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Development of Finite Element Analysis Program and Simplified
Formulas of Bellows and Shape Optimization
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Abstract

Bellows is a component in piping systems which absorbs mechanical deformation with flexibil-
ity. Its geometry is an axial symmetric shell which consists of two toroidal shells and one annular
plate or conical shell. In order to analyze bellows, this study presents the finite element analysis
using a conical frustum shell element. A finite element analysis program is developed to analyze
various bellows. The validity of the developed program is verified by the experimental results for
axial and lateral stiffness. The formula for calculating the natural frequency of bellows is made
by the simple beam theory. The formula for fatigue life is also derived by experiments. The shape
optimal design problem is formulated using multiple objective optimization. The multiple objec-
tive functions are transformed to a scalar function by weighting factors. The stiffness, strength
and specified stiffness are considered as the multiple objective function. The formulation has
inequality constraints imposed on the fatigue limit, the natural frequencies, and the manufactur-
ing conditions. Geometric parameters of bellows are the design variables. The recursive quadratic
programming algorithm is selected to solve the problem. The results are compared to existing
bellows, and the characteristics of bellows is investigated through optimal design process. The
optimized shape of bellows is expected to give quite a good guideline to practical design.
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Table 1 Dimensions of the bellows model tested

Model Do Dy le o a la t n Ky K/
1 75.5 49.5 266.0 2.0 2.0 9.0 0.38 28.0 1.375 0.030
75.6 49.6 210.0 2.0 2.0 9.0 0.38 21.0 1.950 0.069
3 80.0 54.5 200.0 1.875 1.875 9.0 0.38 19.0 2.064 0.108
4 75.5 49.5 280.0 2.0 2.0 9.0 0.38 28.0 1.450 0.026
5 75.5 49.5 160.0 21 2.0 6.0 0.63 12.0 24.606 | 1.475
(unit : mm)
(Note) D, : Outer diameter, D, : Inner diameter, I, : Total length, a,: Outer radius of corrugation

a; . Inner radius of corrugation, I, : Length of annular plate, t : Thickness

n . No. of corrugation, K,': Axial stiffness, K, : Lateral stiffness

S w2 74 5l 2o w3E Fig 50] %  (stainless steel) 02 A zalglon], o
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Table 2 Typical stress distribution of the C-shapea bellows

Circumferential Circumferential Meridional
Angle membrane stress bending stress bending stress
Present | Ref. (4) | Ref. (2) | Present | Ref. (4) | Ref. (2) | Present | Ref. (4) | Ref. (2)
0 0.956 1.127 0.935 0.799 0.799 0.812 2.661 2.665 2.710
10 0.926 1.093 0.893 0.794 0.790 0.793 2.645 2.644 2.650
20 0.848 0.995 0.811 0.767 0.761 0.763 2.587 2.572 2.480
30 0.726 0.845 0.687 0.719 0.710 0.733 2.465 2.445 2.280
40 0.576 0.661 0.538 0.647 0.635 0.575 2.276 2.250 2.041
50 0.413 0.466 0.378 0.547 0.534 0.475 2.005 1.970 1.780
60 0.258 0.282 0.227 0.420 0.408 0.357 1.641 1.609 1.423
70 0.129 1.132 0.100 0.266 0.256 0.224 1.183 1.149 1.027
80 0.046 0.034 0.020 0.085 0.085 0.118 0.632 0.612 0.567
90 0.021 0.000 -0.004 -0.107 -0.096 -0.100 0.001 0.023 0.001
(Note) E=21.000 kg/mm? v=0.3, t=1mm, a=10mm, D;=500 mm, F=100kg (unit: kg/mm?)
EIMA9 #2549 AL g2 3t __5Ete
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Fig. 8 Comparison of the equivalent beam and the bellows for mode shapes
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Table 3 Bound and initial values of the design variables
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