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I Designations used

Fy, in cN — force stretching the thread be-
fore the friction barrier — preliminary ten-
sion of the thread;

Fy, in ¢N — force stretching the thread be-
hind the barrier;

C, C}, in ¢N — relative coefficients of the
drawing rigidity during stretching, for the
particular branches of the Zener model
(values relating to relative deformations of
the thread [1,21]);

Car1, CAL2 -.. Carp in cN — coefficients of
relative drawing rigidity for particular ele-
mentary links of the thread (values relating
to absolute deformations [1, 21]);

Cegp, in ¢N — equivalent (substitute) rela-
tive coefficient of the drawing rigidity for a
thread segment consisting of “n” links of a
thread segment which is placed on the bar-
rier (the equivalent value is representative
for relative deformations [1, 21]);

1, in cNs— relative coefficients of dynamic
viscosity,

Ly, in m — length of an elementary link of
the thread;

P, in m — curvature radius of the friction
barrier;

o, in rad — encircling angle of the thread on
the barrier ;

L =p-a -length of contact between the
barrier and thread;

€ - relative elongation;

v, in m/s — displacement speed of the
thread;

vg - speed of relative deformations of the
thread on the friction barrier;

t ins— time;

a, n — experimental constants in the gener-
alised friction rule [7];

b —number of elementary links of the thread
which are in contact with the surface of the
friction barrier;

k — number of links of the thread which
should be displaced through the barrier in

the algorithm.

Analysis of the Process of Pulling a Thread
Through a Friction Barrier Considering the
Non-uniformity of Visco-Elastic Properties

of Yarns and Their Random Changes

Abstract

Textile technologies are characterised by zones in which threads are stretched between
elements of different machines and working elements of the same machine on which the
drawn threads are displaced. The length of these zones is from several millimetres to several
metres. The variability of tensions in the displaced threads is caused by technological
conditions and the factors connected with the non-uniformity of the mechanical properties
of threads. The mathematical modelling of forces presented in literature does not often
consider the mechanical non-uniformity of the raw material and therefore only presents
average values of the force without informing about the parameters of the value dispersion
which is observed in real processes. The aim of this article is to attempt to evaluate the
influence of the non-uniformities of the mechanical properties of yarns on the generation
of forces acting in threads pulled through friction barriers and on their character. Broad
ranges of thread speed values and the curvature radii of the barriers were accepted in our
computer simulations. The model described in this article is a development of solutions
described earlier.

Key words: visco-elastic thread, random irregularities, tensions, probalistic model,
stretching, drawing zone, friction barrier.

increases of the thread along its contact
with the barrier line causes the appear-
ance of viscose resistance forces due to
the visco-elastic thread properties as-
sumed for the considerations.

M Introduction

Values of the visco-elastic parameters of
yarns are random variables which differ
along the length of the thread, as the fol-
lowing authorsreportedin[3-13,16-21].
The above-mentioned observations,
which are also described in the litera-
ture cited above, give cause to develop
a mathematical model [7] for the process
of pulling a thread thought a friction bar-
rier which would consider the rheologi-
cal yarn properties described.

Experimental works [22 - 26] indicated
a considerable influence of the thread’s
speed and, at the same time, the speed of
increase in the relative deformation of the
thread on the values of forces. It can be
observed that higher deformation speeds
result in higher tensions than those caused
by gradually slowly drawing. In the solu-
tions presented in existing literature, the
authors did not consider the influence of
thread mass on its tension as being too
small or insignificant. They considered
the thread as a weightless body whose
tension mainly depends on the rheologi-
cal properties of the thread’s matrix.

The considerations described in [7] were
based on a three-element Zener model
(Figure 1) for which the dependency of
the deformation &, the stretching force F
and time of force operation ¢, as well as
rheological parameters C, C|, and 7 is
described by the following differential

equation:
. . n dF n de
Notwithstanding the zones where free F+——=Ce+(C+C)— — (1)
¢ c dr

thread fragments are drawn, the dynamic
stretching of threads on friction barriers
also occurs in textile technologies. This
especially concerns friction barriers with
circular cross-sections characterised by a
curvature radius and flat barriers with a
short friction zone. The process of pull-
ing threads on barriers is accompanied F
by forces created very rapidly, which in-
crease in a short time, and deformation
which takes place along the line of con-
tact between the barrier and thread [7]. At
these conditions, the relative elongation

which was used for deriving the depend-
ences later described in this article.

-

%

Figure 1. A three-element Zener model.
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Within the scope of this work, the model
mentioned-above was modified by adding
random changing variability to the visco-
elastic property parameters of yarns.
Random modification of the rheological
parameters of yarn was performed by the
method used in works [1, 2, 28].

| The basis for
the considerations

Below are presented the assumptions
and basic dependencies of the model de-
scribed (according to [7]):
The friction is described by the gen-
eralised form of the friction rule
T=aN".

The thread is considered as a weight-
less body, without mass.

The thread is considered as matter with
visco-elastic properties, for which the
dependence between the relative elon-
gation ¢, the stretching force F; and
the force operation time # is described
by the three-element rheological Zen-
er model.

The deformation ¢ of the thread on the
friction barrier is a result of the fric-
tion force.

The speed of increase of the relative
thread deformation, de/df = v, , on the
friction barrier is constant at a given
speed of the thread pulled-through.

The relaxation of the preliminary forc-

es Fy on the barrier is omitted.

The dependencies obtained on the ba-
sis of the assumptions mentioned above
have the following form:

Thread tension behind the barrier:

-1C,
F=F,+C-v -t+n-v, -[l—e n ](2)

where:

t = p-a/v — time of thread displace-
ment within the encircling bounda- (3),
ries of the friction barrier,

and the speed increase in the deformation
of the thread segment which is in contact
with the barrier surface is described by
the following dependency;

P

A F() eu'a'{g}‘ ” _1 (4)

C-p-a

3

The above-presented dependencies in-
clude the rheological parameters of the
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thread, the relative rigidities of draw-
ing, C and Cj, the viscose features of the
thread matte determined by the relative
dynamic viscosity coefficient and the
geometrical parameters of the friction
barrier, i.e. the length of the contact line
| and radius of curvature p, as well as the
influence of the velocity v of the thread
pulled-through.

In the model interpretations presented in
[7], the friction coefficient p does not di-
rectly exist due to the assumption of the
generalised friction rule =aN" . The val-
ue of the conventional accepted friction
coefficient p for a circular barrier can be
determined on the basis dependency (5)
where the value F| is obtained from de-
pendency (2):

p=— L (5)
a K

According to [7], Figure 2 presents an
object schematic diagram of the value
of friction coefficient p as a function of
the diameter of the friction barrier d. The
author of [7] obtained these curves on
the basis of the dependencies developed
(2), (3), (4) and (5). In order to perform a
comparative analysis additional to curve
(a) which was calculate according to the
propose model (equations 2 and 5), two
other curves were drawn and presented in
Figure 2. Curve (b) presents the value of
the conventionally accepted friction co-
efficient p, calculated for the dependency
which only takes into account the de-
pendency 7'=aN" (v—0, Howell-Lincoln
model). However, curve (c) contains the
difference between the above-mention
model and represents the influence of the
rheological properties of the thread; till
now these have not been considered in
model interpretation.

The author of [7] stated that, from the
curves presented in Figure 2, we can con-
clude that an optimal range of the fric-
tion barrier diameters d exists for which
the values of the resistance during the
pulling of thread through the barrier are
minimal. This optimal range for p is the
result of superimposing the two proc-
esses, which are mutually opposite con-
sidering the direction of influence. One
of them, which is connected with the real
contact surface and is presented by curve
(b), dominates on barriers with relative
great radii p, whereas the second proc-
ess (curve (c)) especially influences the
phenomena occurring on the barrier and
dominates quantitatively on barriers with

diameters d similar to that of the thread.
This latter process is connected with re-
lations which exist between the speed
of increase in relative deformations, the
viscose resistance, and relaxation of the
forces acting in threads.

From the interpretation of the expression
exp(-#C/m, which is responsible for the
relaxation process of the forces, it can
be concluded that these forces depend
inversively exponentially on the time
during which deformations occur, which
means that they decrease with time. This
time depends on the speed v of pulling
the thread as well as on the geometrical
parameters of the friction barrier and is
equal to the time of displacing the thread
through the friction barrier.

The comparison of the character of the
experimental curves presented in [29]
and shown in Figure 3 with the model
curve (a - in Figure 2) indicates that the
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Figure 2. Dependency of the conventional
accepted friction coefficient, according to
the rheological model of a circular fric-
tion barrier, on the average diameter d of
the barrier; the calculation parameters:
Fo=5cN,v=2m/s,a= 038 n=0.93
C=2500cN, C; =4,500cN, n =2 cNs.
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Figure 3. Changes in the friction coeffi-
cient of cotton yarn at different degrees of
paraffin deposition as functions of the aver-
age friction barrier diameter according to
Biihler and Haiisler [28]; research condi-
tions: cotton 20 tex, barrier - polished steal
a=180°,v=33mls, Fy=15cN; x - yarn
without paraffin deposition, o — yarn with
too little paraffin deposition A — yarn with
optimal paraffin deposition, \ — yarn with
too high paraffin deposition.
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theoretical model proposed mirrors the
phenomena connected with pulling the
thread for a broad range of friction bar-
riers.

The theory developed in [7] indicates
that, in the process of pulling a thread
through a friction barrier, not only are the
friction phenomena decisive, which take
place in the contact region of the value
of forces behind the barrier, but also the
phenomena which occur in the thread
matter.

Assumptions and theoretical
basis of the considerations

In this work, an attempt was undertaken
to develop a model to determine the in-
fluence of random changes in the relative
coefficient of drawing rigidity on the av-
erage values of thread tensions behind a
friction barrier, and on the value of the
coefficient of variations of these tensions,
which characterise the tension dispersion.
In order to do this, the following assump-
tions were made:
the thread pulled through the barrier,
consists of short segments (links). Each
of these segments is built as a Zener
model (Figure 1, see page 78), and has
differentrheological properties defined
by the coefficients C,- C{,C,,C3, ...
Cn;Cln;C”,Clz,Clg, ---Clna all in CN,
and the viscosity 1, in cNs (Figure 4).

Values of the coefficients C and C; for
the subsequent links change randomly
and have a normal distribution.

The time of stretching a thread seg-
ment, which is displaced on the bar-
rier, is equal to the time of displacing
the segment through the barrier with
a speed which is equal to the speed of
the thread (dependency 3).

The relation between the thread ten-
sion before and behind the barrier is
described by equation (2), taking into
account dependencies (3), and (4).

The values of the substitute coeffi-
cients C and C; of the stretched thread
segment are composed of n elementa-
ry links, which are actually in contact
with the friction barrier and are deter-
mined by dependency (6).

The transport of the thread is simpli-
fied in such a way that subsequent
calculations of the stretching force
are performed after exchanging the
boundary segment, of the part of the
thread which is placed on the barrier.
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The segment which is directly before
leaving the barrier is rejected, and at
the same time the subsequent segment
waiting before the barrier to enter the
barrier zone is added (Figure 5).

Before beginning the calculations the
following parameters should be ac-
cepted:

Coefficients of variation for C and
Cy,

Preliminary thread tension F( be-
fore the barrier of coefficients C
and C| - the average values

Viscosity 1 of the thread matter,
Curvature radius p of the barrier,

Angle o of the thread encircling the

barrier .
1 1 1 1 1
= + + +ot——=
CAL ZAST CALI CALZ CAL3 CAb
Equation 6.
G, Cw n G, Cu’ n G, C133 n
—
L, L, L,

i=1 CAL

Calculation algorithm of
forces in the thread pulled
through a friction barrier

The calculation algorithm is presented in
Figure 6.

The calculation of the actual value of the
force stretching the thread is performed
according to equation (2). Random modi-
fication of the average values of C and
C1, which are taken by the program and
accepted for calculation, is performed
automatically by a computer using a spe-
cial algorithm which considers the exist-
ing, normal distribution of the results and
the assumed coefficient of variation. As
a result of this action, we obtained a set

n
1 and Cozasr = Car zasr Lo

similary as in [1, 2, 28] ©)

* 00

Figure 4. Thread model used in our calculations.
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Figure 5. Model of the thread placed on the friction barrier accepted by the authors.
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of values for C and Cy which are subse-
quently used in the calculation.

The calculation algorithm realises the
simplified transport of the thread through
the barrier, which means that the subse-
quent calculation of the force stretching
the thread behind the barrier is performed
after exchanging the boundary elements
of the thread segment which are in con-
tact with the surface of the barrier.

After exchanging the links, the algorithm
determines the substitute values of the
coefficients C and C; according to the
formula given in the assumptions, which
is developed in [1, 2], and next calculates
the value of the force behind the barrier
according to dependencies (2), (3) and (4).

Results obtained from
the model

In order to determine the simulation pos-
sibilities of the model developed by the
authors, calculations were carried out
accepting the following data: Fy=5 cN,
v=2m/s,a=0.38,n=0.93, C=4,200 cN,
C1=13,800 cN, and 1 = 2 ¢cNs. The length
of the elementary thread link was ac-
cepted as L = 5 mm. The calculations
were carried out for barriers with radii
of 0.5 mm, 1.0 mm, 2.0 mm, 5.0 mm,
10.0 mm, 20.0 mm, 30.0 mm, 50.0 mm,
and 100.0 mm. The values of the as-
sumed coefficient of variation of the rela-
tive drawing rigidity of C and C| were
equal to 25%. Histograms of the sets
of random numbers used are presented
in Figures 7.a and 7.b (see page 82) as
examples. An example of a histogram
of the calculation results is presented in
Figure 7.c (see page 82).

From the results of simulation, we obtain
differentiated values of the thread tension
behind the barrier, which are presented in
Figure 8 as an example. As can be seen,
the curves of the momentary values ob-
tained of the thread tension behind the
barrier have a variable stochastic char-
acter similar to those obtained in experi-
ments. The variability of the force curses
obtained are strongly dependent on the
curvature values of the barrier.

In conclusion we can state that the model
of pulling a thread through a friction bar-
rier, implemented by probalistic elements,
allows to generate momentary values of
the thread force behind the friction barri-
er and to explain one case of thread force
variability in textile technologies.
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Figure 6. Calculation algorithm of a discrete model of the probabilistic process of pulling

a thread through a friction barrier.

Analysis of results obtained
by calculations

In order to determine the character of
changes in the thread tension behind the
friction barrier, simulation calculations
were carried out in accordance with the
model developed for broad ranges of the
barrier curvature radius and the speed of
pulling the thread through the barrier.
The following input data were used for
calculations: Fp =5, 4 =0.38, n =0.93,
C=2,500, and C; = 4,500 all in cN, and
p =2 cNs. It was assumed that the length
of the elementary link of the thread is

equal to /o= 3 mm. The calculations were
carried out for barriers with a curvature
radius within the range of 1.0 - 250 mm
and the speed of pulling the thread within
the range of 0.1 - 25.0 m/s. The coeffi-
cient of variation for the relative draw-
ing rigidity of C and C were accepted as
30%. Different sets of random numbers
for the coefficients C and C| were used in
order to prove that the random increase in
the coefficient C would not be connected
with the increase in coefficient Cy. Ran-
dom changes in the values of C and C
were mutually independent.
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Figure 7. Examples of histograms: a and b - histograms for sets of random numbers used to calculations, a - for the coefficient C, b - for
the coefficient C;; c - for one of the curves presented in Figure 6 representing the thread tension behind the barrier.

A diagram of the average values of the
tension behind the barrier with depend-
ence on the curvature radius of the barrier
and speed of pulling the thread through
the barrier are presented in Figure 9.

From this diagram we can observe that,
at low speeds of pulling the thread, the
tension behind the barrier increases with

a rise in the curvature radius, which pro-
vides about the majority of phenomena
connected with static friction during the
contact of thread with barrier surfaces.
This is in accordance with the theory
presented by the author of [7] and visu-
alised by the curves in Figures 2 and 3
(see page 79).

At greater thread speeds we can observe
the majority of the phenomena are con-
nected with the dynamic stretching of
thread mater. When the thread speed
is about 0.7 m/s or above, the average
values of the thread tension behind the
barrier intensively decreases with a rise
in barrier curvature values. This drop is

24.5 W
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: r o ﬂ N
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LE B S d) 1 i s (]
2304 Z ﬂ 1 h ﬂ [ A A
| v
225 2
Reoly b L] o
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22.0 T T T T T
0 200 400 600 800 1000 1200 1400
The length of thread section which pulled through barrier, mm
| a —R=5mm b) —R =10 mm ¢) —R =20 mm d) — R =50 mm

Figure 8. Curves of the thread tension behind the friction barrier for barriers with different curvature radii.
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Figure 9. Dependence of the thread tension behind the friction bar-
rier on the barrier curvature radius and speed of pulling the thread

through the barrier.

intensive for barriers with a small radius
within the range from zero to about (1 - 2)
cm. This is connected with the process of
thread mater relaxation which takes place
during the thread deformation on the bar-
rier. For curvatures with greater radii, we
observed a slow increase in the average
tension with a rise in the barrier radius.

An increase in the speed of displacing the
thread on the barrier causes an intensive
increase in the tension behind the barrier,
but only for barriers with a small radius.
Massive barriers, with a large radius do
not cause a significant increase in the ten-
sion with the an increase in thread speed.
It occurs, therefore, that differences in the
speed of increases in relative deforma-
tion are small in relation to the particular
speeds of thread displacement .

From the above - mentioned observa-
tions, it can be concluded that, for typical
speeds of pulling the thread, which are
used in technological textile processes
(from about 0.8m/s to 5 m/s), a certain

|I 0-10 W 10-20 7 20-30 [0 30-40 M 40-50 W 50-60 W 60—7d

Figure 10. A diagram of the coefficient of variation for thread ten-
sions behind a friction barrier with dependence on the curvature

values of the barrier and the speed of pulling the thread.

range of values for the barrier curva-
ture radius exists, for which the aver-
age tension values behind the barrier are
minimal;this means that this range of
barrier radii is optimal from the point of
view of the minimum value of forces.

A diagram of the coefficient of varia-
tion for the average tensions presented in
Figure 9 is shown in Figure 10, with de-
pendence on the barrier radius and thread
speed.

From the diagram in Figure 10, it can
be concluded that a small curvature ra-
dius of the barrier and high thread speeds
cause large thread tension variability be-
hind the barrier. Barriers with a large cur-
vature radius smoothes the curves of the
thread tension changes, and even more
intensively at higher speeds of thread
displacement.

Comparison of the results show that the
simulation indicates a decrease in the co-
efficient of variation of the thread tension

Figure 11. Chang-
es in thread tension

behind  the fric-
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tion barrier with
dependence on its
radius.

behind the barrier with an increase in the
curvature radius of the friction barrier.
This indicates that friction barriers with
relatively large diameters produce values
of forces with smaller variability. How-
ever, it should be mentioned that the sim-
ulation concerns only model yarns with
similar rheological properties.

Friction barriers with small diameters
significantly increase the average thread
tension value (Figure 11) and also in-
crease there ranges of variability. Curva-
ture radii greater than the optimal cause a
new increase in the value of the average
forces in threads, but decrease the range
of variability of these forces. This is illus-
trated by the curve in Figure 11, which
shows the average values of thread ten-
sions behind the barrier.

For frictions barriers with a small diam-
eter, the forces in the thread rise when
the relaxation process is slower than the
increase in tensions. This process is the
cause of amplifying the variability of ten-
sions connected with the variability in the
visco-elastic properties of thread mater.

I Conclusions

The model for the process of pull-
ing a thread through a friction barrier
implementes by probalistic elements
allows the generation of momentary
values of the thread tension behind the
barrier and clears one of the causes of
thread tension variability observed in
textile technological processes.
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At relatively small speeds of pulling
the thread through the friction barrier
(v=0.1 - 0.7 m/s), the average values
of forces increase with an increase in
the barrier radius, as the phenomena
connected with the generalised fric-
tion rule 7 = aN" comprise the major-
ity of phenomena. Furthermore, the
coefficient of variation for the average
values of forces indicates low values.

The values of forces in the threads rise
with an increase in the speed of pulling
the thread, and at the same time the in-
tensity of the force increase is higher
when the barrier diameter is smaller.
In such conditions the majority of the
dynamic component (the component
C in Figure 2) is observed, which de-
scribes the relations which take place
between the speed of increases in the
relative deformations, viscose resist-
ance and the relaxation of forces in the
threads.

The optimum value of the friction bar-
rier diameters, which assure a mini-
mum value of the forces in the threads,
increases with the rising speed of pull-
ing the thread.

The value of the coefficient of varia-
tion of forces in threads increases with
an increase in the speed of pulling the
thread through the friction barrier and
the decrease in the barrier diameter.
This is due to:

the formation of the value of the
substitute coefficient of drawing
rigidity of the thread segment be-
ing placed on the friction barrier
according to equation (6), whose
value depends on the number of
thread links which are placed on
the barrier (a greater number of
links causes a lower value of the
substitute coefficient of drawing ri-
gidity of the thread segment which
is place on the barrier);

the decreasing time periods of ten-
sion relaxation of the thread seg-
ment pulled through the friction
barrier.
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