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Research Goals 
High-speed movement of yarns to and from packages is common to many textile processes. In cases where the 

yarn rotates around the axis of a stationary package in the process of unwinding or that of a rotating package in the 
process of twisting and winding (ring spinning, et.), the inertial forces tend to create an enveloping surface called the 
balloon. The shapes of the balloon envelopes and tension distribution are critical to the performance of the processes. 
In a recently completed project, these processes have been modelled using basic laws of physics and it was revealed 
that the governing equations of motion are highly nonlinear. To continue evolution of the unified theory and to obtain 
results of practical consequence, the primary goals of the present research are: 

to develop a unified theory to analyze the nonlinear nature of tension and balloon shape fluctuation in textile 
processes involving high speed translational and rotational movement of yams. 
to validate the theoretical observations with suitable experiments. 
to develop computational tools for the analysis and set-up of equipments in manufacturing environment. 

Abstract 
The shape and tension distribution in yarns in case of over-end unwinding of yarns from stationary cylindrical 

packages and ring spinning are analyzed. 
Yarn motion in over-end unwinding is considered in two stages; (1) from the unwind point to the lift-off point 

and, (2) from lift-off point to the thread-guide when the yarn is in the balloon. The behavior of unwinding balloon is 
studied for various values of wind angle, the drag bemeen package and the yarn, and residual tension. It was found 
that for a given wind angle a family of solutions corresponding to various levels of tension distribution is obtained. 
On the other hand specification of residual tension as a boundary condition results in unique solutions. 

on eliminating the instability are being studied. 
Introduction: 

In ring spinning the domains of instability have been mapped. The effect of control rings and related parameters 

Yarns are fundamental to the production of most consumer and industrial textiles. During their manufacture and 
subsequent use, they are transported from one cylindrical package (bobbins, cones included) to another in order to 
either improve their quality/perfomance characteristics (evenness, texture, StrengWintegrity) or to improve perfor- 
mance of the subsequent processing steps (e.g. warping, weaving). In a number of these situations, the optimal mech- 
anism (high speed and productivity) to accomplish the task is that of over-end winding or unwinding. The levels of 
optimality in a number of these cases, however, have reached a plateau because use of higher speeds, larger package 
sizes, coarser (higher mass linear density) yarns lead to unacceptable rates of “ends-down,” or yarn breakages. The 
latter are a result of the dynamic tensions, engendered in the yarn, which exceed “local” strength of the yam. The cost 
of yarn breakages to the industry can be very significant if one adds up the material wastage, loss of labor and 
machine productivity, and influence on quality of the final products. In the research currently underway, fundamental 
mechanisms that give rise to fluctuating tensions during unwinding of a cylindrical package from start to finish are 
being studied. 

In the same vein, staple fiber (short or long) yarns spun on millions of ring spinning spindles remain dominant 
part of the US yarn market for carpets, wovens, knits, threads/cords, etc. Indeed, in the short staple system, at least, 
the recent renaissance in this technology has brought about the concept of individual (hopefully programmable) spin- 
dle drives, pushed the spindle speeds up to 25,000 rpm, and with the help of “super drafting” systems made it possible 
to spin directly from slivers. Despite these dramatic advances, optimal productivity of the corresponding capital 
intensive machines remains governed by the “ends-down” rate. Experimental investigations in the industry have 
revealed spinning tension fluctuation range two to three times larger than forecast by the best available models 
at the start of this research. More accurate/realistic models are needed to bring predictions in harmony with observed 
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reality. Such models will help bring about productivity gains together with improvements in the cosdquality equation. 
. Y  

spindles in use in the US industry. 
A significant part of the plied yarn industry (for sewing threads, three or four ply cords, plied carpet yams, etc.) 

uses ring twisting for insertion of twist. The mechanism of ring twisters used is very often similar, if not identical, to 
the ring spinning process. The knowledge gained in the study of ring spinning will be almost directly applicable to the 
plied yarn industry. 

The Mathematical Formulation 
The theory of over-end unwinding of yarn from a stationary package and balloon formation in the ring-spinning 

process have both received considerable attention in the industry and extensive research literatm exists in these 
areas. A comprehensive investigation of the dynamics of over-end unwinding has been reported by Padfield' and sub- 
sequently Kothafi and Leaf2 reported extensive numerical calculation based on Padfield's analyses. However, the 
efforts to understand the underlying generality of these processes and to develop a unified framework to deal with the 
complex time-dependence of these problems started with the present work. In the following we describe the general 
mathematical formulation of the problem and then look at specific examples of unwinding, 2-for-1 twisting, and ring 
spinning. In developing the mathematical formulation, the yam has been assumed to be inextensible, perfectly flexi- 
ble and of uniform density and cross-section so that only tension and air drag forces act on the yarn. 

Equation of Motion of Yarn in Space 
Consider a material point P (Figure 1) on the yam which at time t is at a distance s measured along the yam from 

the guide-eye. Let, R(s,t) = IEr + zk, be the position vector of P relative to an origin of a coordinate system positioned 
at the guide-eye 0. Let r,8, and z be cylindrical coordinates corresponding to unit base vectors e, eg, k of a coordinate 
system that rotates with a constant angular velocity ok about the z axis, which coincides with the axis of the spindle. 
The direction of the z-axis is positive down towards the yarn package. 

If T(s,t) is the tension in the yarn at P then the full vector form of the time dependent equations of motion for the 
free yam element at P in terms of non-dimensional parameters is [1,2,3] 

a aE 
as as D 2 E + 2 2 R k ~ D E + R 2 k ~  (kAR) = -(T-) + P  

a a  
at as The differential operator D is given by, D = E- - V- 

where V is constant linear speed of the thread-line or the yarn, m is the linear density of the yam, c is radius of the 

package or the ring, and "c, is the period of unwind in case of unwinding, and 
- 

C WC 
E = -, Q = - 

vzO V 

The non-dimensional variables can be defined as: 
- T -  F c -  NC V Z s -  t - n -  v - 

R =  E = f e  + - k = f e r + & , S =  - t =  - , ~ , = ~ , v = - , a n d , T = -  F=- 2, N = - 
mv2' mV m v 2  c C f  c c' To V 

The operator D is the total time derivative following the motion of P relative to the rotating frame. Thus DR is the 
velocity of the material particle P and D R is its acceleration relative to the rotating frame. The second term on the 
left hand side of Equation 1 is the Coriolis acceleration of I? F is the external force per unit length experienced by the 
Yam. 

These generalized equations of motion Equation 1 can now be used with appropriate modifications and bound- 
ary conditions to describe the physics of a particular problem. The external force, F, can be understood more fully by 
looking at two cases without loss of generality. 

Force Due to Air Drag on the Balloon 

2 

In case of a free balloon in air the vector F is the force per unit length acting on ihe yarn due to air drag. Each 

1. Padfield, D. G., 1955, J. Text. Inst. 46, "71-777 and 1956, J. Text. Inst, 47, T301-T308. 
2. Kothari, V. K., & Leaf, G. A. V., 1979, J. Text. Insf 70,89-95 and 95-105. 
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material element of the yarn can be considered a cylinder with its axis at an oblique angle to the air flow direction. 
Ear- 

lier investigations have shown that the tangential component has relatively negligible effect on balloon shape and ten- 
sion compared with the effect of the n o d  component. In the present investigation only the normal component of air 
drag has been considered. 

The magnitude of the normal component on a circular cylinder is, 
IF1 = ZCDpdvi 1 

where p (=1.22 kg m-3) is density of air, d is the effective diameter of the yarn, v,, is magnitude of the normal m m p  
nent of yam velocity and CD is the air drag coefficient. Finally, the air drag force acts in the direction -v,, , so that 

- aii aii 
as vn - - as - A ( V A - )  

and 

Force due to Frictional Drag on the Package Surface 
The force acting on the yarn, while it slides over the package surface, as in unwinding is due to friction and pres- 

sure between moving yarn and the package. The magnitude of this frictional force, F, is assumed to be proportional to 
the normal force between the yam and the package (Amonton’s law) and it acts in the direction opposite to that of 

- 
motion. n u s  P = -pRL I TI + Rer - 
where p is the coefficient of yarn package frictional drag, N is the normal force per unit length between yam and the 
package and v is the velocity of the yarn element. 

On Unwinding of Yarn from a Cylindrical Package 
The governing equations developed earlier can now be applied to analyze the problem of unwinding. Figure 2 

shows a schematic of the yam package and guide eye placed along the package axis. Our objective is to give a com- 
plete analysis of the yarn dynamics between the point where the yarn first starts moving away from its stationary posi- 
tion on the package surface (called the unwind point, U in Figure 2) and the guide eye. The motion is in two parts: the 
yarn first slides across the package surface until it lifts off and flies into the balloon. The point where that occurs is 
called the lift-off point (L in Figure 2). The time derivatives in the goveming equations can be removed using the Per- 
turbation theory, provided that wind angle is fairly small. A detailed discussion of the perturbation analysis is beyond 
the scope of this report, however, a brief account of the analysis follows. In perturbation analysis all variables are 
expanded in power series of the perturbation parameter E, e.g. 

R(s,t) = R,(s+t) +ERl(S,t)+E2R2(s,t) +... (3) 
These expressions are substituted into the equations of motion and boundary conditions. Subsequently like powers of 
E on both sides are equated to yield a hierarchy of equations from which the coefficient functions in the power series 
can be calculated. The parameter E can be estimated from the withdrawal speed V, the wind angle $, and the package 
height H, as E = (c/2H) sine. Typical values range from 0.007 to 0.1. Thus it is small compared to other parame- 
ters of the problem. So the terms involving higher powers of E can be neglected as a Erst approximation. The zero-th 
order approximation of the equation of motion yields; 

Boundary conditions at the guide-eye which is at the origin of the coordinate system are, R(s=O) = 0, the height 
of the balloon, z(d)=O, and because of the rotational symmeuy of the problem, polar angle €)(sa) = 0. 
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B o h  

face. 

.. 
All continuity conditions at *si and must be satisfied, and the yam must be tangent to the package sur- 

Boundarv condiuons at the u n w  

d0/ds = cos$, where $ is the wind angle, usually less tban 15O. T i e  dependence of the unwinding process is 
included in the analysis through movement of the unwind point and is described by, dzu/dt = 
function of the wind program. 

dition at the unwind point as, Tu = Tres, where Tu is the tension in the yarn at the unwind point. 

. .  ~ 

The yam dragging on the surface of the package must be at an angle equal to the wind angle at this point. i.e., 
~ 

~ where is a 

Alternatively, the residual tension (T,,) in the yam as it lies in the package can be included as a boundary con- 

RingSPWng 
As in the case of 2-for-1 twisting, the only inertial term that need be included in the equation of motion is that 

due to centripetal acceleration. In terms of dimensionless variables the equation is: 

d -a k h  (kAR) = -(T-) + P  dS dS 
where 

the C n  
The boundary conditions are, radius of the balloon, R(s=O) = 0, height of the balloon, z(s=O)=O, and because of rota- 
tional symmetry, polar angle 8(s=O) = 0. 

Let h be height of the guide eye above the ring and s=sl be length of yarn in the balloon. Thus the geometrical bound- 
ary conditions at the traveller are: radius of yam balloon at the traveller, r(s1) = a, and position of traveller along Z 
axis, z(s1) = h. The other very important boundary condition is obtained from equation of motion of the traveller. 
Without formal proof here, it can be shown that the yarn tension on the balloon side of the traveller is related to the 
traveller mass mT, ring-traveller coefficient of friction, p ~ ,  and other geometrical parameters, as; 

T1 [gsin$-aW(sl)] = {T1 [r’ (sl) + gcos$] -mTm 2 2  a} +T1z’ 2 ( ~ $ 2  

The parameter g= exp(pya), is traveller-yarn friction parameter, py is coefficient of friction between yarn and travel- 
ler and a is the yarn angle of wrap around the traveller. 

Results and Discussion 
Numerical solutions of the boundary value problems(BVP) described in the last section have been obtained by 

using “shooting method.” Details of this method can be found in publications by the PIS [1,2,3,5]. In the following we 
look at the highlights of the numerical results, obtained thus far, for each of the processes. 

Unwinding of Cylindrical Packages 
In unwinding, extensive computational studies have been carried out to understand the effects of changing 

wind-angle and “residual tension.” It has been found that the balloon shape and tension distribution are critically 
determined by the “residual tension” in the yarn on the package just before it moves into sliding and the coefficient of 
yarn drag on the package. These results underline the importance of thread-line tension used in winding which even- 
tually manifests as “soft” or “hard” package. To illustrate these results, a number of cases, defined in Table 1 will be 
discussed. Figure 3, illustrates the effect of wind angle on tension at the guide-eye. It is obvious that the calculated 
levels of tension are not significantly influenced by changing wind angle. In addition, Table 2 shows the non-unique- 
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Calculated To (non-dimensional) 

Calculated Tu (non-dimensional) 

ness of solutions obtained by specifling the wind angle as a boundary condition. The results show significantly differ- 
ent levels of guide eye tensions corresponding to a number of possible solutions for each case where wind angle is 
specined as a boundary condition. The multiple solutions (shape and tension) for case I with wind angle of 5 degrees 
are shown in Figure 4. Each solution in Table 2 corresponds to a calculated value of residual tension, suggesting 
uniqueness of solution if residual solution is specified as a boundary condition. In the subsequent calculations the 
BVP is modified to use the residual tension at the unwind point as a boundary condition instead of the wind angle. 
Calculated tension values, using the modified method, are presented in Table 3. The results show that for a given 
value of residual tension there is only one solution corresponding to the guide eye tension. 

ing the residual tension as well as shape and tension distribution in the yarn balloon. 

~ 

These theoretical investigations are continuing while experiments are being set up to develop a means of study- ~ 

~ 

case I case I1 Case I11 

7.15 4.26 5.65 3.20 5.16 2.83 

5.87 3.50 4.35 2.42 3.83 2.04 

Table 1 : Unwinding Parameters 

Residual Tension, Tu, specified as a 
boundary condition 

Case I Case I1 case 111 

7.0 7.0 7.0 

I Calculated tension at the guide-eye, To I 7.73 I 7.49 I 7.57 I 
Ring Spinning 

independent analysis [5] c o n h e d  the results obtained in [1,2] but went on to show the existence of bifurcation phe- 
nomenon in ring spinning. In the non-dimensional parametric space, keeping all else constant, he studied the effect of 
variable traveler mass on the spinning tension and showed that for balloon height to ring radius ratio of ten, the spin- 
ning tension as well as balloon shape could have as many as three plausible (satisfying dynamic equilibrium) values 
provided the traveler mass was within a specified range. While this was an important conceptual finding, technologi- 
cally it was meaningless because during spinning the traveler mass remains fixed whereas wind radius and balloon 
height change. To investigate practical implications of this issue, the NCSU team first enhanced their model to (a) cal- 
culate the wrap angle (yarn around the traveler) internally using equilibrium shapes of the balloon bcfore and after 
yarn enters the traveler and (b) to include the chase formation program so that, having selected a height of top of the 
chase, the balloon height could be adjusted automatically for changing wind radius. 

The practical implication of bifurcation can be explained through meta-stability of shape and tension. In other 

The models of ring spinning and related results, at the start of this project, are detailed in 11.2.41. Fraser in an 

~ 

~ 
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words meta-stability here implies the possibility of rapid and wide spinning tension fluctuations with the likelihood of 

bility within the practical range of interest. A plot of spinning tension with varying bobbin radius and balloon height 
is shown in Figure 5 for a typical ring-spinning set up without control rings. Projection of the outer limit of instability 
in the bobbin radius-balloon height plane is shown in Figure 6. It was shown earlier that placement of a control ring of 
suitable size at a suitable height could eliminate the meta-stability. Therefore, spinning without control rings must be 
avoided in these regions. 

-~ high rate of ends down. Therefore the present focus of this research is to - -  sta 

~ 

~ 

Experimental Set-up 
The experimental part of the research is designed to verify the theoretical unwinding response predictions. Due 

to the complexity of the process being studied, four different experimental systems are planned. W o  experiments, 
dealing with verifying the unwinding dynamics, have been initiated. Another two experiments determine the residual 
tension and yam-package drag. These experiments are being designed. 

ages of variable height, shape, wind angle, and wind-on tension can be unwound and the real-time tension variations 
recorded. In this research, we tap directly into the tension sensor to measure the real-time signal. Figure 7 shows the 
frequency spectrum of a cylindrical package. Peaks are observed at the rotation, longitudinal, and sensor resonant fre- 
quencies. 

For a given yam, package, and unwind speed, the tension time history and balloon shapes can be recorded. 
Quasi-stationary balloon shapes can be captured with the digital camera and compared with theory. Combined with 
the measured tension values, yam on package drag, and residual tension, this experiment will verify the complete 
model. In addition, the dynamical complexity of this system will necessitate the use of a high speed video system to 
observe the transient motion caused by package irregularities. 

experiment uses a hollow spindle motor threaded with a weighted string. The spindle spins the yarn without twist 
buildup and the tension and motor speed are monitored. A motorized arm varies the balloon height. Thus for a given 
yam, tension, balloon height, and spindle speed, stable balloon shapes can be observed. Figure 8 shows the experi- 
mentally determined motor voltage, speecl, and tension time histories when the balloon height is varied sinusoidally. 
Qualitative determination of the balloon shape can also be determined by photographs of the operating system. 

The spinning experiment will be improved with a new spindle, spindle motor, and tension sensor. These design 
changes will allow higher spindle speeds and higher bandwidth tension measurements. Reiter-Scragg will be donat- 
ing the tension sensor. In addition, we plan to purchase a digital camera to capture the balloon shapes for quantitative 
comparisons with theory. 

In summary, two experiments have been partially consmcted so far in this research program. The spinning 
experiment provides reliable, low speed, low bandwidth tension data. The system also produces stable, quasi-station- 
ary balloons for theoretical comparisons. The PPA2 yarn transport and tension measurement systems provide an 
excellent test-bed for complete verification of the theory. The planned modifications to these systems will allow qual- 
itative comparisons by the end of Year 3. 

~ 

The first experiment is based on an unwindmg tester donated by Reiter-Scragg (PPA-2). In this system, pack- 

The second experiment is designed to verify the balloon dynamics equations including air drag. The spinning 
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Fig 1. The thread line 
Fig 2. Over-end minding configuration : 
guide eye 0; balloon OPL; lift-off point L; 

unwind point U ; wind-on angle $; withdrawal speed V; 
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Figure 3. Effect of wind angle on tension at the guide-eye Figure 4. Multiple solutions (shape and tensiion) for Case I 
with wind angle of 5 degrees 
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Figure 5. A plot of spinning tension with varying Figure 6. Projection of the outer limit of instability in 
the bobbin radius and balloon-height plane 
(TM=90.0, py=0.3, py=0.1,Po=3.0) 

bobbion radius and balloon height 
(TM=gO.o, my=0.3, myd.1,Po=3.0) 
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Figure 7. Tension frequency spectrum of a cylindrical Figure 8. Experimentally determined motor voltage, speed, 
package 
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