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Introduction : {

In re-rolling industries for light bar and sections, the bars
and sections are given certain specified degree of straightness
[1]. Various types of straightening machines are in use and
they may be classified broadly into three groups viz. cross-roll
straighteners, section straighteners, and stretch straighteners,
based on the basic principles on which they operate. In the
first two categories of machines, the bar is made to pass through
a set of staggered rolls, producing reverse kinematic loading
of the bar, resulting in redistribution of plastic strains, which

“secures the desired straightening.

Though several varicties of very good straightening machines
have been developed by different manufacturers, unfortu-
nately, their design development seems not to be backed up
by a detailed theoretical analysis of the plastic deformation
processes involved therein. Some analysis of residual stress
patterns and power consumption in straightening have been

made by White and Briggs [2], Tselivok and Smirnoff [3] and

Tokunaga [4]; except for the analysis done by Das Talukder

and Johnson [S, 6] and Yu and Johnson ‘[7], no theoretical

investigations have been made of thé straightening processes
and the influences of roll arrangements on the throughput
speed and the degree of straightness of the bars produced.
Below, a detailed analysis of the mechanics involved in the
straightening processes of the bars; which behave both ani-

.- sotropically as well as nonhomogeneously, along with the eval-

uation of degree of straightness of the final product has been
made. Further and closer analysis of the processes in du” ferent
types of machines has been made in Part 2.

General Analysis of Straightening by Reverse Kinematic-

Loading (Curvature Change-resisting Moment Curves)’

Assuming that the stress-strain curves based on tests by Davis
et al [8] as representative curves for ductile behavior of ma-
terials, the relationship between stress o, in reverse loading
and change in longitudinal strain, e [Eig. 1(a)], may be shown
by a family of curves shown in Fig. 1(b), for different initial

‘residual strains ¢,. The results reported in [8] show that the

defined yield point is absent during reverse loading and instead
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Mechanics of Bar Straightening,
Part 1: General Analysis of
Straightening Process

In the following paper, a general analysis of the mechanics involved in the straight-
ening process of bars and sections by reverse kinematic loading has been made.

curves are sharply curved near that region. In the following it
is assumed that:

{a) Yield point stress for an initially unstrained bar is the same
in tension and compression.

(b) Stress-strain relation in reverse loading is bilineal, which
is very close to the results reported in [8]. The assumed
bilineal relationship may be expressed as

o= Ee e< (e, +ce,)
=Ele,+ce] +E' [e—(ey+ce)le=(e,+ce) (1)

where, E and E are clastic and plastic moduli, respectively,
€, is the yield strain in reverse loading for an el¢ment
with no initial residual strain, and cis a constant and ¢-<< 1.

Let a bar with a section, symmetrical about two muiually
perpendicular axes, y and z with initial residual curvature k,
in one of the plane of symmetry be considercd.

Since the bar has an initial curvature k,, the initial resjdual
strains in the fibers at different distances from the z-axis will
be different. Hence for different fibers strain change-stress
curves will be different as shown in Fig. 1(b) corresponding
to a particular strain change, stress must be found out from
the curve of the initial residual strain the particular fiber has.
If the residual strain in the extreme fiber is ¢,;, and the residual
strain in the fiber at a distance y from the z-axis is ¢,, then

&, /(h/2) = e/y = k, )

where h is the depth of the section considered. If, due to
the straightening, the change in curvature in the bar length is
k, then from Fig. 2:

k=2¢/h
and e=2¢y/h 103
f «
K gr=0
B

Change in strain € —=—

Fig. 1 Stress-strain change curves for dilferent Initial residual sjrains
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Fig. 2 Variation of stress across the depth in bending

_hﬂ__l

- Cr -

e e,

T

! g

= - 4

i
/ {1eneKr)
Initigl  .___J[Loading

|:Urvc§ure - curvature)
e g ———F

Fig. 3 Initial curvature and losding moment

where, € ard ¢, are the change in strain in a fiber at y and

h/2, 1espectively.
If v, is the value of y at elastic-plastic boundary, then from

equafion (3) :
o= Eky s = Ve S Y=Y,
=[E-E’')e, + &y , Ye=<Ilyl=hrs2
where E=[E—E'lck,+E'k
go, the moment M, required to produce the change is given
y

4)

M=NEK+ (1 =NEIL, k=(ky+ck,) -

0=\=1 (5)
=E Lk , k=(k,+ck,)
where A is a parameter dependent on the section parameters
and y.
But

Ye=¢/h (6)

So, A is a function of the section parameters and the change
in curvature.

If the moment required to produce the same curvature change

k in a bar length, having zero initial curvature is represented

by My(k), then from equations (4) and (5)

vt e e

My=[E+(1-NE" KT, 0

from equations (5) and (7)‘

AM=M-My=[1-=NI[E-E’] ck,I. (8)
where M is the extra moment required to produce a particular
curvature, due to initial curvature in the bar. Writing

M/M,=M,E'/E=E’, k/k,=k
where M, and k, are yield moment and yield curvature of an
initially unstrained bar and Af, = EI k,. Equations (5) and (8)
may be expressed as .
M=k :
_=M+(1-=-NE -
AM=c[1-E’][1-Nk,
where, £ =8{/(Ek) =[] = E’'lk,+E'k
Since the unloading frcm the reverse loading is also elastic,
i.e., :

k=<(1+ck,)
k=(+c¢ck,) (9)

7

dk
the moment, which will have to be applied to produce a cur-
vature change k,, in a bar with initial curvature k,, may be
obtained by putting

MdM<0 (i0)

.=.I,

M=k =&
in equation (9) (Fig. 3); let .the corresponding value of the

moment be A7, and it may be expressed as

M, = 1+q(k) amn
Evidently < ’
2(0)=0 (12)
The corresponding curvature change &, is given by
k= l+q9+k, (13)
From equations (9), (10), and (13)
Ki=lc+ ((1-N (1-E)) 'K, (14)
So, from equations (13) and (14)
1=[{(1-N (1-E)) "' =1 -k, (15)

But X is a function of k and so of k, and k, = %,. For example
for a circular section

2 = i -
1-A=1 e sin™'(17k) + (P - 1)'*(12-2)/k*  (16)
The variation of (1 —\) with lf,. for a circular section, is shown
in Fig. 4. It can be observed from equation (16) that for circular
sections A

' 1=M1)=0 and 1-X(e)=1
]
]

loading moment (at mid-span)
bending moment required to
produce curvature change X in
a bar with no initial curvature
highest moment developed in
the plane of initial curvature
value of y at elastic-plastic

Nomenclature
¢ = a constant
E = elastic modulus for the material
of the bar M, =
E’ = plastic modulus for the material Mo =
of the bar
"~ h = depth of a section of the bar
-k = change in curvature in the bar my =
length K
k, = initial residual curvature o
k; = final residual curvature boundary
k, = highest value of k, due to varia- € = change in strain
tion in M, ¢, = initial residual strain
"k, = highest value k; due to early ¢/ = particular value of ¢,
' unloading ¢, = yield strain in tension or
M = bending moment required to compression
. produce curvature change k o = normal stress

e
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a function of curvature

n*,= a function of curvature for par-
«  ticular value of &,

a dimensionless parameter

varying between 0 and 1

a dimensionless parameter < 1

angle between the plane of

loading and plane of initial cur-

vature

a parameter, defined in the text

L~

Dy >
I won

T}

"

£=

All varjables with a bar over them are

. nondimensionalized variables defined in

the text.
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and the value of A quickly approaches 1. Again, since E'<<1
from equation (15), it can be seen that unless &, is near about
1 i.e., for higher values of &,

p<<k, , (17)

Loading for Straightening

If a length of a bar has an initial residual curvature &,, then
to straighten it, i.e., to have final residual curvature equal to
zero, a loading moment in reverse direction (assumed positiv c)
must be applied to have an additional residual curvature &, in
the reverse direction (assumed positive), so that the resulting
curvature is zero. It can be seen from Fig. 3, that a kinematic
loading with curvature given by equation (13) will bring the
final residual curvature to zero value. So, the straightening
process basically involves the application of a kinematic load-
ing given by equation (13) to the section inyolved.

In the following, unless otherwise mentioned the plane of
loading will always be assumed to be vertical for convenience
of analysis and a positive change in curvature (loosely men-
tioned as ‘‘curvature’’) will always mean that it is opposite in
nature to the initial curvature of the bar length to be straight-
ened. Let the principal plane of initial curvature (osculating
plane) make an angle 6 with the plane of loading. If 4, is the
initial curvature in the osculating plane, then initial curvature
k,, in the plane of loading is (Fig. 5) .’ ;

k,=k, cos 0 (18)

So, the change in curvature due to. l\memauc loading is (Fig.
6)
E,=1+q+E,cosa (19)

IfE_,, << (1 +7),then for values of ¢ in'therange —r/2<f=<n/
2, k., has the opposite sign of &, so the change of curvature
is g

Fi=[1+n+ ik 12(1+7)>0, —=<0=<T  (20)

i
The corresponding moment developed at the section con-
sidered will be a positive loading moinent given by
=M (k, E,l)Iz.H,,,I _355 21
where M(k, k,,) represents the function relating resisting mo-
ment, change in curvature k, for initial curvature k. If @ is
thc range (20), then X, has thc same sign as k, and so

ky=1+9—I1kul, 2<9<? (22)
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Fig. 6 Effect of variaticn of the angle belween the loading planc and
osculating plane on the loading moment developed
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Fig. 7 Variation of loading moment with the angle between locding
plane and osculating plane

and the corresponding moment developed will increase the
initial curvature and loading will produce a negative moment.
However, the moment developed will be given by
A_!] =] +5- IE,[[, (I +T,‘)2 II,I'
3r

50<— (23)

=[l+9- Mﬂlt Tayls 2

=1"_follf¢:'+q, 0= Ikrl I= {I +7 _Afﬂ l;- l+q]
which is fully elastic. If however, &, =(l +1), then

- T ™
A{|=Af(k. krl)lr'l"“?"'r,] ' 505" {24}

B B
PR e ir
M,=Mi(k, krl)li-lfﬂl-l—m <0< (25)

e 2
and M, <M(k,k)z-%,
The nature of variation of M, with the value of 0 has been
shown in Fig. 7, for 1k, 1 <(1+%) and 1k, =(1+1). Thus,
M,=M, (k. 0) (26)

If a length of a bar is moved through a system of staggered
rolls in a straightening machine, then except for the end rolls,
which may be considered as ‘‘support rolls’’ for the bcam
length of the bar, all other rolls will apply kinematic loading
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Fig. 8 Eifect of variation in initial curvature on the loading moment
developed

on the beam, due to their displaced position from the line of
support rolls. If the rolls are so placed that a bar with initial
cervature k7, when put through the rolls, develops a loading
moment
My=14+9*k2)=1+9", 0=0 (27)

at ihe sections at the loading roll, then as explained above, the
rolls will cause the sections at contact to develop moments
(Fiz. 8) in the range (nonhomogenity effect)

Eﬂltr=idq-)5§15Qtﬂ:) 3 i{-_'r

Ml Futeg)SM, sk!(k,k,)lr;.“,,'g_:r. i
depending on the values of &, and 6.

Firal Residual Curvature

1et a length of a bar to be straightened, with initial residual
curvature k,, be passed through the rolls, which have been so
adjusted that if the bar length has k,=k?, then on unloading
from the highest moment (with 0=0), I+9*,_the change in
residual curvature is 7. Since the curvature %, and angle 0
may have any value, the highest loading moment experienced
by any section of the bar length will be in either of the ranges
(30), depending on the relative values of &, and k.

If, however, unloading takes place before the section can
attain the moment M,, say unloading takes place when, (pitch
effect) Si=
my=tM,, E<<l (29)
where, 77, is the highest value of the component of the loading
moment in the plane of curvature at the section, then from
(28), .

EMyl5arsy <TR<(1+79%) k,<k;

EMolEa1sy® ST SMEK) Eereq® s r, Bo2ke  (30)
If k, (=<0) and k, (=0) are largest values of final residual
curvatures for variation in loading moment A, and for early
unloading, respectively, (Fig. 8), then

0=k =1k}l (31)

where, fc} is the final residual curvature and i"} equals the
maghitude of the two final residual curvatures k, and k,. Again
from equation (9)

-‘-’ﬁ=x[1-fq+f'+u—f'>ﬁ—cﬁ}j‘%d (32)

dk
So, for the same variation in M, and 7,
VAPA 33)
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e N

-

For illustration, if
Moltarsy = E(1+ 1) = F)owes (34)

: ff,,f=(1+f)(!+n)f((;—’¥) ~(1=5(1+7) (35)

i:-l‘ir:*-l.:’

and .
1K, 0 =(1=£)1+y) (36)

From equations (35) and (36)
Ch s A
; e ok i 3
YAVIVAE I/(d;) 1 (7)

3 |':=]-"j+ l:r

So, unless the initial curvature is small compared to the cur-

vature of roll'setting, i.c., unless
k/(1+n+k,)<<1

: (38)

1%, 1> 1%, -

Discussion and Conclusion

In the above, the mechanics of straightening of bars and
sections with initial residual curvature distributed nonhomo-
gencously along, the length of the bar by reverse kinematic
loading has been dealtwith graph-analyticallv in details in
general terms. If the range of initial residual curvature of the
bars to be straightened is known, then for a particular set-up
of kinematic loading, the range of final residual curvature,
i.e., the degree of straightness of the product, can be ascer-
tained. Conversely, il the desired degree of straightness is spec-
ificd thie required loading may be ascertained. The analysis,
as will be sho_i\'n later in Part 2 of the article where the general
analysis is particularized for different types of straighteners,
will be useful in bringing out clearly the relative merits and
demerits of different types of straighteners and the scope for
furthet improvement in the design of straighteners. However,
from the above, the amount of lateral stagger the rolls have
to be provided for a particular loading cannot be ascertained
and further analytical invéstigations should be done to deter-

mine the same.
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Introduction

Light bars and sections are taken from rolling mills slightly
bent or distorted and straightened to specified degree in the
rerolling industries. This is accomplished for circular bars and
tubes in cross-roll straighteners. In these machines the bars
and tubes rotate about their own axis as they progress forward
through the laterally staggered rolls being subjccted to bending
beyond elastic limit. These machines, with various combination

of driven and idle rolls, are of four basic types [1,2,3] as .

follows:

(i) Reeling machines or twe-roll straighteners:

In these machines, the bar is bent across the horns of
a concave roll (Fig. 1). These machines can further be
subdivided into following two types:
(a) air-bend, or free-bend straighteners, and
(b) line-contact roll straighteners
depending on the profile of the, work-rolls. With line-
contact rolls the bar length between the rolls or the *‘beam
length’’ may be considered to bé loaded uniformly across
the span and with air-bend rolls, the beam length may
be considered to be subjected to a concentrated load at
mid-span.

(ii) Six-roll straighteners: g
These machines have six rolls mounted in three pairs
(Fig. 2). Beam length in these 'straighteners, which is
higher than that in air-bend straighteners may be con-
sidered to be subjected to a dlstrtbutcd loading over a
length at mid-span.

(iif) Multi-staggered roll straighteners: %

- These machines have five, seven, or even ten staggered
rolls, such that there are several ‘‘loading bays’’ in cach
of which the bar is subjected to a concentrated load,
consecutive bays being loaded in opposm: directions.

(w) Cluster-roll straighteners:
These straightencers have seven rolls arranged in two

. “i. . clusters of three rolls with a central deflecting roll. In

1
Contribul:d by the Production Engineering Division for publication in'the

. JOURNAL OF ENGINEERING FOR INDUSTRY. Manuscript received Noyember 1988.
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Mechanics of Bar Straightening,
| Part 2: Straightening in Cross-Roll
| Straighteners

An analysis is made of the straightening process of rolled circular bars and tubes,
- with initial residual curvature in different types of cross-roll straighteners indicating
the degree of straightness and throughput speed obtainable from them. Suggestions
are made for roll arrangement for higher throughput speed and degree of straightness

—Concave roll
\

Bar to be straighiened

Convex roll
Fig. 1 Ear stralghtening In a two-roll “air-bend” machine

Bar to be straightened
Fig. 2 Bar straightening In a six-roll stralghtening machine

these machines also the beam length may be considered
to be loaded by a concentrated load at the mid-span.
Though several varieties of very good straightening
machines have been developed by different manufac-
turers, unfortunately their design development seems
not to be backed up by a detailed theoretical analysis
of the plastic deformation process involved therein. Ex-
cept for the analysis made by Das Talukder and Johnson
[3,4] and Yu and Johnson [5], no theorctical investi-
gation has been made of the straightening processes and
the influence of roll arrangements on the throughput
speed and the degree of straightness of the product.
Below a detailed analysis of the straightening pro-
cesses of the initially bent bar in cross-roll straightening
machines has been made. Longitudinal fibers of the bar,
with different loading history, have been assumed to

Transactions of the ASME
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Fig. 3 Motion of the bar through cross-rolis

have different stress-strain relationship and nonhom-
ogeneity of the initial curvature has been taken into
consideration while analyzing. Suggestions have been
made for further design improvements also.

Loading of tlie Bar
In a cross-roll straightener, the rolls are set at angles = o
with the axis of the bar [Fig. 3(a)] and cause the bar to rotate
about its cwn axis as it progresses forward through the rolls.
If «s is the angular velocity of the rolls of radius R and v, and
v, are the throughput velocity and tangential velocity of a point
on the surface of the bar, then the helix angle in space of the
locus of the point of contact is also « [3], i.e.,
u/u; = tan o (1)
So, pitch p of the helix is given by
p=2wrtana
or.pe p/l = 2x Flan o 2

where [ is the beam length, 7 is the radius of the bar and r =

r/l. So, g
. Uy Qr E)‘]—s
V= —== |1+ = 2
I.et the plane of initial curvature at a generic section of the
beam a distance x = x/I from the support roll at entry make
an angle @ with the plane of kinematic loading. Also, let the
logding moment in the plane of loading at the generic section

g e Mx : ’ :
beM=M(x) = ) where M, is the yield point moment

for the section. The cgmponent of M, which will act in the
plitne of initial curvature, so far as the straightening process
is concerned, is actually the effective bending moment at the
section. Thus the effective bending moment 1, at the section

18

The component M sin @ acts in the plane of zero initial cur-
vature and mostly produces elastic deformation. If it produces
any plastic deformation, it will be removed or reduced during
the passage of the section through effective moment. So this

g = M cos 0 “) .

component of ;f! is of no consequence for either analytical or
practical purpose. Since ;
| cos 0 = y/r &)
from equatiop (4) m, = ‘M y/r
Let the ggneric section at the entry to the bay i.e., at the
first support roll make an angle 8, with the plane of loading.
Then ; '

l ' % = [wRsinall (6)
: el }é i) i
and y=r sin [(i——%%iL -+ GOJ (7)

From equations.(5), (6), and (7)
- 2% X
g = M sin [ =4 00] ®)
> . P

The above equalion shows that s, is an oscillating function
of x with A7, as the moment amplitude varying with ¥ (Fig.
4).” If 1i1p reaches its first peak value at ¥ = x*, then it will
attain peak values m), at

i= 3 4+ sp ©)
in which s t_akes up the values 1,2,3 etc. If
1

[1+2] p = 5= [n+1]p

then s, will attain its highest value s, either at (pitch effect)

ey s il
A = 2 "_‘ up
: 0=sv=sl (10)
o .
prat x= =+ (l=0) p
e
Let 1, e 5 = My,
S
and 1 e = My, = M, ;
,\-—_5+II—1}p AJ_‘:—““—I,'};'
then Wy = Mpy y My = Mg,
T = My, My S M, (11)

It can be seen from-e'quation (9) that successive values of
n, at a certain section will be given by the ordinates of the

Curves L
M= M(% - sp) 12)
at the section. So, lower limit of 1, will be given by the point

Nomenclature

Journal of Engineering for Industry

: a nondimensional parameter <
k = change in curvature my, = highest value of m, : 1
k; = initial residual curvature P = force of separation acting on n .= a function of initial residual
ky = final residual curvature the rolls . curvature
k, = highest value of &, due to pitch p = pitch of helical path followed ¢ = a function of change in residual
i effect by a point on the surface of the ) curvature
kn = highest value of k, due to non- bar : A = a dimensionless parameter
homogeneity effect R = radius of the roll varying between 0 and 1
! = beam length : . r = radius of the bar 6 = angle between the plane of
Xx = part of beam length v, = throughput speed of the bar loading and the plane of initial
M = moment of resistance as a func- v, = tangential velocity of any point curvature
tion of change in curvature on the surface of the bar 6o = value of @ for a section at x=0
M,; = loading moment at mid-span w = intensity of u.d.l. on the beam w = angular velocity of rolls
M’, = yield moment for the section length in a line-contact roll '
. my = component of loading moment a = angle between cross rolls All variables with a bar over them are
in the plane of initial curvature B = anondimensional parameter <  nondimensionalized variables, definedin -
my, = peak value of mg | 1 fextecvr

MAY 1991, Vol. 113 / 229
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Moment amplitude c o
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Fig. 4 Oscillating wave for effeclive moment at a section

of intersection of the curves M ( X) and M(3-p) (Fig. 5).
Let at this point of intersection /2 =- { M, then

My s'ins M, ¢ts1 (i3)
It can easily be scen that

(=1 - ;,}1 for point-contact rolls
=1 — p° for line-contact rolls

Effect of Pitch on Degree of Slrziighincss

It is pertinent to point out here that, so far bending in cross-
roll straightening machines is concerned, the bar to be straight-
ened behaves both anisotropically and'nonhomogeneously, be-
cause the curvature change—moment relationship for the bar
changes both with rotation and transldtion of the bar inside
the roll arrangement [6]. :

Let it be assumed that the loading roll is so adjusted that
in a bar with initial curvature &7 it will produce a change in
the residual curvature equal to 4! in the opposite direction

; sl :
when at the section § = 0 at x = > and the corresponding

; - g 2 - 1
loading moment Af, at the loading section ¥ = 3 bel + 5°,

Then as pointed out earlier [6), cv’gn if the bar with initial
curvature A; is rotated, about its own axis, inside the roll
arrangement 1, wiil vary in the range

S +9*l=m=[1% 4% (14)
So, due to variation in i3, the final residual curvature will be
in the range 5 .
0s ke k, (15)
where k, is the final residual curvature in case loading takes
place from the moment ¢ [1 + 3°]. =
. If the initial curvature of the bar is in the range 0 < &, <
k7, then the ranges of m, and k, will also be given by (14)
and (15) but if a lenath of the bar with initial curvature’ &,
> k7 is passed through the rolls, loading moment. M, devel-

oped at x = %wil] be higher than (I + 3*). It can be seen

from Fig. 4 that even if there is no pitch effect, there will be
a final residual curvature &/ for unloading from the moment
My (nonhomogeneity effect). Again due to pitch effect if the
increase in the final residual curvature is &, then even if the
slope of the curve M (k, k/) is slightly more than that for
the curve A (&, k/), which is not likely, k7 will not be less
than k,, i.e., # : B - :
ki = ki + k7 >k,
and0 = k, =< ik} ' ! (16)

where IE} is_the value of k, when the bar is unloaded from the
. moment { M). Hence, it is definitely advisable that unless other

- difficulties arise the rolls should be adjusted for highest initial

~curvature expected. 5 i
It is quite possible to draw a curve M = ¢'( k,) (Fig. 7),

~ where k+ is the change in residual curvature. Let the inverse
relationship be given by A

ke =y ) (17)
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then from Fig. 8

kp, = ¥ (M) ’ R AY)) ] e
M=1+q M=l +9q])

or k= ke — ¢ (M) (18;

Me [l +n]

Since the slope of the curve at M > 1 is likely to be very high
cquation (18) shows that slight decrease in {, i.e., increase in
p will cause the value of £, to increase considerably, thys
affecting the degree of straightness of the product adversely
(Fig. 8).

Evaluation of Final Residual Curvature

Though for a qualitative exploration of the influence of pitch
on the degree of straightness of the product equation (18) is
of much importance, it may not be convenient to evaluate k,
quantitatively with the equation. However, the value of ky
may be determined as follows: 3

(i) 9* is calculated for the particular value of k? from the

equation [see equation (9) of Part 1]

L+ =Dk + =N fliciogsst (19

(i) k = f, is obtained from the solution of the equation

S+ =K+ (1= {1=0 (20)
and finally
(i ) Kk, is calculated from
kp = kP [ky — § (1+9°)] @1
Throughput Speed and Different Straighteners

Equation (3) may be rewritten as 1

L
u,=wR[1+(2;')J’ (3a)

From the above equation, it is clear that throughput speed v,
will increase if,

(7) w is increased. But w cannot be increased beyond a par-

ticular limit, because of centrifugal forces developed, due

to initial curvature of the bar, at higher angular velocity

Transactions of the ASME




=
=i
xi

3 (K,)

K (1+0%)—
. Change of e
residual curvature, K,,
~—Change of curvature,K

Moment as a function of residual curvature

Fig. 7

=—2 (1+1%)
{1+ N¥) —=

Fig. 8

0 = w R cos a/r. These centrifugal forces create diffi-
culties in operation, particularly in bars with higher slen-
derness ratio.

(i) pisincreased. To maintain a minimum degree of straight-

ness { cannot be lowered beyond a particular value, i.c.,
P cannot be increased beyond a limit. But p can be
increased, without decreasing {, by increasing the beam
length /. Precisely for this reason throughput speed in a
six-role straightener or cluster-roll straightener, in which
the beam length is higher, is higher than that in air-bend
straightener. Moreover, due to the distributed nature of
loading near the mid-span in case of the six-roll straight-
ener, raises the value of { slightly higher than that in the
air-bend straightener. But there is a limitation in increas-
ing the beam length also, because there will be a length,
. slightly less than half the beam length, at each end of
the bar, which will not be straightened to the required
degree because 1, at the sections will not be in the range
(14) but instead it will be in the range 0 < m;, < {1 +9*]
.. (Fig. 5).

In case of a line-contact straightener, as mentioned earlier
¢ = 1-p?, so for the same degree of straightness of the prod-
uct, it has higher p than air-bend straighteners, if the pitches
in line-contact roll and air-bend straighteners are p,, and p,,
respectively, then 3

i
Bw=(P)?> ps @2)

Thus for the same range of Ky, throughput speed in line
cofitact roll straighteners will be considerably higher than that
in dir-bend straighteners. But the conditions of contact between
the loading roll and the beam length of the bar is uncertain
and sometimes loading may be quite away from the assumed
loading, leaving higher final residual curvature than it is oth-
erwise expected. However, flatness of the moment amplitude

; e piag i .
curve near x = 3 for six-roll straightencrs_ makes [ slightly
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higher. partially avoiding the bad cffect of uncertainty of con-
tact. :

However, throughput speed can be increased further without
any increase in beam length hence under-straightened béam
length at the end avoiding uncertainty in loading, by passing
the bar through a number of loading bays, as is done in mul-
tistaggered roll straighteners, such that the bar is subjected to
loading opposite in sign in adjacent loading bays (phase shift-
ing). If successive loading bays are placed even at arbitrary
distances, then a different bay, the corresponding effective
moment diagrams will have different phase shifts. If these
diagrams for different bays are superposed (Fig. 9), then the
top zig-zag curve, enveloping all these diagrams will give the
distribution of »1, experienced by different sections of the bar
during their passage through the loading bays. However, since
the final residual curvature in a proceeding bay, the curvature-
change moment diagram and M, will go on changing as shown
in Fig. 10. As a consequence the range of residual curvature
will be narrowing down at each bay and the final residual
curvature after the last loading bay Wwill indeed be very small.
If proper positioning of work rolls is done in a multistaggered
roll straightener with n loading bays, then

- (-9

orp="n(l-§) =np, (23)
where p, is the pitch.in an air-bend straightener. So, for a
given degree of straightness, a pitch which is n times that in
air-bend straighteners can be provided to a multistaggered roll
straightener thus increasing the throughput speed substantially.

"

Separating Forces on Rolls
Considering loading in point-contact rolls like air-bend rolls,
highest concentrated force P acting on the loading roll is given
by
. 4 M,
R = T[

So, if the beam length is ,srhaller, separating force on the rolls

(24)

. is higher. Thus separating force in air-bend or multistaggered

roll straightener is higher than that in six-roll or cluster-roll
straighteners. Coming to line-contact roll straighteners, if it is
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Table 1

Aungular adjustment
practically possible
5 deg - 10 deg
10 deg - 20 deg
mean value 30 deg
up 1o 35 deg

Type of Machine

(1) Air-bend straightener

(2) Line-contact roll straightener
(3) Six-roll straightener

(4) Mulii-staggered roll stratghtcner

to maintain the samc.dc:grec of straightness of product as air-
bend straighteners of same beam length, then-

wi? Pl
% 3 f*—

or wl = 2P .

(25)

where w is the intensity of unjformly distributed loading in
line-contact rolls. So, total separating force on the loading roll
in line-contact roll straighteners is double of that in air-bend
straighteners. So, these machines with short beam length, par-
ticularly line-contact roll straighteners must be built with suf-
ficient strength and rigidity to witlhistand the higher load without
adverse effect on the degree of straightness of the product. In
case of line-contact roll straighteners, the load is distributed
throughout the beam length, achieving a certain amount of
rolling mill effect. This rolling mill effect with high transverse
compressive stress helps in sizing and.ovality correction of the
bar, particularly those which are of materials with good flow
characteristics and low tensile strength. The full length contact
makes these machines suitable for straightening and polishing
centerless twined bars, when it 1s desirable to improve surface
finish of the bars, while being straightened.

Discussion and Suggestion !

In the above, analysis of the straighteping processes in dif-
ferent cross-roll straighteners, which clearly brings out the
merits and demerits of different cross-roll straighteners, with
reasons, have been made. As regards pitch, the above analysis
may be verified with the actual hmuauons indifferent machines
given in Table 1.

It is also clear from the above that pitch, effect plays the
most important rele in influencing degree of straightness of
the product. However, if { can be made unity, pitch effect will
totally be -eliminated. Value of { depends on the flatness of

- 1 : ;
the moment-amplitude curve near x = 3 So, if the moment

- amplitude curve is absolutely flat [Fig. 9(a)] ¢ will be unity,
even for a pitch as high as 8, thus increasing the throughput
speed tremendously, at the same time ¢liminating the pitch
- effect. This moment- amp]uudccur\ccm be induced by placing

) and the o(her at x =

~ two loading rolls one at x = = (l

0Oand x = 1 or by

1 ! z
3 (1+ B) besides the support rolls at x =

P
=ty N
Ul B) ———=
1st loading roll 2nd loading roll
Fig. 11(a)

Fig. 11(b)
straightener

b SRR RS O
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! P 1 P |

Suggested improvement in design of cross-roh

Fig. 11{c) Loading moment along the length

an air-bend set, both rolls being concave as shown in Fig.
11(b). With such an arrangement of rolls, the highest value of
final residual curvature, &, will be given by

Kn=1+9°—Mo(K)§aysqe

However, this residual curvature which is small enough can
further be reduced by passing the bar through a second loading
bay with similar roll arrangement, such that in the succeeding

bay

Conclusion

(/) An analysis that clearly brings out merits and demerits
of different cross-roll straighteners along with their causes
has been made.

(2) Method of evaluation of standard of straightncss has

been indicated.
(3) The possible improvement in design of roll arrangzment
for higher throughput speed has been suggested.

References

1 Kemshall, G. E., Bar Straightening and Bending Equipment, Light llar and
Secrion Mill Technology, Yol. 13, pp. 65-68, Indusirial Newspapers Lid,, 1977.

2 Tselekov, A. L., and Smirnoff, V. V., Straightening and Leveling Machines,
Rolling Mills, Chap V (Translated from Russian), p. 254, Pergamon Press,
Oxford, 1975.

3 Das Talukder, N. K., and Johnson, W
Cross-Roll Straighteners,” Int. J. Mech. Sci., Vol. 23, pp. 213-220, 1981.

4 Das Talukder, N. K., and Johnson, W., ““Bar Straightcning Process by
Reverse Bending,” Rcscmh Monograph No, ?9[21 Mech. Engr. Dcpl .» Ban-
aras Hindu University, Vanarasi, 1979.

5 Yu, T.X., and Johnson, W., Estimating the Curvature of Bar:/lfrer Cross-
Roll Srmrgflfmmg. 22 M. T.D.R. Conf., Macmillan Press, 1981.

6 Das Talukder, N. K., and Singh, A. N., ““Mechanics of Bar Straighiening,
Part I: General Analysis ol’ Straightening Proccss.” ASME JournaL or ENGI-
NEERING FOR INDUsTRY, Vol. 113, No. 2, pp. 224-227, 1991. :

.» "*On the Arrangement of Bolls in

Transactions of the ASME




