
Nihon Reoroji Gakkaishi Vol.33, No.4, 213~216
(Journal of the Society of Rheology, Japan)
©2005 The Society of Rheology, Japan

Note

Frequency Response Method to Determine the Stability of 
the Viscoelastic Spinning Processes

Joo Sung LEE, Dong Myeong SHIN, Hyun Wook JUNG, Jae Chun HYUN, and Yeon Uk JEONG*

Department of Chemical and Biological Engineering, Applied Rheology Center, 
Korea University, Seoul 136-701, Korea

* Department of Inorganic Materials Engineering, 
Kyungpook National University, Daegu 702-701, Korea

(Received : April 14, 2005)

New strategy to determine the draw resonance instability using the frequency response method, first devised by
Kase and Araki1) has been developed in the spinning process considering the viscoelastic nature of polymer melts.
Numerical technique for efficiently evaluating the complex-valued frequency response system has been revamped in
this study. By adopting the Nyquist stability criterion into frequency response, stability windows of the viscoelastic
spinning system have been successfully predicted in both isothermal and nonisothermal cases. This stability-
determining method as a useful analysis tool can be applied equally well to other extensional deformation processes.
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1.   INTRODUCTION

The stability and sensitivity problems in melt spinning
processes have been steadily investigated by many researchers
during the last four decades for their importance both in
academia and industry2-7), since these are closely related to
processability, productivity, and quality control of the industrial
processes. Especially, draw resonance, a supercritical Hopf
bifurcation instability8-9), which is characterized by the
sustained periodic oscillation of state variables such as spinline
cross-sectional area and spinline tension beyond its onset
condition, is not only an academically interesting stability
subject but also an industrially important productivity issue.
Typically, the stability of the system can be accomplished by the
linear stability analysis or direct transient simulation.3,4,7,10-12)

Kase and Araki1) ingeniously developed the novel strategy to
determine the stability of the inelastic spinning process, using
the transfer function approach suitable for the sensitivity
analysis. To examine both stability and sensitivity of the
process, they designed the feedback control loop actuated by the
spinline tension, which plays a key role to relay disturbances or
perturbations from take-up to spinneret. Especially, they
successfully determined onsets of the draw resonance from the

Nyquist stability criterion of the transfer function connecting
an input disturbance in spinline tension with the spinline
velocity at take-up.

In this study, their creative stability analysis has been
extended to viscoelastic (Phan-Thien and Tanner fluids)
spinning case incorporated with the more efficient numerical
scheme.

2. GOVERNING EQUATIONS FOR
SPINNING FLOW

Dimensionless time-dependent governing equations of the
nonisothermal spinning system with PTT fluids as a
reasonable viscoelastic constitutive equation in describing
extensional deformation flows9,10,13) are described below.
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(1)

(2)

Equation of continuity:

where

Equation of motion:

where
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Above equations are subjected to the following boundary
conditions.

where t is dimensionless time, x dimensionless spinline
distance, a dimensionless spinline cross-sectional area, v
dimensionless spinline velocity, τ dimensionless axial extra
stress, F dimensionless axial force, η0 liquid viscosity at zero
strain-rate, L distance from die to take-up, De Deborah
number, λ relaxation time, St Stanton number, θ dimensionless
spinline temperature, θa dimensionless ambient temperature, vy

dimensionless cooling air velocity, ρ liquid density, Cp liquid
heat capacity, E activation energy, R gas constant, k
dimensionless activation energy, r drawdown ratio, and ε, ξ
denote material parameters of PTT fluids. Overbars represent
the dimensional variables. Subscripts 0 and L represent
spinneret and take-up conditions, respectively.

In the above equations, the several assumptions have been
incorporated. First, thin filament approximation is considered
to simplify this system into one-dimensional model. Second,
the origin of the spinning distance coordinate is taken as the
extrudate swell position to exclude all the pre-spinneret
deformation history of the liquid in the model. Third, this
spinning system neglects radial extra stress and omits the
secondary forces, e.g., inertia, gravity, surface tension, and air-
drag.

3.   FREQUENCY RESPONSE METHOD

Frequency response method is generally used for the
sensitivity analysis of the process by measuring the sinusoidal
outputs of the linearized system to small ongoing sinusoidal
inputs or disturbances around a steady state.1,14,15) The detailed
sensitivity results of the spinning or film casting processes
have been reported elsewhere.2,13-15) This study will only focus
on the special application of this method for the stability
analysis.

Kase and Araki1) first applied the frequency response to
determine the stability of rather simple Newtonian and power-
law spinning system. They designed the feedback loop with
various transfer functions (Detailed relationships of transfer
functions are found in their article.) to control the spinning
system and found the onsets of draw resonance using the
stability condition by the Nyquist plot. It has thus been
demonstrated that the key transmission linkage between
disturbances and state variables in draw resonance instability
is the spinline tension. According to their stability criterion, the
spinning system becomes unstable when vector locus of
transfer function, i.e., GvL,F, between a input perturbation in
spinline tension and the output spinline velocity in take-up
position encloses the origin of the complex plane in the
Nyquist plot. This study includes the extension of stability
analysis by frequency response to viscoelastic spinning case
and more efficient and improved numerical simulation without
the further computation of transient response of the linear
system as conducted in Kase and Araki.1) The procedure for
the frequency response developed in this study is summarized
hereafter.

First, governing equations (1)-(4) are linearized by
introducing the perturbations into the state variables as
follows. 

where subscript s indicates steady state, i= ,  ω
dimensionless frequency, and α, β, γ, δ, and φ denote the
perturbed quantities related to spinline area, spinline velocity,
axial extra stress, spinline temperature, spinline tension,
respectively.

Insertion of these perturbation variables into the governing
equations produces the linearized equations.

(3)

(4)

(5a)

(5b)

Constitutive equation: PTT fluids

where

Equation of energy: 

where

at x=0 for all t

at x=1 for all t

(6)

1–
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where superscript ’ indicates the derivate of perturbation
quantity with respect to spinline distance. 

To inspect whether the process is stable or unstable, transfer
function connecting the spinline tension disturbance with the
take-up velocity, GvL,F, should be obtained along with all
frequency range from above linearized equations (7)-(10).
Some alternatives to solve the complex-valued frequency
response systems have been suggested as shown in Jung et
al.15) To circumvent complex arithmetic in this study, complex-
valued equations (7)-(10) are doubled into real and imaginary
parts, respectively, and integrated using the 4th-order Runge-
Kutta method with the following boundary conditions.

where φ* is the specified perturbation in the spinline tension.

This method does not require the transient calculation of
linearized equations to obtain the transfer function data.1)

4.   RESULTS AND DISCUSSION

Figure 1 shows vector loci of the complex transfer function,
GvL,F, along with increasing frequency under both extension
thickening and extension thinning fluids in the isothermal
case. Transfer functions are normalized by its absolute value at
starting frequency, ω=0.1. In the unstable cases, transfer
function trajectories clearly enclose the origin of the Nyquist
complex plane. Therefore, marginal stability curves of
viscoelastic spinning process can be established from such a
control theorem, as mentioned above. Also, the vector loci of
transfer function, GvL,F, for an extension thickening fluid in
nonisothermal case are portrayed in Fig. 2. It is noted that the
spinline cooling stabilizes the system by enhancing the tension
level in the spinline and thus decreasing the tension sensitivity.11)

Whole stability windows for PTT fluids in both isothermal

(7)

(8)

(10)

(11)

Equation of continuity:

Equation of motion:

Constitutive equation: PTT fluids

where

(9)

where

Equation of energy:

(a)

(b)

Fig. 1. Vector loci of transfer function, GvL,F, for (a) an extensional
thickening fluid (ε=0, ξ=0.2, De=0.005) and (b) an extension
thinning fluid (ε=0.015, ξ=0.7, De=0.005) in the isothermal case.
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and nonisothermal cases are compiled in Fig. 3, exactly
agreeing with those by conventional linear stability analysis or
full transient simulation. It has been clearly shown that both
spinline cooling and viscoelasticity for extension thickening
fluids make the system more stable by reducing the sensitivity
of the take-up velocity on spinline tension.10,11) Contrary to
extension thickening fluids, the viscoelasticity for extension
thinning fluids destabilizes the system.

Summarizing the utility of this method in this study, we
need to mention some points. This method is faster and easier
in evaluating onsets of the spinning processes than the normal
eigenvalue problem or transient simulations of linear or
nonlinear systems. It also gives the fundamental insight into
draw resonance instability, i.e., the key role of the spinline
tension to control the process stability and sensitivity. Finally,
this method is directly applied to other extensional
deformation processes such as film casting and film blowing.

5.   CONCLUSIONS

Frequency response method to investigate draw resonance
instability based on Kase and Araki1) has been revamped for
the viscoelastic spinning process with efficient numerical
simulation. From the Nyquist stability criterion, stability
windows of viscoelastic PTT fluids have been accurately
predicted, agreeing with those by other stability methods like
linear and nonlinear stability analyses. It has been
substantiated that this method is a reliable tool to analyze the
stability as well as the sensitivity of polymer extensional
deformation processes such as fiber spinning, film casting, and
film blowing. 
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Fig. 2. Vector loci of transfer function, GvL,F, for an extensional
thickening fluid (ε=0, ξ=0.2, De0=0.005) in nonisothermal case.

Fig. 3. Stability windows of PTT fluids in both isothermal and
nonisothermal cases.
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