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Prediction model of nonlinear multimodal damping characteristics of
blade shrouds based on IWOA-ELM

Jiang Yuanyuan, Jiang Xianghua, Du Chenhong
(School of Energy and Power Engineering, Beihang University, Beijing 102206, China)

Abstract: Due to the strong nonlinearity of shroud contact interfaces and enormous computational
cost associated with multimodal damping analysis, conventional methods fail to achieve comprehensive,
efficient, and accurate solutions. To address this challenge, an improved whale optimization algorithm-
extreme learning machine (IWOA-ELM) model was proposed for multimodal damping characteristic
prediction, enabling fast and highly accurate mapping from extremely limited inputs to massive outputs
under very short training times and small datasets. A lightweight training dataset was constructed using the
energy method combined with finite-element modal analysis. An improved WOA (IWOA) was developed
by incorporating a history-memory-based group collaborative strategy and Sobol reverse initialization, and
its superior global optimization capability was verified using the CEC2017 benchmark suite. The IWOA
was further employed to optimize the weights and biases of the ELM, yielding a powerful network capable

of realizing extremely low-input and ultra-high-output prediction. Experimental validation was conducted

Y %5 B #: 2025-10-13

1B & 18 9= BT (2001—), Lo, B/, FEENFHIZS REWIEHITRIE ZIRSHBIZL . E-mail: 1422461478@qq.com

BIEEE HmE01976—), B, ISER, i+, FENFNZE RSIMIEEH . SR, Al 5EVEDFS . E-mail: jxh@buaa.edu.cn

SI A48 3 BT, # 1R, FRS. JET TWOA-ELM MR Z M RS B FRTESTIRARL (1], Az 3 12541, 2022, X(X): 20250461 Jiang
Yuanyuan, Jiang Xianghua, Du Chenhong. Prediction model of nonlinear multimodal damping characteristics of blade shrouds based on

IWOA-ELM[J]. Journal of Aerospace Power, 2022, X(X): 20250461.

20250461-1


mailto:1422461478@qq.com
mailto:jxh@buaa.edu.cn

IR DA

BXE

on a shrouded bladed-disk structure. The input consisted of damping ratios at five stress points under the

first bending mode, while the output corresponded to the complete damping characteristics (2 000 damping

values) of the first 20 vibration modes over a stress range of 0—100 MPa. The results showed that the

proposed IWOA-ELM achieved a mean squared error of 0.26 x 10, which was reduced by 73% compared

with the conventional ELM, demonstrating its outstanding prediction accuracy. Moreover, the prediction

time was only 0.51 s, improving computational efficiency by nearly 2 000 times, which enabled rapid

evaluation of large-scale multimodal shroud damping characteristics. The proposed IWOA-ELM damping

prediction model made it possible for fast and comprehensive consideration of multimodal vibration-

reduction performance, effectively reducing resonance risks and exhibiting strong potential for practical

engineering applications.

Keywords: shroud; multimodal; dry friction damping; improved whale optimization algorithm;

improved extreme learning machine; multimodal damping prediction
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Fig. 1 Damping ratio curve
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Table 1 Experimental results
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({gjg B IWOA HEA&
PR WOA HHO COA NPD PSO GWO
Fft/107 4510 292 26 800 37000 1030 3670 6.05 1
Fl (/100 6.95 10.4 26.8 42.1 3.84 5.62 2.82 1
SD/10'0 5.55 8.26 1.10 6.22 5.31 371 5.17 1
R hfE 7582.09 1567.78 124 636.83 152015.81 4591.21 6802.92  1013.54 1
F4 SEHE 16325.69 29 862.45 124 887.12 18148238 8380.38  10947.97 6435.14 1
FrifE 22068.61 31463.16 5503.25 13778.26 13040.52  14593.68 15423.17 1
AfE 68422.21 58783.54 77024.36 140378.28 8403430  52991.19 34821.72 1
F9 FHE 75 748.23 68 499.65 77 344.69 151457.32 89126.55 59064.61 61776.96 1
brifE2E 15 988.20 9574.80 5065.74 14 440.89 12341.84 14750.72 17587.43 1
ARE 121 173.38 27311.99 220754.70 256 662.73 1934343 4532813  7938.64 1
F11 FHE 191368.32 86433733 25037849  6781829.68  118383.02 95896.68 67919.27 1
brifE 2 184 846.29 20291659.85 484899.99 118135064.21 193789.10 7184191 92542.70 1
Fft/ 109 125 15.8 19100 24000 35.7 134 1.16 1
FI9  spy(s/108 7.39 32.1 192 257 5.59 8.46 2.69 1
FrifE2£/10° 2.47 5.80 6.05 2.35 1.81 2.01 2.09 1
R hfE 5094.05 4610.89 15 180.69 12 038.26 371458 427231  3669.32 1
F27 FEIME 5479.56 7424.07 15190.62 13366.96 4028.11 4878.64  3889.49 1
FrifE 1040.65 245347 113.54 1632.55 777.53 797.05 868.70 1
RifE 8081.42 4849.25 31002.49 49 541.51 747477 821591  3688.19 1
F28 FEIE 10 493.06 14195.29 31052.67 50099.37 10045.15 10257.70  6359.01 1
b2 5692.96 6821.86 1387.00 1541.33 4671.42 3992.08  5093.03 1
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Fig. 9 MAPE curves for different numbers of
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Table 2 Input data of the training set

i l»/MPa
5 10 30 50 100
1 -0.58  —0.58 0.80 032 -046
2 0.26 026  -031 0.90 0.43
3 0.79 079  -1.00  —0.06 0.86
4 0.05 0.05 0.06 1.00 0.23
5 0.47 047  —0.73 0.64 0.61
6 0.58 058  —0.96 0.45 0.70
7 1.00 100  -1.00 -0.73 1.00
8 -026  —0.26 0.50 085  —0.10
9 -1.00  —1.00 100 -1.00  -1.00
10 -0.89  —0.89 097 061  -0.86
11 0.16 0.16  —0.12 0.97 0.33
12 0.68 0.68  —1.00 0.22 0.78
13 -0.79 079 093 025  -0.72
14 -047 047 0.71 054  —0.34
15 0.89 089  -1.00  —037 0.93
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15 GWO-ELM 0.91 1.42 0.70
ELM 2.61 3.55 1.52
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