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Abstract ; The non-uniform distribution of ocean temperature and salinity can induce strongly nonlinear
internal solitary waves,and their shear flow field may cause attitude deviation of underwater vehicles. To
address the water-entry dynamics of a cylinder propagating through an internal solitary wave field,a two-
dimensional coupled trajectory model for vertically moving vehicles was established by coupling rigid-body
dynamics theory with the governing equations of internal solitary waves. This study focuses on investigating
the mechanisms of internal wave amplitude and initial encounter phase affecting the hydrodynamic loads
and motion responses of the vehicle. Physical experiments with internal wave generation were carried out
to validate the theoretical model. The relative error between the theoretically calculated wave amplitude
and experimental measurements is controlled within 5%. The predicted horizontal and vertical forces
acting on the cylinder agree well with experimental data, verifying the rationality of the load prediction

method and coupled trajectory model. Numerical results show that the initial encounter phase exerts a
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remarkable influence on the magnitude of vehicle motion response. The horizontal displacement and

deflection angle reach their peaks when the vehicle is near the wave trough, where the motion is

dominated by lateral translation with minor rotation. The amplitude of internal solitary waves is positively

correlated with the vehicle motion response. Higher flow velocity leads to larger internal solitary wave

loads on the vehicle and more pronounced horizontal displacement. A larger vertical gradient of flow

velocity induces greater wave-induced moment and a larger attitude-deflection-angle on the vehicle.

Overall ,internal solitary waves have a limited effect on vehicle attitude ,but impose an obvious impact on

the lateral exit position of the vehicle. This study reveals the load characteristics and evolution laws of

vertically moving vehicles in internal solitary wave environments, and provides theoretical support for

evaluating the motion stability of underwater vehicles in internal wave fields.
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Fig.1 Schematic diagram of reference coordinate system
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Fig.2 Coordinate system schematic

P ARST B 22 g i) A A T s B A L
Wl 5r % e [0 67 B R w4, 3 3 AN F H BE, AR T
R A WE X, A B ARG W 6275, X, IR AE IR
TN, X, MR, Hrp X, F1 X, & B
R E L G 7828 8] [ 2 AL AR R OXYZ i AL,
X, JEBER AL bR R GéEms AT T 25 8] [& %2 48 A &
OXYZ [EESf

BEAR AR 2R GENS S E 2 AL bR FR OXYZ Z M1

MEBREF O R N
[X] (le ( cosX, sinX3J (gj
=l [t (8)
Z X, —-sinX; cosX; J\0

BRI 3 A4S A Rz 37 7

m+)\” 0 0 Xl Fl(Xi’Xi’Xi)
0 mtA, O ||X,|=|F(X, X X)
0 0 J+/\66 X% F3(X5’XUX£)

(9)
A m IR AR A SRR 5 J O BAE (AR A 7 2l 15 ek
Ay A 23590 DAy G i) 1 i ) BRI B 5 A g A0 BRI
it s Fy O R B K ST s B, O R AR Y
e ] SN 5 7y SR IBREAR B9 5D AT TR
R A D A8y 6 455 - PN IS B B A5 er 7, I
HIpEM, B Fo XHT35E M 7700 Fy B8
My, VR BIRER A B ), FEMRUGR S Lk 4% Fh 4k
il IR 5 AR A2 B A b s e i F il LISR
RN
F=F i+F,j=F +F,+F —mgk (10)
M=F,e,=M +M,+M, (11)
Arei g,k A E LT R OXYZ R AL K e,
B VAR AL B 2R 8 B S0 5 g S S IGERE
ST R A A N RS I B A 38 e L TR
WSROk, it BB E R R AT R4, B
R TCHE A BRAR VR AA 32 By F Ry 300 R TRARAL T
SEPIRAS I B R R AR BB WLEOKIE N h=h, +
hy, FWIRE p, Mlp, 3500 BT R WAARERE, A
(T4 A PRAZ B 9 2 Rke bk, AR RS &0 B )2
VA B 73 ST R oxy F-THT, 2 EL ) _EO4 oz BIETS
], N7 AN 3 T/ B B AR AR BR R oxyz, HiHP | oz il
AL T N IRSL L P ATAL . BEARFR R oxyz 5 25 18]
SEMPR R OXYZ Z 0] (AR R B OC 2R
x=X+x,, z=Z-h, (12)
A xS BB AEAR PO Rl KRR, by R
(BRI A v 1 79 2 B A 3 5 T ) 2 ] B



e VAT 8 B 0 B [UE 2 ) 7/ B X B e 23

3 ARSI RETRER
Fig.3 Schematic diagram of the coordinate
system for internal solitary wave
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Table 1 Comparison of experimental wave amplitudes

with internal solitary wave theory

FEH W/ m PE PR/ m RZE/ %
0.036 4 0.037 198 2.19
0.049 3 0.046 9 4.87
0.059 0 0.059 2 0.34
0.086 2 0.086 1 0.12
0.095 8 0.096 2 0.42
0.106 0 0.106 0
0.1320 0.134 1.52
0.150 0 0.149 0.67
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Fig. 7 Cylinder trajectory at different launch positions
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Fig. 8 Deflection angle at different launch positions

M/(107°*N+m)

t/s
B9 ERENMELRSHNERTHZE

Fig. 9 Torque at different launch positions

2.08 1.94
207 . 1.93
v 2.06 T 192
£ 205 £ 1.91
I - < 1.90
2.04 1.89
R 1 1 J 1.88 1 1 J
2 0?110 10 30 50 -10 10 30 50
Y/m Y/m
(a)x,=0 (b)x,=100 m

1.470 0.840
_ 1.465 _ 0.835
7, 1.460 7, 0.830
g 1.455 £ 0.825
< 1.450 < 0.820
1.445 0.815
1.440 L L g 0.810 L L g
-10 10 30 50 -10 10 30 50
Y/m Y/m
(¢)x,=200 m (d)x,=300 m
0.37 0.140
~ 0.36 — 0.135
'@ 035 ' 0.130
s E 0.125
. L L g 0.115 L L g
033—10 10 30 50 -10 10 30 50
Y/m Y/m
(e)x;=400 m (f)x,=500 m

B 10 REZGAKRRKTEENERS S
Fig. 10 Vertical profiles of horizontal velocities of

water particles at different launch positions
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Table 3 Displacement and deflection angle of the

cylinder during launch under varying wave heights

PRI ST U U P/m  AKFEFMGH/m /()
A;=10m 428.02 0.046 0.000 256
A,=30 m 271.66 0.266 0.002 880
A;=50 m 237.04 0.517 0.005 910
A,=70 m 235.65 0.740 0.006 720
A5=90 m 271.44 0.929 0.004 270
Ag=100 m 338.64 1.010 0.001 800
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Table 4 Vertical distribution of lateral velocity under different wave heights m/s
A;=10m 4,=30 m A;=50 m A,=70 m A5=90 m Ag=100 m
d=0 0.620 25 1.562 62 2.250 06 2.770 20 3.177 12 3.350 66
d=2m 0.620 26 1.562 67 2.250 14 2.770 26 3.177 15 3.350 68
d=4 m 0.620 30 1.562 82 2.250 35 2.770 46 3.177 26 3.350 72
d=6 m 0.620 35 1.563 07 2.250 71 2.770 80 3.177 45 3.350 80
d=8 m 0.620 43 1.563 43 2.251 22 2.771 27 3.177 71 3.350 90
d=10 m 0.620 53 1.563 88 2.251 87 2.771 87 3.178 04 3.351 03
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Fig. 11 Trajectory of the cylinder launched
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Fig. 12 Deflection angle for a cylinder launched
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under varying wave heights
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Fig. 13 Torque at different launch positions
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