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Optimization on internal high-pressure bulging process for cylindrical
shell based on response surface method

Sun Zhiying, Shi Zhengxian, Shen Mingting
(College of Mechanical Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China)

Abstract: For the problems of non-uniform thickness distribution and poor formability of cylindrical shells in the manufacturing process, the
rubber internal high-pressure bulging process was proposed to form cylindrical shells, and the formability of cylindrical shell was improved by
optimizing the process parameters of shoulder force transmission area. Then, the test scheme was designed based on Box Behnken Design in the
response surface method, and taking the inner fillet radius, outer fillet radius, bevel angle and friction factor of the shoulder force transmission
area in the die structure as the design variables and the maximum thinning rate as the response value, the response surface model was estab-
lished and optimized. Furthermore, the variance analysis and correlation analysis were conducted by the response surface model, and the optimal
combination of process parameters for the internal high-pressure bulging of cylindrical shell was determined as the inner fillet radius of 9. 89 mm,
the outer fillet radius of 1 mm, the bevel angle of 10. 13° and the friction factor of 0. 104. Thus, the simulation analysis and test of internal high-
pressure bulging in the cylindrical shell were carried out with the optimal process parameters to verify the reliability of the response surface model
optimization and the accuracy of the simulation analysis.
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Fig. 1  Schematic diagrams of internal high-pressure bulging process for cylindrical shell

(a) Initial stage

F1 SUS304 REERMBHERE S
Table 1 Material property parameters of SUS304 stainless steel

S MR /GPa JEIRIREE/MPa  HUHIIRIE/MPa KR
BUE 205 255 1014 55%

(b) Bulging stage

(¢) Die fitting stage
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Fig. 2 Schematic diagram of designed variables in shoulder force

transmission area
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Table 2 Factors and levels of cylindrical shell in internal

high-pressure bulging

% 3 Box-Behnken iR %It ARSERE
Table 3 Design schemes and results of Box-Behnken experiment

WM SNEMAE R M FEER L RO

KT WEMAERE SMEMAERE Rl JEEAE IR %L
A/mm B/mm c/(°) D

-1 1.0 1.0 10 0. 050

0 5.5 5.5 20 0.125

1 10.0 10.0 30 0. 200

ZA/mm 2 B/mm  C/(°) D KY/ %
1 1.0 1.0 20 0. 125 7.90
2 10.0 1.0 20 0.125 7.29
3 1.0 10.0 20 0. 125 7.49
4 10.0 10.0 20 0. 125 8.72
5 5.5 5.5 10 0. 050 6. 49
6 5.5 5.5 30 0. 050 8.92
7 5.5 5.5 10 0. 200 7.38
8 5.5 5.5 30 0. 200 11.77
9 1.0 5.5 20 0. 050 7.90
10 10.0 5.5 20 0. 050 8.36
11 1.0 5.5 20 0. 200 9.92
12 10.0 5.5 20 0. 200 9.61
13 5.5 1.0 10 0. 125 6.17
14 55 10.0 10 0. 125 6.26
15 5.5 1.0 30 0. 125 8. 84
16 5.5 10.0 30 0. 125 9.94
17 1.0 5.5 10 0. 125 6. 19
18 10.0 5.5 10 0. 125 6.03
19 1.0 5.5 30 0. 125 9.67
20 10.0 5.5 30 0. 125 9. 60
21 5.5 1.0 20 0. 050 7.57
2 5.5 10.0 20 0. 050 8.56
23 5.5 1.0 20 0. 200 9.71
24 5.5 10.0 20 0. 200 10.3
25 5.5 5.5 20 0. 125 8.32
26 5.5 5.5 20 0. 125 8.23
27 5.5 5.5 20 0. 125 8.45
28 5.5 5.5 20 0.125 8.47
29 5.5 5.5 20 0. 125 8.29
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MRPER 3 e B, I s/ vk,
Gline N B AR AL SRR B B
JE C PR EL D Z 18] 5C 8 1Y — By tie) 7 T7 450 2 A
AU A B A e )0 R

Y =5.498 + 0.0544 - 0.027B + 0.204C -
30.748D + 0.0234B + 5 x 107*AC - 0.5704D +
5.611 x 10°BC - 0.296BD + 0.653CD - 9. 823 x

1074 = 9.391 x 107°B* - 3.764 x 107°C* +

138. 193D° (1)
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Table 4 Variance analysis results of maximum thinning

rate for cylindrical shell

A 5% Ffi  PfH

JrRH IR

R 54. 000 14 3. 860 115.47  <0.0001
A 0. 024 1 0. 024 0.73  0.4081
B 1. 200 1 1. 200 35.83  <0.0001
C 34.070 1 34.070 1019. 96 <0. 0001
D 9. 880 1 9. 880 295.85 <0.0001
AB 0. 850 1 0. 850 25.34  0.0002
AC 2.025%x107° 1 2.025x107° 0.061  0.8091
AD 0. 150 1 0. 150 4.44  0.0537
BC 0. 260 1 0. 260 7.63  0.0152
BD 0. 040 1 0. 040 .20 0.2923
ch 0. 960 1 0. 960 28.75  0.0001
A? 0. 260 1 0. 260 7.68  0.0150
B? 0.230 1 0.230 7.02  0.0190
c’ 0.920 1 0.920 27.51  0.0001
D’ 3.920 1 3.920 117.33  <0.0001
k2= 0. 470 14 0.033 — —
RPI0.420 10 0. 042 3.92  0.0999
42z 0.043 4 0.011 — —

MME 54. 470 28 — — —
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HHUEREN, FTEH EBRNE AR A, ZbRIE
WETG T 2045 =k 5 s, ks arl,
IZBRAT R B, DU (40 7 TR R

Y =6.039 - 6.885 x 107°4 — 0. 064B + 0.207C -

35.515D + 0.0234B + 5.611 x 107°BC + 0.653CD -

9.823 x 107°4* = 9.391 x 107°B* = 3.764 x 107 x
C* + 138.193D? (2)

RS EEFRZTRNAESNER
Table 5 Variance analysis results after removing

non-significant terms

JPERIE CFR AmE BE FHE Pa
A 53.81 11 4.890 126. 40 <0.0001
A 0. 024 1 0. 024 0.63 0. 4390
B 1.20 1 1. 200 30.93 <0. 0001
C 34. 07 1 34.070  880.37  <0.0001
D 9.88 1 9. 880 255.36  <0.0001
AB 0.85 1 0. 850 21.87 0. 0002
BC 0.26 1 0. 260 6.59 0. 0200
cD 0.96 1 0. 960 24. 82 0. 0001
A2 0.26 1 0. 260 6.63 0.0197
B? 0.23 1 0. 230 6. 06 0. 0248
c? 0.92 1 0.920 23.75 0. 0001
D? 3.92 1 3.920 101.28  <0.0001
k2% 0. 66 17 0.039 — —
KW 0.61 13 0.047 4.37 0. 0827
42z 0.043 4 0.011 — —

BE 54.47 28 — _ _
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Fig. 3 Comparsion diagram between predicted and actual values
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Table 6 Results of correlation analysis

. R Adjusted R*  Predicted R~ Adeq Precision
BUE 0. 9879 0. 9801 0. 9589 45. 820

0.9879, HzET 1, 1 BH IR KIS 1% T {8 5 52 Br
ER DG, BRI RS S S 1 LU Adeq Pre-
cision {H ] 45.82, KT 4, UiWiZmR 53R, 5L
BREIES IF s 28X Adjusted R* FITFE P 224K Predic-
ted R* 4354 0.9801 £ 0.9589, 1 [a] i 2= {H /N T
0.2, HIHHEET 1, UiHHZBm i A L& f
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Fig. 4 Response surfaces and contour line diagrams of maximum thinning rate

(a) Influence of inner corner radius and outer corner radius on maximum thinning rate

(b) Influence of outer corner radius and angle of beveled edge on maximum thinning rate

(c) Influence of angle of beveled edge and friction factor on maximum thinning rate
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Table 7 Objectives and constraint conditions of

optimization model

WEAfE SN REDMAE BEEIRE SRR
#A/mm 2 B/mm  C/(°) D Y/%

BE 1~10 1~10 10~30 0.05~0.20 /)

®8 MUAFTEREMNE

Table 8 Optimized scheme and predicted values

W MY BHOMEE  BEE N B R

% A/mm B B/mm  C/(°) D Y/ %
B 9.89 1 10. 13 0. 104 5.368

JE % /mm

+1.003e+00
+9.963e-01
+9.896e-01
+9.830e-01
+9.763e-01
+9.696e-01
+9.630e-01
+9.563e-01
+9.497e-01
+9.430e-01
+9.363e-01
+9.297e-01
+9.230e-01
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+9.421e-01
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Fig. 5 Thickness distribution diagrams of cylindrical shells before (a) and after (b) optimization
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Fig. 6 Comparison diagrams of simulated and experimental wall thicknesses for cylindrical shell

(a) Locations of thickness measurement points

(b) Comparison curves between simulated and experimental wall thicknesses
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