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The mathematical method for the determining of the technological parameters of the cold
straightening of the thick steel sheet on the twelve-rolled sheet-straightening machine is pro-

posed. The calculations allow us to determine the support reaction of working rollers, the re-
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working rollers, the magnitude of the sheet reduction by the upper rollers, the sheet thickness, as
well as the elastic modulus, the yield stress and the hardening modulus of the sheet metal. The
results of the research can be used at the metallurgical plants.

Introduction

The rolling mills and the multi-roller straightening ma-
chines (fig. 1) are widely used for the steel sheet production
in Russian and overseas metallurgical industry [1-24].

In the first part of the paper the technique of determin-
ing the shape and curvature € (radius of curvature p) of the
steel sheet at flattening on the twelve-roller straightening
machine was suggested.

Inthe second part of the paper we consider in detail the
method of determining the bending moments and residual
stresses, aswell as the support reactions of the working roll-
ers in the twelve-roller straightening machine.

We note that the estimation of the force parameters for
the different methods of bending and forming in metal-
lurgy are investigated in papers [10-21].

The bending moments at the steel sheet flattening

Let H;(i=1, ..., 12) be the sheet’s reductions by the
working rollers. Without limiting the generality, further

© SHINKINV. N., 2016

we assume that the lower six working rollers are fixed
(H,= Hy= Hy= H,= Hy= H,;= 0 mm) and the upper six
working rollers have the independent vertical movement.
Let P,and P,be the hardening modules of steel in ten-
sion and compression, £ and ¢, be the young’s modulus
and yield strength, Rbe the radius of the working rollers,
¢, be the angles of the contact points of rollers with the
steelsheet (i=1, ..., 12), tbe the step of the lower working
rollers, Ry,= R+ h/2,¢,=1/p,and p,be the sheet’s curva-
ture and the radii of sheet’s curvature at the contact points
of rollers with the steel sheet, 4 be the sheet’s thickness.
Under the elastic bending (p > p, = hE/(20,)), the
springback coefficient of steel sheet is equal to (p) = eo.
Under the plastic bending (p < p, = hE/(20,)), the
springback coefficient of steel sheet is equal to

b= ——— lmz —
I+ C _Hhry r~y
(1_ 2E ][1 2hbf) (”hEy)

Under the plastic bending of steel sheet, the bending
moment is equal to [10-12]
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Fig. 1. The multi-roller straightening machine by Fagor

Arrasate
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where b is the sheet width.

For high-strength steels, the hardening modules in
tension and compression is almost equal to each other:
P=P =P

Under the elastic bending of steel sheet, the bending
moment is equal to

bHE
M(p)

T 12
The dependence of the bending moment M on the
curvature radius p of the sheet is shown in fig. 2.
Let M;be the bending moments of the steel sheet at the
contact points of working rollers with the sheet:

M, =0,M,= M(Pz)s M, =—M(p3), M, =M(P4)s

M= —M(Ps)a Mg =M(Pé)a M, =—M(p7),
My = M(Ps)’ M, = —M(P9), M, = M(Plo)’
M11=_M(Pn)’ M, =0.

The bending momets of the sheet at the contact points
ofthe sheet with the rollersat £=2-10!! Pa, R= 125 mm,
c, = 500-10¢ Pa, ~ = 10 mm, #= 270 mm, p; = -1 m,
H,=12mm, H, = 6 mm, H, =3 mm, H; = 1.5 mm,
H,;=0.75 mm and H,, = 0.375 mm are shown in fig. 3.

The residual stresses of the sheet after springbacking
are shown in fig. 4, where ¢, = E/c,, y, = o,p/E is the
boundary between the elastic and plastic zones in the
sheet wall.

The extremal residual stresses are equal to
Glres =0, + P(gmax _gy)_6(£) P

bh?
M
G2res = Gy - 12(%)

c,p

Eh -’
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Fig. 2. The graph of the bending moment M(p)
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Fig. 4. The residual stresses in the wall of the sheet

The proportion of plastic deformation on the sheet
thickness under bending

The proportion of plastic deformation on the sheet
thickness is equal to

Jif p< L0, if p>——1.
P 26)’ P 2 }

FEh o

y

The relative deformation of the longitudinal surface
fibers of the sheet is equal to

-
el

The numerical calculations for the proportion of plas-
tic deformation on the sheet thickness and the relative de-
formation of the longitudinal surface fibers of the sheet in
the twelve-roller straightening machine at £=2-10!! Pa,
R=125mm, 6, = 500-10° Pa, = 10 mm, #= 270 mm,
p; =-1m, H, =12 mm, H, = 6 mm, H, = 3 mm,
H;=15mm, H,=0.75 mm and H,, = 0.375 mm are
shown in fig. 5 and fig. 6.
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Fig. 5. The proportion of plastic deformation on the sheet
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The calculation of the power parameters
of the twelve-roller straightening machine

Let N, M,;and F, (F,;= M,/R) be, respectively, the
support reaction, the rotational moment (transmitted
from the gearbox) and the feed force of the i-th roller
(i=1,...,12) (fig. 7).

‘We build the twelve coordinate systems y—z at the con-
tact points of the sheet with the rollers. The axes y will direct
along the radius of the rollers to their center, but the axes z
will direct tangent to the rollers’ surface from left to right.

Let y; and z; be the coordinates of the points of sheet
tangency with the j-th roller in the i-th coordinate system.

We introduce auxiliary distances:

t . .
AZ,, :E—Rosm(p1 + R;sing,,
Ay, = H, _Ro(l_COS(PJ_RO(l_COS(Pz)’

%1 = Az COSQ, + Ay, sing,
Vo1 =—AZ,,8inQ, + Ay,, cosg,,

t . .
AZy, =§—R0s1n(p2 — R, sin s,
Ayy, = H, —RO(I_COS(Pz)—Ro(l—COS(Pa),

I3 = AZ3; COSQ, + Ay;, SiN@,,
V3 =—Az3,SInQ, + Ay, COs 9,

t . .
AZys =E+R0s1n(p3 —R,sing,,
Ay, =H, —RO(I_COS(P3)_R0(1‘COS(P4)>

e :
V2 12 12 12 )

Fig. 7. Forces and moments acting on the steel sheet
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Fig. 6. The relative deformation of the longitudinal surface
fibers of the sheet

23 = AZy3C08Q5 — Ayzsing;,
Vi3 = AZ438IN Q3 + Ayy3COS @3,
t . .
Azs, :5+ Rysing, — Ry sings,
Aysy=H, _Ro(l _COS(P4)_R0 (1 _COS(PS)’
Zs4 = AZ54COSQ, — Ay, SiNQ,,
Vs4 = AZs, SINQ, + Aysy COSQy,
t . .
AZgs = §+ Ry sin@s — Ry sin g,
Ayes = He — R, (1 _COS(PS) _Ro(1 - COS(Pé)’
Zg5 = AZg5 COS Q5 — AYgs SIN @s,
Yes = AZgs SIN @5 + Aygs COS @s,
t . .
AZy = §+ Rysingg — Rysing,,
Ayze=Hg - R, (1 _COS%)_RO(I _COS(P7):
Z76 = AZz COS Qg — AyySIN @,
Y16 = A2y SIN Qg + Ay COS O,
t . .
AZg; = 5+ R,sin @, — R, sin ¢,
Ayg; = Hy ‘Ro(l _COS(P7)‘R0(1 —COS(Ps)s
Zg7 = AZg; COSQ; — Ayg; Sin@,,
Vg7 = AZg; SinQ; + Ayg; COS @,

t . .
AZyg :§+Rosm(p8 - Rysin@q,

Aygs = Hy —Ro(l _COS(PS) _Ro(l _COS(P9)9
- M

Mg

12 2 w2 2t iR
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gy = AZgg COSPg — AYgg Sin g,
Yog = AZgg SIN Qg + Aygg COS Py,

t . .
AZjp9 = 5+R051H(P9 - Rysino,,
Ay = Hyy — Ry(1-cos @) — Ry (1-cosgyy),
109 = AZj09 COS Qg — AYy9 SIN @y,
Y109 = AZjg9 SIN Qg + Ay} 9 COS @y,

t . .

AZj1g =5+R051H(P10 - Rysing,,
Ayyy9=Hyo - Ro(] _COS(Plo)_ Ro(l _COS(Pll)s
Zy110 = AZ1119 COSPyg — AYyy1 SIN Py,
V0 = AZy110SINQ 5 + AV COS Py,

t . .
Az =E+ Rysing,; — Rysing,,,
Ay =Hy, - Ro(l _COS(PH)_ Ro(l _COS(Plz)’
211 = AZ511 COSQy =AYy SINQy
Via11 = AZyp SINQy; + Ay COSQy .

The projections of the main vectors of the forces at the
contact points of the sheet with rollers are equal to

Fyy, = Nycose, — Fysing,

F,, = N,sing, +F,f1 cosQ,,

E)2y = E)Iy — N, coso, +Frf2 sin@,,
Fyy, = Fyy .+ Nysing, + Fpp coso,,
E)3y = Fozy + N;cos; + F,f3 sin@;,
Fyy, = Fp, — N3sin@; + Fp;cos s,
E)4y = Fo3y - N,cosq, _F;f4 singy,
Foy = Foz; = Nysing, + F 4 cos gy,
Fosy = F04y + Nscosos + F,f5 sin s,
Fis, = Foy. — Nssings + F,5cos gs,
Fisy, = Fys, — N COS@g — F 6 8in @,
Fo, = Fos, — Ngsingg + F s cos g,
Em = Foéy + N, cosg, + F,f7 sin ¢,
Fy7, = Fog, — N7sing; + Fp; cos g,
Fig), = Fy;, — Ngcosgg — F g sin @g,
Fog, = Fo7. — Nygsingg + F 5 cos @y,
Fyg, = Fig, + Ny cOs@g + Fqsin @y,
Fog, = Fig, — NoSin@g + F g COS@y.
Fyyoy = Fogy = N1gCOS Py — Frpg SIN Gy,
Foro; = Foo, = NygSin@y + Frp10 COSQyg.

The supplementations to the support forces at the
contact points of the sheet with the rollers are equal to

AN, = —mecoscp2 + Fou sing,,
AF, = Fy, sing, + Fy, cosg,,

AN; = Fyy, €083 — Fyy Sin@s,
AF,f3 = E)Zy Sin @, + £y, cos @,
AN, =—Fy,cos@, — Fy_sing,,
AFyy =—Fy,sin@, + Fy; cosqy,
AN = Fyy), €OSQs5 — Fyy Sin@s,
AF;s = Fyy,sin@s + Fy,  cosgs,
ANg = —Fis, cos@g — Fys, singg,
AF 6 =—Fys, sin@g + Fys, cos@g,
AN; = Fyg, cos @y — Fiq sin gy,
AF,;; = Fyg, sin@; + Fys cOS @5,
ANg = —Fy;, cos@g — Fy; sin@g,
AFs = —Fy, singg + Fy;, cosgg,
ANy = Fyg, cOs Qg — Fyg. sin gy,
AFzq = Fyg ), sin g + Fyg, OS @y,
ANy =—Fyg, cos @,y — Fyg. sin @y,
AF 1o =—Fgy sing,y + Fy_cosgy,
ANy = Fyyg, €080y — Fyjg Singy,
AFyyy = Fyg,sin@yy + Fyyp, COSQy.

The normal reactions of the working rollers at the con-

tact points with the sheet are equal to

M,-F
N, = 2~ LY ,
21
N. = “Ms+ M, = Fpyy5 — ANz —AF o055
’ <3 ’
N.o M, =My — Fp3y5— AN32u5 — AF 354,
’ 43 ’
N = “Ms+ M, - Fys, — ANz, — AF 14 ysy
! 3sq4 ’
N.= Mg —M; ‘F,fsJ’ss —ANsZgs ‘AF;fs)%s
’ <65 ’
N = ~M;+ Mg — Fpy:6 — ANgZs6 — AFp6 Y16
¢ <76 ,
N. = Mg —M; = Fpry5 — AN72g — AF 795,
7 _ b
287

N. = —My+ Mg — Fgyos — ANgZgg — AF g Vog
8§ — 9

<98
N, = My — My — Fro¥i1990 — ANoZ 109 — AF 0 V109 ’
%109
Ny = M, + My = Firio01110 = AN o210 = AF10¥1110 ’
Zi110
N, = =M, = F Y1501 = AN 200 — AF V0 ,
211

43
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Fig. 8. Normal reactions of the working rollers
Ny, =

_ -M,, - Fy, (11211 Sin(Qy; + Q1) = Yoy €OS(@y + (Plz))
Zon COS((PII + (P12)+ Yian Sin((Pn + (Plz)

The normal reactions of the working rollers of the twelve-
roller straightening machine at £=2-10!! Pa, R= 125 mm,
o, =500-106 Pa, A = 10 mm, 7= 270 mm, p, = —1 m,
H, =12 mm, H, = 6 mm, H; =3 mm, Hy = 1.5 mm,
H,,=0.75mmand H, = 0.375 mm are shown in fig. 8.

The vertical force (the force of the upper cassette of
rollers) acting from the upper cassette of rollers to the
steel sheet is equal to

F,=N,cos¢, — F,sing, + N,cos@, — F,,sing, +

+NgCOsQq — F 6 8in Qg + Ny COSQg — F g sin @ +

+Nyycos@y — Fpyosing o+ Ny, CosQy, — Fpp,Sing,.

The vertical force from the sheet on the lower cassette
of rollers is equal to

Fiown = Ny cos@, — Fy sing; + Nycose; —

—Fyy8in@; + Nscoss — F ssings +

+N; 080, — F;sin@; + Ny cos@q —

—FposinQqg + Ny cos@y — Fpyysing,;.

Conclusions

The analytical method for the determining of the sup-
port reaction of working rollers and the residual stress in
the steel sheet wall under the cold straightening on the
twelve-rolled sheet-straightening machine is suggested.

The results of the research can be widely used at met-
allurgical plants in the production of thick steel sheet, and
the manufacture of the steel large- and medium-diameter
tubes for the gas-oil main pipelines [ 1 —24].
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