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Abstract: In order to solve the problems of excess ovality and cross-section distortion of longitudinally submerged arc
welding pipes after forming, a new three-roller continuous setting round process was proposed. This process can be
divided into three stages: loading stage, roll bending stage and unloading stage. Based on the discretization idea, the
mechanical model of the primary statically indeterminate problem of the longitudinally submerged arc welding pipes at
the roll bending stage was established, and the deformation response was obtained. The simulation and theoretical
results show that there are three positive bending regions and three reverse bending regions along the circumference of
the pipe. The loading force of each roller shows growth, stability and downward trend with time. The error between the
theoretical fitting curve and the simulated data point is very small, and the simulation results verify the reliability of the
theoretical calculation. The experimental results show that the residual ovality decreases with the increase of the
reduction, and the reduction of the turning point is the optimum reduction. In addition, the residual ovality of the pipe is
less than 0.7% without cross-section distortion, which verifies the feasibility of this process.

Key words: longitudinally submerged arc welding pipes; three-roller continuous setting round; statically indeterminate
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1 Introduction

The longitudinally submerged arc welding
(LSAW) pipe is a typical large thin-walled pipe and
is used in various industrial fields. Similarly,
thin-walled pipes are also essential lightweight
components in the aerospace industry. Scholars
have done more and more extensive researches on
thin-walled pipes. JUNIOR et al [1] studied a
failure analysis of elastic-plastic thin-walled pipes
under a combination of internal pressure and axial
load (monotonic or alternating). HOSSEINI et al [2]
evaluated an energy absorption capacity of the
Al15083  thin-walled tube and also studied
the microstructure, mechanical properties, and

anisotropy coefficients in the peripheral and axial
directions. CHEGENI et al [3] used experimental
and numerical methods to study the influence of
corrosion depth and corrosion shape on the
performance of corroded thin-wall steel pipes under
the combined action of internal pressure and four-
point bending load. ZHAO et al [4] proposed a
more direct assessment for welded clad pipes based
on a modified reference strain method, and by using
the strain-controlled boundary condition, various
pipe and weld geometrical shapes were considered
in the analysis matrix. BAYKASOGLU et al [5]
researched optimum design of square thin-walled
pipe with novel lattice structure under axial impact
loading by using a compromise programming
based on the multi-objective crash worthiness
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optimization procedure. HUANG and ZHANG [6]
studied an indentation mode of thin-walled pipes
under the three-point bending condition, established
a theoretical model for the stress response of
thin-walled pipes, and verified the correctness of
the theoretical prediction through experiments and
simulation. JIANG et al [7] analyzed a numerical
control rotating-drawing bending method for
thin-walled pipe with a large diameter to thickness
ratio, which was of great significance to enrich the
bending forming process of large diameter-to-
thickness ratio thin-walled (LDTRTW) pipe. TAO
et al [8] proposed a modified Johnson—Cook (JC)
model by conducting uniaxial tensile tests on large
diameter thin-walled (LDTW) Ti—6Al-4V tubes
and this model had high prediction accuracy. YU
et al [9] studied an elastic—plastic secondary
indeterminate problem of thin-walled pipe and
verified the reliability of theoretical calculation
through numerical simulation. LI et al [10]
proposed and realized a sequential multi-objective
optimization of LDTW Al-alloy tube bending under
uncertainties and verified it by the experimental
design and the finite element method.

With the increasing demand for LSAW pipes
in various fields, more stringent requirements have
been put forward for the quality and performance of
pipes. Ovality is one of the important standards for
evaluating the quality of pipes. However, due to the
heterogeneous stress distribution of pipes, the
ovality will increase and cross-section distortion
will occur during the process of transportation and
long-term placement, so pipes have to be set round.
ZHAO et al [11,12] analyzed a process of
expansion and setting round and gave the
relationship between residual ovality and expanding
amount. Based on the basic assumptions of pure
bending with small deformation, ZHAO et al [13]
theoretically proved an equivalence between curved
beams over-bending straightening and straight
beams pure bending. It laid a theoretical and
experimental foundation for the process of over
bending straightening. ZHAN et al [14,15]
established a pipe-end ovality intelligent
measurement system, and they also set up an
intelligent over-bending setting round control
system. YU et al [16] proposed a reciprocating
bending uniform curvature theorem and verified it
experimentally. At the same time, YU et al [17-19]
presented a three-roller setting round process and

carried out theoretical analysis and experimental
research on the process. HUANG et al [20] carried
out simulation and experiments on the three-roller
external setting round process for thin-walled pipes,
compared the experimental results with the
simulation results, and found that the residual
ovality was less than 0.2%.

As for the solution of statically indeterminate
problems and the comparison of various solution
methods, scholars [21-25] have made a detailed
research and verified it through simulation and
experiments. CAO and DING [21] studied a
statically indeterminate problem of 3R2T parallel
mechanisms, and the correctness of the theoretical
results was verified by the finite element model.
NAYAK and SAHA [22] investigated a growth law
of the elastic leading edge in the elastic state of
ultra-static non-uniform rod. They also realized the
solution  algorithm by using MATLAB
computational simulation software and verified the
formula for some simplified problems. GHUKU
and SAHA [23] put forward a semi-analytical
method for the solution of a statically indeterminate
non-uniform bar problem and realized the solution
algorithm by utilizing MATLAB computational
simulation software. TAN et al [24] presented a
method for analysis of statically indeterminate
trusses under mechanical-thermal-assembly
loadings. The method not only overcame the
traditional geometric method to solve the defects of
compatible equations, but also had the advantages
of simple process, good generality and so on.
LOPEZ et al [25] designed an innovative test
system to develop shear failure before and after
yielding of the flexural reinforcement in both
statically determinate and indeterminate structures.

Based on the characteristics of three-roller
setting round and LSAW pipes, a new method of
setting round is put forward, namely, three-roller
continuous setting round process. In the process,
three rollers are placed outside the pipe. By
controlling the reduction and rotating speed of the
three rollers and the feeding speed of the push plate,
the forward and rotary movement of the pipe is
realized. This process can be divided into three
stages: loading stage, roll bending stage and
unloading stage. Based on the discretization idea,
the mechanical model of the primary statically
indeterminate problem of the pipe in the roll
bending stage is established, and the deformation
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response is obtained. Through numerical simulation,
the theoretical model is verified, and the
deformation behavior of the setting round process is
described. The influence of this process parameters
on the residual ovality is studied by experiments.
Additionally, this process is especially suitable for
setting round of thin-walled pipes with large length
to diameter ratio and small thickness to diameter
ratio.

2 Three-roller continuous setting round
process

As shown in Fig. 1, the process can be divided
into three stages on average: loading stage, roll
bending stage and unloading stage. The three stages
are evenly distributed in the whole setting round
process.

_+ _______ L S _j_

Unloading be%?ilillg Loading _ _ _ _ _ _ _ __ -
stage stage~  Stage

_+_______ _____ ____%_

Fig. 1 Three-roller continuous setting round process

Three  identical  rollers are  placed
symmetrically in space and the pipe is placed
among the three rollers. The actuating motor drives
the two lower rollers to rotate synchronously and
uniformly, so that the pipe rotates under the friction
of two lower rollers. Then the upper roller also
starts to rotate under the action of pipe friction, at
the same time, the push plate drives the pipe
moving forward to achieve the whole movement
process. During the process of setting round, each
micro-section of the pipe alternately experiences
three positive bending regions and three reverse
bending regions, that is, the reverse bending regions
in contact with each roller and the positive bending
regions between adjacent rollers. Moreover, both
ends of each roller are provided with a taper. The
taper of the loading end ensures that the pipe is
smoothly bitten among the three rollers under the
push of the push plate. The taper of the unloading
end is to make sure that the pipe is smoothly
unloaded after experiencing multiple reciprocating
bending, so that the curvature of the pipe is unified.
The roll bending stage is a straight section to ensure
that the pipe produces elastic—plastic deformation at

this stage.
The rollers tapers of the loading end and the
unloading end are as follows, respectively:

3(2H yy +2a, - D,)

-

(1

0. = max (2)

where ¢ is the roller taper of the loading end (rad);
ay 1s the roller taper of the unloading end (rad); Hpax
is the maximum reduction allowed for the pipe
setting round (mm); a; is the long axis radius of the
pipe (mm); D, is the outer diameter of the pipe
(mm); L, is the length of the roller (mm).

As shown in Fig. 2, each roller loads the same
distance toward the center of the pipe, and each
roller stroke is the reduction, which is recorded as

H=R*+R—H; 3)

where H is the reduction (mm); R; is the radius of
the roller (mm); R is the radius of the pipe (mm); /;
is the distance between the center of the roller and
the center of the pipe after loading (mm).

Fig. 2 Loading parameter diagram
3 Theoretical analysis

In the whole continuous setting round process,
the maximum bending curvature, minimum bending
curvature and maximum loading force all are
generated at the roll bending stage. Therefore, the
theoretical analysis in this work mainly focuses on
the roll bending stage, as shown in Fig. 3.

3.1 Static analysis
According to the deformation characteristics of
the roll bending stage, ignoring the influence of
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inertial force, the static analysis is performed at the
roll bending stage. Since the three-roller continuous
setting round process is a small deformation
problem, according to the symmetry of the bending
deformation of LSAW pipes at the roll bending
stage, one-third thin-walled circular pipe is selected
as the research object. The mechanical model of the
roll bending stage is illustrated in Fig. 4.

Upper roller, R,

Pipe, R
Lower roller, R,

Fig. 3 Schematic diagram showing roll bending stage of
three-roller continuous setting round process

X

72 J

o 30° y
£y
P L(F/3)
M,
Fig. 4 Mechanical model of one-third circular pipe

According to the static equilibrium equation,
the following can be obtained as

D x=0, Fi+Fyc0s60°=(F/2)cos30° 4)
> y=0, Fysin60°+(F/2)cos60°=F/2 (5)
Thus,

F,=F,=——F (6)

NE)
6
where F is the loading force of roller (N); F, is the
horizontal cross-section force at position 4 (N); Fy
is the horizontal cross-section force at position

B (N).
According to Egs. (4)—(6), the outer bending

moment of arbitrary micro-section of the pipe-wall
can be obtained as

M,=M, +§R sin 0—€FR(1—COS 0), 0<60<2/3n

(7
where 6 is the angle between arbitrary micro-
section of the pipe-wall and the axis y (rad); M,
is the outer bending moment with an angle of 6
from the axis y (N-mm); M . 1s the outer bending
moment of the upper cross-section (N-mm); R is the
geometric neutral layer radius of the circular pipe
(mm).

3.2 Elastic—plastic analysis
3.2.1 Basic assumptions

(1) Pure bending assumption: Because the
bending process is a small deformation process,
it is considered to conform the pure bending
deformation characteristics.

(2) Neutral layer coinciding assumption: The
strain neutral layer, stress neutral layer and
geometric neutral layer always coincide during the
deforming process.

(3) Bilinear hardening material model
assumption: Effects of initial strain and change of
material properties are neglected.

(4) Plane section assumption: Arbitrary plane
section remains plane after deforming and no
aberrance occurs.

(5) Uniaxial stress state assumption: Any
particle on the pipe is uniaxially stretched or
compressed during the deforming process.

According to the basic assumption (3), the
relationship between strain (¢) and stress (o) is

De+oy, ¢ >
E
o=1E¢, TS (8)
E E
Dg-o,, e<——
D
o, =(1—Ejas )

where o5 is the yield stress (MPa); E is the elastic
modulus (GPa); D is the plastic modulus (MPa).

According to the basic assumption (4), the
strain distribution on the pipe-wall micro-section is
linear:



Xue-ying HUANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1411-1426 1415

e=Kw—-Kw (10)

where K is the initial curvature of the geometric
neutral layer (mm "), K;=1/R; K is the curvature of
the geometric neutral layer after loading (mm™"); w
is the distance from any particle on the pipe-wall to
the geometric neutral layer (mm).
3.2.2 Relationship between bending curvature and
inner bending moment

According to the basic assumption (4), the
maximum strain on the pipe-wall cross-section
occurs on the outer surface:

gmax

=§(K—Ko) (11)

where ¢ is the thickness of pipe-wall.
As can be seen from the basic assumption (3),

when |g

max

o .
SES’ the cross-section of the curved

beam is in an elastic state, so the elastic limitation
bending curvature of the positive and reverse
bending can be expressed as

20
K& =K, +—= 12
Plim 0 (E ( )
20
K& =K, —=—= 13
Rlim 0 tE ( )

where Kp, . is the elastic limitation curvature of

positive bending (mm'); K3 is the elastic

limitation curvature of reverse bending (mm™).
According to the basic assumptions (2)—(5),

the relationship between inner bending moment and

bending curvature can be obtained:

lim

Bot> Bo,w?
DI(KH_KO)+ O;f G;)WS,

Kp>K pjim
MHZJUWdA: EI(Ky=K), Kpjim <Kp<Kpy,

Bot’ N Bo,w!
4 3

DI(Ke _Ko)

b

€
Ky <Kpjim

(14)
O

W =—"— (15)
E(K-K,)

where M, is the inner bending moment (N-mm); K,

is the bending curvature (mm'); B is the width

(mm); / is the elastic moment of inertia (mm*); w; is

the height from the elastic—plastic demarcation

point to the geometric neutral layer (mm).

According to the Cardano formula and
Shengjin formula, the roots of Eq.(14) is
determined, so Ky can be expressed as (the
derivation is shown in appendix)

K,=
2 3
g4 -
Bt’c

%
2 3 a
- ( j +( j ——+K,, 420 M ,> >
2 3 3

NSNS
N |

<
(hS

ORI

q q ? p P a Bt’c
L H A K, 4,200 M, <— s
3 3 6

; —%+KO,A1<O
(16)
where
e %+(D—E)Bt20'5 ‘C_(D—E)Bof.
DI 4IDE ’ 3IDE®
&2
p 309777
m=-3p (m>0); n="9q; =arccosT;
—3]’1 q 2 p 3
T=—roo0:.A=|L| 4] £
a4 (4)
M, (E-D)Bt’o, (E-D)Bco;
a=—|—4+—-—-—2=1; =~ T/ "s.
! DI 4IDE ! 3IDE®
__a_lz. _ 2"13 Py
pl 3 s QI 27 1

m, ==3p, (m, >0); n="9¢q,; &=arccosT;
—31’1 q 2 p 3

- (2] (3]
2 m13 2 3

3.3 Discrete analysis
According to the above static analysis and
elastic—plastic analysis, M, is an unknown

variable, so the static bending of the roll bending
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stage is an indeterminate problem. However, the
relationship between the outer bending moment and
bending curvature cannot be determined by using
the existing static equilibrium conditions and the
relationship between the inner bending moment and
bending curvature. Therefore, it is necessary to seek
other conditions.

By using the idea of geometric discretization,
one-third of the circular pipe is uniformly divided
into N equal parts along the circumference, in other
words, one-third of the circular pipe is composed of
N pipe-wall elements with the same geometric
parameters and connected by nodes. As shown in
Fig. 5, from the origin of the coordinate system,
each element serial number is ), @), @)... , the
node serial number is 0, 1, 2... N. Taking the node i
(i<N) as the origin of coordinate, and taking the
tangential direction and the normal direction of the
geometric neutral layer of the pipe at the node i as
the x; axis and y; axis, thus the local follow-up
coordinate system is established.

0 (09)

wf

Y1

Fig. 5 One-third discrete circular pipe

As shown in Fig. 6, the pipe-wall element i is
taken as the research object. Under the local
coordinate system x,-0,-1¥-1, the coordinate

(x}y', ¥i") of the node i before loading can be
represented as

"l — Rsin(A6,
xl.o Sln( 10) (17)
Vio! = R(1-cos(AB,))
27
AB.. =—— 18
i0 3N ( )

where xfg ' is the initial x-coordinate of the node i
in the coordinate system x;-j0;-1y;-; (mm); y;(}l 1S
the initial y-coordinate of the node i in the

coordinate system x; 10,y (mm); A#,, is the
initial angle between the pipe-wall cross-section
where the node i is located and the axis y;-; (rad).

Xi-1

- Before loading

‘ ,-\ After loading

Yi-1
Fig. 6 Pipe-wall element before and after loading

After loading, the coordinate is (x/™',y/™"),
which is expressed as

i-1 1 .
X; —ESIH(AQ‘)
' (19)
yi! =L[1 —cos(A6),)]
Ki
where x/ is the loaded x-coordinate of the node i
in the coordinate system x;—j0;-1y;-; (mm); yf_l is
the loaded y-coordinate of the node i in the
coordinate system x10-1y-1 (mm); K; is the
curvature of the pipe-wall element i after loading;
Af; is the angle between the pipe-wall cross-section
where the node i is located and the axis y,—; after
loading (rad).
According to the basic assumption (1), the
length of the pipe-wall element remains unchanged
before and after deformation, the following can be

obtained:

1
—AfG. = RAG, 20
K. i i0 ( )

i

In order to obtain the final contour curve of the
deformed pipe-wall cross-section, the coordinates
of each node should be unified according to the
relationship among the local coordinate systems.
Therefore, according to the definition of the local
coordinate system, the coordinate value (x!,y!) is

xsz
. 21)
¥ =0

According to Egs. (17)—(20), the coordinates
of each node are unified into the local coordinate

system x00¢)9, and the iterative formula can be
expressed as
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x)=x] +x"cosf,_ —ysing, (22)
)=y +x7sing_ +y" cosh,
i-1
0., =RAG D K, (23)
1

where 6;; is the angle between the pipe-wall
cross-section where the node i—1 is located and the
axis y, after loading (rad).

3.4 Solution of statically indeterminate problem

Because the static bending is a primary
statically indeterminate problem, a compatibility
equation of deformation is required to solve it.
Depending on the continuity and symmetry of the
bending deformation, the pipe-wall cross-section
where the node 0 is located is always 120° from the
yy axis during the deformation process, and then,

u 2
D A0 =Zn (24)
p= 3

By substituting Egs. (18) and (20) into
Eq. (24), the compatibility equation of deformation
can be obtained as follows:

N
YK =2 25)
i=1 R

When the deformation of the pipe is large
enough, the outer-wall of the pipe will fit with the
surface of each roller, so the pipe cross-section is
divided into two regions: non-attaching-roller
region and attaching-roller region. In the
non-attaching-roller region, the curvature of the
outer-wall of the pipe cannot be greater than the
surface curvature of each roller, because the
pipe-wall element is restrained by each roller. In the
attaching-roller region, since the pipe-wall element
and each roller have been fitted, the outer-wall
curvature of the pipe is equal to the surface
curvature of each roller. Thus, after loading, the
curvature K; of geometric neutral layer of the pipe
needs to meet the following condition:

K. < 2
" 2R+t

(26)

The load increment method is used to solve the
relation among the loading force F' of each roller,
the bending curvature K, and reduction H. The
loading force of each roller is evenly divided into
several loading increments and applied step by step.

And in each increment step, parameters such as
bending curvature and node coordinates of each
element are solved iteratively. It is supposed that
the loading increment of each step of each roller is
/, and the number of loading increment steps is &.
According to Eq. (7), the bending moment of the
pipe-wall element i can be obtained as follows:

MBI_"=]\7la+%Rsin0i—€fkR(l—cos0i) (27)

0 _2mi

i _ﬁ (28)

where M 0 * is the outer bending moment of the
pipe-wall cross-section where the node i is located
after loading % times (N-mm); 6; is the angle
between the pipe-wall cross-section where the node
i is located and the axis y (rad).

Since the inner and outer bending moments of
arbitrary cross-section of the pipe are equal in the
deformation process, namely,

M, =1, (29)

Combined with Egs. (16), (27), (28) and (29),
the geometric neutral layer curvature of the
pipe-wall element after loading can be obtained as
follows:

K=p(AM., F)) (30)

where ¢ is the iteration error.

When the loading force of each roller is
known, Egs. (24), (25) and (30) constitute a system
of nonlinear equations for N+1 elements about M,
and K;(i=1, 2, -*-, N) composed of N+1 equations.
Furthermore, in each incremental step, Egs. (24)
and (25) are used as the discriminant conditions to
carry out one-dimensional iterative search solution
for M,. The initial iteration value of M, is set to
zero, and /4 is the iteration step, as shown in Fig. 7.

4 Numerical simulations

4.1 Finite element model

By using ABAQUS 6.10 software packages,
the finite element model of three-roller continuous
setting round process is established, as shown in
Fig. 8. Then, two sets of pipes of different materials
with the thickness of 2mm are selected. The
geometrical dimensions and material properties of
pipes and rollers are shown in Tables 1 and 2. Since
the main research object of the process is thin-
walled metal pipes, the pipe is set to a deformable
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Material properties o, E, D, /

ogeometric parameters . B. R

/ =3 PEIeILLitiS ":‘4:“/
:

k=0;

k=k+1 Initial loading Fk]=0

_|FTkI=FTAYS

Initial section moment M,

Eq. (27)

- No
| Section moment M, |~—

oal

FIK|>H,

Fig. 7 Program flow of mechanical model

Upper roller

Lower roller

Z X A4

Fig. 8 Finite element model of three-roller continuous
setting round process

body. Also considering the symmetry of the
deformation condition, one-third of the pipe is
modeled. And the pipe is discretized by using the
8-node linear hexagonal incompatible module
elements (C3D8I). In addition, because the strength
and stiffness of each roller are much greater than
those of the pipe, it is set as analytical rigid. Finally,
the contact property between the outer surface of

the pipe and the outer surface of each roller is
defined as face-to-face contact. The sliding formula
is finite sliding. The tangential property is a penalty
function, and the friction coefficient is 0.18.

Table 1 Geometric dimensions of pipes and rollers
LI Do o ay Ly
mm mm rad rad mm
120, 140, 160 600 120 0.022 0.015 600
L—Length of pipe; D,—Diameter of roller

Dp/mm

Table 2 Material performance parameters of pipes

Material E/GPa o/MPa D/MPa
ST12 179 189 1500
304 234 294 2842

ST12— ST12 stainless steel; 304—304 stainless steel

4.2 Results and discussion
4.2.1 Deformation behavior

As can be seen from Fig. 9, there are six
regions along the circumference of the pipe, namely
three positive bending regions and three reverse
bending regions, which are evenly distributed on
the entire pipe cross-section.

Mises stress/MPa
(Avg: 75%)

+4.876x107 N :

+4.486x10° Positive Positive
+4.097x10? bendi bendi
+3.708x10? ing ending
+3.319x10?

+2.930x10? A N
+2.541x10 & - "~ Reverse
+2.152x10? TS %y :
+1.763x10? o ‘\%/ o \\bendlng
+1.373x10? S8 e
+9.842x10! . 22

+5.951x10" 22

+2.060x10! 26

Fig. 9 Distribution of equivalent stress at roll bending
stage (Material: 304, =2 mm)

Similarly, it can be seen from Fig. 10 that the
residual stress of each micro-section of the
unloaded pipe is relatively small and varies between
8.4 and 60.3 MPa, and the distribution of the
residual stress is relatively uniform. Additionally,
the main reason for the residual stress in the pipe
after unloading is that the deformation degrees of
the inner and outer layers of the pipe are
inconsistent during the reciprocating bending
process. The residual stress is the key to judge the
quality of pipes, that is, the smaller the residual
stress is, the better the quality of a pipe is.
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Mises stress/MPa
(Avg: 75%)

+6.312x10?
+5.793x10?
+5.274x10?
+4.755x10?
+4.236x10?
+3.717x10°
+3.198x10?
+2.679x10?
+2.160x10?
+1.641x10%
+1.122x10?
+6.029%10!
+8.398x10°

Fig. 10 Distribution of equivalent stress in unloading
stage (Material: 304, /=2 mm)

The equivalent stress of 5 nodes along the
thickness direction of the pipe is extracted at the
two stages of roll bending and unloading, as can be
seen from Fig. 11. During the roll bending stage,
the equivalent stress gradually decreases from the
inner layer (Node 1) and outer layer (Node 5) to the
geometric neutral layer (Node 3) of the pipe, and
the equivalent stress is symmetrically distributed
about the geometric neutral layer. During the
unloading stage, the equivalent stress of the pipe
inner and outer layers decreases significantly and is
slightly different from that of the geometric neutral
layer, indicating that there is no stress concentration
and the residual stress of the pipe is very small after
unloading.

—=— Rolling bending stage
—e— Unloading stage

Node 3

Inner
layer

~Node 5

Outer
layer

Node 1

Equivalent stress/MPa
N
(9,
S

200 -
150
100 - ‘\\ /
50 ——
o 1 2 3 4 5 6

Nodes along thickness direction

Fig. 11 Distribution of equivalent stress along thickness
direction (Material: 304, =2 mm)

The equivalent stress of outer circumferential
nodes of the pipe is extracted at the two stages of
roll bending and unloading, as shown in Fig. 12.
During the roll bending stage, the equivalent stress
of the pipe shows a waveform distribution along the
circumferential ~ direction  with  six  peaks
corresponding to each bending region. The

equivalent stress decreases from the center of each
bending region to both sides of the pipe. Since the
contact between the pipe and the roller is linear, the
reverse bending region is smaller than the positive
bending region. Furthermore, after the pipe is
unloaded, the loading force of each roller on the
pipe is gradually reduced, and the equivalent stress
of each node of the pipe tends to be similar and
fluctuates about 50 MPa.

450
I: Positive bending region = Rolhng bending stage
400 II: Reverse bending region Sy Unloading stage
5 350¢ . .
= i o° ‘ 3 ” o il
F 300 000 AT A
5250} ItV EERARE R !
ﬁ ) | ® | * ° . \ .
52001 R R A T B L B
£ 150} t 0y G t “‘.. ¢
= 100} ] 1y
50 S e gide "»’»’»DM »>p
0 L L L L L
0 10 20 30 40 50

Nodes along circumferential direction

Fig. 12 Distribution of equivalent stress along

circumferential direction (Material: 304, =2mm)

The distribution of the maximum and
minimum principal stresses at the roll bending stage
is shown in Fig. 13, and the results are shown in
Table 3. Positions 4 and C are located in the reverse
bending region, and the maximum principal stress
is generated in the inner layer of the pipe (Nodes
2494 and 3076), while the minimum principal stress
is generated in the outer layer of the pipe (Nodes
3313 and 3895), respectively. Position B is in the
positive bending region, and the maximum and
minimum principal stresses are generated in the
outer layer of the pipe (Node 3576) and the inner
layer of the pipe (Node 2757), respectively.
Therefore, the absolute values of the maximum and
minimum principal stresses at each position of the
pipe are basically equal, proving that the
deformation characteristics of the pipe are
consistent with the pure bending characteristics.

Figure 14 shows the change of loading force of
each roller with time. This process has a total of
600 s. 0—200 s is the loading stage, when =75 s,
three rollers start to contact with the pipe, and
the loading force of each roller increases
gradually. 200—400s is the roll bending stage,
during 250—350 s, the loading force of each roller
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Fig. 13 Distribution of maximum (a) and minimum (b)

principal stresses (Material: 304, =2 mm)

Table 3 Maximum and minimum principle stresses

. Node Principle stress/MPa
Position
ID Maximum Minimum

2494 +331 -
A

3313 - -332

3576 +343 -
B

2757 - —349

3076 +330 -
C

3895 - —333

reaches the maximum value and shows a stable
trend. 400—600 s is the unloading stage, the loading
force of each roller gradually decreases, and when
=525 s, the roller begins to separate from the pipe.
In a word, the loading force of each roller increases,
stabilizes and decreases with time. At the same
time, the absolute value of the loading force of
three rollers is basically the same, proving that the
loading forces of three rollers are equal in the
continuous setting round process.

time (Material: 304, =2 mm)

4.2.2 Comparison of theoretical and simulation
results

Built on the above theoretical model and finite
element model, it is assumed that one-third of the
circular pipe is composed of 1000 micro-pipe-wall
elements, namely, ~N=1000. Then through
theoretical analysis and numerical simulation, the
calculation results of the horizontal cross-section
force, bending moment, bending curvature and
loading force of each roller are obtained.

Figure 15 shows the relationship between
horizontal cross-section force and bending moment
in the theoretical analysis. It can be seen from
Fig. 15 that, for different pipe-wall thicknesses, the
horizontal cross-section forces F, and F} increase
with the increase of the reduction H, and the turning
point of two curves is the -elastic—plastic
demarcation point. Additionally, the bending
moments M, and M, gradually increase with the
increase of H, and gradually approach to the
constant value, which indicates the beginning of the
roll bending stage. The greater the thickness of the
pipe, the greater the horizontal cross-section force
and bending moment.

Figure 16 shows the distribution of bending
curvature and bending moment obtained by
theoretical calculation along the one-third circular
pipe. The result shows that the whole pipe has three
positive bending regions and three reverse bending
regions, which is consistent with the simulation
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Fig. 16 Distribution of bending curvature and bending
moment of one-third pipe (Material: 304)

results of Fig. 9. As can be seen from Fig. 16, for
different thicknesses, when K>1/R and M>0, the
region where the pipe is located is the reverse
bending region. On the contrary, when K<1/R and
M<0, the region where the pipe is located is the

positive  bending region. Furthermore, the
maximum bending curvature K., appears in the
center of the pipe in contact with the roller, and the
minimum bending curvature K.;, appears in the
center of the region between any two rollers.

The changes of the maximum bending curvature
Knax and minimum bending curvature K, with the
reduction H are shown in Fig. 17. As can be
observed in Fig. 17, at the beginning, the maximum
bending curvature of the pipe increases linearly
with the increase of the reduction. When the
maximum bending curvature increases to the
position of the elastic—plastic demarcation point,
the outer-wall of the pipe begins to contact with the
roller until the maximum bending curvature of the
pipe increases slowly and gradually becomes stable.
The minimum bending curvature decreases with the
increase of the reduction. In addition, the decrease
speed of the minimum bending curvature is almost
equal to the increase speed of the maximum
bending curvature, which proves that the plastic
deformation occurs simultaneously in the positive
and reverse bending regions.

1.52
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Fig. 17 Variation of maximum and minimum bending
curvatures with reduction (Material: 304)

Figure 18 shows the loading outline of
one-third pipe obtained by theoretical calculation
and numerical simulation. According to the
curvature distribution of the loaded pipe as shown
in Fig. 18, there are three positive bending regions
and three reverse bending regions in the whole pipe
cross-section. The theoretical fitting curve outline is
in good agreement with that of the simulated curve
outline after unloading.

Figure 19 shows the relationship between
the loading force of each roller and the reduction
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Fig. 19 Relationship between loading force of each roller
and reduction (Material: 304, =2 mm)

obtained by theoretical calculation and numerical
simulation. As can be seen from Fig. 19, the loading
force of each roller increases with the increase of
the reduction. The pipes with the thickness of 2 and
1.5 mm begin to produce plastic deformation under
the reduction of 1.5 and 2.0 mm respectively,
indicating that the reduction required for plastic
deformation decreases with the increase of
pipe-wall thickness. The error between the
theoretical fitting curve and the simulated data point
is very small, which indicates that the simulation
results verify the reliability of the theoretical
calculation.

5 Experimental
5.1 Materials

ST12 and 304 stainless steel plates are made
by rolling machine with the thickness of 2 and

1.5 mm and outer diameter of 140 and 160 mm,
respectively. Then each pipe is pressed to form an
oval. The pipe with different initial ovalities can be
obtained by changing the pressure.

5.2 Experimental process

Firstly, under the preset process parameters,
the pipe is placed on the setting round equipment,
and the cylinder supports the balance of the pipe to
be setting round. Then, the actuating motor is
controlled by the numerical control system to drive
the lower rollers to rotate at a constant speed
synchronously, so as to ensure the rotation of the
pipe in the process of continuous setting round.
Meanwhile, the upper roller also starts to rotate
under the action of the friction force of the pipe. At
the same time, the actuating motor (located inside
of the equipment pedestal) on the linear sliding
platform module is controlled to ensure that the
pipe can advance at a uniform speed under the
action of the push plate, so as to complete the whole
continuous setting round process. The experimental
equipment is shown in Fig. 20.

Upper

Control cabinet Folles

Push plate Lower roller

Supporting cylinder

Actuating motor *

Equipment pedestal

Fig. 20 Experimental equipment

The coordinates of points around the outer
diameter of the pipe after unloading are obtained by
using CMM, and the lattice data are imported into
UG software for fitting. By substituting the data of
the long axis and short axis of the pipe into Eq. (31),
the residual ovality (0) of the pipe can be
calculated.

_ 2(a—-b)

5 x 100% (31)

p

where a is the long axis radius of the pipe (mm); b
is the short axis radius of the pipe (mm).
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5.3 Results and discussion

It can be seen from Fig. 21 that the residual
ovality of the pipe gradually decreases with the
increase of the reduction. Moreover, the reduction
when the decreasing trend of residual ovality begins
to flatten is selected as the optimum reduction of
the pipe. That is, for ST12 pipes and 304 pipes with
an outer diameter of 140 mm and a thickness of
2 mm, the optimum reductions are 1.5 and 2.0 mm,
respectively (Jy is the initial ovality).

2.0
——ST12 pipe (6,=3.4%)
—e—304 pipe (6,=2.6%)
X L5F
B
S
S
S 101
4=
k)
=7
0.5 N , ,
0.5 1.0 1.5 2.0 2.5
H/mm

Fig. 21 Effect of reduction on residual ovality

Figure 22 shows the change of the residual
ovality of 304 pipes with different initial ovalities
under the optimum reduction. According to Fig. 22,
under the optimum reduction, the difference
between the residual ovality of the pipes with
different initial ovalities is very small, indicating
that the residual ovality is independent of the initial
ovality. This result effectively proves that the
reciprocating bending can eliminate the difference
of the initial curvature and finally unify the
curvature to the same direction and value [16].

1.6
S 1.2r * — 304 pipe
B
s
o 08f
<
é * .‘ * ¢ > . .
] *
&04t ¢ ¢
0

2.0 2.5 3.0 35 4.0 4.5
Initial ovality/%
Fig. 22 Effect of initial ovality on residual ovality

The relative thickness of the pipe is defined as
t/D,. Figure 23 shows that the optimum reduction of
the pipe decreases with #/D,. And corresponding to
the same relative thickness, the optimum reduction
of 304 pipes is larger than that of ST12 pipes. In
addition, Fig. 24 shows the forming effect of pipes
after springback.

3.0
—=— STI12 pipe

g 257 —e— 304 pipe
£
=
.2
5 2.0
=1
=
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E 15t
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)
© 1o}

0.009 0.010 0.011 0.012 0.013 0.014 0.015

/D,

Fig. 23 Effect of relative thickness on optimum reduction

(a) (b)
Fig. 24 Forming effect of ST12 (a) and 304 (b) pipes

6 Conclusions

(1) The three-roller continuous setting round
process for LSAW pipes is proposed firstly, which
can be divided into three stages: loading stage, roll
bending stage and unloading stage. It is especially
suitable for thin-walled metal pipes with large
length to diameter ratio and small thickness to
diameter ratio.

(2) During the process, there are three positive
bending regions and three reverse bending regions
along the circumference of the pipe. The loading
force of each roller shows an increasing, stable and
decreasing trend with time.

(3) The error between the theoretical fitting
curve and the simulated data point is very small,
and the simulation results verify the reliability of
the theoretical calculation. The residual ovality of
the pipes decreases with the increase of the
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reduction, and the reduction of the turning point is
the optimum reduction. The experimental results
show that the ovality of pipes can be less than 0.7%
without cross-section distortion, which verifies the
feasibility of three-roller continuous setting round
process.
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Appendix
According to Cardano formula and Shengjin
formula, the roots of Eq. (14) is determined, and the
process is as follows:
(D) Positive
deformation

bending elastic—plastic

M, (D-E)Bt
Ak — k(Mo (D=E)BlO )
DI 4IDE
(D-E)Bgo;

-0 Al
3IDE’ (AD

For the general cubic equation of a single
variable: y+ay*+by+c=0. Set y=x—a/3, then the
form of x+px+g=0 can be deduced. Therefore,
according to Eq. (A1), it can be obtained that

Y +ay +¢=0 (A2)

Then, by substituting y=x—a/3 into Eq. (A2),
we can get

2 3
a 2a

X ——Xx+"—+c=0 (A3)
3 27

When 4= (%)2 + (%)3 >0, the rational

number root can be obtained:

—3_9 |4y 4 (P
Ka—i/ 2"‘ (2) +(3) +

4 Ly By 2
i/Z ) +(3) 3 Ko (A4)

When 4= (%)2 + (?)3 <0, the positive integer

roots are required, then,

2cos(§_n)x/g

3 a
K, = —-——+K A5
0 3 3 Tk (A5)
(2) Elastic deformation
M
K,=—2+K A6
0= Ko (A6)
3) Reverse bending elastic—plastic
deformation
_ 2
AK3 — AKZ(% + W) +
DI 4IDE
E-D)Bo.]
(E-D)Bo, _, (A7)
3IDE

Similarly, we can get

y3 + aly2 +¢ =0 (A8)

Then, by substituting y = x — % into Eq. (A8),

we can get
2 3
2
P N NP (A9)
3 27
When 4, =(%)2 +(%)3 >0, the rational
number root can be obtained:
9 div2 P13
Ky=3——+,/=) +(=) +
0 \/ 5 \ 2) (3)
4q, 42, Pz 4
}—=— (=) +(=) ——+K Al0
\/ 5 ( 2) (3) 3 o (A10)
_ v Py i,
When 4, _(?) +(?) <0, and positive
integer roots are required, then,
§—m
2 cos( 3 )\/;1 u
K, = -14+K All
0 3 3 T (A1)
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