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equilibrium were reported. This research was
carried out as part of the research program for the
development of a free-running-type equilibrium
ultracentrifuge launched by the Tokyo Kyoiku
University subsidized by the Ministry of Education.
We wish to express our gratitude to Prof. A. Kotera,
Prof. K. Suzuki and their colleagues of Tokyo
Kyoiku University, who gave us both the opportun-
ity for the research and invaluable advices. We
also note with gratitude that we could accomplish
this work in a relatively short period thanks to the
cooperation and guidance of Dr. S. Sasaki, Dr. T.
Nakada, and Dr. O. Taniguchi who have played
prominent roles in the field of ultracentrifuge
research for the past 10 years.
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On the Roller Straightener®

(2nd Report, Straightening of Round Bars, Pipe and Tubings)

By Haruo TOKUNAGA™*

The rotary straighteners for straightening round bars and tubes are discussed.
The author found that the residual stress distribution in the bar straightened by the rotary

straightener represents an alternate vortex of tensile and compressive stress zones around the
center of the bar, which is not affected by the repeated rotary bending. To obtain better
straightness, therefore, the bar has to be bent more severely at the point under the rolls, and

receive more multiple rotary bending near the outlet in the straightener. For the rotary plastic

bending of the bar, the direction of the bending moment does not coincide with that of the

bending of the bar, and there is some angle between both directions, and therefore power is

consumed for the rotary plastic bending of the bar. From this point of view, the author derived a

formula to calculate the power required for straightening of the bar.

1. Introduction

For the straightening of the round bars and
tubings, the rotary straighteners having oblique
rollers are mainly used, because the bars and tubings
can not obtain better straightness by the parallel roller
straightener used for the straightening of the shapes
and profiles, since on the parallel roller straightener,
the round bars and tubings rotate on the rollers, when
the bending moment is applied. There are many dif-
ferent types of the rotary straighteners according to

* Received 13th May, 1960.
** Research Member, Niihama Works,Sumitomo
Machinery Co. Ltd., Niihama.

the arrangements of the rollers, number of rollers,
the types of roller drivings and so on, and in all
of the rotary straighteners, the rollers of concave
hyperbolic contour are used, but in very special
cases, the cylindrical or the drum type ones are used.

It is the principle of the rotary straightener
that the bars and tubings advancing in the rotary
straightener are applied with a rotary plastic
bending moment, and very few scholars have
hitherto, studied the fundamental of the process® ™™,

The 5-roller straightener is the typical one of
the rotary straighteners; it is shown in Fig. 1 (A).

In the present paper, the author studies the
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plastic-elastic bending of the bars in the rotary
straightener, and clarifies the mechanism of the
power consumption and the distribution of the
residual stress through theoretical treatment and
experiment to obtain the necessary data for design-
ing the rotary straighteners.

2. Deformation of the bars by the
rotary plastic bendings
in the rotary straightener

Now, to study the deformation of the bar in
the rotary straightener, the following conditions are
assumed to simplify the mathematical treatment.

(1) The outside shapes of the sections of the
bars and tubings are round and the pipe and tubings
have a wall of uniform thickness.

(2) The cross sections remain on a plane
during the process of bending, and always make
right angles to the axis of the material.

(3) Every stress component other than the
stress in the longitudinal direction is zero.

(4) The material is perfectly elastic-plastic,
and its stress-strain relations in uniaxial tension and
compression are the same. It has the same modulus
of elasticity and yield point in tension and compres-
sion,

Repeated tension and compression hysteresis
curve of the material is deemed to be as Fig. 2,

a b c
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according to the assumption (4 ). Here, OE is the
range of an elastic deformation, and ¢,, . denote
the yielding strain and yielding stress respectively.
In accordance with assumptions (1) and (2), the
strain at a certain point on the cross section is in
proportion to the distance between the axis of
bending and that point, when the bar is bent. The
bending moment of the bar straightened by the 5
roller rotary straightener is shown in Fig. 1, (B),
and it can be understood that a certain section of
the bar which rotates and advances in the straight-
ener undergoes a gradually increasing bending
moment for a distance from the point a to the
point b, and also undergoes a gradually decreasing
bending moment for a distance from the point b to
the point c. Therefore, the strain of the section
along the axis of the bar can be shown as in Fig.
3.

In Fig. 3, 22’ is the axis of the bar, and yy’
is the axis perpendicular to the axis zz’' through
the center of gravity of the section of the bar and
the surface of the paper represents the sectional
area of the bar containing these two axes. The
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strain that is caused when the initially bent material
is first straightened, is represented by 202’ line.

Now, when the strain caused by the first
bending is represented by 303’ line, the plastic
strain 3.3.:03.1’3,” left behind after the elastic strain
€. is deduced from 303" line. According to the same
considerations, when the second bending and the
third bending, which are more and more heavy than
the first bending, are applied in the opposite dire-
ction, the final plastic strain 1.1,01./1. line is left
and this final plastic strain is determined only in
terms of the value of the heaviest final bending.
Next, when the gradually decreasing bending
represented by 202 and 303 line is applied
repeatedly in the opposite direction, the final plastic
strain 3.3,2,1,01,'2,'3,'3," line is left behind. The
straightened bars and tubings are at an equilibrium
state of the internal stress which is proportional
to the distance of the plastic or elastic strain line
from axis yy’ and hold the straightness.

The residual stress distribution of the section
of the bar is represented in Fig. 3, in which the
hatched area and the other area are the zones left
by the compressive residual stress and the tensile
residual stress respectively and these two zones
surround the center of the bar which undergoes no
plastic deformation and retains the initial deforma-
tion. The residual stress of the plastic zone builds
up the residual moment to the center of the bar.
The direction of this bending moment rotates one
revolution according as the taken up sections
change between one pitch length which is the length
advanced during one revolution of the bar in straight-
ening by the rotary straightener. Therefore, the bar
and tubing straightened by the rotary straightener,
are a spring coil form which has a very small
coil diameter and the above mentioned pitch lengths.
But the center of this coil is affected by the core
of the bar which is not straightened and retains
the initial bend. Hence, we may say that the bar
and tubing are straightened more exactly and have
smaller residual stress, when the rotary straightener
is used by a method which applies more severe
bend and more multiple rotary plastic bend at the
period of the reducing bending moment.

Now, s denotes the radius of the residual bend
of the bar after the straightening and 0, denotes
the radius of the initial bend of the bar. The
moment denoted by M, of the core of the bar which
undergoes no plastic deformation is represented by
the following equation:

1 1
MQ_EI‘;(‘OO o) ) .......................... (1)

where

I, : moment of inertia of the core

E : modulus of elasticity
After the straightening of the bar, assuming that
the outer zone of the bar which undergoes the plas-
tic deformation is exactly straightened, and its
moment of inertia is I,, and the bar has the radius
Ps of residual bend, this outer zone has the moment
M, to the center of the bar represented by the
following equation:

My=FEI| Qg vveeemsnnmeeemnieianiiinie (2)
After straightening, the moments M, and M, are
in the state of equilibrium, and then we obtain

[%::Ponl; ............................................. (3)
where I=1,+1, i.e., I is the moment of intertia of
the section of the bar.

The relation between the maximum bending
radius ©£; and the radius of the elastic core of the
bar is 7./0:1=¢€..

Hence, we may calculate the value 0; by Egq.
(3) for the necessary straightness 0.

In the case of a solid bar, we obtain

mz"_’z_,\/‘o_o:_EIi Po_ (4)

Eo Ps e Pe
where 7, is the radius of the bar.

The distribution of the stress of the bar
undergoing a rotary plastic bending is represented
in Fig. 4. In this case, the bar bends about the zz’
axis and a compressive and a tensile side of the
bend are upper and lower halves of the section
respectively. Here, #; and 7, denote the outer and
inner radii of the pipe and also 7. denotes the radius
of the elastic core.

Making a circle with its radius # in the plastic
zone, we take the points A,B,C,D,F,G,H and I as
indicated in Fig. 4, then the state of the stress of
these points are same as the state of the correspond-
ing points of A, B,C, D, F, G, H and I of the
hysteresis curve in Fig. 2. The loci of these points
describe the lines B; B; C, D; DE’, G; GH, and I,
IE. The stresses in the zones of A, AEII; and
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F.FE'ED; are o, and—og. respectively, and the
stresses decrease gradually outward from this zone

and no stress is on the lines B;BC, and G.GH;.
The state of this stress distribution is represented
cubically in Fig. 5.
Components of moments of the stress about
¥ and y axes are represented by the following equations.

Here, M;, M;, M; and M, denote sums of the
moments of the zones A;AEIl; and F.FE'DD,, the
zones I, IEH;GG; and D,DE’C;BB;, the zones
B;BC,EAA; and G.GH;E’FF; and the zone of the

elastic core respectively. Then we obtain the
components about ¥ and y axes of these moments

Fig. 5 as follows.
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Integrating Eqs ('5) (6) and (7), we obtain
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My =0ceeerreenneenseenieseis et (18)
4 20 (2 3 2 >
My=> My= — W — T ¥ — ¥,
i=1 Ye 3
............ (19)

These results are obtained for the case of
71<7r,. For the relation of »,=7., we may calculate
these moments as a difference of the moments of
the bars with their diameters 27; and 27;.

It is a noteworthy point that the axis of the
bend and the direction of the bending moment make
an angle ¢ to each other and is represented in the
following equation:

CAN Q@ =My My +ovveeerreresesmeneeninee (20)

3. Measurements of the residual stress
of the bar straightened
by the rotary straightener

A residual stress is left in the bar after a
straightening by the rotary straightener, and this
residual stress is the state of equilibrium to hold
the straightness of the bar. The residual stress
distribution in the bar straightened by the rotary
straightener is theoretically as Fig. 3. To confirm
this consideration, we measure the residual stress
of a pipe straightened by the Sutton type 7-rolls
rotary straightener. The pipe used is a seamless
one made by Stiefel-Mannesmann process. The
data of the straightener and pipe are shown in
Table 1. A short length test piece of pipe is cut
off from the long pipe straightened, and slits are
made at the ends of the test piece to form four
tongues. We attach an electric resistance gauge on

Fig. 7

the inner side of the tongue in parallel with the
axis of the pipe and measure the change of the
electric resistance of the gauge, while the outer side
of the tongues is gradually being cut off. To
investigate the residual stress, the curvatures of the
plate are usually measured® but it is very difficult,
so we take the above mentioned method.

Now, in Fig. 8, assume that AA and BB are
the outer and inner surface of the pipe and the
wall thickness is . The ¢. denotes the increased
stress at the surface aa which is bared by cutting
off the wall thickness from the outside of the pipe.
Then we obtain

where
¢ : the strain of the electric resistance gauge
o : the residual stress
moreover, gs denotes the stress of the surface aa.
When the surface aa is cut off from the elementary
thickness da, then we obtain the increase of the
strain at the surface BB as follows.

avda 3mda

de="7-—
Er Eh—a
Solving about i, we obtain
h—a de
o= B e e e (22)
2 da
Table 1
Dimension mm | 2160.D.x1941.D.
Pipe |— B
! C0.08~0.14,
used Material % | Si0.15~0.35,
| Mn 0.30~0.60
w0 ‘ Inlet driven roll { 22.6°
= S R
E #g | Outlet driven roll “ 22.8°
@ T
815 3 l Middle roll | 36.8°
hof [=H e
R ‘ Idle roll ‘ 25°
8 |———
:a l No.of revolutions of roll r.p.m.! 54
g e "
'{é Deflection of pipe by | 5.4
§‘ middle roll mm | *
R [ PSS
© | Pitch of advance of pipe mm | 288
| 500

Diameter of roll mm

[}
A ‘ Outer side A

e
7

a
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Hence, the initial residual stress ¢ may be obtained
by the following equation:

h €3
g=0g a'a=——E**aé§+ E—“—Z*-faada
h—a 0

But this equation is not convenient to calculate the

stress, since ¢ is implicitly represented. Therefore,

deriving both sides of the equation, we obtain

1 d - L
:];—;;E{—E~v2—— 1 Ee(h— a)}~~-(24)

Integrating the equation, we obtain
E  de Ee

a(ha){2d+ha

+£u< hlia Z; - (hZ_ES) >da+C} -+ (25)

Here, ov=0 at a=0. Hence, comparing Egs. (22)
and (25) in the case of a=0, we obtain the
integrating constant C as follows.

e e 26
< h >at a=0 ( )
Applying partial integration for Eq. (25), we obtain

E de 2E
":<h_“>{ z"'d_ZJrh_iz

@ 2F¢ .

*Sﬁ G d"_< 7 >m=o} """"" @7

The stress o is explicitly represented, and then we

« 1 L[ %
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i 30 o A OStrainofgauge_sgg %
g 50 oResidual stress 1400 ':
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b 30 2%, - 600 B
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[
o LA TN % 7
S0p 200
-60 W\ A ds -400 ;—;
-90 o -600 %
-120 ~ ~go0 &
0 2 4 6 8 10
Depth of cut ¢ mm
(b)
Fig. 9

may calculate the residual stress by measuring the
strain of the gauge. Before slitting the end of the
test pieces, the strain gauge has to be attached, and
we measure the strain of the gauge as in Eq. (26)
immediately after the slits are made.

In Fig. 9, the strain and also the stress of the
wall calculated by Eq. (27) are represented with
reference to the two points which make a rectangu-
lar angle to the center of the pipe. The phase of
the point of Fig.9 (a) advances by 90° farther in
the direction of rotating of the pipe than that of
Fig.9 (b). Hence the phase of the stress in Fig.9 (a)
advances also by 90° farther than that of Fig.9 (b).
From Fig. 3, we may understand that the residual
stress distributes in a wavy form at the section of
the wall in parallel with the pipe axis. The results
in Fig. 9 coincide with this theoretical study. In
Fig. 9, the wave of the stress and strain gets out
of shape slightly at the inner side of the wall.
This appears to be due to the effect of the cutting
force on an extremely thin wall of the pipe.

4. Power consumption

For the repeated rotary plastic bending of the
bar, some power is consumed because the axes of
the bend and the bending moment make an angle
to each other owing to the plastic deformation of
the material.

The bar with an elementary length d! is
fixed at ts bottom, and attached with a rigid arm
of length I such as shown in Fig. 10. Now as-
suming that df is the bent angle of the bar by the
bending force P at right angles to the arm at its
top, and the directions of the bend and of the force
P make the angle ¢, the work dW done when the
top of the arm point A rotates one revolution on
the circle with its radius Idf# is obtained by the
following equation.

Fig. 10
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dW=27ldf}- Psinf =27 Msinfdf} - (28)
where M=IP is a bending moment applied on the
bar. Therefore, for the 5-rolls rotary straightener
as shown in Fig. 11, assuming that

z axis : the axis of the bar in the straightener

x axis : the axis of the bend of the bar

y axis : the axis perpendicular to x axis

x’ axis : the axis of a resistant bending moment

of the bar
W : the load by the middle roll
n : number of revolutions of the bar
dx’ ¢ the deflection of the bar in direction of
axis z’' at the point of the middle roller
M; : the fixed moment at both ends of the
bar
1 : the distance between inlet and outlet
roller
N : the power consumption
M, : component of the bending moment M
about the y axis
41’ : the difference of the inclination of the
center of the bar in the x2’—z plane
we obtain

i dzy A %
N= —-dz= —_—
Zﬂnﬁ M, T2 dz ern‘[: M 1 dz

2 W\ d?a’
——27m.£ Z(Mf—z > ) e dz

:27TW<AZ/Mf+Am'W) ........................... (29)
A1’ My is negligibly small compared with 4z’ W.
Hence, we obtain

N =27 n o Weeeneverrer e (30)
The power consumption is required due to the fact
that the load by the middle roll exerts a moment
in the opposite direction to the rotation of the bar.
The value of 4z’ and also the power consumption
may be calculated by the theory in the previous
article.

The Egs. (29), (30) are in conformity with the
material of the bar with any form of the hysteresis
curve of the plastic deformation.

Now, assuming that the hysteresis curve is such
as shown in Fig. 2, we obtain

27 o 7
aw = ﬁ f 4o, (;— eg>rdrd0dl ------------ (31)
Te )

where 7, # denote the polar coordinate of which the
pole is in the center of the bar, and © is the
bending radius.

Integrating the Eq. (31), we obtain

-
et
N
\
I}
1)

a2
—"'/{,rdU
3

_/
X

M+ Mg
Fig. 11

_ 4 (123:111>_V€,_«°,,<722:@H

N ——Sn'nm[z 0 { 3 9
............ (32)
in the case of 7.=7

o _4_1_ 723'-7% __Ve(’"‘z2 Ve >} .

N=8mno, 54 {5 ; (33)

in the case of 7.=#;

5. Conclusion

By studies and experiments on the rotary
straightener, the following conclusions could be
drawn:

(1) The straightening mechanism of the
rotary straightener is clarified and the residual
stress distribution in the bar straightened by the
rotary straightener is found to represent an altern-
ated vortex of tensile and compressive stresses in
the plastic zone around the elastic core.

(2) To obtain better straightness, the bar has
to be bent more severely .and undergo a more
multiple bend at the period in which the bending
moment reduces near the outlet of the straightener.

(3) The power consumed in the rotary
straightener is the work done to rotate the bar
overcoming the resultant moment of the load and
reaction of the roller, about center of the bar.

The author expresses his gratitude to Dr. Keiji
Okushima, Professor of Kyoto University for his
consistent guidance.
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