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Abstract: A study was conducted using explosive cutting cords to titanium alloy plates to quantitatively investi-
gate the additional kinetic energy generated during blade fracture in aviation engine case inclusion experiments. The
additional kinetic energy was analyzed through both computational and experimental approaches. Using AUTODYN
software , two computational methods were employed :the center-of-mass motion method ( yielding E1) and the parti-
cle-by-particle accumulation method( yielding E2) . The accuracy of these methods was systematically compared. Ex-
perimental validation was achieved by measuring the additional kinetic energy (E3) in controlled explosion experi-
ments. The computational results were verified against experimental data, confirming the reliability of both the simula-
tion and testing methodologies. The study reveals that the maximum additional kinetic energy generated during the
severance of titanium alloy plates constitutes a smaller proportion of the total kinetic energy proportion than the
threshold proposed by the FAA company. These findings provide critical insights for designing and evaluating car-
tridge inclusion experiments in aviation safety applications.
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Table 1 Material parameters of TC4 titanium alloy test piece
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Density p/ Gruneisen Acoustic speed Slope Shear Poisson  Yield stress/
(g+em™) coefficient Cg/(m-s™")  coefficient S, modulus/GPa ratio GPa

4.42 1.23 5130 1.028 41.9 0.35 1.092
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Table 2 Parameters of the JWL equation of state for HNS
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i coefficient coefficient .. .. coupling coefficient detonation/
(g-cem™?) coefficient R, coefficient R, 0
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Table 3 Material parameters of the lead alloy
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Fig. 5 Fully broken titanium alloy plate

L.

— x— T JF (x—Velocity)
— y—3# JF (y-Velocity)
— z— 3 JF (z—Velocity)

50}
40}
30
20
10}
{z 0
A _10
® 50

-30 n 1 s
0 5 10 15 20 25 30

(c) Weil 5.4 #=6.39 ps B4 6] t/ms
(c) Monitoring point 4 t=6.39 s

(b) W3 £=3.87 ps
(b) Monitoring point 3 #=3.87 Us

elocity/(m*s")

L I Il

K6 HRaBBBULAL x -y — 2 AR ALIA]

a titanium alloy plate

=)
=]

E
(d) BEMAES 1=9.17 ps E
(d) Monitoring point 5 #=9.17 us % 40
3
£ 30
)
£ 20
e
10
b
qu O 1 1 1 1 1 1
0 5 10 15 20 25 30
() HiM 516 1=11.94 ps A [A] t/ms
(e) Monitoring point 6 #=11.94 ps ) .
K7 BRE M 1 A At h 2k 1
K4 DIEE e R Fig. 7 Variation of the resultant velocity
Fig. 4 Detonation process of the linear shaped charge of the monitoring point 1

K8 BT e
Fig. 8 Stress wave propagation process
WE RESGEHLSECH 5000 /s, ARSEPIIR T Gl CBE AR S SRS AT R R ShE .
HEBRARAIBR B BAREAS , T BB A SR Wb

Fig. 6 x —y —z velocity variation diagram at the center of



162

W 2025 4E9 H

300 |
250
200
150
100

ZhfiEKin.Energy/J

50

0 5 10 15 20 25 30
B} ] ¢/ms
K9 skamHmshre L iLr
Fig. 9 Plot of additional kinetic energy

change of titanium alloy plate

(a) TC4KE &M
(a) TC4 titanium alloy plate

2.2 RIGHER

RGBT R 2R VEDI B A A B BB, 3k
() R AN R 12 (13 iR o A B KA T U
23.75 m/s, jTHE iy 304. 0 g; B Hefy RATHEE N
26.75 m/s, JFii 57 294.6 g,

H ARSI R 5 J WA Rk A 4 Al 199 38 1 A
Fri, TR AT 2R KR VT W Bk A 4 M 0 S B 2h fig
E, % 194.99 ],

3 WIES#IA

XF L R {E A S 5 4 R 4T 56 G A A A
(V&V) 73 , BRAEZS T8 AORS 0 PE AR 1

i
Lead shell

NHHEE HNS

(OREES
(b) Linear shaped charge

K10 TCA Bk a b IHI &R
Fig. 10 TC4 titanium alloy plate and linear shaped charge

K11 sesie

Fig. 11 Experimental installation

T
%K/ 4B Titanium alloy plate B

';: ﬁ Titanium alloy plate 4

3.1 HEWIE

3 3 L2 Sl TR SO AR A I sl BE Y
TIEAT H R PR BT AR B A B S S B
TNBhRE E, A 206.72 J, B0 SO A4S 2 5 B
BHRE E, 7 204.00 J, E 1R ZEN 1.33% , 504E T W
Rl R A
3.2 ZIGEIA

T o K U1 Uiy 2 6 N A B ) R A 4 AR B
IREE, S 194.99 I, M E, \E, BRS04 5. 67%
1 4.41% ,THE RN S35 45 AR — 30, BN T i
I AERRE

K12 Bk el rEgcr

Fig. 12 Cutting effect of titanium alloy plate



a2t H3H

TR, T M, H

A5 OVRIR YIRS 163

4

&8

40
—=— T4

35 —— BB

30 +
q

25
[

20

B Velocity/(m *s™)

15 F

1.5 20 2.
B 18] t/ms
K13 BREa A B X AT LA
Fig. 13 Change of flight speed of
titanium alloy plate A and B

5 3.0 35

10 L 1
0 05 1.0

it

(1) 2 BRI 5T 70 Hr 2 B, D)1 2 4 1 DT I £k

& e AR shae 2y 4 200 J/100mm,,

(2) Fese gk & A B R i 5. 0 ke,

W F BTSSR 250. 0 mm , K546 i % 4000 rpm,
S FEE h 419 rad/s. I IR O A4 B
H978.86 kI, VVH|ZARKEINE 6k 2 4 A B K
WHINEHAE H 500. 0 T, ki A ENAERY 0. 63% , /N F 2%
W RES £

(3) MESEER A HLIE FH T BT R A AT S 2

BRI A, AR M Ao i 5 AT B A A T A

22 3Lk ( References)

SRIEH BRI R (R, . i MUK R A &k
JES AL CT /755 = Jmas A4 R K R, AR 2 AR 28
MTE 304 ,2011 :43-49.

ZHANG Ying-ming, HAN Ming-chen, NI Pei-tong, et al.
Development and application of Titanium alloy in aviation
and aerospace [ C] // Proceedings of the third Space Ma-
terials and its Application Technology Academic Exchange
Conference ,2011 :43-49. (in Chinese)

TR ML K S it B OB AR T ]
AU REAEAR ,1995(1) :31-33.

WANG Le-an. Foreign aero-engine fan blades and their
forming technology[ J]. Aviation Science and Technology,
1995(1) :31-33. (in Chinese)

MR Ot s RS pLEs A Bt o [ M. db st JE st
ZEMLR R A Rk, 2006.

CHEN Guang. Analysis of the aero-engine structure design
[M]. Beijing: Beihang University Press,2006. (in Chi-
nese )

EAE B e, PR, AR A R S UL AL A

(4]

[10]

[10]

[11]

[11]

[12]

[13]

[14]

WFaTLEd [ ], fias3h 11241 ,2010,25(8) :1860-1870.
XUAN Hai-jun, LU Xiao, HONG Wei-rong, et al. Review
of aeroengine enclosure inclusion studies[ J]. AAP,2010,
25(8) :1860-1870. (iin Chinese)
gefE4E. RR 22 7l 58 i TRENT00 & shHL i M- Fr 41 2%
e[ J]. Atz Z3hHL,2003(3) :44.
LIANG Chun-hua. The RR Company completed the blade
inclusion test for the TRENT900 engine[ J|. Aeroengine,
2003(3) :44. (in Chinese)
SREAWT, BB, B SR, A s R S UL A A I
Bom R CBEOTIE L] s A EhL,2016,42(2) 1 73-76.
GUO Ming-ming, LU Dengzhou, HONG Wei-rong, et al.
Fly stripping method of aero engine case[ J]. Aeroengine,
2016,42(2) :73-76. (in Chinese)
SRBTHA. itz A S HILIXURE HIL I A 25 i i R R R
JrEWSE D] BN WL R, 2016.
GUO Ming-ming. Study on the blasting method of aviation
engine fan box [ D]. Hangzhou: Zhejiang University,
2016. (in Chinese)
K i s R SUXUE T R KB AR BFFEL D ]
BUM WLk ,2014.
ZHANG Guo-jing. Research on blasting and stripping tech-
nology of aero-engine fan blade [ D]. Hangzhou ; Zhejiang U-
niversity,2014. (in Chinese)
Y. s R SAILAD A i v XU P R A
ARWFFELD ] HUM TR ,2017.
LV Deng-zhou. Research on blasting and stripping tech-
nology of fan blade in aero-engine inclusion test [ D ].
Hangzhou : Zhejiang University,2017. (in Chinese)
BRI AR 2507 R SR AR 2 B TCA B A 9
FFELD]. HER - 2 HOH TR, 2023.
CHEN Gang. Research on TC4 titanium alloy plate under
different loading modes [ D ]. Huainan; Anhui University
of Science and Technology,2023. (in Chinese)
SRR VLA Sy, S XU R R A A
B 5 Mok ()] SR ,2022,43(2) :392-402.
SHI Tong-cheng, JIANG You-wei, CHAI Xiang-hai. E-
quivalent test and analysis method of fan blade explosion
and flight break [ J ].
43(2) :392-402. (in Chinese)
GUNDERSON C O. Study to improve airframe turbine

Propulsion Technology, 2022,

engine rotor blade containment[ R]. FAA Report No.
FAA-RD-77-44,1977.

HEERMANN K F, McCLURE K R, ERIKSSON R H.
Study tolmprove Turbine Engine Rotor Blade Contain-
ment [ R]. FAA Report No. FAA-RD-77-100,1977.
KT, E ML TG, S R FT AL 2 AR A D)y
TC4 BRE AR MIATFEL )] i ds b4 ,2022,51(3) :43-
49.



164 k 202549 H
[14] ZHU Yu,WANG Meng, HE Zhi-jie, et al. Study on TC4 [16] ZELRAE Mg 18, 5K &, 5. B2 X HEL JWL AR
titanium alloy plate [ J ]. Blasting Equipment, 2022, RN )]. =it a T AR ,2021,42(1) .
51(3) :43-49. (in Chinese) 174-178.
[15] WANG Xue-mei, SHI Jun. Validation of Johnson-Cook [16] LI Bao-hua,CHANG Bo,ZHANG Li-jian, et al. Effect of

plasticity and damage model using impact experiment
[J]. International Journal of Impact Engineering,2013,
60:67-65.

charge density on the explosive JWL equation of state
[J]. Journal of Ordnance Equipment Engineering,2021,
42(1):174-178.

(L35 62 1)

[9]

[10]

[11]

[12]

[12]

[14]

[14]

[15]

[15]

VARDAR O, WEI Chun-chen,ZHANG Cheng-guo,et al.
Numerical investigation of impacts of geological faults on
coal burst proneness during roadway excavation[ J]. Bul-
letin of Engineering Geology and the Environment,2021,
81(1):1-8.
REHMAN U J,PARK D, AHN K J. Predicting blast-in-
duced damage and dynamic response of drill-and-blast
tunnel using three-dimensional finite element analysis
[J]. Applied Sciences,2024,14(14) :6152-6152.
GUAN Zhen-chang, XIE Li-fu, CHEN Dong, et al. Nu-
merical simulation and field monitoring of blasting vibra-
tion for tunnel in-situ expansion by a non-cut blast
scheme| J ]. Sensors ,2024 ,24 (14 ) :4546-4546.
gk AR R, N, A5 S FLTE R TR AR
s 5 R[], 1k, 2023,40 (2) . 48-52,
137.
ZHANG Wei,CHU Fu-jiao, WANG Yin-gang, et al. Ex-
periment and application of empty hole in smooth blas-
ting of hard rock [ J]. Blasting, 2023,40 (2) .:48-52,
137. (iin Chinese)
SRR KA fL R B AR Ee 5l At 5E [ D ]
FLBA : BB T R 2% ,2021.
ZHANG Qi-hu. Theoretical and experimental study on
vertical cutting of large diameter empty hole[ D]. Kun-
ming: Kunming University of Science and Technology,
2021. (in Chinese)
S At I, AR A SRR R S £L IR A A
JETE i R M A [0 . 4, 2020,37 (4) :48-52.
CHALI Xiu-wei, LI Jian-guo, XI Ben-jun, et al. Formation
process and analysis of cavity by burn cut with equal vol-
ume empty hole[ J]. Blasting,2020,37 (4) ;48-52. (in
Chinese)
P AR, 23 Aok B MR 22 E S8 A e e 5 AR K A 5
MAZNAHETE [ D], 8 ILARPHE R, 2019,
MU Bing-bing. Study on the influence of empty holes on

/\/\

the rock breaking process and vibration law in parallel
diamond cut blasting[ D ]. Qingdao ; Shandong University

of Science and Technology,2019. (in Chinese)

[17]

[17]

[18]

[18]

[19]

[19]

[20]

[20]

g, DK R A R R IR S S
FERIFARBITE I ] BEpe 4k ,2013,38(2) :209-214.
HAN Bo,MA Qin-yong. Research on testing and control-
ling techniques of millisecond delay blasting vibration in
coal mine rock roadway[ J]. Journal of China Coal Socie-
ty,2013,38(2) :209-214. (in Chinese)

o R, SR, TR SRS A R R E AR
JL LI IR A ST [ ] . MRk ,2017,34(1) :47-51.
ZONG Qi,MA Ya-dong, WANG Hai-bo. Large diameter
hole blasting experimental in hard rock roadway of
coalmine[ J ]. Blasting, 2017,34 (1) :47-51. (in Chi-
nese)

ATAEAN R BEALAS, 45 6T = 4k A H R 14 45
TR Sl oxof & 3 A6 T8 Bl A B 2w o A (1], & )8 e
111,2021,1(8) :46-51.

YU Xiang-jie, YUAN Hai-ping, XIONG Li-jun, et al. A-
nalysis of the influence of blasting activities on the sur-
rounding rock damage of adjacent roadways based on 3D
reconstruction technology[ J]. Metal Mine,2021,1(8) :
46-51. (in Chinese)

MR, XUB 2 AR /N R B SR R R AL R
) 2 R 3y me K BRI EE 3B [ ] iR sh 5 e
47,2021,40(1) ;277-285.

CHEN Xiang, LIU Ming-xue, QI Xiao-bo. Dynamic re-
sponse of surrounding rock of large underground caverns
under blast vibration and reasonable spacing between ad-
jacent caverns [ J]. Journal of Vibration and Shock,
2021,40( 1) ;277-285. (in Chinese)

Bk, BEBIIE SR LM ] bt S5 Tl
fR#t,2017:100-121.

HEMRAR i SCAR SRR A5 AR RIK R v R 1T
ERERBCZ N[ )] SRR ,2014,43(4) 147-
51.

PANG Huan-dong, GAO Wen-le, GUO De-fu,et al. Safe-
ty research on blasting operation for large dimension rock
tunnels saturated by water [ J ]. Explosive Materials,

2014 ,43(4) :47-51. (in Chinese)





