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Fig.1 Projectile nose configurations and mesh division
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Table 1 Properties of Projectile Materials

Material  p/(kg'm3) Elastic modulus/GPa Poisson’s ratio
45#Steel 7850 210 0.29
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Table 2 Properties of Ice Materials3']

p/(kg'm)  Elastic modulus/GPa  Poisson’s ratio ) Tensile
Yield strength/MPa
stress/MPa
900 9.38 0.33 52 0.517

R 3 MEREXEREEP!

Table3 Strain rate dependent yield strength[3!]

Strain rate(s- Yield strength
1) ratio
0(quasi-static) 1
0.1 1.01
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Fig.3 Schematic of the mesh division for the ice cover
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Fig.4 Comparison of the experimental water entry process of flat-head (left) an&@i;ﬁ\eri head (right)©?! with numerical simulation
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Fig.6 Validation model for the ice sphere
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Fig.7 Comparison between the ice-sphere crack evolution (left) B! and the umerical simulation (right)
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Table 4 Three levels of generated grid

Density class  Minimum mesh size(mm) Total number of elements 0

Fine 2.5 3983532 1.25
Medium 3 2998930 1.5
Coarse 3.5 2424260 1.75
Ice meshsize 1.0x10° | Fluid meshsize
2.0x10% | Coarse Coarse
o - - - Medium| & - = ~Medium
4 - Fine 2 8.0x10° | —-—-Fine
é 1.5x10° | \z,uxm‘ é
g - g
= E £ 6.0x10% [
E FET E
= Lox10° o 2
g i s .
g El.mo‘ g 4.0x10" [ .
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é 5.0x10° Lae0t — - - — ] E " .
A T 2_0x11¥
Times (ms)
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(a) (b)
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Fig.9 Axial acceleration vs different mesh densities (a) %a afigian Mesh Densities (b) Different Eulerian Mesh Densities
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Fig.10 Ice-breaking water entry process of different nose projectiles (a)Flat-nosed projectile (b) Hemispherical-nosed projectile (c) Ogive-

nosed projectile
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Fig.11 Crack evolution of ice sheet (a)thin ice (b)medium-thick ice (c)thick ice
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Fig.13 Failed ice element ratio (a)thin ice (b)medium-thick ice (c)thick ice
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Projectile Impact Loads and Ice-Cover Failure Characteristics during

High-Speed Projectile Water Entry Through Ice

SU Haowen, GUO Zitao, LIN Yongkang, LU Puyan, SHEN Aijia
(School of Civil Engineering, Yunnan Agricultural University, Kunming 650201, Xunnan, China)

Abstract: Under polar ice-covered conditions, the ice-breaking water-entry proeess of a vehicle involves
ice-cover fracture, ice-fragment splashing, cavity formation after the yehicle ‘enters the water, and flow-
field disturbances, constituting a typical multi-medium coupled “dyhamic ' problem. Compared with
conventional water entry through a free surface, the presence of ice layeridlters the pre-entry motion state
and load distribution of the vehicle, and significantly affects the-subSequent underwater cavity morphology
and flow-field evolution. To elucidate the dynamic response chardcteristics of a projectile during ice-
breaking water entry, numerical simulations were conducted for different projectile nose shapes and ice
thicknesses, with particular emphasis on impact loads,’iCescrack propagation, ice-fragment splashing, and
post-entry cavity evolution. The results show that the ptojectile nose shape significantly influences the
projectile—ice contact mode and energy-transfer process. As the nose shape changes from a flat nose to a
progressively more streamlined ogive nose, the high=stress region and damaged area within the ice layer
become increasingly concentrated around the penetration channel. Accordingly, the failure mode of the ice
cover gradually shifts from global bending, tadial crack propagation, and intense ice-fragment splashing to
localized crushing and perforation. Meanwhile, both the peak axial acceleration and spectral amplitude of
the projectile decrease, accompaniéd/by~a reduction in high-frequency components, indicating a transition
of the impact load from strongtransient loading to a smoother and more continuous loading process. With
increasing ice thickness, the stiffiness and local load-bearing capacity of the ice cover are enhanced, thereby
suppressing crack propagation’and ice-fragment splashing. At the same time, the reductions in projectile
velocity and kinetie. €nergy *become more pronounced, while the peak axial acceleration and impact
duration increase., Aftér water entry, the flat-nosed projectile generates the largest cavity in the radial
direction and<dnduces-the strongest free-surface disturbance, whereas the ogive-nosed projectile produces
the slenderest’ cavity. However, under intermediate and thick ice conditions, cavity deflection and flow-
field asymmetry become more pronounced for the ogive-nosed projectile. As the ice thickness increases,
both the cavity size and the propagation range of pressure waves decrease, and cavity closure near the
projectile tail occurs earlier. The findings provide important references for the structural design and safety
assessment of trans-medium vehicles operating in polar ice-covered environments.

Keywords: water entry through an ice cover; load characteristics; ice-cover failure; crack evolution; flow
field evolution
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