i R 28 T B e 23

Eﬁ I J. of The Korean Society for Aeronautical and Space Sciences 44(1), 23-32(2016)
DOrL:http:/ /dx.doi.org/10.5139/JKSAS.2016.44.1.23
ISSN 1225-1348(print), 2287-6871(online)

234 A FEALLE 9% W) B4 AE A7 £%3} 94 W4
7.

2=90)%
, s,

AA & ol A ¥, &L

Key Parameters and Research Review on Counterflow Jet Study in
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ABSTRACT

Various studies have been conducted for drag reduction of a high-speed vehicle by
injecting counterflow jet from its nose cone. In this study, in order to obtain baseline data
and key parameters for drag reduction method, the counterflow jet study of the USA is
reviewed and summarized. The nose cone shapes of each study are hemisphere cylinder,
truncated cone, and reentry capsule, and their test conditions are summarized accordingly.
Key parameters for drag reduction are jet mach number, mass flow rate, and pressure
ratio. Even though drag reduction effects show various results according to given test
conditions, it is found that the drag reduction effect reaches up to 40~50%.
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(@) No-injection

(b) Counterflow jet

Fig. 1. Change in effective body shape as
a result of counterflow jet[1].
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Fig. 2. Flow features of counterflow jet
opposing a main stream[13]

Fig. 3. Schlieren photographs of the counterflow
jet from various body fineness[13]
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(a) Air jet

(b) Plasma jet

Fig. 4. Test models of U. S. Air Force
Research Laboratoryl6,7]

Table 1. Test models and test conditions of
U. S. Air Force Research Laboratory

[6,7]
=A ME BF Air Air plasma
o Hemisphere | Hemisphere
=2 g [mm] 38.1 38.1
SH 20| [mm] 292.1 203.2
Al otst 58
_,E; M et [kPal| 345, 689, 1376, 2068
HA2% K] 610
Table 2. Results of U. S. Air Force
Research Laboratoryl6,7]
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P= jet stagnation pressure
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Fig. 5. Drag measurements of bifurcation [6]

(a) p;/pe=0.45

(b) p;/po=1.05

Fig. 6. Jet spike shock bifurcation( = 689

kPa)[6]
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3.1.2 Rockwell Research Center
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Fig. 8. Test model of Rockwell Research
Center[9,10]
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(@) SPM flow pattern

(b) LPM flow pattern

Fig. 9. SPM & LPM flow pattern[10]

Table 3. Test models and test conditions
of Rockwell Research Center[9,10]

2A ME BF Plasma
=R Truncated cone
==2(,) [mm] 0.25d
A 2A(d) Imm] 40, 60
R ofstg= 2,4 6
ST | HA 2 [kPal 303

ol - 3% i R 2 T B
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zo vl Y, exeh 2& WSl MAE
FFol i3l EA3HATH10]. Fig. 99l= %
"ol el itk BAF AlES) &5 Fo] AFH
Table 4. Results of Rockwell Research
Center (plasma jet)[9,10]
20| SPM LPM
S X A ) FSPN
=) OEH Al‘EH Xn_-lol:ll?_l' gI'EH
41<P<45
m=| | 3 | pa3 5
ﬂ[j:2.5 EOI-EE! o o
PPN 15% - 45%
P_=3
M6 P 25 - 4.0
==
ME25 ) S| 5% - 25%
M=2 P P<5 5<P<9.5 9.5<P
_ a3 | 5~30 . 10~30
M=38 ST % 30% o
o == Ct=s
TETE | 5 i w2t
E | « SPM—LPM2 2 HMo|7Zt E= B
3 2 LPM & of &3 2 g3 F
P=PR,/P
Poj:stagnation pressure in the jet
P’Of-:free—stream stagnation pressure behind
the shock
P, =critical pressure

(L/d)107, €y /Cy e
1| I v

1.0+

08+

0.6

0.4+

0.2

0 10 20 30 20 P
(1) Drag, (2)(3) Jet-penetration depths, (4)P..,
(5)Praw (1)(2)(4)(5)Calculation, (3) Experiment
I, V(SPM), O(SPM—LPM), M(LPM), IV(LPM—SPM)

Fig. 10. Jet-penetration depth & Drag
reduction[10]
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3.1.3 NASA Marshall Space Flight Center

NASA Marshall Space Flight Center= AT
t7lell ARYA S wol7] Al &7 &
Ab AES FEFEHE A FHga 2l
®Ho dS #AaA77 A% d7E JAYEA
o 22 Fig. 119] Apollo & AolZE 2.6%
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e Tl AFfFEe met( ), 71 B4
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&9 Afge BAE FARAT FYTGL A

o Pl ot

4 ARHES ohesh BA A= el
SE WAste AP A3} AfHE whehET)
348Y o] A AES WA Fobgel w

il

All Dimensions in
inches

400 T AB0R___

srescscssnessoan I

Mach 2.93 T\
Nozzle at -
Center of \0.20R <
Capsule | NS ) 32°27
3.48 128 —|
Fig. 11. Test model of NASA Marshall

Space Flight Center[11,12]

Table 5. Test conditions of NASA Marshall
Space Flight Center[11,12]

ofsh 0.2~4.96
M =E ¥l A et [kPal 310, 379
A2 K] 322

g Hd 42%9 I BAE BIAT A5
9] mpstrt 4.96Y Wl 23]H &gl EAF Al
EV} gl& wR Y Srkske @] JETH11].
Table 69 A& wsts7t 348013 EAF Al
E9] wu}str) 2949 H-$ “1‘:‘ AFFFe

o gde =H39c) frEFol 27k 0.0226,
0.0453 kg/s¥ A& 5@01 dgstA] &
Zo] AstAI 02267, 0.4536 kg/s A= ¢
Al FAEE e AT AFEFRFEF Ao

1-4
o B

Table 6. Results of NASA Marshall Space
Flight Center[11,12]

" " m, | ez
[kg/s] (%]
1 14.4
3.48 2.44 239
2.94 426
3 0.4536 a7 |
496 2.44 -53.0
2.94 -78.0
0.0226 0~60
0.0453 25~75
3.48 2.94 0.0267 50
0.4536 25

(I)| (b) m=0.2267

(M (d) = 02267

(I) Mj=1, Nozzle diameter D;=0.375", (II) M;=1,
Nozzle diameter D;=0.5", (Il) M;=2.94, Nozzle
diameter D;=0.5", m=[kg/s]

Fig. 12. Effects of Mach number and flow
rate (Mw=3.48)[12]
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Table 7. Summary of maximum drag reduction for model type
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ga | wy | A= | b w4 M= mT A (o]
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Y U
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bR
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F5o Tx, FEga, Kol sl skl 3L 04536 kg/s B VS wWe 25% 2 AAd
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