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Numerical modeling on the launch process of a two-stage light gas gun
using high-pressure gas as the driving source
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Abstract: A two-stage light gas gun is a common hypervelocity launcher. Over the years, most researchers adopted simplified
one-dimensional models and rarely used three-dimensional finite element models. This paper used the coupled Eulerian-
Lagrangian algorithm to calculate the gas-driven hydrodynamic field in a 14-mm-caliber two-stage light gas gun. The two-
stage light gas gun was decoupled into two three-dimensional numerical models according to whether the diaphragm was
broken. A three-factor four-level orthogonal test was carried out to get the material friction coefficient and the broken
diaphragm pressure, which were difficult to measure in experiments. The ordinary least square method was used to calculate
the orthogonal test data. The friction coefficient between the piston and the pump tube was 0.82, the friction coefficient
between the projectile and the launch tube was 0.30, and the broken diaphragm pressure was 11.73 MPa. The orthogonal test
showed that the friction coefficient and the broken diaphragm pressure significantly influenced the calculation results. The

friction could not be ignored in calculating the launch process of the two-stage light gas gun. So keeping the gun body clean
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was necessary to improve the projectile velocity. The numerical model for the two-stage light gas gun was established based on
the method mentioned above, which completely reproduced the launch process of the gas gun, and visually represented the
change of the flow field. The velocities of the projectile were numerically obtained by the established model, which were
highly consistent with the experimental results. In addition, the verification condition was selected to analyze the change of the
flow field, and the pressure nephograms at the critical moments were given. It should be noted that the velocity range of the
projectile was 3 — 5 km/s. The method is fully applicable for the projectile velocity below 3 km/s and is generalizable for the
higher projectile velocity. The gas gun simplification method, grading idea and key parameter confirmation method can be
extended to other two/multi-stage light-gas guns, such as solid propellant driven and detonation driven.

Keywords: two-stage light gas gun; orthogonal test; numerical model; coupled Eulerian-Lagrangian algorithm
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Fig. 1 Schematics of a 14-mm-caliber two-stage light gas gun based on high-pressure gas driving

e

(a) Movement of the piston before diaphragm rupture

(b) Movement of the piston and projectile after diaphragm rupture
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Fig. 2 Two-dimensional models for the 14-mm-caliber two-stage light gas gun
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Fig.3 Light-gas gun models

1.3 LFREH

X 3R SRR R K] 43 FRLT R e T AR . WM AA I FE RN, SR H C3D8R EUFiA% B H HLIT
XTI X B, B A L 8 HE BRI A, a3 AP, SR EC3D8R RURKH7 FRITC . 28k &k
PR, YERAL BTG SRR B H BT R ST FE GRS 10 3 301 ¢ 2 i, AR5 B R s R A . R, A A
RSO RFZ 5T e B, AL B/ N BT RSE R 1,167 mm,

TR P A HICHESIC RS S, WA EARBR T UL E | B SRR Ty SRR A5, B
R A S AR AE inp SCOF T, . BRY AR AR A7 % 75 PART INSTANCE #E3erv, bk 2 B0k 7
MATERIALS #ierft, 0] P SO SIE B 5 B R] 25 SRS 8, 16 ZE R BfAL T 45 .

VIR R A8 Sl 1) AR A xR 4 B4R, I inp SCEEH 20 B Hh s IR AR L IR 26 L R DL S BB T S 8
AR — AR, AN IE] 3(a) im o IR A, BIPRS00 8 . o0l o AR L ARE AR e
— SRR R 3 ) e X

XoF BTG R G FH B M B0k o R SR R RO, F B4R s NI, T84 SRR 5 [
P TEMA S TR Y EE AR Ml OC R o F T AR SOl S R 3y AR IR, SR 5 48 BE Rl 481 58 4 Pk, I
Bfet ok, BRI 5a v A 5% BE FAAR [] f) R B kO 3R o % T — OB, {3 98 5 B 7 AR AR 6L 8, A7
FEEESE, RDEE M 50vk vh BE B N B0 SO TG 8 5 4 RE I BRI DR B, T B R, 3 2 b SRk AE TR — 3 R
BB SC— W A AT i SL— A EE R 8K

SN — GRS, AR R BBRE 7, ZE RS TR] - He g i L e X R 22, 10 1, U 2, 3 g
JEFRXT I Sl 1) AL AR IC N x,, B B EE Ry v, o AR x, BBME, DR ER ARAR R T x, AR R Sy A

124201-4



B2 WRIEAE, 2. 5 R AR S — A8 M R S A A RS AL vk B o 5 12 3]

T, AL AR HEBL A, WK 3(b) s o 2, IR AN, B PR A0 . #
— AT T R 5 FR O (9 S RO T TR, AR IR SR, AR AR B L TR L R DL R
FEN B FNEE

TR FE R X G A A, Xk 2 R RN AR A TR Ty (H 3 BB A ¢, I 20— A R 3% S
JEJ3), AU 28 R SRR ME T . 15— B RIS, AU AR A S A ) JB 42 DR RO S P 48 TR
it TR, MCARTFAE 2 MR 22 (1) 16 28R4 P ) s 3, LRSI ) R sh 2284k, Tt nAs 45 s 1R A7 e iR
Feo —J7 M, T FE B RIZ B B (BRI ARAR x, 5 HEBE R RS ) — B/ T 1 m, 2R 4K 11.82 m, 1% 785 # 2R
NIRRT K 8%, RIViE 28 AR T S BN/ T 8%, 55— J7 I, Bl 1% 2 A8, ks )
R IE T, AR iR 225 e B/ N AT DL 2 o (2) 5 — PR RN R ) S, R g FE A T
G R GHEIAFAEBEE . PUAT E L — AR DR, AL 28 5 A8 A BRI AR DR 22 . BB 3 gt
Y v i S0z gl B B AR, PR AR PR RSON 176 208 gl R R /0N, B TGS o3 i ) SR AR AL, 3 SE AR A
[FI] ) JEE 45 0] 176 2 2l i iR 22 T LA A2

AN, R AR 5 RS A W R D — SR BT TR . 2SR, 1% B TR TR R
THALZ YR

2 ZHIRE

21 JUASHRTIAEH

14 mm H 2 & AR K 3 = 9% < an
1R, U S8 E 1, HhREKE R
IR e RKE . S P )s, —98
RIGERKZ S HAHIE], by 11.82 mo iR,

F1 14mm OFESESEEH—RBRSEILASHK
Table 1 The geometrical parameters of the 14-mm-caliber

two-stage light-gas gun
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Table 2 Experimental parameters of the 14-mm-caliber two-stage light-gas gun

S 5 L E IR J1/MPa RERGETI/MPa T /g AL g 5 5L /mm PRI/ (mes™)

1 15.7 0.041 733 1.51 0.4 3 846
2 22.1 0.045 733 1.55 0.4 4155
3 21.7 0.047 733 243 0.4 3571
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Fig. 4 The piston model Fig. 5 The projectile model
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Table 3 Material parameters for the Johnson-Cook model***"
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L, B EAARAR . BRI R AR T #:
pV =nRT 2)
Ko p RARIESR, VRSRIRER, TR, n YR &, R VB IRSRE R SRS ENF% 4 s,
3 T USRI A —HE, A4l STk [23-24] MRS A SEL 45 GRS BITE T 5. 528 1
RAHE N 180.86 kg/m®, S/ HEE H 0.069 kg/m?; 521 2 A B E M 244.03 kg/m®, WA BE N
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Table 4 Material parameters for gases
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Table S Factors and levels of orthogonal tests

K “ M p/MPa
1 0.3 0.1 10
2 0.5 0.2 20
3 0.7 0.3 30
4 0.9 0.4 40

B IRV SE S H0CS IE AR R TS, W B LA 2 S 5858 1~ 3 0 5 Rom 9 AU
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Table 6 The orthogonal cases as well as the final velocities of projectiles

o v/(m-s™") N v/(m-s™)

IRTR e M T e s | e M e A
1 0.3 0.1 10 4517 4835 4183 9 0.7 0.1 30 3645 4428 4597
2 0.3 0.2 20 4751 4959 4243 10 0.7 0.2 40 4230 4279 4622
3 0.3 0.3 30 4797 5194 4142 11 0.7 0.3 10 3568 4036 3396
4 0.3 0.4 40 4782 5039 4180 12 0.7 0.4 20 3469 4019 3264
5 0.5 0.1 20 4453 4396 4184 13 0.9 0.1 40 4581 4755 3842
6 0.5 0.2 10 4081 4290 3611 14 09 0.2 30 4412 4550 4030
7 0.5 0.3 40 3997 4375 3887 15 0.9 0.3 20 4232 4451 3786
8 0.5 0.4 30 4197 4029 3720 16 09 0.4 10 3840 3843 3742

124201-7



5 42 & WRIEAE, 2. 5 R AR S — A8 M R S A A RS AL vk B o 121

3.2 BHHE
AR 6, KM E/D 3wk, wE T, DGR 3) 28 a~ay,. X3 HLE THHEH 34
PG TR
v, =6532.5—8 594.4, +1246.9u, +3.2p — 1 780. 714115 + 38.7ptop + 12,311, p + 667514 — 3 6502 = 0.2p>  (4)
Vo =5846.1—6681.1u; +3 78481, +29.4p — 4 290.9u, 11, — 220, p — 11. 70, p+ 5 903. 14> — 4 962512 — 0.4p* (5)
V3 =4296.5— 123824, — 695431, +87.6p +5 842111, + 18.811,p — 60. 714, p + 696942 + 37512 — 0.6p>  (6)
LA 3 A SHOT R R BN A 1=0.91, 7,=0.98, r=0.87, UL W Jr B ILG RS . [FBE, 40045 2
BRI H R8BI p BRI . DRI, B 3% 2 rf 3 NS00 T 1 BALZE G v =3 46 m/s, v,=
4155 m/s 1 v;=3 571 m/s fRAZL (4)~(6), BE LKA, 15 206 e u, €[0.3,0.9], 1, €[0.1,0.4], pE[10,40] MPa
A 4558 1,=0.82, 4,=0.30, p=11.73 MPa.
iE—25, T 3 DS HBUE . X 3 DS ERASLE 1~3 B T.00, TH A8 25905
1~3 BAE T8 F OB ALLSH S 51 4 088, 4 367 13 485 m/s, 45446 2 W LAE I, 76 RS R 5TIX
1] 3.2~5.2 kiy/s P, BR41 50 UE T 00 A S ALZE 380 5 S0 30 i SN 24w 5 BE v o RIS B, R ot B
JEE 462 DRI BSORIBE 52 s 7 18 G ZR 4838 S 7 T G &R AR B AT AT 1Y o
33 HERS
W E SIS R S HAUA, B T 14 mm H AR & R SRR 3 R UM — RBEE R . —
P BRI BB T o T T 3SR 00 AR B W] T4 B 45 DR 3R B ROC R, i 25 R 3k 7 B .

®7 EXREHERDH
Table 7 Analysis of orthogonal test results

5 1 5 2 5 3
v/(m-s™)
My My p My My P My Ha p
k, 4711.75 4299.00 4001.50 5006.75 4603.50 4251.00 4187.00 4201.50 3688.50
k, 4182.00 4368.50 4226.25 4272.50 4519.50 4456.25 3850.50 4126.50 3869.25
Iy 3728.00 4148.50 4262.75 4190.50 4514.00 4550.25 3969.75 3802.75 4122.25
k, 4266.25 4072.00 4397.50 4399.75 4232.50 4384.00 3805.50 3682.00 4132.75
R 983.75 296.50 396.00 816.25 371.00 299.25 381.50 519.50 44425

R Tk (121,2,3,4) 9RO RE R R OK P 19SS SR ME; 2% R 4 K, (1=1,2,3,4) H i KA fre/IMEHY
ZEH, IR E M R/ A N XSGR REARE o fhi 2 7 T, 3 AR A 22 R T %, Bk 3 4
AT 25808 LKL 28 PR M AN T 220G o — S5 DN RSCRE S Wy 28 12 2, 98 T 2 B B PN A ) T 4 5 e,
B R e 545 A T SOIL R TR B4 1 0 R A AR A, e S MR I B R O B {0 2 B S A T
SRR PTG R T, SRR AL Z IR0 . SRR DN R B R ALY I R, T AL B
SZEFM

T 1~2H,R, >R, H R, >R, Ml —FEHENBO T B 10 T8 3, R, >R, >R,
B B N RO B R R . RS ST LUK B, S 3 SR A R T S 12 9, X
SEUE THL 3 T B RO B ER AN

IEASII 5 R R W, TR M BB 5 v, BE SR R ) A RE 220 o /N S ol A B 4580 B A
B M R TR AT B T 3RA S e O R . R, R i T T, AR RIS N, e A S 2
B, BETE— MR B 4R Ry s AL T i S O A R ST S5 s R KR N I 0T FE L R BiAE
AFIAL, RSP TR i, T ATE A B SR L TS 80 , il BT B fe A 5 2 8k, LU
FR 9 FE A FRAR: BT g ) AL K
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B2 WRIEAE, 2. 5 R AR S — A8 M R S A A RS AL vk B o %512 4]

4 HBEALSEIHR

T B TN E S A R EE DR AR AL A T 1 JEE A DR ASOR R R T . B 3 A
SEARA LIS I UE T00, T 45 R 5 S0 0 45 LA B, DI 5 ik B b s S AU R Bl B . R
TR LASEES 1B T 002 SR ], o U A BT, 4 T SR R R L R 2k L OCHERT 2]
S S B, 135 AT e AT R
4.1 —RIEH

— AN E 3(a) Fiw, L8 1 S S5 10 em

J9: SURUE, 15.70 MPa; ZE45 4L, 0.041 MPa; ?MB
TG FERTRE, 733.00 g; SUILBTEL, 1.51 g0 SR HAL {
S 3 846 m/s, SL K B UE T B AL ? L5 ms
4088 m/s, I

B i85 PR PR 3 — SR R ST, %S'°ms
£ 6 43 th T 0~7.50 ms P i E R 5 (01 JE Sy 25 M%'?“m
P 55 R 136 [ 0~ 16 MPa, JE ) 7 |
AT T S 1.50 ms. %9 B R A A et A E; 60 ms
TG FE RS, I S G - FF, 0~3.00 ms i
PR P 2 PR W U, B2 B2 3, 3 E; Toms

N ~ PN L ———
HERMZ PN IENFFEE TR, 450ms J5, 7% o 2 4 6 8 10 12 14 16 pMPa

%%Eﬁ%?iﬁ%, ﬁ%&ﬁ%mﬁnﬁ@ﬁ]o I?g] 6 0N750 ms ?ﬁ%ﬁﬁ}ﬁ}iﬁ%l}ﬂ
i 2 A HE BT B 35.30~37.70 ms Ji 3 = &GN Fig. 6 Pressure nephograms around the piston at 0—7.50 ms

7 ftn . TS 28 Bl Ja R 220Kk, R
4t — B AN BE RS S LR 1 28 A B2, DRty 3 IR . Gni&l 7(a) BT, 35.30~35.90 ms [&1 5] $i 7R &
JEFE A 0~12 MPa, 36.20~36.80 ms [El{7] it 7R = J7 75 F o 0~35 MPa, 37.10~37.70 ms I & 7~ H 77 [l
1 0~ 150 MPa, J 11z [l s [ ] B 24 4 0.30 ms.

&1 7(b) 45 i 35.60~35.90 ms 1% % 3k FB M & & Sy 7, b IEIR] 61 i i S St R 4 R A TG 28 S 5 4
BELE BT R, L i i TG 2R T, 2 R B0 MBS ZE s s i F 2R . K] 7(c) 45 AR R
Asf 1) P9 (35.60~35.90 ms) # Bt Ry 3 1% 71 2 I, AR H8 15 38 10 A5 2] 5288 1 B R B 7 o 11.73 MPa, X L
[l 7(c) 1 35.90 ms B Z1, AR IX SIS SRR R AHE . [ 7(d) 44 5 FEAHESS (T 37.40~37.70 ms Hif [A]
W) HEBLIY R IR ) = B, B A 16 232 o), HEBC N ) W 3B BERY . 416 A ks s, AR & T
220 MPa, Fifa 02, — BB A R, R ZeE IR AN S . R T4 T4, B 35.90 ms J& () — G Y
RS, WE 7(d) Fis, UF 2% 8 X, #EB AL J5 520 B8 ) 2 B K €58 s s T BRI Y
I,

TG E S RN A% BE A ] A A8 AL ] 8 TR o iRk vl 43 A B e 565 1 300 Ry 106 28 LS8 IR,
X7 B R BE | A% T2 a3 R R €, | 21 SR Z K 5 2 B — A RN T (IR R 2L, 1%
FER) SR ek | MR I R I, 0 B R R oI5 ZE M TF 4R 32 3h 8 A HE s Ry 0, 367 i
37.70 ms, i 81 # 11.89 mo 0~~33.30 ms 1 ZEAL T2 2l B B ; 33.30~35.90 ms 17 Z€ 32 B /M B D%
Bl SIGHE S H 35.90~37.70 ms {1 ZE AL T IZ B Wy B, D IR, S BEBERE N 0,

FE A FE 1 AR AR TN 9 TR o I IRER [RIARE ST 2 043 25 1 343 i ZE B SE sIRiR A, 1 Y
JE 7 2SR W L S ER 3R 38 2 T 0 O — T AR (B Rk ), 1 261 I 2 R 1 A2 Ak ith
2, R AR RS . AT RO A, 76 10.00 ms R/, B A A TR S35 4k 2, 3% 58 Fi i TR 45 D 8 R AL 3
Wil 0 B INIE IR, 7 A — RN R A, PR AR BORIIS ZE )R [ 4. 30.00 ms f&, Fs 7 W
Fio MHEJITHZE 11.73 MPa i, BR824, %10 2] £,=35.90 ms.,
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Velocity/(m-s™)

Fig. 8 Velocity- and displacement-time curves of the piston

500

400

300 -

200 [

100 |

| e KE¥FN
| Fe— = KENEN
Bl i ssms
BT 559 ms

e ;/MPa
0 2 4 6 8 10 12
(b)
7~ 1|0_c,m

LR

I ——=—35ms
B ——==1sms
IE_i—-:WJ ms

— s /NP2

100 140 180 220
(d)

— The first section
-+~ The second section
— Diaphragm rupture

’,
(35.90,11.73) |

1
i

0 50 100 150
(a)
7 R 35.30~37.70 ms K H =
Fig. 7 Pressure nephograms in the pump tube and the tapered section at 35.30—-37.70 ms
14 :
— st section displacement 10
-+~ 2nd section displacement 112
| — Ist section velocity o7 102k
----2nd section velocity \
o110 g
\ = ﬂ?
| Jg & S 10'F
IAN -
v g Z
V10 2 £ 100t
i s B =
|
I 107" |
142
|
I
1 1 1 1 1 1 1 1 0 10*2 1
5 10 15 20 25 30 35 40 0 5

Time/ms

8 I ZE L/ B -l ] il 2%

Time/ms

PO TR A it g -k ] il 2%

Fig. 9 Pressure-time curve at the diaphragm

(v Fof 445 5 1% 2 R i e A IR, 0 ZE SR R AHE, L TT LR B 3l . BRI %20 35.90 ms, 115 ZE 3
402.23 m/s, I TG ZEHUT HE B, (HIR R AHE. 1EIZ Lo SR, Wk BUARTRI S5 2R, I 2810 R AR, IR
Free @ B SR A B RE IR A 1R T AT R, 8 O g A b T sl R R A R, B e R A
77, AT AR A B g A SRR TR A

UNHIT T IE, — G RORE IR A B WA, 3330 A 25 IR SR e o AR IR 7 B TR g, A — 2

F58 TR v S R R RN 2 o SE e 1B R IR 0 O 11.73 MPa, X LA B %) 35.90 ms. [H I,
35.90 ms ZJ5 — PRI R AR, JFARSESE 1 TO0 T i 28 M Stz sl A, 16 28 LS s AR TR Al
B o A i, R AR R, R AR I 221, R 20T i s s R L RS BOR A
TG, BT 58 B AR AR
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5 42 45 WRIEAE, 2. 5 R AR S — A8 M R S A A RS AL vk B o %123

4.2 —RiRA

TR ARAS N B R e i, SOLF IR R iZ g . BT M G R SR L, PR R ) b s 2
BE N 0 ms, Xof R — AU 5 il 24 1) %1 35.90 ms.

TR 0~1.95 ms K S = EANE 10 FoR, ZEREBR R S ILAL E . Hd 0~0.30 ms B R )
G BN 0~ 12 MPa, JE /7 z KIS 20 ] [ 4 0.1 ms; 0.40~0.70 ms [&45] 575 J1 35 Bl Jg 0~20 MPa, JE /) =
PET isf ] [E] B 47 0.1 ms; 0.80~1.40 ms &) i 75 & J1 35y 0~ 80 MPa, [k J1 = B [H] [A] @ 24 0.2 ms;
1.60~1.95 ms K] 7R & J7 3 24 0~ 150 MPa, J& J7 2 [ B [B] [E] B% A 0.1 ms, 5 f5 — 5K B A 2€ 53 B
KR 0 B 1 = 1L, TRIR A 0.15 ms. 24 3 KT UG B K AB TS S s S 218,

10 cm
E=— — 0 ms
- T - 0.1 ms
B O == 0.2 ms
= - — 0.3 ms
e
0 2 6 8 10 12 p/MPa
=== - 0.4 ms
e @ | 0.5 ms
e - 0.6 ms
. ——— 0.7 ms
I I——
0 4 6 12 16 20 p/MPa
- 0.8 ms
| e > 1.0 ms
e = 1.2 ms
e = 1.4 ms
I e—
0 20 40 60 80 p/MPa
= 1.60 ms
R 1.70 ms
bl = 1.80 ms
e &= 195 ms
I . IS——
0 30 60 90 120 150 p/MPa

K10 —ZAER 0~1.95 ms &= A

Fig. 10 Pressure nephograms of the second-stage model at 0—1.95 ms

ML 10 AT LA S, B R 24 i, ik Bttt e, 3R 6 0 il adt b o, ZE R ST NNz 3. R 0~
0.30 ms, 5 LIz BN B S, 4 U A6 3 2E 5 5L IRIR ] B 58, #E B R 2R ot R, Az 4k By (A 0 )
FRSLIEAR (P B ) B S0, 2R 1 25 81 (0.10., 0.60 ms B I g B 58 ) Fm s i 280 35k e 1 1117 25 Ak, [
IR 0.80~1.95 ms, FHERfTE FEAHE, AL EEPLE LT, 5 ZE0 2 T R, HEBLN R 13, 7F 1.70 ms
(37.60 ms) IS e KA, 4 150.30 MPa, 1% ZE7E 1.95 ms 52 1132 5, 4B T 1 5 2 2 60 MPa.,

i 4.1 35 A, T I R R R B R 2R TG SR BB B Ol . R, KR E A A R R T
Ji — G AR RN GR35 ZEAE IR A, LA ] B B i 2 ] 11 R o BT s e S TR
U 5 JE R, W5 €0 HE 408 R — SR (1) 3 FE TR, 2T €8 SR O AR ) TR SEA RS, 4160 KR 4R R — A
TS SN % . AT DL, BB AT ZE7E 1.95 ms(37.85 ms) 45 (135 5y, Vs R RE I HL — A5 1Y 1) 3 2
(37.70 ms) £ 0.15 ms, H A TEFEN AL 11.94 m Hb—HAFAITEZENFL 11.89 m £ 0.05 m, 5 FEAHE T
AT o

SR AR R AN . — OB R B b 3R AR, 2 R i Y, 5 B HE BOE % T R
25 B T FE K, TR s, A T 1K F) 220 MPa, JE R T R R4 B 19 B e R, SO %
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a2 % WRIBEIE, 45 i e AU SR B — R UM R 3 R BB T s B 12
BREE PR TR o PRIk, — O A R 1 3% S ik 500 12.3
IR BUSIRA, i3 AR AT UL ) i 2 ol o
HSMH R, TR ASOHR RIS e |20 ¢
PEARTE FIARAE, 16 26 AHER R R A B EZIE é 300 | —The second-stage model — 11.9§
AW 0 BN I i i TR 2 | The seeontge mode |
IRy, 6 AT R 2 a3, (BRI 6 c |

TG 245 R S, SOOI TR 56 A8 N iz 5, 100 1115
JE 46 P AR 28 5 R (B R R 5. BL 2,20~ 1114
3.20 ms SUAL B HR R 1 == B9, 431 % ZE A HE %55 360 365 370 375 380"
J& LB BB AR R s AR AR R . 2.20~ Time/ms
3.20 ms LSRRy ol ST B IR AR AR R, TR = PLL i e RSR I T R 2
BEnE 12 s, Hi 2.20~2.35 ms B B~ Fig. 11 Velocity- and displacement-time curves of the piston

JIYE R 10~30 MPa, JE J1 = P& B 2 18] B N

0.05 ms; 2.40~2.55 ms [ 1] {75 K S8 K 10~20 MPa, JE 77 2 [ i 18] [8] B& >4 0.05 ms; 2.60~3.20 ms [&]
1) 587 H 35 L R 0~ 12 MPa, [k ) = BB ][] B% 2l 0.20 ms. >4 <y ik PR 8 /s b B s A7 S8 s S 41
O UL R B SR LN IZ B, S IR T AR B2 . X R, R AE TN TR A OR m R
FEERALVRIRIE ) R MR A, BB T S I, SRR IR 11X 2y 6 MPa.

10 cm

_—e————————m=== ) )0ms

e ) )5 s

= ) (s

e_-—————————CE )

[ |
10 15 20 25 30 p/MPa

- —————— = NN

= ) |5 s

= ) () ms

= 55,

_____ ———
10 12 14 16 18 20 p/MPa

=== 60ms

= o= ) 3 ms

e 3 )0 ms

3.20 ms

|
0 2 4 6 8 10 12 p/MPa

B 12 #ALES 2.20~3.20 ms RS = Bl
Fig. 12 Pressure nephograms at the tail of the projectile at 2.20—3.20 ms
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B2 WRIEAE, 2. 5 R AR S — A8 M R S A A RS AL vk B o %512 4]

S8R AL R 8 s ) R S R i oF () ) A Ak 2 1] 13 iz o DASSRLRE s g -k ] gl 6wl ORI 2], B2 R D
PR 5 YR A R 0, XoF R ERE 260 435914 0.50., 0.85. 1.30, 1.55 I 2.25 ms. IR S35 50 43.19, 47.67 |
71.09. 82.65 1 48.19 MPa, F: i AL EH 5 SI7E 1.55 ms IS 4 Y3k 3 i KAE 82.65 MPa, B )5 2
TR L DB AL -] 2 T 0L E , LS she] 4k 3 AN B B 5B 1 B BESROAL I ) 0, IR
0~1.50 ms; 25 2 [ BERA LN s# vh BE, W 6] 9 1.50~2.40 ms, AR &, B BAR T4 1 B 5 3 BBt
SRR A Be, BRI 2.40~3.20 ms, S 218 HE 5 o BT, SHALTE 3.20 ms(39.10 ms) B 25 FF & S48,
4 4 088.29 m/s.,

HY RGBT T 0, e 46 0 A 3 28 5 SRR T =z )k [l S 3, S BOR S N R AR K, i 4 A
52 2%, MELLAS BT AR 0 10 S A B2 o FE R S A R O A, 1 SR R ) W B3k 1 B 22 R AR AR T
S5 LB IE DL, FTN R S E NS R — 20 0T . 7R ST PR RS rh R 4 DL A 3 A 11 A4S
LI A5, XL 4 1) 55 R R Byl v BB S AN 8 T, B A SRR e O WA T A5 UL A5 1 e g )k e
20 K AR DT s, R E SR AR ALY A2 S B o RS I A 8 Uk B ) B BR QAR AL A B R] £ 92 5% 3R 8.

P 14 Ay 25 SN o5 A gt AL R T Ty AR A Dy s o AR A QIR A5 [B] B AS KR T B BR X AR AR I (] ] B A,
A] SRS S B3k A5 LI 5 8 8 o T S 205
" o 100 — Projectile tail
80 t 44000A i 750&%
L ] T — t
70 3500 : ggigti
< L 1 = - t
< 60 3000 £ p — boint4
S 50t {2500 = =
2 40} 12000 % £
£ 30 {1500 & s
b Ay
20} 11000 2
10f {500
0 05 10 15 20 25 30 34

Time/ms

13 5L s i) 52 i /50 2 s g h 2%

Fig. 13 Pressure-time curve at the tail of the projectile

Time/ms

Pl 14 SR B AT ORI AL S R A T AR A X LE

d velocitv-ti fih ool Fig. 14 Comparison of pressure changes between the evenly-
and velocity-time curve of the projectile distributed observation points and the projectile tail

RS WNSRHISH LR FHRE

Table 8 Parameters for observation points and mean wavefront velocities at observation points

S 5, S/m AS/m t/ms At/ms c/(m-s™) S A5, S/m AS/m t/ms At/ms c/(ms™)
0 0 0 6 3.260 0.650 2.35 0.20 3250
1 0.018 0.018 0.05 0.05 7 3.900 0.640 2.50 0.15 4267
2 0.670 0.652 1.40 1.35 483 8 4.550 0.650 2.65 0.15 4333
3 1.310 0.640 1.75 0.35 1829 9 5.200 0.650 2.80 0.15 4333
4 1.960 0.650 1.95 0.20 3250 10 5.850 0.650 3.00 0.20 3250
5 2.610 0.650 2.15 0.20 3250 11 6.490 0.640 3.15 0.15 4267

ShG 5 10 FIER 8 ZEA 41 Hr il il 0~0.018 ms it w1, #E B P 45 5 T 0F A R S, VB FH T 3L
R, I 4 T 443 R 360 m/s. F T UL A O 55 ORI A5 1 ] (6 B AR e, R 2 R AT S e i e B
DA O T S 32, b TR 8 T N SRS I T S 410.80 my/s, HIZAEHEIT . 0.018~1.95 ms I [ 1 - 24 54 i
Qe e LT P A Ak I 8, T2 B B A D A e B AR PN R [ s B, S U P RS R R T R, TR 14 A mT X
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B2 WRIEAE, 2. 5 R AR S — A8 M R S A A RS AL vk B o 5 12 3]

2, WL 1 K R ER I S i shaBERS . 1.95~2.35 msIE P T - 2 X R 3 250 m/s, Xof v AL
1 2 833 m/s THimi £ 3 648 m/s. TFERL, 1.95 ms J5 i FE(5 12 8l WIS 1 kbR J1 R 2 24 32 MPa, B A%
TRIEMNETT o 2.50~3.15 ms 7 F5 17325 B 5 =3k 4 333 m/s, I3 A S 4 267 mi/s, 5 3L B
4080 m/s 33T

A5 WL o3 8 B T R ) AR Ak B 4k T — B, UL B TT A S I, A N R AR 4.00~7.00 MPa Z [H], B
IS F AL R A o 3R Ry, X A5 B i LR 0 e T M o R T 4 U0 A B L R R e A &R
ST, #8433 A S v s, S5 S5O 9900R8 T A A o T ORI s Ak F 5 o UL AE I 91 (0~ 1.50 ms)
FUN AR (2.40~3.20 ms) A9 32 B2 A8 Ak B S48 T I 8 (1.50~2.40 ms) 1Y, SE ik ih 1, 3
AR 9) 1B NN (2120 S = A= & ) B (T

5 i #®

FF CEL Bk, Dhis AR IR 3 — 52 M R ], 32 10—l FH T 2 958 S 0 43 BB LR 7
Bio TR AL AR AURBIR, R IE S, B SR EESECBUE, D E B R R
S, ARAT S S0 R A RIS R . RIS ES 1 B UE TGRS R, PR R R R R T R,
US| HEBCRR ST 0 R T 2 R, D0 S B FE R S AR UM P 11932 B i AR DL R T SE AL AT IS I
G284k, 25 F AT I SR A HERE R A8 4k

S 1 BUE T RS R S R R 39.10 ms, AT 35.90 ms WAL, #UILIT 412 3, Hazsh
B R 3.20 ms, 3 ALIE s DI, A 7 & 5T B 1Y 8.18% 0 HEAN K S il B, LR R R O B ARk,
iF FRBE R [ A AR AR5 o SEE 1 SRR T 00 S AL 23 (4 088 my/s ) X T AH 1 % 52 6 il L2 (3 846 m/s),
HRRZEN 6.29%, FEOZITRIRZE R AT REJE: (1) —RBIRIAS L0000 2248, 1 16 22 R El sl 2K i
R A AR R T2, I S48 4 258 0 SR R 1 28 Ak BN BAT 5 IR T 15 ZE R AR S R A — &
25555 (2) MR TR L5 e S A ] 1) PR 4 R BT X A R R A, T B0 S A AR ) Y R SR RV BN S BR
1B 3) THA TP e JE 48 . A N o8 208 T (HXAE S0 i LARIE

] 7 e 3 FE G A AR 4 R 2 AP B AR 1 B B H B Ak B 1 R 4 U8 AR Sk HE AR R SR, it
PR AN WL A5 55 2 B BOR R HEBE N R ) o, dm s TG 2E AR T, S 800 JE s B % . 7RSS
2 BBt HEBE St — A5 s, S e RO AL . a7 RE 9 AT LA B, I FE IR R HE IR R B
4, 0 T AR 5 s g SR I, AT DA RIS S R R . PR, R CE S Y A B 2 A, AT LARE
TRAIAFE, [ I o5 A BR 5 b e ¥ S A A SV B S8 ik i S S 3 ke Ak, 2 SR BLR N 1 7
FEo TR AR SCrf gt 0 4 GBS BT A R e SR BR Bl R M, SR I S 5 R B S A
AT . S ABUETHRRSCR, Al Ak & Sk, K s SR L

JEE R i 224N 221, 15 FE S HE R 60 949.26 T, SILES T A I, ShEEN 12 619.16 J, REE I IR 20.70%
S 2~3 rh, R R S 2, 15 ZESNRE ST N 74 744.95 F11 76 409.20 T, SRILENAEST IR 14 779.17 F1 14 758.99 1,
BE B FHRAY 90 19.77% F119.32%., R LLE H, 3 4L50567E 2E 5 RE KA 24 20% S5 4k s L sh i, HoA
AL R AR SR N BB DL S TR 26 545 RE | UL 5 45 REEE BRI T FE LSS .

25 TR, SR AR SO R 0 20 GO T R SR OGS B N T vk, AT S A e R AR B
TSR BB T R R SR B R, A R R Sk, IR B S LB R L R
VA RE ik B RN AL AL R R T H

T A5 Y, AR SO SRR IR SRR T R SR OGS R IA T . SR ANZ T, T4 56
PERHER, AT F0F 5% 76 28 AN HEAR B Rl B o 190G 2E A B B i A AR A L A2 2, SR SR T SR B, 4
HEFR A A SHE BRI RY, g b B ) 25 Rt/ NRRPL ISR T RSE, AT R4 4 B S ZE AR R IR R Ak
P T B 2 oL A G T D A A U B, S O Rt ] F P A R T Y . BRBLIA R T A R
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B2 WRIEAE, 2. 5 R AR S — A8 M R S A A RS AL vk B o %512 4]

PRI TAREI SR RS B BLSER 1R E T O, G B PR R 3 956.8 K, 1T 15
R 755 36.90~37.70 ms HEBEAGBRAS IS 16 FF 7% . (A0, A< SCSR A CEL 8%, 8 08 T <6
PRI AECEL A s >S5 0 A B A B SETE, 5 1 T8 0 B R 1L T, 45500
AR, T BB R A 0 B 0 PR O

10 cm
4000
3500 f
-
y 3000y -: _j —— 37.1ms
5 2500} s
El
g S —
§ 1500
1000 R

05 10 15 20 25 30 35 40

Time/ms 0 1000 2 000 3000 4 000 Temperature/K
15 0~39.10 ms HEBC AR 2k 16 36.90~37.70 ms HEBLH AR S
Fig. 15 Temperature-time curve of the gas Fig. 16 Transient temperature fields in the tapered section
in the tapered section at 0—39.10 ms at 36.90-37.70 ms

6 ZitS5RE

SR CEL B3, X 14 mm DR & R AR IR 8h — g SR ITF =48 M8, DR R B3 5 6
A3 M, W M 5 AT fir R O — SRR LR TR R — R R SRR L T IE L R N
B ORISR A S L HEBORI R I . BT IE SRR, i 0 2 A A I (0 BE SR N Bk 0.82, AL
5 5 SRS 1] 0 FE 82 L BICH 0.30, R B R 38 11.73 MPa. #43% 3 BB A SZIIIE T, 15445 5
SRR 5 S A5 R B e

), SE AT S S 1 56U T 00 AT 2 2R, SR B T O IR A 3 FE FE o IR BRI | i A
T, JFJR 14 mm A2 = R ARSR8h 908 S & St R B T 5R., wT LA 3 36 ZERN B I Y A2 Bl R it
SRR NI PN IV YSEEE YN HOEE Sun .

EAS— 2, ARSCP B X 8] 8 3~5 km/s, XT3 km/s LR T80, T8 7258 40k H; X o &
B T, O B AT HE . TR, A s B R S R E YR, B R BURA R R
PR Jy WA T+, T RES 52 i B R e v o /0N [ 45 il PR s 0 5 ) % RS e 3], T B 49
Wt o TEZITIRAEZR T, 8 0 1% 26 RN UM A8 BE D M RHIBE Y, 45 & M & B B B A B 3 B AR IR, T
FE J 2 T AT iR 5 4 BE R ol 55 [ 81, B4 i AL SOM 9 R PR o X T T4 & S 2 9K 2l | 52 Bk 2 45
HoABYK B 2 G/ 2 P S, AR SO 0 A T Ak D ik L A0 S AR AR G S R T
[FIFETE H .

A LLF LA A

(1) B A d T BTk = R AR SR 8 942 S, A BN TR AR — . AR R, X
RS S B ACFN S & S B v i 3 0 AR AR T T3R50 .

(2) R JH CEL 3, M\ =4k 2 X — 9 A58, o0 L SE b A0l SR 00 & S i A
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