International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:9, No:6, 2015

Comparative Study of Static and Dynamic Bending

Forces during 3-Roller Cone Frustum Bending Process
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Abstract—3-roller conical bending process is widely used in the
industries for manufacturing of conical sections and shells. It
involves static as well dynamic bending stages. Analytical models for
prediction of bending force during static as well as dynamic bending
stage are available in the literature. In this paper bending forces
required for static bending stage and dynamic bending stages have
been compared using the analytical models. It is concluded that force
required for dynamic bending is very less as compared to the bending
force required during the static bending stage.
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NOMENCLATURE
C = strength coefficient for dynamic bending in N/mm?
E = Young’s modulus (N/mm?)
K = strength coefficient for static bending (N/mm?)
m = strain rate sensitivity index
n = strain hardening exponent
P = Vertical load at the top roller and bending plate interface (N)
R =radius of curvature of the bent plate (mm)
r; = radius of bottom roller (mm)
t = thickness of the plate (mm)
U = Vertical distance travelled by the top roller for first stage of
static bending (mm)
X = half the horizontal distance of the bottom roller centers (mm)
y = distance of fiber from neutral plane (mm)
Yep = distance of the fiber upto which elasticity E is constant (mm)
B = bottom roller inclination angle
Y = Shear strain
€ = strain
¢ = strain rate (m/s)
C = stress ratio
6 = Angle between frictional force and horizontal plane at the

roller plate interface (radians)

p = coefficient of friction at roller plate interface
Y = Poisson’s ratio

cyi = yield stress (N/mm?)

T = Shear stress

I. INTRODUCTION

HE 3-roller bending is a continuous bending operation in
which a metal sheet or plate is passed through sets of three
rollers. Metal plate is kept between a top roller and two
bottom rollers as shown in Fig. 1. The bending is achieved by
lowering the top roller and then rotating the bottom rollers.
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The conical shells or sections widely used in process
industries are manufactured by 3-roller bending machines. The
mechanics of bending forces involved in the processing of
conical sections or shells by 3-roller bending machines is
complex and 3-dimensional force pattern is observed [1].

Top Roller Bending force

Plate

N7
Bottom Rollers

Fig. 1 Plate kept between Top and Bottom Rollers

Roll bending process is widely used process for producing
cylindrical as well as conical sections and shells. Various
researchers have analyzed the processes of roll bending. with
the assumption of single pass bending analytical models for
the moment and spring-back prediction for the roller bending
of plates for cylindrical bending were developed [2]-[4].
Various researchers have developed analytical models of force
or moment prediction for cylindrical bending [5]-[7]. Cone
bending using compatible rollers have been investigated
considering geometry using FEA methods [8]. Reaction force
over the rollers using Finite Element Analysis has been
reported and the results have been used to study the effects of
temperature [9]. From the reviewed literature it is also found
that work related to machine setting for required geometry and
force for 3-roller bending has been reported [10]. 3-roller
conical bending process for various cone geometries has been
investigated considering the machine setting parameters [11],
[12]. The 3-roller conical bending process is completed in of
four stages: Static bending, forward rolling, backward rolling
and unloading the plate from the rollers. The top roller of the
3-roller machine applies the force to bend the plate during the
static bending stage. Analytical models for bending force
prediction during static as well as dynamic bending stages
have been reported [13]-[15]. The external bending moment
required by the roller was equated with the internal bending
moment developed in the plate to resist the bending to develop
the analytical model of force predictions. Internal bending
moment induced in the plate has been formulated assuming
the simplified stress conditions. Based on the stress
conditions, three cases can be assumed namely, 1. Major stress
along an axis only, 2. Principal stress coinciding with the
normal axis, and 3. Shear stresses along with the normal
stresses. It is observed that case 3, i.e. considering shear
stresses along with the normal stresses gives better
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approximation of the bending force as compared to first two
cases. Analytical models of bending force for static and
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dynamic bending stages are reproduced as (1) and (2)
respectively:
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where, x' =x— r1sinf ;a' = a— rysinf; U' =U— r,(1 - cos@).

For comparison of static bending force and dynamic
bending force, geometrical and material parameters (as per
Table I), have been inserted in the analytical models of static
and dynamic bending force. As the stress conditions
considering case 3 are giving better approximation, analytical
models considering case 3 for static as well dynamic bending
are used for comparison. Analytical results of bending force
for static and dynamic bending stage have been plotted on the
same graph as shown in Fig. 2 considering different
thicknesses and different bottom roller inclinations.

TABLE 1
MATERIAL PROPERTY PARAMETERS TAKEN FOR ANALYTICAL CALCULATIONS
Plate Strength Strain
Thickness,  Yield Stress, Coefficient, K Hardening
t (mm) oyi (N/mm?) (N/mm?) Exponent, n
5.84 350 1219 0.30
7.88 278 817 0.24
8.86 320 897 0.25
11.84 346 916 0.23
13.96 270 913 0.24

For metal forming processes the range of the coefficient of
friction is from 0.2 to 0.3. [16]. Hence the range of the values
of friction coefficient ‘pw’ is 0.2 to 0.3 is taken for the
analytical calculation. Vertical Displacement of top roller ‘U’
for the first pass is 20 mm for plate thicknesses 5.84 mm, 7.87
mm and 8.85 mm, while ‘U’ is 15 mm and 10 mm for plate
thicknesses of 11.84 mm and 13.97 mm respectively. Bottom
roller radius ‘r1’ is 80 mm and value of angle ‘0’ is calculated
from the geometry of the setup and thickness of the plate. The
value for strength coefficient ‘C’ ranges from 1000 to 2000
N/mm’® for structural steels [17]. Average value for the
strength coefficient ‘C” as1500 N/mm? is taken for dynamic
bending force calculations. Similarly the value of strain rate
‘¢’ is taken to be 0.001 and the value of strain rate sensitivity
index ‘m’ is taken as 0.02 [17].

Dynamic bending force as percentage of static bending
force has been calculated and tabulated as shown in Table II.

It can be observed from Fig. 2 and Table II that dynamic
bending force required to bend the same thickness e.g. to bend
5.84 mm thickness plate is low. The similar results have been

reported by Gajjar et al. for cylindrical bending with 3-roller
bending process [18]. Dynamic bending force is almost 10 to
20 % of the static bending force for the same thickness of the
plate. Figs. 3 (a) and (b) show the bending phenomena
occurring during static as well as dynamic bending. During
static bending the whole plate length between the bottom
rollers has to be bent by the bending force applied by the top
roller. In case of dynamic bending, the bending line progresses
through the plate length between bottom rollers and at
instantaneous time the plate material near the bending line is
to be bent and not the whole plate material between the bottom
rollers as shown in Fig. 3 (b). The bending progresses through
the plate length gradually and it will require less dynamic
bending force as compared to static bending, wherein static
bending the bending takes place throughout the material
simultaneously and it will require higher bending force.

Again value of static bending forces is in the range of 10 to
20 times the dynamic bending forces because of the friction
phenomenon. The friction at roller-plate interface opposes the
bending force in case of static bending as shown in Fig. 4 (a)
while the friction at roller-plate interface is in favor of the
bending force in case of dynamic bending as shown in Fig. 4
(b). Hence, the bending force during static bending is quite
higher as compared to the bending force required during the
dynamic bending.

Bottom roller inclination, = 0°

3500 -+
r; =80 mm
= 3000 - As =350 mm
= 2500 | A, =350 msm
< E =2.1x10° MPa
£ 2000 - v=0.3
2
a0 1500 -
£
2 1000
3
@
500 -
—o&— Static Bending

0 force
5,84 7,88 8,86 11,8413,96 Dynamic

Plate thickness, t (mm) bending force

(2)
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TABLE II
Bottom roller inclination, p = 0.93° DYNAMIC BENDING FORCE AS PERCENTAGE OF STATIC BENDING FORCE FOR
DIFFERENT BOTTOM ROLLER INCLINATIONS CONSIDERING CASE-3
3000 2:78;)5‘(‘)“71 Thickness, t (mm) 5.84
E— 2500 A; —375 22 Bott(.)m Boller Stat?c Dynalpic Dynamic Bending
& 2000 E =2.1x10° MPa Inclination, B Bending Bending force as Percentage of
5 1500 v=03 (degree) Force (N) Force (N) Static bending force %
':':n 1000 0.00 783.17 55.34 7.07
E —o— Static Bending 0.92 679.96 66.59 9.79
a8 50 force 1.86 718.19 79.19 11.03
0
; 2.79 573.43 74.24 12.95
Dynamic
5,84 7,88 8,86 11,8413,96
Bending force 3.71 817.44 88.03 10.77
Plate thickness, t (mm) -
Thickness, t (mm) 8.86
Bottom Roller Static Dynamic Dynamic Bending
b) R . . force as Percentage
( Inclination, Bending Bending . .
(degree) Force (N) Force (N) of Static bending
force %
Bottom roller inclination, B = 1.86° 0.00 1351.46 129.71 9.60
0.92 1192.82 128.50 10.77
2500 =80 mm
_ A, = 350 mm 1.86 1321.84 155.86 11.79
Z 2000 Ay =400 mm 2.79 1121.13 185.16 16.52
& E=2.1x10° MPa
g 1500 o3 3.71 818.20 274.95 33.60
"; 1000 Thickness, t (mm) 11.84
5 . . Dynamic Bendin,
g 500 —o— Static Bending Bott(.)m Roller Stat}c Dynamlc for}:; as Percenta gge
a force Inclination, Bending Bending . .
of Static bending
0 . (degree) Force (N) Force (N) P %
584 7,88 8,86 11,84 13,96 Dynamic orce %
. Bending force 0.00 2270.57 168.90 7.44
Plate thickness, t (mm)
0.92 1902.97 166.40 8.74
1.86 1585.64 153.22 9.66
(c) 2.79 1665.62 198.65 11.93
3.71 1901.46 299.79 15.77
Bottom roller inclination, p = 2.79° thickness, t (mm) 13.96 D o Bonding &
Bottom Roller Static Dynamic ynamic Bending lorce
2500 — . . . as Percentage of Static
=80 mm Inclination, B Bending Bending bending force
= A; =350 mm
§ 2000 A; Cosm (degree) Force (N) Force (N) o
g 1500 E =2.1x10° MPa 0.00 3224.41 276.65 8.58
2 oo v=03 0.92 2701.99 250.86 9.28
-
£ static Bendi 1.86 2282.15 186.83 8.19
e —o— Static Bending
g 500 force 2.79 1927.42 314.76 16.33
0 ) 3.71 2537.30 382.69 15.08
584 7,88 8,386 11,8413,96 Dynamic
Bending force
Plate thickness, t (mm)
Plate length between bottom rollers
Parallel planes
(d) befare ?En‘ding
Bottom roller inclination, p = 3.71°
=80 mm
3000 Aj =350 mm |
Z 2500 A, =450 mm / L
o E =2.1x10° MPa -
3’; 2000 v=03 { | /
5 1500 \ \
:gn 1000 Non-Parallel planes - ‘/
5 after bending
@ 500 —&— Static Bending
0 force
5,84 7,88 8,86 11,8413,96 Dynamic Bottom Rollers
Plate thickness, t (mm) Bending force

(a)

(e)

Fig. 2 Comparison of static and dynamic bending force
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TopRoller Rotating

Clockwise

Bending progresses
gradually from the
bending line

\ Plate movement \ /

Bottom Rollers
Rotating Counter
clockwise

(b)

Fig. 3 (a) Bending phenomena during static bending (b) Bending
phenomena during dynamic bending

Fr1c’moni ; Force

Fncuonal Force

(b)

Fig. 4 (a) Frictional forces during static bending (b) Frictional forces
during dynamic bending

It can also be observed from the Table II that as the bottom
roller inclination increases dynamic bending force is relatively
more with respect to static bending force, e.g. for 7.88mm
thick plate and B = 0 the percentage of dynamic bending force
is 9.33%, while for the same plate thickness and f = 3.71 it is
27.12%. It means that relatively higher dynamic bending force
is required for higher bottom roller inclination for the constant
plate thickness. It can be because of the shear stresses. During
dynamic conditions shear stresses affects the dynamic bending
force more as compared to affecting the static bending force.

It can also be observed from Table II that there is no set
pattern of variation for either static bending force or dynamic
bending force with respect to bottom roller inclination. In
general it can be said from Table II that the static bending
force decreases as the bottom roller inclination increases while
the dynamic bending force increases as the bottom roller
increases.
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