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A model of Newtonian glass fiber drawing at fixed temperature in the unsteady (taegiraw ratio
E>20.22) is considered. In this range under steady boundary conditions, as is well known, the draw
resonance instability sets in, resulting in self-sustained oscillations. These oscillations lead to a
periodic variation of the cross-sectional radius of the fiber. In the present work we consider the case
where the spinline radius varies periodically. Such a variation may result from flow oscillations in
the fiber forming channels in the direct-melt process, or from the variation of the preform
cross-sectional radius in drawing of optical fibers. When this variation takes place in theBange
>20.22, the self-sustained periodic oscillations of the draw resonance are replaced by quasiperiodic
and periodiclmode-lockedl subharmonic ofunder the appropriate conditionshaotic oscillations
(strange attractoys The routes to chaos found in the present work inclg@esmooth period
doubling bifurcation ofany) mode-locked periodic solutiori2) abrupt explosions of quasiperiodic
solutions. The predicted chaotic variation of the spinline radius at the winding mandrel may result
in a similar variation of the cross-sectional radius of the solidified fibers.1989 American
Institute of Physicg.S1070-663199)01411-7

I. INTRODUCTION are the input and the output velocities in the threadline
' o In Ref. 8 it was shown that the instability evolves to a
Glass fibers are used for air filtration, thermal and elecstaple limit-cycle solution: periodic self-sustained oscilla-
trical insulation, plastics reinforcement, for manufacturingtions, e.g., of the cross-sectional radius of the drawn fiber
. . . . 1 Ll L AR .
the glass textile products, optical communications, étm The instability manifests itself in the form of propagating
the direct-melt processes fibers are formed by dra\‘/‘vmg MOl aves of swelling and contraction of the cross section with a
ten glass from heated fumnacésometimes called “bush- . ajength of the order of the threadline length.
ings”), whereas optical fibers are drawn from solid preforms In Refs. 10 and 11 it was shown that the bifurcation at

heated in a furnace or directly by laser b?EE“ sThe pre- E=20.22 corresponding to the isothermal draw resonance is
forms are created using a modified chemical vapor deposi-

tion procesgMCVD) (Ref. 5 or a nonsymmetric deposition supercritical. Further bifurcations at highemere not found
processN-MCVD) ® (including the cases with nonisothermal spinning

Molten glass is a Newtonian fluid with a strong depen_condition§*12‘1§, which means that the structure of the draw

dence of viscosity on temperature. Drawing of glass fibers i€éSonance instability as a Hopf bifurcation survives even un-
typically dominated by viscous forces modified by heatingder nonisothermal conditions. Heat removal stabilizes the
and cooling of the threadline. Under appropriate conditionssPinning process leading to an incredsemetimes signifi-

perturbations introduced in a molten threadline lead to arfand in the threshold value of the draw ratio which can be-
instability referred to as draw resonaricé.lt sets in both come much larger than 20.22 predicted for the isothermal
isothermal and nonisothermal cases. In Ref. 7 it was shownase>'?~1>The theoretical findings on the heat removal ef-
that in the former case the draw resonance sets in when tHect on the draw resonance instability are fully supported by
draw ratioE =V, /V, exceeds a value close to 20{andV,;  experimental dat®'’ Also an isothermal drawing of New-
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tonian liquids was realized in model experimérfswhich  periodic perturbations of the input radius of the threadline
showed, in agreement with the predictions, that the instabiland the draw resonance instability may lead to evolution of
ity sets in as soon as the draw ratio reaches a value close tbe limit-cycle solution to periodi€ultrasubharmonicsolu-
E=20. tions and quasiperiodic tori which themselves bifurcate re-
It is emphasized that the threshold valde-20.22 was sulting in strange attractors corresponding to chaotic varia-
obtained theoretically in the framework of the quasi-one-tion of the output radiugcf. Ref. 25.
dimensional description of the molten threadIin&!>Com- In Sec. Il the problem is formulated, and some known
parison of the theoretical and experimental data in Refs. @elevant results of linear stability analysis are presented in
and 15 showed that a simple quasi-one-dimensional descrifgec. lll. The bifurcation structure of the nonlinear problem is
tion is a good approximation for both direct-melt and evenobtained numerically and presented in Sec. IV. Concluding
laser drawn processes. It is also known to be very accurate ii@marks are given in Sec. V.
description of other longwave phenomena and instabilities in
|firqeueid|§1u5l«?9l—%gs and films of Newtonian and non-NeWtonlan”' PROBLEM FORMULATION
In the above-mentioned stability studies boundary con-  The quasi-one-dimensional equations of continuity and
ditions for the molten threadline were fixed, and the drawmomentum balance read, respectively;?
resonance instability set in and developed itself into a limit

. . . : da?  9a?V
cycle only due to the on-line perturbations. A possible varia- ZZ_ =0, (1)
tion of the input parameters and winding velocity was ac- ot IxX
counted for only in the range<20.22 in the previous pub-
L , SV V) 4 ,V ,. oa
lications to study fiber sensitivity to the external pa EJFVa_ =x 3ua v +pga +Ua_' (2
perturbations:***%In reality, however, variation of the input X X X X

parameters and take-up velocity is inevitable also in the suHeret is time, x is the longitudinal coordinate along the fiber
percritical regimes. Oscillations of the input parameters in axis,a is the cross-sectional radidhe fiber is assumed to be
glass fiber drawing are related to the processes taking pla@xisymmetrig, V is the longitudinal velocityp is the den-

in the tank furnace. Considerable thermal inertia of the elecsity, u is the viscosity(the flow is considered to be isother-
tric furnaces makes temperature stabilization difficult, whichmal and the fluid is assumed to be Newtonian with a constant
causes oscillations of the boundaries of the melting zoneviscosity; 3u is the Trouton viscosity o is the surface ten-
This, in turn, results in flow oscillations in the fiber forming sion, g is the gravity acceleration. In the last term() it is
channels and oscillations of the threadline radius at the chamiso assumed that, x><1 which is a plausible approxima-
nel exit. Changes in composition of the glass, loading oftion for glass fiber drawing. The momentum E@) incor-
glass marbles by a local feeder during some limited timeporates all the relevant effects, namely, the inertial, viscous,
intervals, etc. have a similar effect. In optical fiber drawinggravitational, as well as those due to surface tension.
similar perturbations can be introduced by a nonuniform dis-  The equations are rendered dimensionless by the follow-
tribution of the cross-sectional radius over a solid preform.ing scales: the threadline lengdthfor x, the take-up velocity

In practice it is important to understand the reason and th&,-for V, L/V,-for t, and a,/EY*for a (where a, is the
nature of the perturbations, since this information can beunperturbed upstream radius of the threadlies a result,
used to develop sensors for controlling the thickness of glasthe dimensionless continuity equation keeps the same form
fiber during production by means of automatically regulat-as in(1), whereas the momentum equation takes the follow-
ing, for example, the temperature in the electric furnace acing form:
cording to the thickness of the glass thread.

. . S oV oV J Ja

The results of several experimental investigatioag., Cia%| —+V—|=—|a>—|+Ca%+Cs—, (3
Ref. 24, and references therpishow “... that a change of at Ix | ax\ - IX IX
thickness of glass fiber length-wise is a random process...\yvhere
and the corresponding correlation function decays exponen- )
tiall D R i Re L Re [ L

y. Draw resonance, being a periodic process, cannot be = — = = ()
responsible for this picture. A possible source for the random 3 ap’ 3-Friag)
unevenness of drawn fibers may be random noise entering a Re E2 |
threadline. This, however, should lead to random perturba- C,= e (5)
tions for any drawing speeds, which is not the case; they are 3-We  ag
seen at the fibers drawn only at high enough sp(eéde.g.,_ _ pagVy PViao Vi
Ref. 3. In the present work we explore another possibility Re=——, We= , Fr=——, (6)
and show that randomness may be generic for fiber drawing K 7 98

with high enough speeds characteristic of the draw resonan@d bars over the dimensionless variables are dropped.

in the case when additional periodic perturbations enter the The values of the parameters involved are as follows:
threadline from the channel/nozzle or a preform. To showp=3000 kg/mi, ¢=0.25 N/m, u=10°"Pas (which corre-

that this scenario is, in principle, possible, we use the simsponds to an optical fiber glass at the temperature about 1000
plest Newtonian isothermal quasi-one-dimensional model oK), take-up velocity of the order &f,=0.05 m/s(3 m/min),
threadline. We show that a nonlinear interplay between thénitial fiber radiusag=0.005m, and the threadline lendth
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=0.15m. The data correspond to the device and processinghBLE I. Spectrum(15) of the linearized stability problem.
parameters described in detail in Ref. 27. The corresponding

A
values of the Reynolds, Weber, and Froude numbers are as A :
follows: Re=7.5-10" %, We=0.15, and F+0.051. Also 19 —-0.0111 0.731
L/ay=30. Therefore the paramete®s — Cs in (3)—(5) have 20.22 0 0.693
he following values:C,=7.510"5, C,=0.0441, andC oL 0,009 0.6723
the g Co=1. » €2=0.0441, andCs 25 0.01918 05869
=0.00224 (for E=20). These estimates unambiguously 28 0.0258 0.5369
show that in the optical fiber drawing processes of interestin 30 0.029 0.508
the present work the effects of inertia, gravity, and surface 35 0.0349 0.4497

tension may be neglected as compared to the viscous term

(the first one on the right i63)). Indeed, the inertial term is

of the order of 104, the gravity termO(10?), the surface

tension te_rnO_(10‘3), whereas the viscous ter@®(1). Such _ a=ayl+a), V=V(1+4), (12)

a conclusion is also supported by Ref. 28, where a possible

capillary instability of molten threadlines due to surface ten-where « and g are the small perturbations subject to the
sion is attributed only to overheated liquids with low flow following boundary conditions:

velocity—the regimes which couléand should always be P B

avoided in practice. At much higher velocities than those of x=0: =0, =0, (12
interest here, e.g.,'charac'teristic of high—speed. .drawing of y—1- B=0. (13)
glass or polymer fibers with the take-up velocities of the

order of 16 m/min (Refs. 2 and 2 inertial effects cannot The linearized solution fow reads

be neglected in the momentum equation, and the air drag . AEL
force should be incorporated. These regimes are not in the ;= gAME(x), F(X):f exp(
scope of the present work, where in the light of the above 0 InE
estimates, all the terms in the momentum equat®ncon-
taining the factorsC,;—Cj; can be in principle neglected.
However, in the numerical simulations of Sec. IV all these
terms are accounted for. Their effect was checked and F(1)

proven once moréas, e.g., in Ref. 230 be minor under the A=— TIETXE () dx (15
conditions of interest in the present work.

) dx, (14

where the eigenvalud can be found from the following
spectral equation:

At E<20.22 the spectral Eq15) possesses only the solu-
IIl. BOUNDARY CONDITIONS AND RELEVANT tions with negative real parf\,, defining asymptotically
LINEAR RESULTS stable solutiongestablished first in Ref.)7At E=20.22 the
6p_ondecaying small oscillations set in corresponding to the
solution of (15) A=~i-0.693, wherd is the imaginary unit.
This is a classical Hopf bifurcation. At 20.2E<49.98 the
x=0: a=EY, V=E 1, (7)  solutions of(15) include a pair of complex conjugate solu-
. tions with positive real part\,. The corresponding linear
x=1: V=1, (8) . L .
perturbations grow in time, and the draw resonance sets in.
which means that the input cross-sectional radius and veloSome of the relevant eigenvalues found frGhs) are listed
ity are given, together with the take-up velocity. in Table I, whereA; denotes the imaginary part of.
The analytical linear analysis of the small perturbations At E>20.22, the instability of the steady solutighO)
is possible only in the case where the secondary effects reesults in a bifurcation to a new solution. Under the fixed
lated with the inertial, gravitational, and surface tensionboundary conditions it represents itself the self-sustained os-
forces are neglected completdlytherwise the analysis may cillations (a limit-cycle solution illustrated by the numerical
be done only numerically, see Sec.)\8ince the physical results depicted in Fig. 1 which is discussed in more detail in
estimates presented in Sec. Il justify this in the case undeahe next section.
consideration, a viscosity dominated version of the momen-  In the present work, however, we allow for a periodic

In the steady state a solution of the dimensionless equ
tions is subject to the following boundary conditions:

tum Eg.(3) emerges, namely, variation of the input fiber radius as discussed above, so that

P v (7) and (8) are replaced by the following boundary condi-

| a2—|= tions:

ax( ax) 0. ©

—0N- —_ 12 -1

together with the continuity Eq1) (both dimensionless x=0: a=E"(1+dcoswt), V=E"7, (16)

The steady-state solution of these equations reads x=1: V=1 (17)

_ (1U2(1-x) _pex—1

a=E » Ve=ET (10 with 6 and o being the perturbation amplitude and fre-
where subscrips stands for “steady.” quency.

The perturbed solution gfl) and (9) was found in Ref. In the present work we study numerically nonlinear so-
7 in the following form: lutions of the governing Eqgs(l) and (3) subject to the
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FIG. 2. Power spectrum that corresponds to the limit cyclé-a8 [curve
7 1in Fig. 1(a)].

numerical experiment to another. Note that at the fixed val-

5 ues of the other parameters such a variatiok imeans that
the input velocity varied from one numerical experiment to
c ¢ another.
s, A. The unperturbed problem (6=0)

The numerical simulations of the full set of the govern-
ing Egs.(1) and(3) reveal the draw resonance instability and
b transition to periodic flow in an unperturbed problem at the
value of the draw ratio close t&B=20.22 which was ob-

' ' L ' ' ' tained via the linear analysis in Sec. lll, where the secondary

O2900 2920 2940 2960 2980 302)0 3020 3040 3060 ) B
(b) ¢ effects were neglected. This supports our expectations based

o _ _ o on the physical estimates of a real drawing process given in

FIG. 1. (&) The phase plane describing the fiber midlength0.5. Limit- - gac ) that the inertial, gravitational and surface tension

cycle behaviordraw resonangeat (1) E=28, (2) —50, and(3) —100. No f . in th imil |

forcing, =0. (b) The profilea(1t) corresponding t& =100, 5=0. orces are not important in the present case. Similar conclu-
sions for the same range of the parameters were described in
Refs. 23 and 26.

boundary condition$16) and(17) at E>20.22. This means As noted in the previous section f&>20.22, a self-

that we introduce a local fluctuation upstream and watch isustained limit cycle evolves as the steady fixed point solu-

grow downstream. tion loses its stability. This limit cycle is stable and grows in
size with growing values of as is depicted in Fig. (&),

IV. NUMERICAL SOLUTION AND BIFURCATION which illustrates the fiber midlength phase plar€Q.51),

STRUCTURE OF THE NONLINEAR PROBLEM V(0.5%)). The degree of complexitfloss of circularity of

e phase plane is apparent for laieThe profilea(1,t) at
=100 is shown in Fig. (b). Note that the degree of solu-
tion nonlinearity is also depicted by the amplitudes of the

_ e : : harmonics in the power spectra in Figs. 2 and 3 that corre-
x=0) (16) and(17). A modified version of the algorithm of . ) X
Refs? 23, 26 (an?i 30 was used in the presegt work. Thgpond to_ limit c_:ycles 1 and 3 of Fig. 1. We summarize _the
initial-value problem(1) and(3) was solved by a direct im- change in radiusAa=amaamin and self-sustained limit

plicit scheme of the Crank—Nicholson-type. Nonsymmetriccyd(.a freque_ncywm In Fig. 4. Wg note that the degree_ of
approximations were used fata/dx, and symmetric ones nonlinearity is portrayed by the difference between the linear

for aV/ax and 32V/ax2, with the accuracyO(Ax2). The frequency approximatio(i.e., the complex part of the eigen-

time derivativesya/ gt anddV/dt were approximated using a vgluesz'\i n Ta?ée ) and those obtained from the nonlinear
two-layer scheme with accuracy(At). Some more details simulation, e .

on the numerical implementation may be found in Ref. 23
and 26. In all the calculations the dimensionless paramete%‘ The perturbed problem  (5>0)

had the following values: Re7.5-10°% We=0.15, Fr The fundamental solution of the periodically perturbed
=0.051, L/ay,=30, and thusC;=7.5-10"° C,=0.0441, self-excited limit cycle is a quasiperiodic torus that is gener-
andC;=0(10"3). The values ofC; correspond to the val- ated for an exciting frequenay that is incommensurate with
ues of E which varied in the range XOE<100 from one that of the self-sustained limit cycle. This solution is por-

In this section we present the numerical results obtaine
from simulation of the continuity Eq(l) and the full mo-
mentum Eq(3) with time dependent boundary conditiofat
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FIG. 3. Power spectrum that corresponds to the limit cycle-al00[curve  FIG. 5. The phase plane of the unperturbed flow containing limit cfidle
3in Fig. 1a)]. combined with the phase plai®), and the Poincammap of the excited flow
(6=0.01, w=1) depicting two sampled point&= 30, x=0.5.

trayed in Fig. 5, where we combine the phase plane contain-

ing the unperturbed limit cycle 1 with the Poincameap  aperiodic solutions coexist with strange attractors. Two ex-
(a(0.51), V(0.54)) corresponding to the excited flow stro- amples of strange attractors are depictée0.1, w=1) in
boscopically sampledt&wT) each forcing frequencyo.  Figs. 7 and 8 forE=30 andE=50, respectively, and the
Note that the sampled points follow the contours of the uncorresponding fiber profilea(1t) in Figs. 7b) and 8b).
perturbed limit cycle phase plane. It is emphasized that herRote the degree of complexity increases as the solutions fill
and hereinafter the qualitative character of the Poinc@PS  more of the system phase space with increasing nonlinearity.
does not change irrespective of the choice of the cross segyrthermore, the threshold of stability of the mode-locked
tion, wherea andV were sampled. As predicted by theory solutions decreases with increasiig

(cf. Ref. 25, the forced fundamental quasiperiodic solution It is emphasized that, in spite of the temporal complexity
is replaced by a periodiémode-lockedl ultrasubharmonic  of the results shown in Figs(f) and &b), the shapes of the
(Mw~nw|;; mandn are integerssolution above a certain whole fiber in the drawing zone do not differ too much from
threshold controlled by the system ,parameters. A periO(ﬂhose Corresponding to draw resonar(cé, for examp|e’
doubled solutioridefined by two Poincargoints is depicted  Fig. 6 in Ref. 23. Namely, the perturbation waves propagat-
in Fig. 6 for excitation near twice that of the unperturbeding over the threadline represent themselves very long waves
limit cycle (w=1, w|.~0.42) for the case oE=30. An in-  with the wavelength of the order of the whole drawing zone.
crease irE with constantw (or alternatively change im for  This observation allows us to concludeposteriorithat the
E=const) yields a period-four subharmonic 650 (v solutions obtained do not contradict the assumptions of the
~0.24). The periodic mode-locked solutions are organizeguasi-one-dimensional approximation under which the gov-

in the stability parameter spade, &, E) in the form of  erning equations are valid. This observation also allows us to
wedgesor Arnold tongues obtained for a circle nfApsepa-

rating the quasiperiodic solutions. For increasing fordifg
the distinct structure is broken and complex periodic and 05

04

03 7 !
Aa

02

0 ! | 1 |
1.0 2.0 3.0 4.0 50

a

FIG. 6. The phase plane of the limit cycle 1 of the unperturbed flow, and the
phase plane of the excited flo@=0.04, w=1) combined with the Poincare
FIG. 4. Limit cycle radiusAa and frequencyw,. as functions of the draw map of the latter containing two pointsymbol$ which corresponds to
ratio. No forcing,5=0. period doubling E=30; x=0.5.
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FIG. 8. (a) Strange attractor fof=0.1, v=1, andE=50. The Poincarenap
was sampled at=0.5. (b) The corresponding fiber profil@(1,).

0 | | 1 1 |
10000 12000 w00 e 18000 20000 wedge for constanE, w and increasing forcings; (i) an

abrupt explosion from the fundamental quasiperiodic solu-
FIG. 7. (a) Strange attractor fo6=0.13, w=1, andE=30. The Poincare tion to a chaotic one. For re|ati\/e|y smEI(e.g.,EZSO) the
map was sampled at=0.5. (b) The corresponding fiber profile(1,). chaotic attracto(Fig. 7) is confined by forward (1[,8T, N )

and reverse (8,4T,2T) period doubling bifurcationgFig.

conclude that the irregular behavior depicted in Figh) 7 9). W|th _|nc_rea5|_ngE, additional solutions in the form of
and 8b) consists of spatially coherent temporal chaos.duasiperiodic toriFig. 10 for E=50) appear and break the
Whether any additional routes to chaos can emerge in a fullfPrward period-doubling bifurcation sequence within the
three-dimensional case, where intermediate length scaldéedge with a strange attractdFig. 11). These additional
violating the quasi-one-dimensional assumptions can appedjuasiperiodic solutions correspond to the donf@inin Fig.

is (as in many other cases known in literatuae open ques- 12 (E=50) which is absent in Fig. 95=30). Also the
tion at present, since such three-dimensional calculations
challenge the current tools. Moreover, the fact that even the
problems solvable numerically without simplifications in the
governing equations are inevitably subject to truncation er-
rors affecting the bifurcation transfer energy to lower scales, ; — HH
stresses the idea that “true” chaotic motions may be, in & o ATt < s14T 2T
principle, incomputable in their full detaif.

C. The bifurcation structure and routes to chaos

As noted above, the solution structure is organized in a L . ' '
classical Arnold tongue wedges which overlap for large per- 5
turbation. We identify two distinct mechanisms for evolution FG. o F 4 veriod doubli © 1o ch g od d
of the fundamental solution to chao$) a smooth period- | > > "orWward period doubing route ‘o chaos, and reverse period dou-
. . o . bling after the strange attractor disappedis:30. Q- corresponds to qua-
doubling _tran§|t|0n _Of a fundame_nta_d periodic - solution gjperiadic solutions, 2T to period doubling routes ar@" to the domain of
(2"T). This bifurcation emerges within the mode-locked the strange attractor.
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2 FIG. 12. The bifurcation structure &=>50. Q" indicates quasiperiodic

FIG. 10. The Poincarenap atE=>50 for a “small” quasiperiodic solution. ~ solutions corresponding to a “large spot” on the Poiricarap similar to

Exciting amplitude and frequenc§=0.03 andw=1, respectively. Sampled that of Fig. 9. 2T, the domains of period doublin@® indicates the domain
atx=0.5. of the quasiperiodic solutions corresponding to a “small sp@¥'indicates

the domain of a small strange attractor exemplified, e.g., by FigCt1.
indicates the domain of a large strange attractor like that of Figs. 7 and 9.
domain of the smaller strange attractor that occupies a
smaller part of the phase spasee Fig. 11 and domai@® in
Fig. 12 was not revealed for small& (cf. Fig. 9. After the ~ Floquet structurefor weak forcing that demonstrates a pe-
small strange attractor disappears the forward period dodiod doubling instability* However, the existence of a “hid-
bling sequence reveals a large strange attractomainCt den” frequency(of the unperturbed problenthat interacts
in Fig. 12 similar to that found foilE =30 (cf. Fig. 9. After with that of the excitation brings forth the quasiperiodic and
all this strange attractor is broken by a reverse period douode-locked attractors confining the period doubling cas-
bling route (Fig. 12. cade in a limited parameter space.

The physica| mechanism that drives the boundary_va|ue Fina”y, we note that additional fOI’mS Of pel‘iodic bound'
problem considered is a specific form of periodic boundaryay excitation may not bring forth the phenomena noted as
excitation of an(unperturbetistable flow that exhibits a fun- the parametrically excited forcing may not interact directly
damental periodic state. The latter is the draw resonance iith the fundamentalunperturbegl periodic solution. This
the present case. can be seen in the dire¢éxternal excitation, Ref. 35and

This mechanism consists of periodic forcing in the formindirect(parametric via vertical or horizontal boundary exci-
of (local) parametric excitation of a coupled set of self ex- tation oscillations of an inverted pendulum which yield a
cited oscillators(e.g., forced van-der Pol oscillatorthat re-  “kaleidoscope of different stable oscillations®. This ex-
veals both(i) the global bifurcation phenomena of inter- Plains why in an additional series of computations we have
changing quasiperiodic tori with periodic mode-locked Not been able to obtain an aperiodic response for the drawn
(ultrasubharmonic oscillations for an incommensurate/ fiber on the fluctuations of the input and output velocity
commensurate frequency ratio or irrational/rational rotatior@lone. These perturbations in the studied range of parameters
(cf. Ref. 33; (i) period-doubling cascade of a fundamentalSimply do not lead to bifurcations towards chaos, which,
mode-locked solution. Both of the noted phenomena confiowever, does not preclude them to generate an aperiodic
tinue to evolve(with changing parametersand lose their response for other parameter setdiich may be, however,
stability culminating with(several distinct types of chaotic Physically unrealistic We can conclude that fluctuations in
strange attractors. the input radius can be the main source of chaos.

The parametric excitation of a continuum dynamical sys-
tem via periodic boundary excitation yields the fundamentab_ CONCLUDING REMARKS

The cross section of Newtonian isothermal fibers may

o1 58 vary nonperiodically (quasiperiodically or chaoticallyat
o 28 draw ratio E about 30 and more under the conditions of
| 4 periodic variations of the input cross section. The route to
o % chaos may be smooth, via period doubling, or explosive, via
v L f,%‘o% abrup'; disappegrance of quasiperio_dic solution_s. As a result
@l  ap 36 of .perlod doubling or abrupt ex.plosmn of quaS|pe.r|o.d|c so-
008 %ﬁi * lutions a strange attractor sets in. We note that this irregular
N behavior, which consists of spatially coherent temporal
chaos in the quasi-one-dimensional fiber model, indicates to
0.04 R— ' [ corresponding three-dimensional instabilities but that further
24 28 32 3.6 . N .
a work (e.g., experimental and numeritas required to re-

FIG. 11. The Poincarenap atE=>50 for a “small” strange attractor. Ex- solve whether the strange attractors found correspond to spa-

citing amplitude and frequenc§=0.04 andw=1, respectively. Sampled at  tially coherent temporally chaos in a fully three-dimensional
x=0.5. model.
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