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The liner of CNG pressure vessel was manufactured using a deep drawing and ironing (D.D.l.) process with a single
punch. Tip clearance between billet and die suggested in the actual field has been widely used to reduce forming load and
to improve die life. However, the analysis and design of tip clearance is necessary for the third stage of forming defect. In
this study, the tip clearance of the third stage was determined to limit the ratio of reduction of cross-sectional area based
on theoretical analysis. The proposed tip clearance was verified via finite element analysis. In addition, the simulation
technique was established by comparing the forming load based on theoretical calculation with the load determined via

FEM.
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NOMENCLATURE e= Effective strain
& = Radial strain
A3y = Cross sectional area after 3rd drawing process &= Axial strain
Az, = Cross sectional area after 3rd ironing process &9 = Tangential strain
C = Tip clearance 4 = Coulomb friction coefficient
dds; = Drawing die diameter of 3rd stage 0, = Normal stress of die surface

di3, = Ironing die diameter of 3rd stage oy = Von-mises stress of die surface

dms, = Effective diameter of liner o= Effective stress
dp; = Punch diameter of 3rd stage Teoutomy = Coulomb friction force

F,= Forming load of 3rd drawing process Teona = Constant share friction force

F;= Forming load of 3rd ironing process

m = Constant share friction coefficient

ty; = Billet thickness after 2nd process

t;1 = Billet thickness after 3rd drawing process

AA; = Reduction ratio of cross sectional area of 3rd stage

At; 31 = Reduction amounts of thickness after 3rd drawing

process

At;1-3 = Reduction amounts of thickness after 3rd ironing

t;; = Billet thickness after 3rd ironing process process
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Fig. 4 The tip clearances in the D.D.I. process used in the actual field

Table 1 Diameters of punches, drawing and ironing dies according
to tip clearances of the 3rd stage

Tip clearance (%) dp; (mm) dds; (mm) diz; (mm)
0 328.31 346.41 337.86
-5 328.76 345.96 338.31
-10 329.22 345.50 338.77
-15 329.67 345.05 339.22
-20 330.12 344.60 339.67
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Fig. 5 Cross sectional areas (431, A3,) after the drawing and ironing
processes in the 3rd stage

Table 2 Reduction ratios of cross sectional areas according to tip
clearances of the 3rd stage

Tip clearance (%) A3, (mm?) Az, (mm?) Ad; (%)
0 9,589.50 4,996.67 48.89
-5 9,110.03 5,003.46 45.08
-10 8,630.55 5,010.25 41.95
-15 8,151.08 5,017.03 38.45
-20 7,671.60 5,023.82 34.51
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Fig. 9 Strain-flow stress curve of 34CrMo4 according to temperature
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Table 3 Maximum drawing and ironing loads according to tip
clearances of the 3rd stage

Tip clearance Maximum Maximum
(%) drawing load (ton) ironing load (ton)
0 595.44 730.8
-5 632.55 539.77
-10 641.15 486.09
-15 681.50 455.83
-20 697.56 431.84

Table 4 Amounts of thickness reductions according to tip clearances
of the 3rd stage

Tip clearance t31 I Aty Aty13
(%) (mm) (mm) (mm) (mm)
0 9.05 4.78 0.00 4.27
-5 8.60 4.78 0.45 3.82
-10 8.14 4.78 0.91 3.37
-15 7.69 4.78 1.36 2.92
-20 7.24 4.78 1.81 2.46

Tip clearance of -20%

g

g

Forming load (ton)
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g 8

(=]
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Time (s)

Fig. 11 Forming load according to time when tip clearance is -20%

colet ) Ao]e] Aelolu], A(9)F olgte] 3% =24 2
ofolold 8% F A4 FALE 1S AL E3E, 4]
(100041 A1) ol g o] E2o) 34 F 57| UhH(Ans )
% ofololyd B F A AAFAn, )E EESHICh Table 4
of wh=w, grol 0 mlwiel B Fejojelisl HgH =2e) FHO
= Qlste] 2o FAA7E Z9lom, | Sejofeiz glo] Aobas:
5 £29) FAoIA] T ghge] Holuar ofolod FelA
7 ghaspol gasgint. E2q B4 Y Seloluig &
o 2% AFFORA, 33 B TRl FAE
ule) A Q4 7HE otolold BRI AR AT W
Aok B F e S gH35%) o] thE WHEAIZIT,

ddy,—dp di,—dp
= 312 3= 322 3 ©)
Aty 31 = I—15 (10)
ALy 3 =131~ 1 (11)

Folds [3D element]
Frin .
+— Folding occurs
08
06
1707.6mm
04
02

o— No folding

\
1
1
[
[l
]
1
i
i
I}

Fig. 12 Liner shape after the 3rd stage when tip clearance is -20%

Table 5 Comparison of the forming loads obtained from theoretical
calculation and that from FEM

Theory FEM Error

Drawing load 783.54 ton 697.56 ton 10.97%

[roning load 473.84 ton 431.84 ton 8.86%
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