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A —
y— Background

e Sonic boom is characterized by overpressure and rise time

- Overpressure and rise time strongly affect “loudness level”
v Loudness decreases with decreasing of overpressure;

v Loudness decreases with increasing of rise time

Rise time,
120 msec
0.5
]
110F =
Duration 4
8
Maximum shock i . loof
rpressure| : Loudness
o ™ : level,
> i - P
e Bt
Rim phaec ol T 80}
shock
L 1 1 1 J
L 100 200
Overpressure, N/fm=
Carlson, H. W., NASA SP-147, p.10. Shepherd, K. P., NASA TP-3134, Fig.6 2
y—= Rise Time Estimation
MISORA

o Atmospheric absorption and turbulence are important factor on
rise time

¢ Waveform Parameter method cannot estimate rise time

- Necessary to develop improved estimation method

r r\\\ﬂ\}ﬁ FIELD (D Atmospheric absorption effect

"\

v Viscosity

v Heat conduction

+ Rotational relaxation

v Vibrational relaxation of O2 & N2

ap

@ Atmospheric turbulence

AR FIELD
Y- W T Ap AP TT 35t

——

Carlson, H. W., NASA SP-147, p.10. 3
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A _—

y—= Research -1
MISORA

Development of the estimation method considering the
atmospheric absorption effects

Investigation of the absorption effects on sonic boom waveform

v The method is developed based on the waveform parameter
method

v Numerical analysis is performed with standard atmospheric
condition; relative humidity 0-100 [%)]
- Comparison of power spectra
- Comparison of sonic boom waveforms

- Variation in overpressure and rise time

A _—

y —= Calculation Procedure
MISORA

Near field pressure wave

Wave nonlinearity
Geometric spreading attenuation
Stratified atmosphere

Time domain

Discrete Fourier transform

Frequency
domain

Atmospheric absorption effect

Inverse discrete Fourier transform

l Sonic boom waveform '
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A _—

y— Procedure for Fourier Transformation
MISORA

o Near-field pressure signature that can produce double N-type boom

e Setups for DFT and IDFT:
- Sampling rate f, =27 [kHz]
- Sample points N=16,564

0.06

- Zero padding between -150~450 [ms]

0.04 !

- Hanning Window function ozl
- Amplitude spectrum is subtracted o 0
due to the absorption effects =P

- Phase spectrum is conserved 004f

2006 |

008k

== Atmospheric Absorption Coefficient
MISORA
e The coefficient a [dB/m] is function of...
- Frequency f [Hz]; Temperature T [K]; Pressure [Pa]; Humidity h [%0]
e The coefficient represents pure tone attenuation in air

10°

10" E

10 e Viscosity

10'3% e Heat conduction
10—4; ¢ Rotational relaxation

10 e Vibrational relaxation of O, & N,

Absorption coefficient [dB/m]

10°k

10 77
= 7

ot
10° 10 10° 10° 10°
Frequency [Hz]

1SO-9613-1 “Acoustics-Attenuation of sound during propagation outdoors-Part-1" 7
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y—= Sonic Boom Calculation
MIS0RA
e Waveform Parameter method
- Standard atmosphere; no winds
- Relative humidity was fixed between 0 to 100 [%] for each calculation
- Absorption effect is applied every 500 [ft] propagation by reference to the
ambient T [K] and P [Pa] AN

[
F 'q\\g‘\’\Q

«M=2.0 AN R
. L ARG
« Aircraft 300 [ft] \'OQ ’ 1
« Altitude 60,000 [ft] 5 1} (4P /\
PTN
T

h _—

y—= Comparison of Sonic Boom Waveforms
MISORA

e Waveforms change from abrupt waveform into round-peak waveform

- Rounded parts are found at every abrupt shock parts

Overpressure [psf]

0 100 200 300 200
Time [ms] 9
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A _—

y—= Comparison of Power Spectra
e Power spectra are similar in lower frequency area below f < 100 [HZz]
e The spectra are reduced in higher frequency area

- Result of hr = 10 [%] shows significant reduction in the spectrum

& 10} W,
% 150 i { [&1\\!{”‘
b {
o
a |
§ 100 |-
2
:0_ I
Q@ 50
3
o
A T T
Frequency [Hz] 10
p 2 Front and Rear Shocks
MISORA
o Original waveform has actually “zero” rise time at front and rear shocks
e Finite rise time occurs due to atmospheric absorption effects
- Result of 10 [%] relative humidity has larger rise time, due to significant
reduction of power spectrum in high-frequency domain
2. 0.5_
1.5; Original 0- Original | 0
% ﬁ'o.s:— &
s L & r
gt g |
2 | 2 f
o [ & [k
E"O.S‘— 10 g'
6 | o15F /
o 9 g 100
i 100 50 2z \s0
i Front part ! Rear part
D R Ty S T 28 it
Time [ms] Time [ms] 11
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S Variationiin Overpressure and Rise Time

MISORA
e Almost all cases have decreased overpressures
- Initial overpressure decreases with lower humidity
e All cases have finite rise time

- Rise time: maximum around 10 [%] relative humidity

1.62 1E
09F o\ +0.87 [ms]
2" =
& £
8 3
8 : o
U
154 . 0.06 [psf] 1P
k 05 Original
7 AU R TR S S ) P S L
° Rela:g/e humidsi?y["/o] % 10 . = Relati:;.e humi?ity [%]80 e 12
A —
p== Future Works -1
MISORA
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y—= Atmospheric Turbulence Effect
MISORA

o Investigate the variability of overpressure in PBL due to
atmospheric wind fluctuation

plane waves

Ollivier, Sébastien; Blanc-Benon, Philippe., “Numerical simulation of “low
level” sonic boom propagation through random inhomogeneous sound speed
fields,” ICA2007.

14
- .
== Calculation Procedure
MISORA
T Sears-Haack
[CFD calculation of near—ﬁeld]— M=1.7,
Near-field pressure wave
H/L
Standard atmosphere 003(UPACS-(:ode,IEuIer mode)
+ M. &
Wind fluctuation 002 ;
T
‘L g
Sonic boom y
p— -
NN N
; : : 15

|

This document is provided by JAXA.



Time scale

y _——=

MISORA
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Wind Fluctuation Model

micro

meso

macro

L =
< &

2=

-
=

3

1s

Monsoon

icm 1m

(I. orlanski, 1975)

y _——=

MISORA

100 1km

Space scale

100km 10,000km

Random Fourier mode
N
l:‘:.l‘(.‘l")= zzﬁm C’Os(kn g +iyn )In
a=1

Energy spectrum of von Karman and Pao

i [g-'? (k/k, ) {9}:1
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16

Sonic Boom Calculation

e Homogeneous wind fluctuation was generated in PBL (1 km)

¢ Modified Waveform Parameter method

No wind

A PBL, 1 km

Sonic boom reaching point

17
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AP, psf

Percentage of occurrence
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A —
y—= Variability of Sonic Boom Overpressure
MISORA
e — sl \'\\
\\\.
1 ar : No wind
= sl \ fluctuation
G
L & of
£
g sl
L A
I sl
0 56 100 150 200 250 300 o=t B0 150 20 20300
Time, ms Time, ms
PBL (V,,s = 2.5, m/s) Whole region (V,,,s = 2.5, m/s) 18
= Histogram of Initial Overpressure
MISORA
o Overpressure is likely to be reduced statistically
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b
4= Cumulative Probability from XB-70 Flights

MIS0RA

99 O ON TRACK
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i

Cumulative probability
s 3
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o i
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02}
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APo s / APo ga ¢

Domenic, H., Maglieri, “Sonic Boom Flight Research-Some Effects of Airplane

Operations and the Atmosphere on Sonic Boom Signatures,” NASA SP-147 20
A —
p== Future Works -2
MISORA
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Figure 15. Pressure Distribution Comparison, Airfoils 4 and 5§

(NASA Report, 1979)

9 AR RSIE R ORE

(Fukagata et al., 2006)
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E HEBODO R ZEE R 7r—IL ‘;

- (Kasagi, Suzuki, and Fukagata, Annu. Rev. Fluid Mech. 41, 2009)  7/22

1000 T T
100 F h . Aircraft Higher Re number o
Very—hlgh-
pressure gas "
w  Ofpipelingg Bullet train/Maglev E
T L
=
b \
E 1 Ship/high- ® . =
g_ r press.urer s\ Automobile
gas pipeline \
E ‘.\‘ ‘. Larger ]
01kE ) | kinematic B
@& % /viscosity
Gas pipeline IS E
% “‘ 6‘ Petroleum
0.01F N .. pipeline E
L ' o
\‘%
0.001 TP il oY [ T o L i
0.001 0.01 0.1 1 10 100 1000

Dimension (mm)

) AL EEER OB S FIKIEEX
S (Fukagata, Iwamoto, and Kasagi, Phys. Fluids 14, 2002) 8/22
« FYRILFR WS
12 1 L Re, =—2%
Cr= o+ 2 [a=y) vy v
e
1am?a?%:a S 0. —— Nondimensionalized
g turbulent contribution (=weighted integral of RSS) by 2Ub* and & (or R*)
. fuors s
HE ;)2. . ZUZR*
c =
C,=— 16I2ru u. rdr b v
Re,
- EREERRE
_40-5,) g — Nondimensionalized
Cp=—r 5 +4£(1—y)(—uv)dy by U." and &y,
' duu  duv 2U00599‘V
—2|la-y)?| —+=—1d Re, = ———
l( ) { x "o y b
1 0,: nondimensionalized
Contribution of spatial development displacement thickness
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B amorsronmcsommanen .

- B/ BESSalL—i3ay
— Ta4—R /ol
o MNIZOLIFERE AL =i 8 Hil {H
TIXHER 1t (Bewley et al., 2001)
- BEMLGEOYEREZAVSIETE
12%3E 1K 8 (Fukagata & Kasagi, 2004)
- L TA—IRHIE
o LB ERNT KELIERERR
(Min et al., 2006; Mamori et al., 2010), ~ ZERDI«—F/ VIl 27 L,
Bkt (Nakanishi et al., 2010) o)L HLA0D) L a0 St
- BEREER
— T4—FN\v %I (FEFDS, #i%, 2006; Yoshino et al., 2008)
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q TUTA—SUFHEIEHOH]: Min et al. (2006) 0D #1775 Hl .

t*=2.3143

(Mamori, 2009)

@ = U/ S EEE T D il 1y

« BELRICBTAERERORE=BEEFEOLA/ILIE
A A
— FIKI{E% K (Fukagata et al., 2002) > ChExEZRIIZERHA
— EiEMFIKIEZ (Gomez et al., 2009) > TY/\EIM = 20F vRIL
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EEBEEFZIRBZRBICESTH5—HEWHEL
/WA A DDNS

Kametani & Fukagata (EFMC-8, Bad Reichenhall,
Germany, September 2010)&Y

Keio University .
. g . . .

g Physical decomposition of skin friction drag ),

O FIK identity for spatially developing boundary layer.

FIK identity (Fukagata et al., 2002)

I. Boundary Layer
Thickness, ¢9

- |
szgnj 2(1 = y") (<u"v7) dy* +2f 2(1 =y") (=U*V*) dy*
0

Re;

I1. Reynolds Shear Stress, ¢’ I11. Mean Convection, c¢

IV. Spatial Development, ¢

*TT% A o gk 2rre
_QI (1- (SUU ou'u"’ L&U)dy?

dx*  Res 0x*?

f: Spatial average value in z direction

04: Displacement thickness

* : Non-dimenstionalized by
99% BL thickness ¢, & Streamwise velocity U.,
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[x] a
% g =

-4 Direct Numerical Simulation .

Governing Equations
» Continuity equation & Navier-Stokes equation

DNS Code: Based on Fukagata & Kasagi(JCP, 2002), Fukagata et al. (Phys. Fluids, 2006)

Creating boundary layer: Rescaling; using Lagrange interpolation (linear), Lund et al. (1996)

B.C.onroof 4, v, p: Neumann & w : Dirichlet (w = 0)

for Both parts...
BConwall #=w=0,v="V, & p:Neumann Inlet : Rescaled velocity (Lund et al.
¥ 1996) & NSCBC (Miyauchi et al., 1994)

.

o dp op _ 1
: . o T Usz = 2re"

Rescaled profile Recycle station

E Outlet : Convective outlet & NSCBC
=| | Velocity recyeling. |t

% e & - Boundary layer thickness

=

Rescaled profile

Control part

" a
% g

& Uniform blowing & Uniform suction 1822

Ctrl. input [%]

Uniform Suction

Standing zone

Parameters
0.01U, -0.01U,
Amp. 0.005U., -0.005U.,
0.001U, -0.001U,
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Keio University

g . Flow visualization

<,.|1r =] “.;f

LADHY

a) No control

b) Uniform blowing

Keio University

g . Statistics at Re,, =430

<,.|1r =] “.&G

LADHY

x10° 1200 , ; ‘
L s e Red: 1% UB | Blue: 1% US
L s i i T | 1000 -Orange;: 0.5%UB... Light blue: 0.5%
L Green: 0.1%YS:

8 703I><[h12(2Re9)+2]n(2Re )I

6 Shoguh err (1932

4

2N = ! 3 | h I 1
350 400 450 500 % 2 4 6 8

Uy ™, -uv'™
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21/22

Keio University

%h?f Decomposition of C,

TADHEY

1 Letr
'y = f crdx
! Lct'r (1] !

1 ch.r 5 1 Lctr T 1 Lctr c 1 ch.r D
= A dr+ — / ¢ der+ — / e dr + f e de
Lct‘r /; Lctr 0 Lctr 0 Lctr 0

=24 OF +07, 1%US
Mean convection

1%UB

Uniform blowing
Cc<0

Reduction factor

Enhancement

e St ioan

Uniform suction

CE¢>0

Enhancement factor

Friction coeff. x 1000

Keio University

\ g ; Summary a

T o 22/22

O DNS with uniform blowing (UB) or suction (US) was performed
aiming at skin-friction drag reduction.

O Effect of UB & US on skin friction drag

Control Type Skin friction drag Viscous shear stress Reynolds Shear Stress

Uniform Blowing Q Q ﬁ
iy iy S

Uniform Suction

O Mechanism of drag reduction or enhancement by using FIK identity.

— Spatial development term, cP, and Reynolds shear stress term, ¢’
are dominant for skin friction drag. Mean convection term, c€,
reduces skin friction drag.

« UB: Mean convection term works as larger drag reduction factor.

« US: Mean convection term changes into drag enhancement
factor.
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PWM (burst) drive

PTFE t =1.0mm
b = 23kHz
Vpp ~16kV
= 50%

Steady

f =10 Hz

f_ =100 Hz

ENXZICHITD
BRZNDICATEITSAI7 IF 2 T—FHRAD—HI

» - AR D FNOFIE & FAER »  RUBEADAIERIEIC K 2HMZ260 3 —HliE
»  JULRA(PWM)ERE : 8 & EIHA » BUEDIEIFEE - BEENZFA
» RIBENEI - ERICAED (~80%) S e N
(Y
Accelerated fluctuation of shear layer ) “ > 2D75 w 7{'&%7_:/ (410)55%
- - Transitional (wake vortex/ attached flow) 4 %ﬂ%iﬁ?@%ﬁﬁi
o s M e s RIBHIFISEHRR S v b EIB
z :: ; Pattera il NACA0020/cutback, AoA=10deg N
¢ :: Bistable mode “ ‘E -
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RERREME

L Plasma Actuator
.

U

e

Single point load cell

%

! ;
e Cylinder Model e

Drag
Measurement

PWM modulation freq. [Hz] 6 ~ 600
Strouhal number 0.03 ~ 4.5
Location of secondary actuator [deg] 115

Duty cycle [%] 0~45
Phase lag [deg] 0, 180
Freestream velocity [m/s] 8.0, 10, 12

Reynolds number 3.2, 4.0, 4.8 x10*

Input voltage [kV] 8.4 ~10.5
Frequency for AC input [kHz] 12.0
Thickness of the PTFE layer [mm] 0.9
Width of buried electrode [mm] 30
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Drag Reduction

(Ca e

40 \m /\ — MXIOO[%]

30

|
VN /\/ —8 [m/s]
20 | —10[ms)
W
/ —— 12 [m/s]
10 A

0 50 100 150 200 250 300
PWM frequency f,,,, [Hz]

Drag reduction dC,; [%]

« Performance is not a function of PWM frequency
» Strouhal Number of PWM frequency is better

-Drag reduced significantly at higher PWM frequency

Drag Reduction

40 — (Cd )b _(Cd )PWM
\—— x100[%)]
m /\/\ (Cd )base
£ 30 [
2 [ B B S——
L \M —— 8 [m/s]
=
£ 20
E ann ——10[m/s]
Eﬂ 12 [ms]
& 10
Natural frequency of
0 wake vortices
0 0.5 1.0 15 2.0 2.5 !

Strouhal number St

 Performance is not a function of PWM frequency
» Strouhal Number of PWM frequency is better

7, *Drag reduced significantly at higher PWM frequency

S i
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A Higher Voltag
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Efficiency and absolute performance

Efficient Large"dC;
3.5 35
A
3.0 30
=
2.5 25 (,%
% a —©—0 [deg]:Efficiency
(=7
g 2.0 20 § —+— 180 [deg] ;Efficiency
- =
s 15 8 “"*-0 [deg]:dCd
= & --4- 180 [deg] ;dCd
1.0 10 1\°
0.5 5
0.0 0

0 5 10 15 20 25 30 35 40 45 50
D“ty CYCIe Dcycle [(%’]

Variation of the flow pattern
with PWM modulation at U=10m/s

Higher Strouhal number
> Reduction of separated area
> Reduction of aerodynamic drag
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Variation of the flow pattern
with PWM modulation at U=10m/s
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Variation of the flow pattern
with PWM modulation at U=10m/s
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10 m/s 40 133 267 400
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Single Load : 50N

Young’s Modulus : 207Gpa
Poisson's ratio : 0.3
Density : 7800kg/m?3
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