HERZE: MEFE hFE XXF

2027 & E57% £ 1H: 214714 O OPEREE ) 2okt

SCIENTIA SINICA Physica, Mechanica & Astronomica physcn.scichina.com SCIENCE CHINA PRESS
it X Keh SN 1% E4E CrossMark

NEIKEBE &R KT eE e

T

WA, T—H, Kk, &, T A, I K

B TR A, RAS ) P 4 [ B A SR 22, R 210094
*It & N, E-mail: hzgkeylab@njust.edu.cn

SRR H 31: 2026-04-15; $:52 HY1: 2026-06-09; P4 H i H 3#: 2026-09-04
4 [ 5 5 S = H (%5 2024-CXPT-GF-JJ-095-01) % BhIi H

BE ARAKERNEMMANKZRENHT AR, AXETHERIEA, FFRT EMHLL140 m/sZ |
30° N KA FRAFAREEKEANARE, RN T KEREN Z@ERMTERAEREFENT T, FHE
BN AZRYT K, ZRETH., ZEKERZEETASEAN & FAAERLH: KERERET ZHIE
WA, FEKERE R I, ZERE R 6 AR, YAKEREN, ZHRFST KEFHREZ,; BEAE
WE, EMYHIACH RS G A, S KRN E WK € B & W5, IRk E R (A R,
MERMEAEE. T RREINR, A RETIAXRAA & HAH, BREREH, EHARESZRTEZR
R, FARMEM. FAE USRBEAA £, WAENUERRIA X, BEAEEEZIG D, BokRR TR,
WAHRNKE EHRBAS.

KA BANK, BEANK, SHIEWL, KERE, Wk EH

it

1 35l WA EME 2. Bk, REUTRE R BURRK

NIKBIFFE, T s FH T UK DX 1 S R 5 ) o 2

e e 458 20 e~ T )R B e T A
It HBEHE AL UK S fl, A B IR AT K S IE

RAAAEMIAE T ION IR R H 233a b). a5y
AR, AR HHgHEIVKE R AR, BT xt 4l
LAEZRARIUREE SUR EIRSA T E 3= A MW =t 3L
PSR 225 R N K IN, D)2 I AERFR T, 87528

FEAEENERE S TENE.

R Y/ DN N R B ER IS N A7 N
WorthingtonF1Cole [l /NER N KRS, EJF, %2 [ 58
NS R @A T 18 ahRs e SR
PR T RER A SR, 40k H0 Fo 5 T #K
IR, REIBIKEXN NSRRI, Shit, BiE
W IF R SR AHEAC, FFEOKIXPLEN T IS5 FP K 1]

SIAMI: B, T Bl 4 REKZEIE TSP IRe Aok 20 B LRI IITE. shER S Y 1% KO0, 2027, 57: 214714
Yang Z, Wang Y, Huang Z, et al. Experimental study on cavity evolution characteristics of an inclined water-entry structure under different ice layer
thicknesses (in Chinese). Sci Sin-Phys Mech Astron, 2027, 57: 214714, doi: 10.1360/SSPMA-2026-0291

© 2026 (*PLERE) Akt

www.scichina.com


physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA-2026-0291&domain=pdf&date_stamp=2026-09-01
https://doi.org/10.1360/SSPMA-2026-0291
www.scichina.com
https://doi.org/10.1360/SSPMA-2026-0291

WS, PR MELE T RO

2027 HSTHE O OH1H

FEIZ R ORI LR R AR OO S AN ], AT B
W A= DKILARAIK S UK BN K BL S vk
JEBIRNOK.

S FUKFLAHRNK R, Lufe NP @ w5
HARTF R | AR BARUKALZ R T S5 MR KR
5%, R ILUKFLEE [ PHAS 5909 K, TR BUR SR I 2 80
JLRETH JR A 4. Hu%s AU SRS AR 3h 77 2
(Computational Fluid Dynamics, CFD)XJ 55 27 K
FUNAKIEAT TRAD, 48R T OKFL AZK I 1 5
WAL, IR R AR K, (HI R IK)E
CAFTETIURAL, AR5 A ) B Kk A 72

X TR T B K I, W7 A1 /2
71E R B BB UK (S 44K THT. Wang 5 A1>10Ta i %4
TE RS LAIE 7 T &5 M ) 75 17 0K 4% B 1) 36 BN KOS 72,
RIFFOKAL T WAL, 122 7 &, %
HUR P A . Hus NSRRI A ) 2
&k ti%(Computational Fluid Dynamics-Discrete Ele-
ment Method, CFD-DEM)#UEWT 7t T 45594 28 i vk
XSRS 5, 487 1 R DKRURE 5 2 i BE [T 4 AH B
PEFALEI. Lufe N0 o v 4R 5 S B0 B 98 7 ok
B NK WAL R SZ . I 70 AR R T
UK, AH UK A v 2 ) R R BB SR, 5 58
BIKBARERTZES, BZEPTEENK.

T UKJE ORI ]8R, A T AT T F AR R 451
VB I E B E R SRR R A TR, Cuids
N PUEE A R - 4% B H (Coupled Euler-Lagrange,
CEL)HUE 75 20 5 58 va sk 2 ELAR UK AN K BEAT 1 1441,
AT T ARIKIER BTSSR R, SR
5% NPPER F CEL#UE J7 it — B 78 1 3 FE AT vk
NIRRT UKL/ Bk
J&SZ B, N VA 5 S8R . RenflZhao!* i T
SRR R 2:(BDIM) 5 4 3) 7 4 BB T 5L 1
UK-IK-GE R AR, Lo NPl s i T e
TANFIVK 26 T i S5 K ELRK N KRS, W7
TUKEXN R S B s R R, KILKE 3
W FEROME AR, HAREUR UKL+ )
OB, Wk NPHIERE SR v S S 56
Jivk, WEFL T ASEE FE R 250 ) 2 B UK N K IS AR,
R FEE TR UK E S A VP 2 s

SR, _ESR UK N KR FEAEAE AN D5 ThT 1) (1)
JUFAHRETEENAK LA, SRR KR

WFFED. (2) 2T F TR 4 1F(<100 m/s),
X R (>100 m/s) VK A TK A SRR XS [ = 7E L SEH)
AR SN s, BB TR DL s RHE S
ANJK, CASEELGE e N SRS AT &5, i, g S5k
JZ PR B AR S B S HE R 0, UK E e 2 5 2
BEAEES EMEEER. BT ERFRSA, &
SCEET R BOR S  TUR UK N KRS R G
FENTKIEEE(140 m/s) 5640 T, FFREAN A UK Z & BE 1 i
FHEIKNKRIGT T, H R E D HTIK)Z B FEIHEUAR
UK KIS FE R UK 2 2 350 X 5 23 VL B R A P S
A, o EE R UK SRR T ST A S
KL, ] B 3E ik AR K Bl 5 N K BRI (1) 52 L
L ARSCWETU R AT 4 AR A T A TR OKZ R
b7 B8 71 512 5 BT SR AR 0 AR 5 e S .

2 REEE

AR FCEE R SRR KON K Bh 12,
BT HETEEBE AR RS, RO R
i AEATHIAE . UKERFEREE . KA &R
R, WEIFR. KRG & RS IRRS), @i H
T VR o o R T v TR A, IR S M IR 2 H A s
(140 m/s), RUSWIUEEE AR WIEHITER2% AN, MAJE
WAL R A 2[R 8 A 1R 4 5 B R 2 B A 4 5 R 45
¥, BITE10°-90°7E Bl AT N KA BE, TR AN
+£0.1°, 5 HE B Ab 2 2R 0 XA BE KPR TR 3k
B SV B R4S S, BAD = 11 mm, KEL =
66 mm.

B2 R~ T il ok HL A ) £ 52 BRI VKA. oK ARCR:
BB BUES &, BAENREAER S, BT —15°ClH
BACEA RS 24 Wl b, DISRESE R, Matkts
IE 25 (UK 2. UK ] 58 SR SR BR A 45440, B AR
AT AT BT AT 28, AT A4 5 o ] 5 - K RE R 0, (1] P
ISR TFUKAR BAZ. VKARCE T WA 18], 2SR,
WEBATR. %40 B 7 A AL R OKBUK 5,
TREE I R G EIE S5 VKA ok 7, TR A Bk =X
KRR B sl N 1 X UK 28 3 Rk et RR R T, AR
IERE VKIS R I R R R

Ak, K Phantom VEO 410LEEBAZHLIAEAN
IKIEFE, M N6400 fps, 73 HFE 1280 x 600, JHiL[A
AR 8 5 RS RGN, RO N SOGTR, &A1

214714-2



Wi sE. pERLE: W Ji% RO

2027 HSTHE O OH1H

P fAE AT < >
66 mm
i mmﬁgl
—F—_—————— ——— | A
I BEfEE VAEBRELE
I
) |V itianiz

mESSH

Bl (M2 ROR B SE - IR B DK AN KR 6 3 SR I

Ny o é}EvI'EHL‘
| HRZE
b L —

Figure 1 (Color online) Schematic diagram of the experimental system for oblique ice-breaking water entry of a structure.
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Figure 2 (Color online) Preparation of layered ice environment. (a)
Ice-making mold; (b) frozen layered ice.
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Figure 3 (Color online) Layout of the layered ice environment.
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Figure 4 (Color online) Experimental repeatability verification.
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Figure 5 (Color online) Schematic diagram of a structure entering
water through ice layers of different thicknesses.
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Figure 6 (Color online) Cavity evolution of a structure entering water through different ice layer thicknesses at the cavity expansion stage.
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Figure 7 (Color online) Gray value variation curves inside the cavity
under different ice thicknesses during the cavity contraction stage.
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Figure 8 (Color online) Cavity evolution of a structure entering water through different ice layer thicknesses at the bending stage.
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Figure 9 (Color online) Cavity at the contraction stage of a structure entering water through different ice layer thicknesses. (a) Experimental image

of the cavity; (b) cavity contour for the case of J = 4.0.
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Figure 10 (Color online) Variation curve of cavity diameter at the
cavity contraction stage.
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Figure 11 (Color online) Cavity evolution of a structure entering water through different ice layer thicknesses at the surface closure stage. (a) Cavity
evolution characteristics at # = 10.83 ms; (b) cavity evolution characteristics at # = 11.67 ms; (c) variation of cavity closure diameter with time.
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Experimental study on cavity evolution characteristics of an
inclined water-entry structure under different ice layer
thicknesses

YANG Zhe, WANG Yihang, HUANG Zhengui', WANG Hao, WAN Jie & GUO Zeqing

National Key Laboratory of Transient Physics, Nanjing University of Science and Technology, Nanjing 210094, China
*Corresponding author (email: hzgkeylab@njust.edu.cn)

To investigate the influence of ice layers on the cavity evolution during structure water entry, this work conducts water-
entry experiments of a structure penetrating ice layers of different thicknesses at a speed of 140 m/s and an entry angle of
30°, using high-speed photography. The influence of ice layer thickness on the cavity evolution process and ice layer
fragmentation characteristics is systematically investigated, and the cavity evolution is divided into four stages: cavity
expansion, cavity wall bending, cavity contraction, and cavity surface closure. The results show that ice layer thickness
alters the cavity evolution process, and the cavity surface closure time advances continuously with increasing ice layer
thickness. When the ice layer is thin, the cavity expands continuously with intense splashing. As the ice layer thickens,
more initial kinetic energy of the structure is consumed in breaking the ice, resulting in a significant reduction in the
radial expansion momentum transferred to the water. At the same time, the restraining effect of the ice wall intensifies,
causing the cavity wall to experience wrinkling, bending, and contraction earlier, and eventually inducing surface closure.
In particular, when the ice layer is sufficiently thick, the deflection of the structure causes its tail to collide with the cavity
wall, generating a tail-slap cavity. The water-away side is dominated by blocky ice fragments, while the water-facing side
is characterized mainly by radial cracks. As the ice layer thickness increases, the size of ice fragments decreases, and the
number of radial cracks on the leading side shows a decreasing trend.

ice-breaking water entry, high-speed water entry, cavity evolution, ice layer thickness, ice breakage
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