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In this study, the water entry problem of spherical-nose projectile is investigated numerically
and experimentally. For the numerical simulations, a three dimensional model of the projectile
with six–degree–of–freedom rigid body motion is considered. Coupled Eulerian-Lagrangian
(CEL) method is employed for modeling fluid-structure interactions. Through Eulerian-
Lagrangian contact, Eulerian material can interact with Lagrangian elements. Also, an equation of
state model describes the hydrodynamic behavior of the material. The numerical results are well
compared with the available experimental results of falling sphere in the literature and also the
experiments of the current study. The experiments are performed for spherical-nose projectile
in water tank equipped with launching system and high speed camera. The simulation
results such as air cavity shape and the projectile trajectory are compared with the presented
experiment data. The good agreement observed between the numerical results and those of the
experiments, revealed the accuracy and capability of the proposed numerical algorithm. Also, it
has been shown that the pinch–off time is weak function of impact velocity, however, increasing
velocity leads to linear increase in depth of pinch-off.

Keywords:
Water entry
Coupled Eulerian Lagrangian
Projectile
Pinch off time

  

1-   
70  

 .

 .
 .
 

   
   . .

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                               1 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html


    

      

  

54  1394152  

 .
1930 ]  12 [

 .

  .
 .1992

 ( )]3 .[
 .

 .1993 

]4 .[
 .

   .
1  

 .2010 

 . 
5 .[  

  
 

  
   . .

1929   .

 
 6 .[

2  .
 .

 .1959

7 .[
1991 .

89 .[ 
10.[ 

  2009

1- Water splash 
2- Added mass

 3  .

4

11.[ 

 
  

   .  .
 - 

  :
 . -

 .
 ]12]  [13 .  [

 .2005 

]14 .[2007 

5 ]15 .[2003

) 
  (]16[

] 17]  [18 .  [
  2007  

) 3 4  (19 .[
2012

 20 .[

  
 

 .
 

 
  .– 

 .

 .–  6 
  7  .

  .

3- Hydrophobic 
4- Pinch-off
5- SPH
6- Abaqus 
7- Remeshing 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                               2 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html


    

      

1394152  55  

 .

 .

  

2-   

  .
 

  
     

  .

1  .

21 .[
  

  .
 .

 - 
 . -

- 2  .

 .
- ] 2223 [  

     
  . 

]21 .[

   .
 ) 1( 

)1(  = ( )
1

+ : +

p   .Em 
 pbv  

s  
)(  . 

  
)2(  = ( , )

 )2(   

 .
  -   

1- Void
2- CEL 

  .3 
  

 .-  
) 3(   

)3(  = ( )
pH EH  

  . 
) 4(    

)4(  =

0 0   .
)5(   

)5(  = 2
 ) 6( -

  

)6(  = 1

 EH )7(    

)7(  = 1 2 +

 
  . 

  .
 )8(   

)8(  = (1 )
c0 s Us Up 

)9(    
)9(  = +

Us Up )  10( 
   

)10(  = (1 ) 1 2 +

  
 - ]21.[  

3- 

  . 2/1×2/1 
9  .

 .

 .) 
 (1  

3- pH 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                               3 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html


    

      

  

56  1394152  

 .
  .

)  5000  .  (

  .
2   

4- 

 .
– 

]  5 [
 .3 

 
 

  .
  .54/2 

  ( )  
25×25×75    

 
 

 .
 .

17/2  
55000  .

1  .
kg/m3 1140   

  
1   

  

  
2 

4

] 5 [ .
 5/0  .

 .
 :

 .
  .

 . 

5/24
 .

 .
1  .

 .

  
9/5 

 63    
-

]24 .[  

  
3    

1   

1- Collapse 

w  
)kg/m3(

w  
)Ns/m2(

c0S0

999001/0145000

  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                               4 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html


    

      

1394152  57  

  
4   ( )  

] 5) [ 

 .
 .

5/6  58   
 .

   .

  
5  

 .
 4 

 .  
6 

 . 
 .

232 480  
26   .220 

   
 

7  .
)  ( ) 

 .  (6 30 
 .81/9- 

 .
 .

   
 

 .

 8 
6/0   .

4  .

 .
80×80×120   .

  
 5   

6   

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

 )
(

)(

]5[

t=5 ms

t=11.5 ms

t=24.5 ms

t=57 ms

t=63.5 ms

t=70 ms

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                               5 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html


    

      

  

58  1394152  

  
7   

9  
 .5/0 

 .

6  .
 .

  40  

 .
54  

   

  
  

  
  

8   

9   

10  
 

  
 

 ( )  
 .

  .

4 7 
  

 80=t  

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0
0.00 0.03 0.05 0.08 0.10 0.13 0.15

 
 )

(

)(

1/5 
1/0 
0/6 
0/4 

  

t=0 ms

t=12 ms

t=26 ms

t=40 ms

t=46 ms

t=54 ms

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                               6 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html


    

      

1394152  59  

 .
) 54=t   .  (

  
 

 .11 
 .

  
  .

] 25 [  
12 

 .
 .

]25 [  

  
 10 .    

  
 10 .    

11   

12   

5-   
–  

   
 .

 . 
 

  
 .

 .
  

6 - 

7- 

  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.00 0.03 0.05 0.08 0.10 0.13 0.15

  
 

)
(

)(

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0
0.00 0.03 0.05 0.08 0.10 0.13 0.15

 
 

)
(

)(

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0 1 2 3 4 5 6 7 8

 
 

 
)

(

)(

0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5 6 7 8

 
 

 
)

(

)(

C0  
EH ) J/kg(  
Em ) J/m3(  

) kgm-1s-2(  
pbv) kgm-1s-2(  
pH) kgm-1s-2(  

) J/kg(  
  

  
Up) m/s(  
Us) m/s(  

  
   
0  
  
 ) kgm-1s-1(  
 ) kgm-3(  
0 ) kgm-3(  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                               7 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html


    

      

  

60  1394152  

8 -   
[1] S. Watanabe, Resistance of impact on water surface, part I—cone,

Institute of Physical and Chemical Research Tokyo 12, pp. 251-267, 1930.
[2] S. Watanabe, Resistance of impact on water surface, part II—cone

(continued), Institute of Physical and Chemical Research Tokyo 14, pp.
153-168, 1930.

[3] J.K. Cole, C.E. Hailey, W.T. Gutierrez, M.T. Ferraio, An experimental
investigation of high-speed water entry for full size and scale model
pointed nose vehicles, Cavitation and Multiphase Flow Forum, Los
Angeles, USA, pp. 171-187, 1992.

[4] A.P. New, T.S. Lee, H.T. Low, Impact loading and water entrance
characteristics of prismatic bodies, Proceedings of the third international
offshore and polar engineering conference, National University of
Singapore, Singapore, pp.282-287, 1993. 

[5] J.M. Aristoff, T.T. Truscott, A.H. Techet, J.W.M. Bush, The water entry of
decelerating spheres, Physics of Fluids, Vol. 22, pp. 1-8, 2010.

[6] T. Von Karman, The impact of seaplane floats during landing, National
Advisory Committee for Aeronautics, NACA TN 321, USA, 1929.

[7] V.G. Szebehely, Hydrodynamic impact, Journal of Applied Mechanics, Vol.
12, pp. 297-300, 1959.

[8] T. Miloh, On the initial stage slamming of rigid sphere in vertical
water entry, Applied Ocean Research, Vol. 8, pp. 13-43, 1991.

[9] T. Miloh, On the oblique water entry problem of rigid sphere, Journal of
Engineering Mathematics, Vol. 25, pp. 77-92, 1991.

[10] S.D. Howison, J.R. Ockendon, S.K. Wilson, Incompressible water-entry
problems at small deadrise angles, Journal of Fluid Mechanics, Vol. 222,
pp. 215-230, 1991.

[11] J.M. Aristoff, J.W.M. Bush, Water entry of small hydrophobic spheres,
Journal of Fluid Mechanics, Vol. 619, pp. 45-78, 2009.

[12] A. Esmaeeli, G.R. Tryggvason, Direct numerical simulations of bubbly
lows, part 1, low Reynolds number arrays, Journal of Fluid Mechanics,

Vol. 377, pp. 313-345, 1998.

[13] H.H. Hu, Direct simulation of flows of solid-liquid mixtures, International
Journal of Multiphase Flow, Vol. 22, pp. 335-352, 1996.

[14] K.M.T Kleefsman, G. Fekken, A.E.P. Veldmen, B. Lwanowski, B. Buchner,
volume-of-fluid based simulation method for wave impact problems,

Journal of Computational Physics, Vol. 206, pp. 363-393, 2005.
[15] Y.W. Kim, Y. Kim, Y.M. Liu, D. Yue, On the water-entry impact problem of

asymmetric bodies, Proceedings of Ninth International Conference on
Numerical Ship Hydrodynamics, USA, 2007.

[16]A. Engle, R. Lewis, comparison of hydrodynamic impacts prediction
methods with two dimensional drop test data, Marine Structures, Vol. 16,
pp. 175-182, 2003.

[17] H. Wagner, Phenomena associated with impacts and sliding on liquid
surfaces, Journal of Applied Mathematics and Mechanics, Vol. 12, pp. 193-
215, 1932.

[18] S. Chaung, Slamming of rigid wedge shaped bodies with various deadrise
angles, Structural Mechanics Laboratory Research and development,
report n. 2268, 1966.

[19] Q. Yang, W. Qiu, Numerical solution of 2D slamming problem with CIP
method, International Conference on Violent Flows, Research Institute for
Applied Mechanics, Kyushu University, Japan, 2007.

[20] Q. Yang, W. Qiu, Numerical simulation of water impact for 2D and 3D
bodies, Ocean Engineering, Vol. 43, pp. 82-89, 2012.

[21] Abaqus 6.11 Documentation, Volume II, Eulerian Analysis, 2011.
[22] D.J. Benson, Contact in multi-material Eulerian finite element

formulation, Computer Methods in Applied Mechanics and Engineering,
Vol. 193, pp. 4277-4298, 2004.

[23] D.J. Benson, Computational methods in Lagrangian and Eulerian
hydrocodes, Computer Methods in Applied Mechanics and Engineering,
Vol. 99, pp. 235-394, 1992.

[24] V. Duclaux, F. Caille, C. Duez, C. Ybert, L. Bucquet, C. Clanet, Dynamics of
transient cavities, J. Fluid Mech., Vol. 591, pp. 1-19, 2007.

[25] M. Lee, R.G. Longoria, D.E. Wilson, Cavity dynamics in high-speed water
entry, Physics of Fluids, Vol. 9, No. 3, pp. 541-550, 1997. 

  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

2.
13

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

Powered by TCPDF (www.tcpdf.org)

                               8 / 8

https://dorl.net/dor/20.1001.1.10275940.1394.15.2.13.1
https://mme.modares.ac.ir/article-15-2857-en.html
http://www.tcpdf.org

