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Abstract: Experimental tests were designed to study the protection performance of the shear-thickening fluid (STF) cabin
penetrated by projectiles. The penetration process and the development of cavitation in fluid cabins during the tests were
captured by a high-speed camera. The residual velocities of the projectiles and the deformation of the front and rear targets of
the fluid cabins were obtained as well. According to the cavitation images taken by the camera, the cavitation diameter of the
STF was obviously smaller than that of water. Furthermore, cavitation collapse phenomenon was not found in the STF which
shows that the STF has a significant effect in suppressing the evolution of cavitation during the penetration, and therefore
decreasing the damage of the structure. A theoretical model for liquid cavitation evolution was used to find out the main factor
in the cavitation suppression effect of the STF. On the one hand, the calculated cavitation diameters based on the theoretical
model at two different densities were compared with the experimental results. The two densities are the densities of the STF and
water, respectively, and the experimental cavitation diameters are much smaller than the calculated diameters, thus excluding

the effect of density of liquid. On the other hand, the calculated cavitation diameter was also compared with the experimental

« YRR HHA: 2020-05-11 ; &M@ BHA: 2020-10-20
EEWE: ERAECHREEFKEGESTEAATIH (6141A02033108)
F—1EE: K A1987— ), F, WL A, 464890471@qq.com
BIEIEE: fLEEER(1983— ), B, i+, @, W44 5 W, kongxs@whut.edu.cn

043301-1


http://dx.doi.org/10.11883/bzycj-2020-0143
http://dx.doi.org/10.11883/bzycj-2020-0143
mailto:464890471@qq.com
mailto:kongxs@whut.edu.cn

B4 % b, G STUIEAREARAR RIS %4

data of common Newton liquid in the literature, and the effect of viscosity of liquid was excluded as well. Since both the
density and viscosity may not be the main factor of the cavitation suppression effect of the STF, the assumption that the local
density increase and curing effect of the STF particles attribute to the cavitation suppression was made. Besides, the STF also
has a significant effect in the velocity attenuation of the projectiles and the deformation reduction of the targets. Hence, filling
the STF into broadside liquid cabins of ships can significantly improve the protective performance of the structure.

Keywords: shear-thickening fluid; fluid cabin; penetration; projectile; residual velocities of projectiles; cavitation
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Fig. 1 Microscopic mechanism of shear-thickening fluid
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Fig. 3 Viscosity-shear strain rate curve of
shear-thickening fluid
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Fig. 5 True stress-strain curves of shear-thickening fluid at different shear strain rates
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Fig. 6 Arrangement of the penetration test on a shear-thickening fluid cabin

BTUIE BB NE AR SRS AN A 7 B, SCER RNy JRERE D 15 mm B3I 528 J7 A (PMMA) Df %
M, K 230 mm, 5E 65 mm, &5 130 mm. A G5 BE HHFRIFBA T2 60 mmx60 mm fIET5FEIT 1, £5:
Sk B B B T o BR A i BRI o T AR R R R AR Y [ I O — AR, AT AR R R A AR
PR A o SCIR AR B R B R W, (T i AT AL A P R B R AT O . SR R
VI R AT R AR, S PRSI IR R [ 5 T s R B L

RSB EAT 25 R AR LA ST U3 ARG 3 A 00, S8 T 0L AR S RO 3 2.

&2 EYRERRARRESSIENINER
Table 2 Results of the penetration experiments

on shear-thickening fluid cabins

WA RURRARUSEEE  RIRMUREE  Ariniia

TH
(LS mm mm (m-s™)
1 e 0.5 0.5 96.2
2 7K 0.5 0.5 105.0
3 STF 0.5 0.5 105.0

(a) Front view (b) Side view

7 BRI
Fig. 7 The transparent liquid cabin model

22 BIRANEMRTIE

DA et SR AL 5% 280 P80 7 VA TR 4 190 B B D10 38 1R A 4 10 P45 g 401, Xk 7k 0 59 70 344 0 94 o 2 6 )
PR FEHEATRS L, 43 0 An Pl 8 FHPEL 9 Ffr s o p T X B T 000 14 B o o Ul o 3 A7 A — 22 S, X LA [7) s
Z WA A B0 25 T DORE TC 1 A B PR RE R PR RE 22 53, DRI, DA WS L T 00 0 i) e B — s Kol HL AT
ARERAE RS P, LSRR 59 Sk DAAOD B 42 i 8 A i A 22 58 4 1 SR RO A S8 B i R, [ e Fl e R i
Frg's o P00 BA AR 4 5 9 1A, AR Sk 73 SR AVI K AR IR A LA R 5D 8 B 9 i o e 280 A
[l A 57 A% A 45 1 1T, P o 70 L 7 i 20 23 3 B AR

043301-5



EROR b, G STUIEAREARAR RIS %4

(2)2.633 ms (h) 10.533 ms (i) 17.533 ms

K8 ke i it 7

Fig. 8 Cavitation evolution in a water-liquid cabin
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Fig. 9 Cavitation evolution in a shear-thickening fluid cabin
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Table 3 Results of the penetration experiments of shear-thickening fluid cabin

M WARFN2E HFAE B/ mm S FEAREEE /mm VIR (m-s™) P44/ (m-s™") B %

1 =i 0.5 0.5 96.2 85.1 11.5
2 7K 0.5 0.5 105.0 53.8 48.8
3 STF 0.5 0.5 105.0 382 63.6

24 EOIRAZSR

FHFRr = R SGRBOR A T 5 AR AS T A G, B 11 S T8 1, T00 2 FT8 3 Al AR AR B
KR A0 Eb, Pl R 3 T WA K S o AR I s o BT 11(c) A1 (d) ol LA B, T80 2 T R He AR e
Sk AT H B2 25 A 158 FLR A 11, 8 1 ) L DX sl A s S b D A s Y KR I IR G ERT T,
FEI R U T T OO T80 ) SN RS AR AR T o VRS R AR SR 7 B s A T BIR A, DA A T X 3 ] A B I
F R ASS O AR AR, LA DU 8B . T 2 °F Ja SE U AR AR T 17 1 5 RS L,, (H AR T
BT AR, FUE SRR A BT i ERR” AmERIE . IR 11(e) A (D WIRT LA F], T4 3 TRl
SEAR RN IS AR 0 S AR L 5 T 2 FRIEAS AR, T 3 SRR BRI B T “4B 307 e,
& 11(a) F1 (b) 9 T8 1 HiJE ¥EARASIE, #5058 TR PR T 2 DLKC T 00 3 7 MR AR T 45 SRl A 7 Xt
T AR B, T00 1 AR B A TE R = ZEAE v 7E BT U1 11 R L, OB R AR I B . S R B A
PR R S e B B 2 i 35 RO Ty P AR AR T S A K o TR st st AR v, VAR R B T A R FEREVE H .

B 12 EAE R0 TAL 1, T00 2 X T80 3 TRIEHERAIE AT . BE 12() ATLAE 2], T400 2
AT 0L 3 T R RO S AR AR TR iR B FE AR AR [R], T80 3 T A AR AR T AN FE S 1 1 DX IR BFFI s /N F T 2
M ARG o ARVt v, WA RO AR 1 S e Sk Y o AT DA R 7 AR 1 VA N AR AR IE . 5 TR
B, 39Sk E AR BT 7= AR B oo 8 R AE MG R RO S BE IR 2 5 7 AR RS i i . TR AR AR T e &
A B ohi B s D AR TR, 3B ER ] N AR T B AR SR ) AR TE o DALt R T AR AR T S A7 B sk
WGP 2 . 100 2 MO0 3 F BRI AR FREAR ), S 2R A R AR A TE AL o348 . Ak, AAIET 12(a)
Wal LA S], To0 1 R AR KA 5 T00 2 FI T30 3 F B934T, H T80 1 F e AR 4L

043301-8



EROR b, G STUIEAREARAR RIS %4

THOA PG X X B RO A 1T AR 2 Bk 1 S A iy BT U A, SRR X 4
Ho R EEEAYE, & 12(a) 0L 1 EEARIE 7 [ R N, S T 2 LTI 3 TR B A

MIE 12(b) AT LR, T80 3 °F B9 S0 AR AR R B R/ T 000 2 R Y W JS SR AR A AL TP
SN 32 AL AT SRR AR AR A0 4y b e B A 0 L 58Sk g i AR ) A TR 4 94 S AR P AR 2 3 35t K
PR IE ST o ol T BT UIE BN A S, SALE A s Shin 22 52 B R RIBE T, I LARTA AR Y
S PR MRS o YOG e SO, I AR BT 52 B A A T 4 S A T D W R R AR . 5 e TRTiE, AR G 2.2 74, 54
SR AR A3 e v i 7 AR A S 0 AR B /N TR TR Y, LA 2 B R A v I K IR G, A R
R 7 25 W IO WA R AR B ) o TR, ZEAR L S E A RS DL T, 5O B A O 1 #EAR
ARG e B 2 /INT KRG o eAh, INIEL 12(b) I8 FT LA B, T00 1T B R FE AR R A/ T 100 2 AR T
O 3 T A, AR DX ) R o AR R DX SR SR AN TR T YR A AR A B AR L K
oy Hetl 5 7 TR RAT B iR

(a) Deformation of front (b) Deformation of back (c) Deformation of front (d) Deformation of back
bulkhead in case 1 bulkhead in case 1 bulkhead in case 2 bulkhead in case 2

(e) Deformation of front (f) Deformation of back
bulkhead in case 3 bulkhead in case 3

11 W 1~3 SZEGH AR AR I

Fig. 11 Deformations of experimental bulkheads in cases 1-3

3 10
—=— Case 1 —=— Case 1
—&— Case 2 —+— Case 2
—v— Case 3 8 —v— Case3
£ of : g
= = 6F
.8 -2
S 2 5]
E , £ .
g S 47
o 1+ 5]
A A
2 -
_u
,r""r. e
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Distance from side line of target/mm Distance from side line of target/mm

(a) Front bulkheads (b) Back bulkheads

12 T8 1~3 A e #A AR I 2 Xt e

Fig. 12 Comparison of deformations of front and back bulkheads among cases 1-3

043301-9



B4 % b, G STUIEAREARAR RIS o4

3 BYNERER AR =iEama

Qg s, X L s AR AL ET 48 B K ARV AE LA K 5 U138 HREAE 1Y 7S e v Ak RR K R T LU B, A
[R50 T, 5Y D) 34 B8 A HP 25 U0 %) A 8 1 B L K ROST BB i /N TF K AR AR o AR 15 45 A 25 o L B
Y 4347 B D) 3E BRI AR T 23 0 % R 5
31 RATEY RER

259 0 72 AR AN A R SRR RS — A T o EE W B B, Held®™ $2 1 17 0] FF o Hr ik v 259
A HIE IR, SzendreiP! JETFAS A 7 G2 TS F AL R J7 p 525l ¥ B u, 9%
ESV
1142
2
K p WIARE L, g HEIIINEREE, h ATHR SR

s 223 90 A [ o B 5 A58 1) ok B AH ], 30— {8 38 i SE R A AR AR B e, AR PR AROE, (1) ATk
5H:

p= +pigh (1)

=u.~ 4[——2gh 2)

Ao v, NSRS
SER2S 0 SRR AL T p 23 BE 50 Sk 7R AR R 3B s AS W AR Ak, ABCSETE 5 Sk K E A TR T Y — BE R
(&) P, 58Sk T A2 21 (4 R
A &’

pP= PoA—i ~ Po 4:2 (3)

P po AR ARG 1, A, R s S AR, d, A Sk RO B4R, A 2 VLR AT AR
PR T A A5 400 9 Sk 200 i 549 3 0 g, SR A S5 R 5 RS S0 46 T 3 po B T 2208 5 78 o R 52 3
YL A E I, R () k5

Y (V _Mc)2
po==—0—— )

s v AL R IV UG TR, p, by SR B
FR4E Held™ py i, WA AR 23 103 J i B 5 o Sk i el sl DA G &R«
Vp
T PPy
HRAE Lecysyn 465 (PR T F2, 67 X (3) ~(5), AT LA 3

d*ov?
p= PV . (6)
SrLZ-(l + ‘Vpl/pp)

e (6)RAF(2), W% p JF AT LIS 2

)

dr dyvy
— = |—————-%h
dr J 4r2(1+ pi/py)

T A I T 32 B 2 2 T 2, WAL L 3 Sl SIS S XA, 385K i X 3 P 458
BEL 1A X4 /1N, TR B8 430 T v T L 220 I 3 Sk LA A/ A X SR 5 J8 SEL g % 385K 3o B 0 B 0, AR 2
WS i e, S A T (3 B R A R

dv, 1 )
mpE = _Ecx(t)plApr (8)

(7

043301-10



B4 % b, G STUIEAREARAR RIS o4

S m, MRSk AL, v, R S R S, A, A Sk B A T

3k BH S R AL C () RIS Lecysyn %5 i (8 28 2R A7 115502

. = 24 273 483x 10 VRe .\
: Re  Re 1+3x107°Re32

K Re WIRIARTEEEL, Re = pv,Lin, LAFASKIE, whK R 5.

IKOE—Fp AR M AR, FEF RS M R ECAS SR BT U 128 fk . #E 5%k 101.325 kPa. LR 20 C
HIZAET, KIS IR RECH 1.01x107 Pars. ZFHBEAAE T, 333 B2 DA 100 m/s 2246 % 900 my/s, i3k
RH 71 BN 0.490 6 Pa-s 4L % 0.491 1 Pass, W] LAE B, 76— BUEK Y L [ Y, 33k BH ) R0 22 4k
R BEARA BR, ATl A sk B R A 7 Y A SO R BGHSL B ) R 5K 0.491 Pars T fLIT5E .

AL, St 20 (8) A7 R gt T 45

)

Vpo

_ 10
K L+ Lo P, "
2 " pL
P10 RAS(T7), RIAT 15 2RI F v, 28 P4 Bl s 1] A8 4k 1 O R =X
drc Vp()
—=_|A -2 11
ar \/rg(1+Bt)2 gh (b
dz
A:—p2, B:M (12)
A1+ \Jpi/py) 2oL

Held i (A2 HAT RORY g B, T T AR IS5 r e o 1D T AR 21, WA JE i 0 Rof 2
AR AV 3 i v 2 9 Y el R Ul 22
3.2 EYNERRAEmME RS

PEAT AR AR 2 S i, WRAE T T80 B8 S AT AR AR 4K, AR ARARAY /N R IT N 5 mmxS mm 17 #% o I A
i PR vh B 28 0 ELAR I, IR R Hh Al ARG 2530 b 5 T G ) Y e R [ R B, VAT 2 A — R 1 v
X IO B 2 L RS o e 332 BRI ) AP YR A = T KK
i, SIS BN AR — R 22 T4 13, 100

[ 1 13 T, B BN 1 K s T

. o . s £ 80| ---- Experimental result
WV AL 2 5 S I 4 SR W) 5 BT . R ) S E
Brvh, H T OB AL AR 1 BRI LA K A A B R 1Y g 60
o0, 7E 5 Sk HEA KA S 2 2 ms 2 J5 Y 25 0 g ol
T A5 Ao E DL o 0, DL S 62 96 il R AR AE 1 3 g
S HEATKAR 2 ms DL B ARG B0 . 3R 25 S 20t
28 00 T L 5, K PR WA 20 4 ms 19 T : | | .
B[R] 5, 259 ARG 245 100 mm. X — 0 1 2 3 4
PR 284 PR TG 25 0 95 1E 6 U T 5 TR A fimefms
IKARZS YIAE 4 ms 22 J5 A 2, {8 R 322 foh 29) S P13 BB 5 Sl K AR v Ak e L
BT A AR TR R I, Bt 5 ST I B 25 U Fig. 13 Comparison between theoretical and experimental

cavitation evolution curves of water body

KRWIE .
1l i B B D)3 B R B 5 KA 22 e, R B REBY rp (9 MR B KRR (1,000 kg/m?®) RS R
STUTRE AR E (1 180 kg/m?), FFA5 545 R 5 S B0aCA 280 56 7K AR L2 K% BT 18 R 8 s s 3 i A i 2
—[F] 2z T 5 14,
HI & 14 w0, PIRR S B OL T, BRI AG 2) (4 25 6 il S BT o 24 B A TR o 110 94 1A T

043301-11



B4 % b, G STUIEAREARAR RIS %4

i 1000 kg/m® 34K 2 1180 kg/m?, WM 25 o 9 % Je 32 31| 1 — i R B B 90 ok, (LA 300 1 4 FH O
F o P IZIIRAS B BT VI AR AR A i 2, SRR R 1180 kg/m’ IE BT (Y BRIE 23 v i 2R 2R AT 0T
Fb, R LA B 5 U 14 R AR 25 76 1 2 B A= A0 F ) 7 3944 3 B /N, BT DS IR R E 2 3 ms JR
23 AR IR S 40 mm, JFERWTE TAE o BRI ATAL BT (ff VR AR 2 B 5 4400 S 36 v %) B D) 348 R 1 %5 A
7], 2R W19 B I A By DI AR 0 ) Zs v R i R B &

Lecysyn %50 SR F PEG 400 ¥ AR 351 58 W AG I HE 47 S RN S0 50, FLS2 0645 2] 19 25 i it 2 55 Held AL
RIS R, 25501 15 7R . PEG 400 e — e DL A- it i, HAE I N RIAZE I 0.023 7 Pas
(LY RKARFERE G 26 15) o I 14 AT LLFE 3, SR Held 55 ¥ 3 AR U n] FE AT PEG 400 ¥ 1A 32 #1)47
0 v (4 23 T ARG I, (R AR 25 0 AR T T A TE — e R 25 . Held BB i I ANUG RO AR R BE 0, 3 ]
AE IS 25 R 5 S MR 45 RAFAE — IR E W R BN . 5 UL, AT R 36 B0 ) Held BEARUK SR AT
Bl T TR AS ) 285 B %) 2 3 4, -tk DA T 2 B 2 0 3 A e R 10 A8 LS 2 6 25 T 0 4 e R R D L s
BT N — R, TN 23 R L 2 O s A e 20 S AMEAR R A A&, Bl 14 b Held BRI
AR A 23 1 B AR IR K TS0 By DI B AR s v, T 1A 15 v Held AL T334 SR DU /N AH 7 2 36 245

100 160
= Lecysyn, et al®?]
2 80 g — Held model
£ £ 120}
s 5 e
2 60 2 "
= £ 8ot
£ 40t | £
- el g
5 ol /.- =" Held model (density=1 000 kg/m®) 5: 40
--- Held model (density=1 180 kg/m?)
Experimental result of STF
0 1 2 3 4 5 0 0.2 0.4 0.6 0.8 1.0
Time/ms Time/ms
14 JRURELE STUIE B A 2 v e th 2 15 VRARERBEXS 23 WL I8 AL Y 2
Fig. 14 Cavitation evolutions in water body Fig. 15 Effect of liquid viscosity
and shear-thickening fluid on cavitation evolution

g L IR, BT U6 B WA B T RO B 4 A A, TR A 3 4 A DL B e 5t IR B A R 0 £
JH, TR I B8 e AR A8 AL A0 A o i S LD 38 AR AR ) 2 Y B A i A4, R R T 2= Y i S AR a2 5 5T 1)
VR, 5 BB 1 SR 5 10 T s A SR Tl AL BE G

4 #& it

i 2 1R E AR B UL AR, [T O e T 5T U1 B R ) s P RE MR A R A S8 . S i
RO % T S H A S IO o A0l A R A AR ) 1o e e 2 A T A R, Xl Ay B ) B A A
B TR BT SUR B DTSR 2% . AR SCRIRTIE TARRRRI LA 4 J7 1 458

(1) 5 B 733 8 80 A 152 T YRR, P A A8 o) 42 400 3o 82 b 2 9 ) 3 1 DA M B 283t K, PR AR 45 4 114
it

(2) AR [} ST, LTS 1 59 170 494 0 R A R ) T A S R R i /N T — B /K A A 5 4 BT 1)
PRV IFCTE A AR ] S0 35 4 R RO A B 4 P

(3) A5 56 I o 0 T PN, B0 8 0 48 A e i 8 K AR 18 17 14.6%, BTUT) 8 R 80 A X e A ik
TR 2

(4)38 38 25 ¥ & JR S AR R 5 S0 25 SR A X L, & B0 5 U 08 AR Y A e i VR R 7 A 1 Sy S AL R
FOERE M 2SR R Z R

043301-12



B4 % b, G STUIEAREARAR RIS o4

S 30k

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

VARAS D, LOPEZ-PUENTE J, ZAERA R. Experimental analysis of fluid-filled aluminum tubes subjected to high-velocity
impact [J]. International Journal of Impact Engineering, 2009, 36(1): 81-91. DOI: 10.1016/j.ijimpeng.2008.04.006.

FLAERR, S ILE, XUT7, 45 A A% O 575 37 VG X H K e et B AV P S [9]. R 7127, 2014, 18(8): 996-1004. DOL:
10.3969/j.issn.1007-7294.2014.08.015.

KONG X S, WU W G, LIU F, et al. Research on protective effect of guarding fluid cabin under attacking by explosion
fragments [J]. Journal of Ship Mechanics, 2014, 18(8): 996-1004. DOI: 10.3969/j.issn.1007-7294.2014.08.015.

TR, SR, ZRHEM, S5, ISR O0 B 37 VA AR BE X KR A BT E T [7]. 48Kk 5 ik, 2010, 30(4): 395-400. DOT:
10.11883/1001-1455(2010)04-0395-06.

XU S X, WU W G, LI X B, et al. Protective effect of guarding fluid cabin bulkhead under attacking by explosion fragments [J].
Explosion and Shock Waves, 2010, 30(4): 395—400. DOI: 10.11883/1001-1455(2010)04-0395-06.

DISIMILE P J, DAVIS J, TOY N. Mitigation of shock waves within a liquid filled tank [J]. International Journal of Impact
Engineering, 2011, 38(2-3): 61-72. DOIL: 10.1016/j.ijimpeng.2010.10.006.

FLAERR, ESEBH, A0, 55 E AP e TR ALRE XS HER BB ST [1]. F2 2%, 2018, 39(12): 2438-2449. DOI: 10.
3969/j.issn.1000-1093.2018.12.018.

KONG X S, WANG X Y, XU J B, et al. Comparative experimental study of anti-explosion performance of compound
protective liquid cabin [J]. Acta Armamentarii, 2018, 39(12): 2438-2449. DOI: 10.3969/].issn.1000-1093.2018.12.018.
HARIS A, LEEH P, TAY TE, et al. Shear thickening fluid impregnated ballistic fabric composites for shock wave mitigation [J].
International Journal of Impact Engineering, 2015, 80: 143—151. DOI: 10.1016/j.ijimpeng.2015.02.008.

GUILLOU S, MAKHLOUFTI R. Effect of a shear-thickening rheological behaviour on the friction coefficient in a plane
channel flow: a study by direct numerical simulation [J]. Journal of Non-Newtonian Fluid Mechanics, 2007, 144(2-3): 73-86.
DOI: 10.1016/j.janfm.2007.03.008.

HOFFMAN R L. Discontinuous and dilatant viscosity behavior in concentrated suspensions: Il : theory and experimental tests [J].
Journal of Colloid and Interface Science, 1974, 46(3): 491-506. DOI: 10.1016/0021-9797(74)90059-9.

HOFFMAN R L. Discontinuous and dilatant viscosity behavior in concentrated suspensions: | : observation of a flow
instability [J]. Transactions of the Society of Rheology, 1972, 16(1): 155-173. DOI: 10.1122/1.549250.

HOFFMAN R L. Explanations for the cause of shear thickening in concentrated colloidal suspensions [J]. Journal of
Rheology, 1998, 42(1): 111-123. DOI: 10.1122/1.550884.

BARNES H A. Shear-thickening (dilatancy) in suspensions of nonaggregating solid particles dispersed in Newtonian liquids [J].
Journal of Rheology, 1989, 33(2): 329-366. DOI: 10.1122/1.550017.

MARANZANO B J, WAGNER N J. The effects of particle size on reversible shear thickening of concentrated colloidal
dispersions [J]. The Journal of chemical physics, 2001, 114(23): 10514-10527. DOI: 10.1063/1.1373687.

LEE Y S, WETZEL E D, WAGNER N J. The ballistic impact characteristics of Kevlar woven fabrics impregnated with a
colloidal shear thickening fluid [J]. Journal of materials science, 2003, 38(13): 2825-2833. DOI: 10.1023/A: 1024424200221.
XU Y, CHEN X, WANG Y, et al. Stabbing resistance of body armour panels impregnated with shear thickening fluid [J].
Composite Structures, 2017, 163: 465—473. DOI: 10.1016/j.compstruct.2016.12.056.

ASIJA N, CHOUHAN H, GEBREMESKEL S A, et al. Impact response of shear thickening fluid (STF) treated high strength
polymer composites: effect of STF intercalation method [J]. Procedia Engineering, 2017, 173: 655-662. DOI: 10.1016/j.proeng.
2016.12.133.

ZHAO S, ZHANG M Y, REN Y N, et al. Impact resistance of shear thickening fluid (STF)/Kevlar composites for body armor
application [J]. Advanced Materials Research, 2014, 834—836: 241-245. DOI: 10.4028/www.scientific.net/AMR.834-836.241.
DECKER M J, HALBACH C J, NAM C H, et al. Stab resistance of shear thickening fluid (STF)-treated fabrics [J].
Composites Science and Technology, 2007, 67(3—4): 565-578. DOI: 10.1016/j.compscitech.2006.08.007.

LU Z Q, WU L W, GU B H et al. Numerical simulation of the impact behaviors of shear thickening fluid impregnated warp-
knitted spacer fabric [J]. Composites Part B: Engineering, 2015, 69: 191-200. DOI: 10.1016/j.compositesb.2014.10.003.
PARK Y, KIM Y H, BALUCH A H, et al. Empirical study of the high velocity impact energy absorption characteristics of
shear thickening fluid (STF) impregnated Kevlar fabric [J]. International Journal of Impact Engineering, 2014, 72: 67-74.

043301-13


http://dx.doi.org/10.1016/j.ijimpeng.2008.04.006
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.11883/1001-1455(2010)04-0395-06
http://dx.doi.org/10.11883/1001-1455(2010)04-0395-06
http://dx.doi.org/10.1016/j.ijimpeng.2010.10.006
http://dx.doi.org/10.1016/j.ijimpeng.2010.10.006
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.12.018
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.12.018
http://dx.doi.org/10.1016/j.ijimpeng.2015.02.008
http://dx.doi.org/10.1016/j.jnnfm.2007.03.008
http://dx.doi.org/10.1016/0021-9797(74)90059-9
http://dx.doi.org/10.1122/1.549250
http://dx.doi.org/10.1122/1.550884
http://dx.doi.org/10.1122/1.550884
http://dx.doi.org/10.1122/1.550017
http://dx.doi.org/10.1063/1.1373687
http://dx.doi.org/10.1023/A: 1024424200221
http://dx.doi.org/10.1016/j.compstruct.2016.12.056
http://dx.doi.org/10.1016/j.proeng.2016.12.133
http://dx.doi.org/10.4028/www.scientific.net/AMR.834-836.241
http://dx.doi.org/10.1016/j.compscitech.2006.08.007
http://dx.doi.org/10.1016/j.compositesb.2014.10.003
http://dx.doi.org/10.1016/j.ijimpeng.2014.05.007
http://dx.doi.org/10.1016/j.ijimpeng.2008.04.006
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.11883/1001-1455(2010)04-0395-06
http://dx.doi.org/10.11883/1001-1455(2010)04-0395-06
http://dx.doi.org/10.1016/j.ijimpeng.2010.10.006
http://dx.doi.org/10.1016/j.ijimpeng.2010.10.006
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.12.018
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.12.018
http://dx.doi.org/10.1016/j.ijimpeng.2015.02.008
http://dx.doi.org/10.1016/j.jnnfm.2007.03.008
http://dx.doi.org/10.1016/0021-9797(74)90059-9
http://dx.doi.org/10.1122/1.549250
http://dx.doi.org/10.1122/1.550884
http://dx.doi.org/10.1122/1.550884
http://dx.doi.org/10.1122/1.550017
http://dx.doi.org/10.1063/1.1373687
http://dx.doi.org/10.1023/A: 1024424200221
http://dx.doi.org/10.1016/j.compstruct.2016.12.056
http://dx.doi.org/10.1016/j.proeng.2016.12.133
http://dx.doi.org/10.4028/www.scientific.net/AMR.834-836.241
http://dx.doi.org/10.1016/j.compscitech.2006.08.007
http://dx.doi.org/10.1016/j.compositesb.2014.10.003
http://dx.doi.org/10.1016/j.ijimpeng.2014.05.007

B4 % b, G STUIEAREARAR RIS o4

[20]

[21]

[22]

23]

[24]

[25]

[26]

271

28]

[29]

[30]

[31]

[32]

[33]

DOI: 10.1016/j.ijimpeng.2014.05.007.

PARK Y, KIM Y H, BALUCH A H, et al. Numerical simulation and empirical comparison of the high velocity impact of STF
impregnated Kevlar fabric using friction effects [J]. Composite Structures, 2015, 125: 520-529. DOI: 10.1016/j.compstruct.
2015.02.041.

ZHANG X Z, LI W H, GONG X L. The rheology of shear thickening fluid (STF) and the dynamic performance of an STF-
filled damper [J]. Smart Materials and Structures, 2008, 17(3): 035027. DOI: 10.1088/0964-1726/17/3/035027.

ZHOU H, YAN L X, JIANG W Q, et al. Shear thickening fluid-based energy-free damper: design and dynamic characteristics [J].
Journal of Intelligent Material Systems and Structures, 2016, 27(2): 208-220. DOI: 10.1177/1045389X14563869.

YEH F Y, CHANG K C, CHEN T W, et al. The dynamic performance of a shear thickening fluid viscous damper [J]. Journal
of the Chinese Institute of Engineers, 2014, 37(8): 983-994. DOI: 10.1080/02533839.2014.912775.

WAITUKAITIS S R, JAEGER H M. Impact-activated solidification of dense suspensions via dynamic jamming fronts [J].
Nature, 2012, 487(7406): 205-209. DOIL: 10.1038/nature11187.

JIANG W F, GONG X L, XUAN S H, et al. Stress pulse attenuation in shear thickening fluid [J]. Applied Physics Letters,
2013, 102(10): 101901. DOI: 10.1063/1.4795303.

CAO S S, CHEN Q, WANG Y P, et al. High strain-rate dynamic mechanical properties of Kevlar fabrics impregnated with
shear thickening fluid [J]. Composites Part A: Applied Science and Manufacturing, 2017, 100: 161-169. DOI: 10.1016/j.
compositesa.2017.04.015.

PETEL O E, HOGAN J D. An investigation of shear thickening fluids using ejecta analysis techniques [J]. International
Journal of Impact Engineering, 2016, 93: 39-48. DOI: 10.1016/j.ijimpeng.2016.02.001.

PETEL O E, OUELLET S, LOISEAU I, et al. The effect of particle strength on the ballistic resistance of shear thickening
fluids [J]. Applied Physics Letters, 2013, 102(6): 064103. DOI: 10.1063/1.4791785.

LTI BT BRI AR Sl B S A B A5 T AR [D]. bt JERTEETOR R, 2014: 45-57.

FENG X Y. Dynamic response of shear thickening fluid and its application in protective structures [D]. Beijing: Beijing
Institute of Technology, 2014: 45-57.

HELD M. Verification of the equation for radial crater growth by shaped charge jet penetration [J]. International Journal of
Impact Engineering, 1995, 17(1-3): 387-398. DOI: 10.1016/0734-743X(95)99864-N.

SZENDREI T. Analytical model of crater formation by jet impact and its application to calculation of penetration curves and
hole profiles [C] // Proceedings of the 7th International Symposium on Ballistics. The Hague, 1983: 575—583.

LECYSYN N, BONY-DANDRIEUX A, APRIN L, et al. Experimental study of hydraulic ram effects on a liquid storage tank:
analysis of overpressure and cavitation induced by a high-speed projectile [J]. Journal of Hazardous Materials, 2010, 178:
635-643. DOI: 10.1016/j.jhazmat.2010.01.132.

WIRAR, R, B, 25 sk A =R M0 B I e i B A o8 [J]. B ARSI 5E, 2011, 6(3): 12-15. DOIL: 10.3969/j.
issn.1673-3185.2011.03.003.

SHEN X L, ZHU X, HOU H L, et al. Experimental study on penetration properties of high velocity fragment into safety liquid
cabin [J]. Chinese Journal of Ship Research, 2011, 6(3): 12—15. DOI: 10.3969/j.issn.1673-3185.2011.03.003.

AL kA=)

043301-14


http://dx.doi.org/10.1016/j.compstruct.2015.02.041
http://dx.doi.org/10.1088/0964-1726/17/3/035027
http://dx.doi.org/10.1177/1045389X14563869
http://dx.doi.org/10.1080/02533839.2014.912775
http://dx.doi.org/10.1080/02533839.2014.912775
http://dx.doi.org/10.1038/nature11187
http://dx.doi.org/10.1063/1.4795303
http://dx.doi.org/10.1016/j.compositesa.2017.04.015
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.001
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.001
http://dx.doi.org/10.1063/1.4791785
http://dx.doi.org/10.1016/0734-743X(95)99864-N
http://dx.doi.org/10.1016/0734-743X(95)99864-N
http://dx.doi.org/10.1016/j.jhazmat.2010.01.132
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.1016/j.compstruct.2015.02.041
http://dx.doi.org/10.1088/0964-1726/17/3/035027
http://dx.doi.org/10.1177/1045389X14563869
http://dx.doi.org/10.1080/02533839.2014.912775
http://dx.doi.org/10.1080/02533839.2014.912775
http://dx.doi.org/10.1038/nature11187
http://dx.doi.org/10.1063/1.4795303
http://dx.doi.org/10.1016/j.compositesa.2017.04.015
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.001
http://dx.doi.org/10.1016/j.ijimpeng.2016.02.001
http://dx.doi.org/10.1063/1.4791785
http://dx.doi.org/10.1016/0734-743X(95)99864-N
http://dx.doi.org/10.1016/0734-743X(95)99864-N
http://dx.doi.org/10.1016/j.jhazmat.2010.01.132
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003

	1 剪切增稠液体制备与性能测试
	1.1 制备原材料和流程
	1.2 性能测试

	2 剪切增稠液体液舱侵彻实验
	2.1 实验方案
	2.2 弹体侵彻液舱过程
	2.3 剩余弹速
	2.4 靶板形貌

	3 剪切增稠液体对空泡的影响分析
	3.1 流体空泡扩展理论
	3.2 剪切增稠液体影响因素分析

	4 结　论

