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The influence of density gradient of driving gas
on projectile launching velocity

WANG Mafa, LI Junling, LIU Sen
(Hypervelocity Impact Research Center, China Aerodynamics Research and Development Center,

Mianyang 621000, Sichuan, China)

Abstract: The most common hypervelocity propulsion systems are light gas guns. Especially, the ability of two-stage light gas
guns is suitable to accelerate projectile at velocities ranging from 2 km/s to 9 km/s. However, velocities higher than 10 km/s are
demanded eagerly for ballistic limit equations on on-orbit impacts and meteoroids. In order to enhance the launch performance
of the light-gas guns, a concept of using density-gradient gas as the driving gas instead of single helium or hydrogen gas has
been proposed. An analytical acceleration model of the projectile in the launch tube with constant cross-sectional area is
deduced. The launch process can be divided into three stages. The first stage is the projectile driven by the first shock wave.
The second stage is the projectile driven by shock waves reflected on the gas interface. The last stage is the projectile caught up
by the rarefaction wave created by the suddenly stop of the piston. The comparison in launch performance between neon-
helium density-gradient driving gas and helium driving gas is made, and the influences of parameters of the gradient gas on the
launch performance are studied. Results show that the neon-helium density-gradient driving gas can improve the launch
velocity by about 0.4—1.4 km/s or lower the maximum base pressure by about 0.2—0.9 GPa. The biggest influential factors for

the launch velocity and the maximum base pressure are the density of high density gas and the piston velocity, following by the
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initial gas pressure and the gaseous polytrophic index. High density gas with both high density and high gaseous polytrophic
index would be the prior choice due to the reason that higher gaseous polytrophic index could make the maximum base
pressure lower. The launch velocity has little correlation with the ratio of high density gas. However, low ratio of high density
gas could lower the maximum base pressure.

Keywords: hypervelocity launch; constant cross-sectional area launch tube; density-gradient gas; analytical model
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Fig. 1 Sketch of the constant cross-sectional area launch tube
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Fig.2 Wave structure of the constant cross-sectional area launch tube
2 EAITENEE KRR

R bk O 0 R SRR B O B R4S XSk A0z s B0, (11) K BH00T i ol I 6 RN B2
KA (21) KAT(12) X2 (10) IX i 3 -5 AR 55 T AH B4 FH A 245 28, AR5 b o 3% -5 0 v A R AE, (21)
X5 S b e, (12) XSS B i, 0T H (21) DX oy i 56 22 S0 (12) KRR 5L I8ty R B0 7 A T o 62 2% 1
21 HEESHEAMEEER

IS BAALA WIS, A0 s st 220 e 1k, 00 5 5wk o 0 e T (22) XL A S 800T LAl oo 0 96 2R ORI
Jer R T 1,,=0 SRAG

(23) XA RA(22) DX et I RS S ) i R A 1 17 BB 1K, 2247 0 0 A2 o B8 AL 20y 7 2 11, HL i fi
A F R AL

{ X = (Upz — Co3)t + Fun3)
2 (1
Up+ ———Cpn=Up+t——Cn
Y- 1 Y—1
S AE Bl o] DL AR s o AR 3
d
My = @

e M, SRL TR AR B RE s 2 T AR b i s BE T A ZA BISOIL E RS A, 10w, SR IZ Sl s

042202-3



5543 % LTk, A BRESVARA 2 B X 3L 2 S P ) S 55 4 3

TR 1R 2 300 22 053U, AR 30 22 05 AR AS D i B 7 s PR i 3, A

2y
P <&) -1 3
P2 C» )

H1 T (23) XIS wyy. oy W AR 20 (1), BETHT E A9 S8 il 2 2K (1), A

Uy + Co =Up+——FCp “4)
Y- 1 v2—1
H1 2 (4) 715 cy(n,), TRAZL (3) £33
=1y \ oo

szpzz(l—yz :%) Q)

B2 (5) FRAS ) H AT RV KA, 15951

_ 2 Pu(y2+1) 7;;:
= ’)/2_1 {1 - |:1 2MpC22 (t tl):| } (6)
Arf: o, LIRS 2, B ks 0 B8 3L A B 20 . AT H (20) XA whdi i 3R B D, K15
L,

h=th+-— (7N

A L, AR 2 RIER K .
22 MEFERESHILZIRIER

Z R F)(23) X Hr, JAL A A2 Sl AR X /0N, 7 A B R i I 0T T R )t AR G B 0N, AT AR (23)
XA A X, HBBORAS S (22) XARR, Pk, S 569 55 50T 0 A B A F BRI R p e VSR 2 Ak 1 iz
SRR . AR 2 AR BHAT I R VT A, AR AL RS RS S X R v U . AT (13) X A(24)
DX A e B G R SRR T 2 45 1, TSR A% (13) IXRIN(24) KPR o

TE(24) IX 28 52 FETH S5 B b U 2 Bk S UL E D, el SR T — @ Y BE . O T e
S ALY iz Bl R, SR A T DX o R S R RN AL Y 2 B TR SR i o U S ALY R AE B TE]

FRAE A 2 Fr iy JUAr 56 &, AT LIS 31 S S ek i 5 B T a9 /R B IE] 2, 2R

_ Ly+uyty—Dnty

2 = 8
Uy — D, ®)

il S OIS 2 RAE R AR TR] ¢, 5 il o o B RN 3 Lz 3 2[RI ) S 2R R
D (1) —10) + x,(t3) = tp1 (8, — 19) + Doy(t3 — 1) 9

i xy (1) A(23) K HLAYE B B, HFR il i iz s B (6) X i Al AR 4315 2]
2

. My _ pu(y+1) vl 2cp _

xp() = 7(}/2_ Dy {1 {1+ 72Mpc22 (t tl)} } + y—z_l(t t) (10)

PRI A e PR AS 1, AR AR (6), 75 BB AL 032 SR BE (1)
TP (25) B b 8 1 56 22 R ALIE B wpomuay (1), T AR (25) I BT B o s T e
5(23) XK Abl, SR A T LS 8 (25) X BUAL 38 S

-1

Y2+l 77;+l
_ 2cs _ Y- 1 Trl pos(y,+ 1) _
=20 [( -2 ) v r;)] an
o3 2 W R, AU 2 it I A LU, vl SR Ma=1, T DLALR 58 IO 2 Y

Wi o PR, USRSl v, SALRY iz 2l 3 B 0] LR

042202-4



o543 3 Tk, % IR SR A4 8 Ao X 58 AL e S T 1 2 54
0 <<t
_ y2—1
2cy, Py +1) } Tyl
1-|1+ t—t LSt
- { i Mo (t-t) 1 3
Uy, = -1 (12)
5 r 1 _ntl ( 1) Tyl
Cs Y2 vl pos(Ya +
1- 1- 1 +— Ut >t
-1 ( 2C25 ub( 3)) ZMPCZS ( 3)] }

23 WEUEREHESEIE

TG 2E48 ol B 28 1k & T IR sl SR P AL AR B, WL 2 TR, S 5 D A8 A LR, 23 RIS AL IR
P g, A A5 3 B U/, e IR LI TR (BRI ZEAE IS 21 o, 45 138 B, 77 AR 1) A 1 1 Y
W, T DA TS AL, I K38 S R wte, Mk s EARIR 4 (12) . (13) F1(25) X, 3@t DL by
B ZR AT R, TR T 50 R SRS SR e 3 B SRS O, AT A 21 (12) L (13) F(25) IX
PR RS 8 0 U8 Sk iz BT . 2R AR, (13) K s e/, (12) X JE . (25) X s R, H (12) Xk 3
55 3 DX P A (B A 25 AN A 13%, (25) DX I 25 AN R 3k 20%. [V EE, 25 380 44 4 i i 119 38 A s
6] 5 4% X0 B B 6 2R, A TR AR T A, B LA (25 ) DX A A 40 ok 85 A/ A A 1 0 1 3 ok 38, oy ot T A3
AR B DA A AL ] £

B2 £ LAJR, o1 F8 B i VR FH, 30 S TR GR TG N B o (R I X8 (26) ) 1R ] AR 48 80
WA T AR
Pas = 09, (13)
P kAR R BUE, FOILAYIE SRS 5 (25) XA, 58K J2 = R AR B K i Bl %) in 8858 3, 7l R
FHZC (11) 355 3, AR AR = 0 e SO B B 5 R T pyge PRI, UL IR 42 3 A2 A 38T
PLFRIR R

0 <<t
-1
2 [ +1 Tt
Cz )|y P20 )(t—tl)} § <1<t
Y- 1 L 2M ¢,
a1
2 | 1 5 ] T
_ -1 +
wpy={ 2 Jq_ (1— L ub(t3)) wt o pstet D <1<t (14)
Y2— 1 2025 2MpC25
) B e+l ( 1 '1;:
Cas Y2 — vl pos(ya + _
1- (1— t ) + 2t L (f— 1)) 1>t
ya—1 20rs uy(13) 2Mpcz5 ( 3)€ 5

3 HEEBIIGIE

N T BAIERTIAR AR, R ] AUTODYN A3 FROTHEXS BAE 8 mm 1955 AR A 4 ae AT 5 T4
BRRTHEZER

RIS AR N 8 mm, 5 ZE 5 PILAIEE RS N 50 cm, SR 1 oMU, K 37.5 em, A6 2 ML K
FE12.5 cm, SUOLMBEREES G L JREE 4 mm, ST ERKEEN 50 emo SRR E RS 7 s #E TR, i ar
F5 BT BRI R 3 i . Hob, USRI AR H Euler A% R B AR SRS O 5 0 2€ | SULR A
Lagrange PI#%, 1 ZE 44 KL M8, SR ] Johnson-Cook #2741 Griineisen IR T EE, AL B M EE S 4, R
Steinberg Guinan %71 il Griineisen R FE . SHALFING ZEMBL S 50K Fl AUTODYN #oRHE [ 45 S50,
6 2E32 2ok F B o SCHURE i 2 A &, DL 7 k/s P8 E S48 1) 47 4% 21 40 em.

3.1

042202-5



5543 % B, A BRI 0 R B S S B 55 4 3]

| 37.5 cm , 125em
[ |
Piston Ne He Projectile  Launch tube

3 AUTODYN {jj EitB

Fig. 3 Finite elements simulation model

32 HEEZERMLE
I B SARRIER K 7 (1.0, 1.72, 2.5 MPa)

2 A AR 18 S T2 (A S T 3% ZE A B #1 ERBRESHETHER
BSBEATRKENAE, B L/(LA+L,) ) (55%, Table 1 Muzzle velocities obtained from simulation
65%. 75%), /E\_Mgé%ﬁﬁn%@ 1 fim. RAEBRIT and analytical equation

U5 BRI SHO0 & 85 S B EA T3, OF eml oy [n/LaL)y FOLEEmes) sz
el (14) bk B BUE S -0.02 FEATITHE, 4 A5 MPa % ARG R4 %
SR INE | PR, W LR RATLE 1w 5 ek ss sl
5, SHREH AR, X 14 WiFERE 2 2 s s s e
AHi 8.1%. FIRATES], SO RSEE 0 20 S 9% 9% e
HEE TR TR A B4t 4 M2 s s e
RTRIRD 6 FE 3 F #ALKY i A %, TR 172 i PR e W

), Jr ST B RRAN AN BE A8 A A 3t TR B A B
S5 RE, [R) I 3 RE BB 15 A R T A

B8 00 4 5 TS B BN, RS R B G . IS g R T HEOSE 1.72 MPa U AN [ BT AL B
N, SRR D AR th 2o AT LUR B, BEAE SR A AL E O, SOLAZ S 1 U n s i IR R SE
AN TR BE G, 58 1 B BepeA 10k B S AR . (RS2 585 2 Uil SR 8, MRS TR S v, b din
BB AR AN, 55 2 B BAR AT 00 38 B2 T g, 8 i 2 S B Be iy in gk, AN [R] 400 s 5 067 IR A TR SO & S
R RE AR — B T S T R W Bl 4 D DR B, B R S, SR T TR AR A T vl
B TR AR, DRI JS S R T 1

10 3.5
30l First _— Second shock
ys shock — L/(L,*+L,)=75%
250\ — L AL +L,)=65%
S or s 20f — L/L+L,)=55%
e S
< 4t -=- 2.50 MPa, AUTODYN L LSH Rarefaction wave
s — 2.50 MPa, Formula (14) catch up
—e— 1.72 MPa, AUTODYN 1.0
2 — 1.72 MPa, Formula (14)
- 1.00 MPa, AUTODYN 05F
04 — 1.00 MPa, Formula (14)
1 1 1 1 1 0 1
50 60 70 80 90 100 110 40 50 60 70 80 90 100
t/us t/us
4 [0 46 0T SRALR g A b (5 OR[A FEALE T SRAUR SR E X
Fig. 4 Velocity-time histories of launchers with Fig. 5 Pressure-time histories of launchers with
different initial pressures different initial gas interfaces

33 HELERS52 - SEIHXL
R B — S KB SR, A0 e BB 1 O SRR B AR LR T, S AT A 5 (14) 1
EH:

042202-6



5543 % LTk, A BRESVARA 2 B X 3L 2 S P ) S 55 4 3]

0 <<t
yi—1
2 +1 T+l
dEy S {1+M(t—tl)} ’ <1<t
=4 V1~ 1 2M,cy, (15)
-t
2 )y {1 i) 1)(t—t1)ek<"’5)} sy
')/| - 1 2MpC12

s AR AR 12 A SR g8 A i P S SO E S X 2 8. R (15) %38 1 o rpIR S #4715,
1 R B TE U S AR R S AE 2 iy, (B oy, SRR A S5 L a0, 153K (14) 550 TR, 214 A AH ) i 2
119 & SF 3 32 R ] 2 559 38 18 B 0 5 240 S AN 181 6~ 7 s, R TR R A b g 55 3R 1 rhoxd g 1 491
T MLLE R, AEA R 2 py e T SRS BE R SR AT A BHAL T B2 LU SR B — S0 RAR B0 JEE v
0.4~ 1.4 kn/s; 7EAR[R] A 518 BT, SR AR B2 UM nT AR A& S 20 0.2~0.9 GPa. 1 WIR FIAS B2 AT
B ARUR B REAS A AR T A S s AR e A i 2

—=— Ne-He —=— Ne-He
9F —*— He —e— He

u,/(km-s™)
o =

Ph, ma/ GP2
W

/ [ ]

st 2r
4 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 1 2 3 4 5
n
K6 RGTHELER S RS IRST L IR 30 P 7 RS B R G —SURIRE T L R 380
Fig. 6 Muzzle velocities compared with the launchers with Fig. 7 Maximum base pressures compared with the launchers
only helium driven gas (under the same py ,...) with only helium driven gas (under the same u,)
£2 REENNESRAOBBM
Table 2 The sensitivity of parameters in affecting launch performance
e~ SHUEALEH RETHEEESETH (kmes™) 5T BHEN/GPa
SARES 1~2 MPa 2.54~3.08 0.98~2.06
P 50%~90% 0~0.46 0.47~1.55
212 B 40%~80% 1.28~1.4 ~0
E Sex=ipu i 5~8 km/s 4.38~4.48 ~2.85
SIREE 2.50,0~~10p, 4.08~6.02 3.62~3.79
2T AR 1.2~1.67 —0.14~1.80 -1.24~-1.07

4 EGSHEE. BMREAZWMSHS

A RE R A AL R S A R A AR 1 SR TR SIS S IR L /(L L) T FETRE D WG I
eIy BRI A B AR . o AR 1R S TR R S AR AR B N 2 O SRR O S S8
A3 SRR 2 2 (14) XA [RLIRZS TR 55 AU % & S5 38 R B KSRURE e 0 A TS, 40t 3k PR 3R X 3t
PR 5 S B0 5 i R
41 VWEREHSEFEME

DA Ne FER 500K 1, 16 258 SRS L, /(L +1,)=80%. I ZE1E 2 32 8 i . D=7 km/s y JEAl, B4 i

042202-7



5543 % LTk, A BRESVARA 2 B X 3L 2 S P ) S 55 4 3]

SECFE PR T3 A0 SR ) e 7 6, TR B A 98 L A S5 R 3T o e T 3 23 B AR P 8~ 9 B o A Rl LA
A e S it B 7 A A A AN B L A s g 0 9 A A5 e R T o B v A
GRS WAL E PNTTESETE 3 DN - N9 W) R T VAR N3 PNV USPERE T VAR N -
WA S THT 5 AL 2 18] A B g 0, 3 47 90 380 AL 1S ) e T SEC L, O o ol e e B A A
i JEE 5, e 2 AT BRI T HE R

10 7
—=— 1.0 MPa —=— 1.0 MPa
9} —*— 1.5MPa 6L —*— 1.5MPa
%A —4— 2.0 MPa
8t st
z <
‘Eﬂ R @
gt S af /
) i //o
s 6F 3F A/o
L) /.
5 B 2+ ./l
4 1 1 1 1 1 1 1 1 1 1 1
50 60 70 80 90 50 60 70 80 90
[LAL+L)]% [Ly/(Ly+Ly))/%
P8 B o AR AR I g % i B R R (SR TR A Rl RS WEPA POpuE= AN A
Fig. 8 Muzzle velocities of launchers with different initial Fig. 9 Maximum base pressures of launchers with different
pressure and position of gas interface initial pressure and position of gas interface

42 EEEHEESERE

5L Ne /ERNAAR 1, B IHFTHE S8 2.0 MPa, FLIRI B L, /(L,+L,)=70%, B4 1% %12 sl if 3 5
JE, TR 10~ 11 Fion . T LA B, S 0 R 5 R 3R Ry 359 B 3% 25 380 170 348 R 3/ Rl 2 ek 1
R, 3K T SIS 2 1B R (A5 b o D R B B i, T B T TR R ) o B T 2E S Sl B 1 3
K, R BE AR 2 3G K, AR KU R ) L AR S o 3k 2 T 1% 212 Sl i 25 305 ) 16 2 A9 2¢ 11 B 1]
$Ea) : SRy NI ey £ 151 R 1 ST S = B o 5 S ST R SN Y i P R =y A N [T
A, R B R SR AR T e K SLUIC  J7 R  R nBOE LY, 5 1 SRS B B S 0 D Y
B EER ] TS G

10 7
—a— L, /(L+L,) = 40% —a— L, /(L+L,) = 40%
91 —e— Ly /(Li+Ly) = 60% 6 —o— Ly /(Li+Ly)=60%
sl —A— L J(L+L,) =80% s| —A— L J(L+L,) =80%
o <
“_” %
é 7F \é 4+
'z £
c 6 3t
5L )l /
4 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 55 6.0 6.5 70 75 8.0 50 55 6.0 6.5 70 75 8.0
D/(km's™) D/(km's™)
[ 10 i ZE12 SR R 5 15 28 BE 0 B2 A5 11 3 2E1E S R 5 15 28 B X AR
Fig. 10 Muzzle velocities of launchers with different D Fig. 11 Maximum base pressures of launchers with different D
and displacement of the piston and displacement of the piston

43 SRR 1HZEMZHSEER
WEMETIES 2.0 MPa, BN E L /(L,+L,)=70%. I 2£i8 ) & H 7 km/s, 1§ FEi8 3h I B

042202-8



5543 % LTk, A BRESVARA 2 B X 3L 2 S P ) S 55 4 3]

Ly /(Li+L,)=80%. Tk 2 9 Ne, AR 1 BRI pyo MZ T UBRIEEL v, o AEETXTEL, IR 1A 5
DA Ne (%% 52 o9 F 40, DIAR 8 R A2 fk, B S5 0T Ne BUAIXT 4 08 1.0 IHRERaE 12~
13 iR o PRl LAFR B, BEFE 2207 SCACHE SR 38 O, 59 RS I 32 Dok T 2z S 3 32 o = A A x4 2
AR R TTHE , ELRE 22 07 SRR B 3 R A s B B R 2R e Rk, AR 1 R R 2 T AR R
e BE BRI AR, W Ne, Ar 7%

—a— y,=1.20 r
HUr o y=1.40 o
10k —— =167 6F /
A £°
£ e
3 7} <
3 -
6+
st 2r
4 L L L L L L L L L L L L L L L L L L
1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11
010/P20 PP
Bl12 AR 1 SHOE R R K13 AR 1 SHO R
Fig. 12 Muzzle velocities of launchers Fig. 13 Maximum base pressures of launchers
with different p,, and y, with different p,, and y,

44 BBHHRMESH

XF LG IE 8~13, ZE AT A SHGE BN, 2 S50 AR b0 & 593 B R 2 i s ma dn 2 2 o . Ak
R DVE L, SRR T B (1~2 MPa) REBS 4 J S BE 42 T 2.54~3.08 km/s, A& 5 i 28042 &5 0.98~
2.06 GPa; F T B 25 16 (50%~90% ) AT i S5 3 FE 2 FH AN B 4 0.5 km/s, &G i #0828 55 0.47~1.55 GPa;
T €12 2 I B AR Ak (40%~ 80% ) ] fii 2% 5 1 BE 4R T 1.28~ 1.4 km/s, {H & 55 88 LT AN A8 1% %€ i 3 ok
Ak (5~ 8 km/s) A] i & 5 34 3 32 T 4.38~4.48 km/s . & T 432 55 2.85 GPa; i 55 SRRy 55 A5 Ak
((2.5~10) FE5AK 2 BE AR %% B8 ) ml i & G 1 B 4 T) 4.08~6.02 km/s, & 53 2042 55 3.62~3.79 GPa; /5
WK Z D RS B A8 A (1.2~ 1.67) AT & S 3 BE 3 T+ -0.14~1.80 km/s, & 5 i #R %A% 1.24~
1.07 GPao ML 40 HF T A1, A S 8 8 S A5 4R 286 906 288 st e SRR, SR Ik Z, BRI 27K
A8 BRI FE 32 Bl IR 2, W 5 116 B A AN SRR A S aok 280t Wh SR 5% B RN TG S48 By ol FE A BURK, RO
SRS B B 2 T SRS B, X 2 S Bl BE B AN U

LA XF 5 S 80000 o PRI S AT Tl DA S, B w8 R S 4 1 R S B, AR 1 B 3 22 T 4R ORN
B PE R R | 1 ZE B RS Bl R BB R A, AR L TR0 46 57 5 1 AE DRI RE 8% S 30— VR b 2k 9
AR TR /N 5 AR R R

5 &

XU FE B 2 BLAR K S a8 A Sr 7 BRI SR AR A Y, SR TRV 5 T ) 6 Sf 65 H) 235 4 R SE S B ik
F57 5000, AT T 2 5 8 8 R e A LG e O B AR 1 1 8 BE R 22 T SRR . AR T L 3 IS B
RIS | A0 4 T h SRR AR AL U . RS LA R A58

(1) $2 M T — R AR B SR A B — AR S 3l (4 07 5, I ar 7 XU SR Sl BR SR A1, S5
BR IC A7 FLARAS 1 03 5 P2 R A S TR BE SR W, S R % 22 N 3 8.1%

(2) 85 8 R FH BB S ORI B2 AR Jhy IR Bl AR IR AL F) S SF o 8 R A S 2,k BRI A6k 2
AU S g B K Bl SR BE BB AT AR AR A S 8 e T A S i B

042202-9



5543 % LTk, A BRESVARA 2 B X 3L 2 S P ) S 55 4 3

(3) UM BRI ZE 12 B JRE X e Sl R 5 3 4 R I e K, L O R T 2 07 AR B A
BT R B LUK Bl S I A N, 07 25 6 45 22 07 SO B s 18 SR Dhg v AR, T 2R s
B R AT AER

Rt m & K&+ R K5 Andrew Higgins 4 5L A X F # & ARG IR ) 7 R AT 8 A ATt 5
¥ !

B 3 Hk:

[1] SWIFT H F. Light-gas gun technology: a historical perspective [M]//CHHABILDAS L C, DAVISON L, HORIE Y. High-
Pressure Shock Compression of Solids VII. Berlin: Springer, 2005: 1-35.

[2] LEXOW B, WICKERT M, THOMA K, et al. The extra-large light-gas gun of the fraunhofer EMI: applications for impact
cratering research [J]. Meteoritics & Planetary Science, 2013, 48(1): 3—7. DOI: 10.1111/j.1945-5100.2012.01427 x.

[3] HUNEAULT J, LOISEAU J, HIGGINS A J. Coupled lagrangian gasdynamic and structural hydrocode solvers for simulating
an implosion-driven hypervelocity launcher [C]//Proceedings of the 51st AIAA Aerospace Sciences Meeting including the
New Horizons Forum and Aerospace Exposition. Grapevine: AIAA, 2013: 1-21. DOI: 10.2514/6.2013-274.

[4] HUNEAULT J, LOISEAU J, HILDEBRAND M, et al. Down-bore velocimetry of an explosively driven light-gas gun [J].
Procedia Engineering, 2015, 103: 230-236. DOI: 10.1016/j.proeng.2015.04.031.

[5] HUNEAULT J. Development of an implosion-driven hypervelocity launcher for orbital debris impact simulation [D].
Montreal: McGill University, 2013: 3—-10.

[6] MORITOH T, KAWAI N, NAKAMURA K G, et al. Three-stage light-gas gun with a preheating stage [J]. Review of
Scientific Instruments, 2004, 75(2): 537-540. DOI: 10.1063/1.1641155.

(7] MRRAE, sk oR, R ER, 55 B mt e SCIY =20~ UEHOR (1] B KE 5 b, 2012, 32(5): 483-489. DOIL: 10.11883/
1001-1455(2012)05-0483-07.
LIN J D, ZHANG X R, ZHU Y R, et al. The technique of three-stage compressed-gas gun for hypervelocity impact [J].
Explosion and Shock Waves, 2012, 32(5): 483-489. DOI: 10.11883/1001-1455(2012)05-0483-07.

[8] HILDEBRAND M. Concepts for increasing the projectile velocity of an implosion driven launcher [D]. Montreal: McGill
University, 2016: 1-2.

[9]  CHRISTIANSEN E L. Meteoroid/debris shielding: NASA/TP-2003-210788 [R]. NASA, 2003.

(101 74, T, Mfde, %6, =9 m R EORBEFEIERE (0], R4 EI- 4, 2014, 28(3): 339-345. DOL: 10.11858/gywlxb.
2014.03.012.
WANG Q S, WANG X, HAO L, et al. Progress on hypervelocity launcher techniques using a three-stage gun [J]. Chinese
Journal of High Pressure Physics, 2014, 28(3): 339-345. DOI: 10.11858/gywlxb.2014.03.012.

(1] FEAE, B, XA . 25 AR 38 [M]. dbat: Blz i ist, 2010: 1-5.

[12] SEIGEL A E. The theory of high speed guns [R]. Paris: Advisory Group for Aerospace Research and Development, 1965.

[13] PUTZAR R, SCHAEFER F. Concept for a new light-gas gun type hypervelocity accelerator [J]. International Journal of
Impact Engineering, 2016, 88: 118—124. DOI: 10.1016/j.ijimpeng.2015.09.009.

(14] 24, —4EAVE S bl (M. Jbat: R Tkt pikE, 2003: 439-445.

(151 dentTolkaabe /R CRrE SR R 2 5 4. J R SRR AT () (M), dbst: G Tall it 1979: 190-195.

[16] Century Dynamics Inc. Autodyn user's manual: version 6.1 [M]. Houston: Century Dynamics Inc., 2005.

ST G

o
o
o

042202-10


http://dx.doi.org/10.1111/j.1945-5100.2012.01427.x
http://dx.doi.org/10.1016/j.proeng.2015.04.031
http://dx.doi.org/10.1063/1.1641155
http://dx.doi.org/10.1063/1.1641155
http://dx.doi.org/10.11883/1001-1455(2012)05-0483-07
http://dx.doi.org/10.11883/1001-1455(2012)05-0483-07
http://dx.doi.org/10.11858/gywlxb.2014.03.012
http://dx.doi.org/10.11858/gywlxb.2014.03.012
http://dx.doi.org/10.11858/gywlxb.2014.03.012
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.009
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.009
http://dx.doi.org/10.1111/j.1945-5100.2012.01427.x
http://dx.doi.org/10.1016/j.proeng.2015.04.031
http://dx.doi.org/10.1063/1.1641155
http://dx.doi.org/10.1063/1.1641155
http://dx.doi.org/10.11883/1001-1455(2012)05-0483-07
http://dx.doi.org/10.11883/1001-1455(2012)05-0483-07
http://dx.doi.org/10.11858/gywlxb.2014.03.012
http://dx.doi.org/10.11858/gywlxb.2014.03.012
http://dx.doi.org/10.11858/gywlxb.2014.03.012
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.009
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.009

	1 等直径发射管模型及其作用过程波系结构
	2 弹丸运动速度求解模型
	2.1 冲击波与弹丸的相互作用
	2.2 冲击波与弹丸二次作用
	2.3 稀疏波的追赶与修正

	3 模型验证
	3.1 有限元仿真模型
	3.2 计算结果对比
	3.3 计算结果与单一氦气驱动对比

	4 发射速度、弹底压力影响参数分析
	4.1 初始填充压力与界面位置
	4.2 活塞运动距离与速度
	4.3 气体1的密度和多方气体指数
	4.4 各参数敏感性分析

	5 结　论
	参考文献

