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Abstract The watertight compartment is the main structural component of unmanned underwater vehicle
platform. Establishing an accurate structural vibration prediction model of the watertight compartment and clarifying
the influence of changes in external environmental factors are of great significance for rapid technological iteration
in the overall design and detailed design stages. To address this issue, the watertight compartment is reasonably
simplified as a finite-length cylindrical shell structure with internal ring stiffeners. Based on the principle of energy
variation, theoretical derivations are carried out for the energy of the shell structure, the energy of the ring stiffeners,
the fluid coupling energy (including the influence of the free surface), and the pre-stress energy due to hydrostatic
pressure. After clarifying the specific expressions of the above energy terms, the vibration energy functional of the
shell-liquid coupling is obtained. By varying the energy functional, a calculation and analysis model for the vibration
characteristics of the shell is ultimately established. The accuracy of the calculation model in this paper is fully
verified by comparing it with published literature and finite element software results. Subsequently, using this
model, an in-depth analysis and discussion of the changes in the vibration characteristics of the cylindrical shell
caused by factors such as dive depth are conducted, elucidating the mathematical and physical mechanisms behind
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the phenomena.
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Fig. 1

Reinforced cylindrical shell with limited depth considering influence of free liquid level
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2 103.11 103.14 0.03 99.13 99.11 0.02 98.86 98.84 0.02
3 115.26 115.71 0.39 109.30 109.87 0.52 109.26 109.83 0.52
4 115.36 115.77 0.35 109.30 109.87 0.52 109.26 109.83 0.52
5 207.40 209.30 0.91 202.46 204.45 0.97 202.45 204.44 0.97
6 207.43 209.33 0.91 202.46 204.45 0.97 202.45 204.44 0.97
7 222.65 223.83 0.53 217.02 218.16 0.52 216.98 218.10 0.51
8 222.74 223.90 0.52 217.03 218.16 0.52 216.98 218.11 0.52
9 247.66 249.60 0.78 241.57 243.63 0.85 241.56 243.62 0.85
10 247.68 249.61 0.77 241.57 243.64 0.85 241.56 243.63 0.85
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Table 4 Comparison of natural frequencies of proposed
method with that of literature

ik &4 431 /Hz
m N

KB = n=2 n=3 n=4 n=5 n=6

KX

N 439.1 230.5 249.5 341.2 4546 583.3

|k

[szj]( 439.4  230.5 249.4 3412 4547 583.4

X 979.2 574.8 4059 402.8 483.5 601.8
, i . . . . . .

éf)]\ 979.3 5749  406.0 4029 483.6 601.8

M 4 T LR Y, A SO R AR5 JE S i TR i

TR 752 0 i 44 TH R R T 52 A9

B, X AR SO AR AU Kb B A Jol o 755 45 A8 1
HERG PR AT B0 0IE , B0 E A R ST AR 254 S50 3R 1
P s v e AR gl ) L AR S S AR, RIIRRD
F16 Bk 1) A B ASE BRI N 1/6 Loy ~5/6Lcyo FIT AT JINAR
FHEN R R —F1 kL, BER BB Eq=2.06x10" Pa,
pei=7 850 kg/m® Fl ugi=0.3; Mehh, FraHAIE K
] — RH B m s, BRI 96 ag MBI
B RE by PIPRFE—3 . B R R T A SOy
BT REE IS FEM MRS REATXT, Z5H8
#£ SR

x5 TREAMEAERTTARXTAES FEM E R RER LL
Table 5 Comparison of natural frequencies of proposed method with that of FEM under different reinforcement sizes
[ A 45 % /Hz
s i 0002 m 0 004 m 0,008 m
RICT7 FEM ATy i FEM AT FEM A7 i FEM
1 234.2 234.2 237.1 237.1 244.1 244.0 274.0 274.0
2 234.2 234.2 237.1 237.1 244.1 244.0 274.0 274.0
3 287.8 287.8 287.0 287.0 286.8 286.8 288.6 288.5
4 287.8 287.8 287.0 287.0 286.8 286.8 288.6 288.5
5 362.8 362.8 369.5 369.5 385.5 385.5 452.1 452.0
6 362.8 362.8 369.5 369.5 385.5 385.5 452.1 452.0
7 487.7 487.7 492.3 492.2 504.2 503.9 547.5 546.9
8 487.7 487.7 492.3 492.2 504.2 503.9 547.5 546.9
9 536.1 536.1 535.4 535.4 536.7 536.6 556.7 555.2
10 536.1 536.1 535.4 535.4 536.7 536.6 556.7 555.2
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ML, T TR LR A 50 DU B 14 0% 0 1, I
IR L JE R IR T CBTREE A L
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Fig. 5 Variation curve of natural frequencies of first
4 orders with immersion depth
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E UM RE R A R NS S =V B N
AR PR F- 2%, 6B PR BT R 2R 4 114 5 M ik
55, seiRkRshfetEia TRE.

A 5 T T AR A TG BR 8 1) TG R AN IR TR R
H/R BREUA, & AT IR IR EE T etk 4G 3R
5 5%6F 17 B YR TG BIR 35 7 A T A 4005 19 BT L A 2R
k= (firdo) Ifx100, Hr fy AL R BIREE 7R
BA R, R T CRRIFE R B A IR, A
SCHGEARRT 10 B EAG45, 20 o IR IR
HI/R ZEAGIS 45 B A8 00K 5 43 Ho i 2 o KIS, &5
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Table 6 Percentage deviation x between natural
frequencies of each order and that in infinite domain of
shell at different immersion depths

B 2 «/%
H/R=1 H/R=2 H/R=3 H/R=4 H/R=5
1 5.27 0.67 0.10 0.02 0.01
2 5.35 0.70 0.12 0.03 0.01
3 12.46 0.15 0.01 0.00 0.00
4 12.63 0.15 0.01 0.00 0.00
5 7.09 0.03 0.00 0.00 0.00
6 7.21 0.03 0.00 0.00 0.00
7 4.11 0.10 0.00 0.00 0.00
8 4.15 0.11 0.00 0.00 0.00
9 7.32 0.03 0.00 0.00 0.00
10 7.35 0.03 0.00 0.00 0.00

H 2 6 nI A1, TENIZEIRIE HIR BXEH
oy AR 25 ke B RZ ] AL SRR PE R . X —
MR HE 3 5 (20) Hf7 HAR@RE. BT
B3 AR BRI RN, X (20) PR3 B IR PR
SRR R BN 2, MIERKEE H W8,
PSR SR DL 2 A5 38 e B A A A R, R R R
TR fr 2GR I/, F A R IR SRR B AR
SR bk F TR

Ak, LA g5 30 v LUE A T
BRI T JEA BT B Y ST TE RS AR R
P, AR — I BRI, 7 2 5
RBESHR A AT 20T . NI LA H=0.2 m S JC PR
BEAS SO M FEM 19 2 A HT 4 Brsias i m i 7
B, SEEE 6 iR,
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Fig. 6 Circumferential mode shapes and natural frequencies of first 4 orders
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Table 7 Natural frequencies of cylindrical shell at different water depths

[ A 45 % /Hz
H/R B (1, 2) B (1, 3) B (2, 3)
AR T5 SCHRLTT] AT SCHRIIT] ATk SCHR[11]

5 98.8 98.6 109.2 110.9 216.6 219.1
10 98.3 98.0 108.8 109.6 215.9 217.8
20 97.7 97.8 107.9 108.6 215.0 2173
40 96.8 973 105.9 106.7 212.9 216.2
80 95.9 96.2 101.8 102.6 210.2 214.2
100 94.7 95.3 99.7 100.5 209.3 213.0
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Fig. 7 Relationship between square of natural frequency of Fig. 8 Effect of size change of ring rib on natural
underwater cylindrical shell and submersible depth frequency change of coupling system
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