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Figure 1.1 : International Space Station[1]



Figure 1.2 : Lifting-body[2]
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Figure 2.2 Radiation intensity vs. Electron energy
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Figure 2.3 Radiation intensity vs. Electric field when molecular number density is a

parameter
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Figure 2.4 Shock wave over wedge and electric discharge across the shock wave
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Figure 2.5 Radiation intensities from electric discharge in two regions, i.e. , in a free
stream and a shock layer
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Figure 2.6 Qualitative radiation intensity ratio I, /Is vs. Electric field
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Figure 2.7 Radiation intensity ratio I, /lIs vs. Electric field obtained experimentally
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3.1

3.1.1 [3]

Figure 3.1
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Figure 3.1 The Schematic view of Shock Tube

2000K
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3.1.2

Figure 3.4 Figure 3.5

[13]

Figure 3.4 Overview of High Enthalpy type Shock Tunnel
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Figure 3.5 The schematic view of High Enthalpy type Shock Tunnel

Figure 3.6
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Figure 3.6 Photograph of High Pressure Chamber
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Figure 3.8

Figure 3.9 Station B
Station B (PCB
HM113A23 )
(ULVAC
PMB-001CM ) 50kPa

Figure 3.8 Photograph of Diaphragm (Left Before Operation, Right After Operation)
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| !
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Figure 3.9 The Location of Sensor Port
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Figure 3.10 3m 16mm

( 0.2mm)

(
) MC Figure 3.11

Figure 3.12  Station D
(PCB HM113A26 ) Station D
(HELIX Series375 102 1000Pa)

(ULVAC
PMB-001CM ) 5kPa

Figure 3.11 Photograph of Diaphragm (Left Before Operation, Right After Operation)
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Figure 3.12 The Location of Sensor Port

Figure 3.14
10 6.48mm
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Figure 3.13 Photograph of Nozzle
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Figure 3.14 Drawing of Nozzle (Unit mm)

Figure 3.15 im im
200mm
(ULVAC GP-2001 0.4 3000Pa)
(ULVAC
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Figure 3.15 Photograph of Test Section
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[13] [14]

Figure 3.16
ULVAC PMB-001CM Table 3.1

Figure 3.16 Photograph of Mechanical Booster Pump

Table 3.1 Specification of Mechanical Booster Pump
ULVAC PMB-001CM
(50H2) 95m3/hr

6.7x 10-2Pa
(AC200V) | 0.4kW

22



3.1.3

Figure3.17 PCB

S

Figure 3.17 Photograph of PCB Pressure Transducer

Table 3.2

(

Table 3.2 Specification of PCB Pressure Transducer

Sensor Type HM113A23 HM113A26 HM113A24
Range[MPa] 69 3.45 6.9
Resolution[kPa] 14 0.07 0.14
Maximum Pressure[MPa] 138 69 69
Rise Time[y sec] 1 1 1
( )
Figure 3.18 (PCB HM113A26 )
14mm Imm

Figure 3.18 Photograph of Pitot Tube

Figure 3.19 Pearson Model2877 Table 3.3
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R1

Figure 3.19 Photograph of Current Monitor

Table 3.3 Specification of Current Monitor

2877
[V/IA] 1
[ ] 0.25
[A] 100
[nsec] 2
Figure 3.20 GL1540

5y sec/
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Figure 3.20 Photograph of Digital Oscilloscope

Figure 3.21 RE306U-13

0.1p sec 0 99999.1u sec 0.5 1ov
200v+ 10

Figure 3.21 Photograph of Digital Retarder

Figure 3.22  Nikon D80 Table 3.4

ISO 3200 4

25



0.125mm/pixel

Figure 3.22 Photograph of Digital Camera

Table 3.4 Specification of Digital Camera

D80
10.2 ( 3872x 2592)
ISO ISO 100 1600 1S01600 1
SDHC
F (AF AF
30 1/4000 (1/3 1/2 ) bulb
Figure 3.23
Figure 3.24
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Figure 3.23 Schematic of Measurement System
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Figure 3.24 Time Chart
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3.1.4

10
10
Ppitot Ppitot Pstg
Table 3.5 1 3
[14]
75mm 50 60mm
y [13] Table 3.6
1000K
1000K
y 14
1

pPitot :[ (7+1)M2 ]ﬁ.[ 7+1 ]ﬁ (3.1)
Py (F-DMZ2+2° "2M?*—(y -]

Table 3.5 Experimental Condition(Absolute Pressure)

High Pressure Chamber[MPa] 1.6
Barrel[kPa] 50
Extension Tube[kPa] 5
Test Section[Pa] 5

Table 3.6 Experimental Condition(Absolute Pressure) [13]

High Pressure Chamber[MPa] 1.6
Barrel[kPa] 100
Extension Tube[kPa] 1
Test Section[Pa] below 10

Figure 3.25
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Pressure of Barrel, Extension Tube and PO [MPa]

Figure 3.25
10msec

16 T T 10000
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Pitot Pressure [Pa]
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Figure 3.25 Pressure History

Figure 3.26
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Figure 3.26 Mach number Distribution

Table 3.7
50mm 10.86
150mm

Table 3.7 Performance of High Enthalpy type Shock Tunnel
10.86

1.2x 10°
0.83MPa
[13] | 1000K( )
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3.2

Figure 3.27 ( )
(41 [7]
1.5kV
Cc2 Cc2
[15]
Pa Pa
Figure
3.28 C1 Cc2
Figure 3.28
R1 R2
3.13
4.1  Appendix
1 2mm
4 5cm
[16]
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Pressure sensor R1=1000r5100r1kor10k

Digital Oscilloscope

C2=50pF Thyratron
Digital Retarder — |+ |—F——------s

Heater

R=1k? R=2M

Test section

)\
=@\ | row J
\ % Model
Initial VVoltage
— V=1.0~15kV ——

(=Testgection) SE;LO
C1=01uF /\N\’
R2=1000r5100r1kor10k

Figure 3.27 Discharge Circuit

Figure 3.28 Discharge (Initial Voltage 1.0kV Test section 30Pa)
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HZEEHMIZ, "M AE—=RIAZEZHWNTIREEZITW, I hE=Z L OHRER
EXFISBRICOW T ATz, RIS, FUEFCIEIZ J 0 rH L S0 2 BRI i B 72 i
WE525Z &2, FERERE Y OWiaEORERIEIC X 2 bl L O E#E
HEITW., 200 o0fER A i LT,

4.1 JERNDOZA I T OMER

TUENYZ—H—IC XY RFRBIEN TETWDN, BMERLDOF A I T 2R T 5
eI, "A A=A T ZHWNTREZITV., I L FE=ZOHIFER E OxISE
FRIZDW TR~ T,

FERSAT 2 Table 4.1 (T3 7, AEBRTIL, EREmO & EAROBRFIZROET), B &
OB R OEHIREMR & P R1 O OEBROKE SRME OFHIZITo70, TV XNV X
— X —|Z XV IEIE L TV A IER]IE 20msec T 5, HEOFEIOER 1L, nac fLD/ A A
— N1 A2 MEMRECAMfx K4 Z W Tl L7c, BERBKIT, MIHEED 1.3kV, R1
72 510Q, R2 725 10kQ TH Y | AT ER TH D,
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Table 4.1 : Experimental Condition (Absolute Pressure)

Hige Pressure Chamber[MPal] 1.09
Barrel[kPal] 50
Extension Tube[kPal 5
Test Section[Pal 5
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Side View
Figure 4.1 : Lifting-Body Model (Unit : mm)
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Figure 4.2 : Pressure and Current History

Figure 4.3 : Time-variable Electric Discharge
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Table 4.2 : Experimental Condition (Absolute Pressure)

Hige Pressure Chamber[MPal] 1.09
Barrel[kPal 50
Extension Tube[kPal 5
Test Section[Pal] 5

Front view Side view

Figure 4.4 : Hemisphere Cylinder Model (Unit : mm)
Figure 4.5, Figure 4.6 {2 EKARALJE O DAL O fI LR R 2R3, KIRIE O LM

SAEMIANTRIVTW D, i & 722 58 &M T — 7 1B L T, Figure 4.5 13 X & B G EDHD
T2, Figure 4.6 13 K E BT hs BT BN m 2y > THdm £ TR L. 88 L Tu

36



Do Flo. MERKIZEIL T, Figure 4.5 [ZHWIFELES 1.3kV, R1 28 510Q. R2 7% 10k
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Figure 4.5 : Shock wave around Hemisphere Cylinder
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Shock wave

\

Figure 4.6 : Shock wave around Hemisphere Cylinder
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Table 4.3 : Computational Condition

TR it B E G Navier-Stokes 7 EE=G[3]
F AR 53 LU-SGS [&fi#ix[171[18]
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FEVEE O BB CREE LS

J& i fii T (Re=8.0 X 103)
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Table 4.4 : Uniform Stream Condition
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—FRIEE 0w 1.45 X 10-3kg/m3
REES L PHEEEAE 10mm

X
o

A

1“‘3“!
Ay o

A
:‘\\\\\\\-
\\\\‘:\s
A,
5
L

!

8
mm@w
“l“\l\\\\.\\\\‘\\\\\\\“
ll'l.““l'l\\‘\\

‘“i“\'lll‘ll

LLh
X
iy

A
14
‘tn

y
S raed
L R,
A I
”" AL /j{/////;,

o

N
\\.\\\\\\\\\\\\\\\

AL

T

=
-
=
=

i}

=]
E'
=

Figure 4.7 : Computational Grid
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Figure 4.10 : Computational Result (Density)
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Figure 4.11 : Computational Result (Temperature)

Shock wave

Figure 4.12 : Experimental Result (Figure 4.5) and Computational Result (Pressure)
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Shock wave

\

Figure 4.13 : Experimental Result (Figure 4.6) and Computational Result (Pressure)
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Shock wave

Figure 4.14 : Experimental Result (Figure 4.5) and Computational Result (Density)

Shock wave

Figure 4.15 : Experimental Result(Figure 4.6) and Computational Result(Density)
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5.1

5.1.1

11.3°

CFD

0° -20°
0° 10° 20°

20°
3mm 5mm 10mm(
18.4° 33.7° )
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5.1.2

Table 5.1

R1
1.3kV R1 510Q R2
10kQ
Figure 5.1

X X 58mmx 34mmx 14mm
100 120mm [14]

( 2mm 0.12mm)

4 5cm

Table 5.1 Experimental Condition (Absolute Pressure) and Discharge Circuit Condition

Hige Pressure Chamber[MPa] 1.09 Initial Voltage[kV] 15
Barrel[kPa] 50 R1[Q] 510
Extension Tube[kPa] 5 R2[Q] 10000
Test Section[Pa] 5
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Top View

Side View Bottom View
Figure 5.1 Lifting Body Model (Unit mm)
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5.2

0° -20° 20°
0° 10> 20°

5.2.1 0° -20° 20°

00
Figure 5.2 0°

(5]
Figure 5.2

Shock wave

\

/g

Figure 5.2 Shock wave around Lifting-Body (Angle of attack 0° )
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-20°
Figure 5.3

53 A-A
Figure 5.1

Figure 5.3

Figure 5.4

-20°

Figure 5.4 -20°

[4]

Figure

Figure 5.5 Figure 5.4
Figure 5.4 Figure 5.5

(5]
(5]
Figure 5.3
[3]
Appendix
Appendix
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Shock wave

Figure 5.3 Shock wave around Lifting-Body (Angle of attack -20° )
-

Shock wave

\

Figure 5.4 Shock wave around Lifting-Body (Angle of attack -20° , Back shot)
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Mirror

Nozzle Magel

Figure 5.5 In Test Section

20°
Figure 5.6 Figure 5.7 20°
Figure 5.6
Figure 5.7
Figure 5.8 20°
Figure
57 A-A
Figure 5.1

Figure 5.6

Figure 5.3

[4]
Figure 5.7
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[4]
Figure 5.8 [5]

Figure 5.7
[3]

Shock wave

Figure 5.6 Shock wave around Lifting-Body (Angle of attack 20° )

51



Figure 5.7 Shock wave around Lifting-Body (Angle of attack 20° )

Shock wave

Figure 5.8 Shock wave around Lifting-Body (Angle of attack 20° , Back shot)
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5.2.2 0° 10° 20°

Figure 5.9
4 5cm
00
10°  20°
Side View
Figure 5.9 Lifting Body Model
00
Figure 5.10 0°

[5]

Shock wave
Figure 5.10 Shock wave around Lifting-Body (Yaw Angle 0° )
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10°
Figure 5.11 10°

[5]

[3]
Figure 5.10

Shock wave

Figure 5.11 Shock wave around Lifting-Body (Yaw Angle 10° )

20°

Figure 5.12 20°

[5]

Figure 5.10 Figure 5.11
10°

[3]
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Flow \\-

Shock wave

Figure 5.12 Shock wave around Lifting-Body (Yaw Angle 20° )

Figure 5.10 Figure 5.12

0° Figure 5.10
Figure 5.11 Figure 5.14
Figure 5.11 20°

Figure 5.13 0°
0° 10°
Figure 5.14 10°
10° 20°
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\,

‘ Shock wave

\

Figure 5.13 Flow Field Comparison (Yaw Angle [Left 0° , Right 10° ])

v

Shock wave: f \ Shock wave
\ /‘ A

Figure 5.14 Flow Field Comparison (Yaw Angle [Left 10° , Right 20° ])
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5.3

20°
3mm 5mm  10mm(
11.3° 18.4° 33.7°)

3mm
Figure 5.15 3mm
3( 5 10)mmx 15mm
24mm
4 5cm
Figure 5.16 3mm

[5]
Figure5.16  Figure5.7

Flo

I

Side View

%

Bottom View
Figure 5.15 Lifting-Body model with Body Flap (Unit mm)
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Shock wave

Figure 5.16 Shock wave around Lifting-Body with Body Flap (3mm)

5mm
Figure 5.17 5mm
(5]
( 1)
3mm Figure 5.17  Figure 5.7
Figure 5.17

[3]

E 2

e

Shock wave 1
Shock wave 2

Figure 5.17 Shock wave around Lifting-Body with Body Flap (5mm)
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10mm

Figure 5.18 10mm
(
3mm 5mm
5mm Figure 5.17
( 2)
5mm

[3]

Shock wave 1

/

Shock wave 2

Figure 5.18 Shock wave around Lifting-Body with Body Flap (10mm)
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5.4

5.2 5.3

20°

Figure 5.19 10mm
Figure 5.18 —

[3]
4 5cm

Side View

Figure 5.19 Lifting-Body model with Damaged Body Flap (Unit mm)

Figure 5.20 10mm
Figure 5.18 —

[5]
[4]
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[3]

Shock wave 1

Shock Wale2

Shock wave 1

Shock wave 2

Figure 5.20 Shock wave around Lifting-Body
(above with Body Flap (10mm) , below with Damaged Body Flap (10mm))
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