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A mixed lubrication analysis of strip rolling has been developed to investigate the lubricity of oil-in-
water emulsion. The combination of rolling speed and supply concentration determines the pattern of
pressure distribution in the inlet zone. For emulsions of very low concentration, considerable hydro-
dynamic pressure still can be generated by transforming the emulsion into pure oil in the work zone; the
lower concentration yields the higher peak of hydrodynamic pressure near the outlet. In addition to the
rolling speed, the asperity adhesion is the dominant factor to augment the hydrodynamic pressure and
the oil concentration by confining the lubricant flux with smaller film thickness. The bigger oil droplet,
which plays the secondary role, also helps pressurize the lubricant.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Usually metal strips possessing the final surface finishing must
be fabricated via a rolling process in the mixed lubrication regime
so that a preferred surface topography can be achieved. The
contact mechanics of the asperity is simultaneously influenced
by the bulk plastic flow of the strip and its interaction with the
surrounding lubricant. This sophisticated process has been mod-
eled by a number of researchers, mostly within Wilson's research
group [1-4] for neat oil lubricant. Qiu et al. [5] released the strip
from the constraint of a constant yield stress in mixed lubrication
regime. Recently Lu et al. [6] studied the influence of the elastic
deformation of the strip in the inlet zone on the inlet film
thickness. All these efforts already shed light on the basic mechan-
isms of a rolling process lubricated with pure oil.

However, the oil-in-water (O/W) emulsion has become a common
lubricant in strip rolling applications since compared with neat oil, it
owns the advantages of cooling ability and cost saving. Numerous
theoretical and experimental investigations have been tried to grip a
full understanding of the complicated behaviors of emulsions, while
to date it still remains a challenging task. Several experiments have
been conducted to observe the two-phased lubrication, such as
Nakahara et al. [7], Zhu et al. [8], and Yang et al. [9,10]. They
concluded that the droplet size and initial oil concentration have a
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strong effect on the oil pool (particularly when the droplet sizes and
concentration are below 5 um and 5%, respectively, as pointed by
Yang et al. [10]). At higher mean droplet sizes and concentrations, the
influences of these variables are less significant. Beyond a certain
critical speed, they found that the film thickness levels off quickly
with increasing speed, more like a starved lubrication and at last
water is entrained to form a water-like emulsion, resulting in
unstable product surface and high consumption of electric power
due to a hasty jump of both load and torque on the roller. This will
change the product surface quality and will impose extra burdens on
the rolling rig.

In addition to the physical factors such as the supply oil
concentration, droplet size and the rolling speed, the chemical
parameters like the emulsifier and the pH value of the surfactant
solution also manipulate the amount of oil trapped in the roll bite
entry. For instance, Cambiella et al. [11] used three different
emulsifiers - anionic, nonionic and cationic - at different
concentrations in the design of lubricant O/W emulsions. They
pointed out that the interactions between metal and oil droplets
rule the mechanism of lubrication and that this interaction is
primarily controlled by emulsifier concentration. Azushima et al.
[12] also carried out a series of cold rolling tests and confirmed
that the plating-out film thickness increased with increasing
emulsion concentration, and was relatively dependent on
the affinity of the emulsion particle for the steel surface of the
emulsifier.

In spite of the importance of chemical properties, several
continuum models have been attempted, for example, by Al-
Sharif et al. [13], Wang and Szeri [14], Dai and Khonsari [15], Szeri
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Nomenclature

ar roll radius

A fractional contact area

A* dimensionless roll radius

Cq adhesion coefficient

C constant of integration

d droplet diameter

D dimensionless droplet diameter

E dimensionless bulk strain rate

fi. fo functions of fractional contact area

h nominal surface separation

he surface gap (average film thickness)

hy surface gap at inlet-work boundary

H dimensionless nominal surface separation

H; dimensionless surface gap (average film thickness)
Hy dimensionless surface gap at inlet-work boundary
Hy, dimensionless surface gap at work-outlet boundary
K coefficient of wall (solid surface) effect

L asperity half pitch

L* dimensionless asperity half pitch

m friction factor

my dimensionless shear strength of bulk lubricant
M dimensionless effective viscosity

p average interface pressure

De pressure of continuous phase

Dd pressure of disperse phase

Pr fluid (hydrodynamic) pressure

Doil oil pressure

P dimensionless average interface pressure

Py dimensionless fluid (hydrodynamic) pressure
R reduction

R* dimensionless roughness

Rn dimensionless reciprocal film thickness

Rq composite surface roughness

S dimensionless rolling speed

Ty dimensionless back tension on strip

Tf dimensionless front tension on strip

Uy surface speed of roll

Us surface speed of strip

Uy inlet speed of strip

Uy outlet speed of strip

U, dimensionless roller speed

Us dimensionless strip speed

X coordinate with origin on the center line of the rollers

X distance from the virtual intersection of the strip and
roll surfaces

X1 distance from inlet-work boundary

X; distance from the start of inlet zone

Xo distance from the end of outlet zone

X dimensionless coordinate for work and outlet zone
analysis

X' dimensionless coordinate for inlet zone analysis

y strip local thickness

Y1 original thickness of strip

V2 thickness of rolled strip

Y dimensionless local strip thickness

Z outlet speed ratio

ac fraction of pressure of continuous phase

ad fraction of pressure of disperse phase

Be fraction of pressure gradient of continuous phase

Ba fraction of pressure gradient of disperse phase

y pressure coefficient of viscosity

n (dynamic) viscosity

7o viscosity of oil at ambient pressure

Noil, NwaterViscosities of oil and water, respectively

A viscosity ratio of oil to water

u effective viscosity of emulsion

3 equivalent viscosity of emulsion

O, asperity slope

oy yield stress of strip

¢ volume fraction

Ginv volume fraction of disperse phase at inversion

" normalization factor for viscosity of emulsion

by pressure flow factor

Q dimensionless equivalent viscosity

Subscripts

c continuous phase

d disperse phase

and Wang [16], and Yan and Kuroda [17,18]. On the other hand,
Wilson et al. [19,20] proposed that the dynamic concentration of oil
starts in the roll bite entry only when the gap becomes some
fraction of the oil droplet diameter. A model similar to the starved
lubrication for pure oil was accordingly introduced. All these
models and their hybrid types have been applied to rolling
problems. For instance, Cassarini et al. [21] and Montmittonet
et al. [22] combined the continuum model of Wang and Szeri [14]
with Wilson's dynamic theory to match the rolling experiments
under realistic semi-industrial conditions. Kosasih and Tieu [23]
adopted Yan and Kuroda's [17,18] concept of the equivalent viscosity
for thin-film regime to treat the low-speed, high concentration strip
rolling. Tieu et al. [24] also extend their study to analyze the
thermal distributions in roll and strip. Benner et al. [25] studied
the effect of water as a contaminant in lubricated contacts using the
theory of Al-Sharif et al. [13]. They concluded that for heavily loaded
contacts water-in-oil emulsions perform essentially the same as
pure oils.

Recently, Lo et al. [26] developed an emulsion theorem which is
able to model the transition from thick to thin film regions,
including the wall (solid surface) effect. The relationships

concerning the pressures and the pressure gradients of the two
phases have been derived based on the results from a series of CFD
simulations. The condition in the inception of inversion is also
proposed. Lo et al. used this model to simulate a simple 2D
cylinder-plane rolling system and compared the calculated film
thickness with the measured one. The results are generally in
accordance with the experiment over a broad range of rolling
speed [1]. In the following section, the emulsion model will be
joined with a plasticity analysis to comprehend the lubricity of O/W
emulsions used in a strip rolling process.

2. Strip rolling system

The geometry of the process to be analyzed is shown in Fig. 1.
A strip of original thickness y is rolled through a pair of rolls with
radius a, to get the final thickness y-. It is assumed that the rolls
and the strip have longitudinal roughness lay. The emulsion
generally having volume fraction below 5% of mineral or synthetic
oil is provided near the entry to the roll bite. The strip in process is
divided into three sections, namely, the inlet, work, and outlet
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Fig. 1. System to be analyzed.

zones respectively to facilitate the lubrication analysis. In the inlet
zone, the strip is considered as rigid and both the concentration
and pressure of the emulsion build up rapidly to yield the strip at
the inlet-work boundary. The strip undergoes plastic deformation
in the work zone and regains rigidity at the plane of the roll axes
where the hydrodynamic pressure between roll and strip begins to
drop fast and returns to zero at the end of the outlet zone.

3. Theoretical model

Considering the steady rolling process of strips with longitudinal
roughness, we may modify the Reynolds equation of Lo et al. [26] for
the hydrodynamic pressure py as:

dpy/dx = (&/@ph)c—6(ur + us)hi] 1

where ¢ is the equivalent viscosity, u;, is the roller speed, us is the strip
speed, @, is the pressure flow factor describing the influence of the
surface roughness on the flux of pressure flow, h; is the surface gap
(average film thickness), and c is the constant of integration. The
hydrodynamic pressure is composed of pressures from different
phases and

Pa = agDs (2)

Dc = acPy 3

where a4 and «, are the fractions of pressures for the dispersed phase
and the continuous phase, respectively. The equivalent viscosity & is
defined by:

1 (/7d ’/)c

1_da ¢ )
f fd fc

where ¢4 and ¢, are the volume fractions and the equivalent
viscosities for the two phases are:

HdHc—HdcHcd
ba=—7— 7 — ©)]
Batc—Pchdc
HdHc—HdcHcd
b= (6)
7 Peta—Pakc

The viscosity coefficients y, uBg, uBc, uBgc, and uB¢4 are related to
the effects of the shear rates on the shear stresses as the emulsion
is assumed Newtonian, and

Ba = dqaq (7)
Be=dcac 8)
Ba+Pc= 1 9

All the viscosity coefficients and the different definitions of
viscosity are summarized in Table 1. In Table 1, 54 and 7. are the
viscosities of the mediums in their pure states, respectively. It is
notable that in the beginning, the oil plays the role of the disperse
medium in an O/W emulsion. But it will become the continuous one

after inversion. Another function K, the coefficient of wall effect, in
Table 1 represents the influence from the solid walls on the fluid
viscosities, ranging from thick-film to thin-film regime, is related to
the ratio of the surface gap h; to the oil droplet diameter d

h¢/d=H/D (10)
where

He=he/Rq amn
D=d/R, (12)

are the dimensionless surface gap and dimensionless droplet diameter,
respectively; while R, represents the composite surface roughness of
the roll and the strip. The effect of solid walls on the emulsion fades
away as the ratio H,/D approaches 10. On the other hand, the droplet
will convert into an oil bar (column) connecting the adjacent solid
surfaces when the film thickness becomes sufficiently small (set as
0.8 of the droplet diameter in the model). Since the function K is not
rigorously determined, the other smooth and reasonable functions
might be also acceptable. To both simplify the analysis and avoid any
influence from the choice of function K, we will use only the two
formulations for thick and thin films, respectively, in our following
calculation.

A series of numerical simulations have been conducted by
Lo et al. [26] to investigate the pressure ratio ay and the following
form is proposed:

aq=Pa/Pr =1+ (1=¢g/bin,)*[1-exp(—0.168H;/D)] (13)

where ¢, is the volume fraction at inversion. It is well known that
inversion will occur when the volume fraction of the dispersed
phase is about 0.7. Based on the considerations of the flow
impedance and the medium viscosity, the volume fraction at
inversion, ¢;,, is given as [26]:

bimy = (0.0424 102 + 1.299)[¢*~1.350 exp(—0.683 1n1)] (14)

The parameter ¢* usually shifting between 0.4 and 0.5,
accounts for factors inherent in the emulsion that affect the
viscosity, such as type of emulsifier, droplet size, and the shear
rate. The parameter / is the ratio of oil viscosity to water viscosity:

A= Noit /Mwater (15)

We also assume that only the oil viscosity varies according to
the Barus law:

Noil = 1Mo €XP(¥Poir) (16)

Table 1
Summary of viscosity coefficients [26].

Before inversion After inversion

Thick zone (H— ) Ha = ba*Nd + Hineo

He = Pcle + Pmeo
Hde = Hed = Pmeo
4
=(a~bana/4

Ha = ba*Nd + Hineo
He=Pche + Hineo
Hdc = Hed = Pmeo

= (o= 0= pcnc) /4

| S— —
Hoo = (1-0.60¢,3 /%) Hoo = Palla + Pcic
Thin zone (H<0.8) Ha = $ala Ha = $ala
He = cle He = Pehe

Hde = Hed = Hm =0
Ho = ¢aNa + Pcic

Hde = Hed = Hm =0
Ho = ¢aNa + P

General form He=dcNe + pm

Ha = H=3um=clc

= po~K(uo=ps)

Hm = Kpme = K(/‘m_(/’[14'711_(/’5’7()/4

K = 1-exp[(0.8-H, /D)/2] for H;/D > 0.8
K=0forH;/D<0.8
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where 7, is the oil viscosity at zero (ambient) pressure and y is the
pressure coefficient.

According to Lo et al. [26], two equations of conservation can be
derived to calculate the volume fractions of disperse and contin-
uous phases at different locations:

ba{He(1 + Us) + (2/R4)[C/65~(1 + UpH| } = Cq a7

$e{He(1 + Us) + (2/920)[C/65-(1 + Us)H,] } = Cc (18)
where the dimensionless equivalent viscosities are defined by
Q=¢/n05 Qa=284/n05 Qc=&c/Mo (19)

The dimensionless surface speed of strip U; is a function of the
dimensionless local strip thickness Y:

Us = s /ur =Z(1-R)/Y 20
Y=y/y 21
and

R=(1-Y2)/¥1 (22)
Z=uy/u, (23)

are the reduction and the outlet speed ratios, respectively. It can
be seen that Y=1 and Y=(1-R) are for inlet and outlet zones. The
two constants Cy and C, are calculated by the “supply” properties of
emulsion in the far upper stream of the inlet zone.

3.1. Inlet zone

In the inlet zone (IZ), the nominal surface separation h is given
approximately by

h=x'x;/a, (24)

where X' is the distance from the virtual intersection of the incoming
strip and roll surfaces, x; is the distance from the inlet-work boundary
to the plane joining roll centers and a, is the roll radius. The
dimensionless nominal surface separation H is therefore defined by

H=h/R, (25)

Adopting a simplified pattern of longitudinal serrated rough-
ness of Chang et al. [3], we have

H;=H; &p =1 + 3/H,? for full—film region (H;>+/3)
H; = (H + v/3)?/4v/3; &p =2+/3/H; for mixed region (v3 > H; > 0)

(26)

The Reynolds equation can be rewritten in the dimensionless form:

dP;/dX’ = (2/®pH:>){C-6S[15 + Z(1-R)]H; } (27)
where

Pr=ps/oy (28)

X' =x'x1/a;Rq (29)

S=mn,arur/oyRgx1 30)

are the dimensionless hydrodynamic pressure, dimensionless position
in the inlet zone and dimensionless speed respectively; while gy is the
yield stress of the strip. Since in the full film region, the three variables
X, H, and H;, are identical, we may follow the approach of Lin et al. [4]
to facilitate the integration of Eq. (27) by using the dimensionless
reciprocal film thickness Rp:

Ry=1/H; 31
Thus, the dimensionless Reynolds equation becomes
dPy/dRy, = (2/®p){6S[1 + Z(1-R)]-CRy } (32)

Eq. (32) can be integrated numerically with respect to the
boundary condition:

P;=0atR,=0 (33

to get the dimensionless hydrodynamic pressure until asperity
contact happens, that is

P;=P;atR,=1/v3 (34)

In the mixed region of the inlet zone, despite that asperity
contact shares part of the load, the bulk strip remains rigid and
thereby the relation H=X' holds. Eq. (26) is used to transform H
into H, due to asperity deformation. The Reynolds equation is thus
expressed as:

1.3162

dP; /dH, —
7/dH: @,H? JH;

{C-6S[15 + Z(1-R)H; } (35)
The above equation is integrated from the onset of asperity

contact (H,=+/3) with P;=Py. to get H,=H,; and P;=Py, at the inlet-

work boundary, which have to satisfy the following conditions:

Ppy =1-Tp-A/f>(A) (36)
where
Ty =o0p/0y (37)

is the dimensionless back tension on the strip, g5 is the back
tension on the strip, A is the fractional contact area, and f5 is the
function given by Sheu and Wilson [1]. For serrated roughness, the
fractional contact area and the dimensionless surface gap are
related geometrically by

A=1-[H/V3]'/? (38)

As for the constants C; and C. for concentration calculations, we
may assume that the concentration happens when the average
surface gap is smaller than, either 10 times of the surface rough-
ness so that the roughness disturbance can be neglected, or 10
times of the oil droplet diameter so that the wall effect can be
ignored. This seems somewhat similar to the dynamic concentra-
tion model of Wilson et al. [19]. However, the extremity of
concentration area is coupled with droplet diameter. With this in
mind, we suggest that Eqs. (17) and (18) are activated at Hy; (or Ry;)
where

H,; = max[10, 10D] (39)
or
Ry =min[1/10, 1/10D] (40)

The two constants C; and C, are calculated using the data at this
initial point. The initial (supply) oil concentration ¢, is denoted as
¢s and in the following downstream area, the oil and water
concentrations are thus determined by Eqgs. (17) and (18).

3.2. Work zone

In the work zone (WZ), the dimensionless Reynolds equation
and the dimensionless equilibrium equations are written as

ar _on

= C-6S[1+Z(1-R)/Y|H 41
dP/dX = (2RX + mV RA*)/Y 42)
where
X=Xx/x1 (43)
Y =1-R + RX? (44)

A*=a,/y, (45)
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R*=Rq/y1 (46)
P=p/oy 47)
M= i’;g; (48)
mg = M[Z(1-R)/Y—=1]/H,Zcq (49)
and

m=Acq sign[Z(1-R)/Y-1] + (1-A)m; (50)

are the dimensionless position, the dimensionless local strip
thickness, the dimensionless roll radius, the dimensionless rough-
ness, the dimensionless average interface pressure, the dimension-
less effective viscosity, and the dimensionless shear strength of
bulk lubricant and friction factor, respectively. The adhesion
coefficient ¢, on asperity peaks is assumed constant and the
expression of the effective viscosity u is listed in Table 1. Notice
that the shear strength of the bulk lubricant is assumed to be no
greater than that of the boundary film, as proposed by Lin et al. [4],
and we will truncate the calculated my at a value of c,.

The variations of the fractional contact area and the dimension-
less strain rate will follow the model developed by Kosasih and
Tieu [23]:

dA/dX = —2XR/{0a[2L*(1-A) + YE]} (51)
E=[A/(P-Py)-f,]/f1 (52)
L*=L/y; (53)

where 4, is the asperity slope, E is the dimensionless bulk strain
rate, f; is the function given by Sheu and Wilson [1], and L is the
asperity half pitch, respectively. Eqs. (41), (42) and (51) are
integrated simultaneously from X=1 with the final results of the
inlet zone analysis to the end of the work zone X=0. At the end of
the work zone, the dimensionless pressure P must fulfill the
following condition:

P=1-T¢ 54)
and
Ts =0y /oy (55)

is the dimensionless front tension on the strip. The final H; at the end
of the work zone is denoted as Hy,. The model can be extended to the
“high-speed” mixed lubrication as that proposed by Lin et al. [4].

3.3. Outlet zone

In the outlet zone (0Z), the same dimensionless Reynolds
equation as that for work zone analysis is used with Y=(1-R)
and the dimensionless surface gap is described by

H;=Hg + RX?/2R* (56)

The lubricant pressure drops fast in the diverging surface gap
between roll and rigid strip. Since at the end of the outlet zone X,,
both the hydrodynamic pressure and the pressure gradient turn
into zero, we can integrate the lubricant pressure from X=0 until
the pressure gradient dPy/dX vanishes and Py must satisfy the
condition:

Pf:OBIX:XO 57)
A double shooting technique similar to that of Lin et al. [4] is
used by adjusting C and Z to fulfill the boundary conditions

Eq. (54) for P at the end of work zone and Eq. (57) for Py at the
end of the outlet zone.

4. Results and discussion

The flow chart of the solving procedures is shown in Fig. 2.
Fig. 3 shows the variations of the hydrodynamic pressure for four
supply oil concentrations, or called the initial oil concentration, ¢s
(1-5%) and two dimensionless speeds (0.01, 0.001). The dimen-
sionless droplet diameter D is equal to unity and the friction factor
¢ is set as 0.2, which is common for many metal strips. In the inlet
zone, the hydrodynamic pressure is dominated by the dimension-
less speed. For dimensionless speed S equals 0.001, only the
emulsion with higher concentration like 3% and 5% can be
effectively pressurized. Their pressures suddenly climb up around
the dimensionless position X=1.001 where the surface gap is
small enough for the oil droplet to “bridge” the surfaces and
becomes an oil column. This is the situation presumed in Wilson's
dynamic concentration model [19] that a distinct pressuring zone

Guess C

|

Guess Z

'

calculate H, and P),,Q in the
1z

\ 4

A 4

Y

Py=1-T,—A/fA)at
X=1?

calculate P, A, H,, P;, E,Q
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P=1-T, at X=0?

calculate H,, P;
in the OZ

No

[ STOP ]

Fig. 2. Flow chart of solving procedures.
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Fig. 3. Average hydrodynamic pressure in the inlet zone.

can be defined. On the contrary, the higher speed S=0.01 brings
on smooth curves and the final pressures at the end of the inlet
zone are lower than that of S=0.001. Such a lower hydrodynamic
pressure in the high speed case is irrelevant to the degree of
asperity flattening since the changes in the fractional contact area
A and the film thickness H; for S=0.001 and S=0.01 are almost
identical. Fig. 4 shows that the combination of low speed and high
concentration can increase the viscosity, which eventually has the
opportunity to induce the phase inversion accompanied with
better hydrodynamic pressure. On the other hand, it is well known
from experimental observations that enhancing the rolling speed
will bring more water into the roll bite and dilute the emulsion.
Fig. 5 theoretically verifies this by showing that the greatest final
concentration at the inlet/work zone boundary is only about 35%
when S=0.01, much less than the threshold for inversion.

Fig. 5 shows that in the upper stream area of the work zone,
all the O/W emulsions will eventually transform into the W/O
state and become pure oil rapidly, due to the difference
between oil and water speeds, as explained by Yan and Kuroda
[17,18]. The hydrodynamic pressure thus rises swiftly, as
shown in Fig. 6 where the positions where inversion occurs
are marked with a triangle symbol. Our simulation suggests
that emulsions of supply concentration 5% can inverse in the
inlet zone, generating a smooth variation of the hydrodynamic
pressure. However, the curves for the lower concentrations are
relatively sharp with greater peak values shifted toward the
outlet. Fig. 6(a) also plots the hydrodynamic pressure calcu-
lated by Kosasih and Tieu [23] for 5% concentration with
S$=0.001. In spite of the comparable peak value, Kosasih and
Tieu's result is generally lower than the present prediction,
probably due to the ignorance of the pressure built up in the
upper stream area of the inlet zone, as well as to the formula-
tions of thin-film viscosities. The delayed-action inversion also
forces the surface roughness to flatten, as can be observed from
Fig. 7 for the fractional contact area.
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In spite of the discrepancies mentioned above, the total inter-
facial pressure between roll and workpiece does not vary drama-
tically (shown in Fig. 8). Basically it falls only when the supply oil
concentration and the dimensionless rolling speed are
sufficiently high.

The influences of the dimensionless droplet diameter D and
the adhesion coefficient ¢, are investigated. Figs. 9-11 imply
that the adhesion coefficient is the dominant factor to augment
the hydrodynamic pressure and the oil concentrations. Fig. 12
indicates that the greater adhesion raises the average interface
pressure in the work zone, due to the friction hill effect. The
bigger oil droplet, which plays the secondary role, also helps
pressurize the lubricant. The greater adhesion helps generate
the hydrodynamic effect by flattening the asperities in the
“work” zone (see Fig. 13), while the larger oil droplets can
build up more hydrodynamic pressure in the “inlet” zone. The
two mechanisms are coupled via the flux of the lubricant,
which is related to the constant C of the model. A high
adhesion coefficient like 0.5 creates a very thin film, which



S.-W. Lo et al. / Tribology International 66 (2013) 125-133 131

0 0.1 02 03 04 05 06 07 08 09 1

outlet Non-dim. Position, X inlet

Fig. 7. Fractional contact area in the work zone.
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secondary effect from the droplet size in the inlet zone is Fig. 10. Influences of droplet diameter and adhesion coefficient on hydrodynamic
therefore neglected. pressure in work zone.
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Fig. 13. Influences of droplet diameter and adhesion coefficient on fractional
contact area in work zone.

5. Conclusion

An analysis combining the rheology of emulsion and plasticity
of strip deformation has been developed for mixed lubricated strip
rolling processes to understand the lubricity of oil-in-water emul-
sions. A double shooting numerical skill is used to find the
adequate constant C, which is related to the lubricant flux, and
the speed ratio Z defined as the strip speed at exit with respect to
the roll speed. Some important findings are summarized as
follows:

1. For lower dimensionless speed, the lubricant is not pressurized
until it is very close to the roll bite where the oil droplet is

trapped between the surfaces to form an oil column. This is the
distinct pressuring zone presumed in the conventional Wilson's
dynamic concentration model. On the contrary, the higher
speed produces a smooth increase in hydrodynamic pressure
from distant up stream and is basically not influenced by the
supply oil concentration. While generally the higher speed
yields the greater hydrodynamic pressure, its final value at
the inlet-work boundary is lower than that of lower speed, due
to the fact that more water is brought into the roll bite as the
roll speed is enhanced. This is concordant with many experi-
mental observations.

2. The O/W emulsion, though as low as 1-5% supply concentra-
tion, will eventually transform into the W/O state and become
pure oil shortly before or after it enters the work zone. The
hydrodynamic pressure thus rises swiftly to attain its climax
and is able to offer tremendous lubrication function.

3. Neglecting the pressure increased in the far-end of the inlet
zone and adopting the formulations of thin-film viscosities
might underestimate the lubricant pressure.

4, In addition to the rolling speed, the asperity adhesion is the
dominant factor to augment the hydrodynamic pressure and
the oil concentration by confining the lubricant flux with
smaller film thickness. The distribution of the average interface
pressure on the roll and the asperity flattening on strip surface
are mainly controlled by the adhesion coefficient in the mixed
rolling process. The bigger oil droplet, which plays the second-
ary role, is also helpful to pressurize the lubricant.
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