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ABSTRACT

The present study has been carried out to investigate the effect of ElastoHydrodynamic Lubricaticn
(E.H.L) on the pressure distribution of cold rolling strip by taking new conditions, which give new
results in the theoretical analysis. This analysis takes into consideration the variation of the yield
stress of the material, the position of the neutral angle (¢,), and the shear stress along the directicn

of rolling.
The results obtained from the numerical method are in good agreement with the previous

experimental result.
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KEY WORDS
The present of the effect of Elastohydrodynamic Lubrication in cold strip rplling.

INTRODUCTION
To study the mechanism of lubrication in cold rolling, it is very important to know the effect of

lubricant on the pressure distribution, the shear stresses and the coefficient of friction along ths
contact length of the strip with the roller. The two objectives of this study are:
1- The minimum pressure and then the optimum load could be used for the same material and thz

same percentage reductions.
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2- Reduction of the shear stresses and the friction between the roll and strip by using proper
lubricant or different metal forming processes.

The application of ElastoHydrodynamic Lubrication (E.H.L) theory in the rolling process was made
by (Cheng, 1966) who published a theory of plastohydrodynamic lubrication and calculated the film
thickness using E.H.D theory.

Bedi and Hillier (1968) and Avitzur (1972) have used the energy approach to caculate the
hydrodynamic film thickness but did not explored the effect of viscosity changes with pressure ard
temperature.

Wilson and Walwoit (1971) developed an isothermal model for the lubrication of rolling which
used an inlet analysis to calculate the Jubricant film thickness. Dow et al (1975), Wilson and Murch
(1976) developed a thermal model for the lubrication of rolling using an inlet analysis to calculate
the lubricant film thickness. Yuan and Chemn (1990) developed a thermal hydrodynamic lubricaticn
analysis, which takes account of temperature - dependent viscosity variation along the film
thickness in cold strip rolling.

In this paper a new method is used in analyzing the pressure and shear stress distribution along the
film thickness in the work zone of cold strip rolling using the thermal hydrodynamic lubricaticn
analysis of Yuan and Chern (1990) in the inlet zone.
These results are compared with the experimental work of (Dow et al, 1975).

THEORETICAL ANALYSIS
The region between the rollers and workpiece is divided into three zones:
1- Inlet Zone: It is the zone where the workpiece is cosidered to be rigid. In this zone the
Reynold eqauation can be written as, (Dow et al,1975):

d h, -h
—-E=6TI(U|+“2( 1 ] (1)
dx ‘

h3
Where 1 = nocm

h =3T|°}'(U| +U2) R
] (]_B‘Y(Ul“’j)) ry,

eq. (1) can be solved to find the pressure distribution in the inlet zone.
2- Work Zone: In this zone the plastic deformation of the workpiece takes place. The
momentum equation used in lubrication analysis is given by:

dr
®__n @
dx dy
Integration of eq. (2) gives, assuming p=p(x)
d
Ty =T+ YEK'E (3)
for Newtonian fluid:
Ty ™= EE (4)
Xy n dy
du
E;=Tw/n ®)

substituting of eq. (3) into eg. (5) and integrating gives:
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The boundary conditions for this equation are:
at y=0, u=u; [u;=the velocity of the lower surface].
at y=h , u=u, [u;=the velocity of the upper surface].
Substituting the boundary conditions in eq. (6) gives:
2
T h*d
u, =uj +—Lh+——=F ™
n 2n dx
» 2
T h* dp
SUp=Uy ——h-——= ®)
n 2n dx
Assuming very thin film thickness, so that:
®)
(8):

T=Wp

the velocity of each point on the workpiece can be found by discretization of eq
wp(i) o h(i)®  p(i)-pi-1)

u(1)=u, - —=~.h(i)- —= ——— - (10)

S5 R0 P o

where x(i)-x(i-1) = R(sin ¢(i) — sin¢ (i-1))
where n(i) is the viscosity of lubricant which is only a function of pressure of the form

n(i)=n,e™).
3-  Outlet Zone: The outlet zone is quite narrow as in the inlet zone and the pressure distribution
along this zone could be found by solving Reynolds equation

SOLUTION PROCEDURE
I-  Assume the pressure distribution in the work zone as in( Bland and Ford, 1948):

P* = N y(l -kgf-).e”'H
Yo 0

P = H_(I — %}en-(ﬂf—m

Yi i
Where p= the coefficient of friction between roll surfaces and material with lubrication

The value of pn can be measured by the same procedure used by (Whitton and Ford, 1955)

H=2 Ls arc tan( B—-tﬁ}
Y. Vb,

2- From the pressure distribution total film thickness which is in two parts, can be found by:
a- The elastic deformation of the roller material which could be derived from E.H.L theory

(Dowson and H:ggmson, 1966):
2 2
=x°“/2R - — s)in(x —s)°ds
: nE’ x!p( Jinx =)

hclastic -
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where R=radius of the roller.

E'= 1_‘_1_{'2 + L:U_g
E, E,

v, =Material Poisson’s ratio.

L, = Roller Poisson’s ratio.

b- The plastic deformation of the strip could be obtained from the following:
trom the constant volume flow rate:

y(i).u(i)= y(n).u(n)
where n represents the neutral point.
From above equation:

u(:’) =u,.y(n)/ y(:' )
" u, = Rw.cosg,
~uli)= Ra.cosg,.y(m)/ (i)

~uli)= Rw.cosd,.y(n)/ wi)1/ cos )
Where: w= Angular velocity (rad/sec).
R= Roller radius (m).
¢, = Neutral angle (rad).
then the horizontal displacement:

AS () (1) = [R>.cOs 8, . y(m) | (). A1
= Rdg.cosg,.y(n)/ y(i)
then the vertical displacement is :

AS(yer)(i)=R.dd.cos, .y, /y(i)sin¢/cos )
and total film thickness is:

h(l)total X /2

JIn(x —5)°ds + As (e (i) (11)

3- From point 2 we could substitute the values of h (i) in eq. (1) to find the pressure
distribution in the inlet and outlet zones.

In the work zone, the values of h (i) and p (i) are substituted in eq. (10) to find the new values of u;
(i) along the strip and new position of ¢, [where u;=u;,].

4- The new pressure distribution in the work zone could be obtained from Reynolds equation
which given as in (Venner et al,1990):

dx( d)]:) dg’;h)_o

(taking ph = max pressure in the neutral axis).

5- The new values of p(i) from step (4) are compared with the old one so that the pressure
convergence criterion ) [P, —Pyy|/3 P, must be less than 0.005

6- If the convergence criterion > 0.005 then a new value for the pressure must be found as:
Paw ()= Wy (Prey (i) -

Pyia (i) + Pya (i)

7- The new values of pressure from step (6) with the new values of u;(i) and ¢, are used again to
find the film thickness as:
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2 2 ] oy 2 Add .
h(i) g = X /2R—;§ Tp(s)ln(x—s) ds +u,(i)—sin ¢ (12)
Xin @

and the program returns to step (3).
8- Then the pressure in the work zone must satisfy the expression which derived by (Cheng, 1966)

from equilibrium considerations on a section of the workpiece and von Misses criterion .0

become:
d d
. _(y_c) +2t=0 (13)

y
dx  dx
By solving this expression using Runge-Kutta method to find the pressure distribution in the contact

zone which are compared with the pressures found from step (5) by using pressure convergence

criterion. If the convergence criterion > 0.005 then the program returns to step (6). ,
It must be noted that in step (8) of the procedure of solution the yield stress of the strip material is

obtained from the tables used by (Dow et al, 1975).

NUMERICAL ANALYSIS
The numerical solution method is outlined as shown in Fig. (1). Three very important notes to be

made in our solution:

1- The discretized Reynolds equation in node on a grid with mesh size A:
1 . 1

Z{(Ei—uz Pi. — (Ei-uz + €2 )Pf"‘ €2 Pm)— E(pihi -pihiy )= 0

where
e=ph; /nA, A =6n,UR?/b’ph ; U =u, +u, , A=, — b

2-  The discretization of elastic film thickness equation results is:
n
. 2
h(i)= (xi /2)+(I/nzijkij.pj]
=

where :
ky =i~ j+1/2)A((Infi - j+1/2{A)-1)- (i - j-1/2)A((nfi - j—1/2}A) - 1)
3- The value of the yield stress used in solving the equation of step (8) of the procedure of solution

was taken from Table (1), which was predicted by (Dow et al, 1975). It is also shown that the
lubricant used in this research are two kinds of a viscous mineral oil designed as oil H and oil

as shown in Table (2).
The inlet and outlet zones are each divided into 15 nodes (coarse grid) while for detailed study

4-
of the work zone it is divided into 90 nodes (fine grid) to find the pressure spike in many
situations. The details of this method used in (Chang et al, 1989).
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Assume the pressure
distribution  (ped) in rolling
with lubrication using Bland

|

The values of h(i) is calculated
by using film thickness
eauation (11).

Y

New pressure distribution in
» the inlet and outlet zones could
be found from h(i).

A4

New values of u;(i) and new
position of ¢, from eq. (10)

Y

New values of pressure
distribution (Ppew) in the work
- zone were obtained from
Revnolds ea.

The values of h(i) could be No
found from eq. (11). NS

> [Potd = Prew|

< 0.005
2P

4

New values of pressure (P,) in
the work zone are obtained

l

from eq.(13)

Fig. (1) Flow Chart of the Solution
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RESULTS
It must be known thal the theoretical model of the rolling process developed in the preceding

section will be compared with the experimental results that has been discussed Ly
(Dow et al, 1975). In addition that the pressure distribution in the work zone for all conditions used
in this paper are begins with the yield point for steel which is shown in Table (2).

The pressure distribution in Fig. (2-a) illustrate that by using E.H.D Jubrication in the cold rolling
gives results much higher than the results that obtained from (Dow et al, 1975) who used
hydrodynamic condition for solving the equations of lubrication. In this research we don’t take into
consideration the effect of the temperature variation along the work zone and assuming that the
lubricant to behave as a Newtonian fluid, although that the values of the coefficient of friction
between the roll surface and strip material with lubrication which were obtaiped_ frpm
(Whitton and Ford, 1955) have very high effects on the first assumption of the pressure distributicn

which were obtained from (Bland and Ford, 1948) equations. _ _
But the new procedure used in this research gives confidence to the results obtained from it because

the profile of the pressure distribution in the theoretical results are bebhaves much closely to tre
experimental work rather than that of the pressure distribution which obtained fronm: hydrodynam.c

equations, as seen in Fig. (2-b). .
Fig. (3) is the theoretical and experimental pressure distribution for 14 percent reduction of stecl

strip as in the Fig. (2) but by using low viscosity oil (C).

In Fig. (3-a) it is shown that the results is much closes to the experimental results Fig. (3-b) than we
obtained in Fig. (2) is of low viscosity which is seems to be more available for E.H.D lubricaticn
than for high viscosity oil (H).

Fig.(4) shows the theoretical and experimental results of the pressure distribution by using the same
oil (C) used in Fig.() but for reduction 30 percent which is double the reduction used in Fig.(3).
Because of high reduction and low viscosity oil used in this case then the pressure will be very high
and so that the results obtained by using E.H.D lubrication are very closed to the experiment:l
condition.

In general the position of the neutral point (which defined here as the point where the strip speed
equals the roll speed) is near the outlet of the strip, but for constant roll speed the position of the

neutral point affected by two factors:
1- With increasing the viscosity of the oil the neutral point becomes near the inlet zone, as

seen in Fig. (2).
2- With increasing the percent of reduction, the neutral point becomes more close to the inlet

zone, as seen in Fig.(4).
In Fig.(5-a) represent the theoretical pressure distribution which obtained from applying our new
method of E.H.D lubrication on the strip of aluminum for 16 percent reduction and using oil (H). A
comparison between theoretical and experimental one Fig.(5-b) shows clearly some differences
between them. This is because of low percent reduction, high viscose oil and the fact that the yield
point of aluminum could not be defined well as for steel (for steel the yield point could be seen very
well from stress-strain curve) which depend our first assumption of pressure distribution in the work

zone on the value of the yield stress of the material.

CONCLUSIONS o
A new formulation of E.H.D lubrication has been obtained for analyzing the pressure distribution in

cold rolling. The theoretical results obtained from applying this new formula on strip of steel and
aluminum are compared with the experimentally measured values. It seems from this comparsion

that:
1- This method give result which has a profile very closed to the profile of the experimental one.

This has not been seen when applying hydrodynamic lubrication.
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- The results become very close to the experimental one with increasing the percent reduction at

the strip and decrease the viscosity of the oil.
The neutral point is become near the inlet zone by increasing the viscosity of the oil and

increasing the percent reduction of the strip rolling.
The lubricant behavior assumed to be a Newtonian fluid and the effect of temperature are not

taken into consideration.

2
i 18

4-
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NOMENCLATURE

English Symbols
B =The distance from the inlet to the outlet axis.
h =Film tizickness.
hy=Film thickness at the edge of the inlet zone.
K =Yield stress with initiated speed.

Units
(m)
(m)
(m)

(N/m?)

K.ko=Yield stress with inhibited speed at inlet and outlet side respectively.

(N/m?) ,
‘ pa=1The pressure at neutral axis. ('meg
P=Pressure. (N/m”)
r =Reduction. %
R =Roll radius. (m)
R "=Radius of deformed arc of contact. (m)
t=Time for rolling. (sec)
u;=Strip velocity. (m/sec)
u;=Roll speed. (m/sec)
w,= Pressure under relaxation factor from 0.02 to 0.7. -
x =Dimension along arc of contact. (m)
y; =Initial.strip thickness. (m)
Y=Thickness of strip. (m)
Y.=Thickness of strip at exit. (m)
Y,=Thickness of strip at inlet. (m)
The suffix n denotes the neutral point.
" GREEK SYMBOLS
1, =Base viscosity of lubricant at ambient temperature. (N/m.sec)
v =Lubricant pressure coefficient of viscosity. ——
/ M =Viscosity of lubrication. (N/m.sec)
1 o, =Yield stress of strip material. (N/m?)
| o, =Back tension. N)
‘ G, =Front tension. N)
T, =Shear stress. (N/m?)
T, =Shear stress at the surface of the strip. (N/m?)
1 =Coefficient of friction between roll surface and material. =~ ---——-
¢ =Angular coordinates. (rad)
At =The duration of time for grid size (Ax). (sec)
As =Displacement of the strip roll deformation. (m)

AS o, y=Displacement of the strip roll deformation in the x-direction.(m)
AS(ye, y=Displacement of the strip roll deformation in the y-direction.(m)

€ =CoefTicient in equation.
p=Density. (Kg/m’)
@ =Angular speed of the roller. (rad/sec)
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Table (1) Properties ol Lubricants from (Dowson and Higginson, 1966)

1 Luhrlca

A naphthenic
industrial oil, fully
formulated

A high viscosity
naphthenic
industrial oil, fully
formulated

Table (2) Tensile Strength for 1010] Steel of
(Dowson and Higginson., 1966)

y _ Temlfe SMrength, Flow Strength
Reduction, <4 Mm ||f[:m,'|‘:t ot (Von \hacs (‘nlerta) =
_'_-_,.., - - :- -.-y'_f_ '. 1““ ‘p’_]._ "

0 2.2?*10" (33.901:; 2.62*10° (38, 000)
10 3.65*10° (53.000) 4.2*10° (61.000)
20 4.75%10" (69.000) 5.44*10° (79.000)
30 5.16* 0" (75.000 5.92*10" (86.000
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Fig. (2-a) A theoretical pressure distribution for 14 percent reduction of steel strip using oil H
(Dow et al, 1975)
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Fig. (2-b) A theoretical and experimental pressure distribution for 14 percent reduction of steel strip
using oil H (Dow et al, 1975)
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Fig. (3-a) A theoretical pressure distribution for 14 percent reduction of steel strip using oil C

(Dow et al,

P
1

Roll Pressuse (N/m’x IEF)
(S}

1975)

)

L

n — T —-- J-—‘ - o —

v Y r | I R |
0] e 20 e 2 ¢

Tonizct Zene X 10 m

Fig, (3-b)A theoretical and experimental pressure distribution for 14 percent reduction of steel strip
using oil C (Dow et al, 1975)
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Fig. (4-a) A theoretical pressure distribution for 14 percent reduction of steel strip using oil C
(Dow et al, 1975)
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! Fig. (4-b) A theoretical and experimental pressure distribution for 30 percent reduction of steel strip
\ using oil C (Dow et al, 1975)
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Fig. {S-n) A theoretical pressure distribution for 16 percent reduction of steel strip using oil H
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Fig. (5-b) A theoretical and experimental pressure distribution for 30 percent reduction of steel strp
using oil H (Dow et al, 1975)



