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Abstract

For the traveling wave energy absorption device, there are many factors that affect its energy ab-
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sorption efficiency. To optimize its performance, this study conducted modeling and simulation
analysis on a single traveling wave plate. Using the response surface method, the dimensionless
wave amplitude, dimensionless wave speed, and wave number were studied as variables, with
energy absorption efficiency as the response target for parameter optimization design. The results
showed that the impact of each factor on energy absorption efficiency was ranked as follows: di-
mensionless wave amplitude, dimensionless wave speed, and wave number. After response sur-
face optimization, the optimal parameter combination was obtained with a dimensionless wave
amplitude of 0.111, a dimensionless wave speed of 0.601, and a wave number of 4.518, at which
point the energy absorption efficiency could reach 84.27%. To further verify the validity of the op-
timized parameters, a numerical simulation comparison was conducted, which showed that the
error between the predicted value of the response surface and the numerical calculation value
was only 0.821%, thus verifying the effectiveness of the response surface model in the optimiza-
tion design of the traveling wave energy absorption device.
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AR —FE R T AR B VS BRI, X T FRAR A 0 A AR i B W38 2 [1]. 28T,
5 G AR UAEE RIEVEA R FIRCR A E  a) E, 3% 0 5 T #R R R e B sy v i B v o s
TR R A, BATAT LASE A R X BE, AT RS8R JRAE H oTmk .

HARF0IZY), RIEN 2 HE RN, Sig K ARERE R, EEE S LB R
1 & A B [2] o IR LRI T NP A AR, e ABRIRR B S IR R Gz 30 77 X
ML T R, Lighthill [31P4H T8 R RERG A <30 15328 “KA&38” (Sender-Body Theory, SBT)5| A
KPR S  HT AR, R T “4iKARFER” (Elongated-Body Theory, EBT). 7 [F]—Hf[a], Wu [4]
W FRTRI N 4R, SR 2R ORI 30 DL A AR50 AT A8 T A ) — A ER R SR R 1 AT R AR e A bl
TSI YRR B — M R, BT 4k A3 (2 Dimensional Wave Panel Theory, 2DWPT).
Lighthill [5PKF “ANKARERR” AT T ¥R, A2 nT ATIAT S ARG R0 SAHI) Fr) 0 4 5 7K 2 ) 4
YEF 7, $RET “KIBIE4KAEFIL” (Large-amplitude Elongated-Body Theory, LEBT). & TFiXANHiE,
HRNM[6]F Cheng [7185 ft~F- F S IR BN T A0 — B BA AT R TR 10 0 R S 14 P B A D IR 8 B HE
b, WATEAS 5 FLAAF RS 1008 P A B HH R, SRS T AT - 2 BUE ) = 4E ) S B 3 12 (3 Dimensional
Wave Panel Theory, 3DWPT). Li [8]5F AR MASARTEHIAR, K Tk it — 4Rt iz, LLtk
BT KB IPERE I EUERN . ERFFErp, M0 T SRPEBIE . Bonss 3 BESHNIK B 11 R )
SO, R TP IHE ) RECRIHEE AR, DU A S HCE A T 2k

HRTEK RS, HREEMAEIDRS K, PARRITIRE, DUHRAR maTrHE /). 2 TN 9% NEWF A
YR AR AR R R, R U ENAE KT 1B, B SR AT Sy, Ak,
Huang [10]55 23 A 5K I, 447 I8 Bl (10 AH 8 B2 R TR U FE I w LA~ AEHE Ay, BB, (AT iz s itk
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PEARA TAEAR T s ST OSSN ARTE B /N TSR FE AT I80E Bl 0 2 1 A 0T DU SR 38 R Wi
B, WIS TRE BRI R . Ji 2500 NACA0012 AU 7 Xt &, it BUE S ik, Xt
X AE A RE SO S R 28, 40 Re [LL)AAREL T US40 1233047 T 0 703 S HEE R AT 147802
BT T XL WHFURIAE Re — I, ATU%IE 3l B B2 5 SR It 18R 11 LU AR A2 X o A7 3 sCHE A SRR AT
AR RPN S A, I BAEX PR N AL AR S50 52 28R 2 58 2 AH IR . ARAHE[13]
SEWTSE 7 NACA4. NACAB3 5 NACAGS F A1 A [R5 K S FE I B AY (R ReRr v, BF 70 R ILIA] — 41 3L A
(13 R 20 % B K E RS KM os /s, FLIRI— B RS, ANE R FIE B EK $R0E AN T 5 4N E 1 A8 1 %)
SRAERR A K . Zhang [14] [15]00 LLZRAE B SISO FIR SR G TE T IR LI S50, AR RIRE (55
PR S AN SRR ) AR K0 e R CREE R sE e, RIE— 2 S EGERE N, X R AL R iy U
RE B IOSCR AT LLAERRE R R KT, AR 2B 78 . Qi [16]THEMT T 1 44 %1 7 NACA0012 7Y
FEGNIA] (A FEANAE AL Z 840 R I RE BRSO . RIMTERS A BES IR, Bl [RIPESE N, e B AR e fa
o, NURRAUECR RRNEBA . BRI, BRSO R A S 35%.
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WSS 2 PR SR e (. R, R R R E R YE, ikEmE s T EhE
W W R e R B2 2 LA

RILBERN ZMHERILFEERT, TRRENRERBUIE SHESHCRINRR. ik, &3
KT W B T 43 B2 (Response Surface Methods, RSM), 3@ id i) H b5 e BOEAF 70 HAE 2 M S 80F iU
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Figure 1. Diagram of traveling wave motion
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2.1.2. METhERFEEERUSLE
FEAAAEAT WIS S A R b 2 B BE MR Z2 A [ATIRPE R, & fE e R R o B y
JT 3 I 5

o5 2025
oy dx|ox oy ®)
fP=-p
f :y{_2ﬂ+ﬂ(@+@]}
) oy dx{ox oy (6)
fP=p

Horb, p REGUARIZIIIREEZ, u RV 20 BONIEFELE x Ay J7 1) LRIy &, p RIEZE.
AT RE R I R 5E SN
P=¢(f, + 17 ds=P"+PP )

v, ARRR I Mo y J7 A IR, PRI PP 3 5 R BERE AN S 22 J1 RS [ Th 6, HAT IS 5 B
AN TB] PN BT RE R I ) e R R I sl g E X RE WU R AT TE AL, 15 2 5E &I (Energy  Absorp-
tion Efficiency, EAE):
1o 1 3
E_ZmU 2pHU 8)

P
UE_E C))

X, H AT RO S I BRI R, RIS 5 fE y T BB E, H =2A+d , d ITEARINJEEE,
m 95 (kgls), p RIS .
2.2. Mg RAFFH

BUE TSRS s 2 fos, Hor X8 B 42 3h B, XK A D948 40 IR ik
AN PRE TR, OB E N H . KA T H 8 BRI & 3 S SR A G ORIE R
G RAR BE . DX A TR TS R S IR RS SR G5 R AR Rl 7, DX B A KT SRR R SR T 4 A 1R
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2.3. MR R M IEANSCIR I8 F

KT ARUE T S R B 3 ST P DRI )25 K USSR, 43 I AE RS ol 10w, 20w AT 40w, I TE) 2B K
A T/500, T/1000 £l T/2000 X WA HEAT T 3GAETHR . Wit 1 Fion, SZEBEMME N 20w, B EDK
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Table 1. Independence verification
F 1. X MIIE

W B fif )25 AE R R
102,992 T/1000 16.278%
193,630 T/1000 16.034%
386,466 T/1000 16.046%
193,630 T/500 15.939%
193,630 T/2000 16.110%
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Figure 4. Schematic diagram of the hydrodynamic unit
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Figure 5. Comparison of numerical simulation pre-experiment results
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Table 2. Horizontal distribution of factors

= 2. AEKESH

= K
-1 1
Te B R 0.02 0.14
To R ok 0.40 0.70
B 3 6

3. BRI

i S T ) 17 2SR S R CVEARS T3 3 e b, e ALKV R LS, I LASGIE SR a6 45 1
MR EERITEENE . N 7RIS PR SLIR I EE R BA Gt B8, JF5 R B SEPR Al thn] REAF 72 1)
W, ASCNNMBIN T —EMIRZEE . KEIRZEE BTG 5a TLH LR AR T 0 A fE JSHE
BRI, T S 4 T b i S 6 R P B A

Table 3. Response surface test and test results
3. MM ERE 5HINEER

s RN a TERIAPHE ¢
1 0.02 0.4
2 0.14 0.4
3 0.02 0.7
4 0.14 0.7
5 0.02 0.55
6 0.14 0.55
7 0.02 0.55
8 0.14 0.55
9 0.08 0.4
10 0.08 0.7
1 0.08 0.4
12 0.08 0.7
13 0.08 0.55
14 0.08 0.55
15 0.08 0.55
16 0.08 0.55
17 0.08 0.55

45
45
45

T N A S )
mmmmmo@ww@mwwm

BIREE N

0.080508
0.331089
0.049109
0.635637
0.044861
0.660672
0.12123
0.495041
0.456965
0.355517
0.512444
0.65867
0.819729
0.769729
0.759729
0.859729
0.849729

(PR R e

3.1 EBEMEN KRB

SR =R 2 T 5 RN 2 1A S 56 e HEAT P06 3RAS AT 0 2 e B R MR D i A PR [V 7 R «

ne =—-3.18429+17.32242 A+ 7.37813B + 0.44380C
+9.33186 AB - 0.67222 AC +0.27519BC

-97.65156 A* —8.27101B° - 0.057659C>
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Table 4. Significance analysis of traveling wave energy absorption efficiency regression model

F 4 ATRNEEEBRUSIER AR B B Z M4

R R 7 A B df ¥175 F {4 P1E BEM
Y 1.302001 9 0.144667 23.66995 0.000196 significant
0.417118 1 0.417118 68.24767 7.42E-05
0.012635 1 0.012635 2.067252 0.193653
0.00907 1 0.00907 1.484011 0.262609
AB 0.028215 1 0.028215 4.616472 0.068756
AC 0.014641 1 0.014641 2.395518 0.165609
BC 0.015336 1 0.015336 2.509166 0.157203
A? 0.520355 1 0.520355 85.13897 3.63E-05
B? 0.14582 1 0.14582 23.85869 0.001784
c? 0.070865 1 0.070865 11.59476 0.011363
B 0.042783 7 0.006112
2300 35 0.034503 3 0.011501 5.55601 0.065521 not significant
ARz 0.00828 4 0.00207

REZE 1.344784

=
»

XA AR IR BT R AT I T 05 2 0 W B ARG, S8R INER 4 Por. o, BOR P EH]
TR NAE A AR L DL R R R AR (Y B 25 . 2 P AE/N T 0.05 I, R BTBLRLA R &2 /K1, HIAE
RIRENS AR Ly At IR S0 KR AR Ak B o 59— tn,  SRAUI P B TP AR R 2R T 45 SR 5 S iR 45 SR AN
FIRERE . & RIUIUAE2, TR B FOE 5 Se a0 45 R M ANEAE RO iR 22, AR R A e R T
MRS -

W 4 R, TR BT SEE: 5, B P {E/NT 0.05, BRI (R AR R A 4
ARSI T AR TR KT, B RAEETER . B, KA P AR, R T
165 SIS R Z 18] 1 — B iedy, B TS FE

Zr LT, 1Z UK BIR T RERERS AR S e 1A SR Bt (AR fe i 9, IF BB B IO OIS B2« Pt
ATCAT PAFE TR AT IR SR Bt MBS E T, DR AT DR B e B RO

K 6 o 1 TN SR 6 (5 22 1 IE RS RER A B o B PR T DU W SRR B AT fE — Sk EL 2k L,
IXRWBRZEALG E IES AT o IR A& B A b — AN E B, BRI T AR R e v A
AIEEME. DRIUE, BRZERIEZS A U T AR SOTR I A O [ VA AR A TN AT I 2R L e R R AR R T T
HEM

K7 Wz 1 PE SRS E R A ok R . AT DOWER B, FNME =20 A fE B 2 s b
J7 X RS B X R TNME S oS 2 IR A7 AR e (1 — B, R Z I IR E RN . X Ry
A DLE— 2B RAE 1 (8] VAR TR (R T AR, 0 AR TR e T Dy v S RSB O T AT B B I RE
MRS

K 8~ 10 A E 1 DNSHONFIAR 2 NSHO ne 152, WESSH00 T BARR By, xH

DOI: 10.12677/mos.2024.133224 2460 e RSE TR


https://doi.org/10.12677/mos.2024.133224

Ba

i
w
o

ll-.

Lol
]

10

(%]
INEN|

—_

\
AR ZE

Figure 6. Normal probability distribution of residuals
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BT VAR HARRAE R, ASCEERAMATIR R B RS, B BT ENEE a. T
BYBOE ¢ ME n XEAKESHOREM . it 5, AR 3 7T RMSHAE: TRNKIEa=
0.111, JoEAWPH ¢ = 0.601, WAL n = 4518, R [N TN, X — G T IIREERCR AL
84.27%.

N T BAEASE TR (4 v, EERTEAT T BUE ARG . BUE AL 45 R B OR, SEBRIRER Jy 83.73%.
P IX —HUE SR TN 84.27%HEAT LI, RIL = Z AR Z N 0.821%, 7 R T 5 5k Frasifl
R 5
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K10 R T AT BRA L AR 2 B, B UL Sk 1 A S AT SO LA P R ) R g A
Ulo MEHRTLIOREE R, £ DRI RN Z], SARREATERUG, EATEMR AR X I 1 W&
MRS . X —BLRRH, ATBMRAE TR P sl 17— 8 RN RE R, S BORIAEL AT IR
Jr BEREA T o FEAT BRI LANEAL, S INEUN, SRR AL, ML T R RIE AR

K 12 Jgor 1 is sl IR R E = L RN CATERE I T AR R I ) A M Eh AR .
KRl AE B, FEAT AR AT, FAAERZEIEE, KEWE L DIRRIALD TBORKE 2. X
Tt 22 FRAFAE AT WK RE S IR IS RE =R 008, RN B ™ A iy Z2 R K A )i 3, b se Bl e &
IEES /N

EARERRR, REFEATEREIETT LN AL, BB T 8 5iash77 A 8 e, HBEE )
P AN A S s 6 R RS Bl o TR 3456 B AR sh s 2O T 32 THT IR IO Eh BE ) 2R L 22,
EAEAFRARENS AN 8 AT AR b TiRah AR T R R AR, IR T BRI R R AR .

K 13 WM R T AT S S R R A A . BRI LAE B, Ll B A AR AL 1) 73 B 1A
FIERG AT A, X2 TAT BN I ) 50 2 18] A B R 2. IX e i
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LB, 8% 84.27%.

E&ImHE
[ K 5 ARl 5 4 8 5 0 H (52036005); [ 5 H AR 3E 4 R AFR R 1 i H (52350139)
SE Tk

[1] Herbert, G.M.J., Iniyan, S. and Sreevalsan, E. (2007) A Review of Wind Energy Technologies. Renewable and Sus-
tainable Energy Reviews, 11, 1117-1145. https://doi.org/10.1016/j.rser.2005.08.004

[2] Lighthill, M.J. (1969) Hydromechanics of Aquatic Animal Propulsion. Annual Review of Fluid Mechanics, 1, 413-446.

DOI: 10.12677/mos.2024.133224 2465 e RSE TR


https://doi.org/10.12677/mos.2024.133224
https://doi.org/10.1016/j.rser.2005.08.004

gk, B

pal

(3]
[4]

[5]

(6]
(7]

(8]
[°]
[10]
[11]

[12]

[13]
[14]
[15]
[16]
[17]
[18]

[19]

https://doi.org/10.1146/annurev.fl.01.010169.002213

Lighthill, M.J. (2006) Dynamics of a Dissociating Gas Part 2. Quasi-Equilibrium Transfer Theory. Journal of Fluid
Mechanics, 8, 161-182. https://doi.org/10.1017/S0022112060000529

Wu, Y.T. (2006) Hydromechanics of Swimming Propulsion. Part 1. Swimming of a Two-Dimensional Flexible Plate at
Variable Forward Speeds in an Inviscid Fluid. Journal of Fluid Mechanics, 46, 337-355.
https://doi.org/10.1017/S0022112071000570

Lighthill, M.J. (1971) Large-Amplitude Elongated-Body Theory of Fish Locomotion. Proceedings of the Royal Society
of London, 179, 125-138. https://doi.org/10.1098/rspb.1971.0085

BN, ALY IR PRI AR ) AR R R LR [J]. BAA4RAE, 1998, 20(1): 1-7.

Cheng, J.-Y., Zhuang, L.-X. and Tong, B.-G. (2006) Analysis of Swimming Three-Dimensional Waving Plates. Jour-
nal of Fluid Mechanics, 232, 341-355. https://doi.org/10.1017/S0022112091003713

Gao, L., Qin, H. and Li, P. (2021) Hydrodynamic Analysis of Fish’s Traveling Wave Based on Grid Deformation
Technique. International Journal of Offshore and Polar Engineering, 31, 178-185.
https://doi.org/10.17736/ijope.2021.mt29

BERW, T2V, =4 siRInEEsh e R 7 [0]. =580 15244k, 1991, 9(3): 285-293.

Huang, D. and Zhang, J. (2017) New Method for Harvesting Energy from Fluid Flow Based on Undulatory Motion.
International Journal of Green Energy, 14, 540-547. https://doi.org/10.1080/15435075.2017.1307754

Ji, F. and Huang, D. (2017) Effects of Reynolds Number on Energy Extraction Performance of a Two Dimensional
Undulatory Flexible Body. Ocean Engineering, 142, 185-193. https://doi.org/10.1016/j.0ceaneng.2017.07.005

Ding, L., Li, H. and Huang, D. (2019) Parametric Research on Energy Extraction of a Waving Plate with Unequal
Amplitude Traveling Wave Motion. Energy Sources Part A: Recovery Utilization and Environmental Effects, 42,
2063-2081. https://doi.org/10.1080/15567036.2019.1607926

PRI, S St ANE] R AN E R A BeRE s A T RE R R R[] FhEESh 0 AR, 2018, 33(12): 131-140.
https://doi.org/10.16146/j.cnki.rndlgc.2018.12.020

Sun, X., Zhang, J., Li, H., et al. (2019) Parametric Study of an Undulating Plate in a Power-Extraction Regime. Jour-
nal of Mechanical Science and Technology, 33, 255-268. https://doi.org/10.1007/s12206-018-1225-2

FRARAE, PhRES, BEULEE. ATRBK KBGERIRAERAE IR M), REET T 515 S, 2021, 37(1): 46-53.

Qi, M., Ma, Q. and Huang, D. (2022) Influence of Lengthways Spacing and Phase Difference on Traveling Wave
Energy Absorption Characteristics of Flexible Airfoils in a Diamond Array. Renewable Energy, 200, 98-110.
https://doi.org/10.1016/j.renene.2022.09.090

Shen, L., Zhang, X., Dkp, Y., et al. (2003) Turbulent Flow over a Flexible Wall Undergoing a Streamwise Travelling
Wave Motion. Journal of Fluid Mechanics, 484, 197-221. https://doi.org/10.1017/S0022112003004294

Nishio, S. and Nakamura, K. (2002) A Study on the Propulsive Performance of Fish-Like Motion Using Waving Wing
Model. Journal of the Society of Naval Architects of Japan, 2002, 17-24. https://doi.org/10.2534/jjasnace1968.2002.17

Nishio, S., Chen, Z., Doi, Y., et al. (2003) A133 Analysis of Fish-Like Propulsion. Journal of the Visualization Society
of Japan, 23, 41-44. https://doi.org/10.3154/jvs.23.Supplement2_41

DOI: 10.12677/mos.2024.133224 2466 e RSE TR


https://doi.org/10.12677/mos.2024.133224
https://doi.org/10.1146/annurev.fl.01.010169.002213
https://doi.org/10.1017/S0022112060000529
https://doi.org/10.1017/S0022112071000570
https://doi.org/10.1098/rspb.1971.0085
https://doi.org/10.1017/S0022112091003713
https://doi.org/10.17736/ijope.2021.mt29
https://doi.org/10.1080/15435075.2017.1307754
https://doi.org/10.1016/j.oceaneng.2017.07.005
https://doi.org/10.1080/15567036.2019.1607926
https://doi.org/10.16146/j.cnki.rndlgc.2018.12.020
https://doi.org/10.1007/s12206-018-1225-2
https://doi.org/10.1016/j.renene.2022.09.090
https://doi.org/10.1017/S0022112003004294
https://doi.org/10.2534/jjasnaoe1968.2002.17
https://doi.org/10.3154/jvs.23.Supplement2_41

	基于响应面分析的行波式能量吸收装置的参数优化
	摘  要
	关键词
	Optimization of Traveling-Wave Capability Absorption Parameters Based on Response Surface Analysis
	Abstract
	Keywords
	1. 引言
	2. 数值计算方法
	2.1. 数学模型
	2.1.1. 模型的无量纲化和参数化定义
	2.1.2. 侧向功率和能量吸收效率

	2.2. 网格及边界条件
	2.3. 网格无关性验证和实验验证
	2.4. 实验方案设计

	3. 结果与讨论
	3.1. 显著性检验及模型验证
	3.2. 配合比优化与验证
	3.3. 流场分析

	4. 结论
	基金项目
	参考文献

