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Abstract : Experimental studies on telescopic aerospikes for aerodynamic control are reported in this paper. Para-

metric study on the aerodynamic characteristics of the aerospike has performed including the effect of spike length L, base

diameter of tip cone D, spike translating speed and direction. The Axial force coefficient Ca of the aerospike suddenly

increases at L/D = 3.0 due to flow mode transition from the separation to the reattachment. Reattachment/separation

flow mode transition phenomenon can be applicable to a newly invented aerodynamic control device, which is called

air-breathing aerospike. In this paper, verification test results of this air-breathing aerospike are also reported. A small
solenoid valve in the body cylinder successfully controls reattachment/separation flow mode transition at the angle of
attacks from 0 to 12 degree. The spiked bodies’ Ca varies according to the mode transition. As a result, we can control
the aerodynamic property of the spiked body by opening/closing the valves periodically.

1. 0O 0 0O O

coobooooooocOoOoboooooooooobooOon
goboooooboooobooocoooocooooooon

ooooooooooooooooo M-3s-ITooooon

000 Tridents 00000000 O0OCOOODOOOO
oo oboobobobobooobobooo
oooooooooOovyouoooooooooooooo
gdddddooooooooooooooooo
gdooOooO0OO0O0O0O0O0OQOO0OOO0OU0UOOUOUOOoOoo
0000000 00oooDO000O0OMikhail2» 000
000000000 Dual-FlowO OO OQOOQoOooOOO
00000000000 /o00000O0bD0o0oOOooo
pgoddddooooooooooobobboboboboo
0 Tripping-ring 00000000000 O0OCOOOOOO
000000000000FesztyO®» 000000000
FO0000000000000000000000000
000000000 LOO0O0OO0O DOO L/D=1.50
25000000 Oscillation 0000000000000
O0L/D=0.2015000000 PulsationO000O0O0ODO
O000Oscillation0 00000000000 OO00O0OO
godooo0o0o00o0oOoUo0UOUoUOoULUUoULooooo
000000 0Pulsation0 0000000 O0O0OOOCOOO
000 Oscillation0 000000000000 OOOOO

*1©2007 0O0OOOOOO
00 18090 28000 3800000000000000OOO
0190101100000
*2000000000000000000
*» 0000000000000o0o

O0000000000Srinivasan 0000 000000
goooboooboboooboobooboboobooooo
0000000000000 0OXKOODO0ODOOODOO
gooobobooboboboobooboobobooboboobooo
gboobooboboon
00000000%0/000000000000000
gboobooboobooboboobobooboob
gbooboobooboobobuoobobooboob
gooobooobobooobooboboboobooobooo
gooooOooOOOO0OCOOOOOOoDOOoOOOOoon
goooboboobobooobooboobobooboboobooo
gboobooboobobboboobobooboob
gboooobooboboboboobobooboob
gbooboobooboboboboobobooboob
gboobodobooboobobooboboobooo
gobooboooboobooobobooobobooooo

2. J00DOoOoOoOoOoooo

21 D000 OO0O0OOOOOOOOCOODOO0OOOO0
00000000 L/D=150350000000000
gbooboobooboboboboobobooboob
0o00oOoopoooo 1ocodgooo 20000000
oooooo 1ocommO000000O0O0 M140000O
gboobooboobooboboobobooboob
00000 30000000000000000000D
ooooOoob 120000000D000D0DO00D0OODO
20,25, 30mm 0000000000000 LOO 10
(h)OODODODOOODOOOODOD L, OOO0ODO0OoOoO Ly

(418)



gobooooooooboooobooooobooboooboobooboooboboOo0obbobobbOobOOoboO0oboboODbo 9

M1afafiz xS
kS

-

$100

%20, 25, 30 ' I
‘ L l WA~
T K350 { 25 heE—4 A-—Ftilxd
(a) D00
¢ TaF 3]
(2281 282845
D
_ (ERE)
L2 2
5 -
(R85 2 884)

(by0DOODODODODO

010 0000000o0oo0od

020 00000000

000000000 000000L, 00000 291.2mm
oo0ooooooooo0oooooooooooboL oo
ooboooooobooooboooooooooooooon
goboooooboooobooooooooboooooon
goboooooobooooboooooooooobobooooon
oo0400000000000000000O0DO000OO
gobooooobooooobooooooooobooooon
O0000O000U0O0o0oOooo LUR-A-500NSA1O0O0O
00000 9kH2O0ODODODODODOOODODOO A/DOOO
O01kHzOOOOOoOOOOO JAXA-JAT Imx 1m0O
oo0ooooooooooo»O0O0000000000
gobooooooboooobooooooooobooooon
o040000000000000000000O0DOO00OO
ooooooooObooobooooobooooooooo
oooO0O0O00000o00000000 2smmb0000
goboooooooooboooooooooooooon
ooooo 100000000000000000000
gobooooooooobooooooOooboooooo
ooo

22 0000 03000000000 11500000
gobooooooOooooboooOooOooOoooOoobooooo
0000000000000 00ooOOOo L/pooooo

010 JAXAOOOOOOOOOOODOOoOOOoOOoOO

Mach Stagnation Stagnation  Dynamic Re
No temperature pressure pressure number
' (K] [MPa] [MPa] [1/m]
1.5 288 0.160 0.0686 2.45 x 107
2.0 288 0.220 0.0787  2.84 x 107
3.0 288 0.510 0.0875 4.01 x 107

030 00000000000 O000Pulsation 000000 Sep-

aration 0 0 00 O O Reattachment 00 00O

1.502.403.40000L/D 0 1500000000000
00000o00o0o0O00O0DO0DOO0DOO0DOO0OO0OO0 AOO
oooooobobooooooooooooooooooo
Pulsation 0 0000000000000 0OO0OOOFeszty
gooosp0O0oo0oooopoooooooogooooo
000000O00L/D O 24000000003 Pulsation
goboooooooooboooooooooooooon
ooooooooboboooboooooooooobooooo
0000000000000 00000O#O0DO0O0O0OO0
oboooboooooooooooooooooooooon
O000000000000000000 SeparationO OO
O0000000000000 OscillationO0OO0OO0OO
gobooobooooooobooooboooobooood
gboooooodboobooooooooomooooon
0000000OHMO00D0D000O0O0O0O0DOooOooDoo
00000000000 000000000000 Reat-
tachment 0000000000000 O0OOOOOOOO
00DHO0DDO00D000XO 0000000000000
0o0oo0o0ooo0ooo0o0ooooo0 BOOOOOOO
gooo

040 (00000000 0O0O0OODOOOOOOODO
0000000 CeOOL/DOO0OOOOOOODOOO
000 CeODOOOODOOOOODO

_ Fa_(poo _pb)s
Ca= 1/2p00to0?S (1)

()0000D00F, 000000000p,, DODODOOOO

(419)



10 OoooooDoooO 060 06440020070 900

0.8

0.7

0.6

0.5

S04 \
0.3 / C  0.17 [L/D/sec]
0.2 0.40 [L/D/sec] |
0.1} 1
Machl.5, 4CHRFISINE ¢ 25m
u 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4
R34 HL/D
() 00000000
0.8 — . ; .
0.7 - -
0.6 .
0.5 | i
3 os4f -

0.3 | : -
0.2 | -

0.1 | s
Machl1. 5, 5c8i o880 ¢ 25m
I I

0 I L 1
1 1.5 2 2.5 3 3.5 4

Zs34 4L/
(byODOOODODOODOODODOODOODOOOOOD

040 0OO0OO0OO0OO0OOOOOOOOODD

pp,000000S00000000000001/2p00te0>
00000000000000000 1.50000000
0000000000 25mmO000000000000
00000000000000000000000000
00000000000000000000000000
000000000000000005000000000
00000000000000000000000000
000000000000000000 50700000
0000000000000A-B-C-C/-DOODOOO
0000000000 CaOD-E-F-F-AOOOOOOO
000000000 Ce000O00O000O00OD0O0O0
O0O0O0L/D=1502500000 Ce000D0000
0000000000000 3000000000000
0000000000000000Ce00000000
0000000000000000000L/D =2.503.0
00000 Ce0000O0000O000O0L/D =300
000 Ce00000000O00O0D0O0DOOODOOOO 3
000000000000 00000000000000
L/D=350000000000000000L/D=3.5C
2500000 Ca000D00O0DOOOOOOODOOOO

0.8

0.7
0.6
0.5
S04
0.3}
0.2}

0.1

1 1.5 2 25 3 3.5 4
R84 9L/

gos0 O0O0ODOO0OO0OO0OOO0O0O0

00000000 300000000000000000
000 Ce0000000000C' 0000000 Cal
00000000000000000000000000
00 EODOOOD Ce00000000000000FO
00000000000000000000000000
00000000000000000000000000
00000000000000000000 CeO0D000
000 Ce000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000 500000000000000000
00000000000000000000000
0000000000000 Ce0000000000
0000040 (b)000000000 0.40 L/D/secOO
000020000000 200000000000000
00000 1.500000000000000000 25mm
00000000000000000 Ca0000 0.040
00000000000000000000000000
0040 (1) 00000000000000000000
0000000000000000007) 0000000
00000L/DO00DO0OO0ODO0O0OO0OL/DOOO
0000000000 Ce00000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
050000000000000000000 Ca0DO
00000000000000000000 1.500000
000000000 20mmO000000000 L/D=25
000 Ce0000000000000 Reattachment 00
000000000000000000000000000
02mmO00000000 L/DO 2800000000
000 30mmO00003.20000000000000
0000000000000000 Reattachment 00 O
00000 L/DO00000O00D00O0000000
0000000000000000000000%000
000000000000 Reattachment 0000000

(420)



gooooooooooooobooooooooboOoboooooooobobooOooooDOObooooooobOboboOooono 1

() 00000000

(byooo

060 CeDOOODOOODOOODODOO

0 L/DOD00D0DO00OO00O00ON0000000000
00000000 20025mmO000 L/D=250000
Ce00D000D000000000020mmO00000
00000002mmO00000000000 30mm 0
00 Ce00D0000000000000O00L/D =26
00MO00000000000000000 60 (a)(b)
0000000000000Ce00000000000(a)
000000000000000000000000000
00000000000000000 W, 0000000
0000000000000000000000%000
$,0000000400000000000000000
0000000000000 W, 00000000000
0%000 S, 008, 0000000000 WeDOOODO
0000000000000000000060 (b)O0
00 POOS 000000 QOO0S, 00000000
0000000000000000 20mmO00 25mm
0000QOD000 00000 POOODOODOO
000O0Ws0 z000000000000000000
0000000 Ws0OO0O=S5000000000 Cal
00000000000000000000000 30mm
0000QO0 POOOOOOOzOO0000O000O
00000000000 300000000000000
0000000000000000 Ce0O0DO0O0DOO
0oo0O0oo00ooo
07000Ce00000 Mach DOOODOO0O00ODO
0000000000000 L/DO000000DO00
0000000000000 L/D=1500000000
0000 1.50000 Pulsation 0 0003.00000 Os-

0.8

0.7F

0.6

0.5

S04
0.3}

0.2

0.1 -
580 P 08 1 B b 25mm
1 L

0 L 1 1
1 1.5 2 2.5 3 35 ]

Rif4 2L/

070 Mach OOO

cillation0 000000200 0000000000000
gooooooobooboOoOoOob0oooooooooboboooo
000 CeO0O0DOOOOODODOOOODOOOOOODOO
oor7ooO0O0O0O0O00O0OOO0O0O0 CeODOOODODO
0 L/DO000000O0O0O0O0ODOOO MachOOODO
0000D000X00O00O0000000DO0oDoDOoooo
0000000000000 0DO00oD0oOoXODOO
0000000 Separation 000000000 OOOO
00Ce0O0O0ODODOO L/DODOOOOOODOOOO
ooo

3. DO0000OOoOoOgoooo

31 0000 OOOOoOoooooooooooooo
gobooobooOooooboooooooooobooooo
goboooboooobooooboboooboooooooon
oobooooooOoooobooooOoooooobobooooo
oobooooooOooobooooooooobooooo
oobooooooooobooooooooobooooon
goboooobooooboooooooooooooon
gobooooooooboooboooooog

080 (000000000000 OOOODOUOD
goooobooooooooDb 1oo000obobooooon
oobooooooOooobooooOoooooobooooo
gobooooobooooboooooooooooooon
50mmO00000000000 L/DO 20000000
ooooooO0 2smm 00000000 4mm 0000
0o0oooooooooooooooooooooog 8
0O()000D00OC00O0ODO0ODOODODOODOODODOD
O1r2oo0b00D000 6mmO000000C0OCOOOCOCOOODO
ooo0o0ooooooooDoo0oo 3smmOdOoOoooog
ooo0O00000000 25mmO0000 2mmO00
lmmO0000000000000O0 OOO00ODOOOOO
000Oo00D0O Mikhail» 0000000 OO0OO0OOO
0000000000000 00000000 Separation
00o0oooUooOoooooooooooUooooooo
000 lmmO0000000COO 1600000040

(421)



12 OoooooDoooO 060 06440020070 900

ogooooooo

0900000000000 00000ooooooon
dd00d00000Ud0U0UL0UUOUUUUUooUod
000000000O0DO0O0ObO0O0oOoDO/Ooooooo
ddddd0dU0U0UdU0UUU0UUUOUUUUUOOUod
O0000000000000000000000000%
oo0ooo0odo0ooooUoooooooooooood
0000000000000 UL0UUUUUoUod
00000000000 0000 Reattachment 000
dd0ddd0000Ud0U0U0L0UUL0UUUUUoUod
000000000000 000RedingD0OO® 000
0000000000000 UULoUUUUooood
0000000000000 0D000oOoo0oOoOn 1000Hz
0000oououooooooooooooooooo

32 0000 JAXAOOOOOOOOOOOOOO
0000 100 () 0000000000000 0O0OOOO
0000000000000 LOUULoUUUUooUood
000000000 1.50000000000000 200
000 o0o0o0ooooooooooooooooooog
0000000000000 ULoUULoUUoUod
0000000OoO0oOoooooo 100 (b)DOOODOO
000000000000D000 Reattachment 0000
O Separation 00000000000 O0OO0OOOO0OOO

ou#(P12) ¢100 JbJAE
/ man |
24, /4nmoaams
J—\&—'__—_ —_—
/ 1 f
¢6 BT —/t—8B35 § -

(b)0OOO

\close

FME—F : EHUD

go0 200000 40000000000000000
ooooooOoOooooooOoDoDOoOoOoOooooooon 11
oooOooo 1o00000D0000C0O0O0O0O0OCOOOOO
ooboooboooooooooooooooooooon
gobooooboooooboooooooooooooao
oobooooooObooobooooooooobobooooon
00000000000o0o00000 2msecd00000O0O
gobooooobooooboooooooooooooon
gooooooooooooooOoOOODO 300000
0000000000000 00D0oooDoooooowH
gobooooood

01200000 000000000 15000000
O000o0o00o0o0o0O0oD0n CeODODDOODDOO
000000000000000000000 Separation
O0o0o0oooooooo CeODDOOO40000000
000000000000 Reattachment 0000000
000000 CeO0OO 05500000 12000000
oooooO0oOoooooooooooDooOodenOO
00000000000 o0o0oU0ooOooooOog Cae
ooo0o0o0oooooooooooooooon 2HzO
0000000 b5Hz00000 CeOOOO 050000
gobooooooooboooooooooooooon
obooooooooooooooooooooboboobood
goboooooooobooooooOooboooooao
oobooooooOooobooooooooobooooo
oobooooooOooooboooOooOooOoooOobooooo
ooboooobooooboooooooooooooon
goboooooooooboobooooo

O01300000000000 150001800000
0000 2HzO000O0O0O0O0O0OO0OO0OO0O0ODOOOO0O0
0000000 CeOODOOCeOOOODODOOOOOO
00000000000000000000 30040%00
0000000000 £1200000000000000
gobooooooodno

0140000000000002Hz00O0DutyO 0O
goboooobooooboooooooooooooon
00 Ce0O0DOOODOODOOOOODOODODODODO 15
0000000 Duty 00O 50%070%090%000000
00000000 DutyO0ODOOOOOOO Reattachment
oobooooooOooobooooooooobooooo
0 Ce0D0O0DDODDOODOODwtyOOOODOOOOO

BEE—F  BAKX

090 000000000000

(422)



goooooooooooooooooooooobooooooobOobooooooooOboooooooDoooOoO0 13

Mach 1.5, o 0deg, Valve Open

Mach 1.5, ©4deg, Valve Open

Mach 1.5, « 4deg, Valve Close

Mach 1.5, ©0Odeg, Valve Close

() 00000000

Separated
area

—

Separated
area

—

(b)O0OO

0100 0OD0ODOO0ODOOOO0OOO00O0O0OOSeparation 0000 0O 0O Reattachment 000 0O

0000 DutyO0OODODOODOODOOO0O CeOODOOOO
ooboOo0o00oDOOoO00oDOoO0oOoDbboOoobooO 10000
0000000 1.300000Duty00 0%00 100%0
00000ouou CeOO0ODODOO0OODDOOOOOOO
0 JAXAOOOOOOOOODOOOOOOOOOoOOOOo
0000000O0DooDOobOOo 200000000000
000 Separation 0000000 Ce OO0 0.520 Reat-
tachment 0000000 Ca0OO0D0 0.650000Duty 0
0000000000000 CaOO 05200650000
00000000000 Dutyd 10090%0000000
O0D0OO000O00DOOoO00oO0oOobooooOoO DutyD
ooboOoooOoo2000000000000000DO
oo ooo

0160 () 000000000 DOOOODOOOOODO
goooooooooboboboobboboboobooooo
goo0ooDOCooOooCoboOol30loobooooooo
Jooooooo CeOO0O0O000OODDOOOODOOOODO
0000oC0cO0oO00oDooo o0.15MPadOODO 288KOO0OO
00000000 60kPa000000Re OO 2.4 x 108

020 JAXAOOOOOOOOOOOOOOOOOO

Stagnation Stagnation  Dynamic
Mach Re number
temperature pressure pressure
No. K] [MPa] [MPa) [1/m]
1.3 288 0.150 0.064 2.37 x 107
1.5 288 0.130 0.056 1.99 x 107
0.220 0.094 3.37 x 107
1.8 288 0.140 0.055 1.96 x 107
0.190 0.075 2.66 x 107
2.0 288 0.140 0.050 1.81 x 107
0.300 0.107 3.87 x 107
2.2 288 0.140 0.044 1.65 x 107
0.400 0.127 4.72 x 107
2.3 288 0.190 0.056 2.14 x 107
0.400 0.119 4.50 x 107

oo0oo0ooooO00oooOooooocooooOobobooOo 1t
ooboooooobooooboooooooooboobooooon
00 160 (bh)0DOO0O800DOOOODOODOOO
oooooooOo0oooOoUoooooooooboOoOooO
0000000000o0oUo0D CeODDOODOOOOO
oo0oUoooooooooooooooOoUooOoOoOoO

(423)



14

OoooooDoooO 060 06440020070 900

0.6

0. 55

05 Piy
i Pl i i
8 3 . H
ostit\ [ 1w\ [
v\ 14
E-Hr\ A \ .t
.41 2Hz_90% 2Hz_70% i
Machl. 5
u'ss L L L
0 0.5 1 1.5 Z
Time sec
0140 DutyODOO
01 T T T T

110 0O000000000000000000O0C0O0O000000
oooooogo

Dutylt %

0150 DutyUOO CeOO0OODOO

Re=2. 4x10°

Re=2. 4x10°

T

Reattachment
SE—F

T
Reattachment
E—F

Time sec

0120 00000

1.2

1.1

0.4 :

23T BABAR R : 2Hz 1 1.1 1.2 1.3

5

4

Mach

Mach
b)oyvFizLARIRMY

Of deg a)olvFERICY
0130 0000 0160 OODOOOOODOOOOOOO
0170000000000 MachOOODO ReOOO
00000000000 DOoOoOOOO0oOoOoOooDbOoOoo
go00o0ooboooooboooobooooobooooooa

00000 Reattachment 00000000000 OOO
O0o0ooo0ooooooooooooooOooooo
ooboooooooobooooboooooooooon

(424)



gooooooooooooobooooooooobooooooobOobooooooooObooOoOooooDoOobooOongO 15

ReattachmentE— I

Re¥ x10e6

AT B AT RE A

' SeparationE— K

0 1 I 1 1
1.6 1.8 2 2.2 2.4

Mach¥%

0170 MachOOOO ReOOO

030 OO0OO00oOoooocoooo

oooooo Separation «—  Reattachment
goooooo O —— O
oooooo O —— O
00 ReD O — O
00 Mach O a —— O

O00000oooooooooOoopDooOn ReoDO
000000000 JAXAOOOOOOOOOoOOoOOoOOd
oooooOoOooOoOoooooOoDOoODODOO 20000
godddooooooooooobobobobobooboooon
0 O Reattachment—Separation 0000000000 0O
0000000000000x 000000000000
ool ouoUuouo o
OO00oO0O0oOoOooOoO0O MachODO 23000000000
O000000ORe00DOODOODOD ReOODOO
000000 ReOODO Separation 0000000000
gogodooooobbbbbbbbodoououoooo
0000000000000 0OoOooOKoOooooOoOoo
gogooooooobobbbobbbbobodoououoooo
gooooooo

0300000000000 0D00000D0oooon
goO0ooOoOoOoOoOoOoOOoOOoOoooooooooooo
goooooooobobobbbobbboodooooooo
O00Reattachment 000000000000 ODOOOO
0000000 00DOooooooon ReOOOOOO
0000 MachOOOOOOO Reattachment 00000
oo ooooooo
goooooOoOoOoOoOoOOOODOODODODDOODODO
Joooooooobobobbobobbobooooooooogo
goooooooooo

000000000000 000Reattachment O 00O
O Separation 0 00000000000 OOODOOOO
000bO00oO0bOo2000000000000O00O000
00 Separation 00000 Reattachment 000000
00000000000000 Reattachment 0O OO0

Separation 0000000000 PulsationOOOOOO
oo ooooooo
0000000000000 o0o0oooooooooog
D0do0odoooooooooo oooooooooo
0000 Reattachment 00 00O Separation 00 00O
O00oooooooooo

4. O O O

oooboooooooooobooooooboobooooooo
0000000000000 00D000oooooooH
0/000000000000000000000000O0
coooboboooooocoooocoooooOooooboOooo
coooooooboooooobooooboooo
100000000000000000000O00000
ooooobooooooooooobooooo
2000000C00000CO0O000COOOOCOOO
O0Reattachment 00000000 L/DO0OODOOOO
00000000000 000Reattachment 00000
000 L/DO00O0Ooooo
sgooooOooooobooDbOoOooooOoOoOoOoooooo
oooooooobobbooobooooooooobooooo
cooooooooooooooooo
40000000000000000 ReOOOOOODO
cooooooooocooo

ooobooooooooooboocoooobocoooooa
O00DONEDOODODOODOOOODOOODOOOOOOO
coooboooooobooooobooooooooobooboooo
16GS02200 0000 000000O0OOOOO0OO0OOOOO
coooboooooooooobooooooooobooboooo
cooobooooooooooooooooobooOooon
coooboboooooooooocooobooooooboboooo
ooooo

o 0 o0 o

1) 000000000000 O0o0o0oO0DoO0ooOoOoOooOooo
goo0oooOoooon20020 pp. 156-159.

2) Mikhail, A. G.: Spike-Nosed Projectiles: Computations and
Dual Flow Modes in Supersonic Flight, J. Spacecraft Rock-
ets, 28 (1991), pp. 418-424.

3) Mikhail, A. G.: Spike-Nosed Projectiles with Vortex Rings:
Steady and Nonsteady Flow Simulations, J. Spacecraft Rock-
ets, 33 (1996), pp. 8-14.

4) Feszty, D., Badcock, K. J. and Richards, B. E.: Driving
Mechanism of High-Speed Unsteady Spiked Body Flows,
Part 1: Pulsation Mode, ATAA J., 42 (2004), pp. 95-106.

5) Srinivasan, G. R. and Chamberlain, R. R.: Drag Reduction
of Spiked Missile by Heat Addition, AIAA 2004-4714, 2004.

6) 000000000000 00O0O0O0OooOOoooOOooDooO
goooooOooo 2006-1696790

7) 000000001lmx1lmOO00O0O0O0O0O0O0OO0OOOOO
O00ooOoQooooo TR-290 1962.

8) Reding, J. P. and Jecmen, D. M.: Effects of External Burn-
ing on Spike-Induced Separated Flow, J. Spacecraft Rockets,
20 (1983), pp. 452—-453.

(425)



