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ABSTRACT

The frictional behavior of synthetic yarns during various textile processes is investi-
gated in this paper. The main advance of this work over previous research is that the
deformation of the oil film lubricating the fibers is taken into consideration. The thickness
of the oil film decreases due to pressure, which causes changes in the friction mechanism.
To account for the transition, the effective hydrodynamic friction length during the
process is defined, calculated, and discussed in this paper. The theoretical results can be
used to validate and explain the findings from existing experiments made available by

other researchers.

During textile processes, especially spinning and wind-
ing, textile yams pass over guides of various types and
materials, causing interfiber friction and friction between
fibers and other surfaces in contact. A high frictional force
will increase yarn hairiness to an unacceptable level. To
reduce friction and minimize static during spinning, mineral
oil is often added to lubricate synthetic fiber yams. Cotton

_fibers do not need oil because the frictional behavior of
cotton is quite different from synthetic fibers. Synthetic
fiber friction can be influenced by a variety of factors,
including speed of the yarns, guide surface roughness, film
thickness, and viscosity of the lubricant. The effects of these
factors will be discussed later.

Even at high speed when the friction time is extremely
short, the fiber-guide contact may be treated as occurring
only between an elastic body (the fiber) and a rigid one
(the guide). Thus, some researchers believed the Amon-
ton equation could not be applied to textile friction in
processing [1, 2, 3, 9, 14, 20, 21}, since it is fit only for
purely rigid contact. Bowden and Young [5] developed
an exponential relationship between the total force F due
to friction and the normal force P for textiles materials.

Tremendous amounts of work [4, 9, 10, 11, 15] have
been done to determine the coefficients of friction by
running yarns or filaments over cylindrical surfaces.
These studies concluded that the coefficient of friction

~ was related to initial yarn tension. Therefore, the Euler

equation, where the coefficient of friction is taken as a
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constant, would not hold for textile materials. Based on
Bowden and Young (5], Howell {9] and Lincon [11]
developed Equation 1 to calculate the variations in yarn
tension as the yarn passes over a cylindrical surface:

T: r -y i-m
ﬁ=[l+(l—n)a0(i) ] . (1)

where r is the radius of the cylinder. T, is the initial
tension. T, is the final tension after the yarn passes
through the cylinder, and 6 is the contact angle of the
yarn over the cylinder.

Yet, for yarns made from synthetic fibers treated with
lubricants to facilitate the process. Equation | is still
invalid because the influence of the oil film on the yarn’s
frictional behavior is not taken into consideration.
Hence, Hansen and Taber (8] suggested that the fric-
tional behavior of an oil-lubricated yarn passing over a
cylindrical guide could be considered analogous to that
of a conventional journal bearing. Some researchers |7,
8. 13, 16] further proposed that there are three frictional
mechanisms according to the frictional behavior of syn-
thetic fiber yarns:

1. Boundary friction: the surface of the fiber and the
cylindrical guide will fully contact each other.

2. Semi-boundary friction: the surface of the fiber and
the cylindrical guide will contact intermittently.

3. Hydrodynamic friction: the surface of the fiber and
the cylindrical guide will be separated by the oil
film, characterized by significantly high frictional
force. :
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In hydrodynamic friction, the frictional force between
the yarn and the cylindrical guide is largely determined
by the characteristics of the oil. Lyne [12] conducted
experiments on acetate yams using lubricants of known
viscosities. He pointed out that the velocity has the same
effect as the viscosity of the lubricant on the force
associated with hydrodynamic friction. By analyzing
Lyne’s experiments, Hansen and Taber [8] concluded
that at high speed, the friction is hydrodynamic between
the cylindrical guide and a yarn with an oil coating. Also,
Olsen {13] summarized factors that influence hydrody-
namic friction such as the velocity of the yarn, viscosity
of the lubricant, yarn fineness, yarn pre-tension, surface
roughness, and diameter of the guide. More completely,
previous investigations concluded that the higher the
velocity of the yarn, or the greater the viscosity of the
lubricant, the higher the frictional force [7, 8, 18], which
is related to the multiplier of velocity and viscosity. The
thinner the yarn, the smaller the frictional force [17]. The
higher the yarn pre-tension, the greater the friction [17].
The longer the length of the friction region, the higher
the frictional force [17,. 19]. At high velocity, the
smoother the contact surface, the higher the friction
[13, 16].

Schlatter and Demas [19] used Equation 2 to describe
the frictional force for hydrodynamic friction:

nAv
“Th @
where F is the frictional force, A is the contact area
between the yarn and the guide. which is proportional to
the yarn contact angle 0, V is the yarn velocity, 4 is the
thickness of the lubricant film, and 7 is the viscosity of
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the lubricant. From Equation 2, we can conclude that the
frictional force is proportional to the area of contact, the
speed, and the frictional coefficient, and inverse to the
thickness of the lubricant film.

Shick [17] offered Figures 1 and 2 based on experi-
mental data to show the relationship between the contact
angle (area) and the frictional force. When the yarn speed
is low, the friction is spread over a certain range as
shown by the shaded areas in the figures, rather than
being a single value, due to the so-called stick-slip mech-
anism. (The spreading converges at a critical speed, 0.01 :
m/min in Figure 1 and 0.5 m/min in Figure 2 roughly,
into a single curve so the entire figure looks like a
reversed bifurcation diagram; as interesting as it may
appear, however, it is not our focus in this study.)

Nonetheless there are marked distinctions between
the two figures. In Figure 1, once the spreading con-
verges, a further increase of speed leads to a drastic
climb in the friction, whereas in Figure 2, a further
increase of speed has little effect on friction. Conse-
quently, the friction in Figure | is significantly greater
than that in Figure 2.

Although Shick thought that both experimental results
were in agreement with Equation 2 at high speeds be-
yond the stick-slip stage, these drastic differences at the
same yarn speed reveal the possibility of changes in
frictional mechanisms.

We would like to argue that when the yarn speed is
given and remains constant, both the contact area and the
frictional coefficient are not likely to fluctuate very
much. The only parameter left is the thickness of the
lubricant, which may be responsible for the different
behavior in Figures 1 and 2.
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. FIGURE 2. Effect of contact angle on friction with rough pin [17}.

l For instance, in Figure 1 where the surface of the
Quide is very smooth, RMS = 4 pin. = 0.102 um, so
that both the lubricant thickness and its variation are

all. The yarn is virtually separated from the guide by
the lubricant film, ie. the friction is hydrodynamic
where frictional force in general increases in a nonlinear
and drastic way with yarn speed and contact area (con-
tact angle 6). But in Figure 2 with a very rough guide
(RMS = 60 pin. = 1.52 um), the direct contact be-
tween yarn and guide becomes inevitable and friction is
largely of the semi-boundary or even boundary type. At
the same speed, the frictional force in this case is low and
also seems more or less proportional to the contact area
(#onlact angle 6), as predicted in Equation 2, since there
is much less room for change in lubricant thickness on a
very rough surface. Therefore, Equation 2 is more appli-
cable to semi-boundary or boundary friction.

Further, according to the theory of lubrication friction,
if the friction type is hydrodynamic, the lubricant will
stay and be pressed between the yarn and guide. The
pressed lubricant film will inevitably deform along with
the friction process, reducing its thickness. When the
film thickness decreases to a certain degree, the surface
of the yarn and guide will eventually contact each other.
Consequently, the friction in a real case will often trans-
fer from hydrodynamic to other types. Figure 1 is not
consistent with Equation 2 because that equation be-
comes invalid when dealing with changes in lubricant
thickness and hence the transformation of hydrodynamic
to semi-boundary friction.

In this paper, we will analyze this transformation

enomenon and propose a new concept and calculation
of the so-called effective length in a hydrodynamic fric-

|
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tion process to quantitatively describe this friction trans-
formation. Based on the effective length, we will develop
a new theoretical scheme and conduct some parametric
investigations.

Hydrodynamic Friction and Analysis
of Friction Force

As a yarn slides through a cylindrical guide during
hydrodynamic friction. the film thickness of the lubricant
will, as previously mentioned. decrease along with the
process. and the friction type will eventually transfer to
semi-boundary friction. According to the theory of fric-
tion [6], this transformation point can be judged by a

h
ratio A p of the film thickness h and surface rough-

ness o= when A > 3. the process is considered hydrody-
namic friction.

As the yarn passes through the cylindrical guide of
radius R, as illustrated in Figure 3, the oil film stays
between the yarn and the guide. A cross section of the
yarn with diameter or thickness D and length R X 7 is
illustrated in that figure.

yam

> I guid
Cyhindrical guide oil fitm

FIGURE 3. Yarn passing over a cylindrical guide.

To simplify the analysis. we have adopted the follow-
ing assumptions: First, the lubricant oil is a Newtonian
liquid. Second, the viscosity of the lubricant will remain
constant within the frictional area; due to high speed. the
contact time is too short to cause much change. Third,
the pressure along a film thickness direction will be
treated as constant for a small segment of yarn in Figure
4 at the instant of contact. Fourth. because of the dimin-
utive contact time and constant pressure, the density of
the lubricant will remain the same during the process.

‘. Downloaded from http://trj.sagepub.com at UNIV CALIFORNIA DAVIS on December 5, 2009
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FiGure 4. Force analysis.

Based on the illustration in Figure 4 of the force
analysis on an arbitrary yarn element, Equation 3 can be
derived as

: dé dé
T, cos -) =T,cos|=|+df . 3)
2 2
where d0 is the contact angle of the yarn element, df is
the frictional force acting on the element, and 7y and T,
are the initial yamn tension and the tension after the
friction. The pressure on the lubricant film can be de-

scribed by

de de )
P=—P =T, sin (7> + T, sin (7) — pd6V"
@

where V(m/min) is the tangential velocity of the yarn,
largely a constant, P’ and P are the action and reaction
forces (cN) between the film and the yarn, p is the linear
density of the yarn, and R is the radius of the cylindrical
guide. Substituting Equation 3 into 4 yields

de de\ N
R = 2T, sin (*5) + dftan (“2—) —pd8V- . (5)

If the value of d0 is very small and we neglect the
infinitély small term of the higher order, we obtain a
simpler result:

P = T,d6 — pd6V* . (6)

In Equation 6, since change in the second part in the
right-hand side can be treated as negligible, the pressure
P is mainly related to the initial tension of the yarn
element T, which as a whole increases in the yarn due
to gradually induced friction as the yarn moves around
the guide, increasing the pressure P. This in turn will

* TEXTILE RESEARCH JOURNAL

reduce the film thickness. This ever-decreasing thickness
of the film will result in a changing frictional coefficient
and hence the frictional nature during the whole process.

Changing Film Thickness

The system of yarn passing over the cylindrical guide
could be considered as an extremely thin journal-bearing
system because the ratio of yarn length to its width is
large [6]. For such an infinitesimal journal-bearing
model, the shear stress in the direction of the circle and
the extrusive effectiveness of the fluid can be neglected.
Consequently, the thickness of the film will not change.
A constant film thickness is governed by Equation 2,
which can be derived using the infinitesimal journal-
bearing model [6] when the eccentricity is set to zero.
Thus, it is clear that neglecting the shear stress and the .
extrusive effectiveness of the lubricant cannot generate a
theory that can explain the contradiction between the
experiment in Figure 2 and the theoretical prediction by

Equation 2.

The moving track of the yarn element can be shown by
changes in film thickness during the friction process
because the yarn in fact slides forward on the surface of
the film. The compound velocity of the yarn can be
represented by both radial and tangential velocities, but it
is the tangential velocity that causes the frictional force.

The radial velocity in fact represents the deformation
rate of lubricant thickness due to pressure from the yarn,
and the decrement of thickness is equal to the radial
displacement of the yarn element. By definition, the
radial velocity can be expressed as the derivative of the
film thickness versus time t:

dh
Vh = E ’ (7)

where dh is the thickness variation of the film.
According to the four earlier assumptions, the contact
shape between the yarn element and the guide can be
thought of as a rectangle. The relationship between the
film thickness and the yarn pressure is thus derived as [6]

P nD* dh

L= P ®
where L is the length of the yarn element in the direction
of motion, D is the contacting width of the yarn element,
which is equal to 0.087d (the yarn diameter) according
to reference 19, i is the thickness of the film, 7 is the
lubricant viscosity, and B8 is the so-called leaking coef-
ficient (determined by the ratio of D to L, see Table I
[6]). Combining Equations 7 and 8, we have

»
Downloaded from http://trj.sagepub.com at UNIV CALIFORNIA DAVIS on December 5, 2009


http://trj.sagepub.com

\
DECEMBER 2003 1075
‘ ‘ D
TaBLE 1. Relation between 8 and i [6].
D
7 1 _ 5/6 2/3 12 173 1/4 /5 1710 0
B ‘ 0421 0.498 0.580 0.633 0.748 0.790 0.845 0.874 0.937 1
y Ph’ 9 A AT
h — BnLD? . ( ) t= 1‘00 (|4)

From Equations 6 and 9, we can conclude that the radial
‘velocity of the yarn element and hence the film thickness
is imainly related to the initial tension of the yamn T,,.

In hydrodynamic friction, the frictional force is
formed by shear stress in the lubricant. Therefore, the
frijctional force-in the yarn element is

| d.V

df =7 o (10)
where d, = Rd6D is the contact area between the yarn
element and the film.

If the whole frictional region is hydrodynamic friction,
the total frictional force F and the equivalent frictional
coefficient u of differential element should be

: " nVRD
F=] - de an
‘ h
i 0
|
and
df RnDVde
== 2
=P WP (12)

Calculation and Discussion

According to the scheme presented in Figure 3, the
contact angle between the yarn and the guide is 7. To
facilitate the numerical calculation, the length of the yam
element can be chosen as L = 10D, where D is the
contacting width of the yarn. The whole semi-circular
sec¢tion can then be divided into n parts:

c ‘rrR) . ( mR )
n = nt T = 1nt ]—05
Then, from the entrance point of the yarn, an arbitrary

part can be designated as i, and the last part n represents
the exit point of the yarn. The entire passing time is by

(13)

; L
definition AT = v

this time AT can be further divided into 100 elements of
Ar, e,

. To minimize the calculating error,

The reduction of lubricant thickness during At is then
calculated as

Ph’

Ah = V,Ar = R——IOOVBnD’ ,

(15)

and the increment of the frictional force Af during At
follows from

d,V  10vyD?
M=n7r=—

(16)

In yarn part i, the initial tension is T, , and the initial
thickness of the film is A, . If the passing time of yam
part / is time j, the initial tension of the yarn should be
T,;(j=1,2,3...100) and the initial thickness of the
oil film should be 4, ;. During the time from j toj + 1,
the increment of the frictional force is Af,  and the
decrement of the film thickness is Ah, |, so it is obvious
that

in]°

T,.=T,+Af, (17)

and
hl.j'l = h:.] + Ahl.j (18)

When the yarn travels from part i to parti + 1. the initial
tension of the yamn element and the initial thickness of
the oil film in part i + 1 should be

100
T:*I.O = T:.() + 2 Af:/ (19)
J=1
and
‘ 100
Rvo=ho+ 2 Ah,, (20)

s=1

Using the data in Table 11 and with the entire friction
region divided into 100 parts from the initial point to the
exit point, the ratio of the film thickness at the arbitrary
part h, to the initial film thickness h, can be used to
describe the relationship of the lubricant thickness versus
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the relative location over the entire frictional region, as
shown in Figure 5.

TasLE II. Data used for calculations.

Property Symbol Value Unit
Initial tension T, ] 10 g
Velocity 14 25 m/s
Viscosity n 4.1 cp
Yarn diameter d 0.1 mm
Guide diameter R 64 mm
Initial film thickness hy 5 pm
Contact angle 0 T -
Guide roughness o 0.102 pm

h
h
1
0.8
0.8
0.7
0.6l h— thickness at exit point
h—film’s initial thickness
0.5}
0.4
0.3
0.2}
0.1 . . . . . Position
0 20 40

60 80 100

FIGURE 5. Film thickness versus location over the entire
friction region (in relative scale).

The film thickness initially decreases very rapidly in
Figure 5, and the change rate of the film thickness
decreases during the friction process. When the value of
film thickness is near that of guide surface roughness, the
yarn will inevitably contact the guide and hydrodynamic
friction will turn into semi-boundary friction. For in-
stance, if the guide surface roughness o is 0.102 um (4
uin.), according to the criterion mentioned earlier, the
critiéal condition for the semi-boundary is h < 3¢
= 0.306 pwm. From Figure 5, the thickness of the exit
point is about £, X 0.2 = | um > 30, so the entire
friction region is hydrodynamic friction.

Also, this reduction in lubricant thickness will lead
to an increasing climb in frictional force based on
Equation 10. Consequently, the frictional force of the
entire friction region will not be linear or proportional
to the contact area or the contact angle 6, as predicted
in Figure 6.

TEXTILE RESEARCH JOURNAL

F
I,
43.5
3¢.8 o
F-friction force
To-yarn initial tension
26.1fF
17.4
8.7
Contact angle

0.5« n 1.6x 2n

FIGURE 6. Relative friction force versus contact angle.

This nonlinearity of the ascending frictional force is
consistent with that in Figure 1 at a contact area of low
roughness. Therefore, our theory can be used to de-
scribe the hydrodynamic friction process and may
explain the contradictions in the experimental results
in Figures | and 2 and thus compensate for the limi-
tation of Equation 2.

If the tangential velocity of the yarn increases, the time
the yarn acts on the film will obviously decrease. At the
same time, the compression rate of the lubricant thick-
ness will abate, as indicated in Equation 15, so the film
thickness in the exit point will increase with increasing
yarn velocity. The calculated curve of lubricant thickness
versus velocity is presented in Figure 7. On the other
hand, according to Equation 10, the frictional force will
increase with escalating yarn velocity, as shown in Fig-
ure 8. These two competing factors do not, however,
cancel each other, because according to Figure 7, the
changing rate of yarn velocity is higher than that of the
film thickness in the given range. Thus, the frictional
force should increase with escalating yarn velocity ac-
cording to Equation 10. This is again consistent with the
experimental findings [4, 5, 8].

If the roughness of the guide surface o is such that the
ratio of lubricant thickness to roughness, A = h/o, will
at some point before the exit become smaller than 3
because of reducing h, the hydrodynamic friction will
then transform into the semi-boundary state. In this case,
the duration or effective length of the hydrodynamic
frictional process can be represented by a dimensionless
value ¢, defined as

LI
V= TR (21)

where L' represents the actual length of hydrodynamic
friction, and L” is the total length of the entire friction
region. A greater § value thus corresponds to a higher
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0.1s ho
0.14
013
D.12
on
01
0.08
0.08
o.ar

h— thickness at exit point
hy— film’s initial thickness

§ o TR Velocity (m/s)

FIGURE 7. Relative film thickness at the exit versus yarn velocity.

F
T,

F-friction force
To- yamn initial tension

12. 18 L 4 A = Velocity (m/min)

. 10 15 20 25

FIGURE 8. Relative friction force versus yarn velocity.

proportion of the hydrodynamic friction process. The
relationship between ¢ and the surface roughness guide
is shown in Figure 9, based on the aforementioned trans-
formation criterion.

From Figure 9, we see that the length of hydrodynamic
friction is to a great extent determined by guide surface
roughness. If the roughness is beyond 1.5 um, the effec-
tive length diminishes, i.e., there will be no hydrody-
namic friction process. This result is in good agreement
with the experiments in Figures | and 2: roughness
= 0.102 um and 1.524 um, respectively.

Thus, this roughness effect must be considered when
studying the frictional behavior between the cylinder
guide and yarn, since the friction mechanism in this case
is entirely determined by guide roughness. In fact, to
avoid a hydrodynamic process characterized by great
frictional force, the surface of the yarn guide on the
winding machine is made relatively rough. Once the
hydrodynamic friction ceases due to great roughness, the

107

0.9

0.7} ' ]
0.6¢ < 4
0.5}
0.4 4
0.3t {
0.2 1
0.1} 4

0 0.5 1 1.5 2 2.5 3 Roughness(4m)

FiGtRe 9. Hydrodynamic effective friction length versus guide
roughness.

friction will convert to a semi-boundary state with en-
tirely different behavior.

Conclusions

In hydrodynamic friction. the extrusive effect on the
film cannot be neglected: the pressure exerted by the
yarn on the lubricant film decreases the film thickness
and increases the frictional force significantly. This is
consistent with the experimental results in Figure 1.

Hydrodynamic friction is characterized by very high
frictional force due to the shearing resistance from the
lubricant. Increasing such factors as yarn speed V. lubri-
cant viscosity 7, yarn diameter d, and tension T will
encourage hydrodynamic friction or high friction.

If all other factors are given, the nature of a frictional
process is entirely determined by the roughness of the
guide surface o. If roughness decreases. hydrodynamic
friction will become semi-boundary or boundary friction
due to the gradual elimination of the lubricant between
yarn and guide. The effective length of the hydrody-
namic friction ¢ is a useful index for specifying the
relative duration of hydrodynamic friction.

The nature of the friction or the magnitude of the
frictional force or the equivalent frictional coefficient
between yarn and guide changes during the entire fric-
tion process. Therefore the Euler equation is not able to
explain such a frictional phenomenon.
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