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ABSTRACT

The aims of this research are to establish the forming limit curve (FLC) of tubular material
low carbon steels commonly used in Thai industry, verify these FLCs with real part forming
experiments, and compare these experimentally obtained FLCs against analytical ones available in
FEA software database. A self-designed bulge forming apparatus of fixed bulge length and a
hydraulic test machine with axial feeding are used to carry out the bulge tests. Loading paths resulting
to linear strain paths at the apex of the bulging tube are determined by FE simulations in conjunction
with a self-compiled subroutine. These loading paths are used to control the internal pressure and
axial feeding punch of the test machine. In this work a common low carbon steel tubing grade STKM
11A, with 28.6 mm outer diameter and 1.2 mm thick is studied. Circular grids are electro chemically
etched onto the surface of tube samples. Subsequently, the tube samples are bulge-formed. The
forming process is stopped when a burst is observed on the forming sample. Afier conducting the
bulge tests, major and minor strains of the grids located beside the bursting line on the tube surface
are measured to construct the forming limit curve (FLC) of the tubes. The forming limit curves
determined for these tubular materials are put to test in formability evaluations of test parts forming in
real experiment.

It was found that the tool geometry can keep the strain ratio constant is not dependent on the

thickness but only on OD of the tube, as in equations L = OD and 1y = 12:20-

The experimental
FLDs have predicted failures in forming process consistently with the real experiments. The

experimentally obtained forming limit curves (determined following STKM 11A) differ from



empirical one (from FEA software) and analytical one by about 0.02339 and 0.15736 true strain

respectively at FLD,, the corresponding plane strain values.
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CHAPTER 1

INTRODUCTION

1.1 Significance and Background

Transportation of people and goods has always been one of the sectors that consume most
of energy resources and continuing to increase the consumption level at a rapid rate. Design and
production of high strength-to-weight ratioed automotive parts is now encouraged or even
enforced in most developed countries. Tube hydroforming technology is a promising new
forming process that produces tubular automotive parts with significant weight reduction.

Tube hydroforming is a tubular material-forming process that uses a pressurized fluid in
place of hard tooling, i.e. punch, to plastically deform a given blank material into a desired shape.
With this technique, more complex shapes with increased strength and reduced weight can be
manufactured as compared with stamping, forging or casting processes

The forming limit diagram (FLD) of tubular materials should be established, because it
clearly shows the formability of the hydraulic forming processes. A few studies concerning the
loading paths or the forming limit of tubes and sheets have been reported. For example, Jieshi
Chen (2009) study Sheet metal forming limit prediction based on plastic deformation energy, the
sheet metal forming limit is calculated by fitting curve from experimental data. The forming limit
curves determined for these sheet materials were put to test in formability evaluations of test parts
forming in both real experiment and numerical simulation that in this study he selected sheet
material ST14 with 0.8 and 0.85 mm thick. Yeong-Maw Hwang (2008) used bulge tests to
establish the forming limit diagram (FLD) of tubular material AA6011. Then he compared it with
the forming limits from analytical FLCs using the n values obtained by tensile tests and bulge
tests. E. Chu and Yu Xu (2008) showed work done by investigators who investigated the
prediction of forming limit diagrams (FLDs) for tube hydroforming of 6061-T4 seamless
extruded tubes.

From the literatures reviewed, it is clear that experimental determination of FLC using a
hydraulic bulging tube apparatus is necessary for accurate tube hydroforming part and process
design. So far, a consistent conclusion for forming limit theorems of tubular materials has not

been established and the forming limit diagram for STKM 11A tubes has not been found.



Therefore, this work aims to develop a capability to experimentally determine forming

limit curves (FLC) of tubular materials available in Thailand. In this work, hydraulic forming

machines are developed, experiments of bulge tests with and without axial feeding are carried out,

loading paths leading to the linear strain paths at the pole of the forming tube are determined by

FEA and are used to control the internal pressure and axial feeding in the forming limit

experiments. The experimentally obtained forming limits are later compared with some analytical

and empirical FLCs. A commonly available low carbon steel tubing, STKM 114, is chosen to be

the target material in this study.

1.2 Objectives

1.2.1

To design a tube bulge forming apparatus to carry out tube hydraulic bulge test.

1.2.2  To determine the forming limit curve (FLC) of tubular material low carbon steels
commonly used in Thai industry
1.2.3  To verify the forming limit curve (FLC) with real part forming experiments for
actual applications.
1.3 Scopes
1.3.1 The designed bulge forming apparatus is to be used with MTEC hydroforming
system, maximum pressure 1000 bars, 200 tons hydraulic press.
1.3.2 The test tooling is to be designed for a material low carbon steel tubing
commonly used in Thai industry, namely STKM 11A with 1.2 mm thickness and
28.6 mm outer diameter.
1.3.3 Finite element software (DYNAFORM) is to be used for design tooling and
loading curve.
1.3.4 A real tubular part hydroforming experiments (Fuel filler) is to be used to verify
FLCs
1.4 Expected Benefits
1.4.1 Being able to use the forming limit curve (FLC) for tubular formability
evaluations accurately.
1.4.2 Useful the forming limit curve (FLC) that can be used to further develop THF

processes in the automotive industries.



CHAPTER 2

LITERATURE REVIEWS

2.1  Introduction to Tube Hydroforming (THF)

Tube hydroforming is a tubular material-forming process that uses a pressurized fluid in
place of hard tooling, i.e. punch, to plastically deform a given blank material into a desired shape
as depicted in Figure 2.1. During a hydroforming process, a tube is placed in the closed cavity of
a forming die. The ends of the tube are sealed by the axial punches. The axial punches are
necessary to seal the end of the tube to avoid pressure losses and to feed material into expansion
regions. After the ends of the tube are sealed, the hydraulic fluid is injected into the inner of the
tube and the tube is formed to conform the shape of the die cavity. They should feed the material
into the deformation zone in a controlled way, and in synchronization with internal pressure, i.e.
pressure versus time and axial force versus time should be controlled and coordinated. Tube
hydroforming process has drawn increasing attention in the automotive industries due to its
several advantages comparing with the conventional forming process (stamping, forging or
casting processes), such as reduction of the weight of components and overall number of

processes and more complex shapes with increased strength as show in Figure 2.2.

Dies Insert blank Seal
Pressurise and feed Final component

o

Figure 2.1 Schematic illustration of the hydroforming of a bulge in a tube

The first patented hydroforming application was obtained by Milton Garvin of the
Schaible Company of Cincinnati, Ohio, for producing kitchen spouts in the 1950s. Since the
1990s, hydroforming has made an impactful comeback due to the advancements in computer
controls, hydraulic systems and recently developed process and part design guidelines, and

various forged or stamped structural parts have been replaced by parts formed with tube



hydroforming technology (THF). Substantial weight and cost savings were realized with
hydroformed steel parts because of the part consolidation, less post-forming processes (i.e.,
joining such as welding and piercing) and initial thinner material thickness opportunities
(Dohmann, 1991; Kog, 2001; Murray, 1996 and Morphy, 1997).

Figure 2.2 Example tube hydroformed parts: a 2004 Ford F-150, chassis frame

In this study, focus is placed on the straight tube hydroforming process. In the straight
tube hydroforming process, axial force is always applied at the ends of the tube simultaneously
with the internal hydraulic pressure. Therefore, the material is fed into the deformation zone
during the forming process more expansion and less thinning. For the straight tube hydroforming
process, three characteristic failure modes, i.e., buckling, wrinkling, and bursting, are involved.
Buckling failure, which induces if high axial force acts on the beginning of the process, is a
function of the tube parameters and it is easy to be estimated in theoretical terms. Wrinkling
failure, which occurs in the expansion zone if the axial feeding is too high, sometimes can be
eliminated again by increasing the internal pressure during the final stage of the hydroforming
process. Bursting failure occurs as a result of excessive high internal pressure. By contrast with
buckling and wrinkling failure, bursting failure is irrecoverable. In order to obtain the final sound
hydroformed product, it is necessary to study the forming limit diagram of the straight tube
hydroforming process to optimize the forming process, and to reduce and finally eliminate the

costly die try-out in hydroforming process design.



2.2  Material property

For the sheet material, the ability to transform shaped, it called “formability”, should also
be considered. To assess formability, we can know behavior of the sheet from mechanical tests. In

sheet metal forming, we are interest two principles that are elastic and plastic deformation.

2.2.1 Stress

Stress is define as force, F, at a point

F
o =— 2.1
A 2.1

Where A is the area at force action
In Figure 2.3 as show the components of stress. The normal stress is the force
acting normal to the plane. It may be tensile or compressive. The shear stress component is the

force acts parallel to the plan (Hosford and Caddell, 2007).

Z On
Ozx
Oxz
l ML Syy
Oxy
ol Ly

Figure 2.3 Components of stress on element (Hosford and Caddell, 2007).

2.2.2 Strain
Strain is total deformation in body, when the points in body are displaced by
deformation, which can be divided 2 types that are elastic strain and plastic strain. The elastic
strain means when the shape is deformed no force acting, element in body will move back to
origin shape. But for the plastic strain when unloading material holds permanent deformation. We

identify the plastic deformation by equation (2.2)



e=lnt 2.2)
Ly

Where /= Final length
l,= Original length

2.2.3 Tensile Test

This is typical of a number of standard test specimens. A tensile test specimen is
shown in Figure 2.4. The initial thickness is f, and the length of tensile test specimen that is a
smallest amount four times the width, w,. The load on the specimen, F , is measured by a load
cell in the testing machine. The gauge length /; is monitored by an extensometer in the middle of
the specimen and the change in width is measured by a transverse extensometer. During the test,

load and extension will be recorded in a data acquisition system. (Marciniak et al., 2002).

F

Figure 2.4 Typical tensile specimen (Marciniak et al., 2002).
2.24 The Engineering Stress-Strain Curve

Figure 2.5 shows load-extension diagram for a tensile test. The elastic extension
is so small that it can’t be seen. The initial yield load, Fy , is plastic deformation commence
begin. During this part of the test, the cross-sectional area of specimen decreases while the length
increases; the load maximum, Fm, was a point reached when the strain-hardening effect

balanced the rate of decrease in area.
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APPENDIX B

DATA ANALYSIS

Curve Correction

lq1
l, =2 'n‘l( 1 )
1 = 27gp Si P

1 L
l, = 2ryp sin 1(22 )

Where l;=  Major deformation
l,=  Minor deformation

l;'=  Captured major deformation
l'=  Captured minor deformation
Top= Meridian radius of curvature at the pole

Tgp=  Circumferential radius of curvature at the pole

Strain

i

g1 =In—= N
1 d

Iz

d

Where € =  Major strain

€2 =1In

€= Minor strain

d

Initial grid length
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Setl
No.| rgp | 7pp |Position| L1' 2 L L1 L2 £ &2 3
1 (18.43] 95.22 | -47.5 |3.573 | 2.653 |2.72 |3.5786|2.6531(0.2743 }0.0249(-0.0908
-35 3.6 | 2.64 |2.72 |3.6057(2.6401/0.2819}0.0298]-0.1058
-22.5 | 3.72 | 2.64 |2.72 |3.7263|2.6401|0.3148}0.0298|-0.0947
-10 | 3.427 | 2.65 |2.72 |3.4320|2.6501{0.2325}0.0260|-0.1120
25 3.42 | 2.65 |2.72 {3.4249|2.6501(0.2304-0.0260{-0.1130
15 3.627 | 2.66 12.72 |3.6329|2.6601{0.28940.0223(-0.0770
30 3.933 | 2.64 |2.72 |3.9405|2.6401{0.3707 -0.0298|-0.0805
42.5 |3.653 | 2.65 |2.72 [3.6590/2.6501|0.2966 -0.0260|-0.0878
2 |17.75| 111.87 | -37.5 |3.587 | 2.66 |2.72 (3.5931{2.6601|0.2784}0.0223|-0.0800
-25 | 3.601| 2.66 |2.72 (3.6072|2.6601(0.2823}0.0223]-0.0789
-12.5 |3.533 | 2.668 |2.72 {3.5389|2.6681|0.2632-0.0193|-0.0733
0 3.294 | 2.67 |2.72 |3.2987|2.6701|0.1929}0.0185(-0.0961
15 3.467 | 2.673 12.72 |3.4725|2.6731|0.2443}0.0174|-0.0713
27.5 | 3.68 | 2.658 |2.72 |3.6866|2.6581/0.3041}0.0230|-0.0758
40 3.76 | 2.66 [2.72 |3.7671|2.6601|0.3257}0.0223|-0.0684
3 |16.35] 260.11| -40 |3.307 | 2.68 |2.72 (3.3127(2.6800]0.1971}0.0148]-0.0751
=275 | 3.2 | 2.68 |2.72 |3.2051|2.6800|0.16410.0148(-0.0902
-15 3.32 | 2.667 |2.72 |3.3257/2.6670(0.2011}0.0197|-0.0978
2.5 ] 2.973 | 2,68 |2.72 |2.9771/2.6800{0.0903 {0.0148[-0.1640
10 3.281 | 2.665 |2.72 |3.2865(2.6650{0.1892}0.0204(-0.1079
22.5 13.254 | 2.667 |2.72 |3.2594(2.6670|0.1809}-0.0197(-0.1087
35 3.173 | 2.67 |2.72 |3.1780|2.6700|0.1556 0.0185|-0.1192
45 3.267 | 2.665 |2.72 |3.2725|2.6650{0.1849 }0.0204|-0.1105
4 115.38/ 863.13 | -37.5 | 3.053 | 2.69 |2.72 |3.0580|2.6900]0.1171}0.0111]-0.0947
-25 [ 3.055 | 2.693 (2.72 |3.0600(2.6930|0.11780.0100|-0.0847
-12.5 | 3.08 | 2.7 (2.72 |3.0852|2.7000|0.1260}0.0074|-0.0586
0 2.872 | 2.7 |2.72 |2.8762|2.7000/0.0558}0.0074(-0.1322
125 | 3.08 | 2.7 |2.72 |3.0852{2.7000{0.1260}0.0074(-0.0586
25 3.067 | 2.694 (2.72 |3.0721{2.6940{0.1217 -0.0096|-0.0789
375 | 3.04 | 2.7 |2.72 |3.0450|2.7000|0.1129}0.0074|-0.0654
5 ]15.16/1456.14| -37.5 | 3.053 | 2.701 |2.72 |3.0582|2.7010|0.1172}0.0070 -0.0598
-25 [ 3.008 | 2.701 (2.72 |3.0130{2.7010{0.10230.0070|-0.0685
-12.5 3 2.704 |2.72 |3.0049/2.7040/0.0996 -0.0059|-0.0592
0 2.84 |2.712 (2.72 |2.8442|2.7120/0.0446 10.0029|-0.0660
12.5 12.933 | 2.703 [2.72 |2.9376|2.7030|0.0770}0.0063|-0.0815
25 2.987 | 2.701 12.72 |2.9919|2.7010{0.0953 }0.0070|-0.0736
35 2.977 | 2.707 |2.72 |2.9818)2.7070{0.0919}-0.0048|-0.0521
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Set2

No.| 7gp | 7,p |Position| L1' 2" | L 11 L2 & & §

1 [20.28] 54.67 -45  {3.908 | 2.5 [2.72 |3.9141{2.5002{0.3639|0.0843{-0.2315

-35 3.6 2.64 (2.72 (3.6057/2.6401}0.2819}0.0298(-0.1058

-22.5 | 3.72 | 2.64 |2.72 |3.7263|2.6401|0.3148|0.0298|-0.0947

-10 13.427 | 2.65 |2.72 |3.4320(2.6501|0.2325}0.0260{-0.1120

25 342 | 2.65 |2.72 |3.4249}2.6501{0.2304 }0.0260|-0.1130

15 [3.627 | 2.66 [2.72 |3.6329]2.6601/0.28940.0223/-0.0770

30 |3.933 | 2.64 |2.72 (3.9405/2.6401{0.3707 -0.0298|-0.0805

42.5 [3.653 | 2.65 |2.72 {3.6590|2.6501|0.2966 }0.0260|-0.0878

2 117.75} 111.87 | -37.5 [3.587 | 2.66 [2.72 [3.5931|2.6601|0.27840.0223|-0.0800

-25 13.601 | 2.66 |2.72 |3.6072|2.6601{0.2823 }0.0223[-0.0789

-12.5 |3.533 | 2.668 |2.72 |3.53892.6681|0.2632}0.0193|-0.0733

0 3.294 | 2.67 (2.72 {3.2987{2.6701{0.1929{0.0185|-0.0961

15 3.467 | 2.673 (2.72 (3.4725{2.6731{0.2443}0.0174/-0.0713

27.5 | 3.68 |2.658 [2.72 |3.6866/|2.6581{0.3041}0.0230|-0.0758

40 3.76 | 2.66 [2.72 |3.7671|2.6601|0.3257 0.0223{-0.0684

3 |16.35 260.11 | -40 [3.307 | 2.68 {2.72 |{3.3127(2.6800/0.1971/0.0148|-0.0751

-27.5 | 3.2 2.68 |2.72 13.2051|2.6800(0.1641}-0.0148(-0.0902

-15 3.32 |2.667 |2.72 |3.3257{2.6670|0.2011}-0.0197(-0.0978

-2.5 12.973 | 2.68 |2.72 |2.9771|2.6800{0.0903 [-0.0148|-0.1640

10 [3.281 | 2.665 |2.72 |3.2865|2.6650/0.189210.0204]-0.1079

22.5 [3.254 |2.667 (2.72 |3.2594|2.6670/0.18090.0197|-0.1087

35 }3.173 | 2.67 |2.72 {3.1780|2.6700|0.1556 [0.0185]-0.1192

45 3.267 | 2.665 (2.72 {3.2725|2.6650|0.18490.0204]-0.1105

4 |15.38| 863.13 | -37.5 |3.053 | 2.69 |2.72 |3.0580|2.6900/0.1171}-0.0111|-0.0947

=25 [3.055 |2.693 |2.72 |3.0600]2.6930{0.11780.0100|-0.0847

-12.5 | 3.08 2.7 12.72 |3.08522.7000{0.1260}0.0074|-0.0586

0 2.872 | 2.7 |2.72 |2.87622.7000/0.0558-0.0074]-0.1322

125 | 3.08 2.7 12.72 |3.0852|2.7000(0.12600.0074/-0.0586

25 13.067 | 2.694 |2.72 [3.0721|2.6940{0.1217}0.0096/-0.0789

375 | 3.04 2.7 12.72 |3.0450{2.7000{0.1129}0.0074| -0.0654

5 |15.16{1456.14/ -37.5 (3.053 |2.701 (2.72 |3.0582{2.7010]0.1172}0.0070]-0.0598

-25 3.008 {2.701 |2.72 |3.0130|2.7010/0.1023 }0.0070!{-0.0685

-125 3 2.704 12.72 13.0049|2.7040|0.0996 -0.0059/|-0.0592

0 2.84 |2.712 |2.72 |2.8442|2.7120|0.0446 }0.0029|-0.0660

12.5 12.933 | 2.703 |2.72 |2.9376|2.7030{0.0770}0.0063|-0.0815

25 |2.987 |2.701 |2.72 |2.9919]2.7010(0.0953 }-0.0070|-0.0736

35 [2.977 | 2.707 |2.72 (2.9818|2.7070(0.0919}0.0048]-0.0521
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Set2 (Cont.)
No.| rpp | Typ [Position| LI' L2' L L1 L2 € € 13
6 |16.04| 514.78 -40 |3.173 | 2.652 |2.72 |3.1782}2.6520{0.1557+0.0253|-0.1626
-25 3.2 }2.654 |2.72 |3.2053|2.6540{0.1642 |0.0246{-0.1496
-15  13.107 | 2.657 |2.72 |3.1119{2.6570{0.1346}0.0234|-0.1741
0 3.067 | 2.659 |2.72 |3.0717)2.6590/0.1216}0.0227|-0.1865
15 3.093 | 2.657 |2.72 |3.0978]2.6570{0.1301 }0.0234{-0.1802
25 13.227 |2.657 [2.72 }3.2325|2.6570]/0.1726 }0.0234/-0.1358
40 3.16 |2.653 |2.72 |3.1651{2.6530(0.1516}0.0249|-0.1646
Set3
No.| rgp | 7,p [Position| L1' | L2' L L1 L2 €1 € 13
1 121.62| 51.39 | -45.0 | 4.51 | 2.36 {2.72 | 4.5152| 2.3632 | 0.5068 |-0.1406 -0.2774
-32.5 | 4.61 | 2.34 (2.72 | 4.6228 2.3402 { 0.5304 {-0.1504 {-0.2836
-20.0 | 4.72 | 2.32 {2.72 | 4.7294 | 2.3152 | 0.5532 {-0.1611 |-0.2913
-7.5 3.93 | 2.35 12.72 | 3.9384 | 2.3502 | 0.3702 |{-0.1461 |-0.3948
5.0 3.97 | 2.35 {2.72 | 3.9786 | 2.3542 | 0.3803 |-0.1444 |-0.3798
17.5 4.16 | 2.36 |2.72 | 4.1664 | 2.3612 | 0.4264 |-0.1415 [-0.3317
30.0 4.80 | 2.32 |2.72 | 4.8099 | 2.3202 | 0.5700 {-0.1590 |-0.2789
425 444 1 2.36 12.72 | 4.4478 | 2.3602 | 0.4918 {-0.1419 |-0.2885
2 [19.10] 86.17 | -37.5 | 3.88 | 2.44 |[2.72 | 3.8867 | 2.4431| 0.3569 |-0.1074 -0.3008
-25.0 | 3.87 | 2.45 |2.72 | 3.8726 | 2.4541 | 0.3533 [-0.1029 [-0.2912
-12.5 | 3.80 | 2.46 |2.72 | 3.8063 | 2.4571 | 0.3360 {-0.1017 |-0.3025
25 3.63 | 246 [2.72 | 3.6325] 2.4641 | 0.2893 |-0.0988 |-0.3416
15.0 3.67 | 2.47 [2.72 | 3.6727| 2.4671 | 0.3003 |-0.0976 |-0.3250
30.0 3.90 | 2.47 12.72 | 3.9018 | 2.4671 | 0.3608 |-0.0976 |-0.2705
425 3.89 | 243 |2.72 | 3.8998 | 2.4301 | 0.3603 {-0.1127 |-0.3128
3 119.08/ 83.61 | -37.5 | 3.83 | 2.43 |2.72 | 3.8334 | 2.4341 | 0.3431 (-0.1111 [-0.3237
-25.0 | 3.88 | 2.44 |2.72 | 3.8877 | 2.4371 | 0.3572 |-0.1098 |-0.3075
-12.5 | 3.55 | 2.45 |2.72 | 3.5521 2.4531 | 0.2669 |-0.1033 |-0.3870
0.0 3.51 | 2.47 |2.72 | 3.5120 2.4671 | 0.2555 |-0.0976 {-0.3819
12.5 3.77 | 2.45 (2.72 | 3.7792 | 2.4541 | 0.3289 {-0.1029 |-0.3128
25.0 3.90 | 2.43 {2.72 | 3.9028 | 2.4331 | 0.3611 {-0.1115 |-0.3087
375 | 3.80 | 2.43 [2.72 | 3.8063 | 2.4331 | 0.3360 |-0.1115 |-0.3317
4 118.15] 150.59 | -40.0 | 3.72 | 2.44 (2.72 | 3.7265] 2.4400 | 0.3148 [-0.1086 -0.3450
-27.5 | 3.72 | 2.45 (2.72 | 3.7265 | 2.4540 | 0.3148 {-0.1029 |-0.3268
-15.0 | 3.40 | 2.45 {2.72 | 3.4050 | 2.4540 | 0.2246 |-0.1029 [-0.4581
-2.5 3.36 | 2.47 (2.72 | 3.3648( 2.4700 | 0.2127 |-0.0964 |-0.4531
10.0 3.52 | 2.46 [2.72 | 3.5255 2.4570 | 0.2594 {-0.1017 |-0.3920
2255 3.64 | 243 {2.72 | 3.6461 | 2.4340 | 0.2930 {-0.1111 [-0.3791
35.0 3.71 | 243 [2.72 | 3.7145| 2.4270 | 0.3116 |-0.1140[-0.3657
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Set3 (Cont.)
No.| rgp Typ [|Position| L1' L2' L L1 L2 & £ 13
5 {18.69{ 105.41| -45.0 | 3.69 | 2.48 |2.72 | 3.6990 | 2.4801 | 0.3074 |-0.0924 {-0.3004
-32.5 | 3.72 | 2.49 {2.72 | 3.7262 | 2.4901 | 0.3147 |-0.0883 |-0.2806
-20.0 | 3.67 | 2.51 |2.72 | 3.6729 | 2.5101 | 0.3004 |-0.0803 {-0.2674
-7.5 | 3.41 | 2.51 |2.72 | 3.4178 | 2.5051 | 0.2284 {-0.0823 |-0.3605
7.5 3.47 | 2,51 {2.72 | 3.4720( 2.5071 | 0.2441 |-0.0815 |-0.3340
20.0 | 3.80 | 2.50 |2.72 | 3.8066 | 2.4951 | 0.3361 |-0.0863 |-0.2568
325 | 3.73 | 2.50 {2.72 | 3.7392 | 2.5001 | 0.3182 |-0.0843 {-0.2649
45.0 | 3.78 | 2.50 |2.72 | 3.7814 | 2.5001 | 0.3295 |-0.0843 |-0.2559
6 |17.33] 765.80| -40.0 | 3.43 | 2.52 |2.72 | 3.4326 | 2.5230 | 0.2327 |-0.0752 |-0.3231
-27.5 | 3.43 | 2.55 {2.72 | 3.4326 | 2.5470 | 0.2327 {-0.0657 |-0.2824
-15.0 | 3.33 | 2.55 }2.72 | 3.3392 | 2.5490 | 0.2051 {-0.0649 |-0.3166
0.0 3.36 | 2.55 [2.72 | 3.3653 | 2.5530 | 0.2129 |-0.0634 {-0.2976
125 | 3.41 | 2.53 |2.72 | 3.4185 | 2.5270 | 0.2286 |-0.0736 |-0.3220
27.5 | 3.43 | 2.52 |2.72 | 3.4326 | 2.5230 | 0.2327 |-0.0752 |-0.3231
40.0 | 3.41 | 2.53 {2.72 | 3.4185| 2.5270 | 0.2286 |-0.0736 (-0.3220
7 |17.21| 314.92| -45.0 | 3.36 | 2.54 {2.72 | 3.3654 | 2.5370 | 0.2129 |-0.0696 |-0.3271
-32.5 | 3.40 | 2.53 |2.72 | 3.4056 | 2.5300 | 0.2248 |-0.0724 |-0.3221
-20.0 | 3.40 | 2.54 [2.72 | 3.4056 | 2.5350 | 0.2248 |-0.0704 |-0.3134
-1.5 3.25 | 2.55 |2.72 | 3.2579 | 2.5530 | 0.1804 |-0.0634 |-0.3511
7.5 | 335 255 {2.72 | 3.3523 | 2.5500 | 0.2090 {-0.0645 |-0.3088
20.0 | 3.43 | 2.54 |2.72 | 3.4327 | 2.5370| 0.2327 |-0.0696 |-0.2993
325 | 3.37 | 2.54 {2.72 | 3.3794 | 2.5350 | 0.2171 |-0.0704 |-0.3245
45.0 | 3.39 | 2.53 [2.72 | 3.3925| 2.5340 | 0.2209 |-0.0708 |-0.3206
8 (16.08) 598.16{ -40.0 | 3.15 | 2.60 |2.72 | 3.1520 | 2.6020 | 0.1474 |-0.0444 -0.3008
-25.0 | 3.16 | 2.61 |2.72 | 3.1651 | 2.6100 | 0.1516 |-0.0413 |-0.2724
125 | 3.05 | 2.60 {2.72 | 3.0586 | 2.6000 | 0.1173 [-0.0451 [-0.3846
0.0 | 3.00 | 2.62 {2.72 | 3.0044 | 2.6200 | 0.0994 |-0.0375 |-0.3767
125 | 3.09 | 2.61 {2.72 | 3.0978 | 2.6130 { 0.1301 {-0.0401 |-0.3086
25.0 | 3.13 | 2.60 |2.72 | 3.1380 | 2.6000 | 0.1429 {-0.0451 |-0.3156
40.0 |} 3.12 | 2,60 |2.72 | 3.1249 | 2.5970 | 0.1388 |-0.0463 |-0.3334
9 (16.04( 927.01{ -45.0 | 3.15 | 2.61 |2.72 | 3.1521 | 2.6140 | 0.1474 |-0.0397 -0.2696
-32.5 | 3.16 | 2.61 {2.72 | 3.1651 | 2.6130| 0.1516 |-0.0401 |-0.2648
-20.0 | 3.16 | 2.62 }2.72 | 3.1651 | 2.6150 | 0.1516 |-0.0394 |-0.2597
-7.5 1299 | 2.62 |2.72 | 2.9913 | 2.6170 | 0.0951 |-0.0386 |-0.4060
75 | 3.09 | 2.61 (2.72 | 3.0978 | 2.6070 | 0.1301 (-0.0424 {-0.3262
20.0 | 3.21 | 2.62 |2.72 {3.2184 | 2.6170 | 0.1683 |-0.0386 [-0.2294
325 | 3.13 | 2.62 [2.72 | 3.1380 | 2.6170 | 0.1430 |-0.0386 {-0.2700
45.0 | 3.15 | 2.61 [2.72 | 3.1521] 2.6140 | 0.1474 |-0.0397 |-0.2696
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Set4

No.| rgp | 1,p |Position| L1' L2' L L1 L2 g & 13

1 (23.71} 38.50 | -45.0 | 4.84 | 2.23 {2.72 | 4.8484 | 2.2303 | 0.5780 |-0.1985 (-0.3434
-32.5 | 519 | 2.16 {2.72 | 5.1974 { 2.1603 | 0.6475 |-0.2304 {-0.3558
-20.0 | 5.23 | 2.15 [2.72 | 5.2366 | 2.1543 | 0.6550 |-0.2332 |-0.3560
-7.5 433 | 2.20 j2.72 } 4.3401| 2.1973 | 0.4673 {-0.2134 {-0.4567
75 4.00 | 2.20 {2.72 | 4.0048 | 2.2023 | 0.3869 |-0.2111 |{-0.5458
20.0 | 4.69 | 2.15 [2.72 | 4.7007 | 2.1543 | 0.5471 {-0.2332 |-0.4262
325 | 5.73 | 2,11 {2.72 | 5.7471| 2.1083 | 0.7481 |-0.2548 [-0.3406
45.0 | 4.93 | 2.17 [2.72 | 49419 2.1733 | 0.5971 {-0.2244 |-0.3758

2 (21.15{ 81.54 | -45.0 | 4.20 | 2.31 |2.72 | 4.2069 | 2.3081 | 0.4361 |-0.1642 {-0.3766
-32.5 | 4.25 ] 2.33 |2.72 | 4.2612{ 2.3331 | 0.4489 |-0.1534 |-0.3418
-20.0 | 4.19 | 2.35 (2.72 | 4.1939 | 2.3481 | 0.4330 |-0.1470 |-0.3396
-7.5 3.84 | 2.32 [2.72 | 3.8453 | 2.3231 | 0.3462 {-0.1577 |-0.4556
7.5 3.87 | 2.37 {2.72 | 3.8734 | 2.3671 | 0.3535 |{-0.1390 |-0.3931
20.0 | 4.20 | 2.31 |2.72 | 4.2069 | 2.3071 | 0.4361 {-0.1647 |-0.3776
325 [ 436 | 231 (2.72 | 4.3708 | 2.3101 | 0.4743 |-0.1634 |-0.3444
45.0 | 4.36 | 2.29 {2.72 | 4.3698 | 2.2911 | 0.4741 {-0.1716 |-0.3620

3 119.01| 298.44| -45.0 | 3.76 | 2.41 |2.72 | 3.7682 | 2.4070 | 0.3260 |-0.1222 [-0.3750
-32.5 [ 3.71 | 2.41 |2.72 | 3.7129{ 2.4080 | 0.3112 {-0.1218 |-0.3915
-20.0 | 3.80 | 2.42 (2.72 | 3.8064 | 2.4230 | 0.3360 {-0.1156 |-0.3441
-7.5 3.35 | 2.42 {2.72 | 3.3513 | 2.4230 | 0.2087 |-0.1156 |-0.5539
7.5 3.51 | 2.43 {2.72 | 3.5120( 2.4270 | 0.2556 |-0.1140 |-0.4460
200 | 3.68 | 2.42 |2.72 | 3.6858 | 2.4200 | 0.3038 (-0.1169 |-0.3846
325 | 3.71 | 241 (2.72 | 3.7129 | 2.4070 | 0.3112 |-0.1222 {-0.3929
45.0 | 3.72 | 2.41 |2.72 | 3.7260 | 2.4100 | 0.3147 |-0.1210 {-0.3845

4 118.88( 68.16 | -45.0 | 3.73 | 2.39 [2.72 | 3.7391 2.3911 | 0.3182 |-0.1289 -0.4050
-32.5 | 3.63 | 2.42 [2.72 | 3.6336 | 2.4201 | 0.2896 [-0.1168 |-0.4034
-20.0 | 3.69 | 2.39 (2.72 | 3.6989 | 2.3891 | 0.3074 |-0.1297 |-0.4219
-7.5 3.45 | 241 {2.72 | 3.4578 | 2.4101 | 0.2400 {-0.1210 (-0.5040
7.5 3.40 | 2.42 {2.72 { 3.4046 | 2.4201 | 0.2245 |-0.1168 |-0.5203
20.0 | 3.51 | 2.41 |{2.72 { 3.5121 2.4071| 0.2556 |-0.1222 |-0.4781
32.5 | 3.60 | 2.39 [2.72 | 3.6055 | 2.3901 { 0.2818 |-0.1293 {-0.4588
45.0 | 3.75 | 2.40 {2.72 | 3.7532| 2.3971 | 0.3220 {-0.1264 |-0.3925

5 |18.89/ 234.50| -45.0 | 3.80 | 2.42 |2.72 | 3.8064 | 2.4200 | 0.3361 |-0.1169 |-0.3477
-32.5 | 3.65 | 2.42 {2.72 | 3.6597 | 2.4200 | 0.2968 |-0.1169 |-0.3938
~20.0 | 3.75 | 2.44 {2.72 | 3.7532 | 2.4350 | 0.3220 {-0.1107 |-0.3438
-7.5 3.59 | 2.45 (2.72 | 3.5924 | 2.4450 | 0.2782 |-0.1066 {-0.3831
7.5 3.52 | 2.44 [2.72 | 3.5251] 2.4370 | 0.2593 {-0.1099 (-0.4237
200 | 3.76 | 2.42 |2.72 | 3.7672 | 2.4240 | 0.3257 {-0.1152 [-0.3537
325 | 3.75 | 2.43 [2.72 | 3.7532 | 2.4250 | 0.3220 |-0.1148 {-0.3565
45.0 | 3.76 | 2.42 |2.72 | 3.7662 | 2.4210 | 0.3254 [-0.1164 [-0.3578
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Set4(Cont.)

No.| rgp Top |Position L1 L2' L L1 L2 € € £

6 [18.44; 191.23| -45.0 | 3.72 | 2.45 {2.72 | 3.7273 | 2.4510| 0.3151 {-0.1041 [-0.3305
-32.5 | 3.67 | 2.45 (2.72 | 3.6731| 2.4500 | 0.3004 |-0.1045 |-0.3480
-20.0 | 3.73 | 2.45 {2.72 | 3.7394 | 2.4540 | 0.3183 |-0.1029 {-0.3233
-7.5 341 | 246 |2.72 | 3.4189] 2.4591 | 0.2287 {-0.1008 |-0.4409
7.5 3.47 | 2.46 [2.72 { 3.4721| 2.4570 | 0.2441 {-0.1017 {-0.4165
20.0 | 3.71 | 245 [2.72 | 3.7153 | 2.4540 | 0.3118 |-0.1029 {-0.3300
325 | 3.79 | 2.45 (2.72 | 3.7947 | 2.4520 | 0.3330 |{-0.1037 {-0.3115
45.0 | 3.68 | 2.45 |2.72 | 3.6861 | 2.4500 | 0.3039 |-0.1045 {-0.3439

7 117.65| 511.24| -45.0 | 3.47 | 2.47 (2.72 | 3.4726 | 2.4690 | 0.2443 {-0.0968 |-0.3964
-32.5 | 3.44 | 2.47 (2.72 | 3.4455 | 2.4690 | 0.2364 |-0.0968 |-0.4095
-20.0 | 3.40 | 2.47 [2.72 | 3.4053 | 2.4740 | 0.2247 |-0.0948 {-0.4219
-7.5 | 3.33 | 2.47 |2.72 | 3.3380 | 2.4740{ 0.2047 |-0.0948 |-0.4630
7.5 3.29 | 2.47 [2.72 | 3.2978 | 2.4740 | 0.1926 |-0.0948 {-0.4921
20.0 | 3.43 | 2.47 {2.72 | 3.4324 | 2.4670 | 0.2326 |-0.0976 |-0.4197
325 | 3.48 | 2.46 |2.72 | 3.4857 | 2.4610 | 0.2480 {-0.1001 |-0.4034
45.0 | 3.47 | 2.46 |2.72 | 3.4746 | 2.4620 | 0.2448 |-0.0997 |-0.4070

8 [16.70} 37198 | -37.5 | 3.32 | 2.52 {2.72 | 3.3255 | 2.5240 | 0.2010 |-0.0748 {-0.3721
-20.0 | 3.28 | 2.52 [2.72 | 3.2853 | 2.5210 | 0.1888 |-0.0760 |-0.4024
-12.5 | 3.19 | 2.54 {2.72 | 3.1919 | 2.5400 | 0.1600 |-0.0685 |-0.4280
0.0 3.15 | 2.56 {2.72 { 3.1517 | 2.5600 | 0.1473 |-0.0606 {-0.4116
125 | 3.24 | 2.56 |2.72 | 3.2451 | 2.5600 | 0.1765 |-0.0606 [-0.3434
20.0 | 3.36 | 2.52 {2.72 | 3.3657 | 2.5220 | 0.2130 {-0.0756 |-0.3548
375 | 3.36 | 2.53 [2.72 | 3.3667 | 2.5280 | 0.2133 |-0.0732 [-0.3432

9 |16.16] 392.31| -45.0 | 3.20 | 2.58 |2.72 | 3.2063 | 2.5800 | 0.1645 {-0.0528 {-0.3213
-32.5 | 3.19 | 2.57 {2.72 | 3.1922 | 2.5720 | 0.1601 |-0.0559 {-0.3495
-20.0 | 3.19 | 2.60 |2.72 | 3.1922 | 2.6000 | 0.1601 |-0.0451 {-0.2819
-7.5 3.08 | 2.59 {2.72 | 3.0847 | 2.5940 | 0.1258 |-0.0474 |-0.3770
7.5 3.03 | 2.59 (2.72 | 3.0314 | 2.5930 | 0.1084 |-0.0478 (-0.4411
20.0 | 3.16 | 2.60 {2.72 | 3.1651 | 2.6000 | 0.1515 |-0.0451 {-0.2977
325 | 3.20 | 2.60 |2.72 | 3.2053 | 2.6030 | 0.1642 {-0.0440 |-0.2678
45.0 | 3.16 | 2.60 [2.72 | 3.1651 | 2.6040 | 0.1515 |-0.0436 |-0.2876
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SetS
No.| 75p | T,p |Position| L1' L2' L L1 L2 & € ]
1 117.30{ 86.01 | -37.5 | 3.73 | 2.85 |2.72 | 3.7413| 2.8501 | 0.3188 | 0.0467 | 0.1466
-25.0 | 4.03 | 2.85 {2.72 | 4.0361 | 2.8501 | 0.3947 | 0.0467 | 0.1184
-12.5 | 3.54 | 2.85 [2.72 | 3.5462 | 2.8501 | 0.2652 | 0.0467 | 0.1762
0.0 3.30 | 2.82 {2.72 | 3.3050 | 2.8211| 0.1948 | 0.0365 | 0.1874
12.5 | 3.69 | 2.85 [2.72 | 3.7000 | 2.8541 | 0.3077 | 0.0481 | 0.1564
25.0 2,72
375 | 371 | 2.84 (2.72 { 3.7141 | 2.8401 | 0.3115 0.043?. 0.1387
2 |17.30{ 86.22 | -37.5 | 3.73 | 2.81 |2.72 | 3.7403 | 2.8081 | 0.3185 | 0.0319 0.1001
-25.0 | 4.05 | 2.83 {2.72 | 4.0623 | 2.8271 | 0.4011 | 0.0386 | 0.0963
-12.5 | 3.49 | 2.83 (2,72 | 3.5000 | 2.8271 | 0.2521 | 0.0386 |0.1532
0.0 3.38 | 2.82 {2.72 | 3.3854 | 2.8201 { 0.2188 | 0.0361 | 0.1652
125 | 3.51 | 2.84 {2.72 { 3.5130( 2.8401 | 0.2558 | 0.0432 |0.1689
25.0 2.72
375 | 3.76 | 2.82 |2.72 | 3.7674 | 2.8211 | 0.3258 | 0.0365 | 0.1121
3 |18.53| 86.23 | -37.5 | 3.81 | 2.88 (2.72 | 3.8198 | 2.8751 | 0.3396 | 0.0555 0.1634
-25.0 2.72
-12.5 | 3.59 | 2.87 {2.72 | 3.5926 | 2.8701 | 0.2783 | 0.0537 | 0.1931
0.0 3.32 | 2.83 |2.72 | 3.3245 | 2.8261 | 0.2007 | 0.0383 | 0.1907
125 | 3.45 | 2.84 {2.72 | 3.4590 | 2.8401 | 0.2404 | 0.0432 [ 0.1798
25.0 | 4.07 | 2.86 {2.72 | 4.0752 12.8571 ] 0.4043 | 0.0492 {0.1217
375 | 3.84 | 2.87 [2.72 | 3.8479 | 2.8681 | 0.3469 | 0.0530 | 0.1529
4 116.36) 259.39| -37.5 | 3.33 | 2.80 (2.72 | 3.3388 | 2.8000 | 0.2050 | 0.0290 [0.1414
-25.0 | 3.39 | 2.80 }2.72 | 3.3931( 2.8000 | 0.2211 { 0.0290 | 0.1311
-125 | 3.29 | 2.80 [2.72 | 3.2986 | 2.8000 | 0.1929 | 0.0290 | 0.1503
0.0 2.72
125 | 3.25 | 2.80 {2.72 | 3.2584 | 2.8000 | 0.1806 | 0.0290 | 0.1605
25.0 | 3.27 | 2.81 |2.72 | 3.2725| 2.8130 | 0.1849 | 0.0336 | 0.1818
37.5 | 3.27 | 2.80 |2.72 | 3.2725 | 2.8000 | 0.1849 | 0.0290 | 0.1568
5 [15.80{ 863.30( -37.5 | 2.99 | 2.73 {2.72 | 2.9915| 2.7330 | 0.0951 | 0.0048 | 0.0501
-25.0 | 3.05 | 2.74 2.72 | 3.0578 | 2.7370| 0.1171 | 0.0062 | 0.0532
-12.5 | 2.84 | 2.71 |2.72 | 2.8438 | 2.7070 | 0.0445 |-0.0048 |-0.1076
0.0 2.80 | 2.71 {2.72 | 2.8037 | 2.7070 { 0.0303 |-0.0048 {-0.1581
125 | 293 | 2.72 [2.72 | 2.9312{ 2.7170 | 0.0748 |-0.0011 [-0.0148
250 | 3.15 | 2.76 |2.72 | 3.1522 | 2.7570| 0.1475 | 0.0135 | 0.0916
37.5 | 3.09 | 2.76 |2.72 | 3.0980 | 2.7630 | 0.1301 | 0.0157 |0.1206
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