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A Study on Estimation for Impact Forces of Underwater Falling Object
using Fluid-Structure Interaction

Ji Woo Kim

Department of Naval Architecture and Marine System Engineering,
Pukyong National University

Abstract

There are many methods for crushing seabed rock such as wusing a
free-falling crusher, blasting, and chemical liquid expansion. Blasting and
chemical liquid expansion can lead to environmental destruction, noise
pollution, and «civil complaints. Therefore, a free-falling crusher Iis
recommended for use for seabed breaking. Understanding the characteristics
of a crusher in water and the impact force on the ground helps design a
crusher and dredge work.

In this study, drop tests of 50 and 70-ton crusher models that were scaled
down by 15 times were investigated. The tests were conducted in a water
basin by the Research Institute of Medium and Small Shipbuilding (RIMS) in
Korea. Four water depths were considered with different falling locations:
water surface and air. Furthermore, a numerical study on Fluid-Structure
Interaction (FSI) analysis for a free-falling crusher was conducted by
employing the Arbitrary Lagrangian-Eulerian (ALE) element and the Gruneisen
Equation of State (EoS) to fluid models. The crusher and ground were
modeled as Lagrangian elements to estimate the impact force on the ground.
For FSI approach, ANSYS/LS-DYNA was used to build the model of fluid and
structure.

A sphere shaped object was dropped in numerical and experimental methods
to compare impact force for validation.

To enhance numerical efficiency and accuracy, convergence test was carried
out to determine appropriate fluid element size and fluid domain dimension.
Observed impact force on the ground is similar behavior between numerical
and experimental results. It is shown that the angle between the crusher and
the ground is a main factor to reduce the impact force during the crusher

experiment.
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Table 1 Coefficients of the Grineisen EoS for water and air

Material (1’1’3)5) Sl 52 53 fYO a FE
Air 343.7 0 0 0 14 0 0
Water 1647 1.921 —0.096 0 0.35 0 0
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seeeees ANSYS/LS-DYNA (present)

100

(8) UORIAIIP Z Ul UONRIINY

0.010

0.008

0.006

0.004

0.002

0.000

Time (s)

Fig. 6 Comparison between test and FSI models

,13,



T+ WHE AT Yelksle ¥ v 9 (Mild stee) o2 WA &
0.02om, A2 051kgelal +7] & 05m Yststt). T4 FAo A&
Aet. Fhde A= =4
dgom 3 o5 Foluxa W= FAORE § off 5em, F 10cm2

tlo Bl Rk AFE-3k Tt Fig. 82 10em® 5¥ ¥ 7% + &7 5 st

(i,
fr
[
12
&
o
O
Y
©
o,
rir
&
0w
\1
2,
Lo
Bl
rO
ot
4
O

Fig. 7 Experiment tools : load cell and Indicator

_14_



1

- z . ¥ i € i & s
0-10cm 22+ 10-20cm 2+ 20-30cm 2+ 30-40cm 2+ 40-50cm 2t

Fig. 8 Experiment of a sphere falling in the air

T T ek e, SEE AY, FANY Ansk G g A 19

s B2 F AR G5 PR MaH 43 e 2k

d=""In(cosh (¢ ktg)) (3, a)
k m

k=5 Cip,A 3, b)

v= mtanh(t kt) (3, ¢
k m

oo AAA W Z4 AW Ane FANN 2 4G) dnst A 3
% wgor o Ugle TY o WAS wAHE FHAA 9AW @
FE RTh 7 Zeel ¥R 73

o A TR AXE shekgel glol oAsk WS o) mat &



% A Zue] 97k MASAT Y F7b o 30-50emE Ehehi

1000
: : Ave. of the experiment
] ‘ ‘ = === Numerical analysis (ANSYS/LS-DYNA)
: 1 @® Experiment
POV R S _ccey W T S R
z ; i ‘
~ ' 1 PY ‘ '
600 g W T o - b O QN R
S L : : ] ‘
- I S IR 2 S
g 1 o ° | °
": ° : o o (] ' !
PR R S - ¥ B R .
3 ° | | ; ;
- ]
=]
=
2004\ b N N - S Ra — o]
0 T i T | T i T |
(1} 5 10 15 20

Scenario number
Fig. 9 Comparison with experimental results and numerical analysis of the impact

force on a sphere falling from the air

,16,



0.2

Displacement in Z-direction (m)

= = = Equation (3, a)
*+++=+ Numerical analysis (ANSYS/LS-DYNA)

-0.8 T T T T T T
0.0 0.1 0.2 0.3
Time (s)

0.5 ; ; ; T

E ‘ = = = Equation (3, ¢) : e
00 F— ++++++ Numerical analysis (ANSYS/LS-DYNA) | i .|

i, | @ 1 ® Experiment (Air) :

~ i 1 H

Velocity in Z-direction (m/s)

Fig. 10 Comparison with
analysis of the displacement,

air

Time (s)

experimental results and numerical

velocity of a sphere falling from the

,17,



_ZTI

el

B

N
o
o

3
Nfo

Ho

_ZTI

_ZTI
o

il

JJo

=

T2 Hhgd =2

RS2 I )

A A
H

2}
2l

&

bl 4 <)

H

.

FSA ot

°©

4 23} e}

g 5o

1

k9
yul

s}

2 FRP(Fiber Reinforced Plastics) &A= A

hm=4

218

o
- T

3= ATk Fig. 11

t] (Magnetic holder), 3} T

%% Imxlmx1.3m T2< 7147

3

=

o

ks

3

)

Tables 2-3°1 A

-

R

=
=

/q] xg A=k

av)el 78 ot 74 74 Teo A% b

=

R

{, vk g

&

]_

S

1}k
“

’

M= Az o

=

27HA, &

-
R

o]

e

file)

]_

R D ERE

A

A7} Aol

Al &
=

=

A

3]

A

= a1 =

A7F 2FE o] e Fig. 12

LN

=

_ZTI

ehRAT) Fig. 129 lt7lolgel vehls A

,18,



Fig. 11 Water tank, structure drop device, structures, magnetic holder used in

the experiment

Table 2 Sphere size

Model Mass(kg) Radius(mm)
« 0.51 0.025
3 0.71 0.028
¥ 0.90 0.030

Table 3 Water depth

Case Water depth(m)
I 0.5
i 1.0

_19_



400 -

1 235.36N

200 -

Impact force in z direction (N)

-200 -

o - [#1try
0 ' 1 : 2 ' 3 ' 4 ' é
Time (s)

h
NE
-l
fr
=5
>,
)
=
4
ol
4
fo
fr
[
)
rlo
o
2L
)
q
of
X
r o
b
i)
fru
o)
ox
oX,

A g EH T

=
=
& J-¥2AE(One-point) ALE multi-material, &, %A #HZ5 Al Al&H

-
|

fam APHAT. g7k =2 A7 ALERYZ =4 ¥ 24 27
amH FRSA 9710 fA AAY TE wsi

WekalioF vt FSIol tiek 2% w7y s2 ALE =l stagdxet +=

_20_




= AAs7] e AFEE At Olovsson 9 2002). ©o]& 98 HdEeS &
do] B (slave)= A =3 ALE material= vF2E (Master) 2 A5 o] <
A ZHE TS FASAANA 7Y = A HEkE SlE Y

571 H7tE WA o2 Af%2(DoF, Degree of Freedom): |83l z W

o2t
n=}
_o&
ofo
it
o
o
2
lo,
kg
1e,
o,

= A AlZro]l FRteAl= oA A7)t
AFE L SAIRE FRgE fFAo] FAEelop Fh o] E f8 F A 9

A =1E AbESE vie e RE e
=Es AR WEeR FEHAY. 7Y e 2=
surface-to-surface H& ZH o2 Aot E£3F ALE 245 A&
Wl P2 Control_ ALE ™8 #°](Command)7} AFES o™ o= ALEe]
gt 2 24H(Global) Aol wiAAWMFE Mt d A& ET. dEF o=
71 o] f(Advection) =8 AFE, °]F F7] F(Number of advection
cycles), ©l& 7]W(Advection technique) @ ALE 2%49 7}5x A%

(Smoothing weight factor)”} Control_ALE°l| A A~ ¥t}

,21,



Sphere mesh size : 0.0lm x0.0lm x0.0lm

Solid Element (Lagrangian)
Mass = 0.510kg
R:0.025m

Sharing same

nodes between ALE
ALE Multi-Materials
Solid Element

Equation of State: L__|
Gruneisen model

H: (D+LH) = 0.605m

Contact condition:
Automatic_surface to surface
(Sphere-ground contact)

Rigid shell Element
(Lagrangian)
: Bottom fixed condition L

Road cell mesh size : 0.005m x0.005m x0.005m

LH: 0.105m

0.3m

Front

0.3m

Right side
Fig. 13 Finite element model of a sphere’s numerical analysis and
detailed information on boundary and load conditions
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Table 4 The different mesh size in fluid used for dropping the sphere.

S/F

0.5

0.67

Fluid mesh size (m) 0.020 0.015

No. of element 60,651 109,451
Computational time 16h 68h
0.83 1.00

S/F

Fluid mesh size (m) 0.012 0.010
No. of element 192,151 316,251
Computational time 114h 228h
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Fig. 14 The effect of fluid mesh size in sphere falling
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Table 5 The different domain size in fluid used for dropping the sphere.

0.8

1.2

0.4

Blor L)/D
B, L (m) 0.2 0.4 0.6
No. of element 28,651 40,651 60,651
Computational time 4h 9h 16h
1.6 2.0
Blor L)/D
B, L (m) 0.8 1.0
No. of element 88,651 124,651
Computational time 29h 30min 44h
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Table 6 Comparison of numerical analysis and experiment

Numerical analysis Average of Error
result (N) experiment (N) (%)

251 245.166 2.324 1756

397 343.233 3.921 11.293

444 468.366 5.416 1977

392 403.838 2.950 8.296

I
I
I
-0 271 271.938 0.278 10.189
il
il

491 515.438 4.905 6.979
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Fig. 16 The result of numerical analysis and experiment
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Fig. 17 Description of 15-times

scaled-down crusher model

Table 7 Crusher model properties

Model Mass (kg) Volume (m?®) Remark
A 14.81 0.001628 1/15 scale down of 50 ton
B 20.74 0.002876 1/15 scale down of 70 ton

Table 8 Dimensions of crusher models

Dimension (mm)
Model
a b c d e f
A 1330 2100 2100 2670 3405 R75.00
B 1609 2541 2541 3230 4120 R90.75
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o Fig. 1894 &A1& 4 At Ad 3HS 2% 24 °C, Y F%

746%01 Tk 2709 Aol 2709 GEAH FHO00m), F7] F(0.2m)el A
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Fig. 18 Experimental environment: Water basin, load cell with sensor plate,
crusher (RIMS, 2018)
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Table 9 Experimental scenarios (RIMS, 2018)

D Actual Sea Model Test
TOD | Case
Level Drop Point Water Depth | Drop Point | Water Depth
1 DL(-) 10 m 0.779 m
2 DL(-) 15 m 1112 m
M.S.L
Water : 0.0 m
3 | (DLOILEI m) |y )90 1445 m
4 DL(-) 22 m 1579 m
5 DL(-) 10 m 0.779 m
6 | On the surface 3| DL(-) 15 m 1112 m
Air m 02 m
7 (DL(+)4.678 m) DL(-) 20 m 1.445 m
8 DL(-) 22 m 1579 m
x 'y Above the water
3m 0.2m
Actual Sea Model Test
4 Z Y Y S Z M.S.L=0m
v 1.678m % o
X A A A DL=0m
10m 0.779m
A\ 4 A 4
20m 1.445m
v 22m v 1.579m
Fig. 19 Actual and 1/15 scale-down

experimental conditions (RIMS, 2018)
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Fig. 20 Example of time-load history for B-4 case (RIMS, 2018)
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Table 10 Experimental results (RIMS, 2018)

Mo | Scenario Water Level Air Level
del | R 1 2 3 4 5 6 7 8
S1 21,315 | 18956 | 21,792 | 20,558 | 20,898 | 19,849 | 23,023 | 22,552
S2 14,655 | 22,146 | 19,515 | 24,104 | 24,069 | 23,804 | 21,890 | 21,174
S3 16,859 | 21,788 | 22,106 | 23,430 | 19,020 | 21,786 | 16,749 | 21,429
(ﬁ) Min. 14,655 | 18,956 | 19,515 | 20,558 | 19,020 | 19,849 | 16,749 | 21,174
Max. 21,315 | 22,146 | 22,106 | 24,104 | 24,069 | 23,804 | 23,023 | 22,552
Ave. 17,613 | 20,964 | 21,138 | 22,697 | 21,329 | 21,813 | 20,554 | 21,718
CoV 15.7 6.8 5.5 6.8 9.8 7.4 13.3 2.8
S1 27,244 | 22,605 | 23,780 | 27,617 | 29,017 | 26,558 | 21,548 | 28,435
S2 26,498 | 25,900 | 32,430 | 25,378 | 26,380 | 26,467 | 30,980 | 31,506
S3 23,690 | 26,468 | 27,362 | 26,384 | 25,079 | 27,753 | 25,744 | 30,256
(I%) Min. 23,690 | 22,605 | 23,780 | 22,927 | 25,079 | 26,467 | 21,548 | 28,435
Max. 27,244 | 26,468 | 32,430 | 27,617 | 29,017 | 27,753 | 30,980 | 31,506
Ave. 25811 | 24,991 | 27,858 | 26,460 | 26,825 | 26,926 | 26,091 | 30,066
CoV 59 6.8 12.7 3.5 6.1 2.2 14.8 4.2
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Fig. 22 The effect of fluid mesh size in crusher falling
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Table 11 The different mesh size in fluid used for dropping the crusher

05 0.6 0.75
C/'F
Fluid mesh size (m) 0.0300 0.0250 0.0200
No. of element 36,894 65,280 128,000
Computational time 1h 30min 2h 30min 6h
1.0 1.2 15
C'F
Fluid mesh size (m) 0.0150 0.01250 0.0100
No. of element 246,612 522,240 1,024,000
Computational time 13h 30min 40h 91h 30min
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842 g, 99 A7), A AIZES Bt Fig. 232 FHA XA}
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Table 12 The different domain size in fluid used for dropping the crusher

0.27 0.53 0.76
Blor L)/D
B, L (m) 04 0.6
No. of element 18,502 68,782 138,642
Computational time 2h 4h 30min 7h
Blor L)/D
B, L (m) 0.8 1.0 1.2
No. of element 246,612 391,502 569,908
Computationaln time 13h 30min 18h 30min 27h
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Fig. 23 The effect of fluid domain size in crusher falling
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Displacement in z direction (m)

Velocity in z direction (m/s)
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Fig. 25 The results of B-2 scenario: Displacement, velocity,
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Table 135 % 1674 Aolxel #x 814 @ Agew T3 49
it ARE wET 4, FAAN] A9 S4B 2 AR A

Z7kol nteh FARe] AAHow FASAL. 7] FolA dekd ALy
o FAYe FrdA Gae AdBEn § & F49S woth 2e A
=

W ool 0% AE Aolubs md Ae Bol A Aud we AT
uEbA dE B FAH| 15 A& R FAH 16WiF HA &
= A Adath mde FA4Y weRs A4 498 FA8¢ F4
e AL P8 Aom dddd
Table 13 Summary of experimental and numerical analysis results
M
© Water Level Air Level
del
Case 1 2 3 4 > 6 7 8
A Experiment | 17,613 | 20,964 | 21,138 | 22,697 | 21,329 | 21,813 | 20,554 | 21,718
(N) ANSYS
/ 18,683 | 21,093 | 22,990 | 23,590 | 20,911 | 22,605 | 23,835 | 24,724
LS-DYNA
Error(%) 6.08 0.62 8.76 3.93 1.96 363 | 1621 | 1384
Experiment | 25811 | 24,991 | 27,858 | 26,460 | 26,825 | 26,926 | 26,091 | 30,066
B ANSYS
/ 25,735 | 28999 | 31,634 | 32,576 | 29,286 | 31,010 | 33,227 | 33,986
(N) | LS-DYNA
Error(%) 029 | 16.04 | 1355 | 2311 | 917 | 1517 | 27.35 | 13.04
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Fig. 26 Comparison between experimental and numerical impact

force: Model A(water level), model A(air level), model B(water

level), model B(air level)
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Fig. 27 Numerical results according to vertical distance
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