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Abstract : The computation model of shape and crown on 42high CVC mill was established by combining the st ream
surface st rip element method for analyzing three2dimensional plastic deformation of st rip and the influence coefficient

method for elastic deformation of rolls , and the simulation of the shape and crown control on 42high CVC hot st rip
mill was conducted. The simulated result s indicate that the influence of the shif ting of CVC work roll on shape and
crown is very large , and the shif ting of work roll can be used to preset shape and crown. The influence of the ben2
ding force of work roll on shape and crown is smaller , and it is suitable to use the bending force of work roll for
shape and crown adjustment on line. With the increase of st rip width , the exit crown of st rip increases firstly and de2
creases then , and the roll gap becomes smoother increasingly. Meanwhile , the t ransverse difference of f ront tension
st ress decreases firstly and increases then.
Key words : 42high CVC mill ; st ream surface st rip element method ; shape ; crown ; unit rolling pressure ; simulation

　　Shape and profile are t he important quality in2
dexes of rolled plate and st rip , and shape cont rol is
t he key technology for plate and st rip mills. The re2
search on shape cont rol has an important significance
for p reset ting cont rol of shape and crown and t he de2
velop ment of rolling technology. The shape cont rol
of wide cold st rip rolling on CVC mill was simulated
in Ref1 [1 ] . Because the influence of t he lateral flow
of metal on the form of deformation zone wasn′t
considered , t he t hree2dimensional plastic deforma2
tion of st rip and t he shape cont rol on CVC cold mill
couldn′t be analyzed accurately. The shape cont rol
model of 42high hot st rip continuous mills was st ud2
ied in Ref1 [ 2 ] and Ref1 [ 3 ] . The influence of the
lateral flow of metal on t he form of deformation zone
wasn′t considered eit her , and t he dist ributions of
deformation and st ress along the t hickness direction
of st rip were t hought to be even , so t he t hree2di2
mensional plastic deformation of st rip couldn′t be
analyzed accurately , and t he accurate shape cont rol
model of 42high hot st rip continuous mills couldn′t
be established. The shape cont rol on 62high HC and
62high CVC cold rolling mills was researched in Ref1
[4 ] - Ref1 [ 6 ] respectively. Due to no consideration
of t he change in deformation and st ress along the
t hickness direction , they couldn′t be used for hot
st rip rolling or t hick plate rolling. The FEM was
applied to simulate the p rocess of hot plate continu2
ous rolling in Ref1 [ 7 ] . Because t he rolls were

t hought to be rigid , t he coupling between t he t hree2
dimensional plastic deformation of plate and t he e2
lastic deformation of rolls couldn′t be realized accu2
rately , and t he simulation of the rolling process
couldn′t be carried out in t he actual sense. In t his
st udy , t he st ream surface st rip element method[ 8 ]

was employed to accurately analyze t he t hree2dimen2
sional deformations of st rip , and t he influence coef2
ficient met hod[9 ] was used to analyze t he elastic de2
formations and t hermal deformations of rolls. More2
over , t he two met hods were combined to const ruct a
mat hematical model of shape and crown cont rol on
42high CVC mill . The simulation of t he shape and
crown cont rol on 42high CVC hot steel st rip mill was
conducted.

1 　Theoretical Model

111 　Three2dimensional plastic deformation of plate
and strip ———stream surface strip element
method

　　The basic assumptions of st ream surface st rip
element method[ 8 ] are : ① The rolling process is
steady and symmet rical about t he plane x oy
( Fig11) . So , the following analysis and comp utation
consider t he upper half above t he symmet rical plane
x oy only. ② The plate ( st rip) is rigid2plastic in roll
gap and elastic out side the roll gap .
　　The rolling deformation zone shown in Fig11 ,

according to the met hod in Fig1 2 , is divided into n
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Fig11 　Graphic expression of deformation zone

st ream surface (curved surface) st rip element s along
metal flow direction. In Fig11 , R′is flat tened radius
of work roll ; l is lengt h of deformation zone ; h0 , h1

are ent ry thickness and exit t hickness of st rip re2
spectively ; b is ent ry width of st rip ; andΔb is lateral

sp read of st rip . The ordinates of nodal sections of
t he st rip element s at t he ent ry ( x = 0) are expressed
by y i ( i = 0 , 1 , 2 , ⋯, n) , and t he ordinates at
ot her place ( x > 0) are unknown. For the conven2
ience of numerical analysis and comp utation , the
st ream surface st rip element s under t he coordinate
system x2y2z are mapped onto t he plane st rip ele2
ment s under t he coordinate systemξ2η2λ ( t he side
surfaces and the lower surfaces are planes , and the
upper surfaces are cylindrical surfaces) , as shown in
Fig13. In the deformation zone , t he lateral displace2
ment f unction W y (ξ, η, λ) and the altit udinal dis2
placement f unction W z (ξ, η, λ) of metal are as2
sumed to be :

　　　　
W y (ξ,η,λ) = f (ξ) uy (η,λ)

W z (ξ,η,λ) = g (ξ) uz (η,λ)
(1)

　　From Ref1 [ 10 ] and Ref1 [11 ] , t here are :

　　　　
f (ξ) = 1 + 4

ξ
l

- 1
3

+ 3
ξ
l

- 1
4

g (ξ) = 1 -
ξ
l

- 1
2 (2)

where uy (η, λ) , uz (η, λ) are lateral and altit udinal
displacement f unctions respectively at t he exit of de2
formation zone ( x = l) .

Fig12 　Stream surface strip element division in deformation zone

Fig13 　Strip element model in coordinate system
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　　U nder t he mapping coordinate system , t he st rip
element widt h bi are :
　 　bi =ηi - ηi - 1 = y i - y i - 1 　( i = 1 ,2 , ⋯, n) (3)
　　uy (η, λ) and uz (η, λ) are expressed as the
t hird2power spline f unctions along t he lateral direc2
tion , assumed to be t he quadratic curves along the
altit udinal direction , as shown in Fig13 , and solved
by t he interpolation met hod f rom t he displacement s
on t he 0 line , t he 1st line and t he 2nd line.
　　Therefore , t here are[8 ] :
uy (η, λ) = [ uy ( i - 1 ,0)α1 (η) + uy ( i ,0)α2 (η) + u′y ,η( i - 1 ,0) ·
　α3 (η) + u′y ,η( i ,0)α4 (η) ]φ0 (λ) + [ uy ( i - 1 ,1)α1 (η) +
　uy ( i ,1)α2 (η) + u′y ,η( i - 1 ,1)α3 (η) + u′y ,η( i ,1)α4 (η) ] ·
　φ1 (λ) + [ uy ( i - 1 ,2)α1 (η) + uy ( i ,2)α2 (η) + u′y ,η( i - 1 ,2) ·
　α3 (η) + u′y ,η( i ,2)α4 (η) ]φ2 (λ) (4)
uz (η, λ) = [ uz ( i - 1 ,1)α1 (η) + uz ( i ,1)α2 (η) + u′z ,η( i - 1 ,1) ·

　α3 (η) + u′z ,η( i ,1)α4 (η) ]φ1 (λ) +
1
2

[ h1 (η) -

　h0 (η) ]φ2 (λ) (5)

where

　　　

α1 (η) =
(ηi - η) 2

b3
i

[3bi - 2 (ηi - η) ]

α2 (η) =
(η- ηi - 1 ) 2

b3
i

[3bi - 2 (η- ηi - 1 ) ]

α3 (η) =
(ηi - η) 2

b2
i

[ bi - (ηi - η) ]

α4 (η) = -
(η- ηi - 1 ) 2

b2
i

[ bi - (η- ηi - 1 ) ]

(6)

　　　

φ0 (λ) = 1 - 3
λ

h0 / 2
+ 2

λ
h0 / 2

2

φ1 (λ) = 4
λ

h0 / 2
-

λ
h0 / 2

2

φ2 (λ) = -
λ

h0 / 2
+ 2

λ
h0 / 2

2

(7)

uy ( i , j) = uy (ηi , λj ) , uz ( i , 1) = uz (ηi , λ1 ) , u′y ,η( i , j) =
5 uy

5η (ηi , λj ) and u′z ,η( i , 1) =
5 uz

5η (ηi , λ1 ) ( i = 0 , 1 , 2 ,

⋯, n; j = 0 , 1 , 2) are exit lateral and altitudinal dis2
placements and their partial derivatives to ηof the nodal

sections respectively ;λ0 = 0 ,λ1 =
1
4

h0 ,λ2 =
1
2

h0 . uy (η,

λ) and uz (η, λ) satisfy t he condition that t he first
derivatives and t he second derivatives of uy and uz to
ηandλare continuous. u′y ,η( i , j) and u′z ,η( i , 1) ( i = 0 ,

1 , 2 , ⋯, n; j = 0 , 1 , 2) are determined by t he re2
currence met hod , according to t he secondary bound2
ary condition. Therefore , t here are 4 ( n + 1) un2
known parameters : uy ( i , j) and uz ( i , 1) ( i = 0 , 1 , 2 , ⋯,

n; j = 0 , 1 , 2) .
　　On the above basis , t he t hree2dimensional de2

formation of plate and st rip can be analyzed.

　　Based on t he principle of constant volume and
conclusions in Ref1 [ 10 ] - Ref1 [ 13 ] , t he mat hemati2
cal models of t he f ront tension st ressσ1 (η, λ) and
t he back tension st ressσ0 (η, λ) can be derived as :

σ1 (η,λ) =σ1 +
E

1 - v2 1 -
S1 1 -

1 - v2

E
σ00

S0 1 +
5 uy

5η 1 +
5 uz

5λ

(8)

σ0 (η,λ) =σ0 +σ00 (η,λ) +
E

1 - v2 ·

S0

Sn
1 +

5W y

5η 1 +
5W z

5λ ξ= xn

- 1 (9)

where S0 , S1 are area of exit cross section and ent ry
cross section respectively ; S n , xn are area and longi2
t udinal coordinate of neut ral plane , respectively ;σ1 ,

σ0 are average f ront and back tension st resses , re2
spectively ; E is elastic modulus of plate ( st rip) ; v is
Poisson coefficient of plate ( st rip) ;σ00 is longit udi2
nal residual st ress and can be expressed in terms of a
polynomial f unction. When the shape of t he ent ry
plate (st rip) is good ,σ00 (η, λ) = 0.
　　From the plastic flow equation of Levy2Mises ,
t he yield condition of Von2Mises and t he principle of
constant volume , the t hree2dimensional st ress mod2
els in t he deformation zone are solved.
　　From t he differential equilibrium equations ,

　　　　

5σx

5 x
+

5τxy

5 y
+

5τxz

5 z
= 0

5τxy

5 x
+

5σy

5 y
+

5τyz

5 z
= 0

5τxz

5 x
+

5τyz

5 y
+

5σz

5 z
= 0

(10)

　　The st ress boundary conditions at the ent ry and
t he exit of t he deformation zone , and t he st ress
boundary condition[ 14 ] at t he interface are :
　p = -σn = - (σxαx +τxyαy +τxyαz )αx - (τxyαx +

σyαy +τyzαz )αy - (τxzαx +τyzαy +σzαz )αz (11)

whereσx , σy , σz , τxy , τyz andτxz are normal st ress
and shearing st ress in the directions x , y and z , re2
spectively ;σn is normal st ress on t he interface ; αx ,

αy andαz are cosines of the exterior normal of t he in2
terface at t hree directions. The unit rolling pressure
p in t he deformation zone can be calculated using a
finite difference met hod.

112 　Elastic deformation of rolls ———influence coeff i2
cient method

　　In t he range of backup roll body length , t he roll
body is divided into m segment s wit h every widt h of
Δy i and cent ral ordinate of y i ( i = 1 , 2 , 3 , ⋯, m) .
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The loading diagram and t he segment dividing dia2
gram of rolls are shown in Fig14 and Fig15. In
Fig14 ,δis rightward shif ting distance of the upper
work roll , andδ> 0 is for concave roll gap , whileδ
< 0 is for convex roll gap . p1 ( y) is unit widt h roll2

ing pressure ; q( y) is contact p ressure between work
roll and backup roll ; Fw , Fb are bending forces of
work roll and backup roll , respectively ; Fsl , Fsr are
support2counter forces at lef t and right p ress down
support point s respectively. The coordinate origin of
t he whole coordinate system is just below t he left
p ress support point , namely t he altit udinal axis ( z

axis) overpasses t he lef t p ress down support point .
　　The axis displacement s of backup roll and work
roll are expressed as :

　　f bi = Σ
m

j = 1
abijΔy j q j - aFbi Fb (12)

　　f w i = Σ
m

j = 1
aw ijΔy j ( p1 j - qj ) - aFw i Fw +

C1 +
( C2 - C1 )

L w
( y i - C) (13)

　　The elastic flat tening between work roll and
backup roll ,δwbi , is calculated using t he half plane
body model , as follows :
　　　δwbi =λi q i (14)

Fig14 　Loading diagram of rolls of 42high CVC mill

Fig15 　Segment dividing diagram of rolls of 42high CVC mill

　　The elastic flat tening of work roll between
work roll and plate ( st rip) ,δw i , is calculated using
t he half space body model , as follows :

　　　δw i = Σ
m

j = 1
βij p1 j (15)

　　The deformation compatibility equation between
work roll and backup roll is :

　　　f w i = f bi +δwbi +
1
2

(ΔDw i +ΔDbi ) (16)

　　The crown calculation model of work roll is :
　　　ΔDw i =ΔDw0 i +ΔDwt i (17)

　　The t hermal crown calculation model of work
roll [12 ] is :

　　　ΔDwt i =ΔDwt
y i - y m1

L w / 2

2

(18)

　 　 The t ransverse dist ribution of rolled plate
( st rip) t hickness is :
　　　h1 i = s0 + f w i + f w( m - i) +δw i +δw( m - i) +

1
2

(ΔDw i +ΔDw ( m - i) ) + f K
bbi (19)

where i , j are subsegment labels of roll , i , j = 1 , 2 ,

3 , ⋯, m ; aw ij , abij are deflection influence coeffi2
cient s of work roll and backup roll respectively , and
express t he deflection at t he point y i caused by the
unit force acting at the point y j ; aFw i , aFbi are influ2
ence coefficient s of bending forces of work roll and
backup roll respectively , and express t he deflection
at t he point y i caused by t he unit bending roll force ;
C1 , C2 are axis displacement s of t he lef t and right
end of work roll body respectively ; C is distance be2
tween the lef t p ress down support point and t he lef t
end of work roll body ; f w , f b are axis deflections of
work roll and backup roll respectively ; λ, δwb are
flat tening coefficient and flat tening quantity between
work roll and backup roll , respectively ; β, δw are
flat tening coefficient and flat tening quantity of work
roll between work roll and plate ( st rip) , respective2
ly ; ΔDw , ΔDb are crowns of work roll and backup
roll respectively ; ΔDw0 , ΔDwt are initial crown and
t hermal crown of work roll respectively ; f K

bb is rigid2
ity displacement sum of upper and lower work rolls ,
and depends on t he elastic deformation of f rame and
ot her loaded part s ; s0 is initial roll gap .
　　Equations f rom Eqn1 (12) to Eqn1 (14) are sub2
stit uted into Eqn1 (16) , and t he equation group of m

equations is formed. Meanwhile , t he equilibrium e2
quations of force and moment of work roll are added
again , so t he sum of equation is ( m + 2) . In the e2
quation group , t here are ( m + 2) unknown numbers
qi ( i = 1 , 2 , 3 , ⋯, m) , C1 and C2 , so it can be
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solved. Eqn1 (15) and Eqn1 (16) are substit uted into
Eqn1 ( 19) , and t hen t he t hickness of rolled plate
( st rip) can be solved.

113 　Analysis and computation model of shape and
crown for 42high CVC mill

　　The analysis and comp utation flow of shape and
crown for 42high CVC mill is shown in Fig16. The
t hree2dimensional plastic deformation analysis of
plate ( st rip) is used to determine the t ransverse ( y

direction) dist ributions of unit width rolling pres2
sure p1 , f ront tension st ressσ1 , back tension st ress
σ0 and so on. The elastic deformation analysis of
rolls is used to determine the t ransverse dist ribution
of unit widt h contact p ressure q between work roll
and backup roll and t he loaded roll gap shape h1

[ namely t he t ransverse dist ribution of t he exit plate
(st rip) t hickness ] . The above two are coupled , and
t he exit shape (t ransverse dist ribution ofσ1 ) and the
exit crown of plate ( st rip ) ( t ransverse dist ribution
of h1 ) under given rolling conditions can be ob2
tained.

Fig16 　Flow diagram of analysis and computation
of shape and crown

2 　Simulation Results

　　Based on t he practice on a 42high CVC hot st rip
rolling mill , t he shape cont rol was st udied. The en2
t ry widt h of st rip was 1 235 mm. The t hickness of
st rip is 391214 mm at the ent ry and 241477 mm at
t he exit . The ent ry yield st rengt h of st rip is 100
MPa. The ent ry crown of st rip is 700μm. The f ront
tension was 186150 kN , and the back tension is 0

kN. The bending force of work roll was 1 077 kN.
The work roll has a diameter of 850 mm and a roll
body lengt h of 2 250 mm , and t he backup roll has a
diameter of 1 500 mm and a roll body lengt h of 2 050
mm. The space between t he bending forces of work
roll′s two ends is 3 150 mm , and t he space between
t he two end press down support point s is 3 150 mm.
The space between the maximal and minimal diame2
ter of work roll is 1 300 mm. The difference of the
maximal and minimal diameter of work roll is 01599
8 mm. The initial shif ting distance (δ0 ) of CVC
work roll is - 10 mm , and t he shif ting distance (δ)

of CVC work roll is - 95 mm. The thermal crown of
work roll is 350μm.

211 　Simulation of shape control by work roll shif ting
　　Fig17 shows the t ransverse dist ribution of exit
st rip crown (Δh1 ) and unit widt h rolling pressure
( p1 ) under t he condition t hat Fw is 1 077 kN , andδ
is - 75 mm , - 25 mm , 25 mm and 75 mm respec2
tively. With t he increase of δ,Δh1 reduces largely.
The t ransverse change of p1 becomes more rapidly.
　　Fig18 shows the distribution ofσ1 under the condi2

tion that Fw is 1 077 kN , andδis - 75 mm , - 25 mm ,
25 mm and 75 mm respectively. Wit h t he increase of
δ, t he t ransverse difference of σ1 increases f rom 33
MPa atδ= - 75 mm to 79 MPa at δ= 75 mm. It is
obvious t hat for t hick plate ( st rip ) , t he larger the
change of the p roportional crown , t he larger the in2
fluence onσ1 .

212 　Simulation of bending roll characteristic of work
roll

　　Fig19 shows the relation of Δh1 , p1 and Fw .
Wit h t he increase of Fw ,Δh1 changes lit tle , and the
t ransverse change of p1 increases , but t he influence
of Fw is weaker t han t hat ofδ.
　　Fig110 shows t he dist ribution of σ1 at t he exit
under t he condition t hat δis - 95 mm , and Fw is 0
kN , 300 kN , 600 kN and 900 kN respectively. Wit h
t he increase of Fw , t he t ransverse difference ofσ1 in2
creases , in particular at t he edges.

213 　Influence of plate ( strip) width on shape and
crown

　　In order to study t he influence of plate ( st rip )

widt h on shape and crown of hot rolled plate (st rip)

accurately , and to eliminate t he influence of ot her
factors , in t he simulation , t he δwas set at 10 mm
( namelyδ+δ0 = 0) , Fw was set at 0 kN , and T1 was
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○—δ= - 75 mm ; 　△—δ= - 25 mm ; 　●—δ= 25 mm ; 　▲—δ= 75 mm

Fig17 　Influence of δonΔh1 and p1 ( Fw = 1 077 kN)

(a) δ= - 75 mm ; 　 (b) δ= - 25 mm ; 　 (c) δ= 25 mm ; 　 (d) δ= 75 mm

Fig18 　Influence of δonσ1 ( Fw = 1 077 kN)

1 —Fw = 0 kN ; 　2 —Fw = 300 kN ; 　3 —Fw = 600 kN ; 　4 —Fw = 900 kN

Fig19 　Influence of Fw onΔh1 and p1 (δ= - 95 mm)
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(a) Fw = 0 kN ; 　 (b) Fw = 300 kN ; 　 (c) Fw = 600 kN ; 　 (d) Fw = 900 kN

Fig110 　Influence of Fw onσ1 (δ= - 95 mm)

changed at t he same proportion as the plate ( st rip )

widt h.
　　Fig111 shows the dist ributions ofΔh1 and p1 for
different B . With t he increase of B , Δh1 increases
firstly and decreases t hen , andΔh1 ( = 2741335μm)

at B = 1 635 mm is already slightly less t han Δh1

( = 2741388μm) at B = 1 435 mm. Meanwhile , t he
dist ribution of roll gap becomes smoot her increas2
ingly. In addition , wit h t he increase of B , t he t rans2
verse difference of p1 decreases firstly and increases
t hen. The reason can be t hat Δh1 increases firstly
and decreases t hen , and t he action width of t he y2di2
rection f riction st ress (τy ) increases wit h t he in2
crease of B , making t he t ransverse change of σ1 in2
crease.

　　Fig112 shows the dist ribution ofσ1 under differ2
ent B . Wit h t he increase of B , t he t ransverse differ2
ence ofσ1 decreases firstly and increases t hen , how2
ever , t he altit udinal change of σ1 is very small ,
which may be that t he st rip widt h/ t hickness ratio is
already very large , and even t he st rip widt h/ t hick2
ness ratio increases continuously again , t he altit udi2
nal changes of st resses and deformations of plate
( st rip) may be not obvious.

3 　Conclusions

　　 (1) Wit h t he increase of δ,Δh1 reduces large2
ly , and t he t ransverse difference of σ1 increases.
Wit h increasing Fw , Δh1 reduces lightly , and the
t ransverse difference ofσ1 increases , in particular at

○—B = 1 035 mm ; 　△—B = 1 235 mm ; 　●—B = 1 435 mm ; 　▲—B = 1 635 mm

Fig111 　Influence of B onΔh1 and p1 (δ= 10 mm , Fw = 0 kN)
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(a) B = 1 035 mm ; 　 (b) B = 1 235 mm ; 　 (c) B = 1 435 mm ; 　 (d) B = 1 635 mm

Fig112 　Influence of B onσ1 (δ= 10 mm , Fw = 0 kN)

t he edges. Wit h the increase of B , Δh1 increases
firstly and decreases t hen , and meanwhile , t he roll
gap becomes smoot her increasingly , and t he t rans2
verse difference of σ1 decreases firstly and increases
t hen.
　　 (2) The influence of δon shape and crown is
very large , and it is suitable for shape and crown
preset . The influence of Fw on shape and crown is
smaller , and it is suitable for t he on2line adjust ment
of shape and crown.
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