.3). The important finding for this
section is that a combination of these parameters in a convective atmosphere (lower left) means that
the C2 parameter is a constant value at all altitudes and the C# trend (upper left) tightly fits a line with
a 30 times parameter change per 10 times change in z/z;. Likewise for the stable night case, a linear
regression fit of the log-log plot provides a reasonable approximation versus altitude. This data indicates
that surface level measurements of the structure parameters can be used to estimate the values of the
structure parameters at any altitude in the mixed layer. For both the classical and numeric turbulence
models developed on this project, SonicBAT measurement data were used to develop the propagation
modeling. Modeling the structure parameters distribution as a range from homogeneous up to
simulations matching distributions like Figure 10 indicated the level of complexity needed to match the
measurement trends.
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Figure 10. Measured profiles of CZ and CZ for both daytime (convective, left) and
nighttime (stable, right) conditions.

Further discussion of how the structure parameters C7 and CZ and other turbulence parameters are
measured and applied in the models is made throughout this report. Sections 3.0 and 4.0 describe how
the turbulence parameters are implemented in the numeric and classic models, respectively. Sections
5.0 and 6.0 describe the atmospheric turbulence measurements and data analysis that were conducted,
as part of the two research flight tests, to yield the structure parameters for each test.
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NUMERICAL TURBULENCE MODELING

3.1 INTRODUCTION

This section introduces the methods and algorithm, termed the KZKFourier engine, which were
developed to predict the atmospheric turbulence effects on sonic booms in the primary boom carpet.
Several methods already exist for predicting the geographical footprint of the signatures from supersonic
aircraft. Prediction programs such as PCBoom (Hobbs and Page, 2011) and sBOOM (Rallabhandi,
2011) use linear geometrical acoustics or ray-tracing to predict the amplitude and affected region, taking
the atmospheric temperature and wind profiles as inputs. To predict sonic boom waveforms including
nonlinear effects, PCBoom and sBOOM solve the Burgers’ propagation equation in conjunction with
ray-tracing. However, the atmospheric turbulence throughout the boundary layer, which may be up to
about 2 km in depth or more from the surface, is neglected.

Turbulence serves to randomly focus or defocus energy in the sonic boom wavefront, which can lead
to significant amplitude and level variations (Maglieri ez a/., 2014). Some ray-tracing models incorporate
turbulence effects and attempt to predict locations of caustics or energy focusing, but these methods
do not account for diffraction at the caustics which is important for high-amplitude N-waves in the
atmosphere (Karweit ez al, 1991; Blanc-Benon ez al, 2002; Averiyanov et al., 2011a). Inclusion of
turbulence effects to predict waveform distortions necessitates use of an equation more complex than
Burgers’. One such equation is the nonlinear Khokhlov-Zabolotskaya-Kuznetzov (KZK) propagation
equation, which has been used previously to study turbulence effects on N-wave sonic booms (Blanc-
Benon ¢# al., 2002; Aver’yanov e al., 2006; Avetiyanov ez al., 2011a; Yuldashev ¢7 /., 2010).

The KZKFourier engine solves an augmented KZK equation to numerically model propagation of the
sonic boom wavefront. The KZK equation is a versatile model equation used in nonlinear applications
including shockwave propagation and for modeling ultrasonic transducers with biomedical applications
(Averkiou and Hamilton, 1997). Other nonlinear models have also been applied to sonic boom
propagation, including a time-domain solution of the nonlinear progressive wave equation (NPE)
(Locey, 2008), a combined time-domain and spectral approach called FLHOWARD (Luquet, 2016)
using a partially one-way equation, and a similar but one-way equation called HOWARD (Kanamori ez
al., 2017). This KZK implementation is better-behaved at domain boundaries than the NPE solution
and the computation does not require the FF'T’s used in FLHOWARD or HOWARD.

To generate random turbulent fields through which to model propagation, the KZKFourier engine
implements the Random Fourier Modes (RFM) method formulated for both temperature fluctuations
(Chevret ez al., 1996) and wind fluctuations (Blanc-Benon ¢7 a/., 2002). Doing so avoids the complexities
of an exhaustive fluid dynamics simulation over the entire planetary boundary layer. The RFM method
requires several atmospheric turbulence parameters as inputs, which are measured or inferred. The
KZKFourier engine uses sonic anemometer and balloon launch measurements of four turbulence
quantities together with the approximate turbulence model of Ostashev and Wilson (Wilson, 2000;
Ostashev and Wilson, 2015) to generate inputs for REM. This atmospheric model is more appropriate
for a simulation involving wind fluctuations throughout the entire boundary layer than Monin-Obukhov
Similarity Theory (MOST), which previous studies have applied to simulations near the surface.
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After many simulations through turbulence using the KZKFourier engine, linear FIR filters may be
generated which encapsulate the effect of turbulence. To approximate the effect of turbulence on a
given waveform, the waveform is simply convolved with the pre-computed filter, mitigating the need
for another computationally expensive set of numerical simulations. The filters are calculated similarly
to the method of Locey and Sparrow (Locey and Sparrow, 2007; Locey, 2008), using a matrix
deconvolution involving simulated waveforms after propagating through either a turbulent boundary
layer or a homogeneous atmosphere.

The propagation model, atmospheric turbulence model, and FIR filter application methodology are
described in greater detail in the following sections.

3.2 PROPAGATION MODEL

The present work focuses on simulations starting at the top of the atmospheric boundary layer, with an
initially planar waveform traveling through the turbulence to the ground. To use the KZK equation,
one assumes what is termed the parabolic approximation including the assumption that propagation is
primarily in one direction. In other words, the KZKFourier engine models only one wavefront or “ray”
at a time, the ray path must be straight, and bending of the ray due to the temperature profile in the
atmospheric boundary layer is neglected. Because the modeled propagation path is only within the
boundary layer, ray path curvature is negligible for most cases. In practice, the propagation angle is
arbitrarily chosen or approximated using ray-tracing results from another program. Propagation is
simulated along this angle and halted once the ground is reached.

The initial condition at the boundary layer height may be formed using an arbitrary choice of starting
wavefront. The KZKFourier engine is designed to take any starting waveform (e.g. a motor glider
measurement above the boundary layer) and “clone” it into a planar soundwave, which then distorts
randomly due to turbulence as it propagates towards the ground. The engine samples the modeled
wavefront at fixed transverse spatial locations. Upon reaching the ground, the waveforms that are
recorded by “virtual mics” at these ground locations may be extracted. No ground reflection is explicitly
modeled, but a reflection coefficient may be applied. For the present work, a reflection coefficient of
2.0 is always assumed, corresponding to a rigid ground. This coefficient, differing slightly from the
usual coefficient of 1.9, is chosen to more closely model reflection from a rigid surface.

The augmented KZK equation in two or three dimensions solved by KZKFourier is given by

§ 0%p Pp dp ' Ip w,op 1
Vipdt' + ——— 4+~~~ 4 2 _ v/
pert 2c3 012 pocd ot ot ot ¢ (s -V.p)

I T A2 (r-1")
+ZC_VJ- il e & dr
v Cg —w 077

where the pressure waveform p(z,y,T) is a function of the propagation direction coordinate z, the

aP_Co !
iz 2 )

(1)

transverse coordinate y perpendicular to Z, and the retarded time T; and the other quantities are given
in Table 1 below. The retarded time coordinate system follows the mean propagation of the wave, and
is defined as T = t — z/cy where t is the usual time coordinate. In two dimensions, the transvetse
Laplacian V{ is equivalent to 82/dy?, and u; - V, p is equivalent to u,,0p/dy. From left to right, the
terms on the right-hand side of the equation describe the physical processes of diffraction,
thermoviscous absorption, nonlinearity, scalar (temperature fluctuations) turbulence, vector (wind
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fluctuations) turbulence in the propagation direction, vector turbulence in the transverse direction, and
molecular relaxation.

Table 1. Symbols used in the KZK equation.

Description Value in KZKFourier
Co Ambient sound speed ~343 m/s
Po Ambient fluid density ~1.21 kg/m3
B Nonlinearity coefficient 1.201
) Sound diffusivity 3.8 X 105 m?/s
c Sound speed change due to temperature fluctuations ~1 m/s (random)
u, Wind fluctuation in propagation direction ~1m/s (random)
u, Wind fluctuation in transverse direction ~1 m/s (random)
c, incremental sound speed change due to relaxation process gi :izcr:rf/s
t, Relaxation time of associated process gz :132 z

Table 1 indicates the approximate values of these quantities used within the KZKFourier sonic boom
simulations. The KZKFoutier engine calculates ¢y, pg, €y, and t,, using atmosphetic quantities specified
in an input configuration file. Approximate values for the two relaxation processes which are dominant
in the boundary layer are shown in the table: both Nitrogen and Oxygen. The quantities ¢’, u,, and u,,

are functions of the spatial coordinates z and y and are simulated in the turbulent fields. These

quantities are random, and for the present work these have magnitudes on the order of 1 m/s.

The KZK equation is typically solved by implicit finite difference approximations and operator splitting:
each term describing a different physical process is expressed as a series of matrix equations and solved
individually at a single propagation step, then the incremental change is added to the others. The
KZKFourier numerical solution synthesizes the work of many past studies which involved a few terms
at a time, including the terms describing diffraction, thermoviscous absorption, and nonlinearity
(Blackstock, 1964; Lee, 1993), temperature fluctuations (Blanc-Benon e al, 2002), wind fluctuations
(Yuldashev ez al., 2016), and molecular relaxation (Cleveland e al., 19906).

The KZKFourier engine synthesizes these solutions and also introduces some innovations which are
designed to increase the algorithm’s efficiency and applicability to modeling sonic booms in the
atmosphere. First, these past studies impose absorbing or rigid boundary conditions on the transverse
edges of the spatial domain, but KZKFourier uses periodic boundary conditions to allow for the
required long propagation length without edge effects contaminating the domain. Including periodic
boundary conditions complicates the form of the resultant matrices, but they may be solved relatively
simply using the Sherman-Morrison-Woodbury algorithm (Yarrow, 1989). To preserve continuity, the
turbulent fields including both components of the vector field are shifted using a cubic function to
match the values at the transverse domain edges. Second, the three terms describing nonlinearity, scalar
turbulence, and vector turbulence in the propagation direction are solved simultaneously using an exact
time-domain solution, rather than a frequency-domain solution or a finite-difference approximation as
is typically done. The exact time-domain solution requires interpolation of the waveform from a
distorted time-sample grid to a uniform grid, which is performed using cubic Catmull-Rom splines
(Lalescu, 2009). This solution method provides neatly the same accuracy as the frequency-domain
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solution provided a high enough sampling rate, with much less computational expense. Finally, the
solution for the relaxation term has been altered to allow for numerical stability with a small step size in
the propagation direction.

In addition, the KZKFourier engine has been extended from the two-dimensional form (used
exclusively in the above studies due to memory and computational restraints) to three dimensions,
transforming the solution method for the refraction and wind fluctuation terms. The three-dimensional
algorithm attempts to parallelize and speed up as much as possible using the Message Passing Interface
(MPI) library and OpenMP parallel threading, but the computation is still extremely expensive. In
comparison, an extension to the FLHOWARD method described by Luquet called FLHOWARD3D
(2016) allows three-dimensional propagation, but the method uses an equation which is only partially
one-way and relies on spectral calculations which further increase the computational cost, making it
difficult to use a sampling rate high enough to resolve shocks. The two-dimensional KZKFourier
variant is used exclusively for the present results because of the unreasonable computational expense
that would be required to find statistical results at all the conditions of interest using the three-
dimensional algorithm.

3.3 ATMOSPHERIC TURBULENCE MODEL

An approximate atmospheric turbulence model is used in conjunction with the KZK-based propagation
code to simulate a random turbulent field throughout the domain. The fields are generated at runtime
via the Random Fourier Modes method of Blanc-Benon ¢# a/. (Chevret e al., 1996; Blanc-Benon ¢ al.,
2002). This method creates frozen (i.e. time-invariant), isotropic fields and requires only the turbulent
energy spectrum as a function of wavenumber for the calculation. The fields are computed by sampling
the energy spectra and adding wavenumber components together with amplitudes prescribed by the
spectra and with uniformly randomized direction and phase. For scalar turbulence, 800 modes are
summed in this way, and 8000 modes for vector turbulence. Modes are logarithmically spaced in

wavenumber from about 1.0 X 10> m™ to 3.1 X 104 m'!, depending on the boundary layer height.

The three-dimensional von Karman energy spectrum is chosen to approximate energy spectra of real
atmospheric turbulence. To construct the spectra of both scalar and vector turbulence, the KZKFourier
engine uses the methods of Wilson and Ostashev (Wilson, 2000; Ostashev and Wilson, 2015), which
provide modified von Karman spectra as functions of the outer length scale of turbulence and the
variance of a single velocity component or the temperature. These parameters are derived using
measured or assumed atmospheric turbulence quantities.

For scalar turbulence, the variance o7 and outer length scale Ly suitable for the von Karman model are
given by Egs. (6.50) and (6.51) in Ostashev and Wilson (Ostashev and Wilson, 2015):
of (h) 4.0

T*z B [1 + 10(_h/l’m0)]2/3 (2)

Le(2) _ ) o1+ 7.0(=h/Lmno)

h 14+ 10(=h/Lp) )
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where h is the height, T, is the surface-layer temperature scale, and L, is the Monin-Obukhov length

scale defined as,

zud

kw3’

Lo = (4)
where z; is the boundary layer height and k = 0.4 is the von Karman’s constant. The quantity T, may
be calculated using measurements from a sonic anemometer.

For vector turbulence in the atmosphere, turbulence production due to wind shear and also buoyancy
production due to solar heating of the ground may be important. In convective conditions, such as a
clear, sunny day, buoyancy production may dominate in much of the boundary layer. The KZKFourier
engine models both sources of vector turbulence. The two sets of quantities corresponding to both
shear and buoyancy turbulence production are given in both Wilson (Wilson, 2000) and in Ostashev
and Wilson (Ostashev and Wilson, 2015):

o2 = 3.0u?, Ls = 1.8h, (5)

of = 0.35w2, L, = 0.23z, (6)

where the subscript s denotes the quantity corresponding to shear production and 4 for buoyancy
production, and the quantities z;, U,, and w, are the capping inversion height, the friction velocity, and
the mixed-layer velocity scale, respectively. The quantities u, and w, may be calculated using
measurements from a sonic anemometer and knowledge of the height z;, which can be found from
balloon launch data. The boundary layer height is found by determining the height at which a rising
parcel of air starts to experience negative buoyancy. This height is characterized by a rapid increase in
temperature, or more precisely, the virtual potential temperature. A straightforward way to combine
the theories for both buoyancy and shear production is to add the corresponding von Karman energy

spectra. The combined variance of vector turbulence is given by the relation,

0%ctor = 3.-0u? + 0.35w?2 (7)

Although the KZKFourier engine does not explicity use the structure constants C# and C2 in its
calculations, these may be found by the relations

5 5
3r(—) 2 3r(—) 2
6/)0T 6/ Ovect
CZ = T and C2 = 1 Veczor (8)
T2 L% T2 LS(’)

where I" is the Gamma function and I'(5/6) = 1.1288. Note that the outer length scale Ly used in

Eq. (8) may be specific to either velocity or temperature fluctuations.

Many of these quantities vary with height, so the von Karman spectra vary as well. The procedure for
generating the turbulent fields is:

1. For the current simulation height (the simulation starts at z;), calculate 02,02, 0'5, Ly, Lg,and

L}, using either measured atmospheric quantities or simulated quantities,
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2. Calculate the von Karman spectrum for scalar turbulence and the two spectra for vector
turbulence; add the vector turbulence spectra together, and

3. Compute the turbulent fields at this height using the Random Fourier Modes method.
These steps are repeated as the simulated sonic boom propagates down towards the ground.

The equations for 62 and o are valid close to the surface and up to about 0.9z; depending on the
convective strength in the atmosphere; thus, by extending the turbulent fields in the simulation up to z;
the simulation may be making nonphysical assumptions about behavior near the capping inversion
height. This error decreases in a highly-convective atmosphere, where buoyancy production dominates.
In addition, the simulation makes the approximation that the turbulent fields immediately fall to zero

magnitude above z;.

An example of the scalar and vector turbulent fields generated by KZKFourier is shown in Figure 11.
At lower heights, the outer length scales of the turbulence eddies in both fields decreases as predicted
by the approximate turbulence theory, although in Figure 11 this phenomenon is more easily seen in
the scalar turbulent field. The variance of the scalar turbulence is notably higher closer to the ground,
decreasing precipitously with height. The variance of the vector field is modeled as approximately
constant throughout the boundary layer, meaning an ensemble average of many random vector fields
would equal this variance at all heights. In Figure 11, energetic vector turbulence eddies are seen
throughout the modeled boundary layer as a consequence of the constant variance. Within the
KZKFourier algorithm, the scalar and vector turbulent fields are superimposed and sampled at each
propagation step.
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Figure 11. Example scalar turbulent field (left) and vector field (right) generated by KZKFourier.
The color indicates the magnitude of the turbulent fluctuations, with arrows showing the wind
eddy directions in the vector field.

NUMERICAL ALGORITHM

3.4.1 PARALLELISM

The majority of the KZKFourier simulations for the present work were performed on the NASA
Pleiades computing cluster. The computational flow for a two-dimensional simulation on Broadwell
nodes within Pleiades is summarized by the flowchart below. Each simulation is run by a single process
called by the Message Passing Interface (MPI) library, while each process makes use of three to four
cores via OpenMP threading within the compute node (e.g. three or four cores out of the 28 cores in
one Broadwell node). At each propagation step, the OpenMP threads compute the scalar and vector
turbulent fields in parallel, then compute each of the terms of the KZK equation in parallel. The
incremental results are summed together, and the simulation is stepped forward by one propagation

step, continuing until the maximum desired propagation length or until the simulated wavefront reaches

the ground. This process is summarized in Figure 12.
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Figure 12. Two-dimensional KZKFourier simulation process on a Broadwell node in the Pleiades cluster.

Because the solution for the diffraction term involves serial computations which are inefficient to
parallelize, it is calculated by a single OpenMP thread. It has been found that increasing the number of
total OpenMP threads above four has significantly less benefit in computation time, because the
remaining threads must wait until the diffraction term has been fully computed. By using three to four
cores per MPI process in this way, each Broadwell node can run nine or seven MPI processes or
simulations concurrently, though not in optimal parallel fashion (i.e. mostly independently).

The three-dimensional algorithm works similarly to the two-dimensional case, but with many MPI
processes involved in a single simulation. The addition of the x dimension means that diffraction and
vector turbulence effects must be accounted for across two transverse spatial dimensions, not just one.
The terms involving these effects are split into two terms each for each spatial dimension, and these
individual terms are solved as before using operator splitting. For diffraction, the term becomes

W _ o " p g G (TP, G (T, 0D G (T 0%

0z 2 ) AP ) k2t T ) 592 % 9T 2 ) a2t
dp ¢ (T 0% )
£=7_wa—yzd‘[.

Diffraction effects are thus calculated along a “line” using the same solution as for the two-dimensional
case, but the solution must be applied along every line in along both x and y and across the entire x-y
plane. For an N by N plane, this requires the data to be split into 2N lines. Equation (9) (either left or
right) is solved along each line before the data is recombined.

The solutions along each line can be computed independently, allowing for greater parallelism. The
typical implementation involves many nodes in the Pleiades cluster. An MPI process is started on each
node with as many OpenMP threads as available cores, and data pertaining to the 2N lines are
partitioned across the nodes. Because the greatest speedup with reasonable efficiency is found using
three to four OpenMP threads per line (as in the two-dimensional case), giving seven to nine lines per
core is optimal when using the 28-core Broadwell nodes. For N on the order of a thousand, use of a
few hundred nodes may be optimal. One MPI process is designated as the “master” process, which
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collects the data for all the lines after each propagation step, combines them, and resends the data at the
next step to the other “slave” processes. The algorithmic steps for each propagation step are as follows:

1. The master process partitions data for the 2N lines in the domain and sends them to the slave

processes.
2. Each process applies the solutions for the appropriate KZK terms.
3. 'The slave processes send the line data back to the master process.

4. The master process combines the incremental pressure differences calculated by the slaves to

find the data at the next propagation step.

Note that the non-vector or non-transverse terms (thermoviscous absorption, nonlinearity, relaxation,
scalar turbulence, vector turbulence in the propagation direction) only need to be solved once at each
point, i.e. only across N lines, while diffraction and the transverse vector turbulence effects are solved

across 2N lines.

3.4.2 ALGORITHM INPUTS AND OUTPUTS

The required inputs to run the KZKFourier program and the possible outputs are summarized in Table
2 below. The source waveform is supplied with a header indicating the associated retarded time

coordinates. The appropriate sampling frequency is indicated in the configuration file.

Table 2. KZKFourier 1/0 overview.

Inputs Outputs ‘
Configuration file (text) Pressures at “virtual mic” locations (binary)
Source waveform (binary) Turbulent fields — scalar and vector (binary)

Report file (text)

The atmospheric and fluid quantities which are required to run KZKFourier with both scalar and vector
turbulence effects are listed in Table 3. These quantities are read from the configuration file.

Table 3. KZKFourier atmospheric and fluid input parameters.

Symbol Description Expected units
RH Relative humidity %
To Ambient temperature °C
Po Ambient pressure atm
') Sound diffusivity m?2/s
B Nonlinearity coefficient dimensionless
u, Friction velocity m/s
w, Mixed-layer velocity scale m/s
T, Surface-layer temperature scale | K
z; Boundary layer height m
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In addition, the step sizes in the propagation and transverse direction, the transverse domain size, the
propagation angle, and other tunable parameters such as the number of OpenMP threads are set by the
configuration file.

The KZKFourier engine outputs the entire simulated sonic boom wavefront at the end of the desired
propagation length. The wavefront is sampled at regularly spaced spatial intervals as indicated in a
configuration file. Each sampled waveform can be thought of as the pressure a “virtual mic” would
record at that spatial location. An example wavefront and sampled waveforms at three virtual mic
locations are illustrated in Figure 13, which was created using outputs from KZKFourier. The numerical
simulation captures the qualitative effects of turbulent energy focusing and defocusing, producing
waveforms which may be peaked or rounded.
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Figure 13. Example data from outputs of the KZKFourier engine: the full wavefront (top) with superimposed
sampled waveforms at three virtual mic locations (bottom).

3.5 FINITE IMPULSE PESPONSE (FIR) FILTER APPLICATION

3.5.1 INTRODUCTION

An FIR filter is an attempt to model a system’s response to any input signal. The expected output from
the system is calculated in the time domain by convolving the input with the FIR filter, which involves
a cumulative summation of scaled, time-shifted versions of the input signal. According to the method
developed by Locey and Sparrow, the system response of atmospheric turbulence may be represented
using FIR filters (Locey and Sparrow, 2007; Locey, 2008). Representing atmospheric turbulence effects
as an FIR filter is similar to describing turbulence as a scattering mechanism, such that the sonic boom
recorded at a ground microphone is the summation of multiple scattered versions of the boom which
may constructively or destructively interfere. A “turbulence FIR filter” can be created using a measured
or simulated signature which has propagated through turbulence, and a signature which has not
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encountered turbulence or which propagated through still air. For example, using a recorded boom
with a front shock and an additional pressure spike near the front may produce an FIR filter with a jump
in coefficient amplitudes, much like the impulse response of a room with an echo. Because turbulence
is random, different turbulence FIR filters may have distinct characteristics.

FIR filters are inherently linear, because the filter coefficients do not change with the amplitude of the
input. Thus, using FIR filters to describe atmospheric turbulence requires the assumption that the
effects of nonlinearity and turbulence can be accounted for separately, and that the second-order effect
of the two combined may be neglected. This approximation is helped by the fact that, for a regular
cruising altitude, the majority of cumulative nonlinear effects occurs before the signature reaches the
planetary boundary layer and usually the boundary layer depth is relatively small.

To illustrate the assumption, let us designate the effect on a given waveform of travelling through the
atmospheric boundary layer in functional form as fy r, where the subscripts N and T refer to nonlinear
effects and turbulence effects, respectively. For simplicity, other effects such as absorption are not
listed. The assumption inherent in FIR filter construction is that fy r = frfy. The function fy, which
operates first, represents propagation through still air, or any nonlinear propagation simulation that
provides “clean” (distortion free) waveforms at the ground. The function fr is approximated by a
turbulence FIR filter. To represent turbulent distortions, then, a simulated ground waveform may be
convolved with the turbulence FIR filter to “add in” the effect of turbulence.

The flow diagram in Figure 14 summarizes this process. The box on the left of the diagram illustrates
that a full numerical simulation including turbulence, or application of fy 5, would be necessary to find
a “turbulized” waveform given a starting waveform. Instead, through application of the approximation
that fy r = frfy, the process in the box on the right side may be performed. The section to the left of
the dotted line is performed beforehand, and involves N-wave signature propagation simulations with
and without turbulence, and a matrix deconvolution to create the FIR filters. The number of FIR filters
created may be up to the total number of simulated, turbulized waveforms. This computation is detailed
in the next subsection. On the right of the dotted line, the diagram illustrates how an end user simulates
or measutres a clean waveform, then convolves the waveform with the different FIR filters to create a
set of turbulized waveforms. The circled star denotes the convolution operator. Each waveform then
represents a possible measurement at the ground with turbulence.
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Figure 14. FIR filter creation and application process overview. The end user’s application is shown to the right

of the dotted line in the right box. The circled star denotes the convolution operator.

3.5.2 ALGORITHM DESCRIPTION

Using the outputs of the KZKFourier engine it is possible to design linear FIR filters which describe

the turbulent atmosphere’s system response to a supersonic signature. The general method follows the

algorithm described by Locey and Sparrow (Locey and Sparrow, 2007; Locey, 2008). For the

KZKTFourier results, the procedure is as follows:

1.

A

8.
9.

Numerically propagate a supersonic signature through the atmospheric boundary layer with
turbulence, creating a “turbulized” waveform.

Numerically propagate a supersonic signature through the atmospheric boundary layer without
turbulence, creating a “clean” waveform.

Resample both clean and turbulized waveforms to the desired filter sampling rate.
Trim both filters to remove zero padding before the front shock.
Add a simulated white noise floor to the clean waveform.

Perform a time-domain matrix deconvolution using the clean and turbulized waveforms as
described by Locey and Sparrow to generate the FIR filter (Locey and Sparrow, 2007; Locey,
2008).

Low-pass the FIR filter to remove any high-frequency noise.
Trim the low-amplitude front of the filter coefficients.

Apply a short taper to zero to the front and back of the filter coefficients.

The step of adding a simulated white noise floor to the clean waveform was not done in previous studies,

but for the present work it was found to help with stability for the matrix deconvolution. Applying the

short taper to the front and back of the coefficients was done for convenience because it ensures that

any waveform convolved with the FIR filter will also taper to zero at its temporal edges.
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The algorithm’s parameters used for this purpose with the KZKFourier results are listed in Table 4.
The length of 62.5 ms is somewhat longer than the 50 ms-long filters used by Locey and Sparrow. This
length is more than enough for accurate reproduction of turbulent effects on shocks.

Table 4. FIR filter creation algorithm parameters used with KZKFourier results.

Parameter Value

Sampling rate 51.2 kHz
Length 62.5ms
Low-pass 10-dB down cutoff frequency 10 kHz
Taper length 2.5ms
Simulated white noise floor RMS magnitude 0.02 Pa

3.5.3 MEAN AND STANDARD DEVIATION FIR FILTERS

To aid in the integration and use of turbulence FIR filters in the PCBoom program, a new
approximation was made that, for a particular set of atmospheric parameters, three FIR filters can be
chosen which represent the “mean”, “mean minus standard deviation” (-std), and “mean plus standard
deviation” (+std) effect of turbulence with respect to a particular metric. Here, the mean and standard
deviation refer to the metric’s statistical values for the total population of turbulized waveforms with
respect to the particular atmospheric parameters. The intent is to produce waveforms after convolution
which have these corresponding metric values. By carefully selecting these three filters, metric means
and standard deviations can be approximated without necessitating convolution with the thousands of

FIR filters that could be created. The following procedure is used to create the appropriate filters:

1. Perform many propagation simulations through the atmospheric boundary layer with random
realizations of turbulence.

2. Calculate a desired metric for each output turbulized waveform.
3. Compute the mean and standard deviation of the metric distribution.

4. Select the waveforms with metric values closest to the mean, and mean plus or minus one
standard deviation.

5. Perform one propagation simulation without turbulence to create a clean waveform.

6. Perform steps 3 through 9 in Section 3.5.2 with the three selected waveforms and the clean
waveform to produce the mean, -std, and +std turbulence FIR filters.

This procedure was used to create filters from the KZKFourier results detailed in Section 8.0, to provide
a quick representation of turbulence effects for a wide range of atmospheric parameters. After their
creation, the filters may be applied to any waveform, e.g. the low boom configurations in Section 9.0.
The accuracy of these three filters applied to shaped booms is also preliminarily investigated in
Section 9.0.

Example mean, -std, and +std FIR filters created using results from a condition with significant
turbulence and in reference to perceived level (PL) are shown in Figure 15. Figure 16 shows the ability
of the +std filter in recreating the turbulized waveform after convolution with the clean waveform. It

is seen that the convolved waveform without turbulence well approximates the waveform with
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turbulence. The shock structure is faithfully reproduced, but the performance decreases after about 60
ms behind the front shock. This decrease in performance is due to the limited length of the FIR filter,
which is 62.5 ms long. Despite this, the perceived level is accurately represented: the convolved
waveform has a PL value of 101.6 dB, and the turbulized waveform has a value of 101.7 dB. The
accuracy of the FIR filters in reproducing N-wave levels is further examined in Section 8.0.
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Figure 15. Mean, -std, and +std PLdB filters created using KZKFourier results with high turbulence conditions.
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Figure 16. Performance of +std filter in reproducing the turbulized waveform after convolution with the clean

signature (red). The turbulized waveform (blue) is well approximated by the convolved waveform (yellow).
Both the turbulized and clean waveforms are from simulated results.
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CLASSICAL TURBULENCE MODELING

This section describes the background, approach and implementation of classical modeling for sonic
boom propagation through atmospheric turbulence. The first Section 4.1, describes the modified-linear
theory and Burgers code modeling concepts that are utilized for classical turbulence modeling. The
exact form of this model was not pre-defined, so this development did investigate a range of approaches.
Alternative approaches are described in Section 4.2 and the final method in Section 4.3. The objective
was to create a model that could predict the effect of atmospheric turbulence on sonic boom, with a
particular interest in how turbulence affects shaped sonic boom signatures (non N-wave) that are
expected to be much quieter. Such shaped sonic boom signatures are being utilized by NASA’s low
boom flight demonstrator (LBFD) program.

Classical sonic boom modeling provides accurate predictions of ground sonic boom using a
combination of linear acoustic ray tracing and non-linear aging. To predict level, shock rounding is also
important which is a function of atmospheric absorption and relaxation shock rounding and a function
of shock scattering in atmospheric turbulence. Burgers methods are named for the equation they solve
to add the effects of absorption and molecular relaxation to classical sonic boom modeling. Turbulence
scattering has been more difficult to analyze. A description of the theory of the selected approach, its
atmospheric turbulence modeling, propagation implementation and output are provided in this section.
Section 7.2 has classical method validation results and comparisons with measurements. Section 8.2
adds parametric trends with statistical and uncertainty analysis of results. Section 9.2 provides classical
model results for shaped signatures representative of low boom vehicles.

4.1 CLASSICAL TURBULENCE MODELING BACKGROUND

4.1.1 INITIAL SONIC BOOM PREDICTIONS WITH MODIFIED-LINEAR THEORY

Classical sonic boom prediction methods (codes like sSBOOM, PCBoom, Thomas, ARAP, Carlson-
Middleton, etc. based on Whitham-Walkden theory (Whitham, G.B., 1956 and Walkden, F., 1958)
combine linear acoustic refraction (for bending due to temperature and wind gradients with altitude)
with a non-linear signature aging, to provide accurate prediction of sonic boom under calm atmospheric
conditions. Non-linear modeling predicts signature aging and shock coalescence, necessary to predict
signature evolution into the N-waves of ground measurements. Modified linear theory acoustic
predictions produce N-waves at the ground with instantaneous pressure jumps representing shocks. In
measurements, shocks may have 1 to 20 milliseconds of rounding that result in wide variations in level
from the same shock overpressure (Maglieri, D.J. and Parrott, 1963). Eventually, shock rounding was
attributed to two causes: (1) thermoviscous absorption and molecular relaxations and (2) scattering from
atmospheric boundary layer (ABL) turbulence.
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Whitham’s early work on the flow disturbances from supersonic projectiles (Whitham, G.B., 1952) led
to his theory for propagation of weak shock waves (Whitham, G.B., 1956). The landmark Whitham
theory presented a method for converting the area distribution of an axisymmetric body into an F-
function, which was the non-dimensional (with distance) delta pressure over ambient pressure
disturbance (Ap/p) from the body that is heard as sonic boom at the ground. The far-field effect of lift
was worked out by Walkden (Walkden, F., 1958) using a dipole representation that varied as a cosine
variation with roll angle about the vehicle, which was a good approximation. So the sonic boom
calculation theory is more accurately termed the Whitham-Walkden theory than the often used Whitham
alone. A technique for reducing supersonic wave drag, called area ruling, used cross-sectional area
calculations for wave drag and wave drag minimization. Computer programs written for area ruling by
Harris (Harris, R., 1966) and others were connected through the Whitham-Walkden F-function to sonic
boom calculations.

The Rankine-Hugoniot relations for non-linear aging of a Ap/p disturbance to the ground was applied
by Middleton and Catlson, (Middleton, W.D., and Catlson, H.W., 1965) Hayes, (Hayes, W.D. et al,,
1969) Thomas (Thomas, C.L., 1972) and others and punched onto cards for programming and
execution by mainframe computers. Linear acoustic ray tracing was used to determine sound refraction
through the temperature changes in the atmosphere. Ray tracing four rays close together provided a
tube, where the change in the tube’s area at the ground was inversely proportional to the sonic booms
change in amplitude. With the addition of the non-linear aging, an accurate ground sonic boom
signature was predicted. Understanding this non-linear effect, Figure 17, which they termed signature
aging, was very key for understanding sonic boom, its level and means of reducing its level.

Near Field

Far Field

Figure 17. Non-linear aging results in shock coalescence into an N-Wave shape.
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The slow pressure expansion between the N-wave’s two shocks is too low in frequency to be heard, so
it’s the rapid pressure changes in the two shocks that are responsible for the boom level and its unique
double whip crack-crack sound. For supersonic vehicles, these shocks coalesce into an N-wave within
the first 10% of their propagation to the ground, resulting in a signature shape that maximizes shock
strength, and thereby, is the worst shape from a level point of view.

Building on this understanding in the late 1960s, Seebass and George (Seebass, A., and George, A.,
1972) introduced a theory whereby their signature shape at the vehicle produced a minimum shock
strength signature at the ground, based on linear acoustic propagation and non-linear signature aging.
Darden extended the theory, (Darden, C., 1979) showing that nose bluntness relaxation made the shape
more practical. With the possibility of low sonic boom flight on the horizon, it is of interest now to
understand how such waveforms will be affected by the aforementioned important effects of non-linear
aging, rounding and atmospheric scattering. At the start of SonicBAT, scattering is the least well
understood effect and the one lacking the most in measurements, modeling and predictive capabilities.

4.1.2 CROW CLASSICAL SCATTERING THEORY

Crow published the first comprehensive work on turbulent scattering of sonic booms. (Crow, S.C.,
1969) Crow’s early work showed that the “intense spikey perturbations superimposed on a basic N-
shaped pattern” (ibid, p. 529, 1st sentence) were due to turbulent “eddies in the Kolmogorov inertial
subrange.” At time “t after a sonic-bang shock passes an observation point, the root-mean-square
pressure perturbation equals Ap (t./t)7/12, where Ap is the pressure jump across the shock and tc is a
critical time predicted in terms of meteorological conditions.” An example of this bounding relationship
applied to a signature is shown in Figure 18.

p—py [

Figure 18. lllustrates the bounding amplitudes (t) of distortions applied to an N-wave.
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This result and its uncommon 7/12 power dependence was determined by assuming that scattering
happens at points of turbulence during propagation and that shocks propagate at a constant speed.
Consequentially, distortion at an observation point is found by a surface integral over a paraboloid of
dependence, whose focus is the observation point and whose directrix is the shock, Figure 19.

PARABOLOID

Scattering
Angle

SHOCK—" X

h

Figure 19. Geometry of the paraboloid of dependence.

The classic turbulence scatter theory of Crow is recognized as representative because it explains five
curious attributes of turbulence [paraphrased here as]: (1) perturbations are random and change
completely as the N-wave passes from point to point along the ground (even less than 100 feet apart),
(2) perturbations are comparable in amplitude to a shock immediately preceding it, but decrease rapidly
with greater distance behind the shock, (3) a strong peaked wave’s peak always occurs at or immediately
following a shock, (4) perturbations associated with the leading shock are always exactly the same as
perturbations associated with the trailing shock, (5) a microphone located 50 feet above the ground
recorded an N-wave and a superimposed N-wave (delayed in time correctly for the extra propagation
distance of a ground reflected signature), and the turbulence distortions of the front and aft shocks
match, as shown in Figure 20, but the direct and ground reflected turbulence distortions are very
different (the rays traveled paths more than 50 feet apart.)

=Py

Figure 20. Overpressure versus time recorded by a microphone about 50 Feet above the ground.
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Crow claims, “The effect of non-linear steepening, which causes the wave to develop an N-shape as it
travels from the aircraft to the scattering region, has no time to alter its shape further”. A footnote
adds, “This assertion needs to be qualified for regions immediately behind the N-wave shocks. Acoustic
waves following a shock tend to gain on the shock and disappear into it (Lighthill 1956). For every
Ib/ft2 of its strength, a weak shock in air consumes about 0.25 ft/s of a trailing wave pattern. [Meaning
a shock travels 0.25 ft/s [faster than isentropic] per psf. So a 1 psf shock duting an 80 second
propagation would age 20 ft forward.] Non-linear steepening is likely to dominate scattered waves
arriving in the first 1-2 ms after the passage of a shock but to have little effect on those arriving
subsequently.”

Crow separates turbulence into inertial (gusts) and thermal scattering. Through a dimensional analysis
it is concluded (Crow, p. 538) that relative to inertial scattering, ““Thermal scattering thus appears to be
insignificant even in the extreme case of a thermally driven boundary layer, but the argument is perhaps

not conclusive, and the contribution of thermal scattering is included.” !

Many have built upon Crow’s analysis. Plotkin and George (Plotkin, K.J., and George, A.R., 1972) show
that by deriving Crow’s analysis on a shock for which a finite rise time shape has already been determined
by another method, the initial singularity is eliminated and the root-mean-square perturbation bounding
limits look like Figure 21.

Figure 21. Root-mean-square perturbations on a 200 ft N-wave.

1 Crow’s atmospheric values were chosen to model the strongest turbulence cases that result from a strongly
unstable temperature gradient of a thermally driven boundary layer (Crow, 1969). There are other atmospheric
cases that weaken gusts but maintain temperature variations. SonicBAT anemometer measurements indicated
stronger thermal/convective values than Crow assumed. While thermal versus convective trades were not
specifically run, thermal variations seemed to contribute one-third to one-tenth of the turbulence effect, depending
on their relative strength.
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4.1.3 BACKGROUND: BURGERS MOLECULAR RELAXATION FOR SHOCK RISE TIME
PREDICTION

A long exploration was pursued of two supposed causes of shock rise time, atmospheric absorption and
turbulence. The effort was hindered by incomplete assessments of atmospheric absorption and the
highly variable effects of turbulence. An initial assessment of classical absorption resulted in rise times
that were about 1/1000t of the magnitude needed to match experimental data, shown as Navier-Stokes
(dry air) in Figure 22; figure by Plotkin (Plotkin, K.J., 1971) and numbered datasets by [1] (Reed, J.W.,
1969), [2] (Maglieri, D.J., 1968), [3] (Maglieri, D.J., Huckel, V., and Henderson, H.R., 1969), and [4]
(Garrick, L.LE. and Maglieri, D.]., 1968). Atmospheric absorption that included molecular relaxation
contributions from Nz and Oz molecules and the effect of H20 vapor had to be included to calculate a
reasonable rise time and shape that matched the shortest rise time measurements under low turbulence
conditions. But initial attempts to calculate rise time including molecular relaxation gave results 1/10t%h
as long as the shortest rise times in the experimental database, but was later corrected to match those
shortest rise times. It was proposed that longer rise times were due to rounding from turbulence, which
is discussed following.
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Figure 22. Experimental data of shock rise time versus shock strength.

The application of molecular relaxations and classical absorption during propagation has been
successfully solved in several implementations using the non-linear Burgers equation. There have been
two main techniques used by these shock rounding methods. One solves by switching from the time-
domain to the frequency domain to apply relaxations and absorption. The switch is done frequently
enough to avoid multi-valued signatures in time, due to non-linear aging. PCburg is an example of a
frequency-domain method. The second method involves first transforming the relaxations and
absorptions into a time-domain based formulation. Then they also need to be applied frequently enough
to counter non-linear aging during propagation. sSBOOM is an example of a time-domain method.
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4.1.4 BACKGROUND: TURBULENCE APPLICATIONS OF CLASSICAL METHODS SINCE 2000

Turbulent applications of classical methods have extended the theory and applications in new ways.
Generally these applications have leveraged the large increases in available computing power.
Computing power increases have enabled new ways of using existing techniques that were not practical
previously. The classical formulation of linear geometrical acoustics is well established. Acoustic rays
are traced through each turbulent field desired. The turbulent field definition has evolved over time. It
is always considered to be invariant (frozen) throughout its transit by a sonic boom. The turbulent field
definition has evolved with time and increasing computational capabilities. Works from 2002 and 2008
were limited to 2-D fields with Fourier distributions of energy spectra based on both Gaussian and von
Karman distributions. More recent works with numerical methods and classical ray tracing are using 3-
D fields and von Karman distributions (which follows a Kolmogorov distribution up to the maximum
Lg scale size), which are more representative of real turbulence as shown by the spectra comparison in
Figure 23 (Luquet, D., 2016), and the resulting turbulent flow field difference is illustrated in Figure 24
(Luquet, D., 2016.) The larger scale range is especially apparent in the smaller turbulent structures of
the von Karman distribution.

Figure 23. von Karman turbulence spectra act more like real Kolmogorov turbulence spectra than a Gaussian
distribution. Three turbulent spectra: von Karman,
= = = Gaussian, and ----a...x: Kolmogorov.

Recent publications of ray tracing analyses tend to be done with more rays, smaller time steps, etc. due
to the faster computing available. Today, linear acoustic tracing of hundreds of rays can be done in
seconds on even a single processor with codes like PCBoom. Adding Burgers non-linear rounding to
the propagation increases calculation time (about 4 orders-of-magnitude) to 4 minutes per ray.
However, running with small step sizes and many points until a tightly converged answer is reached can
take hours instead of minutes. So execution time and convergence efficiency are important when adding
absorption to ray tracings for statistical results on cases like turbulence. Atmospheric modeling always
uses a single homogeneous turbulence layer (homogenous turbulence means that the turbulent mode
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strengths and directions do not change throughout the ABL, e.g. there is no turbulence strength
variation versus altitude) with a thickness defined from the ground to a height of 1-2 km.2

500—

Y (m)

Figure 24. von Karman spectra (top) showing the greater range of turbulence scales and smaller
minimum scale size compared to a Gaussian spectra (bottom).

2 SonicBAT measured maximum ABL heights of 5-6 km (confirmed as common by the National Weather Service in

desert climates), but literature publications assume 1-2 km based on prior publications.
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4.1.4.1 BACKGROUND: CLASSICAL METHOD POTENTIAL FOR SHADOW ZONE
PREDICTION

An additional ray tracing application has been developed for shadow zone sonic boom (Lam, Y.W.,
2009.) While this capability is not implemented in the classical method, the existing methodology could
be extended to generate similar predictions. A shortcoming of linear acoustic ray tracing has been its
inability to determine sonic boom diffraction and scattering into shadow zones, like just beyond the
edge of the carpet or for flight barely below the Mach cutoff speed. Evanescent waves diffracted into
such a region have reduced high frequency content and attenuate in amplitude more quickly with
distance than sonic booms, so their noise may start -20 PLdB or more quieter and attenuate another -
20 PLdB in less than half a kilometer. In a turbulent atmosphere, significant sound energy can be
scattered into shadow zones. A ray tracing model was modified analytically into a scattered ray model.
Rays are first diffracted from a shadow boundary (at primary carpet edges and at cut-off Mach boundary)
determined by geometrical ray paths. The diffracted rays are then scattered by turbulence on their way
to the receiver. This turbulence scattered ray model is shown to have good accuracy against calculations
based on the parabolic equation and against previously published measured data. It was found that the
agreement is good both with and without turbulence, at a distance up to 2 km from the shadow

boundary.
4.1.4.2 BACKGROUND: CLASSICAL METHOD POTENTIAL FOR PROPAGATION THROUGH
CLOUDS
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Figure 25. Cloud absorption analysis possible with classical methodology.

The SonicBAT program did not address sonic boom propagation through clouds and tried to reduce
measurements of sonic boom propagation through clouds. (Pictures of the sky were taken during the
KSC measurements to document cloud cover.) Likewise, propagation prediction through clouds was
not implemented in the classical method and is not part of PCBoom. But a cloud propagation method
could be easily integrated like the SBOOM code that has been integrated for Burgers propagation. An
analysis of propagation through clouds (Baudoin, M., Coulouvrat, F. and Thomas, J.L., 2006) was
updated (Baudoin, M., Coulouvrat, F. and Thomas, J.L.., 2011). The eatlier work says, “as clouds cover
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more the 50% of the Earth’s surface, their influence on sonic boom needs estimation,” and that work,
and this newer work find a dramatic increase in sound attenuation and dispersion due to clouds. Their
analyses use a Burgers-like estimation of cloud effects, ignoring relaxation because cloud effects
dominate in those frequencies, shown in Figure 25 (Baudoin, M. et al. 2011). The net effect of this
greater absorption is quantified in Figure 26 (Baudoin, M. et al. 2011) showing around a -1.8 SELA
reduction for common Altostratus and Cumulus clouds and a largest -10.2 SELA reduction for
Cumulonimbus clouds. However in Figure 26, it is unclear exactly what the types “no absorption” and
“no cloud” mean given their statement of ignoring relaxation—perhaps relaxation was only ignored for
the cloud calculations. Regardless, their publications indicate that clouds seem capable of large effects
that should be considered when involved in sonic boom propagation and classical methodology can be
used for such predictions.

Type Py (Pa) {,, (mMs) SEL (dBA) SEL (dBC)
No absorption 56.08 0.007 04.48 105.90
No cloud 50.63 0.869 90.58 104.98
Stratocumulus 48.03 0.762 90.50 104.56
Fog 47.78 1.073 90.21 104.42
Altostratus 43.89 1.116 88.82 103.61
Cumulus

Early stage 47.61 1.159 89.63 104.36
Growing stage 41.50 1.341 88.52 103.15
Final stage 28.92 4.024 8341 08.88
Cumulonimbus 24.31 7.029 30.40 06.48

Figure 26. Significance of the greater cloud effect.

4.1.5 CLASSICAL TURBULENCE MODELING BACKGROUND SUMMARY

Publications using classical models have been addressing propagation through turbulence. Results can
match some previously noted features: fine-scale, repeating distortions behind each shock result in large
variations in signature level, peaked and rounded shock amplitudes and rise times, with a slight reduction
in average level. One classical model with turbulent scattering was combined with a diffraction
calculation to make shadow zone sound predictions. Under turbulent conditions, scatter into the
shadow zone is likely to dominate level over diffracted level wherever such level is significant, so classical
methods including turbulence could be a useful estimation tool for such cases. Finally, propagation
through clouds is showing greater attenuations that would seem to be significant for most flights and
overall operational sonic boom exposure calculations. It appears that validated cloud attenuations
should be easy to integrate into classical Burgers sonic boom propagation methods. Portions of a
predictive methodology have been shown to be possible. But no classical modeling method has been
shown for predicting full sonic boom carpet signatures and level trends utilizing measured atmospheric
conditons.
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4.2 CLASSICAL TURBULENCE MODELING APPROACHES INVESTIGATED

4.2.1 HOMOGENEOUS VERSUS HETEROGENEOUS TURBULENCE

Currently, the published classical and numerical analyses all utilized homogeneous turbulence models,
whereas heterogeneous structures, such as rising air steams (like thermals), are common and power the
turbulence that defines the ABL. Turbulence near the ground (the lowest 10% of the ABL also known
as the surface layer) does not seem to distort sonic boom (Maglieri tower measurements), meaning
turbulence in the vertical direction (vertical gusts stop at the ground) might be more important for sonic
boom distortions than horizontal turbulence (tail, head or cross wind directions). A modeling approach
that could simulate such a heterogeneous turbulence distribution (vertical direction turbulence strength
going to zero approaching the ground) might provide better modeling results.

Figure 27. By deriving Crow's scattering analysis for a finite rise time shock, the initial singularity is
eliminated (Plotkin and George, Fig. 5, p. 466)

Plotkin and George (Plotkin, K.J. and George, A.R., 1972) showed that combining a shock rounding
scheme, like Burgers, with Crows formulation that has a leading edge (LE) singularity, removed the LE
singularity as shown in Figure 27. Such a classical model could make turbulence distorted signatures
that could be measured for level and have a fast method of determining average level and variability for
turbulent conditions - so the effect on a vehicle’s sonic boom could be determined and possibly

mitigated through design and operational changes.

4.2.2 USER DEFINED TURBULENT ENVELOPE

Plotkin describes a simple manner of simulating turbulence from Crow’s work (Page, J., Plokin, K., and
Wilmer, C., 2010).

—_— (hc/h)7/12 (10)

In the formula, turbulent signature pressure distortions are p (making it a Ap), with pms being the root-
mean-square (short for square-root of the time-averaged delta pressure squared) of p. The document
states that the above Crow based, “Equation is implemented directly to define the range [that] turbulent
effects might have on a particular waveform, where the h. parameter corresponds to the strength of
turbulence and is supplied as a user defined input” and h is the time after the shock. The equation
defines the rms envelope, depicted in Figure 27, of turbulent signature distortions behind each shock.
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Results from the Numerical KZK code and the SonicBAT flight test database could be used to correlate
the he parameter with atmospheric turbulence measurements. Such work would have needed the KZK
and flight testing to be completed first, so scheduling the work for completion before the end of the
program would be difficult. But mostly, such a method would do little to advance modeling of the
important processes in a simplified, but sufficiently accurate, model that leverages advances in
computing. Since classical turbulence is based upon Crow’s work, advancing classical turbulence
modeling by building upon Crow’s work seemed like a promising approach.

4.2.3 ADVANCING CLASSICAL TURBULENCE VERSUS NUMERICAL METHODS

One approach would be to perform a modified-linear or Burgers theory propagation through a
simulation of turbulence. Such a method is a simplified numerical propagation method. A step up from
the modified-linear theory already used for useful predictions of sonic boom through temperature
variations and winds, without turbulence. At the other end of the spectrum, our KZK numerical
method does fully non-linear propagation, plus absorption rounding, plus refraction/diffraction and
their interactions. PCBoom approximates focal zone diffraction effects by scaling a Gill-Seebass
diffraction solution into useful estimates of focused signatures. Numerical analyses and work by Pierce
& Maglieri and Pierce (Figure 28) visualized that crossing and folding of waves leads to local focusing
that causes peaked and rounded waveforms, depending on positioning. So turbulent refraction is clearly
important, while diffraction and interactions may also be important. We can get confirmation of
important results from full numerical simulations, but they are too cumbersome and computationally
expensive to be used as casually as PCBoom. A simplified tool would be complementary. Ideally, such
a tool could run exact flight conditions, including balloon mean winds, temp and humidity and

turbulence measurements.
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Figure 28. Crossing and folding of waves leading to rounding and local focusing.

4.2.4 MODIFIED-LINEAR THEORY TURBULENT PARABOLOID

With the advantage of PC computing capability in the year 2015, simulations of Crow’s work were
carried out with modified-linear acoustic theory. Atmospheric turbulence was simulated by random
Fourier modes of homogeneous turbulence following a von Karman implementation of a Kolmogorov
spectral distribution (described in more detail in Section 4.3). The domain size of the problem was
chosen by selecting a time limit for resolving turbulent distortions behind each shock. The time limit
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selected the size of a (Crow’s) paraboloid domain from which distortions could originate. When running
simulations, it was repeatedly apparent that the domain was far greater than the distance from which
folded and crossed wavefronts were coming. The paraboloid ray tubes that hit a point on the ground
would be a very small portion of the paraboloid and they could arrive with greater time delay than the
specified duration limit of the paraboloid. The reason is apparent in the multi-folded wavefront of
Figure 28 and from plotting the ray propagation paths through turbulence. The rays are not “singly
perturbed” during propagation. The biggest perturbations come from the longest modes which are
spread over long distances instead of being concentrated into small discrete turbules. Numerical flow
visualizations from Penn State, JAXA and others show that turbulent distortions rise, fall and change
throughout propagation.

This paraboloid implementation in early versions of the classical method, required many thousands of
propagations for every output signature point calculated. This was slow to develop, test and run due to
run times of hours. To get usable results, the “shotgun” of ray intersections had to do more than hit
the desired ground location, it needed to hit close enough to the center to miss edge spreading. Edge
spreading reduces the overall amplitude calculated by superposition. A more efficient use of ray
propagation calculations was needed.

4.3 |IMPLEMENTED CLASSICAL TURBULENCE MODELING APPROACH

4.3.1 ATMOSPHERIC MODELING

The atmospheric modeling of the final code, named TURBO, has typical features found in other codes,
with some implementation differences. The program is formulated in Cartesian coordinates. Like
others, it uses frozen Fourier modes of different lengths and random directions to model the turbulence
with a von Karman implementation of a Kolmogorov distribution and Log spacing of mode lengths. In
the method of Random Fourier Modes of Blanc-Benon et al. (Chevret et al., 1996; Blanc-Benon et al.,
2002) the vector modes have a random velocity direction and a random direction of variation that is
normal to the direction of the velocity in Figure 29. Shock rays are most bent by a mode when traveling
in the direction of the variation, which is normal to the mode velocity. If traveling normal to the velocity
but not in the direction of the variation, the mode becomes effectively longer (and thereby weaker in
gradient) until its effective mode length becomes infinite (and zero in gradient strength) when the ray is
traveling normal to the variation and velocity, the direction of no variation shown in Figure 29. In
TURBO every velocity mode has variations in both directions normal to the velocity, Figure 30. Mode
velocities vary in a 2-D square lattice in an alternating checker pattern. Gradients are created in two
dimensions by each mode, each with their own random phase and normal to the random direction of
the mode velocity.

Since there are 2 directions of variation, there is the possibility to vary the turbulence strength 50/50%
in each direction or with a random strength in each direction from 50/50% to 25/75%. This allows an
easy implementation of another degree of randomness. The turbulence strength can vary the same
(50%/50%, by using an input file variable named IRAND equal to either= 0 or 1) in both directions or
it can be randomly apportioned (from 25%/75% to 75%/25% by using IRAND equal to either 2 or 3)
with different strength variations. Even IRAND values of 0 or 2 cause the phase origin of all Z-direction
modes to be located at the top of the ABLH, making the onset of turbulence continuous with the
atmosphere above the ABL, while odd IRAND values provide a random Z phase for each mode like
the random X and Y phase in all cases. Testing seemed to favor using a randomly apportioned (IRAND
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2 or 3) turbulence variation while even and odd IRAND values did not seem to make a noticeable
difference.

Direction of
No Variation N
”

Direction of A

Variation

Figure 29. Random Fourier Modes vector modes have a random velocity direction and a random direction of
variation that is normal to the direction of the velocity.

Second Variation

Direction of , Direction

Variation

Figure 30. TURBO vector modes have variations in both directions normal to the velocity.

The model generation is based on several input turbulence parameters, namely: minimum scale length
(FLMIN), maximum scale length (FLMAX) and the number of modes NLMAX, spaced in constant
logarithmic steps. Plus, there is an optional parameter, NLMAXMORE, to allow the representation of
larger scales than FLMAX (O commonly), the mode of maximum strength by definition. Modes from
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NLMAX+1 to NLMAXMORE can be significant but have diminishing strength according to the von
Karman spectrum equations of Cotte and Blanc-Benon. Structure parameters Cr2 and Cv? are input for
the strength of the turbulence at two altitudes (chosen for initial testing, but could be expanded) allowing
a Log variation in turbulence strength versus altitude.

This use of component breakdown of the turbulence distribution and strength was intended to provide
more accurate mode length representation (because of variation in 2-dimensions, instead of only one)
and to help with execution speed by reducing use of transcendental function calculations (more in
section 7.2.2.1). No comparisons have been made with other turbulence modeling computational
schemes. The implementation seems to work efficiently and code loops were written to be amenable
to future parallel execution.

4.3.2 CLASSICAL PROPAGATION MODELING

The integrated forms of the Fourier modes are used to get average turning gradients and displacements
over the chosen time step. The scheme will accurately calculate non-turbulent propagation to the
ground with step sizes as large as 10 seconds. But turbulent propagation is much more demanding,
requiring step sizes of 0.1 to 0.01 seconds. While many calculate only turning of rays, since it is much
more important over large distances, TURBO currently calculates both ray turning and displacement.
Propagation steps are calculated as circular arcs from integration of the Fourier gradents. While more
computationally expensive, it also allows mean wind displacements and turning to be assessed at the
same time. The turbulent displacement calculations can be easily disabled for future testing of whether
the accuracy improvement is worth the speed loss. The code also checks the convergence on every step
and iterates based on an error estimate multiplied by height, since ray turning accuracy at larger distances
has a much larger effect on final position. These iterations may not provide efficient accuracy
improvements, so future optimization studies could investigate their value versus smaller step sizes. All
program features were initially arranged for greatest accuracy with opportunities for future speed
improvement. The whole propagation scheme was programmed with future implementation of parallel
processing in mind, though none is implemented.

For each signature azimuth, PHI, where a turbulent assessment is requested, a PCBoom input file or
<argl>.age file is read to get the mean atmospheric conditions of temperature, X-winds and Y-winds
as a function of altitude above sea level (from any PCBoom atmospheric input format, such as a balloon
file). PCBoom output is read for mean atmosphere ground intercept location, time and signature
information, and for ray starting location, vector direction and time at the top of the ABL. The classical
turbulence propagation must handle temperature and X, Y, Z winds and all their cross-derivatives in 3-
D, so there are many more evaluations than PCBoom’s Temp, X and Y derivatives only in the Z
direction. And the turbulent gradients are stronger and faster changing than mean conditions, excepting
strong wind sheers. Mean variations are calculated and simply added with turbulent variations in
summation, making their accommodation inexpensive. Propagation validation checks began with a
simple Mach cut-off case from 36,000 ft in a standard atmosphere without turbulence. TURBO
matches PCBoom’s trajectories and ground intersection location within feet from near-tangent ray-
ground intersection angles at Mach 1.154 using step sizes of up to 10 seconds. This is an especially
sensitive comparison because very small differences in the propagation Ow gradient calculation lead to
large ground intersection changes.
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Figure 31 shows how rays are initially arranged at two different Phi values. At a Phi of 35 degtrees,
shown below in the lower plot, the rays are angled at the local isopemp angle. The figure shows ray
arrangement of NRAYSWIDE=20 and NRAYTIMES=20 in a red parallelogram for a single output
signature. If three signatures are requested with SIGSEP=20 feet, the additional rays in the red dashed
areas will be added for each. The number of ray columns added will be the nearest integer of
SIGSEP/RAYSEP. If this exceeds NRAYTIMES/2, more rays will be added to fill-in a continuous
carpet, which is needed for the next step. Each Phi is a whole new propagation case with all new rays.

ABL-Alitude Ray Locations, Phi=0
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Figure 31. Rays start with constant separation (RAYSEP=2ft here) parallel and perpendicular to the
direction of flight and angled matching the isopemp angle of the original phi.
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4.3.3 CLASSICAL GROUND INTERSECTION AND SIGNATURE INTEGRATION

Ray propagation continues until the Z of the ground is crossed or a generous time step limit is reached.
The exact ray-ground intersection is then calculated between the last two steps. After all ray
propagations are complete, each ray tube is checked for intersections with all the NSIGTIMES
requested at this Phi. A key feature of the final code is ray carpet repeating. The rays are initially
arranged as parallelograms because duplicate ray carpets will be assumed to exist in all directions around
the one calculated. If a ray propagates beyond the left boundary of the current carpet, its effect will be
simulated by effectively duplicating the calculated carpet to the right of itself and now calculating the
effect of the ray that went beyond the left boundary. If turbulence redirects the whole ray carpet to
miss the requested signature points, the calculated carpet will be duplicated enough times until it falls
onto the requested signature points. Ray tubes stretched very wide or long will intersect the same
signature location more than once if they stretch across more than one carpet width and/or length.
With this logic, a many times greater fraction of the ray propagations get used and signature locations
are not missed due to turbulence redirection and ground intersection relocation.

At the ground, ray tubes are cut into triangles when resolving intersections to increase resolution and
better resolve quadrilaterals that get folded over upon themselves. Triangle cuts are done between the
closer corners, before turbulence (shown in Section 7.2.2.3, Figure 115, as blue lines). There is also an
option for cutting the triangles both ways and averaging the results (KTri = 2 instead of 1). More
application descriptions are provided in Section 7.2.2.3.

4.3.4 CLASSICAL OUTPUTS

Signature output is provided at any PHI interpolated from the input data provided from PCBoom and
sBOOM. PCBoom provides ray directional information at the top of the ABL and zero-turbulence
ground intersection location, timing, amplitude and aging at the ground, required to set-up the turbulent
simulation. Individual turbulence distorted signatures are calculated from the superposition of rays in
space and time. Ray tubes are initially arranged in regular parallelograms for ease in distinguishing
between time steps and phi steps. For superposition, they are cut into triangles for greater resolution
per ray calculation, along the corners that were closer before turbulence. Triangles can also be cut in
both directions (corners 1-3 and 2-4) with the result averaged, for testing of whether it provides better

resolution.

Multiple output time instances (like a ground microphone array) are easily requested (NSIGTIMES) to
explicitly calculate statistical variations from a large number of signatures in a more efficient manner.
The multiple signatures at each PHI can be resolved from fewer grid cells. Another possibility is to use
the whole grid of rays to provide statistical data even more efficiently. While untried and unproven,
there are indications from the program output that this could work accurately with a couple orders-of-
magnitude greater efficiency.

4.3.5 CLASSICAL METHOD SUMMARY

A classical method for propagation through turbulence was developed by performing many ray
propagations through a simulation of atmospheric turbulence. The code intends to perform simplified
propagations with near full computational accuracy in a much shorter run time. Already the code
calculates propagations through a von Karman distribution of turbulence with a possible variation in
turbulence strength with height and full mean atmospheric temperature and winds. Prediction
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comparisons with flight test (Sections 7.2 and 8.2) indicate that the code is at least partially modeling
the important physics needed for predicting turbulence effects and trends. Predictions of low boom
shaped signatures (Section 9.2) have identified reduced shaped signature levels in dry air (relative to N-
waves) and indicate that shaping interacts with turbulence. Since different shaped signatures perform
differently in turbulence, there may be possible improved shapes and optimizations that result in quieter
signatures. There are also some results that need further review and results that indicate possible ways

to improve the code’s efficiency and accuracy.
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SONIC BOOM RESEARCH FLIGHT TESTS

This section documents the research flight tests conducted at NASA’s Armstrong Flight Research
Center and Kennedy Space Center to collect acoustic and meteorological measurements as part of the
SonicBAT project. Described are the objectives of the data collection efforts followed by the specifics
of each measurement campaign. This section concludes with a descriptive examples of the data

acquired.

5.1 OBIJECTIVES

The objective of the SonicBAT research program is to validate, via flight test measurements, models for
sonic boom signatures propagating through a turbulent atmosphere. This experiment required precision
flight of an F-18 to create sonic booms at known locations and times. The maneuvers were designed
to be replicated at the different measurement locations. The objective was to measure boom
propagation through a hot, dry atmosphere, and a hot, wet atmosphere.

The research flight tests were designed to capture concurrent F-18 onboard flight data instrumentation,
high fidelity air and ground-based acoustic data and surface and upper air meteorological measurements.
At AFRC the primary acoustic instrumentation array was located so that it would be in line with the
flight track. This was done so that it would receive sound that emanated from underneath the aircraft.
Secondary and tertiary arrays were deployed in order to measure booms that propagated through more
atmosphere. At KSC the flight operations were over the Atlantic Ocean, near the Florida coast, on a
nominal heading of approximately 164 degrees. Two measurement arrays were deployed with the
primary array more laterally displaced from the flight track than the secondary array. The atmospheric
profile recorded during the KSC flights was used to position the aircraft’s flight track as close to the
arrays as possible without placing the nearby villages on the Florida mainland inside the sonic boom
footprint as determined by PCBoom. The flight parameters for both measurement campaigns were
made so that the angle of elevation of the sound ray at the microphones was at least 20 degrees. This

was done to minimize grazing ground effects.

5.2 NASA ARMSTRONG FLIGHT RESEARCH CENTER MEASUREMENT PROGRAM

The first field campaign for the SonicBAT project occurred at and around NASA AFRC. Located on
Edwards Air Force Base property, the northern portion of the NASA AFRC property shown in Figure
32 is on the edge of Rogers Dry Lake and was ideal for measurement of sonic booms propagating
through a hot, dry atmosphere. Three types of data were acquired during the measurements that
occurred 11 — 22 July 2016: acoustic data from three microphone arrays on the ground and a
microphone attached to a TG-14 motorized sailplane; meteorological data from GPSsonde balloon
launches, weather towers on the ground, and two ultrasonic anemometers mounted on 10 m and 44 m
towers; and aircraft data from the F-18 and TG-14. This section details the measurements and data

acquired.
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Figure 32. NASA AFRC area near Edwards Air Force Base. Red lines are boundaries of the supersonic corridor.

5.2.1 ACOUSTICS

Three arrays of microphones were deployed as well as a microphone on the motorized sailplane. The
motorized sailplane was a TG-14 and operated by NASA Armstrong pilots. The plan was for the
sailplane to position itself in such a way as to intersect the sound rays traveling from the F-18 to the

primary array. The arrays were deployed on the North end of NASA AFRC and beyond on Edwards’
property as shown in Figure 33.
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Figure 33. Microphone array locations.

The TG-14 was equipped with a microphone mounted on its wingtip as shown in Figure 34.
Throughout this report, acoustic recordings are referred to by the measurement campaign and
microphone number. Recordings made by the TG-14’s microphone are referred to as channel 0 where
channel is synonymous with position. For the measurements made at NASA AFRC (this campaign)
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primary array microphones were numbered 1 through 20. The secondary array was numbered from 21
through 28, and the tertiary array was numbered 31 through 38.

Figure 34. TG-14 motorized glider with microphone mounted under wingtip.

Array microphones were placed on ground boards with the preamp taped to the ground board and
microphone covered with a half windscreen. Microphones were oriented to face a direction normal to
the flight path. Figure 35 shows how the microphones were mounted on ground boards at the
primary array.
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Figure 35. Microphones on ground boards at primary array.

The primary array consisted of 16 to 20 microphones on ground boards spaced 100’ apart. The number
of microphones on the array was increased as the measurements progressed. The four additional
microphones, 17 through 20, were deployed between channels 7 and 9 to study how the sonic boom
signature changed between the main array microphones. The extra microphones were evenly spaced —
two between channels 7 and 8 and two between channels 8 and 9. The microphone array was oriented
on a 245 degree bearing in order to be in line with the flight track. Figure 36 shows the layout of the
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primary array’s main microphones (channels 1 through 16) along with the type of meteorological
instruments detailed in the following sections. The extra mics are left out for clarity.

Figure 36. Primary array layout of microphones 1 through 16 and meteorological instrumentation.

The secondary array was deployed approximately 7500’ northwest of the primary array. There were 8
microphones arranged in a cross pattern with 4 microphones on each arm of the cross with a 100’
separation. The cross was oriented parallel to the main array. Figure 37 shows the layout of the
microphones and weather station deployed at that location. The position numbers, as mentioned above,
are 21 through 28. The number of microphones on the secondary array did not change.

Figure 37. Secondary array layout showing microphones 21 through 28 and weather station.

The tertiary array was deployed approximately 7500’ northwest of the secondary array. There were 8
microphones arranged in a cross pattern with 4 microphones on each arm of the cross with a 100
separation. The cross was oriented parallel to the main array. A weather station was deployed at the
site. The position numbers are 31 through 38 and are shown in Figure 38. The number of microphones
on the tertiary array did not change.
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Figure 38. Tertiary array layout showing microphones 31 through 38 and weather station.

Numerous equipment was used to conduct this measurement. These are listed in the digital archive
prepared to store the acoustic and meteorological data for the research flight tests. All microphones
were 1/2" diameter, infrasonic microphones. Their type is detailed in the aforementioned archive along
with all serial numbers and connections. The different data recorders used by the organizations all had
24-bit A/D resolution; however, different recorders had different sampling rates. The data recorder in
the TG-14 motorized glider sampled the microphone signal at 65536 samples per second; whereas, all
other data records utilized a sample rate of 51200 samples per second. The data recorder used at the
primary array is based on equipment sold by National Instruments. The unit was based on hardware in
the PXI chassis shown in Figure 39. The coordinates of all array microphones are listed in Table 5.

Figure 39. PXI chassis containing data acquisition hardware used at primary array for AFRC test.

The timing of data recordings was accomplished in one of two ways: recording an IRIG-B time code
was done on the TG-14 and at the primary array; the time at the beginning of each recording on the
secondary and tertiary arrays was captured from a GPS unit attached to the data recorder. The first
allowed for determining the time throughout the recording by analyzing the IRIG-B signal while the
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second used the sampling rate along with the start time of the recording to calculate the time of each

sample in the file. The log file on the recordings indicates when data drop outs occurred.

Table 5. Microphone coordinates (ref. WGS 84 Ellipsoid).

CH NUMBER Latitude (N) Longitude (W) Ellipsoid Ht. (ft)
CHOO00 VARIABLE VARIABLE VARIABLE
PRIMARY ARRAY
CHOO01 34 57 36.96479 117 52 51.19354 2168
CHO002 34 57 36.54674 117 52 52.28522 2170
CHO03 34 57 36.12634 117 52 53.37561 2170
CHO004 34 57 35.71209 117 52 54.46701 2170
CHO05 34 57 35.29177 117 52 55.55494 2170
CHO006 34 57 34.87407 117 52 56.64168 2171
CHOO07 34 57 34.45293 117 52 57.73170 2172
CHO008 34 57 34.03667 117 52 58.81967 2172
CHOO09 3457 33.61871 117 52 59.91124 2172
CHO10 34 57 33.20112 117 53 00.99547 2172
CHO11 3457 32.78411 117-53 02.08995 2173
CHO12 34 57 32.36700 117 53 03.17669 2176
CHO13 34 57 31.94706 117 53 04.26537 2176
CHO14 34 57 31.52753 117 53 05.35400 2177
CHO15 345731.11149 117 53 06.44354 2178
CHO16 34 57 30.69033 117 53 07.53504 2180
CHO17 3457 34.18277 117 52 58.45079 2171
CHO18 34 57 33.89788 117 52 59.18060 2172
CHO19 34 57 34.31772 117 52 58.09305 2172
CHO020 34 57 33.76265 117 52 59.54141 2172
SECONDARY ARRAY
CHO21 34 58 33.47972 117 53 52.80564 2278
CHO22 34 58 33.06398 117 53 53.89994 2283
CHO023 34 58 32.64624 117 53 54.98224 2286
CHO24 34 58 32.22929 117 53 56.07446 2285
CHO025 34 58 31.51368 117 53 53.67689 2277
CHO26 34 58 32.40816 117 53 54.18281 2281
CHO27 34 58 33.30424 117 53 54.68964 2286
CHO28 34 58 34.20294 117 53 55.20012 2284
TERTIARY ARRAY
CHO31 34 59 44.78848 117 54 15.04280 2251
CHO032 34 59 44.35768 117 54 16.16188 2252
CHO33 34 59 43.91580 117 54 17.29996 2252
CHO034 34 59 43.50785 117 54 18.36419 2253
CHO35 34 59 42.79466 117 54 15.96304 2251
CHO036 34 59 43.68704 117 54 16.44908 2251
CHO37 34 59 44.58609 117 54 16.97494 2252
CHO038 34 59 45.48287 117 54 17.47403 2252
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5.2.2 METEOROLOGY

Instrumentation was deployed to measure parameters of the atmosphere needed to determine the height
of the planetary boundary layer, z;, and the structure constants C2 and C2. These constants are used to
quantify the character of atmospheric turbulence while the boundary layer height is used in conjunction
with PCBoom to determine the distance a boom propagates through the turbulent portion of the
atmosphere.

The exact location for each system was not as important as the relative locations, which were placed to
minimize the impact by any one instrument on the other. The complete suite of instruments included

the following:

¢ Two sonic anemometers equipped with real time turbulence calculation;
¢ One model 4000 SODAR system (mini SODAR);
¢ One model 2000 SODAR system (large SODAR);

e Three weather stations.

The coordinates for the instrumentation can be found in Table 6. Following are descriptions of these
instruments and their data.

Table 6. Location of meteorological instrumentation.

Instrument

Latitude (N)

Longitude (W) Ellipsoid Ht. (ft)

Model 2000 SODAR (Large) 34 57 40.43000 117 52 49.80000 2168
Model 4000 SODAR (Mini) 34 57 33.63160 117 53 08.75558 2187
Ultrasonic Anemometer on 10 m Portable 3457 36.11506 117 53 00.05999 2176
Tower (ground)

Ultrasonic Anemometer on 10 m Portable 3457 36.11506 117 53 00.05999 2208
Tower (anemometer)

Ultrasonic Anemometer on 44 m Tower 3457 28.54132 117 52 59.74032 2171
(ground)

Ultrasonic Anemometer on 44 m Tower 3457 28.54132 117 52 5974032 2316
(anemometer)

Weather Station at Primary Array (ground) 3457 31.36789 117 52 56.45937 2171
Weather Station at Secondary Array 34 58 31.94839 117 53 57.03152 2289
(ground)

Weather Station at Tertiary Array (ground) 34 59 44.68040 117 54 19.85193 2254

5.2.2.1 WEATHER STATIONS

A 10 ft high weather station was deployed at each of the ground arrays. Two models of weather station
were used: Campbell and MetONE. Campbell model weather towers were used near the Primary and
Secondary microphone array sites. For the Campbell weather station:

¢ Temperature sensor: 5.94 ft. above ground
¢ Wind sensor: 10.33 ft. above ground

e Pressure sensor: 5.21 ft. above ground

The MetONE model weather station was used at the tertiary array site:

SonicBAT Final Report Page | 54



¢ Temperature sensor: 5.94 ft. above ground
¢  Wind sensor: 10.33 ft. above ground

*  Pressure sensor: 3.83 ft. above ground

NASA AFRC weather tower data is given in Microsoft Excel format. It includes the following
parameters in column format:

*  Time, UTC

¢ Wind direction, degrees true
*  Wind speed, knots

e Air temperature, degrees F

e Relative humidity, %

*  Pressure, millibars

Each excel file has three tabs corresponding to the weather towers near the primary, secondary and
tertiary sites. Data from the NASA weather towers covers 3-15, and 18-22 July 2016. The station at
the primary array is shown in Figure 40. These weather stations collect data two times per second.
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Figure 40. Weather station (in the foreground) deployed at the primary array.
Ultrasonic anemometer on 10 m tower shown in background.

Weather tower data from the Earth Networks WeatherBug Edwards, CA EDDFR site is provided. Data
is in comma separated value (CSV) format for July 11-23, 2016 (Earth Networks, 2015). Note that the
wind direction in WeatherBug data is given in degrees magnetic North.

5.2.2.2 GPSsonde

Atmospheric profiles were measured with GPSsondes using weather balloons carrying an
instrumentation package as shown in Figure 41. Balloons were launched within an hour of each flight
of the F-18. Days which had more than one flight had either three or four balloon launches. The times
of the balloons launched can be found in Table 7 along with the boom arrival times on the primary
array for the first pass of each flight. The tail number of the F-18 flown for each flight is also noted in
the table. The balloon data was post processed for use in PCBoom. Also available for the AFRC test
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was a predictive model of the atmosphere’s profile. The GPSsonde profiles are used to determine the
height of the Atmospheric Boundary Layer (ABL).

Table 7. Balloon launch schedule with boom arrival times on primary array of first pass for each flight.

Time ‘ Event
11 July 2016
18:00 Balloon Launch
20:00 Balloon Launch
20:14:51 FLTO1-846
12 July 2016
15:23 Balloon Launch
17:00 Balloon Launch
17:51:41 FLT02-843
13 July 2016
14:30 Balloon Launch
16:00 Balloon Launch
18:00 Balloon Launch
18:15:38 FLT03-846
21:00 Balloon Launch
21:08:34 FLT04-846
14 July 2016
13:00 Balloon Launch
15:00 Balloon Launch
15:24:38 FLT05-846
17:30 Balloon Launch
18:10:40 FLT06-846
19:59 Balloon Launch
20:48:23 FLT07-846
15 July 2016
15:08 Balloon Launch
17:00 Balloon Launch
17:14:24 FLTO8-846
19:30 Balloon Launch
19:45:07 FLT09-846
18 July 2016
15:00 Balloon Launch
17:00 Balloon Launch
17:23:55 FLT10-846
20:00 Balloon Launch
20:11:00 FLT11-846
19 July 2016
17:00 Balloon Launch
19:00 Balloon Launch
19:11:40 FLT12-846
19:48:29 FLT13-843
22:00 Balloon Launch
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22:15:32 FLT14-846
20 July 2016
17:00 Balloon Launch
19:00 Balloon Launch
19:35:11 FLT15-843
22:00 Balloon Launch
22:16:06 FLT16-843
21 July 2016
15:00 Balloon Launch
17:00 Balloon Launch
17:14:45 FLT17-843
20:01 Balloon Launch
20:11:55 FLT18-843
22 July 2016
14:00 Balloon Launch
16:30 Balloon Launch
17:52:59 FLT19-843
18:30 Balloon Launch
20:00 Balloon Launch
20:14:21 FLT20-843

Figure 41. Weather balloon used to measure the atmospheric profile.

5.2.2.2.1 FILE NAMING CONVENTIONS

Any filenames in the data archive ending with “_s” indicates that the weather data has been smoothed

with 1000 ft altitude resolution.
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5.2.2.2.2 .DAT FORMAT
The post-processed meteorological profile data is a NASA AFRC Air Data Calibration (ADC) file. It

is nominally formatted and named as:
LLL_mmmddyy_hhmmZ_ADC.dat

LLIL:  Location, text string
e Typically “EDW” (Edwards, CA) for SonicBAT dataset

mmm: month, text string (ex. JUL)
dd: day of month, integer

yy: last two digits of year, integer
hh: hour, integer

mm: minute, integer

Z: Time zone, text string

* Typically “Z” (Zulu/UTC) for SonicBAT data set

For example, “EDW_JUL1116_1400Z_ADC.dat” refers to post-processed data from Edwards, CA on
July 11, 2016 at 1400Z. Each file is a nine-column atmospheric weather profile.

Row 1: Column header
Rows 2 — N:

Column 1: Geometric altitude, feet

Column 2: Pressure altitude, feet

Column 3: Temperature, degrees-Celsius

Column 4: Wind speed, knots

Column 5: Wind direction-from, degrees true

Column 6: Lateral Pressure gradient, feet/nautical mile
Column 7: Lateral Pressure gradient direction, degrees true
Column 8: Relative humidity, percentage

Column 9: Absolute humidity, gram/cubic-meter

A review of the balloon launches with respect to Air Data Calibration (ADC) can be found in Table 8.

Table 8. Air Data Calibration of upper air data GPSsonde.

Balloon Launch

Time (UTC) Analysis
11 July 2016
18002 Initial heights at all levels appear low based on semi diurnal pressure behavior. Uncertainties of
about 10 meters are observed from 19000 to 40000 feet.
20002 Initial heights are much more aligned with semidiurnal features. Uncertainty of no more than 8

meters looks to be the rule.

No issues with winds and temperature: Winds are consistent with synoptic features and each
Summary: balloon. Temperatures also fit well within synoptic pattern and each balloon. This is the case at all
levels for both balloons.

12 July 2016
15237 Heights fit both semi diurnal and synoptic structure with uncertainties of about 5 meters.
1700z Heights fit both semi diurnal and synoptic structure with uncertainties of about 5 meters.
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Balloon Launch

Time (UTC) GUEINHE
Summar Winds and temperatures fit very well to the synoptic structure and to the other balloon. Temps fit to
¥ within 0.3 degrees. Winds are well behaved, within 3 kt of the pattern and the other balloons.
13 July 2016
14307 Initial heights are aligned with synoptic and semidiurnal features. Uncertainties of heights are no
more than 7 meters at any altitude.
16002 Initial heights are aligned with semidiurnal features. Worse case uncertainties of no more than 7
meters are observed at the highest altitude of 40000 ft.
18007 Initial heights are aligned with semidiurnal features. Worse case uncertainties of no more than 5
meters are observed at any level.
Heights are upwards of 20 meters high of synoptic and semi diurnal balance. A pattern is developing
2100z e g ) g
where by the 20z balloons and later don't fit the synoptic and semi diurnal features.
Summary: None
14 July 2016
1300z Heights fit both semi diurnal and synoptic structure.
15002 Heights fit both semi diurnal and synoptic structure but the heights are slightly low by about 5
meters.
Heights look ok as compared to semi diurnal and synoptic structure. A slight deviation begins about
17302 . -
32000 ft. However, the heights uncertainties are only about 8 meters.
As with other late afternoon balloons, heights range from slightly above to significantly above the
19597 synoptic and semi diurnal structure. Uncertainties range from 7 meters at 25000 ft to nearly 20
meters at 40000 ft.
Winds and temperatures all fit within the semi diurnal and synoptic patterns. Temperatures appear
to have a significant change after 15Z. At most levels, except at 40000 ft, a temperatures rise from
Summary 0.5 to 1.0 deg Cis observed and then the temperatures remain constant to within a few tenths after.
Winds are light and show a slight decrease in speed of about 5 to 10 kts over the seven-hour flight
test period from 13-20Z.
15 July 2016
15087 Heights fit both semi diurnal and synoptic structure with uncertainties of 5 meters.
1700z Heights fit both semi diurnal and synoptic structure with uncertainties of 5 meters.
19307 Most heights fit both the semi diurnal and synoptic structures. There is some uncertainties between
20000 and 35000 ft of about 10 meters.
Winds and temperatures are very well behaved during this day. Winds are very light for this time of
Summary year. As a result of the very light winds wind directions are not organized and the directions can vary
by 60 deg or more from balloon to balloon.
18 July 2016
15002 Heights fit both semi diurnal and synoptic structure.
17002 Heights are slightly high as compared to semi diurnal and synoptic structure at several altitude levels.
Uncertainties range between 10 and 25 meters, 20000 and 35000 ft, respectively.
20002 Heights are consistently higher than the semi diurnal and synoptic structure by 20 meters at all
levels.
Winds are very consistent for this day. The wind speeds vary by only 3 kts over the course of the
Summar three balloons with directions behaving similar. Temperatures over the three balloons fluctuate
¥ more on this day than any other day. While not as | would like to see they vary between 0.4 and 1.0
degrees.
19 July 2016
17002 Heights align well with semi diurnal and synoptic features with uncertainties in height of about 5
meters.
19002 Heights agree fairly well to both synoptic and semi diurnal features. With uncertainties ranging

about 9 meters high.
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Balloon Launch .
Analysis

Time (UTC)
22007 Heights are high as compared to the synoptic and semi diurnal features. Uncertainties are in the 20-
25 meters range. Same issue with other later balloon with height not fitting the patterns.
Winds and temperatures all agree very well with synoptic features and each other. Temperature
pattern shows a slight warming trend below 33000 feet and no change above that. Winds are
Summary unusually light at all levels with the strongest winds at the lowest levels below 24000 feet. As a
result, the wind directions vary greatly as one would expect with light winds. Six kts is the largest
separation of any two balloons.
20 July 2016
1700z Heights fit both semi diurnal and synoptic structure with uncertainties of 5 meters.
19002 Heights are a little high but fit both semi diurnal and synoptic structure with uncertainties of 6-10
meters.
22002 As per the norm, the afternoon balloon heights are significantly higher than the semi and synoptic
features. Uncertainties with theses heights range from 10 to 20 meters.
Winds for this day fit well with synoptic features and are very light. With speeds so light directions
Summar are not uniform. With the lightest winds, the direction is observed to vary by 60 degrees from
¥ balloon to balloon. The temperatures fit fairly well to the synoptic feature but there is some
fluctuation from balloon to balloon. Uncertainties of the temperatures range from 0.3 to 1.4 deg C.
21 July 2016
1500z Heights fit both semi diurnal and synoptic structure with uncertainties of 5 meters.
1700z Heights fit both semi diurnal and synoptic structure with uncertainties of 5 meters.
20002 As per what is becoming the norm with the late afternoon balloons, the heights are higher than the
synoptic or semi diurnal features by as much as 10-25 meters.
Winds and temperatures both fit well into the synoptic pattern. Winds are generally light but
Summar consistent from one balloon to the next. As a result there is some variability in direction.
¥ Temperatures vary very little by no more than by 0.7 and this at one level. In most cases the
difference is only 0.1 to 0.4 deg C.
22 July 2016
1400z Heights fit both semi diurnal and synoptic structure but are slightly low by about 5 meters.
1630Z Heights fit both semi diurnal and synoptic structure with uncertainties of about 5 meters.
1830Z Heights are slightly higher than the semi diurnal and synoptic structure
20002 Heights are significantly higher than both the semi diurnal and synoptic structure. Again, this
balloon, like many other day 20Z balloons, is higher by 20 meters.
Winds and temperatures both fit well into the synoptic pattern. Temperatures and winds are
Summar observed to decrease and warm over the day and each balloon shows this change above 25000 ft.
¥ The temperature cooling observed is as much as 1.3 degrees while the winds are so light that the
greatest decrease is 8 kts.

5.2.2.2.3 .ATM FORMAT

The .ATM file format is designed to work with PCBoom6 (Wyle) software. It refers to the
“BALLOON?” atmospheric input type (Page et al., 2010). It is nominally formatted and named as such:

syymmddhhz.atm

s source of data, text string
*  For SonicBAT the three data types are:
* b: Raw meteorological profile data from GPS Radiosonde weather balloons
* m: Predicted, model meteorological profile data
* a: ADC post-processed data (Section 2.1) that has been reformatted
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yy: last two digits of year, integer

mm:  month of year, integer
dd: day of month, integer
hh: hour, integer

z Time zone, text string

*  Typically “z” (Zulu/UTC) for SonicBAT data set

For example, “b16071114z.atm” refers to radiosonde weather balloon data on July 11, 2016 at 1400Z.
Each file is a 14-column atmospheric weather profile.

Rows 1—5: Descriptions
Row 6: {blank}

Rows 7 —8: Column headers
Row O {blank}

Rows 10— N:

Column 01: Altitude, mean sea level, feet
Column 02: Wind direction-from, degrees true
Column 03: Wind speed, knots

Column 04: Wind shear, per second

Column 05: Temperature, degrees-Celsius
Column 06: Dew point, degrees-Celsius
Column 07: Pressure, millibars

Column 08: Relative humidity, percentage
Column 09: Absolute humidity, gram/cubic-meter
Column 10: Density, gram/cubic-meter
Column 11: Index of refraction, refractivity
Column 12: Speed of sound, knots

Column 13: Vapor pressure, millibars

Column 14: Precipital depth, millimeters

Note, all data parameters may not exist for all data sources

5.2.2.2.4 MODEL DATA

Predicted, model meteorological profile data might include additional information after the time zone.
After the time zone there may be a two-digit hour indicating the forecast time interval, followed by the
text “forecast”, before the “.atm” file extension. For example, “m16071114z08forecast.atm” refers to
modeled data for July 11, 2016 at 1400Z, which was predicted 08 hours in advance.

5.2.2.3 SODAR

NASA owns two Doppler SODAR systems (a model 2000 and a model 4000) originally manufactured
by AeroVironment, Inc. Doppler SODAR systems are acoustic based technologies that operate on the
principle that atmospheric propagating sound waves interact with local atmospheric turbulence to
produce an echo that can be monitored for intensity and frequency content. The intensity changes are
directly related to the level of turbulence and the frequency changes are due to radial motion relative to
the SODAR sensor. When three wind components are measured, this information can produce

SonicBAT Final Report Page | 61



measurements of the low three-dimensional wind field at several ranges almost simultaneously. The
signal intensity profile was calibrated using data from the sonic anemometers described below to create

a profile of CZ. In a humid atmosphere, a flux instrument is needed to correct this profile. The
specifications of the two models of SODAR used for this measurement are detailed in Table 9.

Table 9. SODAR systems specifications.

Parameter Model 2000 Model 4000
Operating Frequency (Hz) 1800 4500
Operational Bandwidth (Hz) 200 400
Operational Mode Cycle/simultaneous operation Cycle
Max/Min Service Altitude (m) 700/100 200/30

Averaging Period

1 minto 1 hour

1 minto 1 hour

Pulse Repetition Rate (depends
upon the sampling altitude)

4.1to 4.4 s @ max altitude

1.1to 1.4 s @ max altitude

Complete Sampling Cycle

13 s (cycling mode)
4.4 s (simultaneous mode)

4 s (cycling mode only)

Power

AC only

DC (battery)/solar cell charging

Data Storage (GB)

20

20

The SODAR units were deployed at the primary array as shown in Figure 36. A picture of the Model
2000 SODAR, referred to as the large sodar in Figure 30, can be found in Figure 42. The Model 4000
SODAR, referred to as the mini sodar in Figure 36, is shown in Figure 43. Their operation was stopped
during each boom recording to avoid contamination from the audible chirps the units make while
running. The data files and formats are described at the end of this chapter.

Figure 42. SODAR Model 2000 deployed at the primary array for the AFRC test.
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Figure 43. SODAR Model 4000 deployed at primary array for AFRC test.

5.2.2.4 ULTRASONIC ANEMOMETERS

Two anemometers were used to measure the atmospheric structural constants C# and C2 at two heights.
The first was mounted on a portable 10 m tower shown in the background of Figure 40. A close up of
the unit mounted on top of the portable tower is shown in Figure 44. The other unit was mounted atop
a fixed tower, 44 m in height, located near the primary array. The tower is shown in Figure 45 with the
mounted unit shown in Figure 46.

Figure 44. Ultrasonic anemometer mounted on 10 m tower at primary array during AFRC test.
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Figure 45. Tower used for mounting ultrasonic anemometer near primary array for AFRC test.

Figure 46. Ultrasonic anemometer mounted on the 44 m tower near the primary array for the AFRC test.
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These sonic anemometers measure the three dimensional wind field and temperature. The temperature
measurement is based upon the speed of sound while the wind components measurements are based
on the time of flight for the pulses. For the purposes of this field campaign, the sonic anemometers
measured:

¢ Wind components

e Temperature

From these basic measurements, the following turbulence information was computed:

¢  Virtual temperature flux or the virtual heat flux

*  Local friction velocity (U,)

*  Local virtual turbulent scaling temperature (T;,)

*  Local Obukhov length (L,,)

* Local virtual temperature structure constant (C%V)
*  Local velocity structure constant (C2)

¢ Other derived turbulence parameters.

The exact orientation of the units for the AFRC test are documented in Table 10, and the specifications
of the units are listed in Table 11. The data output is described at the end of this chapter.

Table 10. Orientation of ultrasonic anemometers.

Anemometer X-axis True Heading (deg)

10 m Tower 281
44 m Tower 277

Table 11. Ultrasonic anemometer specifications.

Parameter ‘ Specification
Manufacturer Metek GmbH
Anemometer type uSonic-3 (formerly it was a USA-1)
Turbulence option for real time computation Yes

Averaging time (s) 1to 3600

Averaging number 1to 65365

Sampling Rate (samples/s) 1to 50, set to 30
Accuracy (Speed) 0.1m/sor2%

Accuracy (Direction) 2°at5m/s

Resolution (Speed) 0.1 m/s

Resolution (Direction) 0.1°

Averaging Methods Scalar & Vector

Output Dataset (Raw) Temperature and x,y,z components of wind velocity
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The data file naming convention follows the format

Anzzomyyyy_mm_dd_hbh_nm_ssSchl

where,
22z Approximate height above ground, meters, integer
yyyy:  year, integer
mm:  month, integer
dd: day of month, integer
hh: hour, integer
mm: minute, integer
ss: seconds, integer

*Date/time values correspond to first data point of file.

Example: An10m2016_07_05_20_45_19Sch1

Each file is ASCII with lines of data in format:
yyyy:m:d:sssssssss
x=0.0 y=0.00 z= 0.00 T=0.00

where,

yyyy — year

m — month

d — day

sssssssss — time of week, milliseconds
x — x-velocity, m/s

y — y-velocity, m/s

z — z-velocity, m/s

T — temperature, degrees Celsius

e Times given in the data are integer seconds times 1000, and repeat about (but not always) 30
times before the next integer second.

e The time needs 17 seconds subtracted to give UTC time for AFRC (18 seconds for the KSC
measurements described below).

Additionally, with the turbulence data output option enabled, the unit outputs its calculation of the
parameters used for characterizing turbulence every 10 minutes. For this project, the turbulence
variables used were calculated from the raw data stream. The format of this section of the file can be
found in the anemometer instruction manual (Metek GmbH, 2014).

5.2.3 AIRCRAFT DATA

Two types of aircraft were used for the AFRC test: an F-18 jet aircraft and a TG-14 motorized sailplane.
Two different models of F-18 were used: an F-18B with tail number 846 and an F-18A with tail number
843. The F-18 used for each flight is noted in Table 7. The TG-14 flew for all but flights 19 and 20.
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Details of the aircraft data associated with each flight pass are presented below. An example flight
trajectory is shown at the end of this chapter.

Data for each flight pass is considered to be when the F-18 aircraft was “straight, level, and on-
condition.” Data before and after the straight, level, and on-condition portion of flight have been
removed. “On-condition” windowing was determined by distinguishing from each of the following gff-

condition criteria:

* dz/dt > 25 ft/s (first derivative of altitude)
+ dM/dt > 0.001 M/s (first detivative of Mach)

Due to the off-condition criteria, some flight passes might have a data window inadequate for some
analyses. Notable possible flight passes are:

e Flight 17, pass 4
e Flight 18, pass 3
e Flight 18, pass 4

The only anomalies noted in the aircraft data occurred during Flight 9. Due to an unknown cause the
inertial navigation system (INS) parameters (velocity components, wind velocity components, and the
Euler angles) were affected due to extreme spiking in the data. In order to identify the flight conditions
of the F-18 for characterization, PCBoom was run with the as flown trajectory and the location of
CHOO01 on the primary array as the target of the boom. Identifying the time of emission for the received
boom in PCBoom output, the average speed, altitude and true course for each pass were calculated from
the trajectory (by averaging data 5 seconds before and after the time of emission) as shown in Table 12.

Table 12. Average parameters for AFRC flights.

Date Flight ‘ Pass Mach Ave. ‘ Alt. Ave. (ft msl) True Course Ave. (deg)
11 July 2016 1 1 1.374 33784 246
11 July 2016 1 2 1.385 33865 246
11 July 2016 1 3 1.383 34101 247
12 July 2016 2 1 1.403 33990 246
12 July 2016 2 2 1.411 34171 246
12 July 2016 2 3 1.404 34421 245
13 July 2016 3 1 1.382 34079 245
13 July 2016 3 2 1.383 34202 245
13 July 2016 3 3 1.385 34176 245
13 July 2016 4 1 1.377 33984 245
13 July 2016 4 2 1.380 34163 245
13 July 2016 4 3 1.386 34231 246
14 July 2016 5 1 1.375 34119 247
14 July 2016 5 2 1.376 34250 246
14 July 2016 5 3 1.377 34291 248
14 July 2016 6 1 1.369 34187 247
14 July 2016 6 2 1.375 34252 246
14 July 2016 6 3 1.382 34282 246
14 July 2016 7 1 1.362 33539 246
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14 July 2016 7 2 1.373 34144 247
14 July 2016 7 3 1.377 34182 246
15 July 2016 8 1 1.363 33993 245
15 July 2016 8 2 1.370 34323 246
15 July 2016 8 3 1.379 34305 246
15 July 2016 9 1 1.379 34003 242
15 July 2016 9 2 1.379 34276 238
15 July 2016 9 3 1.382 34303 241
18 July 2016 10 1 1.381 34022 245
18 July 2016 10 2 1.379 34121 245
18 July 2016 10 3 1.133 34882 244
18 July 2016 10 4 1.137 34923 242
18 July 2016 11 1 1.382 34000 244
18 July 2016 11 2 1.385 34033 245
18 July 2016 11 3 1.380 34161 244
19 July 2016 12 1 1.385 34069 245
19 July 2016 12 2 1.379 34260 245
19 July 2016 12 3 1.386 34100 245
19 July 2016 13 1 1.399 34388 244
19 July 2016 13 2 1.401 34396 245
19 July 2016 13 3 1.401 34507 245
19 July 2016 13 4 1.140 41368 245
19 July 2016 14 1 1.382 34100 244
19 July 2016 14 2 1.380 34227 244
19 July 2016 14 3 1.380 34240 245
19 July 2016 14 4 1.133 43221 245
20 July 2016 15 1 1.402 34334 245
20 July 2016 15 2 1.403 34436 244
20July 2016 15 3 1.402 34486 245
20 July 2016 15 4 1.217 34719 246
20July 2016 16 1 1.399 34417 245
20 July 2016 16 2 1.338 34506 245
20July 2016 16 3 1.401 34445 245
20 July 2016 16 4 1.338 34505 246
21July 2016 17 1 1.360 34450 245
21 July 2016 17 2 1.395 34485 244
21 July 2016 17 3 1.399 34353 245
21 July 2016 17 4 1.332 34492 241
21 July 2016 18 1 1.396 34286 245
21 July 2016 18 2 1.401 34498 245
21 July 2016 18 3 1.399 34525 245
21 July 2016 18 4 1.332 34324 245
22 July 2016 19 1 1.399 34489 244
22 July 2016 19 2 1.402 34667 244
22 July 2016 19 3 1.401 34701 244
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Flight Pass Mach Ave. Alt. Ave. (ft msl) True Course Ave. (deg) ‘
22 July 2016 19 4 1.336 34571 245
22 July 2016 20 1 1.401 34601 244
22 July 2016 20 2 1.400 34606 244
22 July 2016 20 3 1.397 34582 244
22 July 2016 20 4 1.398 34541 244

The tracking data files are binary with double-precision numbers written to 64-bit, little-endian

formatted files. There is one binary file for each pass of an aircraft. The file naming convention goes as:

BATppp_FLTfPASSp_ssssssHZ_ACaaa.bin

where

pPpPP Absolute project pass number

ff Chronological SonicBAT project flight number

p Flight pass number

ssssss  Sampling rate in samples per second
plng

222 Aircraft tail number.

5.2.3.1 F-18B-846

F-18-846B has an extensive instrumentation system, allowing for measurements that include time-space-

position-information, air data parameters, propulsion parameters, INS parameters, and general aircraft

health parameters.

Each binary file is a 25-parameter trajectory file (Nx25 array), where N is the number of samples.

Column 01:
Column 02:
Column 03:
Column 04:
Column 05:
Column 06:
Column 07:
Column 08:
Column 09:
Column 10:
Column 11:
Column 12:
Column 13:
Column 14:
Column 15:
Column 16:
Column 17:
Column 18:
Column 19:
Column 20:

Time, seconds after midnight UT'C
Latitude (GPS), decimal degrees
Longitude (GPS), decimal degrees
Altitude (GPS), feet

Velocity east (GPS), feet/second
Velocity north (GPS), feet/second
Velocity down (GPS), feet/second
Mach (air data-derived)

Pressure altitude (air data-derived), feet
Latitude (INS), decimal degrees
Longitude (INS), decimal degrees
Altitude (INS), feet

Roll angle (INS), degrees

Pitch angle (INS), degrees
Yaw/heading angle (INS), degtees
Velocity east (INS), feet/second
Velocity north (INS), feet/second
Velocity down (INS), feet/second
Gross weight, pounds

Power Lever Angle (PLA) right, degrees

SonicBAT Final Report

Page | 69



Column 21: Power Lever Angle (PLA) left, degrees
Column 22: Wind speed aloft east, knots

Column 23: Wind speed aloft north, knots

Column 24: Wind speed aloft vertical, knots

Column 25: Ambient air temperature, degrees-Rankin

5.2.3.2 F-18A-843 AND TG-14-856
F-18A-843 and TG-14-856 are only capable of measuring time-space-position-information data.
Each file is a 9-parameter trajectory file. The file is an Nx9 array, where N is the number of samples.

Column 01: Time, seconds after midnight UT'C

Column 02: Latitude (GPS), decimal degrees

Column 03: Longitude (GPS), decimal degrees

Column 04: Altitude (GPS), feet

Column 05: Velocity east (GPS), feet/second

Column 06: Velocity north (GPS), feet/second

Column 07: Velocity down (GPS), feet/second

Column 08: Mach (derived from GPS and atmospheric data)

Column 09: Pressure altitude (derived from GPS and atmospheric data), feet

5.2.4 DATA ACQUIRED

This section will provide examples of the data acquired from deployed instrumentation at AFRC as well
as some details about the data itself. The measurement data for all flight tests was delivered on a hard
drive. All specifications and details of the data are contained on the hard drive. The information here
highlights aspects of the data germane to the raw data recordings at AFRC. Further chapters in this
report will address aspects of processing the data.

5.2.4.1 MICROPHONE DATA

The microphone data presented in the electronic archive are either binary files containing the calibrated
microphone signatures recorded during an aircraft pass or files with information about the equipment
used and its location. All physical details about the microphone array can be found in the Excel file
named SonicBAT_NASAAFRC_Measurements_July2016_Positions_ ALLBooms. The same format is
used for the KSC test where KSC will replace AFRC in the Excel file and BAT in the microphone data
file names as described below. A sheet in the file labeled Positions details the equipment used at each
location on all arrays along with location coordinates and equipment models and serial numbers. There
is a sheet labeled Booms with the arrival times of booms for each array. Field logs from the various
organizations have been scanned and included with the archive. No attempt at editing them has been
made.

Apart from the time discussed below, all acoustic data in the archive are named with the flight number
of the aircraft and the pass number during that flight during which the data was recorded and include
the sampling rate of the data along with the position number the data came from. The acoustic data
files are in pounds per square foot and are stored as single-precision numbers in little-endian formatted
files. An example file name for the AFRC measurements is:

BATppp_FLTfPASSp_ssssssHZ_CHnnn.bin
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where

PpPP Absolute Project pass number

tf Chronological SonicBAT project flight number
p Flight pass number

ssssss  Sampling rate in samples per second

nnn Microphone channel/position number.

Most data from the flight tests can be traced to a time stamp of Coordinated Universal Time referenced
to zulu time zone. This is done in order to link the time data to the aircrafts’ data. On the primary
array, the timing itself comes from a dedicated channel simultaneously recording an IRIG-B time code
signal synchronized by satellite with UTC zulu time zone. The secondary and tertiary arrays used a GPS
unit to find the time when the recording begins. The aircraft trajectory data used the same time reference
as did the weather data taken during the measurements. Because each array used a different recorder,
they need unique timing files. To facilitate this need, the timing signals were post processed to create a
double precision (8-byte), real binary file containing the seconds past midnight (spm) UTC zulu for each
sample of the acoustic data. The files were named with the same root name as the acoustic files but
with two differences: in place of the position number, the characters SMi with i = 0 to 3 take its place.
The files from a given recorder/array are the result of simultaneous sampling. No attempt was made
to align the start and stop times of data files. The microphones with their respective time code file

namings along with an example are presented in Table 13.

Table 13. Naming conventions for AFRC timing files.

Microphone UTC time Example Location ‘
000 SMO BAT058 FLT18PASS1_065536HZ_CHSMO.bin TG-14
001 through 020 SM1 BAT040_FLT13PASS3_051200HZ_CHSM1.bin Primary Array
021 through 028 SM2 BAT044_FLT14PASS3_051200HZ_CHSM2.bin Secondary Array
031 through 038 SM3 BAT051_FLT16PASS2_051200HZ_CHSM3.bin Tertiary Array

An example of a boom recorded by the primary array is shown in Figure 47. This flight was done on
the morning of 14 July 2016 and specifically to capture propagation through a calm atmosphere. For
comparison, a plot of a boom recorded in the afternoon of 12 July 2016 is shown in Figure 48.
Turbulent spiking can be seen in the figure as evidenced by the recording in the middle of the array.
Also evident is turbulent rounding shown by the channel 1 and 2 recordings. The recordings at the
secondary array for BAT014 is shown in Figure 49. The variable spacing between the signatures is a
result of the fact that the secondary array was arranged in a cross pattern. The microphones of the
tertiary array were also arranged in a cross pattern with the same spacing as the secondary array. The
tertiary array was an additional 7500 ft from the undertrack position as compared to the secondary array.
A plot of the signatures recorded for BAT014 on the tertiary array are shown in Figure 50.
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Figure 47. Recordings of BAT014 on primary array.
Signatures overlaid on same plot with channel 1 starting at left in blue through channel 16 at right in red.
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Figure 48. Recordings of BAT004 on primary array.
Signatures overlaid on same plot with channel 1 starting at left in blue through channel 16 at right in red.
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Figure 49. Recordings of BAT014 on secondary array on same time scale.
Channels 21 - 28 are colored from blue to red.
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Figure 50. Recordings of BAT014 on tertiary array on same time scale.
Channels 31 to 38 are colored from blue to red.
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Another way to visualize the booms recorded on the arrays is to plot the microphone signatures on the
same graph with different offsets in the ordinate direction. For comparison the second pass of the
flight during calm atmospheric conditions in the early morning, BAT014, is shown at each of the arrays
using this methodology along with the same style as above. The recordings at the primary array are
shown in Figure 51. As can be seen in this figure, the resolution typical of this type of graph that was
done in older reports of sonic boom signatures does not show the same level of detail. The
corresponding graphs of recordings at the secondary array are shown in Figure 52 . The plot in the
figure is arranged to reflect that the microphones were arranged in a cross pattern with microphones 21
— 24 lined up with the flight path direction and microphones 25 — 28 oriented from South to North.
Figure 53 is similarly arranged to show the recordings of the same boom at the tertiary array. Comparing
Figures 49 through 51, it is noteable how the recorded signatures are progressively more rounded, from
the primary array to the tertiary array, due to the respective longer propagation paths through turbulent

atmosphere.
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Figure 51. Recordings of BAT014 at primary array.
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Figure 52. Recordings of BAT014 at secondary array.
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Figure 53. Recordings of BAT014 at tertiary array.
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The TG-14 was able to record both the incoming boom from the F-18 as well as the reflection from
the ground, the latter transiting through the ABL twice. An example of a sonic boom signature recorded
by the TG-14 during pass 1 of the first flight (BAT001) is shown in Figure 54. For analysis, the TG-14
recordings were post processed in a way that corrected for the motion of the microphone relative to
the F-18 (Haering et al., 2005). This was only done for the first boom in each recording.

1

.8 -

(psf)
N
T

Pressure

43.980 46.747 49,515
Time (s)

Figure 54. Recording of BAT001 from TG-14 (CHO00). Time is relative to beginning of recording.

5.2.4.2 METEOROLOGICAL DATA

This section contains examples of the data acquired from the deployed meteorological equipment. An
example of the met data from the tower at the secondary array on 19 July 2016 is shown in Figure 55.
Only the temperature and relative humidity are graphed. As can be seen in the figure, the goal of
measuring sonic boom propagation in a hot, dry climate was achieved during the AFRC test.
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Figure 55. Met data at secondary array on 19 July 2016 showing flight times.

The atmospheric profile was modeled for each day of flights. The GPSsonde (balloon) measured the
atmospheric profile within 1 hour of each flight. The modeled (forecast) atmospheric profile for 18:00
on 14 July 2016 is shown in Figure 56. The measurement via GPSsonde occurred at 17:30 and is shown
in Figure 57. As can be seen in the two figures, the dew point and regular temperature profiles agree
very well as do the wind barbs.
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Figure 56. Skew-T Log P diagram of forecast for 18:00 UTC on 14 July 2016 at AFRC. Solid, black line shown is
temperature curve. Dashed, black line is dew point curve. Wind barbs at right are scaled in knots.
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Figure 57. Skew-T Log P diagram of GPSsonde launched at 17:30 UTC on 14 July 2016 at AFRC. Solid, black line
shown is temperature curve. Dashed, black line is dew point curve. Wind barbs at right are scaled in knots.
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The SODAR units collect data to identify the wind speed and directory as a function of altitude. An
example of data collected real time from one of the units is shown in Figure 58 and Figure 59. The top
part of Figure 58 shows a wind hodograph and the bottom part is a display of the backscattered echo.
In Figure 59, the top part shows a cross-section of the horizontal wind field as a function of time and
the bottom part shows the horizontal wind speed, direction, backscatter intensity and vertical velocities
for four 10-minute time periods in the panels as identified in the header.

Wind Shear 07/20/16 15:40:00
169 Height in meters

"o

BRERERESERISESIRY

Altitude (meters)

Figure 58. Graphical representation of SODAR data: wind hodograph (top) and backscatter echo (bottom).
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Figure 59. Graphical representation of SODAR data (concluded): horizontal wind field (top) and horizontal wind
speed, direction, backscatter intensities, and vertical velocity (bottom).
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The ultrasonic anemometers were deployed on 10 and 44 m towers at the primary array location during
the AFRC test. Plots of the atmospheric structure parameters calculated from their output along with
the raw output of the instruments is shown in Figure 60 with the primary array’s weather tower data.
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Figure 60. Data acquired by the Metek anemometers and weather tower deployed at the primary array for the
AFRC test 14 July 2016. The validity of the 44 m Metek data is in question due to interference from the tower.

5.2.4.3 AIRCRAFT DATA

Whether the aircraft data is for the fully instrumented F-18B or the GPS — only F-18A, the information
that details the vehicle’s state as a function of time is reduced to a trajectory file format that PCBoom
can utilize for calculating the footprint of the supersonic portion of the flight. An example of the
trajectory and resulting footprint can be seen in Figure 61 which shows the relative positions of the
primary (01), secondary (21), and tertiary (31) arrays. The ground track is the thick white line connected
to the trajectory by drop lines every 10 trajectory points.
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Figure 61. Trajectory (upper, thin white line) and ground track (lower, thick white line) and calculated footprint
in relation to the microphone arrays at AFRC. Colored lines are peak overpressure contours with black lines
representing the footprint’s isopemps.

5.3 NASA KENNEDY SPACE CENTER MEASUREMENT PROGRAM

The second field campaign for the SonicBAT project occurred at NASA Kennedy Space Center (KSC).
Located in Florida, the portion of the NASA KSC property used for the study is shown in Figure 62.
Historical data shows that the climate at KSC during August would be ideal for measurement of sonic
booms propagating through a hot, wet atmosphere. Three types of data were acquired during the
measurements that occurred 21 — 31 August 2017: acoustic data from two microphone arrays on the
ground and a microphone attached to a TG-14 motorized sailplane; meteorological data from
GPSsonde balloon launches, weather towers on the ground, and two ultrasonic anemometers and a
humidity flux sensor mounted on a 150 m tower; and aircraft data from F-18s and a TG-14. This section
details the measurements and data acquired.
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Figure 62. NASA KSC area in Florida.
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5.3.1 ACOUSTICS

Two arrays of microphones were deployed as well as a microphone on the motorized sailplane. The
motorized sailplane was a TG-14 and operated by pilots from NASA Armstrong Flight Research Center
(AFRC). The plan was for the sailplane to position itself in such a way as to intersect the sound rays
traveling from the F-18 to the secondary array. The primary array was deployed on Avenue A off Happy
Creek Road. The secondary array was deployed about 5,400 feet from the primary array at Helipad 9
on Titusville Beach Road. The relative location of the arrays with respect to a notional flight path is
shown Figure 63. The actual flight paths were setup using the most recent estimate of the atmospheric
profile so as to minimize the overlay of the PCBoom-calculated footprint in populated areas and varied
from about 1.3 nmi to 7.5 nmi laterally to the east from the primary array.

Figure 63. Flight path orientation relative to study area.

The TG-14 was equipped with a microphone mounted on its wingtip as shown in Figure 64. As was
done with the measurements at AFRC, the recordings made by the TG-14’s microphone are referred to
as channel O where channel is synonymous with position. For the measurements made at NASA KSC
secondary array microphones were numbered 1 through 20 and 41 through 44. The primary array was
numbered from 21 through 36 and 51 through 54.
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Figure 64. TG-14 motorized glider with microphone mounted under and forward of wingtip.

Array microphones were placed on ground boards with the preamp taped to the ground board and
microphone covered with a half windscreen. Microphones were oriented to face east based on an
estimate of the incoming ray in PCBoom coming from the North for a typical atmospheric profile.
Figure 65 shows the microphones mounted on ground boards at the secondary array.

Figure 65. Microphones on ground boards at secondary array.
Positions 18, 19, 20, and 09 shown going away from the camera.

The primary array consisted of 16 microphones on ground boards spaced 100’ apart. The number of
microphones on the array was decreased as the measurements progressed due to equipment failure that
resulted from fine dust contamination. Originally specified as positions 21 through 306, the latter 8
microphone stations were taken down and four new mic positions were deployed to the Northwest of
the array line and labeled as positions 51 through 54. This configuration began on 26 August and
remained throughout the remainder of the measurements. Figure 66 shows the layout of the primary
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array’s main microphones (channels 21 through 36 and 51 through 54) along with the location of
meteorological instruments detailed in the following sections.

T
I MINI SODAR
2 | \
| \Weather Station

N,

Jop

Figure 66. Primary array layout of positions 21 through 36 and 51 through 54.
Meteorological instrumentation locations also shown.
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The secondary array was deployed on Titusville Beach Road at Helipad 9. There were 20 microphones
with a 100’ separation on the road. They are numbered as positions 1 through 16 tended by Wyle and
positions 41 through 44 tended by the Japan Aerospace Exploration Agency (JAXA). Wyle also
deployed four microphones with a 20’ spacing between positions 08 and 09 for the first week of the
measurements, positions 17 through 20. Figure 67 shows the layout of the microphones and weather
station deployed at that location.

100 feet

Figure 67. Secondary array layout showing microphone positions and weather station. Inset shows a zoom of
the center of the array with finer spaced positions added for first week of measurements.

Much of the same equipment used for the AFRC measurements was used at KSC. The primary array
at KSC was deployed by Gulfstream. One difference between primary and secondary arrays at KSC
was that the primary array utilized a WiFi system to connect each of four recorders with a base station;
whereas, the secondary array had all microphones directly connected to one recorder at its base. As
with AFRC, all microphones were 1/2" diameter, infrasonic microphones. Their type is detailed in the
aforementioned digital archive along with all serial numbers and connections. Similar to the AFRC test,
the different data recorders used by the organizations all had 24-bit A/D resolution but a different
sampling rate was used by the TG-14 motorized glider. The data recorder in the TG-14 motorized
glider sampled the microphone signal at 65536 samples per second; whereas, all other data records

utilized a sample rate of 51200 samples per second. The coordinates of all array microphones are listed
in Table 14.
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The timing of data recordings was accomplished in one of two ways: recording an IRIG-B time code

was done on the TG-14 and at the secondary array; the time at the beginning of each recording on the

primary array was captured from a GPS unit attached to the data recorder. The first allowed for

determining the time throughout the recording by analyzing the IRIG-B signal while the second used

the sampling rate along with the start time of the recording to calculate the time of each sample in the

file. The log file on the recordings indicates when data drop outs occurred.

Table 14. KSC measurement microphone coordinates (ref. WGS 84 Ellipsoid).

CH NUMBER Latitude (N)  Longitude (W) Ellipsoid Ht. (ft)
TG-14
CHO00 VARIABLE VARIABLE VARIABLE
PRIMARY ARRAY
CHOO1 28 38 29.92390 | 803851.08488 -94
CHO02 283829.29937 | 80 3850.21166 -94
CHO03 283828.67819 | 80 3849.34507 -94
CHOO04 283828.05614 | 80 3848.47481 -94
CHOO5 283827.43752 | 8038 47.60742 -94
CHOO06 28 38 26.81688 8038 46.73878 -94
CHO07 28 38 26.19606 80 38 45.86902 -94
CHOO08 28 38 25.57711 8038 45.00318 -94
CHO09 28 38 24.95172 8038 44.13173 -94
CHO10 28 38 24.33382 8038 43.27608 -94
CHO11 28 38 23.71145 8038 42.40736 -95
CHO12 28 38 23.08717 8038 41.54326 -94
CHO13 28 38 22.46545 80 38 40.67846 -94
CHO14 283821.84218 | 80 38 39.80752 -94
CHO15 283821.21924 | 80 38 38.93992 -94
CHO16 283820.50612 | 80 38 38.06846 -94
CHO17 283825.45213 | 80 38 44.82902 -94
CHO18 283825.32710 | 80 3844.65482 -94
CHO19 283825.20211 | 80 38 44.48065 -94
CH020 283825.07712 | 80 38 44.30645 -94
CHo41 283819.97530 | 80 3837.19856 -94
CHO42 283819.35070 | 80 3836.32711 -94
CHO43 28 38 18.73171 80 38 35.45922 -94
CHO44 28 38 18.10996 80 38 34.58460 -94
SECONDARY ARRAY
CHO21 28 37 42.25992 80 39 20.75615 -90
CHO022 2837 41.62974 | 80 39 19.88945 -91
CHO23 28 37 40.99254 | 80 39 19.04893 -91
CHO024 28 37 40.35617 80 39 18.19965 -91
CHO25 28 37 39.71277 8039 17.35019 -91
CHO26 28 37 39.10002 8039 16.47345 -91
CHO27 283738.44781 | 8039 15.63324 -91
CHO28 283737.78663 | 80 39 14.77050 -91
CH029 283737.09100 | 80 39 13.84030 -92
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CHO30 28 37 36.39887 | 803912.87471 -91
CHO31 2837 35.68470 | 8039 11.93673 -92
CHO32 2837 35.02403 | 8039 11.04540 -92
CHO33 2837 34.38161 | 8039 10.16916 -92
CHO34 2837 33.72119 | 803909.26841 -92
CHO35 2837 33.06548 | 80 39 08.38396 -92
CHO36 2837 32.41871 | 803907.50912 -93
CHO51 28374492176 | 80 39 24.07996 -90
CHO52 283744.29871 | 8039 23.21308 -90
CHO53 2837 43.63602 | 8039 22.36363 -89
CHO54 283742.95915 | 8039 21.55089 -90

5.3.2 METEOROLOGY

Similar to the AFRC deployment, instrumentation was deployed to measure parameters of the

atmosphere needed to determine the height of the planetary boundary layer and the structural constants

C#% and CZ. 'The constants are used to quantify the character of atmospheric turbulence while the

boundary layer is used in conjunction with PCBoom to determine the distance a boom propagates

through the turbulent portion of the atmosphere. In order to accurately measure the structural constants

in the humid atmosphere of Florida, a flux sensor was deployed. It consists of an ultrasonic anemometer

similar to the ones used at AFRC with some additional sensors. The unit is pictured in Figure 68. Its

use is further detailed in Section 6.0.

Figure 68. IRGASON humidity flux sensor.
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Some of the same systems used at AFRC were deployed at KSC:

* Two Metek sonic anemometers equipped with real time turbulence calculation;
*  One model 4000 SODAR system (mini sodar);
*  Two weather stations;

*  Weather balloons launched at the Primary array.

The coordinates for the instrumentation can be found in Table 15. All file formats for like instruments
as were used for the AFRC measurements are described above. Differences in use or processing are

noted below where appropriate.

Table 15. Location of meteorological instrumentation.

Instrument Latitude (N) Longitude (W) Ellipsoid Ht. (ft)
Model 4000 SODAR (Mini) 28 37 37.71001 8039 17.43994 -73
Ultrasonic Anemometers on Tower* 28 37 32.06454 80 39 25.50319 4
IRGASON Flux Sensor 28 37 32.06454 8039 25.50319 164
Weather Station at Primary Array Between Positions: 38 and 39 91
(ground)*

Weather Station at Secondary Array Between Positons: 08 and 09 04
(ground)*

KSC Weather Tower J6-0490A (ground) 28 37 32.06454 80 39 25.50319 -91

*Metek anemometers were positions on the SW and NE sides of the tower.
#Weather stations were not surveyed. Midpoint of array was estimated.

5.3.2.1 WEATHER STATIONS AND TOWER

A 10 ft high weather station was deployed at each of the ground arrays. Campbell model weather towers

were used. For the Campbell weather station:

* Temperature sensor: 5.94 ft. above ground
¢ Wind sensor: 10.33 ft. above ground

*  Pressure sensor: 5.21 ft. above ground

The station at the secondary array is shown in Figure 69. The data file format for the Campbell weather
station are the same as described in Section 5.2.2.1.

NASA KSC weather tower data at J6-0490A is instrumented to record meteorological data at heights
of 12, 54,162, 204, 295, 395, and 492 ft above the ground. The Excel file contains the data for 5-minute
intervals including:

*  Date, UTC

e Time, UTC

¢ Average Wind Direction, degrees true

*  Average Wind Speed, knots

¢ Peak Wind Direction, degrees true

*  Peak Wind Speed, knots

*  Peak Wind Direction 10 min, degrees true
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*  Peak Wind Speed 10 min, knots
* Temperature, Fahrenheit

*  Dew Point, Fahrenheit

¢ Relative humidity, %

Temperature, Dew Point and Relative Humidity are only recorded at the 54, 204, and 492 ft heights.
The information is in one tab of the Excel file and sequentially ordered.

Figure 69. Weather station deployed at the secondary array.

5.3.2.2 GPSsonde

Atmospheric profiles were measured with GPSsonde using weather balloons carrying the same type of
instrumentation package used at AFRC as shown in Figure 41. Balloons were launched within an hour
of each flight of the F-18 from the small hill in the foreground of Figure 70 where the mini SODAR
was located. The times of the balloon launches can be found in Table 16 along with the boom arrival
times on the secondary array for the first pass of each flight. The tail number of the F-18 flown for
each flight is also noted in the table. The balloon data was post processed for use in PCBoom. The
post processing involved smoothing the data and outputting the profile at 1000 ft intervals. Also
available for the KSC test was a predictive model of the atmosphere’s profile.
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Figure 70. Primary array site and tower J6-0490A. Small hill in foreground was mini SODAR location and
GPSsonde launch point.

Table 16. Balloon launch schedule with boom arrival times on secondary array of first pass for each flight.
Cells highlighted in yellow denote launches with questionable data.

Time ‘ Event
21 August 2017
12:44 Balloon Launch
12:59:16 FLT01-846
15:32 Balloon Launch
15:45:23 FLT02-846
22 August 2017
14:43 Balloon Launch
15:12:26 FLT03-846
15:52 Balloon Launch
16:10:10 FLT04-843
17:56 Balloon Launch
18:26:17 FLT05-846
23 August 2017
15:32 Balloon Launch
16:26:17 FLT06-846
16:58 Balloon Launch
17:06:08 FLTO7-843
17:32 Balloon Launch
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Time

Event

18:48 Balloon Launch
19:16:13 FLT08-846
19:49 Balloon Launch
19:54:27 FLT09-843
25 August 2017
18:52 Balloon Launch
19:24:19 FLT10-846
20:59 Balloon Launch
21:18:27 FLT11-843
26 August 2017
17:36 Balloon Launch
18:13:11 FLT12-846
28 August 2017
16:45 Balloon Launch
17:04:11 FLT13-846
29 August 2017
11:39 Balloon Launch
12:04:43 FLT14-846
14:27 Balloon Launch
15:12:20 FLT15-843
15:51 Balloon Launch
15:57:56 FLT16-846
30 August 2017
16:36 Balloon Launch
17:15:52 FLT17-843
19:50 Balloon Launch
20:11:16 FLT18-843
31 August 2017
16:32 Balloon Launch
17:14:18 FLT19-843
20:15 Balloon Launch
21:07:18 FLT20-843
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5.3.2.3 SODAR

Only the model 4000 SODAR unit was deployed for the KSC measurements. It was located on the
small hill where balloons were launched as shown in Figures 67 and 68. The specifications of the two
models of SODAR used for this measurement are detailed in Table 9. File formats for the data in are
detailed in the archive.

Figure 71. Balloon launch site with Model 4000 SODAR at right.

5.3.2.4 ULTRASONIC ANEMOMETERS

The same two ultrasonic anemometers deployed at AFRC were used at KSC to measure the atmospheric
structural constants CZ and C2. They were deployed at the same height on opposite sides of J6-0490A.
This is the tall tower shown in Figure 70. At 500 feet tall, the tower and adjacent roads made for an
ideal location for the primary array and meteorological measurements. No photographs were taken of
the installed units. A description of their capabilities can be found in Section 5.2.2.4 along with their
specifications in Table 11 and file naming convention. The data output and processing is described
below. The orientation of the anemometers was not surveyed, as this was not needed for determining
the atmospheric parameters.

5.3.3 AIRCRAFT DATA

The same aircraft that were used for the AFRC measurements were used at KSC: two F-18 jet aircraft
and a TG-14 motorized sailplane. Two different models of F-18 were used: an F-18B with tail number
846 and an F-18A with tail number 843. The F-18 used for each flight is noted in Table 16. The TG-
14 began measurements for flight 06 and flew for the rest of the flights except 10, 11, and 13. The F-
18B (tail no. 846) was disabled by a bird strike and did not fly for these measurements after 29 August
2017; thus, the F-18 with tail no. 843 flew for flights 17 through 20. Details of the data files for each
aircraft are presented in Section 5.2.3. An example flight trajectory is shown at the end of this chapter.
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In order to identify the flight conditions of the F-18 for characterization, PCBoom was run with the as
flown trajectory and the location of CHO21 on the secondary array as the target of the boom. Identifying
the time of emission for the received boom in PCBoom output, the average speed, altitude and true
course for each pass were calculated from the trajectory (by averaging data 5 seconds before and after
the time of emission) as shown in Table 17. Further analysis is contained in the archive.

Table 17. Flight parameters at emission time.

H Flight ‘ Pass Mach Ave. ‘ Alt. Ave. (ft msl) True Course Ave. (deg) ‘
21 August 2017 1 1 1.336 34494 164
21 August 2017 1 2 1.361 34512 162
21 August 2017 2 1 1.366 34470 163
21 August 2017 2 2 1.378 34332 166
21 August 2017 2 3 1.381 34324 164
22 August 2017 3 1 1.358 34363 165
22 August 2017 3 2 1.372 34368 163
22 August 2017 3 3 1.362 34424 164
22 August 2017 4 1 1.344 34657 161
22 August 2017 4 2 1.358 34662 162
22 August 2017 4 3 1.362 34609 163
22 August 2017 5 1 1.358 34335 166
22 August 2017 5 2 1.356 34280 161
22 August 2017 5 3 1.363 34347 161
23 August 2017 6 1 1.354 34098 165
23 August 2017 6 2 1.360 34417 164
23 August 2017 6 3 1.368 34270 165
23 August 2017 7 1 1.369 34408 164
23 August 2017 7 2 1.352 34565 165
23 August 2017 7 3 1.380 34571 164
23 August 2017 8 1 1.360 34082 165
23 August 2017 8 2 1.349 34189 165
23 August 2017 8 3 1.355 34162 165
23 August 2017 9 1 1.358 34402 164
23 August 2017 9 2 1.357 34553 166
23 August 2017 9 3 1.362 34451 164
25 August 2017 10 1 1.370 34791 162
25 August 2017 10 2 1.347 34510 164
25 August 2017 11 1 1.358 34658 164
25 August 2017 11 2 1.365 34687 164
25 August 2017 11 3 1.362 34610 164
26 August 2017 12 1 1.361 34339 166
26 August 2017 12 2 1.365 34459 164
28 August 2017 13 1 1.356 34296 164
28 August 2017 13 2 1.359 34471 164
29 August 2017 14 1 1.349 34335 165
29 August 2017 14 2 1.338 34503 165
29 August 2017 14 3 1.341 34502 166
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Date H Flight ‘ Pass Mach Ave. ‘ Alt. Ave. (ft msl) True Course Ave. (deg) ‘

29 August 2017 15 1 1.359 34611 164
29 August 2017 15 2 1.362 34827 165
29 August 2017 15 3 1.379 34828 163
29 August 2017 16 1 1.295 34610 166
29 August 2017 16 2 1.308 34683 163
29 August 2017 16 3 1.316 34500 165
30 August 2017 17 1 1.353 34570 163
30 August 2017 17 2 1.357 34682 163
30 August 2017 17 3 1.358 34691 164
30 August 2017 18 1 1.335 34747 163
30 August 2017 18 2 1.350 34764 163
30 August 2017 18 3 1.355 34790 164
31 August 2017 19 1 1.350 34650 165
31 August 2017 19 2 1.361 34657 165
31 August 2017 19 3 1.350 34750 165
31 August 2017 20 1 1.352 34613 167
31 August 2017 20 2 1.359 34709 165
31 August 2017 20 3 1.353 34722 165

5.3.4 DATA ACQUIRED

This section will provide examples of the data acquired from deployed instrumentation as well as some
details about the data itself. The measurement data for the KSC measurements were delivered on the
same hard drive with the AFRC measurement. All specifications and details of the data are contained
on the hard drive. The information here highlights aspects of the data germane to the raw data
recordings. Further chapters in this report will address aspects of processing the data.

5.3.4.1 MICROPHONE DATA

The microphone data stored in the project electronic archive are either binary files containing the
calibrated microphone signatures recorded during an aircraft pass or files with information about the
equipment used and its location. All physical details about the microphone array can be found in the
Excel file named SonicBAT_NASAKSC_Measurements_August2017_Positions_ALLBooms. A sheet
in the file labeled “Positions” details the equipment used at each location on all arrays along with location
coordinates and equipment models and serial numbers. There is a sheet labeled “Booms” with the
arrival times of booms for each array. Field logs from the various organizations have been scanned and
included with the archive. No attempt at editing them has been made.
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Apart from the timing files discussed below, all acoustic data in the archive are named with the flight
number of the aircraft and the pass number during that flight during which the data was recorded and
include the sampling rate of the data along with the position number the data came from. The acoustic
data files are in pounds per square foot and are stored as single-precision numbers in little-endian
formatted files. An example file name is:

KSCppp_FLTffPASSp_ssssssHZ_CHnnn.bin
where

PpPP Absolute Project pass number

tf Chronological SonicBAT project flight number
P Flight pass number

ssssss  Sampling rate in samples per second

nnn Microphone channel/position number.

Most data from the flight tests can be traced to a time stamp of Coordinated Universal Time referenced
to zulu time zone. This is done in order to link the time data to the aircrafts’ data. On the secondary
array, the timing itself comes from a dedicated channel simultaneously recording an IRIG-B time code
signal synchronized by satellite with UTC zulu time zone. The primary array used a GPS unit to find
the time when the recording begins for each of the four data acquisition units deployed and coordinated
with a base station via WilFi. The aircraft trajectory data used the same time reference as did the weather
data taken during the measurements. Because each array used a different recorder, they need unique
timing files. To facilitate this need, the timing signals were post processed to create a double precision
(8-byte), real binary file containing the seconds past midnight (UT'C zulu) for each sample of the acoustic
data. The files were named with the same root name as the acoustic files but with two differences: in
place of the position number, the characters SMi with 1 = 0 to 9 take its place. The files from a given
recorder/array are the result of simultaneous sampling. No attempt was made to align the start and
stop times of data files. The microphones with their respective time code file naming along with an

example are presented in Table 18.

Table 18. Naming conventions for KSC timing files.

Microphone UTC time Example Location ‘

000 SMO KSC044_FLT18PASS1_037068HZ_CHSMO.bin 7G-14

001 through 020 sM1 KSCO44_FLT18PASS1_051200HZ_CHSML.bin Secondary Array

021 through 024 sM2 KSC044_FLT18PASS1_051200HZ_CHSM2.bin Primary Array

025 through 028 sM3 KSCO44_FLT18PASS1_051200HZ_CHSM3.bin Primary Array

%2591 tt':]rr‘:)‘:]gg: %351; SM4 KSC044_FLT18PASS1_051200HZ_CHSMA4.bin Primary Array

033 through 036 SM5 KSC044_FLT18PASS1_051200HZ_CHSMS5.bin Primary Array
041 SM6 KSC044_FLT18PASS1_051200HZ_CHSM6.bin Secondary Array
042 sM7 KSC044_FLT18PASS1_051200HZ_CHSM?7.bin Secondary Array
043 sM8 KSC044_FLT18PASS1_051200HZ_CHSMS.bin Secondary Array
044 SM9 KSC044_FLT18PASS1_051200HZ_CHSMS.bin Secondary Array

SonicBAT Final Report Page | 96



An example of a boom recorded by the secondary array is shown in Figure 72. This flight was conducted
on the morning of 29 August 2017 to capture propagation through a calm atmosphere. For comparison,
a plot of a boom recorded in the afternoon of 23 August 2017 is shown in Figure 73. Turbulent spiking
seen Figure 72 indicates that the atmosphere for the morning flight had turbulence.

| ‘h‘ t SRERN

Time (s since 44089.091 spm UTC 29 August 2017)

Pressure (psf)

Figure 72. Recordings of KSC037 on secondary array. Signatures overlaid on same plot with channel 1 starting
at left in blue through channel 44 at right in red.
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Figure 73. Recordings of KSC018 on the secondary array. Signatures overlaid on same plot with channel 1
starting at left in blue through channel 44 at right in red. The channels 17 through 20 are evident by the close-
packed booms.
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5.3.5 METEOROLOGICAL DATA

This section contains examples of the data acquired from the deployed meteorological equipment. An
example of the met data from the tower at the secondary array on 21 August 2017 is shown in Figure
74. Only the temperature and relative humidity are graphed. As can be seen in the figure, the goal of
measuring sonic boom propagation in a hot, wet climate was achieved during the KSC test.

100 100

90
80

\

70 70

60

AIR_TEMP_DEG_F
,,,,,, REL_HUMIDITY
" KSCO01 B

KSC002

Temperature (F)

Relative Humidity (%)

— - - KSC003
40 40
— - = KSC004

— — KSC005

30 30

20

20

10 10

0 0

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
Time (UTC)

Figure 74. Met data at secondary array on 21 August 2017 showing flight times.

The atmospheric profile was modeled for each day of flights. The GPSsonde (balloon) measured the
atmospheric profile within 1 hour of each flight. The modeled (forecast) atmospheric profile for 14:00
on 29 August 2017 is shown in Figure 75. The measurement via GPSsonde occurred at 14:27 and is
shown in Figure 76. As can be seen in the two figures, the wind profiles agree well as shown by the
wind barbs. Problems with the measured dew point values in this data set occurred above 36,000 ft.
Since the modeling in PCBoom for the steady state portion of the trajectory was done for when the
aircraft was below that altitude, this does not affect these modeling results.
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Figure 75. Skew-T Log P diagram of forecast for 14:00 UTC on 29 August 2017 at KSC. Dashed, black line is the
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Figure 76. Skew-T Log P diagram of GPSsonde launched at 14:29 UTC on 29 August 2017 at KSC. Dashed, black
line is the dew point. Solid, black line is the temperature. Windbarbs scaled in knots.

Problems with the balloon data occurred above 36,000 ft (~ 10.9 km).
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The model 4000 (mini) SODAR was deployed and measured data for the duration of the measurements
at KSC. By using the anemometers to calibrate the data, the structure constant as a function of height
up to the SODAR’s operating limit can be calculated. An example of the velocity structure constant
calculated from the mini SODAR for a 10-minute average during FLLT13 on 28 August 2017 is shown
in Figure 77.
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Figure 77. Graphical representation of structure constant calculated from SODAR data.

The ultrasonic anemometers were deployed on the J6-0490A weather tower at the primary array location
during the KSC test. The two units were located on opposite sides of the tower. An example of the
processed data from the units is shown in Figure 78. The IRGASON humidity flux sensor data was
used to correct the value of C7. The corrected data along with the original anemometer data is shown

in Figure 79. As can be seen in the figure, the measured value of CF along with its correction are
correlated with the ground weather station temperature.
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Figure 78. Structure constants from anemometers for 23 August 2017
along with a ground weather station’s data.
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Figure 79. Structure constants corrected for humidity on 23 August 2017
along with a ground weather station’s data.

5.3.6 AIRCRAFT TRACKING DATA

Whether the aircraft data is for the fully instrumented F-18B or the GPS — only F-18A, the information
that details the vehicle’s flight condition and position as a function of time is reduced to a trajectory file
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format that PCBoom can utilize for calculating the footprint of the supersonic portion of the flight. An
example of the trajectory and resulting footprint can be seen in Figure 80 which shows the relative
positions of the primary (21) and secondary (01) arrays. The ground track is the thick white line
connected to the trajectory by drop lines every 10 trajectory points. To avoid exposing populated areas
to sonic booms, the aircraft was flown off the coast.

Figure 80. Trajectory and calculated footprint at KSC. Microphone arrays shown by cluster of numbers (01 and

21). Ground track of trajectory (lower, thick white line) connected to trajectory (upper, thin white line) by drop

lines every 10 trajectory points. Peak overpressure contours represented by colored lines with isopemps shown
as black lines.

5.4 ACOUSTIC DATA PRODUCTS

The sonic booms recorded during the AFRC and KSC research flight tests were analyzed after the
conclusion of each test to yield a variety of information for each data set including overall statistics,
noise metrics, and signature characteristics. This section presents a summary of the AFRC and KSC
acoustic data sets. Additional analyses were performed on both data sets to validate the sonic boom
turbulence codes (Section 7.0) and perform statistical analysis and uncertainty quantification of these
codes (Section 8.0).

5.4.1 ACOUSTIC DATA ARCHIVE

A digital archive was prepared that stores the raw and post-processed acoustic and meteorological data
for the AFRC and KSC research flight tests. Raw acoustic data consists of the uncalibrated and
calibrated pressure time histories for each microphone recording. Post-processed acoustics data
consists of computed metrics and signature characteristics. For example, Table 19 shows one variation
of the metrics computed where the ambient was subtracted from the boom signature before the metrics
were computed. Other variations of these data include the same metrics computed for just the boom
signature, without subtracting the ambient. The metrics in Table 19 are Steven’s Mark VII Perceived
Level (PL), C-Weighted Sound Exposure Level (CSEL), A-Weighted Sound Exposure Level (ASEL),
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Unweighted Sound Exposure Level (FSEL), Zwicker loudness for frontal incidence (LLZf), Zwicker
loudness for diffuse incidence (LLZd), Kryter’s Perceived Noise Level (PNL), B-Weighted Sound
Exposure Level (BSEL), D-Weighted Sound Exposure Level (DSEL), E-Weighted Sound Exposure
Level (ESEL), and Indoor Sonic Boom Annoyance Prediction Level (ISBAP).

Table 19. Example of noise metrics computed.

Boom Minus Ambient - 650 ms Window

File Name FSEL LLZf LLzd PNL BSEL
(dB) (Phons) (Phons) (dB) (dB)

BATO1_FLT1PASS1_CHO01 103.1 | 108.5 86.7 119.1 112.5 112.9 110.4 | 98.1 97.9 94.2 112.3

BATO1_FLT1PASS1_CHO002 106.8 | 107.7 92.5 118.7 115.0 115.5 114.1 | 99.8 99.7 97.9 113.2
BATO1_FLT1PASS1_CHO003 107.2 | 107.0 93.4 118.7 116.0 116.6 114.8 | 99.8 | 100.0 | 98.3 113.0
BATO1_FLT1PASS1_CHO04 102.9 | 106.3 88.1 118.5 111.7 112.1 110.4 | 97.0 97.0 944 | 110.5
BATO1_FLT1PASS1_CHO05 103.6 | 106.9 88.7 119.0 114.0 114.3 1113 | 96.9 97.4 94.4 111.3
BATO1_FLT1PASS1_CHO06 101.5 | 106.7 86.5 119.1 110.4 111.0 108.5 | 96.2 96.4 93.1 110.0
BATO1_FLT1PASS1_CHO07 104.7 | 106.7 91.1 119.0 112.8 113.5 111.9 | 98.5 98.5 96.6 111.3
BATO1_FLT1PASS1_CHO008 101.7 | 106.2 86.7 119.0 109.6 110.1 109.1 | 96.6 96.6 93.8 109.8
BATO1_FLT1PASS1_CHO009 99.4 105.5 84.0 119.2 108.5 109.0 107.0 | 94.6 95.1 91.1 108.5
BATO1_FLT1PASS1_CHO010 97.9 105.2 81.6 119.1 107.0 107.4 105.3 | 93.5 94.3 89.7 107.8
BATO1_FLT1PASS1_CHO11 98.9 105.4 83.5 119.2 108.4 109.0 106.2 | 94.0 94.6 90.4 108.1
BATO1_FLT1PASS1_CHO012 98.2 106.0 82.9 119.0 108.9 109.3 106.6 | 94.0 94.7 90.3 107.9
BATO1_FLT1PASS1_CHO013 99.0 106.5 83.1 118.7 109.7 110.1 107.4 | 95.0 95.2 90.9 108.8
BATO1_FLT1PASS1_CHO015 103.8 | 107.0 88.4 118.6 112.5 112.9 111.4 | 98.3 97.9 95.2 111.7
BATO1_FLT1PASS1_CHO16 104.9 | 106.8 90.6 118.5 113.5 1141 112.5 | 99.2 98.8 96.7 111.7

An example of the signature characteristics data computed is shown in Table 20 including the signature
period (time from beginning of boom’s front shock to the negative peak), signature positive duration
(time from boom’s front shock to when expansion portion of signature becomes negative), impulse
(numerical integration of positive duration portion of signature), 10%-90% rise time (time difference
between points on front shock of boom equal to 10% and 90% of the peak overpressure), DC bias 200
(RMS values of signal using 200 ms of record ending 3 ms before front shock), positive and negative
peak pressures (maximum and minimum value of boom record), and waveform category. Waveform
category represents a manual classification, by pattern recognition, of the boom signature into one of
ten categories of waveforms including different types of N-waves, peaked waves, spiked waves, and
rounded waves (as described in section 5.4.3). These categories indicate how a boom signature was
distorted by turbulence, as it propagated through the ABL to the ground where it was recorded.
Comparisons of the AFRC and KSC sonic boom rise times and waveform categories are discussed
further in this section.
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Table 20. Example of boom signature characteristics.

10-90RiseTime  DC_Bias_ Peak Npeak  Waveform

AL L 200(psf) (psf) Category
FLT1PASS1_CHO01 123.2 62.3 0.109 4.2 0.00 2.28 -1.63 PP
FLT1PASS1_CHO002 123.1 61.4 0.107 0.8 0.00 2.01 -1.62 SP
FLT1PASS1_CHO03 123.9 62.2 0.109 7.2 0.00 1.93 -1.59 PP
FLT1PASS1_CHO04 123.7 63.8 0.107 2.8 0.00 1.72 -1.54 PR
FLT1PASS1_CHOO05 124.1 62.0 0.113 4.0 0.00 1.83 -1.62 NR
FLT1PASS1_CHOO6 123.7 61.5 0.113 4.2 0.00 1.86 -1.62 NR
FLT1PASS1_CHOO7 124.1 59.2 0.113 6.2 -0.01 1.75 -1.61 PP
FLT1PASS1_CHOO08 124.1 58.9 0.113 7.9 0.00 1.70 -1.62 PR
FLT1PASS1_CHO09 124.6 62.5 0.115 12.1 0.00 1.70 -1.63 NR
FLT1PASS1_CHO10 124.7 66.8 0.113 13.8 0.00 1.77 -1.57 NR
FLT1PASS1_CHO11 124.2 64.6 0.115 9.7 0.00 1.71 -1.63 NR
FLT1PASS1_CHO12 123.9 65.3 0.113 7.4 0.00 1.82 -1.65 NR
FLT1PASS1_CHO13 123.8 66.4 0.108 5.9 -0.01 1.87 -1.61 N
FLT1PASS1_CHO15 123.2 67.9 0.106 2.0 -0.01 1.99 -1.62
FLT1PASS1_CHO16 1233 69.7 0.106 2.7 0.00 2.22 -1.58 P

5.4.2 AFRC AND KSC SONIC BOOM MEASUREMENTS

The peaking and rounding of sonic boom signatures is statistical in nature and occurs as a function of
either time or distance. Itis known that turbulence in the lower layer of the earth’s boundary layer and
the humidity in the atmosphere play a significant role in bringing about signature distortions.

The AFRC and KSC data are unique in that the boom signatures were generated over a two week period
at each site by the same type of aircraft flown at the same nominal Mach number and height above the
ground over the same instrumentation. Differences in the experiment included climatology, with AFRC
being hot and dry with higher levels of turbulence and KSC being hot and moist with lower levels of
turbulence, and flights being directly over the AFRC primary array but offset to both KSC arrays.

5.4.2.1 MEASUREMENT OVERVIEW

Examination of the statistics compiled for the sonic boom data sets recorded at AFRC in Table 21 and
KSC in Table 22 shows how often sonic booms were affected by atmospheric turbulence. Of the nearly
4,000 booms recorded at the AFRC and KSC acoustic arrays, between 94 percent and 99 percent of
these booms, depending on the array, were identified as having a ground signature that had been
distorted by turbulence (i.e., not an N-wave signature).

The AFRC data in Table 21 shows that 72.4 percent of the booms recorded on the primary array (located
directly under the flight path) had higher peak overpressure levels than the nominal design level of 1.61
psf. This nominal level of 1.61 psf was the level predicted by PCBoom at the primary array for the
AFRC research flights, not accounting for turbulence. Since the research flights were designed to be the
same flight condition for each pass, these data indicate that turbulence was a primary reason why 72.4
percent of the booms had higher peak overpressure levels than the nominal value of 1.61 psf.
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Table 21. AFRC sonic boom statistics.

P 3 Arra eco

PCBoom Avg computed boom level (psf) 1.61 1.56 1.48
PCBoom STD computed boom levels (psf) 0.06 0.08 0.07
Total number of measured booms 1034 100.0 518 100.0 507 100.0
Booms with N-wave signature 49 4.7 19 3.7 7 14
Booms with turbulized signature 985 95.3 499 96.3 500 98.6
Booms <= 1.61 peak psf 285 27.6
Booms > 1.61 peak psf 749 72.4
Booms <= 1.56 peak psf 178 34.4
Booms > 1.56 peak psf 340 65.6
Booms <= 1.48 peak psf 192 37.9
Booms > 1.48 peak psf 315 62.1
Min peak psf 0.87 0.91 0.69
Max peak psf 6.10 5.31 4.29
Avg peak psf 1.95 1.78 1.69
STD peak psf 0.60 0.53 0.52
Min PLdB 91.1 90.7 89.8
Max PLdB 117.2 115.8 115.5
Avg PLdB 103.1 101.3 100.3
STD PLdB 4.41 4.13 4.48
Table 22. KSC sonic boom statistics.

PCBoom Avg computed boom level (psf) 1.35 1.50

PCBoom STD computed boom levels (psf) 0.29 0.28

Total number of measured booms 777 100.0 1106 100.0

Booms with N-wave signature 20 2.6 66 6.0

Booms with turbulized signature 757 97.4 1040 94.0

Booms <= 1.35 peak psf 249 32.0

Booms > 1.35 peak psf 528 68.0

Booms <= 1.50 peak psf 305 27.6

Booms > 1.50 peak psf 801 72.4

Min peak psf 0.65 0.84

Max peak psf 5.26 4.72

Avg peak psf 1.59 1.75

STD peak psf 0.47 0.44

Min PLdB 78.9 90.5

Max PLdB 118.6 118.8

Avg PLdB 102.6 105.1

STD PLdB 4.78 4.17
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The maximum peak psf recorded on the AFRC primary array for all clean recordings was 6.1 psf. There
was one instance where a boom exceeded the dynamic range of the recorder at a level of 7.02 psf;
judging from the rise time of this clipped recording, the actual peak was several psf higher. The
secondary array data from the AFRC test indicates that 65.6 percent of the recorded booms had higher
peak overpressure levels than the nominal value of 1.56 psf (nominal value at the secondary array is
somewhat lower than 1.61 psf due to the greater propagation distance).

Similarly, the KSC data in Table 22 shows that 68 percent of the booms recorded on the primary array
had higher peak overpressure levels than the nominal design level of 1.35 psf and 72.4 percent of the
booms recorded on the secondary array had higher peak overpressure levels than the nominal design
level of 1.5 psf. Note that the secondary array at KSC was located closer to the flight path than the
primary array and the flight path was 0.4 to 6.5 nmi offset from the secondary array, such that the
nominal peak levels varied with flight path offset, part of the total variation. The standard deviation of
the computed Perceived Level, PLdB, for the AFRC primary and secondary arrays is 4.41 dB and 4.13
dB, respectively. The standard deviation of PLdB for the KSC primary and secondary arrays is 4.78 dB

and 4.17 dB, respectively.

5.4.2.2 PROBABILITY PLOTS OF OVERPRESSURES DP

The manner of plotting in Figure 81 is not intended to imply the type of distribution which would best
describe the data. Although a log-normal distribution, of the type shown in Figure 4 , may be suggested,

no one type of distribution has been looked at so as to give a satisfactory fit for these data over the

entire range of the data.
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Figure 81 (a-b). Probability plots of peak overpressures measured at various lateral locations during the
SonicBAT flight test programs at AFRC and KSC.
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Looking first to the probability of equaling or exceeding a given value of overpressure for both AFRC
and KSC and the three lateral locations, as shown in Figure 81a, a number of observations can be made.
First, more variability was experienced during the AFRC flight tests than at KSC. This was expected
because of the more frequent and higher levels of turbulence and lower humidity’s associated with arid
climates. Second, the increase in variability as overpressure increases were anticipated based on past
observations but because of the more intense turbulence encountered the variability is considerably
greater. However, as overpressures decrease, especially at the lower values, the data was expected to
fall off rather than showing a tendency to increase. Third, it was expected that the variability would
increase with increasing lateral displacement from the ground track. A look at the dashed lines on the
figure show this is not the case. Although the lateral distances at which the measurements were made
are not that large, one would not expect more signature variability (and resulting overpressure). Then
and again the turbulence encountered at those locations could have been more intense.

Another view of the variability in signature overpressure is to look at the probability of equaling or
exceeding a given value of the ratio of measured overpressure to the median value. This set of curves,
presented in Figure 81b, results from taking the data of Figure 81a and dividing by the overpressure
associated with the 50% probability value. Aside from a collapsing of the data from the three lateral
locations into a single curve the messages stated earlier are still evident.

As mentioned earlier in these discussions, presenting the results of Figure 81b on log-log coordinates
and dividing the measured overpressures by the predicted overpressure for flight in a standard
atmosphere with no wind will allow for a one to one comparison to the results shown on Figure 4 of
this report.

5.4.2.3 HISTOGRAMS OF MEASURED OVERPRESSURES

Another view of the variability in boom signature overpressure can be had by plotting histograms shown
in Figure 82. Addressing the AFRC results shown in the figure it can be seen that the largest variability
occurs at the on track location with the least variability occurring at the 1.2 nmi location. The greatest
number of events occur at the overpressures of about 1.8 psf, 1.7 psf, and 1.6 psf at the 0 nmi, 1.2 nmi,
and 2.4 nmi lateral locations, respectively. These values are higher for all three locations than the
predicted, no-turbulence levels of 1.61 psf, 1.56 psf, and 1.48 psf.

Examination of the KSC results shown in Figure 82 show less variability in the measured overpressures
than that observed at AFRC at the 0 — 2 nmi lateral locations and at the 2.4 — 4 nmi lateral locations.
The greatest number of events for the KSC data occurred at overpressures of about 1.7 psf, 1.7 psf, and
1.5 psf at the 0 — 2 nmi, 2.4 — 4 nmi, and 6 nmi lateral locations, respectively. Note that the plot in
Figure 82 showing the KSC 6 nmi lateral location has a vertical scale of 0 to 0.2 relative probability
whereas all of the other plots have a vertical scale of 0 to 0.1 relative probability.
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Figure 82. Distribution of peak overpressures measured during the KSC and AFRC campaigns as a function of
lateral distance from aircraft’s ground track. The 6 nmi distribution of KSC signatures has a vertical scale of 0 to
0.2 relative probability.

5.4.2.4 HISTOGRAMS OF SIGNATURE RISE TIME

The rise time of the front shock of a sonic boom is a commonly reported characteristic. Because the
front shock of a boom may not be a constant rate of increase in pressure (represented by a straight line
at the beginning of a boom recording’s plot) the determination of the rise time is not always
straightforward. One method to calculate a rise time that ignores the straightness of the front shock is
calculated as the time difference between when the waveform reaches 10% and 90% of the maximum

overpressure.

For the AFRC measurement campaign, the three arrays were arranged so that the primary array was
directly undertrack for all passes and the secondary and tertiary arrays were approximately 7,500 and
15,000 feet off track, respectively. The comparison of the rise times amongst the arrays shown in Figure
83 confirms the same trend; the further the lateral distance to the arrays resulted in larger rise times.
The histograms were made, similar to those for KSC, with 0.0005s bin widths and normalized to the
maximum number of booms recorded on each array.
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Figure 83. Rise times for all the sonic booms recorded at the arrays during the AFRC measurement campaign.

Figure 84 shows a histogram of the rise times for each of the arrays deployed for the KSC measurement
campaign. The histograms were made with 0.0005s bin widths and normalized to the maximum number
of booms recorded on each array. As can be seen from Figure 84, the secondary array has faster rise
times than the primary array. This agrees with the fact that the secondary array was always closer to
being undertrack as compared to the primary array. The distance in the lateral offset between the two
arrays was about 3,800 feet, with the primary array being further from the ground track; thus, the further
distance the booms propagated resulted in a decrease of the front shock’s rise time as expected.

SonicBAT Final Report Page | 109



03— L S L S S B T
__|KSC Secondary Arra
\ . \KSC Primary Array
0.25 | N
g 02K 4
c
o
5
Q
S
- 0.15 H 778 KSC Primary Array Signatures 7
SN
c_U II:
E ::LI_
Z o1 fl] 1106 KSC Secondary Array Signatures -
0.05 11T 1
NS
NI G ™ e
0 LLiL LR R R RS e S e e Y~ S S S | L
0 0.01 0.02 0.03 0.04 0.05

10-90 Rise Time (sec)

Figure 84. Rise times for all the sonic booms recorded at the arrays during the KSC measurement campaign.

An expectation that moister air should result in faster rise times because of the relative decrease in
atmospheric absorption was investigated by comparing the AFRC (dry) and KSC (moist) data. Rise
times from the KSC secondary and AFRC primary arrays are compared because they are closest to being
undertrack of the data sets. The comparison in Figure 85 shows that the rise times calculated from the
KSC measurement campaign are noticeably shorter than those recorded at AFRC.
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Figure 85. Rise times for all the sonic booms recorded at the arrays closest to being under track for the AFRC
and KSC measurement campaigns.

5.4.2.5 PROBABILITY PLOTS OF PERCEIVED LEVEL (PLDB)

The plots in Figure 86 and Figure 87 show a summary of all measured sonic boom data at AFRC and
KSC. Figure 86 shows the probability distribution of measured perceived level; this plot indicates, for
example, that fifty percent of the measured perceived levels on the AFRC tertiary array exceed 100
PLdB. Figure 87 shows the probability distribution of the ratio of measured perceived level (PLdB) to
average perceived level on each array indicating the probability that the measured perceived level is
greater than the average perceived level. Variation of the data in both figures is largely a result of
atmospheric effects and to a substantial degree turbulence. Of note is how closely distributed are these
acoustic data sets from the different measurement arrays, given that measurements from each array
include different effects of turbulence due ecither to local climate, time of day, or sonic boom
propagation path length differences. The notable outlying data in both plots, representing a single flight
pass recorded at the KSC primary array, were measured during highly overcast conditions which likely
attenuated the noise during propagation. It was indicated in the field notes that the noise heard at the
ground arrays for this flight pass was distinctly muffled.
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5.4.2.6 HISTOGRAMS OF PERCEIVED NOISE (PLDB)

The distributions of the recorded boom levels for the AFRC and KSC research flight tests are shown
in Figure 88 and Figure 89, respectively, in terms of PLdB (perceived level minus ambient). Data for
the primary and secondary arrays at each test location are shown in these figures. The two distributions
of PLdB in Figure 88, for example, are different in that the primary array distribution is skewed more
toward higher PL values, than is the secondary array distribution. This is in small part due to the primary
array being closer to the flight path at AFRC. Likewise, in Figure 89 the secondary array distribution is
skewed more toward higher PL values than is the primary array distribution. At KSC, the secondary
array was located closer to the flight path.

Although the differences in levels between the primary and secondary arrays are due in small part to the
different propagation distances to these arrays, turbulence has a stronger effect on the levels and this

effect depends on the length of the propagation path through the ABL.
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Figure 88. AFRC Primary and Secondary Array Boom levels (PLdB).
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5.4.3 WAVEFORM CATEGORIES AND SIGNATURE CLASSIFICATIONS

The sonic boom signatures recorded during the AFRC and KSC research flight tests showed different
types of distortions due to turbulence such that it was useful to characterize these signatures. Maglieri
and Sothcott (1990) previously developed ten waveform classifications to categorize boom signatures
as indicated in Figure 90. The one to three letter designations shown in the figure correspond to N-
wave signatures (N), peak signatures (P), spike signatures (S), and round signatures (R) and types judged
to be in between these categories, such as NP. Cutoff waveforms, such as would be observed at the

boom carpet edge, are designated by CO (C).
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Figure 90. Sonic Boom Waveform Categories.

The AFRC and KSC ground signatures were reviewed individually and assigned one of these ten
waveform designations depending on their shape. Table 23 shows the number of booms recorded on the
AFRC primary, secondary and tertiary arrays that were judged to fall into each waveform category.
Peaked waveforms, and in particular (PP), represent the highest percentage of waveform types on all
three arrays. It is also notable that the percentage of N-wave signatures decrease from the primary array
through the secondary and tertiary arrays, indicating that the greater propagation distances to the

secondary and tertiary arrays increases the effect of turbulence and causes more distortion of the
signatures.

Similar observations can be made from the number of booms recorded on the KSC primary and
secondary arrays as indicated in Table 24. Again, the secondary array was closest to the flight path and
therefore a higher percentage of N-wave signatures are indicated as compared to the primary array.
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Table 23. AFRC boom signature types.

AFRC Primary Array

Boom Signature Number of Percentage of
Category Booms Total
N 49 4.74%
NP 111 10.74%
NR 128 12.38%
P 150 14.51%
PP 333 32.21%
SP 32 3.09%
SPR 11 1.06%
PR 192 18.57%
R 21 2.03%
co/c 7 0.68%
Total 1034 100.00%

AFRC Secondary Array

Boom Signature Number of Percentage of
Category Booms Total
N 19 3.67%
NP 63 12.16%
NR 71 13.71%

P 68 13.13%

PP 171 33.01%
SP 8 1.54%

SPR 4 0.77%

PR 109 21.04%

R 5 0.97%
co/c 0 0.00%
Total 518 100.00%

AFRC Tertiary Array
Boom Signature Number of Percentage of
Category Booms Total

N 7 1.38%

NP 45 8.88%

NR 50 9.86%

P 67 13.21%

PP 184 36.29%

SP 13 2.56%

SPR 7 1.38%

PR 109 21.50%

R 22 4.34%
co/c 3 0.59%
Total 507 100.00%
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Table 24. KSC boom signature types.

KSC Primary Array

Boom Signature Number of Percentage of
Category Booms Total
N 20 2.57%
NP 16 2.06%
NR 181 23.29%
P 140 18.02%
PP 146 18.79%
SP 65 8.37%
SPR 36 4.63%
PR 150 19.31%
R 19 2.45%
co/c 4 0.51%
Total 777 100.00%

KSC Secondary Array

Boom Signature Number of Percentage of

Category Booms Total
N 66 5.97%

NP 38 3.44%

NR 214 19.35%

P 275 24.86%

PP 169 15.28%

SP 115 10.40%
SPR 51 4.61%

PR 159 14.38%

R 17 1.54%

co/c 2 0.18%

Total 1106 100.00%
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ATMOSPHERIC TURBULENCE MEASUREMENTS AND DATA ANALYSIS

6.1 OVERVIEW

Sound waves propagating through the earth’s atmosphere are continuously scattered through its
interaction with small scale fluctuations of temperature, moisture and velocity. These variations are
observed at sizes within the inertial subrange of atmospheric turbulence. The inertial subrange of
turbulence is identified as that region of variations characterized by the cascade of energy from larger
structures (size depends upon the local atmospheric stability) to sizes associated with the viscous
dissipation of that energy. The actual length scale for this inertial subrange varies because it is dependent
upon the local atmospheric stability.

This section identifies the measurements needed to quantify the structure constants and the local
atmospheric boundary layer height. Whereas Section 2.2 included an overview of the different layers of
the atmosphere, including the atmospheric boundary layer, this section provides additional details of
the atmospheric boundary layer required to define the structure constants and discuss their variation
with increasing height within the boundary layer.

The meteorological measurement and data analysis procedures defined in this section represent the
general case, which includes modification of the temperature structure constant, C72~, due to the effect
of moisture. These procedures were applied during the KSC test and measurement campaign, which
occurred in a humid environment. Accordingly, the methods described in this section refer to the KSC
test. The AFRC test utilized the same set of meteorological measurement and data analysis procedures
that are reported in this section for the KSC test; except, because of the dry environment conditions
experienced during the AFRC test, the correction to C# to account for moisture fluctuations was
not done. The assumptions of stationarity and homogeneity for the turbulence field was made for both
the AFRC and KSC tests, which are valid assumptions in open fields but not in urban settings.

6.1.1 MEASURING ATMOSPHERIC TURBULENCE

The Atmospheric Boundary Layer (ABL) is that region of the atmosphere adjacent to the earth’s surface
that continuously responds to the diurnal heating and cooling of the earth’s surface. The three
dimensional wind flow within this region also continually responds to the height and type variations of
the earth’s surface. The atmosphere above the ABL is identified as the “free atmosphere” in that the
wind flow patterns, temperature and moisture fields are assumed to be independent of the earth’s
surface.
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Figure 91 is a graphical presentation of the diurnally driven atmospheric boundary layers for a stationary
and horizontally homogeneous atmosphere. Day and night periods are indicated. The convective
boundary layer, also referred to as the mixed layer, is driven by the heating of the earth’s surface by
incident solar radiation.

In Figure 91, the early morning stable atmosphere transitions to a convectively driven atmosphere in
response to the onset of solar radiation after sunrise. The heating of the ground initiates and sustains
the thermal mixing processes which erodes the surface based inversion and results in the growth of the
inversion height. These processes mix the upper altitude winds so that the momentum is transferred
downward increasing the wind speeds near the ground and reducing the upper altitude wind. This mixed
boundary layer continues to grow until the early afternoon when the solar radiation begins to decrease.
These thermally driven processes enhance the small scale temperature and velocity fluctuations
increasing the magnitude of the temperature and velocity structure constants as reflected in the
measurements by both the sonic anemometer and the mini SODAR. Furthermore, these mixing
processes and the evolution of the boundary layer may be observable on the continuous display of the
SODAR receive intensity or intensity plot display and in the wind profile as measured by the mini
SODAR or other wind profiling instruments.

After the solar radiation has reached its maximum (generally in the eatly afternoon), the turbulence
intensities (especially as reflected in the magnitude of the temperature structure constant) decrease until
sunset after which the radiative cooling of the earth’s surface results in the development of a stable
boundary layer. Turbulence levels are both (a) much lower in magnitude and (b) intermittent in space
and time during stable or evening boundary layers. The low turbulence condition persists until the next

sunrise when the thermal evolution process repeats (in the absence of frontal passage or other non-
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stationary atmospheric processes). This “lid” to the mixed layer is the capping inversion. It is this
inversion layer that is related to turbulence length sizes within the mixed layer.

For this study, the focus is on the turbulence within the convective surface layer or mixed layer. The
surface layer is shallow and below the mixed layer. It is the region of the lower atmosphere adjacent to
the surface and is characterized with wind shear and neatly constant momentum, heat and moisture
fluxes. In reality, these fluxes decrease with increasing altitude by 10% in the surface layer. The

atmospheric layer above the surface layer is defined as the mixed layer.

In the mixed layer, the surface fluxes of heat, moisture and momentum are assumed to linearly decrease
with increasing altitude and reach zero near the top of the mixed layer. The mixed layer is identified in
at least one of the following ways: (1) the height at which clouds begin to form or the lifting
condensation level (LCL), (2) the height at which there is an abrupt change in the wind speed or direction
(increased wind shear), (3) the height at which there is abrupt increase in potential temperature or (4)
the height at which there is an abrupt decrease in the moisture content of the atmosphere as reflected
in the dew point temperature. At the mixing height in the absence of condensational warming, the
positive buoyancy force driving the ascending air parcels upward becomes negative or a downward force
restricting their further upward movement. While condensation in some of the parcels will result with
the formation of clouds and further upward movement, this condensation warming results in motions
not considered as part of the mixing layer process. The result of the convective mixing process (absent
any non-stationary condition such as a frontal passage) is that the wind speed, temperature and moisture
tields are fairly uniform up to the altitude of about 70% of the mixing height (often denoted by Zz;).
Above this altitude and extending to the top of the mixed layer is a region of increasing downward flux
of temperature (related to the heat flux). This region is also characterized by a decreasing moisture flux
with a corresponding decrease in the downward flux of momentum (Stull, 1988). The maximum
downward virtual temperature flux (downward virtual heat flux) is defined as the mixing layer height,
z;. In the mixed layer model, the mixing height is assumed to be in the middle of the inversion layer as
shown in Figure 91. Turbulence within the mixed boundary layer is characterized by surface fluxes of

momentum, heat and moisture along with the appropriate length scale (z;).

Within the surface layer, the turbulence is characterized by the surface flux of momentum, the virtual
heat flux (H,) and the corresponding Monin-Obukhov length scale, L,,, defined below:

L = _ PCTosd (11)

’ kgH,

where u, is the surface friction velocity (m/s), T,, is the temperature (K), k is the Von Karman constant
(approximately 0.35), g is the gravitational acceleration constant (9.8 m/s?), p is the density of air, C}, is
the specific heat of air at constant pressure and H, is the surface virtual heat flux (w/m?2). The Monin-
Obukhov length is used to separate the predominantly mechanically driven turbulence (at altitudes
below L,,) from predominantly convectively driven turbulence (at altitudes greater than L;). In a mixed
boundary layer, the magnitude of L,, is small (often less than 30 meters). The Monin-Obukhov length
scale was computed for each flight during the AFRC and KSC field campaigns.
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6.1.1.1 THE IMPACT OF THE ATLANTIC OCEAN ON THE MIXED LAYER

The main difference between the sonic boom measurements at Edwards AFB in 2016 and Cape
Canaveral in 2017 is the influence that the Atlantic Ocean has on the mixed layer due to the ocean
breeze effect. The strength (as measured by the ocean breeze winds) of the ocean on the East coast in
the vicinity of Cape Canaveral are not expected to be as strong as the ocean breezes on the West coast
because the temperature difference between the ocean and the land (the driving mechanism of the ocean
breeze) is not as great on the East coast compared to the West coast.

The ocean breeze is a thermally driven mesoscale circulation occurring in coastal regions primarily
during the warm season, when the daytime land temperature is most likely greater than the temperature
of the adjacent water. The ocean breeze forms when the temperature difference between the land and
sea is large enough to overcome any forcing by the large-scale wind field. After sunrise, the land heats
more rapidly than the nearby ocean. This heating produces a shallow thermal low over the land. Since
the air over the adjacent water remains relatively cool, a shallow thermal high forms over the water.
When there is a sufficient horizontal temperature gradient between the land and water, the ocean breeze
forms and moves toward the shore. Ocean breeze related wind speeds increase during the day reaching
a peak near the time of maximum heating or the time of greatest temperature difference between land
and ocean (Figure 92); at 15 UTC (11 EDT) the wind direction shifts from westerly (off shore) to
easterly with an associated increase in wind speed. After sunset, land temperatures decrease, and the
horizontal temperature gradient between the land and water diminishes. As a result, the ocean breeze
circulation ends, and the large-scale flow dominates the wind field. If the land temperature decreases to
become sufficiently cooler than the water temperature (which cools much more slowly), a reverse of the
ocean breeze, called a land breeze, will develop. Since the land-ocean temperature gradient during the
evening is not as great as during the day, land-ocean circulations are weaker than their daytime
counterpoint (Cetola, 1997).

As discussed previously, the intensity and penetration of the ocean breeze is a function of the horizontal
temperature differential, larger-scale weather influences, and time of year. For example, on the US west
coast sea surface temperatures are significantly cooler than in Florida generating stronger ocean breeze
which are often reinforced by synoptic-scale winds which also tend to blow onshore or from the West.
An ocean breeze front is associated with increased convective activity. In Florida, the increased
convective activity is enhanced by the convergence of ocean breezes that form on both coasts. Often
this leaves a bank of clouds inland with associated afternoon rain showers and thunderstorms
characteristic of central Florida weather conditions in the summer afternoon.

The height or vertical extent of the onshore flow defines the marine layer. The marine layer is
distinguished by uniformly saturated air and a consistent wind field. The marine layer depth typically

increases as it moves inland, being heated by the land surface, until no longer distinguishable.
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Figure 92. An example of surface layer winds over a 24-hour period showing the onset and cessation of the
ocean breeze at Cape Canaveral.

The ocean breeze modifies the boundary layer so that there is an increase in moisture content. However
since the ocean breeze layer is well mixed, it in effect becomes the local mixed layer that modifies the
turbulence by introducing moisture effects which quantify the moisture contributions to the turbulent
statistics.

6.1.2 CALCULATING THE STRUCTURE PARAMETERS

6.1.2.1 ESTIMATING C% AND C? IN THE CONVECTIVE SURFACE AND MIXED LAYERS

The inertial subrange of turbulence is best explained as that region of the turbulence spectrum (relates
turbulent energy magnitude to the size of the turbulent eddy) for which the energy density at a maximum
turbulent wavenumber scale, Ko, and larger decreases as k-5/3 until the turbulent energy is dissipated into
heat due to the viscosity of the atmosphere. Lq varies in length with atmospheric stability. In mixed
boundary layers, Lg is at least 100 meters and the inertial subrange of turbulence extends until the
viscosity length scale of 15 millimeters or less. The structure constants CZ and C2 are constant in the
inertial subrange of turbulence and are used to quantify the magnitude of turbulent fluctuations within
the inertial subrange for the temperature and velocity spectrums respectively. Both structure constants
are important for quantifying sound propagation within turbulent atmospheres of any type. These
structure constants are defined as follows:

<(T(x)—T(x+71))?>

C: = 373 (12)
cz = <WV@)-V(Ex+1)?> (13)

72/3
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The following mixed layer scaling quantities are used to generalize mixed layer turbulence statistics
(Panofsky and Dutton, 1984):

Velocity scale, W, = (gHzi/pCpT)l/3 (14)
Temperature scale, o, = H/pCpW* (15)
Local inversion height, Z; (16)

where g is the acceleration of gravity (m/s?), H is the surface heat flux (W/m?2), p is the air density
(kg/m?3), Cp is the heat capacity of air at constant pressure (J/kgK), z; is the local inversion height (m),
T is the surface temperature in (°K), W, is the mixed layer velocity scaling statistic (m/s) and 0, is the

mixed layer temperature scaling statistic (°K).

Applying these scaling quantities to CZ and CZ yields the following universal relationships for their
altitude above ground level (AGL) dependence within the mixed layer. The mixed layer scaling
relationship for the temperature structure constant is:

7 —4/3
e | 206 () 705
Tgizl = 6.72 0.5z, < z< 0.7z (17)
i 3
19.72 (%/,) 72, <2< z

and the corresponding relationship for the velocity structure constant is:

C2(2)z?®

-2/3
7 = 13+0.043(%/z) z< z (18)

The power of these relationships is that the magnitude of the structure constants can be accurately
determined by knowing the surface heat flux and the local inversion height for mixed layers. These
structure constant formulations are not valid for other types of boundary layers (such as stable or
transitional surface layers) as they are not as well verified as these relationships.

6.1.2.2 MODIFICATION OF THE STRUCTURE CONSTANTS DUE TO EFFECT OF MOISTURE

In the presence of a moist boundary layer such as the mixed layer associated with an ocean breeze, the
impact of moisture fluctuations modifies the temperature measurements using devices for which the
speed of sound is important. Later in this section, the discussion turns to two instruments that utilize

sound as the basis for their measurements. The speed of sound, ¢, in a moist atmosphere is defined as

¢y = 20.05(T,)1/2 (19)
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where T, is defined as the virtual temperature. The virtual temperature is defined as that temperature
at which dry air would need to be to make its density the same as moist air with a given vapor density.
When using the virtual temperature the ideal gas equations for dry air is applicable if the air temperature
is replaced by the virtual temperature of the air.

The virtual temperature is defined as:
T, =T(1+ .608q) (20)

where ¢ is the mixing ratio which is defined as the ratio of the actual water vapor to the mass of the dry
air in the same air volume. By substituting T;, for T in equation (12), the virtual temperature structure

constant is:

_ 2
cz = =™ rf/"g(x ) > (21)

The relationship between CZand C%v utilizes the Bowen ratio, 8, and the covariance of the moisture
and temperature fluctuations denoted by Rqr. The Bowen ratio is defined as the ratio of the heat flux
to the moisture flux as:
gt _Cp<wl > (22)
AE A<wq >
where A is the latent heat of evaporation of water, < w T "> is the covatiance of the vertical velocity

fluctuation with the temperature fluctuation and < w g "> is the covariance of the vertical velocity

fluctuations with the mixing ratio fluctuations.

Using these definitions and expanding the relationship for C%vwe find that
C? = CH(1+ Rgr2C/B + C?/B*) = Cia? (23)

where C = 0.059 for the atmospheric boundary layer and @2 is defined as the quantity in parenthesis in
equation (23). The term @2 is considered to be a correction to CZ for the moisture fluctuations present
in a2 moist boundary layer. For small values of 8, the correction to C# can become quite large. For this
project, the scaling relationships presented in equation (17) were used to extrapolate C# to altitudes
above the instrument heights. This means that the data from the sonic anemometer and the SODAR

must be modified using the relationship in equation (23) to produce C7 magnitudes instead of C%v.

The Bowen ratio and the Rgr covatiance was determined using the flux measurement system described

later in this section.

Finally, the computation of the surface scaling parameters T, and W, requires that the sensible
temperature flux be determined from the virtual temperature flux. The sonic anemometers measure the
virtual temperature, T}, and then compute the virtual temperature flux using the vertical velocity

measurements from the sonic anemometers. The correction formula is:
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W'T,"y = (W'TH(1 + 0.61q) + 0.6 1(T){w'q’) (24)

where q is the mixing ratio. The sensible temperature flux ((W'T”)) is then used to compute the mixed
layer scaling parameters, W, as defined in equation (14), 6, as defined in equation (15), and T, the
surface layer scaling temperature, using:

T, =(WT')/u, (25)

where u, is the surface layer friction velocity which is computed from the sonic anemometer data. The
moisture flux is computed by the flux measurement system and scaled to the height of the sonic
anemometers with a linear extrapolation prior to applying the correction formulas that are discussed in
this section.

6.1.2.3 ESTIMATING THE BOUNDARY LAYER HEIGHT

The boundary layer height was determined using a combination of the following instruments:
1. GPSsonde balloon soundings prior to and sometimes during each sonic boom event and

2. SODAR backscatter intensity time — height variation during the sonic boom event.

6.1.2.4 GPSsonde SOUNDINGS

GPSsondes are balloon-borne instrument packages that are in use worldwide and are used to measure
dry bulb temperature, dew point, and wind speed and direction variations with respect to height above
the ground; pressure and relative humidity are computed parameters. Rawinsode measurements called
“soundings” were taken within one hour of each flight according to the schedules in Section 5.0. These
profiles were analyzed to determine the local convective mixing height by applying the parcel

methodology.

In a well-mixed atmosphere and in the absence of moisture effects, the air temperature decreases with
increasing altitude by 10 °C for every kilometer above the earth’s surface. Departures from this altitude
dependence are used to determine the height to which parcels of air reach before the parcel is subject
to a negative buoyancy force. In practice, this means that the parcel temperature assumed to decrease
adiabatically reaches the altitude where the environmental temperature is greater than the altitude
adjusted parcel temperature. This negative buoyant force inhibits the upward movement of the parcel
and effectively creates a lid to the convective process. An example is shown in Figure 93 where the
temperature profile is the curve on the right; the dew point profile is the curve to the left; the mixed
height is designated as the as the ABL height determined by the parcel method which is 10 percent
higher than the inversion level.
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Figure 93. Plot of temperature and dew point as a function of altitude on a Skew-T thermodynamic diagram.
The dew point profile is the red dashed line (left) and the temperature profile is the solid red line (right).

6.1.2.5 mini SODAR MEASUREMENTS

Focusing now on the mini SODAR instrument, the back scatter intensity or echo intensity plots
(hereafter called the intensity plot) associated with the SODAR are the consequence of the interaction
of the sound pulse emitted by the SODAR interacting with atmospheric turbulence. This interaction is
a continuous process that results in a continuous echo that is recorded by the mini SODAR instrument.

An example of these intensity plots is shown in Figure 94. The intensity plot is a two dimensional plot
of the height variation of the scattered signal intensity presented as color encoded echo magnitude (in

dBV) as a function of the local time of day increasing from left to right.

In this figure, the upper limit for the measurements is 400 meters as shown on the vertical axis. The
mixing height as defined by the intensity gradient (dark green to green) which increases in altitude from
225 meters at 6:45 AM (left side of the figure) to 325 meters just after 10:00 AM. If the mixing height
is below the maximum sampling altitude for the SODAR instrument, it should be displayed graphically
in a manner similar to that shown in Figure 94.
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Figure 94. Time — Height of the atmospheric echo intensity from the vertical component.

6.2 METEOROLOGICAL INSTRUMENTATION

6.2.1 TEST SITE AND INSTRUMENTATION DEPLOYMENT

Section 5.3.2 provides the measured coordinates of the deployed meteorological instrumentation at
KSC. Figure 95 shows where each instrument was deployed near the primary microphone array.

Figure 95. Meteorological measurement positions at KSC.
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The exact location for each system is not as important as the relative locations which are placed to
minimize the impact by any one instrument on the other. The complete suite of instruments includes:

1. One integrated sonic anemometer/gas analyzer system (moisture flux sensor);

2. Two sonic anemometers equipped with real time turbulence calculation;

3. One model 4000 SODAR system;

4. Two meteorological towers (measuring temperature, pressure and relative humidity).

As mentioned previously, the moisture flux sensor was added for the KSC test and was not deployed
during the AFRC test.

6.2.2 ULTRASONIC ANEMOMETERS

This project utilized two sonic anemometers to measure the mixed layer scaling parameters (except for
the local mixing height) and the reference structure constants. The sonic anemometers were
manufactured by Metek GmbH. Their specifications are described in Section 5.2.2.4, Table 11. The
data from these sonics (serial data stream) were time-tagged and recorded using a data acquisition
package supplied by NASA Armstrong.

6.2.2.1 FIELD SETUP, CALIBRATION AND OPERATION

During the KSC flight test and measurements campaign, the two Metek sonic anemometers were
deployed on mounting arms on the 150-meter tall tower (Figure 906) at a height of 29.03 meters (95.24
feet). Care was taken to mount and orient each anemometer sensor into the seasonal or monthly average
prevailing wind flow to minimize tower influences and obstructions on the measurements. A bubble
level was used to ensure proper sensor leveling at the time of installation.

Figure 96. 150 meter tower and mounting arms.
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The sonic anemometers were calibrated by Metek GmbH as part of a firmware upgrade that was
performed in April 2016. The main purpose of the firmware upgrade was to update the processing
algorithms to utilize a right hand coordinate reference frame for its computations, to update the
computations to more recent algorithms and to extend the data processing to include the temperature

structure constant.

6.2.2.2 DATA DESCRIPTION AND COLLECTION PROCEDURES

The output from the sonic anemometers is a serial data stream. There is no data storage on the
anemometers so an external data logger was required to record and timestamp the serial data stream.
The basic data format consists of a date time stamp and the three wind components (X, Y, Z) and

temperature as measured by the sonic anemometer. The data packet for each sample is date, time, X,
Y,Z,and T.

6.2.3 SODAR

6.2.3.1 INSTRUMENT SPECIFICATIONS

NASA owns two Doppler SODAR systems (a model 2000 and model 4000 originally manufactured by
AeroVironment, Inc.) Their specifications are described in Section 5.2.2.3, Table 9. Doppler SODAR
systems are acoustic based instruments that operate on the principle that propagating sound waves in
the atmosphere interact with local atmospheric turbulence to produce an echo. This echo is continuous
and is monitored for its intensity and frequency content. The intensity changes are directly related to
the level of thermal turbulence (C%) and the frequency changes are due to radial motion relative the
SODAR sensor. When three wind components are measured, this information can produce
measurements of the three dimensional wind field at several ranges almost simultaneously.

The SODAR instruments measure the interaction of a directed, high intensity sound pulse with
atmospheric turbulence through the turbulence induced acoustic refractive index fluctuations that
scatter the sound energy. The strength of the scattered acoustic echo is quantified by the acoustic
scattering cross-section which is defined as the sound power scattered into a specific direction per unit
area per unit solid angle. The equation for the backscattering (i.e. acoustic energy scattered back to the
source antenna by turbulence) cross section o is:

o(z) = 0.0039K*/3CZ (2)/T? (26)

where K is the acoustic wavenumber and T}, is the virtual temperature and C72~v (2) is the value of the

temperature structure constant at the altitude z (AGL).

The relationship between the emitted sound pulse, Py, and the received signal, Pr(z), due to the
atmospheric echo is:

Pr(2) = Py(AG/z*)L,0(z)e %% (27)
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A is the effective cross-sectional area of the antenna, G is the gain of the antenna (computed based on
-3 dB power points), L,, is the length of the acoustic pulse in space (speed of sound times the pulse
length in time divided by 2), a is the path averaged attenuation of the sound energy due to energy
exchange with the N, Oz and H2O molecules and viscous dissipation of sound energy, 0(z), the
backscattering cross-section for sound (as defined in equation (26)) and z is the altitude (AGL) of the
measurement based on the delay time after the pulse is emitted.

6.2.3.2 CALIBRATION PROCEDURE

By measuring C%(2) at a fixed altitude 2y, the actual power of the received signal corrected for z7e2%%

is directly related to the backscattering cross-section g and consequently to CZ(z) as follows:
z2e20%iPp(7) = PyAGL,(0.0039k3C3 (2)/T%) (28)

The product PyAGL,, is defined as the system function Sy. It is considered to be a constant when the
same antenna (related to both A and G), the output power level Py, the frequency as reflected in the

wave number and the pulse length in space (L,,) are held constant during the field campaign.

With a measurement of C#(z1), correcting for the spherical spread of the sound and the attenuation of
sound and solving for C%(z1), a “calibration” is established. The left side of the equal sign in equation
(28) 1s plotted in real-time as the intensity plot time — height presentation of the right side of equation
(28). This is scaled in terms of the received voltage level as a function of height presented as decibels.
A sample of the intensity plot is shown in Figure 94.

Using equation (28), the relationship displayed in the intensity plot is:
27 e2%iPy(z) =< CF > C},(2)) (29)

< CF > is the “sample average” calibration factor that was produced from a series of inter-comparison

measurements taken with the C72~v (z;) available from the sonic anemometers on the 150 meter towet.

Because the < CF > is a result of measurements with widely varying signal level due to turbulent
process and changing atmospheric conditions, this factor must be developed through several repeated
inter-comparisons to establish and converge on the actual calibration factor. It is feasible that the <
CF > itself could be a diurnal function of atmospheric stability and atmospheric properties such as
temperature and relative humidity.

The SODAR directly senses an echo which is directly related to the virtual temperature structure
constant, CTZ}; (z). A “calibrated” SODAR is one for which the < CF > and its statistics (mean and

standard deviation) are determined.

In a convective atmosphere, the variation of C# with increasing altitude is one of the strongest
relationships in atmospheric turbulence. This relationship is:

C#(z) = 2.5(g/T)"#/3Qoz™*/3 (30)
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Qo is the surface temperature flux or < W'T" >. C7 is directly related to the surface heat flux. The
variation of C#(z) with altitude was verified with the SODAR and formed the basis for verification of
the < CF > discussed previously.

For the measurement of C2, the differencing method described in the sonic anemometer section below
was applied to the vertical and horizontal velocity raw SODAR data fields.

6.2.3.3 FIELD SETUP, CALIBRATION AND OPERATION

The model 4000 SODAR system was operated from the top of the 18-foot hill located near the NW
end of the primary microphone array. The location of the SODAR system with respect to the sonic
anemometers and 150 meter tower is shown in Figure 95. The model 2000 SODAR was used at NASA
Armstrong during the SonicBAT AFRC test but was not used at Cape Canaveral.

The model 4000 is battery powered and equipped with a solar charging package. Communication with
the model 4000 was through a cellular modem connection during the measurement campaign. Data
was stored on the local hard disk drive and on a removable USB drive.

The model 4000 SODAR system was operated by NASA Armstrong continuously during the test
period, except during the sonic booms when it was turned off. One laptop computer equipped with

the SodarView software package was required for operation.

6.2.3.4 DATA DESCRIPTION

Data produced by the model 4000 SODAR system included the following measurements stored in an
ASCII table:

¢ Sampling altitude (meters)

* Horizontal wind speed (m/s)

¢ Horizontal wind direction (degrees with respect to True North)

*  Vertical velocity (m/s)

* Intensity of the atmospheric echo from the vertical antenna or beam.

» Standard deviation of the vertical velocity

In addition the real time intensity plot display was available to track the inversion height when it was in
range of the SODAR system.

6.2.4 EDDY-COVARIANCE FLUX SYSTEM

A Campbell Scientific Infrared-Gas Analyzer-Sonic IRGASON) sensor was operated for remote eddy-
covariance (flux) measurements within the mixed layer. The IRGASON is an in-situ, open path,
infrared absorption gas analyzer integrated and synchronized with a three-dimensional sonic
anemometer. The gas analyzer provides measurements of absolute densities of carbon dioxide and
water vapor, while the sonic anemometer measures orthogonal wind components. Using the above
integrated measurements along with sonic air temperature, ambient air temperature and barometric
pressure the carbon dioxide, water vapor and heat fluxes using the eddy-covariance method can be
computed.
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In addition to the IRGASON measurements, additional sensors were operated to provide energy
balance data that are integral to understanding the overall surface and boundary layer flux environment.
These measurements include net-radiation (incoming and outgoing radiation), soil temperature, soil

moisture, soil heat flux and ambient temperature and relative humidity.

6.2.4.1 INSTRUMENT SPECIFICATIONS
The IRGASON specifications are shown in Table 25:

Table 25. IRGASON Specifications.

Parameter Specification
Operating Temperature Range -30° to +50°C
Calibrated Pressure Range 70 to 106 kPa
Input Voltage Range 10 to 16 Vdc

Power

5 W (steady state and power up) at 25°C

Measurement Rate

60 Hz

Output Bandwidth

5,10, 12.5, or 20 Hz (user-programmable)

Output Options

SDM, RS-485, USB, analog (CO; and H,0 only)

Auxiliary Inputs

Air temperature and pressure

Warranty

3 years or 17,500 hours of operation (whichever comes first)

Cable Length

3 m (10 ft) from IRGASON to EC100

Weight

3.2 kg (7.1 Ib) for EC100 electronics
2.8 kg (6.1 Ib) for IRGASON head and cables

Gas Analyzer

Path Length

15.37 cm (6.05 in.)

A temperature of 20°C and pressure of 101.325 kPa was used to convert
mass density to concentration.

Gas Analyzer - CO; Performance

-NOTE-

A temperature of 20°C and pressure of 101.325 kPa was used to convert
mass density to concentration.

Accuracy

Assumes the following: the gas analyzer was properly zero and spanned
using the appropriate standards; CO2 span concentration was 400 ppm; H20
span dewpoint was at 12°C (16.7 ppt); zero/span temperature was 25°C;
zero/span pressure was 84 kPa; subsequent measurements made at or near
the span concentration; temperature is not more than +6°C from the
zero/span temperature; and ambient temperature is within the gas analyzer
operating temperature range.

1% (standard deviation of calibration residuals)

Precision RMS (maximum)

2 mg/m3 (0.15 umol/mol)

Nominal conditions for precision verification test: 25°C, 86 kPa, 400
pumol/mol CO2, 12°C dewpoint, and 20 Hz bandwidth.

Calibrated Range

0 to 1,000 umol/mol (0 to 3,000 umol/mol available upon request.)

Zero Drift with Temperature (maximum)

+0.55 mg/m3/°C (£0.3 umol/mol/°C)

Gain Drift with Temperature (maximum)

+0.1% of reading/°C

Cross Sensitivity (maximum)

+1.1 x 10 mol CO,/mol H,0

Gas Analyzer - H20 Performance

-NOTE-

A temperature of 20°C and pressure of 101.325 kPa was used to convert
mass density to concentration.
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Parameter

Precision RMS (maximum)

Specification
0.2 mg/m3 (0.15 pmol/mol)

Nominal conditions for precision verification test: 25°C, 86 kPa, 400
pumol/mol CO,, 12°C dewpoint, and 20 Hz bandwidth.

Calibrated Range

0 to 1,000 umol/mol (0 to 3,000 pmol/mol available upon request.)

Zero Drift with Temperature (maximum)

+0.55 mg/m3/°C (0.3 umol/mol/°C)

Gain Drift with Temperature (maximum)

+0.1% of reading/°C

Cross Sensitivity (maximum)

+1.1 x 104 mol CO,/mol H,0

Gas Analyzer - H;0 Performance

-NOTE-

A temperature of 20°C and pressure of 101.325 kPa was used to convert
mass density to concentration.

Accuracy

Assumes the following: the gas analyzer was properly zero and spanned
using the appropriate standards; CO, span concentration was 400 ppm;
H>0 span dewpoint was at 12°C (16.7 ppt); zero/span temperature was
25°C; zero/span pressure was 84 kPa; subsequent measurements made
at or near the span concentration; temperature is not more than +6°C
from the zero/span temperature; and ambient temperature is within
the gas analyzer operating temperature range.

2% (standard deviation of calibration residuals)

Precision RMS (maximum)

0.004 g/m3 (0.006 mmol/mol)

Nominal conditions for precision verification test: 25°C, 86 kPa, 400
umol/mol CO,, 12°C dewpoint, and 20 Hz bandwidth.

Calibrated Range

0 to 72 mmol/mol (38°C dewpoint)

Zero Drift with Temperature (maximum)

+0.037 g/m3/°C (+0.05 mmol/mol/°C)

Gain Drift with Temperature (maximum)

+0.3% of reading/°C

Cross Sensitivity (maximum)

+0.1 mol H,0/mol CO,

Sonic Anemometer - Accuracy

-NOTE-

The accuracy specification for the sonic anemometer is for wind speeds < 30
m s'1 and wind angles between +170°.

Offset Error

< +8.0 cm s (for uy, uy)
<+4.0 cm st (for u,)
+0.7° while horizontal wind at 1 m s (for wind direction)

Gain Error

< +2% of reading (for wind vector within +5° of horizontal)
< 3% of reading (for wind vector within £10° of horizontal)
< +6% of reading (for wind vector within £20° of horizontal)

Measurement Precision RMS

1 mm st (for uy, uy)

0.5 mm s (for u,)

0.025°C (for sonic temperature)
0.6°C (for wind direction)

Speed of Sound

Determined from 3 acoustic paths (corrected for crosswind effects)

Rain

Innovative signal processing and transducer wicks considerably improve
performance of the anemometer during precipitation events.

Basic Barometer (option -BB)

Total Accuracy

+3.7 kPa at -30°C, falling linearly to +1.5 kPa at 0°C (-30° to 0°C)
+1.5 kPa (0° to 50°C)
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6.2.4.2 FIELD SETUP, CALIBRATION AND OPERATION

During the KSC flight test and measurement campaign, the IRGASON flux system was deployed on
the 150-meter tall tower similar to that of the Metek ultrasonic anemometers but it was installed at a
height of 77.5 meters (254 feet) as shown in Figure 95. Care was taken to mount and orient the
IRGASON sensor into the seasonal or monthly average prevailing wind flow to minimize tower
influences and obstructions on the measurements. A bubble level located on the sensor mounting
hardware was used to ensure proper sensor leveling at the time of installation.

The flux system was wired to and operated using a Campbell Scientific CR6 series data logger. The CR6
data logger was used to store raw and averaged data tables using a pre-configured CR6 eddy-covariance
program developed by Campbell Scientific and was used for the processing and calculations of measured
flux and energy balance data, the storage of diagnostic and correction parameters and system and sensor
coefficients.

A field calibration of the IRGASON and associated peripheral sensors was not necessary during the
KSC measurement campaign as these sensors were delivered from Campbell Scientific calibrated and
tested, assuming no damage to the sensor geometry during shipping or a faulty sensor transducer.
Calibration test equipment (zero-and-span test shroud and zero air system) to verify the IRGASON’s
gas analyzer baseline response was available for use if sensor anomalies were observed during the field
program. Additional calibration equipment (not procured) would have been necessary to verify the
CO2 and H20O span response.

6.2.4.3 DATA COLLECTION PROCEDURES

IRGASON data was stored internally within the CR6 data logger and included the use of an onboard
micro SD card for automated data backup. A cellular modem was connected to the CR6 data logger
for routine scheduled remote polling of data tables initiated from the T&B System’s office in Valencia,
CA. These data tables were stored on a data management server hosted by T&B Systems. Time-series
data was displayed using Vista Data Vision (VDV) software and was routinely reviewed for consistency
and reasonableness. All data were recorded and timestamped using Coordinated Universal Time (UTC).

6.2.4.4 DATA DESCRIPTION

The primary purpose for using the IRGASON system during the KSC flight test and measurement
campaign, was to collect a dataset suitable for determining sensible and latent heat flux environments
during the flight tests. The integrated three-dimensional sonic anemometer was also used to measure
data similar to that produced by the Metek ultrasonic anemometers.

The IRGASON output included the following data in ASCII format (40 Hz raw and 10-minute averaged
data) via the CRG data logger:

* Ui (m/s)
* Uy(m/s)
U, (m/s)

*  Sonic Temperature (°C)
*  Sonic Diagnostic
*  CO:z Density (mg/m?)
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*  H>O Density (g/m?)

*  Gas Analyzer Diagnostic

*  Ambient Temperature (°C)
* Atmospheric Pressure (kPa)
*  COz2 Signal Strength

¢ H:O Signal Strength

*  Source Temperature (°C)

Data outputs from the peripheral energy balance sensors were also included in the data tables.

Additional CR6 programming instruction outputs, not shown above, were compiled to compute
atmospheric stability and flux parameters, standard deviation of measurements, processes for the
correction of data for frequency, coordinate rotation and lag. Near real-time steady state testing and
“grading” of measurements was collected to ensure data quality and validity.

A precipitation gauge was installed and integrated into the IRGASON’s data set to denote periods of
precipitation that contaminate measurements within the IRGASON’s open path length. Precipitation
data was used in determining the quality of data during precipitation events.

6.3 TURBULENCE DATA ANALYSIS

6.3.1 REAL TIME COMPUTATION OF C% AND C2 PROFILES

The sonic anemometers directly report C# for the fixed averaging interval of 10 minutes. In addition
the raw data (as described in paragraph 6.2.2.2) from the sonic anemometers are also used to compute

both C# and CZ at arbitrary averaging times.

Using data from the sonic anemometers, the SODAR systems were calibrated to profile C% and CZ.
This calibration required that the sonic anemometers and the SODAR systems be operated continuously
for several days prior to the field program.

6.3.2 POST-PROCESSING THE SONIC RAW DATA STREAM TO COMPUTE C% AND C?

A windows-based application was developed and verified to compute the structure constants and the

relevant mixed layer scaling parameters using the raw sonic anemometer data (see Section 6.2.2.2).

The surface heat flux, H, is computed by both the sonic anemometer (fixed intervals of 10 minutes) and
the windows application (user selected averaging interval). The heat flux in the turbulence parameter
output data string is designated as hf and its units are watts m=2. Sigma—w is designated in the same data
string as zsig.

The post processing of the raw sonic data to produce the structure constants used a two time interval
technique based on the following formula for CZ. The two time lags At and At are selected based
upon conversations with Metek GmbH and subsequent verification tests. The first time lag At is
equivalent to time shift of one sample. For the sonic anemometers operating in the on-line turbulence
computation mode, the sampling rate is 30 Hz or 30 samples per second. Accordingly At; = 1/30
seconds and is a fixed delay in the post processing program. The second time delay is selected so that
the equivalent length scale which is equal to average wind speed times Atz is also within the inertial
subrange scale length or wavenumber. This is also fixed in the post-processing program to a delay equal
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to 1 sec or 30 samples with respect to the raw sonic anemometer data set. Using these sample delays
and equation (12), the CZ computations were verified to produce the same values as the Metek in-line

turbulence computation firmware.

The following equation for C72~v is the auto-covariance version of equation (12):

2 = 2( T,(OT,(t + Aty) > —< T, ()T, (t + Aty) >) (31)
b < u >23 ((Atz)?3 — ((Aty)*3))

Where < u > is the average wind speed during the entire sampling period, At; and At; are two different
sampling time intervals.

Correspondingly, the auto-covariance version of equation (13) for C2 is:

2 = 2 VOVt + At > —< V(@)V(t + Aty) >)

(32)
v <u >2/3 ((Aty)?/3 — ((At,)?/?))

Where < u > is the average wind speed during the entire sampling period, At; and Atz are two different

sampling time intervals.

The averaging operator <> in equations (31) and (32) signifies that the corresponding auto-covariance
is computed using the specified time delay and averaged over the user selected time period such as the
campaign averaging time of 10 minutes. The averaging period for the post processing period is arbitrary
as needed by the analyst but must not be less than 1 minute for stable results. In addition the average
wind speed used in equations (31) and (32) is the scalar average wind speed over the same averaging
interval as the auto-covariance computation averaging time.

6.4 METEOROLOGICAL DATA PRODUCTS

The meteorological data recorded during the AFRC and KSC research flight tests were analyzed after
the conclusion of each test, using the procedures described in Section 6.3, to yield turbulence parameters
for each flight, including the structure constants and boundary layer height. This section presents a
summary of the KSC atmospheric turbulence data set to show an example of the data products
computed for both flight tests. Additional analyses were performed using these data sets to validate the
sonic boom turbulence codes (Section 7.0) and perform statistical analysis and uncertainty quantification
of these codes (Section 8.0).

6.4.1 METEOROLOGICAL DATA ARCHIVE

The digital archive described in Section 5.4.1 includes both raw and post-processed acoustic and
meteorological data for the AFRC and KSC research flight tests. Raw meteorological data consists of
the data recorded by the ground weather stations and tower weather station at KSC (Section 6.2.1),
ultrasonic anemometers (Section 6.2.2.2), SODARs (Section 6.2.3.4), Eddy-Covariance Flux System
(Section 6.2.4.4), and GPSsonde soundings (Section 6.1.2.4). Post-processed turbulence data consists
of what can be considered intermediate products and final products that specify the atmospheric
turbulence conditions associated with each flight; for our purposes, final products are those used as
inputs in either the numeric or classic turbulence models. For example, Table 26 shows for each flight
at KSC a mix of average macro atmospheric data, including wind speed and direction and ambient
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temperature (T), along with intermediate turbulence products such as the latent heat flux (H)), sensible
heat flux (H), and vertical velocity (W). Final turbulence products include the surface friction velocity
(u,) and surface temperature scale (T,). Table 26 shows the remainder of the KSC turbulence data set

consisting of final products.

Table 26. Atmospheric and turbulence products (KSC test).

Latent Heat Sensible Heat Wind Wind Vertical Su.rf?ce T S
Flux, H, Flux, H Speed | Direction Velocity, W Ve:lccittlonu Sc.::am; TerTn'p.,
(w/m?) (m/s) | (deg) (m/s) S A
1 81.85 30.82 4.7 20.1 -0.351 0.37543 0.06961 26.6
2 338.59 188.37 5.6 31.3 -0.368 0.52886 0.29822 27.5
3 406.23 159.36 4.3 359.8 -0.282 0.43180 0.28745 27.0
4 220.59 111.08 3.0 340.4 -0.088 0.32363 0.27722 27.2
5 580.42 213.47 4.3 315.2 -0.137 0.38699 0.47283 27.5
6 429.88 276.50 2.8 324.4 0.150 0.39353 0.59450 27.2
7 867.57 222.67 3.9 343.8 -0.224 0.41453 0.47169 27.0
8 640.62 195.07 4.8 341.0 -0.171 0.40945 0.39741 27.2
9 599.47 220.28 4.6 348.4 -0.058 0.55039 0.33610 27.2
10 408.38 127.43 6.2 80.6 -0.226 0.63474 0.16858 27.4
11 124.91 48.16 6.3 69.0 -0.286 0.49011 0.07674 25.5
12 362.27 117.47 5.6 52.4 -0.297 0.46756 0.19519 26.8
13 285.81 59.67 7.4 132.0 -0.233 0.64301 0.07234 26.7
14* 40.13 -5.87 5.7 223.4 -0.136 0.34017 0.01605 24.2
15 418.16 109.27 4.9 139.8 -0.129 0.51845 0.15555 27.2
16 344.59 89.51 4.6 147.3 -0.313 0.45592 0.16426 27.7
17 305.47 230.85 2.7 350.4 0.036 0.31448 0.65702 27.3
18 426.47 147.03 3.7 30.5 -0.147 0.33544 0.34817 27.8
19 681.22 239.70 4.4 59.0 -0.086 0.45234 0.50427 28.5
20 260.99 13.30 5.3 58.6 -0.282 0.34498 0.03345 27.8

* Parameters for flight 14 were derived from the flux system only without scaling.

Included in Table 27 for each KSC flight are turbulence level (L=low, M=medium, or H=high), a
classification made in the field and supported by the mixed layer stability parameter, mixed layer scaling
velocity (W,), local inversion height or mixing height (z;), structure parameters C# and CZ determined
from sonic anemometer Metek 2A, Monin-Obukhov length (L,), and the ratios of the local inversion
height to the Monin-Obukhov length (z;/L,) and the height above ground to the Monin-Obukhov
length (z/L,). Note that mixing height values were rounded to the nearest 100 feet, which generated
several repeat values including 1,000 feet (304.9 meters in Table 27).
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Table 27. Additional turbulence products (KSC test).

Mixed .Layer Mixing Monin-
Flight Turbulence SClelng Height, Z; C% 6'12] Obukhov
No. Level Velocity, W, ’ 7L (K/m23)  (m®#/3[s?) Length, L,
(m/s?) 3 (m)

1 L 0.7197 457.3 0.00200 0.07658 -13.7492 -33.26 -2.129
2 M 1.3971 548.8 0.01778 0.12960 -6.5847 -83.34 -4.445
3 M 1.2411 487.8 0.01182 0.07840 -4.4682 -109.17 -6.551
4 M 1.1815 609.8 0.01616 0.06880 -2.6168 -233.01 -11.185

5 H 1.1932 304.9 0.02866 0.09972 -2.2244 -137.06 -13.159

6 H 1.5060 457.3 0.03928 0.10039 -1.8044 -253.44 -16.221

7 H 1.2174 304.9 0.02232 0.09407 -2.5111 -121.41 -11.656
8 H 1.3426 457.3 0.02829 0.11296 -2.9251 -156.34 -10.007
9 H 1.4256 487.8 0.02818 0.11395 -6.2419 -78.15 -4.689
10 M 1.3197 701.2 0.00887 0.16934 -16.6807 -42.04 -1.755
11 L 0.6946 304.9 0.00210 0.09952 -20.3218 -15.00 -1.440
12 M 0.9342 640.2 0.01311 0.09309 -7.6415 -83.78 -3.830
13 L 0.7543 823.2 0.00281 0.20613 -38.9751 -21.12 -0.751
14 L 0.3694 280.0 0.00136 0.05335 -44.4673 -6.30 -0.658
15 M 1.0958 457.3 0.01048 0.13873 -10.6123 -43.09 -2.758
16 M 1.1389 609.8 0.00815 0.15051 -8.9332 -68.26 -3.277
17 H 1.4438 487.8 0.02559 0.09367 -1.0464 -466.18 -27.973
18 M 0.9439 228.7 0.01800 0.07364 -2.2926 -99.74 -12.767
19 H 1.7873 823.2 0.01998 0.08713 -2.9538 -278.68 -9.909
20 L 0.4691 411.6 0.00424 0.04981 -25.2575 -16.30 -1.159

The final turbulence products of the AFRC and KSC flight tests were used in the numeric and classic
turbulence models for the validation studies (Section 7.0) and the statistics and uncertainty quantification
studies (Section 8.0).
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MODEL VALIDATION OF THE NUMERIC AND CLASSICAL SONIC BOOM-
TURBULENCE RESEARCH SOFTWARE CODES

7.1 VALIDATION OF NUMERIC SONIC BOOM-TURBULENCE RESEARCH SOFTWARE CODE

7.1.1 INTRODUCTION

To wvalidate the KZKFourier numeric propagation and turbulence model, data from supersonic
overflight measurements at NASA’s Armstrong Flight Research Center (AFRC) and Kennedy Space
Center (KSC) are compared with outputs from numerical simulations. The simulation parameters are
chosen to approximate the actual sonic boom propagation geometry and the turbulent field parameters
in situ. Because of the randomness of turbulence and the difficulty of instantaneously measuring the
entire turbulent field, only statistical comparisons may be made between the simulation outputs and the
measurements. In addition, the task is made more difficult because atmospheric turbulence is constantly
evolving, such that turbulence parameters can change within a time period on the order of minutes.
Thus, statistical comparisons are made on a pass-by-pass basis. In particular, the means and standard
deviations of the Perceived Level (PL), maximum overpressure (sometimes shortened here to “pMax”),
and the Indoor Sonic Boom Annoyance Predictor (ISBAP) calculated using simulated outputs and
measurements along the primary arrays at both sites are compared. The PL and ISBAP are of particular
interest because they correlate with human response to sonic boom noise. The degree to which
simulated sonic boom statistics fall within the confidence bounds of the measured statistics and the
degree to which trends in the data are reproduced indicates the utility of this method and the
KZKFourier engine in predicting turbulence effects on sonic booms.

Passes for which turbulence data are not available are excluded from this analysis. In addition, two
passes from the KSC measurements are excluded because of abnormally low levels, possibly due to off-
condition flight or cloud cover. In total, 60 passes with 957 measured signatures at AFRC and 48 passes
with 680 measured signatures at KSC are considered.

7.1.2 VALIDATION SIMULATION PARAMETERS

Configuration of the KZKFourier validation simulations makes use of several sources of data, including
motor glider, weather tower, sonic anemometer, and balloon launch measurements. For passes where
the supersonic signature measured above the boundary layer by the motor glider was provided, this
signature is processed to provide the starting waveform for the KZKFourier engine. Where the glider
did not measure the signature, a glider measurement during similar atmospheric conditions is assumed.
The pressure waveform is trimmed around the signature, any DC offset is subtracted, some zero
padding is added to the left and right edges, and the signature is upsampled to the simulation sample
rate. The zero padding is necessary when simulating long propagation distances, because advection can
shift the time waveform towards the temporal domain edges. For sonic boom signatures about 140 ms
long, the starting waveforms with padding used in KZKFourier ranged from about 280 ms to 590 ms.

For very long propagation lengths and long input waveforms, the transverse domain length Yy, a5 used
in the KZKFourier simulation is reduced to limit the simulation run time to below 120 houts, the limit
in the Pleiades “long” queue. In these cases, the number of KZKFourier realizations is increased to
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compensate for the smaller domain. It was found in preliminary investigations that decreasing the
transverse domain size somewhat does not appreciably change the simulated sonic boom statistics. For
these simulations, the lower limit for transverse domain reduction was chosen to be Y. = 140 m,
while most have domain lengths of 350 m. The transverse step size Ay is held constant at 0.5 m,

meaning each simulation produces between 281 and 701 simulated ground waveforms.

Due to approximations inherent in the KZK-based propagation code, the simulated propagation angle
must remain constant within the simulation. The angle is approximated by performing a PCBoom
simulation and following the ray which strikes the ground close to the center of the primary microphone
array. The approximate angle is found using the ray’s interpolated coordinates at the boundary layer
height (where the KZKFourier simulation begins) and at the ground. The boundary layer height is
inferred from the balloon launch data, and these data are also used as inputs for PCBoom’s ray-tracing.

The approximate angle between the motor glider height and the boundary layer height is also calculated
from the PCBoom simulation, and used with an intermediate simulation without turbulence from the
motor glider position to the top of the boundary layer. This step is meant to account for absorption
and nonlinearity in this propagation length, which may be greater than a kilometer. The simulated
waveform at the top of the boundary layer is then used as the starting waveform for KZKFourier. Any
amplitude change predicted by PCBoom from the motor glider height to the ground is neglected. For
the AFRC measurements, this amplitude change is within about two percent, and for the KSC
measurements, the change is usually within about eight percent.

As an additional approximation, several atmospheric parameters are assumed to be constant throughout
the boundary layer, including ambient temperature, ambient density, and relative humidity. These
quantities are found from the weather tower data.

The friction velocity, U,, the mixed-layer velocity scale, w,, and the surface-layer temperature scale, T,
are computed from the sonic anemometer measurements, using ten-minute averages including the mark
time of the pass. Computation of w, uses heat flux measurements from the sonic anemometer and the
boundary layer height, and both w, and T, are corrected to account for moisture flux in the humid KSC

environment.

The simulation parameters, including ranges where applicable, are summarized in Table 28 below. The
lower bound on the number of realizations was chosen based on preliminary investigations which found
the simulated sonic boom metrics stabilized before about that number.
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Table 28. KZKFourier parameters and ranges of values used in validation simulations.

Parameter Values for AFRC Values for KSC
u, 0.05-0.76 m/s 0.20-0.63 m/s
w, 0.58 —3.51m/s 0.61-1.73m/s
T, 0.05-1.82K 0.04-0.67 K
Z; 201.3-3583.4m 228.6—-823.0m
Elevation angle 25.0 -38.3° 13.3-34.0°
RH 45-231% 34.0-85.0%
Ty 24.3-39.6°C 27.3-31.1°C
Po 0.920-0.925 atm 0.997 — 1.008 atm
Signature length 320-590 ms 280 - 340 ms
Number of realizations 27-45 27
Vmax 140-350 m 350 m
Ay (transverse) 0.5m 0.5m
Az (propagation) 0.05m 0.05m
Sampling rate 200 kHz 200 kHz

7.1.3 STATISTICAL RESULTS

After the KZKFourier validation simulations are complete, output waveforms at the ground are
multiplied by a reflection coefficient of 2.0, and metrics for each waveform are computed. A 2500-
sample Hanning window was applied to the right edge of the simulated waveforms prior to calculating
PL (and ISBAP) because the waveforms drop sharply to zero at the simulated domain edge. The
simulated metric distribution corresponding to a measurement pass includes all the metrics from the 27
or more random realizations, culminating in about 18000 simulated ground signatures per pass. From
this, the metric mean and standard deviations (0) are computed and compared to the measured statistics.
Results for the simulations and measurements at AFRC are shown in Figure 97 through Figure 102.

Figure 97 and Figure 98 illustrate the effect of turbulence strength and propagation length through
turbulence on the metric standard deviations. For Figure 97, the root-mean-square (RMS) wind
turbulence strength is chosen as a descriptor because generally vector turbulence effects tend to
dominate the effect of temperature fluctuations in the atmosphere. The RMS magnitude of the

fluctuation in meters per second is calculated using the friction velocity and mixed-layer velocity scale
according to the formula (Wilson, 2000)

Ovector = (3.0 u? + 0.35 w?)/2 (33)

The propagation distance through turbulence is found geometrically using the boundary layer height
and the approximate ray angle found from the PCBoom simulation corresponding to a pass.

Interestingly, the metric standard deviations show noticeable and similar trends with respect to both
turbulence strength and propagation distance. For the simulated results, the highest standard deviations
occur close to about 1.0 to 1.5 m/s turbulence strengths and between 2 and 4 km propagation distances.
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Outside of these ranges, the standard deviations smoothly fall off. This general trend is less apparent
in the measured data because of randomness with fewer data points.

These observations with respect to propagation distance are likely explained by turbulence effect
saturation on the peak pressure and rise time distributions which has been observed in previous studies
(Lipkens and Blackstock, 1998; Averiyanov ez al., 2011b; Yuldashev e al., 2017). Yuldashev ez a/. found
that as the wavefront propagates forward, both the peak pressure standard deviation and the standard
deviation of the front shock steepness tend to increase and reach a maximum at certain propagation
distances depending on the amplitude of the wave. The standard deviations then decrease with further
propagation. Assuming that the standard deviation of the shock steepness correlates with the rise time
deviation, the rise times behave similarly. Lipkens and Blackstock, and Averiyanov e/ a/, found that the
shock rise time standard deviations increase with propagation distance and the rate of increase decreases
with distance. These authors’ findings also agree with Yuldashev ¢7 4/ in that the peak pressure standard
deviation tends to increase to a saturation point, then decrease with further propagation.

These combined effects on peak pressures and rise times are in line with the experimental and simulated
turbulence effects on the maximum overpressure deviations and on PL and ISBAP shown in Figure 97
and Figure 98. PL and ISBAP are affected by both amplitude and rise times because the shock rise time
changes the overall frequency content. As the peak pressure and rise time standard deviations increase
to a saturation point the PL and ISBAP increase; they then decrease above this point. From these data
we may deduce that saturation occurs at about 2.5 km of propagation distance. This conclusion may
be specific to the sonic boom amplitudes and rise times experienced at AFRC.

It is more difficult to explain the standard deviation trends with respect to turbulence strength in Figure
97. Averiyanov e/ al. also studied the effect of turbulence RMS velocities on rise time distributions at a
fixed propagation distance, showing that the distribution tends to spread out with increasing turbulence
strength such that the maximum rise time increases with turbulence strength (Averiyanov e a/., 2011b).
The authors also found that the rise time standard deviations tend to increase with propagation distance,
and moreso with increasing turbulence strength. At AFRC, however, the conditions which had the
highest turbulence strengths also had very long propagation distances, making separation of the effect
of turbulence strength more difficult. An analysis at distinct turbulence levels is performed on different,
simulated data in Section 8.0.
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Figure 97. Simulated and measured metric standard deviations as a function of vector turbulence RMS
magnitude. Each point represents all data for a measured or simulated pass at AFRC.
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Figure 98. Simulated and measured metric standard deviations as a function of propagation distance through
the boundary layer. Each point represents all data for a measured or simulated pass at AFRC.

Figure 99 and Figure 100 similarly show the turbulence effects on the metric means. Both the PL and

ISBAP tend to decrease with increasing turbulence strength and propagation distance. For these metrics,

linear best fits with both measured and simulated data are superimposed on the figures. Any trend with

the maximum overpressure is difficult to discern. These PL and ISBAP trends are again explained by
the results of Yuldashev e 2/ (Yuldashev ez al., 2017) who found that the mean normalized steepness of

N-wave shocks and the mean peak overpressure tend to decrease with increasing propagation length

depending on N-wave amplitude, and by the findings of Averiyanov ez al. (Averiyanov ef al., 2011b) that

the mean rise time tends to increase with increasing turbulence strength. Their results indicate that

mean rise times increase with both propagation length and turbulence strength, leading to a decrease in
PL and ISBAP.
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Figure 99. Simulated and measured metric means as a function of vector turbulence RMS magnitude. Each
point represents all data for a measured or simulated pass at AFRC.
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Figure 100. Simulated and measured metric means as a function of propagation distance through the boundary
layer. Each point represents all data for a measured or simulated pass at AFRC.

In all cases, the simulated statistics fall within the measured range of values and follow similar trends as
the measurement, suggesting a good prediction. The measured statistics are more scattered than the
simulated results because the simulations compile about 18000 waveforms per pass while the
measurement array had (nominally) 16 microphones. To more directly compare the simulated and
measured results, confidence bounds must be placed around the measurement. Assuming normality in
the measured data and with 16 data points, the 95% confidence interval for a metric standard deviation
extends from approximately 0.739 to 1.548 times the measured. The confidence interval for the mean

depends on the standard deviation ¢ and for 16 data points is given by the approximate interval
(Johnson and Wichern, 2013)

2.130 2.130
mean — ——, mean +

V15’ V15

(34)

For smaller numbers of data points, e.g. if a microphone malfunctioned during a pass, the confidence
interval size increases somewhat.
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The histograms in Figure 101 and Figure 102 indicate how many simulated predictions on a pass-by-
pass basis fall outside of the 95% confidence interval for a metric statistic. Predictions which fall within
the interval have values of zero in these histograms. In all cases except for the mean maximum
overpressures, the majority of predictions for the 60 passes fall within the interval, indicating an accurate
fit. For the standard deviations, all but one prediction fall within 2 PLdB of the confidence intervals,
and all but two are within 2 dB of the intervals for ISBAP. Predictions for maximum overpressure
deviations which fall outside the intervals show the highest relative error, within about 30 Pa. For the
mean statistics, the PL and ISBAP predictions ate all within 5 dB of the measured intervals, which is
low relative to the measured mean values on the order of 100 dB. The maximum overpressure mean
predictions are within about 40 Pa, which is a higher relative error.
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Figure 101. Accuracy of simulated metric standard deviations in predicting measured values. Values of zero are
represented in black and indicate that the predicted statistic falls within the 95% confidence interval of the
measurement at AFRC.
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Figure 102. Accuracy of simulated metric means in predicting measured values. Values of zero are represented
in black and indicate that the predicted statistic falls within the 95% confidence interval of the measurement
at AFRC.

The same analysis for data from the KSC measurements and associated simulations is illustrated in Figure

103 through Figure 108. The range of RMS turbulence strengths at KSC was between about 0.6 and 1.5
m/s and the propagation distances were below 2 km, while the strengths at AFRC were between about
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0.5 and 2.3 m/s and the propagation distances exceeded 6 km, making a direct comparison of the trends
in the data difficult. However, the trend in simulated standard deviations of PL and ISBAP in Figure 103
and more clearly in Figure 104 appears similar to the trends from the AFRC measured and simulated data

in Figure 97 below 1.5 m/s strength and in Figure 98 below 2 km propagation distance. In both cases, the

standard deviations of PL increase from nearly 2 dB to about 4 dB at either 1.5 m/s turbulence strength
or 2 km propagation distance. While the simulated predictions for PL and ISBAP standard deviations fall
within the range of measured values, the same trend is not readily apparent in the measured KSC data.
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Figure 103. Simulated and measured metric standard deviations as a function of vector turbulence RMS
magnitude. Each point represents all data for a measured or simulated pass at KSC.
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Figure 104. Simulated and measured metric standard deviations as a function of propagation distance through
the boundary layer. Each point represents all data for a measured or simulated pass at KSC.
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The simulated and measured metric means in Figure 105 and Figure 106 also show no obvious trends
besides remaining somewhat constant with respect to turbulence strength and propagation distance.
The simulated predictions tend to overestimate the mean PL and ISBAP by about 5 dB and the mean
peak overpressure by about 20 Pa. The average mean PL and ISBAP are about 3 dB higher than for
the measurements at AFRC because of the high humidity at KSC, leading to shorter shock rise times.
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Figure 105. Simulated and measured metric means as a function of vector turbulence RMS magnitude. Each
point represents all data for a measured or simulated pass at KSC.
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Figure 106. Simulated and measured metric means as a function of propagation distance through the boundary
layer. Each point represents all data for a measured or simulated pass at KSC.

The 95% confidence interval analysis in Figure 107 and Figure 108 quantifies the prediction error. As
with the AFRC data, the majority of the 48 predictions of PL. and ISBAP standard deviations fall within
the confidence intervals, indicating a good prediction. The predictions outside the intervals are limited
to about 2 dB away from the confidence interval. 19 of the 48 total peak overpressure standard deviation
predictions fall within the corresponding confidence intervals, while the rest are within about 25 Pa.

The mean metric predictions show a consistent overprediction as expected based on results in Figure
105 and Figure 106.
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Figure 107. Accuracy of simulated metric standard deviations in predicting measured values. Values of zero are
represented in black and indicate that the predicted statistic falls within the 95% confidence interval of the
measurement at KSC.
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Figure 108. Accuracy of simulated metric means in predicting measured values. Values of zero are represented
in black and indicate that the predicted statistic falls within the 95% confidence interval of the measurement
at KSC.

The performance of the numeric model in reproducing the two measured datasets is further illustrated
in Figure 109 and Figure 110, combining all the validation simulation results for one dataset and the
corresponding measurements into single probability distributions. The simulated distributions in Figure
109 closely follow the measurements for the vast majority of probabilities. Both the PL and ISBAP
metric distributions are very normal, and follow the normal best fit represented by dashed lines. While
the measurement deviates somewhat from the normal fit at extreme probabilities, it is possible that with
more data the measured PL and ISBAP data would collapse further onto the normal line. This aggregate
result gives credence to the characterization of PL and ISBAP distributions for a given turbulence
condition as normal, so that the metric at any probability may be calculated with knowledge of the
corresponding standard deviation. However, both the measured and simulated data tend to curve away
from the normal at very low PL values (above about 99%).

The overall maximum overpressure distribution is well matched by the simulated data, and both do not
follow a normal distribution at high amplitudes (below about 10%). The measurement deviates
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somewhat from the simulation at high pressures below about 1%, but again it is possible that with more

data the measured maximum overpressures could collapse onto the same trend.

The distributions shown in Figure 110 cleatly illustrate the tendency of the numeric model to overpredict
the metric means, as indicated by the histograms in Figure 108. As with the AFRC measurement, the
distributions for PL and ISBAP are very normal, while the high-magnitude maximum overpressures
curve away from a normal fit at low probabilities. The simulated and measured data both exhibit these
same trends, although the distributions are visually separated because of the numeric model
overpredictions. In addition, the slopes of the measured PL and ISBAP distributions are somewhat
shallower than for the simulated data, indicating that the overall standard deviation may be
underpredicted. It should be noted that these figures combine data for all passes together, so that it is
impossible to determine from this representation which passes might have underpredicted PL or ISBAP
deviations. The pass-by-pass analysis in Figure 107 points out that while some standard deviations were
underpredicted (and a few overpredicted), the majority of predictions fell within the measurement

confidence interval.
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Figure 109. Combined results from KZKFourier validation simulations for the AFRC measurement. The y-axis
shows the probability the data is above the value on the x-axis. The simulated data are shown as solid lines, and
the dashed lines are best fits to a normal distribution. The measured data are shown as black circles.
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Figure 110. Combined results from KZKFourier validation simulations for the KSC measurement. The y-axis
shows the probability the data is above the value on the x-axis. The simulated data are shown as solid lines, and
the dashed lines are best fits to a normal distribution. The measured data are shown as black circles.

7.1.4 DISCUSSION

Several possible sources of error existed for the KSC measurements which did not exist for the AFRC
measurements and which may explain the discrepancy in the mean metrics predictions. These include
intermittent cloud cover which increased sound absorption unpredictably (Baudoin ez 4/, 2006), and
neglecting the amplitude decrease from motor glider measurement to the ground due to geometrical
spreading as predicted by PCBoom. The amplitude decrease at KSC was usually within about 8%
because the primary array was not directly undertrack, which was much higher than that at AFRC where
the array was undertrack. It is feasible that geometrical spreading, or some amplitude parameter which
is allowed to vary, could be incorporated into future versions of the KZKFourier engine to help with

this source of error.

Another source of mean metric error is in the KZKFourier engine’s approximation of the relative
humidity as constant throughout the boundary layer. The environment at KSC was much more humid
than at AFRC leading to shorter shock rise times and therefore higher PL. and ISBAP mean metrics on
average, but the humidity value used in the simulation was measured near the ground. If the humidity
values were allowed to follow a profile in KZKFourier, the effect on mean PL and ISBAP might be
better represented. At present, the effect of a realistic humidity profile is difficult to predict.

In addition, the KZKFourier turbulence model based on the work of Wilson and Ostashev (Wilson,
2000; Ostashev and Wilson, 2015) is most accurate for convective conditions where buoyancy
dominates the turbulence production. Wilson describes the convectiveness of the atmosphere in terms
of the ratio of the boundaty layer to the Monin-Obukhov length scale (the quantity —z;/L,,), where
—Z;i/Lmo~1 in a weakly convective atmosphere, —z;/L;,,~10 with moderate convection, and
—Z;/Lmo~100 with strong convection (Wilson, 2000). The model is most accurate for moderate to
highly convective atmospheres. Figure 111 shows the quantity —z; /Ly, found using sonic anemometer
and balloon launch measurements at both AFRC and KSC. For nearly all conditions at AFRC, the
atmosphere was moderately to highly convective, while most conditions at KSC were weakly to
moderately convective. Thus, the turbulent fields generated by the KZKFourier model may have been

SonicBAT Final Report Page | 150



inaccurate for some passes at KSC. To account for this source of error, a future version of the
KZKFourier engine might use a different atmospheric model for cases with weak convection.
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Figure 111. Convectiveness of atmosphere during supersonic passes at AFRC (left) and KSC (right).
Dotted, dot dashed, and dashed lines indicate approximate regions of weak, moderate, and strong
convectiveness, respectively.

For the AFRC and KSC environments, the KZKFourier engine predictions of standard deviations for
both PL and ISBAP are shown to be the most accurate. In all cases, the predicted PL. and ISBAP
deviations fall within the overall ranges of measured values, and the majority are within 95% confidence
intervals of the measured values. This good agreement suggests that KZKFourier can well represent
the sonic boom level deviations even in varied atmospheric conditions. The majority of predicted
maximum overpressure deviations also fall within the confidence intervals for the AFRC data; however,
only about half of those for the KSC data are within the bounds. The mean metric predictions also
perform well and closely follow the trends in the measurements in moderately to highly convective

conditions with no cloud cover, such as at AFRC.

7.2 VALIDATION OF THE CLASSICAL SONIC BOOM-TURBULENCE RESEARCH CODE

7.2.1 CLASSICAL TURBULENCE CODE FUNCTIONAL OVERVIEW

The classical code, named TURBO, bases its results on a re-propagation through turbulence and mean
atmospheric conditions to capture: variations in amplitude and focusing from refraction plus rounding
and distortions from scattered multipath arrival times. Propagation path and propagation timing both
affect the turbulent signature results. The code begins with ground results from either modified-linear
theory or Burgers predictions of ground sonic boom carpet signatures propagated through mean
atmospheric conditions. It reads ray starting conditions (X, Y, Z, their unit vectors and time) from
PCBoom output at the top of the ABL, but does not read signatures from this height. The signatures
are read from ground solutions (PCBoom or sBOOM), along with their intersection X, Y, Z and time.
Mean atmospheric temperatures and winds are read from the PCBoom input <argl>.dat file or from
the output <argl>.age file along with the ABL/ground amplitude and aging ratios. For the milliseconds
of propagation difference between zero turbulence and turbulent multipath arrival times, non-linear
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aging differences can be neglected, so the code saves computational time by not repeating non-linear
signature aging calculations. (If found to be important later, they could be accurately estimated from
the aging ratio read from the <argl>.age file.) The atmospheric modeling is similar to full numerical
solutions, utilizing Fourier modes of turbulence pointing in random directions and distributed in length
and strength according to a von Karman implementation of a Kolmogorov frequency distribution. The
non-linear aging of focus peaks may also be particularly important for post-focus decay rate. This is a
simplified method that handles many parameters in 3-D by using simplifications, as opposed to more
rigorous numerical methods with fewer simplifications that may be more limited in the number of
variations they can handle and their speed, hardware requirements and ease of use.

Ray propagation dominates execution time and depends on the propagation and atmospheric
parameters chosen, so determining their best values is paramount to efficiency. Many studies were run
with eatlier versions of the TURBO code that revealed a lot of ray propagation calculations were not
contributing to results. Solutions to those inefficiency problems were invented, which required adding
substantial new code to rearrange the propagation starting conditions and particularly the calculation of
intersections at the ground. The revised methodology is about 20 times more efficient than the originally
envisioned code. Because of its dynamic development, testing of the methodology continues to yield
further refinements to its efficiency and accuracy.

7.2.2 CODE COMPONENT TESTING

Testing of the classical method was initially performed on the individual execution steps: atmospheric
modeling, ray propagation, ray tube intersection determination and sighature summation.

7.2.2.1 ATMOSPHERIC MODELING

The atmospheric modeling of the final code, named TURBO, has typical features found in other codes,
with some implementation differences. The program is formulated in Cartesian coordinates. Like
others, it uses frozen Fourier modes of different lengths and random directions to model the turbulence
with a von Karman implementation of a Kolmogorov distribution and Log spacing of mode lengths.
In TURBO every velocity mode has variations in both directions normal to the velocity (section 4.3.1,
Figure 30). Mode velocities vary in a 2-D square lattice in an alternating checker pattern. Gradients are
created in two dimensions by each mode, each with their own random phase and normal to the random
direction of the mode velocity.

Since there are 2 directions of variation, there is the possibility to vary the turbulence strength 50/50%
in each direction or with a random strength in each direction from 50/50% to 25/75%. This allows for
easy implementation of another degree of randomness. The turbulence strength can vary the same
(50%/50%, by using an input file variable named IRAND equal to either= 0 or 1) in both ditections or
it can be randomly apportioned (from 25%/75% to 75%/25% by using IRAND equal to either 2 or 3)
with different strength variations. Even IRAND values of 0 or 2 cause the phase origin of all Z-direction
modes to be located at the top of the ABLH, making the onset of turbulence continuous with the
atmosphere above the ABL, while odd IRAND values provide a random Z phase for each mode like
the random X and Y phase in all cases. Testing seemed to favor using a randomly apportioned (IRAND
2 or 3) turbulence variation while even and odd IRAND values did not seem to make a noticeable
difference. Also, each mode’s random direction is broken down into components in X, Y and Z

directions to speed calculations particularly with regard to resolving turbulence strength variations as a

SonicBAT Final Report Page | 152



function of Z and resolving combined effects with the mean atmospheric property variations as a
function of Z.

The model generation is based on several input turbulence parameters, namely: minimum scale length
(FLMIN), maximum scale length (FLMAX) and the number of modes NLMAX, spaced in constant
logarithmic steps. Plus, there is an optional parameter, NLMAXMORE, to allow the representation of
larger scales than FLMAX (L, commonly), the mode of maximum strength by definition. Modes from
NLMAX+1 to NLMAXMORE can be significant but have diminishing strength according to the von
Karman spectrum equations of Cotte and Blanc-Benon. Structure parameters Cr2 and Cyv? are input for
the strength of the turbulence at two altitudes (chosen for initial testing, but could be expanded) allowing
a Log variation in turbulence strength versus altitude.

This use of component breakdown of the turbulence distribution and strength was intended to provide
more accurate mode length representation (because of variation in 2-dimensions, instead of only one)
and to help with execution speed by reducing use of transcendental function calculations. With the ray
direction vector defined as u, with v defined as always level and left of u, and with w defined as
perpendicular to uand upward, resolving kinetic turbulence gradients is reduced to 6-Ow pitch effectors
(turbulent mode strengths in directions Tx(Y), Tx(Z), Ty(X), Ty(Z), Tz(X), Tz(Y)) and 4-Ov yaw
effectors (Tx(Y), Ty(X), Tz(X), Tz(Y), a horizontal vis not effected by turbulence T_(Z) gradients). No
comparisons have been made with other turbulence modeling computational schemes. The
implementation seems to work efficiently and code loops were written to be amenable to future parallel

execution.

7.2.2.2 RAY PROPAGATION

Ray Propagation is affected by turbulent temperature and gust variations as well as mean temperature
and wind distributions. The first ray propagation test was performed without turbulence using standard
atmosphere mean conditions and a propagation from 11km (36089 ft) at Mach 1.154, just above the
cutoff Mach. Results matched PCBoom ground intersection locations within several feet using step
sizes up to 10 seconds in duration. Using a balloon measured mean atmosphere with many altitudes of
temperature and wind variations, condition changes will occur at altitudes that do not exactly match the
time steps. TURBO subdivides time steps, individually for each ray, to coincide with condition break
altitudes (done automatically) to maintain highest accuracy. Adding strong turbulence requires a step
size reduction to 0.0005 seconds to be within several feet of the converged solution. Convergence error
seems to increase in proportion to step size while execution time increases in inverse proportion. Every
foot reduction in convergence error costs more and more to achieve, so the most suitable step size for
accuracy and efficiency was investigated. Because the repeating scheme can determine intersections
from coarser results and the figure of merit is level in dB, a step size of 0.02 seconds was found to
provide adequate results in the available time.

As mentioned above, ground ray intersection location plots were found to illustrate information about
the atmosphere and propagation modeling parameters. To help with their interpretation, Figure 112
shows TURBO starting ray locations at the top of the ABL before propagation (altitude 5761 ft, AFRC
flight 3 pass 2) for both Phi equals 0 and 35 degrees (proximity exaggerated as indicated by the scale).
The rays are swept in width at the angle of the isopemp at their Phi, then repeated in time in the direction
of flight.
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Figure 112. Rays start with constant separation (RAYSEP=2ft here) parallel and perpendicular to the
direction of flight.

The following plots began shaped as, Phi=0 in Figure 112, a 20 wide by 50 long grid of squares with 2
feet of separation. Based on results like Figure 113, the number of turbulent modes was determined to
be 128 to 256 to achieve good randomness. At lower numbers, modal patterns become increasingly
apparent.  But, increasing randomness with additional modes, increases computational time
proportionally. Conversely, randomly (instead of equally) distributing the strength of turbulence
between the two axes of each plane (by specifying IRAND = 2 or 3) increased randomness a little
without any increase in computational time.
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Figure 113. Increasing turbulent modes from 32 to 256 noticeably improves randomness.

Turbulent modes can span a very large range of sizes from greater than the boundary layer height to
microscopic. Larger modes (but less than Lg) are stronger and apply that strength over longer distances,
but their gradients become weaker. Gradient strength drives refraction. Smaller mode gradients are
stronger but eventually become so small that their aggregate effects average to nothing. So there is a
range of mode lengths that are most important. The method allows the modeling range to be adjusted
to best capture the range causing the greatest effect. The atmosphere also has a scale size property, Ly.
At mode lengths greater than L, the mode strengths drop off, but modes can be important even beyond
the ABL scale size Ly (specified as FLMAX, in feet, and NLMAX the mode number of Lgy). These
larger modes are allowed for by specifying parameter NLMAXMORE to be greater than NLMAX. An
investigation showed that an NLMAXMORE around 15% greater than NLMAX seemed to capture the
greatest effect. The larger gradients of smaller modes was found to be important for smaller scale
randomness and stronger flow field folds. Eventually, at even smaller mode sizes their effects diminish
until negligible, so a minimum turbulence mode size is provided as an input parameter (FLMIN, feet).
A range of minimum turbulent mode sizes were run with some results shown in Figure 114. All used
128 modes with Ly (FLMAX) of 5761 feet. At a minimum mode length of 164 feet, sharp flow field
folds are absent, making it look like much weaker turbulence, except for one feature. The shape of the
edge of the ray carpet shows more stretching and tapering due to the larger number of large modes.
With modes distributed down to smaller sizes, the increase in randomness and sharp folds is dramatic.
But for minimum sizes below 0.164 feet (not shown), the mode effect on these linear acoustic ray
tracings becomes negligible and further mode size reductions look like reductions in the number of
modes. A minimum mode size of 0.328 feet (0.1 meters) was suggested for general TURBO use.
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Figure 114. Smaller modes provide increased variations, but sizes less than 0.164 ft become negligible.

7.2.2.3 RAY-TUBE INTERSECTION DETERMINATION

Changes to the tube intersection calculation methodology and the repeating technique result in a 20
times improvement in code efficiency. The efficiency improvement comes from being able to reduce
the size of the ray lattice by 20 times and still reliably achieve intersections and sufficiently random
results. Previously the lattice would have to be large enough that its center would not degrade in
amplitude due to scatter, making the carpet equal 2 times the maximum scatter distance. Additionally,
the center of the carpet would move randomly for every atmosphere variation and miss the requested
signature location. Using the repeating technique, a small lattice simulates a much larger lattice by
duplicating the calculated lattice ahead, behind, to the sides and diagonally, as many times as necessary,
to capture all of the scatter that could intersect the desired ground point—even finding multiple
intersections with highly spread ray tubes if encountered. Robustly finding every intersection and
accurately calculating their normal area and intersection time, is required for the proper operation of
this method. This methodology does an efficient job of minimizing the comparisons needed to find
the intersections, but its complexity led to a lot of time spent debugging. The final method determines
intersections around 2 orders of magnitude faster than the ray propagation calculations, so its
complexity does not increase run times (which are dominated by propagation). (MOOUT is the MOre-
OUTput [or not] input variable that allows the output and execution efficiency to be matched to the
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users needs. Generally 3+ values are for debugging.) The variable output provides a lot of information
about the intersections calculations at values of MOOUT 2 3, so conversely calculations are much faster
at MOOUT = 2.

The intersection calculation has two options that were tested. The first option was the use of repeating
or not. The efficiency of repeating was shown to be such an improvement that all other analyses were
done with it enabled. However, the option remains for turning it off if additional testing is desired at

some future time.

The other intersection option calculates triangular tube intersections by cutting the quadrilaterals twice,
with a different pair of opposite rays, then dividing the amplitude of the signature summation by two.
Quaderilateral (regular parallelograms without turbulence) ray tubes are cut into triangular tubes, referred
to as tri-tubes, when resolving tube intersections. This improves resolution and is more reliable to
resolve because it avoids holes from folded quadrilaterals. By default, the triangle cut is switched
between different rays at negative Phis and positive Phis, like the blue-lines in Figure 115. The figure
shows curved green isopemp lines, two solid and one dashed. Additional green lines are drawn in the
direction of flight and their intersections with the green isopemp lines describes how ray starting
locations are organized by TURBO (Figure 115 shows flight heading green lines at phis of 30, 27, 24,
21 and 3, 0, -3, -6, -9, -12 degrees for illustration, typical TURBO dPhi spacing is much smaller, like
~0.002 deg). By default, the code connects the opposite corner ray-pair that is closer, before turbulence

distortions, which makes the triangular tubes more regular in shape.

Figure 115. Default tri-tubes use blue-lines, option adds red-lines.

A parameter option (KTri=2) causes each quadrilateral to be cut twice using the other, opposite corner
ray-pair, like the red-lines of the top quadrilaterals in Figure 115. This option resolves the triangles
redundantly as 2 sets of triangles that are superimposed, not 4 smaller triangles with an additional
interpolated center ray. When the superimposed signatures are summed, the result is divided by two to
get the correct amplitude. The additional calculation adds negligible execution time. It also seems to
make little difference. Future testing with many instances for statistical results may be required to

discern if this option provides any improvement.
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7.2.2.4 SIGNATURE SUMMATION

The signature summation step sums one or more ground signatures together, one for each tri-tube
intersection found. First the tri-tube’s area ratio relative to PCBoom’s non-turbulent calculation is used
to adjust the signature amplitude contributed by this tube. Second, this scaled signature is shifted in
time to match the tri-tube intersection time. Then all intersections are interpolated to a common time
scale (defined by HzOUT, currently 2,000 Hz) and summed into a single signature. The summation
can either use a PCBoom discontinuous modified-linear theory signature or a Burgers rounded signature
from a sSBOOM run. PCBoom will generate the sSBOOM inputs if the “SBOOM” keyword is specified
on the line following the RAYTRACING keyword. The sBOOM run following PCBoom will use the
temperature, X-wind, Y-wind and humidity profiles defined for PCBoom in its *.dat input file, whether
they are input directly or called from weather balloon files, etc.

7.2.3 FLIGHT TEST DATABASE

A flight test measurement database was obtained specifically for this program and included turbulence
and other weather measurements. Flight passes 1-65 were performed at NASA AFRC in Edwards CA,
at the west end of the Mojave Desert during very dry conditions. The month of July (2016), was chosen
for it’s typically strong turbulence strengths and many flight days with high turbulence were recorded.
Flight passes 66-121 were performed over NASA’s Kennedy Space Center, by the ocean, with each
day’s temperature reducing the humidity about 30% from the night’s saturated value, during August
2017. This month was also selected to maximize turbulence strengths at this location, but turbulence
for flight days were generally below high turbulence levels and the peak values were substantially lower
than at AFRC. (Further described and quantified in section 8.2.2.1 and Table 30.) Flight times each
day (excepting a few for differentiation) were chosen to capture strongest turbulence.

The Figure 116 below represents 12,100 prediction points for the 121 flight pass conditions. Some
generalizations can be seen that follow from the general testing conditions. AFRC passes 1-65 have
generally more variation than KSC passes 66-121, which follows from stronger measured turbulence
values and a thicker ABL in the desert. Predictions for the KSC passes have a slightly lower range of
level variation (not necessarily an indicator of mean or median). Measurement variation ranges are a bit
smaller and more consistent at KSC, perhaps from lower turbulence. However, the average level is
more variable from pass to pass, which may be indicative of off-track measurements and trajectory
variations. The prediction plot below, Figure 116, shows the most extreme values well but tells less
about the distribution. For example, there is a focus predicted by PCBoom for pass 71, resulting in the
high TURBO level, but a close examination of the prediction output reveals that TURBO predicts a
significant reduction in the average level of the peak due to turbulence. Also there is a peak for pass 71
due to a predicted focus and low values at pass 89 due to a number of zero level errors. The pass 71
predicted focus indicated a need to more accurately determine which trajectory data actually produced
sonic boom at the ground measurement locations. All trajectory times were updated and the focus went
away and the zero error was fixed. These are common examples of the many analysis examinations
performed, errors found, fixes implemented and analysis reruns completed. Analyses were executed in
parallel (6 to 20 code instances run simultaneously).
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Figure 116. 100 prediction points plotted for each of 121 flight test passes showing peak variations
(plus zero errors at 89 and a non-turbulent focus at 71).

TURBO performs its turbulent propagation using its turbulence modeling combined with the mean
atmospheric temperature gradients and winds. Testing at AFRC was done with the primary
measurement array directly under the flight track. At KSC due to airspace restrictions and trying to be
a good neighbor to Titusville, Florida, the F-18s were flown over the ocean with its sonic boom
footprint confined to the cape. This resulted in Phi angles of 10 to 40 degrees (the edge of the carpet).
The N-wave boom amplitude drops like a cosine to about half at the edge. In addition, trajectory
variations in heading have no effect on the boom under track but become significant off-track. In
summary, it was expected that KSC sonic boom would be 1 to 5 PL.dB quieter due to off-track distance,
louder by about 2 PLLdB due to less rounded signatures in higher humidity, less variability due to weaker
turbulence, but possibly more variability from trajectory changes measured off-track and occasionally
near the cut-off Mach.

7.2.3.1 ARMSTRONG FLIGHT RESEARCH CENTER DATABASE

The AFRC database contained ground measurements along a primary array of 16 microphones spaced
100 feet apart in a line in the direction of flight. This provides sufficient separation to measure different
turbulent distortions while keeping the flight conditions nearly the same. For model validation, a

TURBO analysis was run for all 65 supersonic passes using:

* balloon measured mean atmospheric conditions and ABL height,
* anemometer measurements for determination of the structure parameters C# and CZ,

*  GPS flight trajectories.

Ground measurements were taken along the flight path with a line of 16 microphones 100 feet apart, as
described for the primary array in Section 5.2.1 and Figure 36. TURBO was run for all 65 passes at near
Mach 1.4. For every pass 100 signatures were calculated in a line using a rectangle of starting rays 40
wide by 1030 long (41200 total rays, 80262 tri-tubes) spaced in squares with 1 ft of corner ray separation
in a constant ABL height plane.

Predictions were compared with ground measurements to assess the predicted levels versus
measurements. The predicted and measured means are within a few dB of each other, as shown in
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Figure 117. The turbulent variations from the Burgers trend do slightly improve matching, and there is
still a couple dB of prediction variation in the average from 100 signatures. Using the GPS trajectory
and mean weather conditions improves non-turbulent matching.
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Figure 117. The 100 signature classic TURBO solution per flight pass was used to predict mean level changes due
to turbulence.

While turbulence does affect the mean, it is expected to have a stronger effect on variations. Figure 118
and Figure 119 compare standard deviations at AFRC and KSC, respectively. The AFRC deviations
range from 2 to 6 PLdB while the KSC generally range from 2 to 4 with a few 5’s, except for one pass
with a 6 and 23 PLdB standard deviation. Trajectory data indicates a possibility for threshold Mach
effects. The measurements are believed to be accurate data. Using arrays of 16-20 microphones, the
measurements are a bit sparse for defining an accurate variation range. Running more predictions is
more economical for determining means and deviations. Comparisons are only expected to be close
with possible trend similarities. The figures show they are close, and furthermore, they have similar
magnitude variation trends, and overall the predicted deviations are high in both cases. The AFRC
deviations are generally close except that passes 34-49 are particularly over predicted. The KSC
deviations are generally close except for 11 predictions that spike above the others without any
noticeable pattern. These differences indicate likely opportunities for code improvement. Since the
KSC secondary array was only 3 degrees lower in Phi (the ray roll angle) than the primary array, it was
plotted with the predictions for the primary array (but secondary array conditions were collected if
secondary array predictions are ever desired). However, these differences may change because there are
still many parameters in the code that need testing to determine their best settings and many code
improvements are still being made. Matching variation trends provides confidence that important
processes are being modeled, and is important for the code’s intended application to low sonic boom
signatures.
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Figure 118. AFRC Measured standard deviation is near predictions and follows the variation trend.
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Figure 119. KSC measured standard deviation is near predictions and follows the variation trend.
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7.2.3.2 KENNEDY SPACE CENTER FLIGHT TEST DATABASE

As described in Section 7.2.3 and illustrated in Figure 120, KSC cases tend to have stronger sensitivity
to trajectory variations, due to measurements being off-track and due to flight speeds and headwinds
which sometimes were close to the cutoff Mach. Trajectory variations cause stronger effects in the
outer carpet than under track and when closer to the cutoff Mach, so the effect is compounded but the
total is only 2 PLdB. Course changes affect boom at the edge while they don’t affect undertrack, and
the lower ray inclination angles magnify many trajectory, wind and temperature variations as well as
turbulence. Figure 120 shows that TURBO correlates well in general with the measurements; one
instance of high levels are shown for pass 6, resulting from a strong focus that halts program execution.
In spite of the above mentioned problems, good results are achieved, as shown in Figure 120, and in
the next chapter.
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Figure 120. TURBO correlates with measurements until focusing becomes too prevalent
(really high levels for pass 6 result from a strong focus that halts execution).

7.2.4 RESULTS SUMMARY

This validation shows that the TURBO code provides assessments of turbulence that correlate with
flight test measured results, which is likely to further improve with additional experience running the
method. Standard deviation predictions show even more matching with the measurement deviation
trends though overall values are generally overpredicted. TURBO is able to assess full flight conditions
of mean temperature and mean wind distributions with superimposed turbulence. The code has a
flexible implementation that allows for further development and refinement.
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STATISTICAL ANALYSIS AND UNCERTAINTY QUANTIFICATION OF THE
NUMERIC AND CLASSICAL SONIC BOOM-TURBULENCE RESEARCH CODES

8.1 STATISTICAL ANALYSIS AND UNCERTAINTY QUANTIFICATION OF THE NUMERIC SONIC
BOOM-TURBULENCE RESEARCH SOFTWARE CODE

8.1.1 INTRODUCTION

To better understand the effect of turbulence and atmospheric parameters on sonic boom metrics,
multiple KZKFourier simulations at 96 different conditions varying these parameters were performed.
The code was run on the NASA Pleiades supercomputing cluster. The resultant database provides
insight into the effect of turbulence on N-waves across a wide range of possible atmospheric conditions.
For each of the 96 conditions, mean, -std, and +std turbulence FIR filters with respect to several metrics
(see Section 3.5) were created according to the FIR filter method developed by Locey and Sparrow
(Locey and Sparrow, 2007; Locey, 2008). The utility of the filters is that they can be convolved with
any given supersonic signature to approximate these metrics under the corresponding turbulent
conditions. These filters are applied to multiple low boom configurations in Section 9.0. The method
for choosing the 96 conditions and the associated simulation parameters are discussed in Section 8.1.2.
Results from the simulations including analysis of the effect of individual parameters are discussed in
Section 8.1.3, and in Section 8.1.4 some general uncertainty inherent in the KZKFourier algorithm and
in the turbulence FIR filter creation process is discussed.

8.1.2 SIMULATION PARAMETERS

Four general parameters including turbulence strength, boundary layer height, propagation angle, and
humidity were varied at discrete values to make up the space of simulated conditions under investigation.
The importance of turbulence strength and propagation distance on turbulized signature metrics is well
documented in the literature (Lipkens and Blackstock, 1998; Averiyanov e /., 2011b; Yuldashev ez a/,
2013; Yuldashev ez al., 2017). For the present work, the effect of propagation distance is broken up into
two different parameters, boundary layer height and ray propagation angle, because the turbulent fields
in KZKFourier (see Section 3.3) use height-dependent turbulence length scales according to the theory
of Wilson and Ostashev (Wilson, 2000; Ostashev and Wilson, 2015). It would be possible for two
conditions with similar propagation lengths to have different simulated atmospheric turbulence
conditions because of differing ray angles and boundary layer heights. To determine if such a situation
would appreciably change sonic boom metrics, the two parameters are considered independently.

Humidity is also considered because it greatly affects relaxation, which determines the shock structure
of sonic booms (Hammerton, 2001). Conditions with high humidity generally have less associated
relaxation absorption, which decreases the time a shock takes to reach peak pressure relative to low
humidity conditions (Loubeau, 2000).
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Each of the four parameters were varied between a few discrete values as listed in Table 29 below.
Every possible combination of values was tested, resulting in 96 “production” simulation conditions.

Table 30 lists the specific atmospheric turbulence quantities used by KZKFourier corresponding to
what is here termed low, medium, and high turbulence conditions. The values for u, are similar to the
range of values for friction velocity encountered for overland turbulence as described by Wilson and
Ostashev (Ostashev and Wilson, 2015). From these values, w, was chosen to simulate moderate to
high convection, ensuring the validity of the turbulent fields (see discussion in Section 7.1.4), by
choosing

w,\3 Z;
x(—) = A i35 (35)

where Kk = 0.4 is the von Karman’s constant. A ratio of -Z;/Ly,, = 10 corresponds to moderate
convection. A constant value for T, was chosen for simplicity, which approaches the mean surface-

layer temperature scale at AFRC of T, = -0.54 K.

With these atmospheric values, the RMS vector turbulence for the “medium” condition is near the mean
of the RMS vector turbulence strengths measured at KSC, and below the mean measured at AFRC.
The “low” condition magnitude is below all the recorded values, but is close to the minimum of 0.46
m/s recorded at AFRC in the eatly morning. The “high” condition magnitude approaches the
maximum value recorded at AFRC of 2.31 m/s. These conditions do not span all possible turbulence
states of the atmosphere, and only one convection condition is chosen. However, a general guideline
is that low conditions here apply to eatly morning or late evening/night when turbulence is weak, or
during periods with light wind and heavy cloud cover. Medium conditions apply to atmospheres with
moderate wind and solar heating, and high turbulence conditions apply to windy, sunny days with little
to no cloud cover.

Table 29. Range of discretized parameter values used in KZKFourier production simulations.

‘ Parameter Values
Turbulence strength Low, medium, high
Boundary layer height 400, 1000, 1600, 2200 m
Ray angle 21, 26, 33, 42°
Relative humidity 15, 60%

Table 30. Atmospheric turbulence quantities used for each turbulence condition considered.

u, ‘ W, T. Ovector

(m/s) (m/s) (K) (m/s)
Low turbulence 0.1 0.44 -0.5 0.31
Medium 0.35 1.55 -0.5 1.10
High 0.6 2.66 -0.5 1.89

The other simulation parameters which were used in the configuration of the KZKFourier engine are
listed in Table 31. The ambient temperature and pressure were chosen arbitrarily. As with the validation
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simulations in Section 7.1.2, the transverse size Ypyax Was reduced from 350 m for long propagation
lengths and the number of realizations was increased to compensate. The input waveform was chosen
from one of the motor glider recordings taken at AFRC. The signature was propagated through 1 km
of homogeneous atmosphere, using the production simulation’s ambient atmospheric parameters,
before the full simulation with turbulence. The signature length varies because zero padding was
necessary for long propagation lengths through the boundary layer.

Table 31. Parameter values used in KZKFourier production simulations.

Parameter Values for Production Simulations

T, 22.0°C
Po 1.0 atm
Signature Length 280 - 580 ms

Number of Realizations 27 -45

Ve 150-350 m
Ay (Transverse) 0.5m
Az (Propagation) 0.05m
Sampling Rate 200 kHz

8.1.3 RESULTS AND STATISTICAL ANALYSIS

Multiple realizations of KZKFourier were performed at each of the 96 distinct conditions found from
varying the four atmospheric turbulence parameters in Table 29. The simulated waveforms at the
ground capture the qualitative effects of turbulence and clearly show differences between turbulence
conditions. As with the validation simulations in Section 7.0, about 18000 waveforms were produced
at each condition. For illustration, waveforms from two conditions which exhibit peaking and rounding
from turbulent distortions are shown in Figure 121. These waveforms had the lowest and highest
maximum overpressures in a particular realization. The two conditions for these waveforms differ only
by turbulence strength and the other parameters are the same with about 2.3 km of propagation distance
through the boundary layer at 15% humidity. The peaked waveform at high turbulence contains much
higher amplitude distortions beyond the shock compared to the low turbulence case, and the rounded
waveform at high turbulence has a much longer rise time. The prevalence of longer rise times with
higher turbulence magnitude has been discussed in the literature (Averiyanov ez al., 2011b).
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Figure 121. Examples of peaked and rounded ground signatures after propagating through about 2.3 km of low
turbulence (left) or high turbulence (right).

All final ground simulated waveforms are included in the present analysis, not only waveforms at set
spatial intervals. This is statistically sound if we assume the ergodic hypothesis, meaning that we assume
that the statistics for a large number of simulations choosing a few resultant waveforms each would be
the same as the results for a smaller number of realizations choosing a large number of waveforms each.

Simulated waveforms at the ground were multiplied by an assumed reflection coefficient of 2.0, after
which the PL and ISBAP metrics and the peak overpressure were calculated. As in Section 7.0, a 2500-
point Hanning window was applied to the right edge of the simulated waveforms prior to calculating
PL and ISBAP. Metric standard deviations for each of the 96 conditions are shown in Figure 122 and
metric means are shown in Figure 123 and Figure 124, where color indicates the turbulence strength,
and dots are used for conditions at 15% relative humidity and triangles for 60% humidity. The statistics
are plotted against propagation distance, which can be found geometrically from the boundary layer
height and the ray angle. Green lines in Figure 123 and Figure 124 indicate the nominal metric values
found when propagating without turbulence. For convenience, results are not shown vs ray angle and
boundary layer height because the trends in the data were found to correlate well with propagation
distance. It should be noted that none of these results are intermediary; the data shown here are

extracted from ground waveforms which have propagated through an entire boundary layer.

The standard deviations in Figure 122 for each turbulence strength tend to increase with propagation
distance up to some point, after which the deviations decrease. As was discussed previously with respect
to the AFRC and KSC measurements and validation simulations (see Section 7.1.3), this observation
can be explained as the saturation of turbulence effects. These trends are in agreement with results
from other studies which found that peak pressure standard deviations tend to reach a peak and decrease
with increasing propagation distance (Yuldashev ez 4/, 2017). In addition, Yuldashev e¢# a/. found that
shock steepness standard deviations reach a peak and then decrease, while other authors found that the
rise time deviations increase with propagation distance, though the rate of increase slows (Lipkens and
Blackstock, 1998; Averiyanov ef al., 2011b).
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Figure 122. Ground signature metric standard deviations from the production simulations plotted against total
propagation distance.

The results in Figure 122 also show a dependence on turbulence strength for the distance to the standard
deviation turning point. The turning point for maximum overpressure deviations occurs at about 4.5
km propagation length for low turbulence strength, and near 3 km for medium and high strengths. The
turning point for PL and ISBAP deviations follows a similar trend with higher turbulence strengths
decreasing the distance to the turning point. For low, medium, and high turbulence conditions, the
turning points for PL and ISBAP are at about 5 km, 4 km, and 3 km, respectively.

The standard deviations for maximum overpressure tend to follow the expected ordering with respect
to turbulence strength. At low turbulence, the deviations are lower than at medium, and at high
turbulence conditions the deviations are highest. Interestingly, at above 2 km propagation distance and
above 3.5 km distance, respectively, the PL and ISBAP deviations for medium strength conditions
overtake those for high strength. In addition, the deviations for low turbulence conditions overtakes
those for high conditions after about 4 to 4.5 km for PL. These observations seem to contradict the
increase in rise time deviations with turbulence strength as shown by Averiyanov ez a/. (Avetiyanov ez
al., 2011b), although the authors may not have propagated far enough to find the behavior seen here.
One possible explanation is that with increasing propagation distance, the effects of atmospheric
absorption become more profound. The deviations then decrease as the high frequency content in the
signatures is reduced.

Interestingly, the ISBAP deviations in Figure 122 are generally lower than for PL by up to about 0.5 dB.
This difference occurs despite the fact that the ISBAP metric is strictly larger in value than PL, as
evidenced by the metric means in Figure 123 and Figure 124.

For most of the data in Figure 122 for PL and ISBAP deviations, conditions with a relative humidity of
60% tend to follow closely with results at 15% humidity, although the average effect is a slight increase
in metric deviations at 60%. This increase is more pronounced in the maximum overpressure
deviations, with disparities on the order of 10 Pa between humidities at medium and high turbulence
conditions.

As stated above, the overall trends in the data correlate well with propagation distance, though the actual
parameters varied in the simulations were boundary layer height and ray angle. The largest change in
PL and ISBAP deviations in Figure 122 between close propagation lengths occurs at distances of about
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2.8 and 2.9 km, which correspond to boundary layer heights and angles of 1 km at 21 degrees, and 1.6
km at 42 degrees, respectively. The change is due to the use of height-dependent turbulence length
scales in KZKFourier. For these results with one choice of convective strength, this effect is shown to

be usually minor and trends generally follow the overall propagation distance.
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Figure 123. Ground signature metric means from the production simulations at 15% relative humidity plotted
against total propagation distance. Green lines indicate nominal results without turbulence.
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Figure 124. Ground signature metric means from the production simulations at 60% relative humidity plotted
against total propagation distance. Green lines indicate nominal results without turbulence.
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The metric means in Figure 123 tend to follow with the expectation that mean rise time increases with
increasing propagation length through turbulence (Yuldashev ez a/, 2017), leading to a decrease in PL
and ISBAP. However, for conditions at 60% humidity in Figure 124, this rate of decrease is lessened,
and in the case of low turbulence, the mean PL and ISBAP actually increase with distance. This is likely
due to the cumulative effect of high humidity, which causes less absorption due to relaxation than at
low humidity. This cumulative effect is evident in the increasing nominal PL and ISBAP as a function
of propagation distance (green lines in the figures). The signature used for all the KZKFourier
production simulations came from motor glider measurements in the arid environment at AFRC, so
these conditions show the effect of a supersonic signature leaving dry air and propagating through
humid air near the ground. This is not a wholly nonphysical simulation, as humidity can vary throughout
the atmospheric profile.

At both relative humidities, the mean PL and ISBAP are both lowered by turbulence as indicated by
comparison with the nominal results without turbulence. This mean decrease becomes more significant
with increasing turbulence strength and with longer propagation distance. At high turbulence conditions
and at the farthest propagation distance considered here, turbulence decreases the mean PL by about 4-
5 dB and the ISBAP by about 2-3 dB. The mean peak pressures show the opposite trend, where
increasing turbulence strength and propagation distance tend to increase the mean.

Collected results for all the production simulations are shown in Figure 125 through Figure 127. Each
tigure contains about 1.7 million data points, where the y-axis shows the empirical probability of the
metric being above the corresponding x-axis value. The dashed lines show the probabilities from the
best normal fits to the data. For PL and ISBAP, the normal fit closely approximates the data above 5-
10% up to 90-95% probabilities, or the vast majority of the data. In contrast, the normal fits perform
poorly for the maximum overpressures which have high magnitude outliers at low probabilities. In
general, the distribution of maximum overpressures for turbulized N-waves tends to skew towards high
pressures, and is better fit by a generalized gamma distribution or similar (Averiyanov ez al, 2011b).

The results for these figures have been split by humidity because the primary effect of the higher
humidity is to raise the PL and the ISBAP by about 2 dB at all probabilities. However, the maximum
overpressure probability curves show slightly higher steepness at higher humidity. This is in line with
the results in Figure 122, where the higher humidity tended to increase the maximum overpressure
standard deviations, with a slight increase for PL. and ISBAP.
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Figure 125. Combined PL results from KZKFourier production simulations, at 15% humidity (left) and 60%
humidity (right). The y-axis shows the probability the data is above the value on the x-axis. The data are shown
as solid lines, and the dashed lines are best fits to a normal distribution.
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Figure 126. Combined ISBAP results from KZKFourier production simulations, at 15% humidity (left) and 60%
humidity (right). The y-axis shows the probability the data is above the value on the x-axis. The data are shown
as solid lines, and the dashed lines are best fits to a normal distribution.
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Figure 127. Combined maximum overpressure results from KZKFourier production simulations, at 15% humidity
(left) and 60% humidity (right). The y-axis shows the probability the data is above the value on the x-axis. The
data are shown as solid lines, and the dashed lines are best fits to a normal distribution.

8.1.4 UNCERTAINTY QUANTIFICATION

The KZKFourier engine solves the KZK equation using finite difference approximations which have
inherent, frequency-dependent error. In particular, the solutions for the thermoviscous absorption and
relaxation terms have errors which increase at higher frequencies (Collmar and Salamone, 2017). To
assess the ability of KZKFourier to resolve high frequencies, simulated white noise was propagated
without turbulence or nonlinearity at different humidities, and the actual absorption curve including
relaxation was compared with the analytical solution. The analytical absorption curve in Nepers per
meter is plotted against the simulated absorption coefficients in Figure 128. In the figure, simulated
absorption coefficients found at two different propagation lengths are shown, because at longer
propagation lengths the amplitudes at high frequencies were negligible. At 20% humidity, the
KZKTFourier absorption coefficients closely follow the analytical curve below about 10 kHz, above
which significant numerical absorption is added. At 80% humidity, the absorption at 10 kHz is only
slightly overrepresented in the simulation, with strong divergence above 50 kHz.
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Figure 128. Simulated absorption curve in KZKFourier (blue dots, red circles) and the analytical solution (black
line) at 20% and 80% humidity.

Even with a 200 kHz sampling rate, simulated frequencies above 10 kHz are not well represented by
KZKFourier at some humidities. Because of this, a 10 kHz low pass cut-off frequency was selected for
use with the turbulence FIR filters (see the algorithm description in Section 3.5.2).

The FIR filter creation process also has some inherent error because the filters produced are
approximate and are limited in length or number of filter coefficients. The filters are designed to closely
approximate the turbulized waveform when convolved with the clean waveform used to create them,
so this error can be assessed by performing the convolution and comparing the approximation with the
turbulized signature (e.g. Figure 16). The average relative error in terms of several metrics are shown in
Table 32, where the average is performed across the 96 production simulation conditions. The metric
standard deviations are approximated by subtracting results from the —std and +std filters and dividing
by two. Relative errors in standard deviation are with respect to the simulated standard deviation value.
In general, the standard deviation errors are within 5%, but are larger than the mean errors which are
within 1%. The filters for frequency-based metrics such as PL and ISBAP perform better than the
filters for the maximum overpressure. Table 32 averages across the 96 conditions, but in general the
approximation error increases for conditions with higher propagation distance.

The small mean error values in Table 32 are generally indicative of the validity of the FIR filter approach
for the production run simulations. These errors are in reference to convolution of the filters with N-
waves. The filters are used with shaped signatures in Section 9.0, including a preliminary validation of
the ability of the filters to accurately represent turbulence effects on shaped signatures.

Table 32. Inherent relative errors in metric approximations using turbulence FIR filters from KZKFourier
production simulations.

PL (dB) ISBAP pMax SELa SELb SELc SELe

(dB) (Pa) (dB) (dB) (dB) (dB)

o error (rel. %) 3.08 3.46 4.54 3.40 2.22 3.04 3.57
Mean error (rel. %) 0.18 0.14 0.82 0.22 0.14 0.08 0.21
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8.2 STATISTICAL ANALYSIS AND UNCERTAINTY QUANTIFICATION OF THE CLASSICAL SONIC
BOOM-TURBULENCE RESEARCH SOFTWARE CODE

Before reading about turbulence trends for this Classical method, understand that TURBO analysis
results were improving rapidly at the end of the program and are likely improve further with more
development and experience with the code. Testing of the methodology continues to yield further
refinements to its efficiency and accuracy.

Modified linear theory methods predict sonic boom refraction through an atmosphere with winds
parallel to the ground (X and Y directions) with altitude (Z) variations and depending on temperature
with altitude (Z) variations. Burgers equation was added for atmospheric absorption rounding of shock
discontinuities depending on humidity with altitude (Z) variations. The rounding from absorption
calculations results in shock rise times of a few milliseconds, which matches the shortest rise times
measured under calm atmospheric conditions. But rise times under calm atmospheric conditions can
be up to 3 times longer and rise times over 10 times longer are found under turbulent conditions. These
longer rise times and other fine structure (Section 1.0, Figure 3) distortions were determined to be caused
by propagation through atmospheric turbulence. The purpose of the Classical model is to predict
turbulence effects on levels particularly for quiet shaped sonic booms. If trends can be accurately
predicted, the fast speed of the method makes it usable in an optimization framework, possibly to

quickly evaluate different shaped boom aircraft designs under turbulent conditions.

The Classic turbulence methodology builds upon the modified-linear theory used for calm atmosphere
sonic boom prediction. Section 4.0 describes that the TURBO code re-propagates the sonic boom
through (generally 300 to 6,000 feet above ground level but can be up to 18,000 feet in extremely dry
climates) the atmospheric boundary layer (ABL), with random turbulence superimposed upon the mean
temperature and winds. Four phenomena are involved in sonic boom propagation: refraction, non-
linear aging, absorption and diffraction. The first three are employed in Burgers propagation, i.e.
PCburg and sSBOOM. Diffraction became necessary for focused sonic boom prediction. Turbulent
distortions result in part from post-focus scattering and propagation. Diffraction modeling is part of
the numerical method of Sections 3.0, 7.1 and 8.1. Results from that method can be used as an
additional benchmark for this code.

8.2.1 FLIGHT TEST COMPARISONS

In Section 7.2, the Classic turbulence code was validated first by individual execution steps and then in
comparison with flight test measurements, based on the magnitude of mean level and level standard
deviation. Figure 129 shows first (by legend order) a black line of the analysis preceding the addition of
turbulence to analyses. The TURBO prediction mean is blue with an upper and lower dotted boundary
in blue located 2 standard deviations from the prediction mean. Red circles mark the flight test
measurements along with their upper and lower dotted boundary located 2 standard deviations from
their measured mean levels. Clearly the measurement fits neatly inside, which is good; but does seem
to indicate that the TURBO modeling parameters may be over-predicting the variation range. The
prediction variation seems to over shoot more in the 30 to 50 range of passes, which may provide a clue
to reducing the difference. A good starting point for this modeling. Parameter testing to date has
generally indicated that smaller time steps, more turbulent modes, etc. improve the simulation accuracy.
Unfortunately, they also multiply the hours already required to run the simulation (121 runs, of 100 or
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more signatures, of 10K to 100K ray propagations for each flight database parameter variation). In
addition, some execution streamlining is likely to be able to improve speed and help all other testing.

140 [ No Turb (Burgers) '
TURBO mean
130 O 16 mic measured mean -
- TURBO +/-2*StdDev
meas +/-2*StdDev

110
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Figure 129. AFRC flight test data plus two standard deviations fit within the prediction.

Like with AFRC, the KSC predictions and measurements match well, as shown in Figure 130, and KSC
analysis has less over-prediction of the variation range. Since the secondary array was only 3 degrees
lower in Phi (ray roll angle), its measurements are also shown (primary is red circles, secondary is red
squares), and there are red dotted measurement standard deviations for both arrays which indicate no
clear difference between the nearby measurements. Some other features of note are a spike on KSC
pass #6 (flight 203 pass 1) where PCBoom is predicting a 4 psf focused sonic boom. However, the
carpet varies strongly over short distances for this pass, so small variations in the mean atmosphere
along the propagation path versus the weather balloon data can result in completely missing the focus.
For example, changing the trajectory time source by just a second will eliminate it at the measurement
location. Also, the very quiet data measured at pass 28 was sometimes predicted by PCBoom at a
particular trajectory second (or by a change in the PCBoom output interpolation scheme used by
TURBO). At KSC the margin between the cutoff Mach and the flight Mach is often diminished by
headwinds and high flight and ground temperature. In combination with off-track Phis, the effect of
any trajectory accelerations are relatively multiplied by 2 to 4 times. So we may need to look at
predictions around the vicinity of ground measurements to determine if a match is likely. And it
demonstrates that all these other parameters interact with turbulence effects. This classical method can
and does seem to be at least partially predicting such interactions.
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Figure 130. KSC flight test data plus two standard deviations fit within the prediction.

8.2.2 PARAMETRIC VARIATIONS

8.2.2.1 MODELING PARAMETRIC VARIATIONS

Many modeling resolution parametric variations were run during the development of TURBO to
determine the best values for predictions. Since similar codes and parameters have not been disclosed
in literature publications, the choice of parameter variations was often trial and error. Some guidance
was applied from only slightly similar numerical methods, but was helpful or at least reaffirming in
several cases. The main parameters studied were: number, length range and strength distribution of
random turbulent modes; number of rays and their separation, propagation step size, signature spacing
when running multiple signatures at the same time and paraboloid size. As fixes, changes and
enhancements were applied to the code, best values have shifted and parameters have been removed or
added. Many low resolution trials produced poor and misleading results that were eventually discovered
to be corrected by running at higher resolutions and longer execution times. Recent code changes and
rapid output improvements suggest that modeling parameter rechecks are advisable.

Code results improved greatly for measurement comparisons and turbulence parameter trends. Initial
results were discouraging in comparison with the Numerical Model results. Improved results emerged
during the last couple months of SonicBAT, so assessments changed rapidly. With additional
refinement, the Classical Model may be able to provide useful turbulent prediction trends and signature
assessments in minutes (similar to Burgers methodology). Such rapid capabilities support design
assessment, optimization and refinement during steady, Mach cutoff, accelerating and maneuvering

flight.
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For method refinement, many parameter values that produce better accuracy also increase execution
time, so suitable trade-offs had to be determined. Long execution times have been a constant
impediment to development, so further optimization of the code remains a high priority along with
continued testing for accuracy and robustness.

8.2.2.2 PARAMETRIC VARIATIONS OF TURBULENCE FOR F-18 N-WAVES

For this trend analysis, three turbulence strengths, two humidity profiles and 5 ABL heights were run
to investigate the current status of the code predicted trend results based on turbulence. Turbulence is
broken into three levels, low, medium and high, and 2 relative humidity (RH) levels, High and low.
High humidity is represented by the ANSI §1.26 humidity definition, which is 60% at sea level and 80%
at 22,000 feet. While the S1.26 distribution is not 100% RH, level changes little until RH becomes very
low, so humidity levels from 40% to 100% tend to be within 0.2 PLdB of the S1.26 distribution level.
The dry RH was chosen at 15% for this study. An RH of 15% is quieter by an average of 3 PL.dB versus
the §1.26 distribution. (In Section 9.0, shaped low boom signatures are found to have more sensitivity
to humidity, averaging 5 PLdB difference between 15% and S1.26 humidity.) Level differences from
humidity become larger at extremely dry RH levels, but it is difficult to find humidity levels throughout
a dry ABL of lower than 10% (found once during 2 weeks of testing over Edwards Dry Lake with 1-3
balloon launches per day, and at a much higher temperature than standard day so the absolute humidity
was higher.

Humidity also has a strong effect on turbulent temperature variations (CZ) and ABL height, so some
same values and some different values are used at the two different RH levels. Dry air heats more easily,
so C# variations averaged about 3 times stronger at AFRC than KSC, but CZ variations were similar.
Keeping the 3:1 AFRC to KSC C# ratio in mind, the rest is discussed in terms of AFRC. For the low
turbulence values, gusts can be present when the sun is down making C# values zero, so zero CF is used
with the lowest turbulence level of 0.05 CZ. The highest turbulence approached 0.10 C# and 0.25 C2
(typically 2-5pm in daylight time), so these were used for high turbulence. Medium turbulence at AFRC
was chosen as 0.06/0.10, which was a common pair of values around mid-morning. All turbulence
values are shown in Table 33 below.

ABL heights at KSC remained below 3,000 feet with partial cloud cover and 100% RH every night
during August 2017. Short rain storms sometimes occurred around 2pm, and generally reduce
turbulence thereafter. The weather at AFRC in July 2016 was sunny with desert dry relative humidity
averaging 10-30% RH and ground temps in the mid-100 degrees F at the peak of the day. ABL Heights
over 14,000 feet were measured and local heights reach up to 18,000 feet under the most extreme
conditions; hence, different, overlapping ABL heights were chosen for the two RH levels, as shown in
the Table 33 of turbulence strengths (3), humidity levels (2) and a final column of ABL Heights (7), for
a total of 42 turbulent prediction conditions and 2 baseline conditions without turbulence.
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Table 33. Parametric turbulence strengths, humidity levels and atmospheric boundary layer heights,
otherwise used with standard atmosphere conditions.

Turbulence \ o o \ Relative \ ABL Heights (feet)
None - - High (S1.26) (black solid horizontal line)
Low 0.00 0.05 High 200, 600, 1000, 2000, 3000, 4000, 6000
Medium 0.02 0.10 High 200, 600, 1000, 2000, 3000, 4000, 6000
High 0.05 0.25 High 200, 600, 1000, 2000, 3000, 4000, 6000
None - - Low (15%) (black dashed horizontal line)
Low 0.00 0.05 Low 200, 1000, 2000, 3000, 4000, 6000, 12000
Medium 0.06 0.10 Low 200, 1000, 2000, 3000, 4000, 6000, 12000
High 0.15 0.25 Low 200, 1000, 2000, 3000, 4000, 6000, 12000

Prediction trends in Figure 131 are the average of 500 signature predictions (undertrack, standard
atmosphere temperature without winds) at each of the 44 conditions of Table 33. The source was a
PCBoom F-18 estimate, flying at Mach 1.4 and 35,000 feet of altitude. For the prediction trends plotted
in Figure 131, high RH lines are blue lines and low RH lines are green. Results without turbulence
(Burgers-only without TURBO) are indicated by a horizontal dash-dot line (a single value since no ABL
height). Low turbulence is solid, medium is dashed and high is dotted. As expected from Burgers, low
RH is quieter than high RH by a 3 PLdB difference.
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Figure 131. The TURBO code turbulence reduces average level mostly as a function of atmospheric boundary
layer height with a similar slope regardless of humidity, and only a slightly lower slope with lower turbulence.

8.2.2.3 EFFECTS OF PARAMETRIC VARIATIONS OF TURBULENCE ON F-18 LEVELS

Before discussing turbulence trends for this Classical method, understand that trends predictions are
likely to improve as the code is refined. Results are not yet known to be accurate predictions, but rather,
are an assessment of the code’s development status. With that in mind, the most consistent and
prevalent trend is reducing level with increasing ABL height, with a slight slope reduction occurring at
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greater than 3,000 feet. There is a strongly puzzling feature that warrants additional scrutiny. Mean
PLdB reduces with increasing ABL height with very little regard for the strength of the turbulence,
whereas, it should approach a flat line as turbulence strength goes to zero, so this limit behavior should
be investigated further. One round of lower turbulence strengths was run and showed that it does
approach the No Turb flat line, but the logarithmic trend shape suggests that further checks should

be run.

The plot of standard deviation versus ABL height shows that the deviation magnitude increases with
ABL height but at a decreasing rate, with half the slope at 10,000 feet as initially at 2,000 feet, as shown
in Figure 132. The low turbulence deviation starts to reduce in slope versus ABL height at 3,000 feet,
while medium turbulence starts later around 4,000 feet and high turbulence does not reduce in slope
until above 6,000 feet. These results do not change significantly in high or low humidity.
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Figure 132. The standard deviation of the data plotted in Figure 128, deviation increases in magnitude with
Increasing ABL height but at a decreasing rate at greater ABL height.
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LOW BOOM VEHICLE ANALYSIS (EFFECT OF ATMOSPHERIC TURBULENCE
ON LOW BOOM SIGNATURES)

9.1 LOW BOOM VEHICLE CONFIGURATION ANALYSIS — NUMERIC MODEL

9.1.1 INTRODUCTION

Three supersonic signatures simulated with low boom configurations in PCBoom were provided for
analysis with the numeric methods. Prior to using the numeric methods, CFD generated pressure
cylinder data (representing the signature at the aircraft) were propagated in PCBoom, through an AFRC
atmosphere, to the top of the boundary layer. The signatures are referred to in the text as “LLM LBFD”,
“Boeing LBFD Variant”, and “NASA C25D”, while they are shortened for convenience in figure
legends to the names “BOEING”, “LOCKHEED”, and “NASA”. Following the methods described
in Section 3.5, the effect of turbulence on these low booms is approximated by convolving them with a
suite of “mean”, “-std”, and “+std” turbulence FIR filters representing several metrics. This suite of
filters is meant to describe turbulence effects in a wide range of atmospheric and propagation conditions
(see Section 8.0). As a preliminary investigation into the suitability of FIR filters in describing effects
on low booms, KZKFourier simulations at one turbulence condition were performed with the low
boom signatures as inputs. The full simulation results are compared with the approximations found
using newly-created FIR filters appropriate for the turbulence condition.

9.1.2 NUMERICAL METHODS

The low boom signatures were simulated in PCBoom using a straight, level trajectory and an
atmospheric profile which was measured at AFRC. Some simple processing of the signatures was
necessary before using them as inputs to the KZKFourier engine. For consistency, the shaped
signatures convolved with the FIR filter suite were also processed in the same way. First, small cosine-
squared time windows were applied to the left and right edges of the signatures to reduce high-frequency
noise from a drop to zero. The edges were then zero padded to allow for advection within the numeric

simulation without hitting the domain edges. Figure 133 shows the three signatures after processing.
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Figure 133. Windowed and zero padded ground low boom signatures convolved with turbulence FIR filters.
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Convolving the clean, ground signatures with the sets of FIR filters at the associated turbulence
conditions provided turbulized waveforms, from which metrics were calculated. Each set of mean, -
std, and +std filters is created with respect to a particular metric and one turbulence condition, so that
the convolved waveforms represent the turbulence effects at the same conditions. Example outputs
using the FIR filters for PL at low and high turbulence conditions with about 2.3 km propagation length
and 15% humidity are shown in Figure 134 and Figure 135. These are the same conditions as for the
results in Figure 121, though Figure 121 shows simulated N-waves with high and low maximum
overpressures. At high turbulence conditions, the shaped signature rise time is noticeably shorter after
convolution with the +std PL filter, while the rise time lengthens after convolution with the —std filter.
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Figure 134. Example low boom signatures after convolution with —std and +std filters for PL, low turbulence
strength, about 2.3 km propagation distance, and 15% humidity. These conditions are the same as for the N-
wave results in Figure 121.
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Figure 135. Example low boom signatures after convolution with —std and +std filters for PL, high turbulence
strength, about 2.3 km propagation distance, and 15% humidity. These conditions are the same as for the N-
wave results in Figure 121.
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9.1.3 STATISTICAL RESULTS

Because the low boom signatures provided were in reference to the arid climate at AFRC, only the filter
sets corresponding to 15% humidity were used, or 48 sets each corresponding to PL, ISBAP, and
maximum overpressure. Results for approximate PL standard deviations as a function of propagation
distance are shown for each of the three shaped signatures in Figure 136 through Figure 138, standard
deviations for ISBAP are shown in Figure 139 through Figure 141, and maximum overpressure
deviations are shown in Figure 142 through Figure 144. In each of Figure 136 through Figure 144, the
data with respect to low, medium, and high turbulence strengths are separated for convenience, with
black, blue, and red dots, respectively, showing the shaped signature metric deviations. At all turbulence
strengths, the corresponding results from the full N-wave simulations used to create the FIR filter suite
are shown as green dots for comparison. For a particular metric, the y-axis scale is kept consistent
between figures and also subfigures. The results are shown as a function of propagation distance,
though different combinations of boundary layers and propagation ray angles were used in the
KZXKFourier production run simulations as listed in Table 29 in Section 8.1.2.
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Figure 136. PL standard deviations for the BOEING shaped signature at low (left), medium (middle), and high
(right) turbulence conditions, and the KZKFourier production simulation results for N-waves (green). Shaped
signature metrics are estimated using the FIR filter suite produced from the simulations.
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Figure 137. PL standard deviations for the LOCKHEED shaped signature at low (left), medium (middle), and high
(right) turbulence conditions, and the KZKFourier production simulation results for N-waves (green). Shaped
signature metrics are estimated using the FIR filter suite produced from the simulations.
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Figure 138. PL standard deviations for the NASA shaped signature at low (left), medium (middle), and high
(right) turbulence conditions, and the KZKFourier production simulation results for N-waves (green). Shaped
signature metrics are estimated using the FIR filter suite produced from the simulations.

For each shaped signature, PL. and ISBAP standard deviations at low and medium turbulence conditions
follow a trend similar to the N-wave results but with an average decrease in PL. At low turbulence, the
deviations are below the corresponding N-wave deviations at every condition and for each signature,
with an average decrease near 1 dB PL or ISBAP. However, at high turbulence the deviations for the
low booms approach those for the N-waves. The difference in PL and ISBAP standard deviations
between N-waves and low booms, averaged across the different propagation distances considered here,
are listed in Table 34. The average deviation reduction stays approximately constant between low and
medium turbulence conditions, with reductions between 0.70 and 0.92 PL.dB, and between 0.55 and
0.82 dB ISBAP, but this benefit is greatly reduced at high turbulence. On average, the shaped signatures
have a slightly increased PL deviation by 0.04 to 0.13 dB, while the signatures perform better at high
conditions in terms of ISBAP, with a 0.02 to 0.29 dB average decrease.

Table 34. Decrease in PL and ISBAP deviations between N-wave simulations and approximations for shaped
signatures, averaged across propagation distances.

ap; (dB
D i (dB) opy, (dB) opy (dB) Oispap (dB) Oispap (dB) 0spap (dB)
ecrease,
Low Decrease, Decrease, Decrease, Decrease, Decrease,
strength Medium High Low Medium High
Boeing LBFD Variant 0.85 0.83 -0.04 0.55 0.75 0.20
Lockheed 0.92 0.88 -0.08 0.58 0.82 0.29
NASA C25D 0.83 0.70 -0.13 0.56 0.77 0.02
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Figure 139. ISBAP standard deviations for the Boeing shaped signature at low (left), medium (middle), and high
(right) turbulence conditions, and the KZKFourier production simulation results for N-waves (green). Shaped
signature metrics are estimated using the FIR filter suite produced from the simulations.
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Figure 140. ISBAP standard deviations for the LOCKHEED shaped signature at low (left), medium (middle), and
high (right) turbulence conditions, and the KZKFourier production simulation results for N-waves (green).
Shaped signature metrics are estimated using the FIR filter suite produced from the simulations.
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Figure 141. ISBAP standard deviations for the NASA shaped signature at low (left), medium (middle), and high
(right) turbulence conditions, and the KZKFourier production simulation results for N-waves (green). Shaped
signature metrics are estimated using the FIR filter suite produced from the simulations.

In contrast, the deviations in maximum overpressure shown in Figure 142 through Figure 144 are greatly
reduced for each signature at all conditions. Deviations at low turbulence strength are very close to
zero, while the small deviations tend to increase somewhat with increasing turbulence strength. At some
conditions, the error in this approximate FIR filter method is greater than the small predicted deviation,
resulting in small negative values. Since a negative deviation is nonphysical, these values have been set

to zero in the plots.

These metric deviation results seem to indicate that the sonic boom shaping involved in the three
configurations serves to decrease the overall level variations in low and medium turbulence conditions,
though the signatures are still affected by the turbulence. In high turbulence conditions, rise time
variations due to turbulence are shown to cause level variations in shaped booms on the order of the
variations found for N-waves. The maximum overpressure metric does not indicate this phenomenon,

likely because any shocks in the signatures have long rise times.
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Figure 142. Peak overpressure standard deviations for the Boeing shaped signature at low (left), medium
(middle), and high (right) turbulence conditions, and the KZKFourier production simulation results for N-waves
(green). Shaped signature metrics are estimated using the FIR filter suite produced from the simulations.
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Figure 143. Peak overpressure standard deviations for the LOCKHEED shaped signature at low (left), medium
(middle), and high (right) turbulence conditions, and the KZKFourier production simulation results for N-waves
(green). Shaped signature metrics are estimated using the FIR filter suite produced from the simulations.
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Figure 144. Peak overpressure standard deviations for the NASA shaped signature at low (left), medium
(middle), and high (right) turbulence conditions, and the KZKFourier production simulation results for N-waves
(green). Shaped signature metrics are estimated using the FIR filter suite produced from the simulations.

The approximate metric means as a function of propagation distance are shown in Figure 145 through
Figure 147, where each figure shows results for one shaped signature and low, medium, and high
turbulence conditions are superimposed. The metric value of the ground signature used in the FIR filter
convolutions is also shown as a flat green line. For ease of comparison, the scales of the y-axes have
been modified to match those for the N-wave metric means in Figure 123 and Figure 124 in Section
8.1.3. In general, the mean PL and ISBAP tend to decrease somewhat due to propagation through
turbulence at medium and high conditions, though this decrease is insignificant at low conditions. The
greatest reductions generally occur for high turbulence; the PL is reduced at most by about 3-4 dB, and
the ISBAP by about 3 dB. The mean maximum overpressure tends to stay nearly constant at all
turbulence strengths and propagation distances, with a slight increase for most conditions.
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Figure 145. Mean metric values for the Boeing shaped signature at low (black), medium (blue), and high (red)

turbulence conditions. Shaped signature metrics are estimated using the FIR filter suite produced from
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(red) turbulence conditions. Shaped signature metrics are estimated using the FIR filter suite produced from

the simulations.
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Figure 147. Mean metric values for the NASA shaped signature at low (black), medium (blue), and high (red)
turbulence conditions. Shaped signature metrics are estimated using the FIR filter suite produced from
the simulations.

In Figure 136 through Figure 144, the standard deviation data trends for the shaped signatures with
respect to propagation distance do not collapse as cleanly as for the N-wave simulations in Section 8.0.
The additional scatter may exist because the propagation for these conditions was at different ray angles
through the boundary layer. At least some scatter is expected because of the approximations inherent
in the FIR filter process and its application as discussed in Section 8.1.4. The validity of the FIR filter
application is preliminarily investigated in the proceeding Section.

9.1.4 COMPARISON WITH FULL NUMERIC SIMULATION

Several full KZKFourier simulations were performed to give an analytical benchmark for the effect of
turbulence on low boom signatures, against which the approximations found using turbulence FIR
filters are compared. The numeric simulations were successfully performed with shaped signatures,
showing the effect of turbulence on the signatures. The FIR filters were created using outputs from
this simulation. For input to KZKFourier, the three shaped signatures were output by PCBoom
simulations at a boundary layer height of about 1 km. The signatures were then processed as described
in Section 9.1.2, with an additional step of upsampling to a 200 kHz sampling rate. This rate was chosen
to best resolve any possible shocks due to energy focusing, and was the same rate used with the N-wave
simulations in Section 8.0. The signatures as input into KZKFourier are shown in Figure 148, which
show minimal change from the signatures at the ground used in Section 9.1.2. The other configuration
parameters for the simulation were chosen from one of the validation simulations in Section 7.0,
corresponding to the same pass with the atmospheric profile used in PCBoom to create the shaped
signatures. The flight altitudes in PCBoom were chosen to be on design and differed between the three
signatures, leading to somewhat different ray angles through the boundary layer. The parameters are
listed in Table 35, where the elevation angles listed are in the order: Boeing LBFD Variant,
LOCKHEED, NASA C25D.
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Table 35. Parameter values used with the KZKFourier filter validation simulations.

Parameter Value(s)

u, 0.66 m/s
w, 1.76 m/s
T, -0.25 K
Z; 1027 m
Elevation Angles (B) 32.9°, (LM) 29.6°, (N) 39.9°
RH 9.7%
T, 35.8°C
Po 0.924 atm
Signature Length 250 —-1230 ms
Number of Realizations 27-35
Vmax 200-350 m
Ay (Transverse) 0.5m
Az (Propagation) 0.05m
Sampling Rate 200 kHz
15 - - v 15 T . T 15
10} 10 10
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Figure 148. Processed shaped signatures at boundary layer height which were input into KZKFourier. The
signatures show minimal change compared to those at the ground in Figure 133.

The simulations were performed using the shaped signatures and also the N-wave from the same
validation simulation as inputs to best compare the turbulence effects on the different booms. The N-
wave simulations were run at the same elevation angles as with the three shaped signatures. Additionally,
simulations without turbulence were performed with the same other parameters. The PL, ISBAP, and
maximum overpressure from these clean simulations are designated the “nominal” metric values for
these signatures at the ground. The clean simulations were necessary in order to compare the effect of
turbulence on N-waves and shaped signatures in terms of metrics with respect to the nominal.

Figure 149 through Figure 151 show the resultant metric probabilities with respect to the nominal for
both shaped signatures and N-waves at the ground. As in other sections, the PL and ISBAP were
calculated after applying a 2500-point Hanning window to the right edge of the simulated waveforms.
The dB value for the nominal PL. and ISBAP atre subtracted from the calculated metrics, while the
maximum overpressures are divided by the nominal maximum overpressure. Dashed lines indicate the
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best normal fits. According to the methods described in Section 3.5, turbulence FIR filters were created
using the simulated N-wave results and the clean N-wave signatures. The filters were convolved with
the clean shaped signatures to create the approximate results shown in the figures. The number of filters
created was 1000, less than the 18000 that could be created with all the turbulized signatures, but it is
sufficient to show the performance of the filter method for the majority of probabilities.
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Figure 149. Metric probabilities with respect to the nominal (found from simulations without turbulence) for
the Boeing signature (solid black lines) and N-wave (solid green line) after propagation through turbulence, and
approximations from corresponding turbulence FIR filters convolved with the Boeing signature (red dots).
Dashed lines indicate the normal best fits. The y-axis shows the probability the data is above the x-axis value.
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Figure 150. Metric probabilities with respect to the nominal (found from simulations without turbulence) for
the LOCKHEED signature (solid black lines) and N-wave (solid green line) after propagation through turbulence,
and approximations from corresponding turbulence FIR filters convolved with the LOCKHEED signature (red
dots). Dashed lines indicate the normal best fits. The y-axis shows the probability the data is above the x-

axis value.
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Figure 151. Metric probabilities with respect to the nominal (found from simulations without turbulence) for
the NASA signature (solid black lines) and N-wave (solid green line) after propagation through turbulence, and
approximations from corresponding turbulence FIR filters convolved with the NASA signature (red dots).
Dashed lines indicate the normal best fits. The y-axis shows the probability the data is above the x-axis value.

For all three signatures, the effect of turbulence on the PL and ISBAP metrics are similar to the
turbulized N-wave results, though the black lines have slightly higher slopes indicating slightly smaller
standard deviations. The metrics closely fall onto the dashed lines indicating a good fit to a normal
distribution. For all the signatures, the median PL. and ISBAP falls below the nominal by about 2 dB,
showing the persistence of the shaped boom level reduction through turbulence as predicted by

previous tests with shaped aircraft (Morgenstern ez al., 2005).

As stated above, the simulation parameters followed those used in one of the validation simulations,
which had turbulence strength approaching the “high” turbulence conditions in the production
simulations described in Section 8.0. The RMS wind turbulence here was 1.55 m/s, while the
corresponding value for the “high” turbulence condition is 1.89 m/s. Thus, the result that the shaped
signature PL. and ISBAP distributions are similar to those for the N-waves agrees with the standard

deviation approximations at high turbulence conditions shown in Figure 136 through Figure 141.

Interestingly, the maximum overpressures for the shaped signatures in Figure 149 through Figure 151
do not follow the same trend as the N-wave overpressures. The distributions for the shaped signatures
are fairly normal with a small standard deviation and are generally much lower in magnitude than for
the N-waves, only converging to the N-wave results when heavily rounded at above 95% probabilities.
The median maximum overpressures for the shaped signatures are at or just below the nominal,
indicating that spiked and rounded shaped signatures have approximately the same probability of
occurring. In contrast, the median N-wave overpressure is greater than the nominal, so spiked N-wave

signatures are more likely to occur and have greater relative magnitudes.

In all cases for PL and ISBAP, the metric approximations using the turbulence FIR filters closely follow
the benchmark simulated results for the shaped signatures. Despite only 1000 filters being used, the
agreement is within about 1 dB for probabilities between 5% and 95%, the vast majority of the data.
The FIR filters perform well for all probabilities in predicting the maximum overpressures.

The N-wave results were also used to create mean, -std, and +std filters for the PL, ISBAP, and
maximum overpressure metrics according to the method described in Section 3.5. This method is

designed to give a quick estimation of turbulence effects by calculating metrics using only three
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convolved waveforms. The metric standard deviation and mean error in these approximations are listed
in Table 36. The error is calculated by subtracting the approximation from the simulated metric statistic
for each signature, such that a positive number indicates overestimation. The estimates for PL and
ISBAP standard deviations are within 1.04 and 0.96 dB of the benchmark for all signatures, respectively.
In terms of dB, the PL estimate has about 18% average relative error, and the ISBAP has about 22%
average error. The mean PL and ISBAP estimates are within 0.61 and 0.5 dB or about 0.7% and 0.5%
average relative error, respectively. The estimates for maximum overpressure deviations are within 2.1
Pa or about 48% relative error, and the mean overpressure estimates are within 0.3 Pa or about 1.2%
average relative error. Note that the high relative error in the maximum overpressure deviation
prediction is partly due to the small value of the deviation.

This preliminary analysis shows the usefulness of the mean, -std, and +std filters for quickly
approximating turbulized shaped signature metric statistics. The method here performs best for PL and
ISBAP, and particularly in estimating the mean effect of turbulence. The general turbulence FIR filter
method is shown to produce accurate metric distributions for PL and ISBAP with enough filters, so the
precision in the standard deviation estimates could be improved with a higher number of filters (only
three filters per metric were used here). However, this would necessarily increase the number of
convolutions and metric calculations required for each signature or condition of interest.

Table 36. Error in metric approximations using mean, -std, and +std turbulence FIR filters with the
shaped signatures.

Opj error O spap €rror OpMax €rror Mean PL Mean ISBAP Mean pMax
(dB) (dB) (Pa) error (dB) error (dB) error (Pa)
Boeing LBFD
. 0.54 -0.13 2.1 0.61 -0.36 0.1
Variant
Lockheed 1.04 0.63 -0.7 0.59 0.41 0.3
NASA C25D -0.13 -0.96 -0.8 -0.29 -0.50 0.2

9.1.5 UTILITY OF BOOM SHAPING

The estimated shaped signature metric deviations as a function of propagation distance in Section 9.1.3
and the full numeric simulations in Section 9.1.4 offer insight into the utility of boom shaping in
reducing turbulence spiking and level variations. The full simulation with shaped signatures confirms
the persistence of the median level reduction by boom shaping; indeed, the median PL. and ISBAP for
all three signatures are lower than the medians without turbulence by about 2 dB (see Figure 149 through
Figure 151). At low and medium turbulence strengths, the boom shaping has the greatest benefit in
reducing the level variations, with an average standard deviation reduction between 0.55 and 0.92 dB
PL or ISBAP for each of the signatures (see Figure 136 through Figure 141 and Table 34). However,
this benefit in terms of level deviations is largely lost in high turbulence conditions, with a decrease in
ISBAP between 0 and 0.3 dB, and slight predicted increases between about 0 and 0.1 PLdB for the
signatures.

The maximum overpressure deviations are shown to be greatly reduced with respect to N-wave
variations in terms of pascals in Figure 142 through Figure 144. The full simulation results in Figure
149 through Figure 151 further elucidate the reduction of turbulence spiking by presenting the
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maximum overpressure probabilities divided by the nominal without turbulence. With respect to the
nominal overpressure, all three probability curves for the shaped signatures fall to the left of the N-wave
results for nearly all probabilities, meaning that the signatures exhibit less spiking than the N-waves.
The median overpressure for the shaped signatures is at or just below the nominal, indicating that
rounded and spiked shaped signatures occur with approximately equal probability. The N-waves have
a much greater chance of spiking. In addition, the spiked shaped signatures have much lower relative
amplitudes compared with the N-waves. These results indicate that the relatively long rise times in the
shaped signatures once they enter the turbulent boundary layer greatly reduce the signature spiking in
turbulence.

9.2 LOW BOOM VEHICLE ANALYSIS — CLASSICAL MODEL

9.2.1 N-WAVE BOOM SOURCE COMPARISON

The TURBO classical model predictions, shown in the preceding Sections 7.2 and 8.2, were based upon
a PCBoom generated 4-point symmetrical N-wave starting signature. These N-wave analyses are
compared with low boom analyses in this section, so it is important to understand N-wave differences.
PCBoom’s N-wave routine (Carlson, 1978) is scaled to match the volume and lift of a vehicle and has
been validated as accurately matching ground measurements. This simplified signature source is
sufficient for a vehicle signature which becomes an N-wave within a few thousand feet from the vehicle
and remains that shape to the ground. For an N-wave signature only the magnitude of the shocks and
the slope of their rise (a.k.a. rise time), and to a lesser degree the duration, are needed to accurately
determine its non-turbulent spectral characteristics. Predicting non-turbulent N-wave levels can be

done accurately by scaling an N-wave source.

9.2.2 LOW BOOM VEHICLE SIGNATURES

In contrast, the shaped waveforms of a low boom vehicle require hundreds of points for an accurate
starting signature definition. Furthermore, low boom signatures have a different initial shape back near
the vehicle, before steepening from non-linear aging. The initial signature at the vehicle is shaped to
utilize aging during its propagation to evolve into its quietest shape at the ground, based on a backward
propagation theory developed by Seebass and George (1972), and refined and automated in a computer
code by Darden (1979). Shaping sonic boom by their theory is the only practical approach discovered
for reducing level by the 25 to 30 PLdB believed necessary for acceptable flight over land. In TURBO
analyses, signature evolution is affected by turbulence strength, atmospheric boundary layer (ABL)
height and humidity. Parametric results were produced from varying these three parameters with values
used in Section 8.2.2.2 for the F-18’s N-wave signature.

The first SonicBAT low boom test case presented here was contributed by Lockheed Martin (I.LM) and
is representative of a 94 foot long, highly slender, low boom flight demonstrator (LBFD) vehicle, similar
to the one LM is developing for NASA to gather human response data for quiet shaped sonic booms.
Therefore this signature is designated LM LBFD and its ground overpressure versus time is shown in
Figure 152 with a blue line. The other two low boom signatures contributed by Boeing and NASA have
nearly the same attributes and level, supporting our belief that all three are representative examples of
using shaped boom technology to achieve low boom levels. Boeing called their signature the Boeing
LBFD Variant, the red line in Figure 152. NASA called their signature NASA C25D, the green line in
Figure 152. All three signatures have similar front signatures between 0.35 to 0.37 psf peak overpressure
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and 57 to 62 msec in front duration. The first ~0.11 psf of the front of the LM LBFD and Boeing
LBFD Variant signatures is their rounded front shock strength. Following the 0.11 psf rise, the slope
reduces due to being a combination of isentropic compression and smaller rounded shocks that blend
together. This allows the front signature to be as quiet to our hearing as an N-wave of 0.11 psf peak
overpressure (based on consistent methodology). Shaped signatures are much quieter than N-waves
with the same peak overpressure, for example, the LM LBFD and NASA C25D are equivalent to a 0.11
psf N-wave and average -31 PLdB relative to the F-18 N-wave and the Boeing LBFD Variant signature
is a close -27 PLdB. The Boeing LBFD Variant’s aft signature negative impulse is much weaker than
the other two signatures, but its aft recompression slope (at 120 msec in Figure 152) is much steeper,
indicating it is a single shock. The Boeing LBFD Variant signature’s stronger aft shock and another
secondary shock (at 48-54 msec in Figure 152) result in 4 PLdB more audible frequency levels in the
160-400 Hz range, but actually slightly lower levels at lower, less audible frequencies. So except as
quantified, the similar shaping of these three signatures results in a similar spectral content, a.k.a. similar

levels versus frequency.

Low Boom Signhatures
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Figure 152. The three provided signatures at the ground (Burgers propagation with 1.9 ground reflection) are
similar in overpressure, duration (except Boeing aft signature) multi-shock ramp shape and level.
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These shaped sonic booms are representative of the technology, meaning their signature pressure slopes
and shock strengths are likely to be found on any size vehicle using the technology. Larger vehicles
have longer ramp portions with greater peak overpressure and duration, which yield a stronger and

lower fundamental frequency but larger vehicles have potentially very similar sound exposure levels
above 8 Hz.

9.2.3 PARAMETRIC VARIATIONS OF TURBULENCE FOR LM LBFD (VERSUS SECTION 8.2.2.2
N-WAVES)

Low boom vehicle level trends were investigated using the same parametric variations of Table 33.
These variations were applied to an F-18 N-wave sonic boom in Section 8.2.2, which was based upon a
PCBoom generated 4-point symmetrical N-wave starting signature. Turbulence Parametric Variations
and the results were plotted in Figure 131 and Figure 132, for comparison. In this section the parametric
variations were applied to the LM LBFD. Mean level results from 500 signatures propagated through
turbulence are plotted in Figure 153, along with Burgers level without turbulence (No Turb). The
Burgers results without turbulence uncovered a significant difference. The dry air (RH 15%) resulted
in a -5 PLdB change to the shaped signature that was already 29 PL.dB quieter than the F-18’s N-wave
(at high RH). In comparison, the F-18 N-wave signature changed -3 PLdB for the same humidity
change. Off-track results (not plotted) increased the effect. The off-track shaped signature changed by
-7 PLdB while the F-18 off-track N-wave only changed by -4 PLLdB. Apparently, dry air absorption is
greater for a shaped low boom signature than for an N-wave signature.

LM LBFD in Standard Atmosphere
3 Turbulence, 2 RH and 7 ABL Heights
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Figure 153. Green lines predict 70% more APLdB reduction in dry air for shaped signatures than for N-waves
(Figure 131).
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The reason absorption affected the shaped signature more may have to do with its difference in spectral
content. Their level in Sones (a measure of audible level and the precursor to calculating PLdB) versus
frequency is plotted in Figure 154 and Figure 155. In Figure 154, the N-wave is 56 to 66 Sones from
80 Hz to 500 Hz, highlighted in orange, and is similar at all Phis. The shaped boom Sones are shown
for signatures of 0, 10, 20, 30 and 40 degrees across the carpet. The shaped signatures are quieter, more
varied, more peaked and concentrated at lower frequencies. For shaped signatures, there tends to be a
shift to even lower frequencies for each step closer to edge of the carpet (Phi 40) Figure 156 has the
three (N-wave [orange]|, Phi0 [green] and Phi40 [blue]) areas of level in Sones versus frequency,
superimposed on a plot of absorption magnitude versus frequency. The Phi0 and Phi40 signatures are
also scaled up to the amplitude of the N-wave with dashed outlines so that their relative level versus
frequency can be compared with the N-wave. When relative humidity (RH) goes from 60% to 15%,
there is additional absorption below 200 Hz, but no change from 200 to 500 Hz. So dry air is expected

to cause more absorption to shaped booms than N-waves.
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Figure 154. N-wave audible level in sones exhibits peak level in the 80 - 500 Hz range.
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Shaped Boom Sones vs Frequency
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Figure 155. Shaped boom audible levels in sones for Phis of 0, 10, 20, 30 and 40 degrees.
Undertrack (Phi0) peak level of 80 to 316 Hz reduces to 50 to 200 Hz by Phi of 40.
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Figure 156. The combined N2, Oz and classical absorption effect grow in magnitude below 200 Hz in dry air,
resulting in more absorption of shaped booms, especially at higher Phis.
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The plot of standard deviation (sigma) versus ABL height in Figure 157 uses the data described above
for Figure 153. Like the F-18 in Figure 131, the low boom signature’s standard deviation grows rapidly
as the ABL height increases from 200 to 1,000 feet. The rate of deviation increase with increasing ABL
height is fairly steady at 1,000 to 2,000 feet and thereafter, but at roughly one-third of the slope from
200 to 1,000 feet. These changes might become smooth transitions if more signatures and atmospheres
were averaged. Overall, the shaped boom Sigma lines are similar to the N-wave Sigma lines—except
they are half the magnitude. All of the propagation calculations were the same. The only difference
was the starting signatures: N-wave and shaped boom. For the distortions calculated by TURBO, the
LM LBFD shaped boom signature shape exhibits half the variation of the N-wave signature. Though
the N-wave is much louder, scaling it (the Burgers rounded N-wave) to a different amplitude with a
multiplier has no effect on the strength of its variations in dB with TURBO. These results indicate that
a low boom shaped signature reacts differently to turbulence than an N-wave. The LM LBFD shaped
signature exhibited less variation (Figure 132 versus Figure 157) and less reduction in mean level (Figure
131 vs. Figure 153) in turbulence than the F-18 N-wave.

LM LBFD in Standard Atmosphere
3 Turbulence, 2 RH and 7 ABL Heights
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Figure 157. Rapid deviation growth in the first 1,000 feet of ABL height is followed by slower deviation growth
with ABL height. Higher turbulence strength results in a greater deviation magnitude. Dry air has slightly
weaker deviations than humid air, which was not evident for an N-wave.

9.2.4 TURBULENCE VARIATIONS OF THREE LOW BOOM SHAPED SIGNATURES

The results in the previous section indicate that a shaped signature reacts differently to turbulence than
an N-wave. The LM LBFD shaped signature exhibited less variation and less reduction in mean level
in turbulence than the F-18 N-wave. Two other low boom signature examples were contributed and
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designated Boeing LBFD Variant and NASA C25D. They were not formatted and available in time for
running the same propagation examples used for the LM LBFD and F-18 N-wave signatures in the
previous section. Instead, all three low boom signatures were re-analyzed consistently using the AFRC
balloon mean atmosphere measurements of July 22, 1800 GMT hours (11:00 am PDT, designated
a16072218z_s.atm in the SonicBAT file labeling system) at the previous dry air turbulent strength
variations and ABL heights, shown in Table 37. This measured atmosphere’s humidity averages 16%
in the last 8,000 feet but at +20 degrees C (resulting in more absolute humidity), so expecting results
~+0.5 PLdB louder and otherwise similar to the previous 15% RH everywhere. The other main
differences between a16072218z and a standard day are a larger flight-to-ground temperature difference
and winds. The temperature reaches the standard lower stratosphere temperature of -56.5 degrees C
just above 41,000 feet but is -68.3 degrees C (-11.8 degrees C cooler) at 55,000 feet. The ground
temperature is 36.2 C versus the standard value of 15 C, for a total temperature degree difference of
104.5 C versus the standard difference of 71.5 C. Winds stay below 20 knots but switch from generally
out of the West to out of the South-East above 52,000 feet. Analyses used the mean and standard
deviation of 500 signature predictions for each turbulence strength and ABL height.

Table 37. Parametric turbulence strengths and atmospheric boundary layer heights, otherwise used
a16072218z.atm.

Turbulence Ci? 2 ABL Heights (feet)
Level
None - - (magenta dash-dot horizontal line)
Low 0.00 0.05 | 200, 1000, 2000, 3000, 4000, 6000, 12000
Medium 0.06 0.10 | 200, 1000, 2000, 3000, 4000, 6000, 12000
High 0.15 0.25 | 200, 1000, 2000, 3000, 4000, 6000, 12000

The TURBO code does not separate the propagation calculations from the signature integration, so the
code had to be fully rerun for each case which required 260 minutes each. Since signature integration
is only about 1% of that time, future work could enable propagation saving and skip straight to
integration for fast signature comparisons or optimization of turbulent signatures.

9.2.4.1 CLASSICAL MODEL ANALYSIS OF LM LBFD

The atmospheric conditions used in Figure 158 are similar to the conditions used for the green lines in
Figure 153, excepting a larger flight-to-ground temperature difference and winds. The ground level
without turbulence is 69.3 PLdB. This is +1/2 PLdB louder than the Figure 153 no turbulence value,
which makes them reasonably comparable. However, the LM LBFD was rerun for the following three
sighature comparisons using the exact same atmosphere so the results would be exactly comparable.
This different signature source was used because it was the only format in which all three low boom
signatures were provided.

The mean level of the LM LBFD signature (left plot of Figure 158) does not follow a consistent trend
versus atmospheric boundary layer height (ABLH) or versus turbulence strength. This inconsistency
might be caused by an error. Whether an error or not, it might diminish with a larger number of
predictions. However, sonic boom level can be very inconsistent in its variations. When secondary
shocks get closer together or further apart level changes are very non-linear as a function of separation
and change in sign. So the inconsistencies will need to be investigated further.
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In general, mean level changes just a few tenths of a PLdB at 200 and 1,000 feet of ABLH. Thena 2 —
4 PLdB mean level reduction by 2,000 feet ABLH that continues, on average, but reduces in mean level
thereafter at a diminishing rate. Between 2,000 feet and 4,000 feet, the mean level may recover (low
and medium) up to half of its reduction before changing back to reducing with ABLH increases. The
total mean level reductions at 12,000 feet of ABLH fall in the -4 to -7 PLdB range. Turbulence strength
ordering keeps changing so there is no clear effect of turbulence strength on the mean level reduction.
This trend seems likely to be erroneous, since as turbulence strength approaches zero, the level reduction
magnitude should approach zero at all ABLH

One standard deviation, Sigma versus ABLH, is plotted on the right of Figure 158. Since this uses the
same data as the left plot, the same inconsistency remarks apply. Unlike mean level, deviations begin to
grow in magnitude immediately and approximately proportional to ABLH. A deviation magnitude of
6 PLdB is reached at 2,000 feet, then grows near half that rate, reaching about 12 PLdB at 6,000 feet.
But from 6,000 to 12,000 feet of ABLH, the magnitude of deviations slightly decreases. The strength
of deviations, like mean level, is mostly independent of turbulence strength. High turbulence does
maintain the largest deviations, but averages greater by only one PLdB.
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Figure 158. Results for LM LBFD at conditions in Table 37 and 16072218.atm.

9.2.4.2 CLASSICAL MODEL ANALYSIS OF BOEING LBFD VARIANT

The Boeing LBFD Variant signature’s trends are generally like the LM LBFD signature. Mean level
(left of Figure 159) changes just a few tenths of a PLdB at 200 and 1,000 feet of ABLH. Thena 2 —4
PLdB mean level reduction by 2,000 feet ABLH that continues, on average, but reduces in mean level
thereafter at a diminishing rate. Between 2,000 feet and 4,000 feet, the mean level may recover up to
half of its reduction before changing back to reducing with ABLH increases. The total mean level
reductions at 12,000 feet of ABLH fall in the -4 to -6 PLdB range. Turbulence strength ordering keeps
changing so there is no clear effect of turbulence strength on the mean level reduction.

Unlike mean level, deviations (right plot of Figure 159) begin to grow in magnitude immediately and
approximately proportional to ABLH. A deviation magnitude near 4 PLdB is reached at 2,000 feet,
then grows near half that rate, reaching 8, 10 or 10 PLdB at 6,000 feet, then maintains or increases
slightly to 10, 10 or 13 PLdB by 12,000 feet. The strength of deviations, like mean level, is mostly
independent of turbulence strength, though medium turbulence averages 2 PL.dB more than low and
high averages 1 PLdB more than medium.
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Boeing in 16072218.atm
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Figure 159. Results for Boeing signature at conditions in Table 37 and 16072218.atm.

9.2.4.3 CLASSICAL MODEL ANALYSIS OF NASA C25D VEHICLE

The NASA C25D signature’s general trends are like the others, but more ordered. Mean level changes
(left plot of Figure 160) just a few tenths of a PLdB at 200 and 1,000 feet of ABLH. Thereafter it
averages a mean level reduction of -1/3 PLdB per 1,000 feet of ABLH, that continues to 12,000 feet of
ABLH. The total mean level reductions at 12,000 feet of ABLH are in the -3 to -4 PLdB range, the
lowest of the three signatures.

Like the other deviation plots, the right of Figure 160 grows in magnitude immediately and
approximately proportional to ABLH, except the 0 to 1,000 ft growth to 1 PLdB is less than 1,000 to
2,000 foot increase to 3 PLdB, or 4 at high turbulence strength. From 2,000 to 6,000 feet ABLH, they
all grow about 3 PL.dB. Then they split-up from 6,000 to 12,000 feet ABLH low grows 1.5 PLdB,
medium grows 3 PLdB and high continues at its previous rate growing 4.5 PLLdB. Deviation growth
maintains a low, medium, high ordering but with some zero differences. The final deviations at 12,000
feet ABLH are 7.5, 9 and 11.5 PLdB for low, medium and high, respectively. There are smaller
excursions from the overall trends with the NASA C25D predictions and the deviations are more

ordered according to turbulence strength than with the other two signatures.
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Figure 160. Results for NASA signature at conditions in Table 37 and 16072218.atm.
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9.2.5 SUMMARY OF LOW BOOM VEHICLE ANALYSIS — CLASSICAL MODEL

The three low boom vehicle signatures, provided for SonicBAT analysis, all employed a ramp shaped
signature, a.k.a. minimum shock as described by Seebass and George (Seebass, A., and George, A., 1972)
and Darden (Darden, C., 1979), with multiple weak secondary shocks that were mostly rounded into
the ramp shape by atmospheric absorption. The shaped signatures were found to be -26 to -30 PLdB
quieter that the F-18’s N-wave signature. In addition to similar quietness, they have very similar front
shaping and 2 have similar aft shaping. The third signature, the Boeing LBFD Variant, had reduced aft
signature negative impulse but a stronger aft shock strength, producing a little more audible frequency
level but some lower infrasonic sound exposure level, but no differences in results were linked to these

signature differences for these cases.

In comparisons with N-wave results, shaped signatures resulted in some significant differences. When
going from the standard S1.26 relative humidity (RH) profile (averaging 65% RH near the ground) to
dry air of 15% RH, N-waves get quieter by -3 PL.dB undertrack and -4 PL.dB toward the edge of the
carpet. Shaped signatures get quieter by -5 PL.dB undertrack and -7 PLdB toward the edge of the carpet.
This difference appears to be due to greater absorption at the lower frequencies that dominate shaped
signature levels. In analyses with turbulence, results indicated that a low boom shaped signature reacts
differently to turbulence than an N-wave. TURBO indicated that the LM LBFD shaped signature
exhibited less variation and less reduction in mean level in turbulence than the F-18 N-wave. These
results should not yet be relied upon as accurate, but the indication that a low boom shaped signature
reacts differently to turbulence warrants additional scrutiny and cross-checking with our Numerical
method to validate the results or make refinements to the code, so it can produce accurate results for a

low boom signature’s behavior in turbulence.

The analyses of the three low boom shaped signatures resulted in similar results with significant
variations.  Identification of signature characteristics responsible for favorable results is not
recommended until the method’s accuracy is specifically validated for such work. However the result
that different signature shapes are affected differently by turbulence, indicates that signature shaping

may be able to improve propagation through turbulence.
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SONIC BOOM SOFTWARE UPDATE

10.1 PCBOOM SOFTWARE UPDATE

The numeric and classic turbulence models developed on this project were incorporated into the
PCBoom software tool, along with several other updates, creating PCBoom version 7.0.0. Section
10.1.1 presents an overview of the new PCBoom updates and resulting run options. The practical
implementation of the numeric model in PCBoom was accomplished by incorporating finite impulse
response (FIR) filters generated by the KZK model (Section 3.0). Instructions for applying the FIR

filters is provided in Section 10.1.2.

10.1.1 NEW FEATURES AND RUN OPTIONS

A high-level summary of PCBoom’s new features and run options is shown in Figure 161.
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Figure 161. PCBoom new features and run options.
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The main program modules of PCBoom, indicated by the black and white rectangles in Figure 161,
include FOBoom (sonic boom ray tracing), PCBfoot (post-processor for FOBoom), and WCON
(footprint display/analysis program). The program flowchart representation on the left side of this
diagram is the original PCBoom, which can still be run but now with user defined signature resolution.
The colored rectangles and text represent the new features that have been added to PCBoom on this
project. Seven different program run options are available, each represented by a different vertical
program flow path. The circles at the bottom of the figure indicate the options available for estimating
atmospheric turbulence effects using either the practical implementation of the numeric turbulence
model (FIR filters) or the classic turbulence model (TURBO). Options also exist for running the
program without turbulence computations.

One of the new features added was to incorporate NASA’s sSBOOM program into PCBoom. sBOOM
uses a time domain Burgers solution algorithm which is faster than PCBoom’s Anderson algorithm.
Propagation computations can now be done using either FOBoom or sBOOM.

The primary updates to PCBoom were the addition of the sonic boom turbulence models. Estimating
the effects of turbulence on boom signature propagation can now be done using either the numeric
model turbulence option or the classic model turbulence option. The practical implementation of the
numeric model is via the use of FIR filters, which were generated using the KZK model and are
discussed in the following section. The FIR filters operate on signatures propagated using either
FOBoom or sBOOM. The classic model turbulence option (described in Section 4.0) is a semianalytic
model of ray tracing coupled with a turbulence model. When the user wants to estimate turbulence
effects using this methodology, the classic model (TURBO) is run along with either FOBoom or
sBOOM.

In order to analyze the fine structure of waveforms distorted by turbulence, it was also necessary to
update the software to process high resolution signatures. Previously, WCON operated on low
resolution, 200 point signatures with a sampling rate of 25.6 kHz. The software was updated to process
high resolution signatures with a user defined sampling rate. A sampling rate of 51.2 kHz was used in

the low boom analysis presented in Section 9.0 and this was also the sampling rate used to record booms
during the AFRC and KSC research flight tests.

The last software update made to PCBoom on this project involved implementing the shock steepening
computations in PCBurg, a stand-alone program that computes one ray at a time, automatically for all
points in the footprint. This was done so that proper Burgers-evolved signatures can automatically
enter the turbulence models. Use of the Burger solver and/or high resolution signatures is expected to
result in longer program run times for the new version of PCBoom, compared with the original version.

10.1.2 PCBOOM IMPLEMENTATION OF THE KZK FILTERS

The finite impulse response (FIR) filters developed by Penn State University were incorporated into the
PCBoom suite of programs to show the influence of turbulence on sonic boom signatures propagated
from supersonic aircraft. Because the filters have propagation built into them, they must be applied to
calculated signatures on the ground; therefore, the logical choice for incorporating usage of the filters
was in the WCON module of PCBoom. What follows is a summary of how to use the turbulence filters
in WCON.
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Using the filters in WCON begins with the display of a signature. One way to display a boom signature
in WCON is to place the cursor somewhere inside the displayed boom footprint and pressing the ‘t’
key. Pressing the ‘t” key changes the display to show the calculated boom signature for the cursor’s
location. In order to apply the filters to the displayed boom signature, the user must press the ‘k’ key.

This will open a dialog box for entering the atmospheric conditions as shown in Figure 162.
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Figure 162. WCON signature window overlaid by turbulent parameters entry dialog.

The program will select the appropriate filter set to be applied to the signature in the WCON window
based upon the height of the boundary layer (in feet above ground level), the relative humidity (in
percent at the ground), the turbulence strength (low, medium or high), and the elevation angle of the
acoustic ray at the location in degrees. All but the last of these parameters must be entered into the
dialog box by the user. The elevation angle is computed by PCBoom and already available to the
turbulent filter selector; elevation angle is also shown in the header of the signature display. After
entering the atmospheric parameters and pressing the OK button, the user is shown a window with the
results of applying the appropriate filters to the sonic boom signature. This window is presented by an
independent program unit called FiltVIEW that is launched by WCON. An example display window
of FiltVIEW is shown in Figure 163. The header of the graph in the window shows the geometric

parameters of the boom ray and the atmospheric parameters entered by the user.
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Figure 163. FiltVIEW window showing the PCBoom signature and three signatures showing the effects of
turbulence.

The FiltVIEW display shows the metrics for the resulting waveforms from application of the filters. It
is important to note that the filters were developed for EACH metric in the table to the right of the
graphed waveforms; thus, the waveforms displayed in Figure 163 are those resulting from applying the
mean and plus/minus standard deviation filters for the Stevens’ Mark VII Perceived Level metric (PL)
as indicated by the underlined metrics in the table. The levels for the other metrics in the table are NOT
calculated from the waveforms in the graph. Only the PL metrics are calculated from the filtered
waveforms shown in the graph. To switch the display so it shows the filtered waveforms for which the
other metrics were calculated from, the user needs to press the Page Up/Down keys. The table will
indicate which metric’s waveforms are displayed by the underlined row. The exception to this is the pre
turbulized waveform from WCON will always be displayed in the graph.

Because FiltVIEW is an independent program module from WCON, multiple instances of it can be
open; thus, if the user returns to the boom footprint view in WCON, a signature from another location
in the footprint can be displayed in another instance of the FiltVIEW module as shown in Figure 164.

Multiple instances of FiltVIEW can also be used to show the effects of different levels of turbulence
strength (low, medium, or high) on the same waveform. An example of different turbulent filters
applied to the same waveform can be seen in Figure 165 (medium turbulence) and Figure 166 (high
turbulence). The examples shown in these two figures are for the same boundary layer height, relative
humidity, and elevation angle. The only difference is the level of turbulence strength indicated in the
header of the graph. The metric table can be saved to a text file using the file menu item of the
same name.
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Figure 164. Example of multiple instances of the FiltVIEW module showing turbulized waveforms from different

locations of the boom footprint.
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Figure 165. Medium turbulence filter applied to example waveform.
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Figure 166. High turbulence filter applied to example waveform.
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SUMMARY, RECOMMENDATIONS, AND CONCLUSIONS

The Sonic Booms in Atmospheric Turbulence Program was conducted to advance the understanding
of atmospheric turbulence effects on sonic boom propagation. Objectives of the program were to
design and conduct two supersonic research flight experiments under a variety of atmospheric
conditions, develop and validate one numeric turbulence model research code and one classic
turbulence model research code using measured acoustic and turbulence data from the flight
experiments, and apply the validated codes to estimate the effects of turbulence on the shaped signatures

from several low boom aircraft designs.

11.1 RESEARCH FLIGHT TESTS AT NASA AFRC AND KSC
The SonicBAT experiments at NASA AFRC and KSC were conducted in hot/dry and hot/humid

environments, respectively. Data collected during both experiments included simultaneous F-18A or FF-
18B onboard flight instrumentation data, high fidelity ground based and airborne acoustic data, surface
and upper air meteorological data, and additional meteorological data from ultrasonic anemometers and
SODARS to determine the local atmospheric turbulence and boundary layer height.

The first SonicBAT experiment was conducted at NASA AFRC, on Edwards Air Force Base, California,
from 11 through 22 July 2016 in a hot, dry environment. Primary validation measurements involved the
F-18’s flying nominally east-west, straight and level at Mach 1.38 and 34kft MSL along a path that was
directly over the primary acoustic array. Airborne acoustic data were measured by the TG-14 motor
glider at an altitude just above the estimated boundary layer height to record the F-18 boom signature
just before it propagated into the boundary layer. The primary acoustic array was comprised of sixteen
microphones spaced 100 feet apart; secondary and tertiary acoustic arrays, consisting of eight
microphones each, laid out 100 feet apart and in a cross configuration, were offset 7,500 feet and 15,000
feet north of the primary array, respectively. In total, 20 flights and 69 passes were conducted over the
arrays during the two week period; airborne incoming sonic boom wave measurements were measured
by the TG-14 for 60 of the 69 flight passes. Along with surface and upper air measurements,
measurements from two SODARS and two sonic anemometers located near the primary array were
used to determine the local atmospheric turbulence levels and the boundary layer height. Review of the
2,059 sonic boom signatures recorded at all three acoustic arrays for primary validation purposes
indicated that about 96 percent of these signatures had been affected by atmospheric turbulence.

The second SonicBAT experiment was conducted at NASA KSC, Florida from 21 through 31 August
2017 in a hot, humid environment. The primary validation measurements were conducted with the
aircraft flying straight and level at Mach 1.36 and 34kft MSL along a northwest—southeast, offshore path
that was laterally offset from the primary and secondary microphone arrays. The experiment at KSC
used two ground based acoustic arrays with the secondary array being located closer to the flight path.
The primary array consisted of sixteen microphones spaced 100 feet apart and the secondary array
consisted of twenty microphones spaced 100 feet apart; both arrays were linear and nominally oriented
northwest—southeast. In total, 20 flights and 56 passes were conducted over the arrays during the two
week period; airborne incoming sonic boom wave measurements were measured by the TG-14 for 35
of the 56 flight passes. Review of the 1,883 boom signatures recorded at both acoustic arrays for primary
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validation purposes indicated that about 95 percent of these signatures had been affected by atmospheric
turbulence. Due to the higher humidity at KSC, boom rise times calculated from the KSC
measurements are noticeably shorter than rise times calculated from the AFRC measurements.
Meteorological measurements were taken near the primary array at the surface, at a number of heights
on the 150 meter tower (including 12, 54, 132, 162, 204, 257, 295, 382, 394, 457, and 492 feet), and from
upper air soundings to determine the macro influences of the atmosphere including pressure,
temperature, humidity, and winds. Measurements were also taken near the primary array using one
SODAR and three sonic anemometers to determine the micro influences of the atmosphere including
turbulence; one anemometer was integrated with a moisture flux sensor specifically to provide a
humidity correction to certain turbulence quantities including the temperature structure constant.
Software was developed to post-process raw data from the anemometers to provide the turbulence
quantities of interest. The boundary layer height was determined using information from GPSsonde
balloon soundings and SODAR backscatter intensity time-height plots. The turbulence quantities and
boundary layer height were prepared as inputs to the numeric and classic turbulence models.

11.2 NUMERIC MODEL DEVELOPMENT AND VALIDATION

To numerically model supersonic signature turbulent distortions, the KZKFourier propagation code,
based on the solution of an augmented Khokhlov-Zobolotskaya-Kuznetzov (KZK) equation, has been
described including an approximate atmospheric turbulence model that incorporates measured or
simulated turbulence parameters. The code has been validated against data from the field measurement
campaigns using as inputs the signatures recorded at the motor glider and the parameters measured by
the sonic anemometers and balloon launches. The majority of PL, ISBAP, and maximum overpressure
deviation predictions fell within the confidence intervals around the measured values for both
campaigns, with the best performance in predicting PL. and ISBAP standard deviations. The code’s
predictions including metric means and deviations were most accurate at AFRC, likely because the
primary array at KSC was not undertrack and because the turbulence model is best suited to moderate
and highly convective atmospheres. During some passes at KSC, the atmosphere was only weakly
convective. Additionally, boom level reduction due to clouds is not accounted for in the numeric model.

The full KZKFourier code was run on the NASA Pleiades supercomputer cluster at 96 different
turbulence and propagation conditions with multiple realizations at each condition. For these
production runs, an N-wave from the AFRC campaign was used as input, and “low”, “medium”, and
“high” turbulence strength conditions were considered. The results show trends in metric standard
deviations and means with respect to propagation distance and turbulence strength. In general, the PL,
ISBAP, and maximum overpressure standard deviations tend to increase with propagation up to about
3-5 km of propagation distance depending on turbulence strength, beyond which the deviations
decrease. This trend in maximum overpressure deviation follows with the turbulence saturation effects
which have been described by previous studies. The PL and ISBAP deviations are affected by pressure
amplitudes and rise times, which are affected by turbulence and atmospheric absorption. Additional
investigation into the simulated rise times may offer more insight into the PL and ISBAP trends. The
PL and ISBAP means after propagation through turbulence are all lower than the nominal case without
turbulence. Additionally, increasing turbulence strength and propagation distance are shown to further
decrease the mean PL and ISBAP. In contrast, the maximum overpressure means are higher than the

nominal after propagation through turbulence.
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Results from the KZKFourier production runs were then used to create mean, -std, and +std turbulence
FIR filters designed to give a quick estimation of turbulence effects on a given waveform with respect
to several metrics. The error inherent in the approximate filter creation process was determined to be
below 5% on average for predicting metric standard deviations, and below 1% for metric mean

estimation.
Recommendations for future work with the KZKFourier model include:

¢ Additional investigation into the simulated rise times in Section 8.0 may offer more insight into
the PL and ISBAP trends with respect to propagation distance through turbulence.
* Three-dimensional numeric simulations at a few select conditions may qualify the use of two-

dimensional simulations to predict turbulence effects.

11.3 CLASSICAL MODEL DEVELOPMENT AND VALIDATION

A classical model for propagation through turbulence was developed with the long range potential for
fully accurate sonic boom predictions through real atmospheric conditions and runs quickly from a
desktop PC. The code already includes:

e Fully 3-D propagation including mean temperature and winds profiles run with turbulence
¢ Complex atmospheric modeling capability
¢ Connected to the PCBoom suite of tools, including sBOOM Burgers propagation

Areas for method improvement were identified including:

¢ Usability improvements from additional run experience and validation case updates, bug fixes,
integration with PCBoom suite of tools, and continuing documentation updates

* Speed enhancements through improved signature integration techniques, propagation loop
streamlining, parallel propagation loop execution and improved Burgers execution speed

* Enhanced capabilities and accuracy through improved diffraction modeling,
accelerating/maneuvering flight capability, cloud absorption prediction and shadow-zone

predictions beyond carpet and Mach cutoff predictions

11.4 ANALYSIS OF LOW BOOM SHAPED SIGNATURES

To estimate the effect of turbulence on low boom signatures, from analyses using the numeric model,
the FIR filters were convolved with three shaped supersonic signatures provided from PCBoom
simulations, giving estimates for metric means and deviations for a wide range of conditions. The results
indicate that boom shaping provides the best benefit in reducing PL. and ISBAP deviations at low and
medium turbulence strengths, but at high turbulence conditions the variations for shaped signatures
approach those for N-waves. This observation was confirmed by full KZKFourier simulations
propagating the shaped signatures through turbulence with strength approaching the “high” condition
used in the production runs. The simulated shaped signature PL and ISBAP probability curves with
respect to the nominal, non-turbulized signatures follow the N-wave results. The median simulated PL
and ISBAP fall below the nominal values, showing that the level reduction from boom shaping persists

through atmospheric turbulence in an average sense.

The shaped signature numeric simulations were also used as a benchmark to test the accuracy of the
FIR filter method when applied to shaped signatures. Using a large number of filters, the PL and ISBAP
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approximations accurately reproduce the probability curve to within 1 dB for 5% to 95% probabilites.
Thus, the general application of turbulence FIR filters to estimate shaped signature level variation is
validated. The filters also performs well in estimating the maximum overpressure curve at all
probabilities. The method of using mean, -std, and +std filters to quickly estimate metric statistics was
also compared with the benchmark, finding about 18% average relative error for approximate PL
deviations and 22% average error for ISBAP deviations, with a large relative error for maximum
overpressure deviations due to the very small value of the overpressure deviations. The mean metric
estimates had less error at less than 0.7% average error for PL and ISBAP means and 1.2% average
error for maximum overpressure means. The precision of the mean, -std, and +std filter method could
be improved by including more filters, though this would necessarily involve more convolutions and
metric computations for each signature and condition of interest.

Both the shaped signature numeric simulations and the FIR filter method suggest that the shaped
signatures spike less than N-waves, in terms of pascals and also with respect to the nominal peak
overpressure of each signature. For the KZKFourier simulations approaching high turbulence
conditions, the probabilities of shaped signatures either spiking or rounding were approximately equal,
while N-waves were shown to have a much higher probability of spiking. Results suggest that the
relatively long rise times in the shaped signatures once they enter the turbulent boundary layer serve to
reduce both the magnitude of spiking and the chance of occurrence.

Recommendations for future work with the numeric model and shaped signatures include additional
KZKTFourier simulations at low and medium turbulence conditions to validate the predictions made
using FIR filters. TFull simulations may illustrate the utility of boom shaping by more precisely
quantifying the predicted PL and ISBAP deviation reductions at low and medium turbulence.

Analyses of the low boom shaped signatures using the classical model yielded two primary results when
compared with the same analysis for N-waves: dry air is expected to cause more absorption to shaped
booms than N-waves and shaped booms react differently to turbulence than do N-waves. Concerning
absorption, when going from the standard S1.26 relative humidity (RH) profile (averaging 65% RH near
the ground) to dry air of 15% RH, N-waves get quieter by -3 PL.dB undertrack and -4 PL.dB toward the
edge of the carpet. Shaped signatures get quieter by -5 PLLdB undertrack and -7 PLL.dB toward the edge
of the carpet. This difference appears to be due to greater absorption at the lower frequencies that
dominate shaped signature levels. Results of the classical model turbulence analyses indicate that the
LM LBFD shaped signature exhibited less variation and less reduction in mean level than the F-18 N-

wave.

Comparing the classical and numeric model results, there is considerable similarity and some difference
between them. Both the classical and numeric models provide similar trends of a reduction in mean
loudness, due to turbulence, for N-waves and shaped signatures. The classical means change by 0 to -
6 PLdB-avg while the numeric means change by +1 to -4 PLdB-avg. Classical model loudness
deviations are predominately larger than numeric model loudness deviations and increase at higher
turbulence strength.
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