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Abstract This paper focuses on the issue of wave load calculation for underwater vehicles in irregular waves. Based on
three-dimensional boundary element method, and considering the influence of finite water depth, the wave load characteristics
under different speed, depth, and sea state conditions are studied. Firstly, a three-dimensional boundary element model for
underwater vehicle wave load calculation is established. Then, the velocity potential is calculated by numerical integration
method, and the time history data of wave loads and moments acting on the vehicle in irregular waves are obtained by impulse
response function approach. Furthermore, the effectiveness of this method is verified by model test results. Finally, the time
history data of wave loads under various operating conditions are analyzed. The results indicate that increasing the navigation
depth can significantly reduce the wave loads, while adverse sea states can lead to a significant increase in wave loads. The
three-dimensional boundary element method based numerical calculation method proposed in this paper can effectively predict
the wave load characteristics of underwater vehicles under different conditions. The results provides important theoretical
support and practical application value for optimizing the design and control of underwater vehicles.
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- 438 - HFHEEHKT % 7%

1.2 =#BiRER

BB T Ry 38150 L AN T e 48 RS AR P ) AR
Wik, 2Rk R S, HiRsh e, RigA
SR I S ~F- TR UL R DU 38 , AL 46 5 1 5 - 45 i 1) 1]
B e f TR R FA B f=180°RF FRTHIR, f=90°1} %
ANRETR, S=0°m KRR o AR JC FR K R A 3 it
FE, ASTMGHEER @ il LLRR N

@, (x,y,2,t) = gpe (1)
¢0 - _ igga eknzeik0 (xcosf+ysinf) ( ) )
0

Krb: g WA EH A BT o, AR
TR ky (ky=wp /g ) NIEEG o, BRI
R, g NEITMBE; ¢, NI,

MG B B R @ (x,y,2,0) AT LAFRIR N

D (x,,2,t)=-Ux+ ¢, (x,y,2) + D(x,y,z,t) (3)
K, o F@ 53 5 hy g w3 B B3R E i R
oo FE—BratEmED, e A EBR P R
E H I 3 AW R s Bl TR R
@ Al KRN
DX, y,20) =D + B + By :(i@ﬂj + +dh)e ™ (4)
e @ F1 @, 3 5l g 4 S J3E S RN S8 5 3 #
¢; V- 15 R j AR A DL A AR W i 20 P 7 A 114 A A
PARAE; 7,6 =1~06) N FHHIZN F iz shig (e,
Thrl~6 0 MFRRFEMING Bl Tl B
WFEFRREIZ 55 @, SN B Sy 25 AR

HIES o, BN A A B ZEAE L Py

ZM L KR SRR R Sk, HEELIARIR
N &AL
Vi, =0 (5)
Ak A T R[] :

. < o’g, o,
_wez¢j_21weu08_xj+u§ axzj +ga_Zj:O (6)
Py &S] :

%=—ia)enj+m/ j=1~6 (7)

" «

ook, !
on on

IKJEZ&AF[B] -

og,
on
46 A C:

8¢j
——ik.¢.cosd=0
Sk,

z=—h

(j=L2,-6) (9)
K U BT ; 7 K k RSk
WG AR R Laplace Jife; Wi 4514 7E
V5 PR R SR . (n,ny,m)=n, (ny,n5,n5) =
rxn. n YT RAINEL AR, r RS EH
R T ] ] g o o 220 6 S R R 0T I o i R
A PEAE T, D0 i 2% AR B m ) 35AT DL g A R
m;=0(=1~4), ms=Un K ms=-Un, .
2 HETERE
21 SWBEFIE

e IR IR A B S g, T ISR AR
R S B A YRR R SR A B A A )
T F YR A AT AR AL, A R AR T ALy
AR o AR SCR AR, FEYTE Lo A6 G E Y
Rakine Y5 2k 2 35 3 B2 34, o 10 28 i 45 0 vh B 1k o0
T REEC O 6 PR R T S LA O R, R
FAEBUE T VLS TR A o Wy T LA S L fR AT b 7 s S 3
GG ] LIRS h

b= [ o @Geas  (10)
S,,+SF+SC
X o,(q) AR g(E,n,&) A HY PSR 7311 45 L 5

G(p,q) "M Rankine A MRPREL . HEAR AL

- 1
G(x, &)= +
g J(x—§)2+<y—nf+(z—§)2

Ja=&P +(—nP +E+2h+¢)> (11)
RAGAF R SR RE L ER g, 10
AARES ) J7 i B AT 45 21057 5 F 1w 09 R 71 50 A o 2008
i IR, DU R A o X Y 2 A %
R RERT LR R
P = pio,(1+ _U i)qﬁef""“’
i, Ox

F B2 B POR T F AL A G AEH]
71 (MRS s R I ) MG wefE i, alid

(12)



% 4 47 LAR, % KFASTRRAN &P R+ EF EHFE - 439 -
FmH F JH B3R 7 6 5 A [ 0 DL K AN [ 9 1]

. U o
F, ——pla)e:g(l+iw aj(¢0+¢7)n,.ds (13)

22 KRAVTEIER
ANFRI) 3 AT R AN [R] A3 48 | AN [ s L %) 00 ) e
BN,

§(x,y,t)=i14icos[a)it—ki(xcos¢9+ysin9)+ei] (14)

i=l
A A4 2§ DIUNBRIRE o, 25 i DAY
FOIBIARAS s &, s i DR RNE: & R i R
WRRRALA , AR — mn] XTA]_EX5) AR BEN L. H
HOTARTE S () SIRZ AT T OCR

[’e] lw

Lfﬂwa=§Z;ﬁ (15)

E, =2S(w)Aw, (16)
4,=\E; (17)

A A A AT A SR R A 3 4 43 Sl i ek 4
SR FEBIR ST v s BB A A3 R AR AT 4R
O FF 328 PR R DU SR A0 4% . i e 45 ik A AN R 38
HARL BN 2 fiis .

HREERPRIES ()

A A

R AT BRI i 2 BN A
T, AR R o,

A4

T XHSR R (o)

A

T X AR BHA (o))

A

SrICHERLAIL e,

B AL

2 THMEERTE

Fig. 2 Irregular wave generation steps
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Fig. 3 Time domain wave load calculation process
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Fig. 4 Computational model meshing

— AR
O SLEEER

ML,
() DAFR VI 3 R i 7 s {1 PREC

.0 25 30 35

— ez
O FWHIR
1

Xt AT A T A SCRUE A i T ek, nl ik—20
I T AR SOK S AT PRI 1 35

00 05 10 15 20 25 30 35

B 5 AEBHEETRBRIMEEESRN (F,=0.15)

Fig. 5 Wave load response amplitude operators (RAQOs) for different degrees of freedom (F,=0.15)
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Fig. 6 Wave load RAOs for different degrees of freedom (F,=0.17)
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Table 2 Comparison of wave loads at different navigation depths

Wi/ (°) WA R /m Fyi/N Fyo/N Fys/N Fy/N'm Fys/N'm F.o/N'm
0 10 2983.1 0.0 27855 0.0 9132.4 0.0
20 1481.5 0.0 932.9 0.0 2492.6 0.0
45 10 2528.6 2549.6 3270.7 203.9 73533 5531.3
20 1331.8 1343.2 1133.1 107.4 1921.5 2034.5
90 10 56.8 4106.3 3602.8 328.4 86.3 102.1
20 40.6 2416.8 1301.9 193.3 30.0 60.1
135 10 2691.2 27134 3157.4 217.0 5267.9 4199.4
20 1753.0 1767.0 1223.4 141.3 1611.8 2044.5
150 10 3602.1 0.0 2 887.0 0.0 6 405.7 0.0
20 2451.0 0.0 11503 0.0 2056.8 0.0

x3 AEBRTERANL

Table 3 Comparison of wave loads under different sea states

Wi/ (°) T DL AE R Fa/N Fy/N Fys/N Fy/N'm Fys/N-m Fy/N'm
o 8 17 605.0 0.0 6 259.4 0.0 8930.8 0.0

4 1481.5 0.0 932.9 0.0 2492.6 0.0

45 8 12 425.8 12 522.7 5854.2 1001.6 59823 9201.0
4 1331.8 1343.2 1133.1 107.4 19215 20345

% 8 659.3 16 672.1 51542 1333.4 103.4 414.8
4 40.6 2416.8 1301.9 193.3 30.0 60.1

135 8 10 789.4 10 864.6 4376.8 869.0 3961.2 6 748.4
4 1753.0 1767.0 1223.4 1413 1611.8 2044.5

180 8 14 662.3 0.0 4066.8 0.0 50453 0.0
4 2451.0 0.0 11503 0.0 2056.8 0.0

x4 FEMIETHRRAI L

Table 4 Comparison of wave laods at different navigation speeds

W/ () L 1% /kn Fa/N F/N Fys/N Fys/N-m Fys/N'm Fye/N'm
5 17 605.0 0.0 6259.4 0.0 8930.8 0.0

0 7 17 402.7 0.0 6099.9 0.0 8374.2 0.0
10 14 840.6 0.0 5288.5 0.0 7073.7 0.0

5 12 425.8 12522.7 5854.2 1001.6 5982.3 9201.0

45 7 12614.4 12710.4 6332.5 1016.6 6527.0 9927.1
10 12515.2 12 616.2 6984.2 1009.1 7627.6 11 165.8

5 659.3 16 672.1 5154.2 13334 103.4 414.8

90 7 659.3 16 672.1 5154.2 1333.4 103.4 414.8
10 659.3 16 672.1 5154.2 13334 103.4 414.8

5 10 789.4 10 864.6 4376.8 869.0 3961.2 6748.4

135 7 10 438.8 10 477.4 4168.1 838.0 3707.2 6431.0
10 9903.5 9995.7 3939.6 799.5 3309.9 6 068.2

5 14 662.3 0.0 4066.8 0.0 5045.3 0.0

180 7 13 984.6 0.0 3865.8 0.0 4541.2 0.0
10 12 890.3 0.0 34379 0.0 4051.9 0.0

F3 M AN 8 G, 30 m AKIRIREE, Skafii [ LS RNAGMEE S AR AR S AR IE RS i, AT
M, 20 m AUATREE IR A SUIR(EXT . IR 3 r PR BT, JUHEEN G i b Hdr, gy
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FEMATARZ B RS, HRTARES ARES  WINT 10.89 1%, B, I35 . BEE . HdE . R
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