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Key technology of heavy piston soft landing in large-scale
free piston shock tunnels

SHEN Junmou’, CHEN Xing, YI Xiangyu, SUN Riming, JI Feng, BI Zhixian
(China Academy of Aerospace Aerodynamics, Beijing 100074, China)

Abstract: The driving technology of a high-enthalpy shock tunnel determines the wind tunnel's total
enthalpy and total pressure. The heavy piston compression heating technology is the key driving technology of
high-enthalpy shock tunnels, which shows strong driving performance and high operational flexibility. Given the
difficulty in the soft landing of a large-size heavy piston caused by the launch efficiency of the heavy piston, the
friction between the heavy piston and the wall, the diaphragm breaking, etc., the influencing factors of the actual
moving process of the heavy piston are analyzed by combining theoretical analysis, dynamic grid numerical
simulation and experimental verification, and the tuned operation method of the heavy piston is established. The
FD-21 high enthalpy shock tunnel with the world's largest free piston drive ensures the safe operation of the
piston with a mass of hundreds of kilograms in the compression tube with a length of 75 m. It obtains a stable
driving pressure, providing corresponding test states for different simulation requirements. This paper studies the
soft landing process of heavy pistons with a 205 kg and 275 kg mass in compression tubes when the maximum
speed exceeds 350 m/s and 450 m/s, respectively. The soft landing of heavy pistons in large free pistons shock
wind tunnels is solved. The constant pressure test conditions with a total pressure of 15 MPa and a total
temperature of 3450 K, as well as a total pressure of 45 MPa and a total temperature of 4845 K at the end of the
compression tube, are obtained.

Keywords: high enthalpy shock tunnel; driving technology; heavy piston; soft landing; tuning operation
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Fig. 1 Schematic of a piston compressor
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Fig. 3 Schematic diagram of compression tube sensors' locations
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Fig. 4 Piston shape and velocity measurement
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Table 2 Running states of piston launcher
without diaphragm rupture

Pgr/MPa Pg/kPa FEARE AR m,/kg
Casel 0.62 28 = 124
Case2 0.38 34 Mo MpA=2-8 124

x3 FEETRE
Table 3 Tuning operation condition

Pp/MPa  Pc/kPa  my/kg  Ppy,/MPa  Pg/kPa
Casel 2.86 30 205 10 61
Case2 7.5 38.5 275 32 80
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Fig. 13 Velocity and pressure of the air drived
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under Pg =7.5 MPa, Pc=38.5kPa, m,=275kg

J& 77 B B ) f) 2% 4k i 28 . Line01 A1 Line02 43 i fi7 T
Domainl [X 3 fll Domain2 [X 35k . 7% Z& 7 5 & AR 1Y
1) I N TR S o= G O (51 B ey P B S U e T Wl o
(1) F 6 % I o 1A < B O A% #E, Domain2 X
3 7GR /N, R 3 X AR 7 Domainl X 35
W B85, K 7k /B, FE RS 4> Domainl X 38 & )
WA 785 B, 81505 28 K 5 48 SRR U1K

R

AR SO R RUBE I H i 2E 0 XU F 1) B 3% 26 A
% i i) UBEAT TRIETT, A B BLR S g

1) B 3% 28 RSN AR EEYE JE S BE T PR R SR UL
B i 2E L bRz 2l #R 5 A T HARTE AR 2, PR
i 2 B LR o L i 2 P I AR G A
R EISATHEE, B BB AL O] AT SR R



5510 3 RS KRS B H i 28 s AR 20 28 O il S SR 39
20 60
Piston front pressure Piston front pressure
—=— Piston back pressure —=— Piston back pressure
50+
15
40
£ &
S 10 S30¢
= Back | Pist Front =
ac st ron Back | Piston | Front
> 20 +
5| _ -
w Y
ol p Q-E\H\HWG 4 ;
—100 -50 0 50 100 150 200 —100 -50 0 50 100 150 200
t/ms t/ms
(a) Pr=2.86 MPa, P.=30 kPa, m,=205 kg (b) Py=7.5 MPa, P.=38.5 kPa, m,=275 kg
17 EFE®UEH

Fig. 17 Pressure on two sides of the heavy piston

4
—a— Line0l
—a— Line02
3t
[+
(=
S 2
&
1+
0 1 1 1 1 1
-100 =50 0 50 100 150 200
t/ms

(a) P,=2.86 MPa, P.=30 kPa, m,=205 kg

—a&— Line01
8 | - 4~ - Line02

P/MPa

0 1 1 1 1 1

—-100 =50 0 50 100 150 200
t/ms

(b) P,=7.5 MPa, P=38.5 kPa, m,=275 kg

B 18 BEMSEEATHEHE

Fig. 18 Pressure variations in the storage chamber

WK, BEWE A7 R0 2% B35 28 % KUl A 44 1 4 o, 36 4
R 2L 2 TR A 45 2

2) 7 FD-21 1 5 P KU 1R 3 28 536 HLAE 1R
5 RLBE Y T0%. 3 ZE 5 Ik A6 BE B R KN 0.04 (12
PER i 238 Bl R - M it M I 4 R i 1Y) A
i 2k B R o 5 BUE RIS WIS A R . BUE R
UL SR 7 - 3 28 )[R A6 6 T 38 Bl T 7 A TR i
Xt e s i T AR R S R g, M X R A
BUTE I3 F S LA 28 A 5 4% R L REBAK

3G I REF, 77 A R A E R IR
P o AL TN T 45 AR S R 1] B S, R Wi v 2
IBATHRPE, X i R A WY A U AR T ZEAE B IR
968 U AR S A, R BB A SO B Rk i

FE T, 0 28 1 P8 kS 1) B 00 8 25 A g A Y o 7R R
TG FEIBAT AR, 7 R X e R WA, T2
LI 28 O i .

B SR R B R AR Bl BRI B K AR X
B WRAE . EE AR BEf. My, E 8 R B w0 2 4
BRTT 4 TR S

& £ X W:

[1] ANDERSON JR J D. Hypersonic and high-temperature gas
dynamics[M]. Amer Inst of Aeronautics, 2019. ISBN-13: 978-
1624105142.

[2] LUFK, ARNOLD D M. Advanced hypersonic test facilities[M]. Reston,
VA: AIAA, Inc. , 2002. ISBN-13: 978-1563475412.

[3] HANNEMANN K, SCHRAMM J M, WAGNER A, et al. The high

enthalpy shock tunnel gottingen of the German aerospace center



40 2= R 3 S 4 ERAR
(DLR)[J]. Journal of Large-Scale Research Facilities, 2018, 4: A133. doi: 10.1007/978-3-319-91017-8 26
https://elib.dlr.de/126006/2/ELIB-Eintrag-2018-HannemannK-126006- [17] STALKER R J. Use of argon in a free-piston shock tunnel[R]. AIAA 66-
Paper.pdf 169.
doi: 10.17815/jlsrf-4-168 [18] HORNUNG H, BELANGER J. Role and techniques of ground testing

(4] Zopbk. mll sk m o KU B BRI R (1], 23380 J1 28243, for simulation of flows up to orbital speed[C]//16th Aerodynamic Ground
2019, 37(3): 347-355. Testing Conference, 1990. AIAA 90-1377.

JIANG Z L. Progresses on experimental techniques of hypersonic and doi: 10.2514/6.1990-1377

high-enthalpy wind tunnels [J]. Acta Aerodynamica Sinica, 2019, 37 (3): [19] HORNUNG H G. The piston motion in a free piston driver for shock
347-355 (in Chinese) . tubes and tunnels[R]. GALCIT. FM88-1, 1988.

doi: 10.7638/kqdlxxb-2019.0009 [20] BECK W H, EITELBERG G, MCINTYRE T J, et al. The high enthalpy

[5] GU S, OLIVIER H. Capabilities and limitations of existing hypersonic shock tunnel in Géttingen (HEG)[M]//Shock Waves. Berlin, Heidelberg:
facilities [J]. Progress in Aerospace Sciences, 2020, 113: 100607. Springer Berlin Heidelberg, 1992: 677-682.
doi: 10.1016/j.paerosci.2020.100607 doi: 10.1007/978-3-642-77648-9_106

(6]  WRAL, WA, ki, S5, 11 R 2 o 0 Tk o XG4 o I3 A2 2 ik i i [21] LABRACHERIE L, DUMITRESCU M P, BURTSCHELL Y, et al. On
FEER ], S RAR F127, 2019, 33 (4) : 65-80. the compression process in a free-piston shock-tunnel[M]. Shock Waves,
CHEN X, SHEN J M, BI Z X, et al. Review on the development of the 1993, 3: 19-23. DOI: 10.1007/BF01414744
free-piston high enthalpy impulse wind tunnel and its testing doi: 10.1007/978-3-642-77648-9 106
capacities[J]. Journal of Experiments in Fluid Mechanics, 2019, 33 (4): [22] 37y, R FE G IE 40 2 1k e S 80 B A ] b B RR R
65-80 (in Chinese) . K2, 1994, 24 (3): 277-283.
doi: 10.11729/syltIx20180169 XU L G, WANG G. Numerical method of calculating performance

(7] R, BRAL, MRk, 25 ol B KRR B B A LRIk (0] 280 ) parameters of a heavy piston compressor[J]. Journal of China University
AR, 2018, 36 (4) : 543—554. of Science and Technology, 1994, 24 (3) : 277-283 (in Chinese) .

SHEN J M, CHEN X, BI Z X, et al. Review on experimental technology [23] ITOH K, UEDA S, KOMURO T, et al. Improvement of a free piston
of high enthalpy shock tunnel[J]. Acta Aerodynamica Sinica, 2018, driver for a high-enthalpy shock tunnel[J]. Shock Waves, 1998, 8(4):
36(4): 543-554 (in Chinese). 215-233.

doi: 10.7638/kqdlxxb-2017.0165 doi: 10.1007/s001930050115

[8] HOLDEN M, WADHAMS T, MACLEAN M, et al. Experimental [24] i, vhiis, S, [ phih S O XU 52 TR K Sh i [ B9 (0], 23580 )
studies in LENS I and X to evaluate real gas effects on hypervelocity 2724k, 2014, 32(1) : 45-50,56.
vehicle performance[C]//45th AIAA Aerospace Sciences Meeting and ZHU H, SHEN Q, GONG J. The constant pressure time of piston driver
Exhibit, Reno, Nevada, 2007. in free piston shock tunnel[J]. Acta Aerodynamica Sinica, 2014, 32(1):
doi: 10.2514/6.2007-204 45-50,56 (in Chinese).

[9] TSAI C Y, BAKOS R J. Mach 7-21 flight simulation in the HYPILSE doi: 10.7638/kqdlxxb-2012.0048
shock tunnel[C]//23rd International Symposium on Shock Waves, Fort [25] ZEifyae, 2500, B, 25, A i 28 s 46 % ALE J7 5l (1],
Worth, TX, 2002: 345-355. J1%5A4R], 2016, 48 (2) : 348-352.

[10] LENARTZ M T, WANG B, GRONIG H. Development of a detonation LIHY, LI ZH, LU Z G, et al. Arbitrary Lagrangian eulerian simulation
driver for a shock tunnel[C]//20rd International Symposium on Shock of free piston compression tube [J]. Chinese Journal of Theoretical and
Waves, Shepherd, CA, 1996: 153-158. Applied Mechanics, 2016, 48 (2) : 348—352 (in Chinese) .

[11] STALKER R J, MORGAN R G. The university of Queensland free doi: 10.6052/0459-1879-14-398
piston shock tunnel T-4: Initial operation and preliminary [26] Sy, B s 2E 3 IR 3 0 5 RS IR [R]. db st hERTR
calibration[C]//4th National Space Engineering Symposium, 1988: 182- R PR A w2 0F b, 45 k. 2020.

198. NASA CR-181721. YI X Y. Flow analysis and state adjustment of free piston shock

[12] HORNUNG H. Experimental hypervelocity flow simulation, needs, tunnel[R]. Beijing: The 11th Research Academy of China Aerospace
achievements and limitations[C]//1st Pacific International Conference on Science and Technology Corporation. , Post doctoral Exit Report 2020
Aecrospace Science and Technology, Tainan, 1993. (in Chinese).

[13] MCGILVRAY M, DOHERTY L J, MORGAN R G, et al. T6: the Oxford [27] LR, FD-21 5K Bk KU 8 3R 85 10 e 37 52 Wi D). b st
university stalker tunnel[C]// 20th ATAA International Space Planes and FRREH B AT B 7] S8+ —BF7U B, 2021.05.

Hypersonic Systems and Technologies Conference, Glasgow, Scotland, SHEN J M. Establishment and diagnosis of flow environment in FD-21
2015. AIAA 2015-3545. high enthalpy shock tunnel[D]. Beijing: The 11th Research Academy of
doi: 10.2514/6.2015-3545 China Aerospace Science and Technology Corporation, 2021

[14] HANNEMANN K. High enthalpy flows in the HEG shock tunnel: (28] EievIEl, RN, B9, 2. WA T TG 26 K 5l S B4 AR A i 5 (0]
experiment and numerical rebuilding (invited)[C]// 41st Aerospace HANUK, 2016, 22 (2) : 215-220.

Sciences Meeting and Exhibit, Reno, Nevada, 2003. AIAA 2003-0978. LYU Z G, CHANG Y, ZHONG Y, et al. Primary research on key
doi: 10.2514/6.2003-978 technologies of piston driving in expansion tunnel[J]. Manned

[15] ITOH K, TAKAHASHI M, KOMURO T. Effect of throat melting on Spaceflight, 2016, 22 (2) : 215-220 (in Chinese) .
nozzle flow characteristic in high enthalpy shock tunnel[C]//22nd doi: 10.3969/j.issn.1674-5825.2016.02.012
International Symposium on Shock Waves, 1999: 459-464. [29] TANNO H, KOMURO T, SATO K, et al. Basic characteristics of the

[16] SHEN J M, MA H D, LI C, et al. Initial testing of a 2m Mach-10 free- free-piston driven expansion tube JAXA HEK-X[C]/32nd AIAA

piston shock tunnel[M]//31st International Symposium on Shock Waves
2. Cham: Springer International Publishing, 2019: 213-219.

Aerodynamic Measurement Technology and Ground Testing Conference,
Washington, D. C. . Reston, Virginia: AIAA, 2016.


https://elib.dlr.de/126006/2/ELIB-Eintrag-2018-HannemannK-126006-Paper.pdf
https://elib.dlr.de/126006/2/ELIB-Eintrag-2018-HannemannK-126006-Paper.pdf
https://doi.org/10.7638/kqdlxxb-2019.0009
https://doi.org/10.7638/kqdlxxb-2019.0009
https://doi.org/10.7638/kqdlxxb-2019.0009
https://doi.org/10.1016/j.paerosci.2020.100607
https://doi.org/10.1016/j.paerosci.2020.100607
https://doi.org/10.11729/syltlx20180169
https://doi.org/10.11729/syltlx20180169
https://doi.org/10.11729/syltlx20180169
https://doi.org/10.7638/kqdlxxb-2017.0165
https://doi.org/10.7638/kqdlxxb-2017.0165
https://doi.org/10.7638/kqdlxxb-2017.0165
https://doi.org/10.7638/kqdlxxb-2017.0165
https://doi.org/10.1007/s001930050115
https://doi.org/10.1007/s001930050115
https://doi.org/10.7638/kqdlxxb-2012.0048
https://doi.org/10.7638/kqdlxxb-2012.0048
https://doi.org/10.7638/kqdlxxb-2012.0048
https://doi.org/10.7638/kqdlxxb-2012.0048
https://doi.org/10.6052/0459-1879-14-398
https://doi.org/10.6052/0459-1879-14-398
https://doi.org/10.6052/0459-1879-14-398
https://doi.org/10.6052/0459-1879-14-398
https://doi.org/10.3969/j.issn.1674-5825.2016.02.012
https://doi.org/10.3969/j.issn.1674-5825.2016.02.012
https://doi.org/10.3969/j.issn.1674-5825.2016.02.012
https://doi.org/10.3969/j.issn.1674-5825.2016.02.012

10

R AR KRS A i 28 B XU 2 28 O T SR SRR 41

[30]

[31]

[32]

[33]

[34]

[35]

doi: 10.2514/6.2016-3817

ANDRIANATOA A, GILDFIND D, MORGAN R. Preliminary
development of high enthalpy conditions for the X3 expansion
tube[C]//20th Australasian Fluid Mechanics Conference, Perth, Australia,
2016.
https://people.eng.unimelb.edu.au/imarusic/proceedings/20/538%20Pape
r.pdf

ANDRIANATOS A, GILDFIND D E, MORGAN R G. Driver condition
development for high-enthalpy operation of the X3 expansion
tube[M]//31st International Symposium on Shock Waves 2. Cham:
Springer International Publishing, 2019: 297-304.

doi: 10.1007/978-3-319-91017-8_37

STENNETT S, GILDFIND D E, JACOBS P A. Optimising the X3R
reflected shock tunnel free-piston driver for long duration test
times[M]//31st International Symposium on Shock Waves 2. Cham:
Springer International Publishing, 2019: 189-196.

doi: 10.1007/978-3-319-91017-8_23

N, R, WRAR. ke e AR 1 e i A I R R e 0] T
FH, 2020, 47(6) : 58-62.

SUN R M, SHEN J M, CHEN X. Speed measurement of free piston in
high energy shock tunnel[J]. Applied Science and Technology, 2020,
47(6): 58-62 (in Chinese) .

doi: 10.11991/yykj.201912009

WAL, BRE, 90U FD-21 k0 e R AT 5484 T IHR]. [ B
BHE T RHAR %, Q10-203-2022-00579, 2022.

WA, MR, B MR, A% FD-21 7 B kot RGN BBt R [CL/ 58 19

[36]

(371

[38]

[39]

[40]

[41]

P BRI BRI, 2020.

SHEN J M, CHEN X, BI Z X, et al. Latest progress of FD-21 high
energy pulse wind tunnel[C]//19th Shock and Shock Tube Conference,
Xia men, 2020(in Chinese).

Wik, SR AEHR, ST, A — T K RS R R G i
[CY/HPE g2 K 222017 BEDRBLH [ g 222 22 JROT.60 A 4F K20 18 S3U4E,
Jbxt, 2017: 1292-1303.

JOHNSON G R, COOK W H. Fracture characteristics of three metals
subjected to various strains, strain rates, temperatures and pressures[J].
Engineering Fracture Mechanics, 1985, 21 (1) : 31-48.

doi: 10.1016/0013-7944(85)90052-9

BLAZEK J. Computational fluid dynamic: principles and application[M].
Elsevier Science, Oxford, 2005. ISBN 13: 9780080445069.

CHEN R, Wang Z. An improved LU-SGS scheme with faster
convergence for unstructures grids of arbitrary topology[C]/ 37th
Aerospace Sciences Meeting and Exhibit, Reno, NV, U. S. A, 1999.
ATAA 99-0935.

doi: 10.2514/6.1999-935

SPALART P, ALLMARAS S. A one-equation turbulence model for
aerodynamic flows[C]//30th Aerospace Sciences Meeting and Exhibit,
Reno, NV, USA. Reston, Virigina: ATAA, 1992. ATAA 92-0439.

doi: 10.2514/6.1992-439

VB, B, BRAEHR, 5. — POk RS A s 2 ks IR AL
TFRBEI0 9 [P]. GOIM9/02: CN111024357A, 2019-12-11.

(KX sh: H)


https://people.eng.unimelb.edu.au/imarusic/proceedings/20/538%20Paper.pdf
https://people.eng.unimelb.edu.au/imarusic/proceedings/20/538%20Paper.pdf
https://doi.org/10.11991/yykj.201912009
https://doi.org/10.11991/yykj.201912009
https://doi.org/10.11991/yykj.201912009
https://doi.org/10.11991/yykj.201912009
https://doi.org/10.1016/0013-7944(85)90052-9
https://doi.org/10.1016/0013-7944(85)90052-9

	0 引　言
	1 试验系统与测量方法
	1.1 高压储气室结构布置
	1.2 活塞速度测量
	1.3 止停机构结构设计
	1.4 膜片破膜压力判定

	2 物理模型与计算方法
	2.1 自由活塞运动理论计算方法
	2.2 数值方法

	3 结果与讨论
	3.1 调谐参数理论选择区间
	3.2 活塞发射器运行评估
	3.3 重活塞实际运动分析

	4 结　论
	参考文献

