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Abstract

The polymer fibres are usually produced by the spinning technique in which elon-

gational stress is applied to polymer solution or melt. The high extensional viscosity

of the fluid renders it spin-able under mechanical drawing resulting in micron-sized

smooth filaments with very high mechanical strength. Fibres so produced offer high

strength to weight ratio making them suitable for various technological applications.

The polymer fibre spinning process suffers from a type of hydrodynamic instability

which manifests in the form of travelling wave oscillations along the fibre length. As a

result, the diameter of the final product fibre lacks uniformity and admits fluctuations

in cross-section area. If understood properly, this instability can be either delayed or

suppressed completely to generate smooth fibres without thick-thin variations in di-

ameter while achieving maximum possible production rate. To achieve this goal, the

quantitative knowledge of the critical parameters influencing the onset of instability

and the nature of bifurcation in the region of transition point is essential. With this

objective, the thesis examines the stability behaviour of the spinning process of an en-

tangled polymer, to gain comprehensive understanding towards operating guidelines

for stable spinning.

The travelling wave instability that renders fluctuations in the fibre cross-section

area is known as the draw resonance, and it occurs when the draw ratio DR (ratio

of drawing to extrusion speed) is above a certain critical value DRc. The onset

of the instability is strongly influenced by the rheology of the polymeric fluid. The

extensional flow of a polymeric fluid during fibre spinning process is studied using both

linear and weakly nonlinear stability analyses. The nonlinear extensional rheology of

the entangled polymer is described with the help of eXtended Pom-Pom (XPP) model

which exhibits strain hardening effect, an essential property for the fibre spinning. The

linear stability analysis constructs the stability diagram indicating stable and unstable

regimes on the DRc−De plane. Here, De is the Deborah number defined as the ratio

of polymer relaxation time to the flow time scale, and it quantifies the elasticity of the

extensional flow. The weakly nonlinear analysis reveals the nature of bifurcation at
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the critical point (DRc) and constructs a finite amplitude manifold providing insight

into the severity of draw resonance phenomena. The effect of fluid elasticity on the

nature of bifurcation and the finite amplitude branch is examined, and the findings

are correlated to the extensional rheological behaviour of the polymer fluid. For

flows at small De (Newtonian fluid-like flow), the spinning flow exhibits supercritical

Hopf bifurcation at the critical point. In the linearly unstable region, the equilibrium

amplitude of the disturbance shows a limit cycle behaviour. As the fluid elasticity

(De) is increased (polymer-like flow), initially, the equilibrium amplitude is decreases

below its Newtonian value reaching the lowest value for De when the strain hardening

effect is maximum. Upon further increase in elasticity, the material undergoes strain

softening behaviour leading to severe draw resonance. Interestingly, at certain high

De, the bifurcation crosses over from supercritical to subcritical nature.

Further, the analysis is extended to account for the non-isothermal conditions dur-

ing spinning flow in which the spin-line loses heat by convection to the surrounding

air as well as by solvent evaporation. The non-isothermal effects influence the rhe-

ology of the fluid through viscosity, which is taken to be dependent on temperature

as well as the concentration. The enhancement in viscosity driven by spin-line cool-

ing leads to delay in the onset of draw resonance, indicating the stabilising role of

non-isothermal effects. For spinning of an exemplary polyethylene-decalin polymer,

it is shown that solvent evaporation is a stronger stabilisation mechanism than heat

convection. Weakly nonlinear stability analysis reveals the role of nonlinearities in

the finite amplitude manifold in the vicinity of the flow transition point. For low

to moderate Deborah numbers, the bifurcation is supercritical, and the equilibrium

amplitude of the resonating state is smaller for the non-isothermal spinning in com-

parison to the isothermal case. For very fast flows in the regime of high Deborah

numbers, the finite amplitude manifold crosses over to a subcritical state. In this

limit, the nonlinearities due to non-isothermal conditions render the flow more prone

to destabilisation even in the linearly stable regime of DR < DRc, by reducing the

minimum threshold amplitude.

We also examine the role of extrudate-swell in the stability of the fibre spinning

flow. The flexibility in the fibre profile at the upstream end of the flow, a feature absent

in the previous analyses ignoring extrudate-swell, plays a stabilising role. However, for

a given flow, extrudate-swell implies stronger effective extension than indicated by the

apparent draw ratio, defined based on capillary area. This higher effective extension

tends to decrease the critical draw ratio for the onset of draw resonance, suggesting

a destabilising role of extrudate-swell. The destabilising role dominates the overall
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stability behaviour. The sensitivity of the stability behaviour to a change in rheolog-

ical parameters and the die geometry is studied. The finite amplitude disturbances

are also considered using the weakly nonlinear stability analysis to understand the

nature of flow in the proximity of the transition point. The flow exhibits supercritical

Hopf bifurcation for low to moderate Deborah numbers that cross over to the sub-

critical manifold as Deborah number is increased beyond a certain crossover value.

The extrudate-swell effect tends to lower the Deborah number for the crossover to

the subcritically unstable state. The results obtained emphasise the importance of a

proper consideration of the extrudate-swell phenomenon in the analysis of spin-line

stability.

As a way to stabilise the process in the high-De range of interest to produce

high-strength fibres, the spinning of bilayered fibres is also investigated. The arrange-

ment of unentangled/entangled polymer in a concentric sheath/core setup is assumed,

where the rheological descriptions of unentangled/entangled fluids are modelled by the

UCM/XPP models respectively. Stability of such a setup is dominated by the dynam-

ics of entangled fluid till moderate De range, post which a significant improvement in

stability is realised when dynamics of unentangled fluid begins to dominate. Apart

from the increase in the stable operating region, the maximum achievable De for

stable spinning (of UCM phase) is also improved. Finally, the effect of dispersity in

polymer molecular weight on the stability of fibre spinning process is investigated.

The polydispersity strongly influences the rheology and hence the overall stability,

which is investigated by considering 1, 2, 3 and 4 mode relaxation spectra of XPP

molecules. The analysis reveals a neutral stability behaviour that is a combined effect

of slow and fast relaxing modes.

Overall, the stability of spinning flow of a highly entangled polymeric fluid is

analysed using both the linear as well as weakly nonlinear stability analyses. The

stability behaviour is strongly correlated to the nonlinear rheology of the fluid. Hence,

any parameter affecting the rheology, for example, temperature, concentration or

polydispersity, directly influences the stability diagram. Comprehensive knowledge of

the stability behaviour enables one to modify either the material properties or the

processing conditions such that the draw resonance is suppressed.



sArA\f

bh� lk r�fo\ kA u(pAdn aAmtOr pr ktAI tknFk dvArA hotA h{, Ejsm�\ EpGl�
yA G� l� h� e bh� lk pr dFGF
 p}Etbl lgAyA jAtA h{। trl kF aEDk dFGF
 [yAntA
us� ktAI yo`y bnAtF h{, Ejsk� pErZAm-vzp mAi�on p{mAn� k� uQc EK\cAv fE?t
vAl� r�f�\ bnt� h{\। is trh u(pAEdt uQc fE?t s� vjn k� an� pAt vAl� r�f�\ kI
tknFkF an� p}yogo\ k� Ele upy� ?t hot� h{\। bh� lk r�fA ktAI p}E�yA ek p}kAr kF
trlg(yA(mk aE-TrtA s� pFEwt ho jAtF h{, jo r�f� kF lMbAI k� sAT yA/A krtF
p}doElt tr\go k� zp m�\ p}kV hotF h{। isk� ntFjtn r�fo\ k� vyAs m�\ smAntA
kF kmF aAtF h{, Ejss� an� p}-T kAV "�/ m�\ EvEvDtA u(p�n ho jAtF h{। yEd
shF Y\g s� smJA jAe to y� aE-TrtA VAlF yA p� Z
tyA dbAI jA sktF h{, tAEk
eksmAn r�fo\ kA u(pAdn aEDktm v�g s� ho sk�। is l#y ko p}A=t krn� k� Ele
is aE-TrtA kF f� zaAt ko p}BAEvt krn� vAl� mh(vp� Z
 p}Aclo\ kA mA/A(mk âAn
aOr s\�mZ Eb\d� k� "�/ m�\ hO=' EvBAjn kA &yvhAr jAnnA aAv[yk h{। is udd�[y
k� sAT yh vAd ulJ� h� e bh� lk kF ktAI p}E�yA k� E-TrtA &yvhAr kA prF"Z
krtF h{, tAEk E-Tr ktAI k� s\cAln EdfAEnd�
fo\ m�\ &yApk smJ hAEsl ho।

yA/A krtF aE-Tr tr\g jo r�f� k� kAV "�/ m�\ EvEvDtA u(p�n krtF h{ us�
X~ A� an� nAd k� zp m�\ jAnA jAtA h{, aOr e�sA tb hotA h{ jb X~ A� an� pAt DR

(X~ A�i\g gtF s� bEh
v�Dn gtF kA an� pAt) ek EnE[ct EnZA
yk m� Sy DRc s� aEDk
hotA h{। aE-TrtA kF f� zaAt bh� lk trl k� p}vAh EvEf	VtA s� kA'F p}BAEvt
hotF h{। ktAI p}E�yA k� dOrAn bh� lk trl k� dFGF
 p}vAh kA a@yyn r�KFy ev\
p}Ay, ar�KFy E-TrtA Ev[l�qZ, dono\ s� EkyA gyA h{। ulJ� h� e bh� lk kF ar�KFy
dFGF
 p}vAh EvEf	VtA kA vZ
n e?sV�\X�X pOm−pOm (XPP) p}EtmAn kF mdd s� EkyA
gyA h{। yh p}EtmAn tnAv s� sHtF kA p}BAv p}dEf
t krtA h{, jo Ek r�fA ktAI
k� Ele ek aAv[yk -vBAv h{। r�EKk E-TrtA Ev[l�qZ ek aAr�K bnAtA h{ jo
E-Tr aOr aE-Tr "�/ DRc −De sth pr dfA
tA h{। yhA\, X�borAh s\HyA De kF
pErBAqA bh� lk k� EfETElkrZ smy s� p}vAh kAl�m kA an� pAt h{, aOr y� dFGF

p}vAh k� p}(yA-TtA kA m� SyA\kn krtA h{। p}Ay, ar�KFy E-TrtA Ev[l�qZ EnZA
yk
m� Sy (DRc) pr hO=' EvBAjn kF p}k� Et k� ujAgr krtA h{ aOr ek sFEmt aAyAm
upK\X bnAtA h{ jo Ek X~ A� an� nAd kF ghntA m�\ a\trd� E	V p}dAn krtA h{। trl

vii
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p}(yA-TtA k� EvBAjn kF p}k� Et ev\ sFEmt aAyAm upK\X pr asr prKA gyA h{,
aOr pErZAmo\ ko dFGF
 p}vAh EvEf	VtA k� sAT shs\bE�t EkyA gyA h{। km De

(�y� VoEnyn trl j{s�) p}vAh k� Ele, ktAI p}vAh EnZA
yk Eb\d� pr s� prE�EVkl
hO=' EvBAjn p}dEf
t krtA h�। r�EKk aE-Tr "�/ m�\, p}doElt tr\go kA s\t� Elt
aAyAm ek sFmA c� &yvhAr EdKAtA h{। j{s� hF trl p}(yA-TtA ko bxAyA jAtA h{
(bh� lk j{sA p}vAh), f� zaAt m�\, p}doElt tr\go kA s\t� Elt aAyAm apn� �y� VoEnyn
m� Sy s� GV jAtA h{, aOr apn� sbs� km m� Sy pr ph� \ctA h{ jb tnAv s� sHtF
kA p}BAv aEDktm hotA h{। p}(yA-TtA m�\ aOr v� E� k� bAd, pdAT
 tnAv s� nmF
 kA
p}BAv EdKAtA h{ jo Ek X~ A� an� nAd kF ghntA ko bxAtA h{। Edlc-p bAt yh h{ Ek,
EksF U c� De pr hO=' EvBAjn kF p}k� Et s� prE�EVkl s� sbE�EVkl m�\ pErvEt
t
ho jAtF h{।

isk� alAvA, yh Ev[l�qZ ktAI p}vAh k� dOrAn asmtApFy pErE-TEtyo\ ko
fAEml krtA h{ Ejs s� ktAI−DArA s\vhn aOr vA	pn k� dvArA vAtAvrZ ko gmF

Ko d�tA h{। asmtApFy p}BAv trl kF [yAntA k� mA@ym s� p}vAh EvEf	VtA
pr asr EdKAtA h{। is [yAntA kF EnB
rtA tApmAn aOr ekAg}tA pr lF gI
h{। ktAI−DArA fFtln k� dvArA [yAntA m�\ v� E� X~ A� an� nAd ko Evl\Ebt krtF
h{, Ejs s� asmtApFy pErE-TEtyo\ kA E-Tr krn� vAlA &yvhAr i\Egt hotA h{।
ek udAhrZF pA�EliTAylFn−EXk{Eln bh� lk ktAI k� Ele yh EdKAyA gyA h{ Ek
EvlAyk vA	pFkrZ gmF
 s\vhn kF t� lnA m�\ p}m� K E-TErkrZ E�yAEvED h{। p}Ay,
ar�KFy E-TrtA Ev[l�qZ ar{EKk smFkrZo\ kF B� EmkA ujAgr krtA h{ jo Ek
p}vAh s\�mZ Eb\d� k� EnkV sFEmt aAyAm upK\X pr p}BAv XAltA h{। km s� m@ym
X�borAh s\HyAao\ k� Ele EvBAjn s� prE�EVkl hotA h{, aOr p}doElt tr\go kA
s\t� Elt aAyAm asmtApFy pErE-TEtyo\ k� Ele smtApFy pErE-TEtyo\ Ek t� lnA
m�\ CoVA hotA h{। U c� X�borAh s\HyAao\ m�\ a(y\t tFv} p}vAh k� Ele sFEmt aAyAm
upK\X sbE�EVkl av-TA m�\ pErvEt
t ho jAtA h{। in m� Syo\ k� Ele, p}vAh k�
r�KFy E-Tr "�/ DR < DRc m�\ hot� h� e BF, asmtApFy pErE-TEtyo\ s� s\b\EDt
ar{EKk smFkrZ �y� ntm avsFmA aAyAm ko GVA kr aE-Tr hon� kF p}v� Ett bxAtA
h{।

is vAd m�\ ktAI p}vAh kF E-TrtA m�\ bEh
v�D−s� jn kF B� EmkA kF BF j\c kF gI
h{। ktAI p}vAh k� p� v
 UprF Cor pr DArA kF zpr�KA m�\ nMytA, ek e�sF Evf�qtA
jo Ek bEh
v�D−s� jn ko and�KA krn� vAl� EpCl� Ev[l�qZo\ m�\ an� pE-Tt h{, ek
E-Tr B� EmkA EnBAtF h{। hAlA\Ek, EksF BF Edy� gy� p}vAh k� Ele p}(y" k�EfkA "�/
s� pErBAEqt X~ A� an� pAt s� s\bE�t EK\cAv kF t� lnA m�\, bEh
v�D−s� jn s� pErBAEqt
X~ A� an� pAt aEDk EK\cAv kA s\k�t krtA h{। yh uQc p}BAvF EK\cAv X~ A� an� nAd
kF f� zaAt krn� vAl� EnZA
yk X~ A� an� pAt m�\ kmF lAtA h{, jo Ek bEh
v�D−s� jn
kF aE-Tr B� EmkA s� JAtA h{। aE-Tr B� EmkA s\p� Z
 E-TrtA &yvhAr m�\ hAvF hotF
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h{। p}vAh EvEf	V p}Aclo\ aOr k�EfkA >yAEmEt m�\ bdlAv kA E-TrtA &yvhAr kF
s\v�dnfFltA pr a@yyn EkyA gyA h{। sFEmt aAyAm a-TAEy(vo\ ko p}Ay, ar�KFy
E-TrtA Ev[l�qZ k� dvArA jA cA gyA h{, tAEk s\�mZ Eb\d� k� EnkV p}vAh kF p}k� Et
ko smJA jAe। km s� m@ym X�borAh s\HyAao\ k� Ele p}vAh s� prE�EVkl hO='
EvBAjn p}dEf
t krtA h{, aOr j{s� hF X�borAh s\HyA ek uttFZA
vF m� Sy s� pr� bxtA
h{, vh sbE�EVkl upK\X m�\ pErvEt
t ho jAtA h{। bEh
v�D−s� jn p}BAv X�borAh
s\HyA k� us uttFZA
vF m� Sy ko km kr d�tA h{ jo p}vAh ko sbE�EVkl aE-Tr
av-TA m�\ lAtA h{। p}A=t pErZAm bEh
v�D−s� jn kA ktAI−DArA k� E-TrtA Ev[l�qZ
m�\ uEct mnn k� mh(v pr jor d�tA h{।

uQc fE?t vAl� r�fo\ k� u(pAdn k� Eht m�\ U c� De p{mAn� pr aEDk E-TrtA lAn�
k� Ele, Edv-tErt r�fA ktAI kF jA c kF gI h{। yh &yv-TA anulJ�/ulJ� bh� lko\
ko s\k�\Ed}t aAvrZ/aA�trk mAn kr unk� p}vAh EvEf	VtAao\ kA vZ
n XPP/UCM

p}EtmAno\ s� krtF h{। e�sF &yv-TA kF E-TrtA m@ym De p{mAn� tk ulJ� h� e trl
k� gEtkF s� p}B� E(vt hotA h{, Ejsk� p[cAt E-TrtA m�\ kA'F s� DAr hon� lgtA h{ jb
anulJ� h� e trl k� gEtkF kA p}B� (v f� z hotA h{। E-Tr s\cAln "�/ m�\ bxottrF k�
alAvA, E-Tr ktAI k� Ele UCM trl kF aEDktm sA@y De BF s� DrtF h{। a\t
m�\, r�fA ktAI p}E�yA m�\ bh� lk aAZEvk v)n kF p}kFZ
n kA p}BAv jA cA gyA h{।
p}kFZ
n p}vAh EvEf	VtA aOr at, s\p� Z
 E-TrtA pr aty\t p}BAvfAlF hotA h{, jo
Ek XPP aAZEvko\ vAl� 1, 2, 3, ev\ 4 avyvo\ k� EfETElkrZ vZ
�mo�\ kA EvcAr
krk� jA cA gyA h{। Ev[l�qZ s� yh ptA cltA h{ Ek tV-T E-TrtA &yvhAr DFm�
aOr t�) EfETElkrZ avyvo\ kA ek s\y� ?t asr h{।

a\tt,, ulJ� h� e bh� lk trl kF ktAI p}vAh k� E-TrtA kA Ev[l�qZ EkyA gyA
h{, Ejsk� Ele r�EKk aOr p}Ay, ar�EKk E-TrtA Ev[l�qZ dono\ kA upyog EkyA
gyA h{। E-TrtA &yvhAr trl kF ar�EKk p}vAh EvEf	VtA s� s� d� xtA s� shs\bE�t
hotA h{। isEly�, p}vAh EvEf	VtA ko p}BAEvt krn� vAlA koI BF p}Acl, j{s� Ek
tApmAn, ekAg}tA, yA E'r p}kFZ
n, sFD� E-TrtA aAr�K pr asr XAltA h{। E-TrtA
&yvhAr kA &yApk âAn EksF ko s"m bnAtA h{ pdAT
 kF Evf�qtAao\ yA E'r
p}s\skrZ pErE-TEtyo\ ko bdln� k� Ely�, tAEk X~ A� an� nAd ko dbAyA jA sk�।



Table of contents

Certificate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

sArA\f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

List of tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

List of symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xviii

1 Introduction 2

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Fibre spinning process . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Scope of research in polymer fibre spinning . . . . . . . . . . . . . . . 8

1.5 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.6 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Theory of stability analysis 15

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Steady-state solution . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 Linear stability analysis . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4 Weakly nonlinear stability analysis . . . . . . . . . . . . . . . . . . . 21

2.5 Full numerical simulation . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Stability analysis of an isothermal spin-line 26

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Mathematical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Validation for Newtonian fluids . . . . . . . . . . . . . . . . . . . . . 38

3.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 41

x



Table of contents xi

3.4.1 Steady-state solution . . . . . . . . . . . . . . . . . . . . . . . 41

3.4.2 Linear stability analysis . . . . . . . . . . . . . . . . . . . . . 41

3.4.3 Weakly nonlinear stability analysis . . . . . . . . . . . . . . . 43

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Appendices

3.A Estimation of linear and nonlinear rheological parameters . . . . . . . 53

3.B Linear stability formulation . . . . . . . . . . . . . . . . . . . . . . . 55

3.C Weakly nonlinear stability formulation . . . . . . . . . . . . . . . . . 56

3.D Full numerical simulation formulation . . . . . . . . . . . . . . . . . . 60

4 Stability analysis of a non-isothermal spin-line 62

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 Problem formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2.1 Mathematical modelling . . . . . . . . . . . . . . . . . . . . . 68

4.2.2 Linear stability analysis . . . . . . . . . . . . . . . . . . . . . 75

4.2.3 Weakly nonlinear stability analysis . . . . . . . . . . . . . . . 78

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.3.1 Steady-state solution . . . . . . . . . . . . . . . . . . . . . . . 80

4.3.2 Linear stability analysis . . . . . . . . . . . . . . . . . . . . . 86

4.3.3 Weakly nonlinear analysis . . . . . . . . . . . . . . . . . . . . 97

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Appendices

4.A Weakly nonlinear stability formulation . . . . . . . . . . . . . . . . . 103

4.B Numerical methods to obtain solutions at various orders . . . . . . . 110

4.C Full numerical solution - Newtonian fluid . . . . . . . . . . . . . . . . 112

5 Role of extrudate-swell on draw resonance 117

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.2 Mathematical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.3.1 Parameter estimation . . . . . . . . . . . . . . . . . . . . . . . 124

5.3.2 Linear stability analysis . . . . . . . . . . . . . . . . . . . . . 125

5.3.3 Weakly nonlinear stability analysis . . . . . . . . . . . . . . . 133

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

Appendices

5.A Linear stability formulation . . . . . . . . . . . . . . . . . . . . . . . 139

5.B Weakly nonlinear stability formulation . . . . . . . . . . . . . . . . . 139



xii List of figures

6 Concentric bi-layered fibre spinning 143

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.2 Mathematical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.2.1 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . 149

6.2.2 Linear stability analysis . . . . . . . . . . . . . . . . . . . . . 151

6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.3.1 Effect of rheological stratification of the two materials . . . . . 156

6.3.2 Effect of XPP fluid rheology . . . . . . . . . . . . . . . . . . . 157

6.3.3 Effect of spin-line dimensions . . . . . . . . . . . . . . . . . . 157

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7 Fibre spinning of a multimode XPP fluid 161

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.2 Mathematical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.2.1 Linear stability analysis . . . . . . . . . . . . . . . . . . . . . 166

7.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 167

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

8 Conclusion and future scope 176

Bibliography 181

Thesis based publications 192

Author resume 193



List of figures

1.1 Schematic of a typical fibre spinning process . . . . . . . . . . . . . . 5

2.1 Schematic of example explaining supercritical Hopf bifurcation . . . . 17

2.2 Schematic of example explaining subcritical Hopf bifurcation . . . . . 18

2.3 Typical trend of real part of growth rate with increasing control parameter 21

3.1 Schematic of an air-gap flow for fibre spinning process . . . . . . . . . 31

3.2 Schematic of a typical XPP idealised molecule . . . . . . . . . . . . . 32

3.3 Extensional viscosity vs. extension rate for an XPP polymer . . . . . 34

3.4 Transient take-up area by full numerical calculations under linearly

unstable conditions for spinning of a Newtonian spin-line . . . . . . . 39

3.5 Take-up area deviations from the steady-state value against the set

draw ratio for spinning of a Newtonian spin-line . . . . . . . . . . . . 40

3.6 Steady state profiles of variables under various spinning conditions . . 42

3.7 Variation in critical draw ratio against flow Deborah number using

XPP parameters r = 2 and q = 9 . . . . . . . . . . . . . . . . . . . . 43

3.8 Parametric analysis for variation in critical draw ratio against flow

Deborah number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.9 Equilibrium amplitude against draw ratio deviation from critical point

in the low elastic flow range . . . . . . . . . . . . . . . . . . . . . . . 45

3.10 Equilibrium amplitude against draw ratio deviation from critical point

in the moderate elastic flow range . . . . . . . . . . . . . . . . . . . . 46

3.11 Variation in real part of Landau constant at critical value of draw ratio

against flow Deborah number . . . . . . . . . . . . . . . . . . . . . . 47

3.12 Finite-amplitude manifold in the vicinity of the transition point . . . 48

3.13 Modified neutral stability plot indicating the supercritically stable/

subcritically unstable regions . . . . . . . . . . . . . . . . . . . . . . . 49

3.14 Variation in equilibrium amplitude against draw ratio deviation from

critical point for various q and De = 0.11 . . . . . . . . . . . . . . . . 50

xiii



xiv List of figures

3.15 Variation of equilibrium/ threshold with flow Deborah number . . . . 51

3.A.1Rheological estimation of linear and nonlinear parameters from LDPE

experimental data of Inkson et al. [1] using REPTATE [2] . . . . . . . 54

4.1 Schematic of an air-gap flow in non-isothermal fibre spinning process 67

4.2 Steady-state profile of variables for a non-isothermal spin-line . . . . 81

4.3 Steady-state profile of variables for a non-isothermal spin-line with

varying Stanton number . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4 Variation in draw ratio with the spinning force for a heating load . . 85

4.5 Comparison of axial stress under various conditions to determine con-

ditions for significant air-drag, otherwise ignored . . . . . . . . . . . . 87

4.6 Variation in critical draw ratio with flow Deborah number compared

for isothermal versus non-isothermal spin-lines . . . . . . . . . . . . . 88

4.7 Residence times of spin-line and a cycle of kinematic throughput wave

against the draw ratio . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.8 Eigenspectrum for complex-valued linear growth rate . . . . . . . . . 90

4.9 Comparison of eigenspectra and eigenfunction for isothermal and non-

isothermal spin-lines . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.10 Variation of non-isothermal eigenspectra with increasing viscoelastic

flow with fixed draw ratio . . . . . . . . . . . . . . . . . . . . . . . . 92

4.11 Variation in the critical draw ratio with flow Deborah number for in-

dividual heat loss mechanisms . . . . . . . . . . . . . . . . . . . . . . 93

4.12 Variation in critical draw ratio with flow Deborah number De, for dif-

ferent process parameters . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.13 Variation in critical draw ratio with flow Deborah number for different

Stanton numbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.14 Variation in critical draw ratio with flow Deborah number for different

XPP parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.15 Variation in the real part of the Landau constant with flow Deborah

number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.16 The finite amplitude manifold plotted against the deviation of draw

ratio from its critical value . . . . . . . . . . . . . . . . . . . . . . . . 100

4.17 Variation of equilibrium/threshold amplitude with Deborah number. . 101

4.A.1Steady-state area distortion under different spinning conditions . . . . 106

4.C.1Influence of non-isothermal conditions on limit cycle behaviour of New-

tonian fluid fibre spinning . . . . . . . . . . . . . . . . . . . . . . . . 114



List of figures xv

4.C.2Influence of non-isothermal conditions on supercritical Hopf bifurcation

nature of Newtonian fluid fibre spinning . . . . . . . . . . . . . . . . 115

5.1 Schematic of an air-gap flow for fibre spinning process modified by

extrudate-swell boundary conditions . . . . . . . . . . . . . . . . . . . 122

5.2 Fitting of extrudate-swell model with swell ratio against wall shear rate

experimental data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.3 Effect of extrudate-swell shown on a unscaled/ scaled stability plots . 127

5.4 Swell ratio and its value under no spinning force, against flow Deborah

number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.5 Effect of power index md in extrudate-swell law on unscaled/scaled

stability plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.6 Effect of power index md in extrudate-swell law on swell ratio, plotted

against flow Deborah number . . . . . . . . . . . . . . . . . . . . . . 131

5.7 Effect of constant prefix kd and die aspect Ld/Dd in extrudate-swell

law on scaled stability plot . . . . . . . . . . . . . . . . . . . . . . . . 132

5.8 Effect of XPP branching parameter q on scaled stability plot . . . . . 133

5.9 Equilibrium/ threshold amplitude against percentage deviation from

neutral stability, for parameters r = 2, q = 9, kd = 15 and md = 0.5 . 135

5.10 Equilibrium/ threshold amplitude against magnitude deviation from

neutral stability, for parameters r = 2, q = 9, kd = 15 and md = 0.5 . 136

5.11 Equilibrium/ threshold amplitude at 1% deviation from neutral stabil-

ity against flow Deborah number, for parameters r = 2, q = 9, kd = 15

and md = 0.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.1 Schematic of an air-gap flow in bilayer fibre spinning process . . . . . 147

6.2 Axial stress variation against capillary Deborah number for pure shear

flow of an XPP fluid inside the extruder die . . . . . . . . . . . . . . 150

6.3 Variation of critical draw ratio with flow Deborah number . . . . . . 154

6.4 Variation of critical draw ratio with flow Deborah number, for various

rheological stratifications . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.5 Variation of critical draw ratio with flow Deborah number for different

values of spin-line aspect ratio . . . . . . . . . . . . . . . . . . . . . . 158

7.1 Schematic of an air-gap flow for fibre spinning process . . . . . . . . . 163

7.2 Variation of critical draw ratio with flow Deborah number, with intro-

duction of faster relaxing modes . . . . . . . . . . . . . . . . . . . . . 169



xvi List of tables

7.3 Variation of total axial stress with flow Deborah number, with intro-

duction of high elasticity modes . . . . . . . . . . . . . . . . . . . . . 170

7.4 Variation of critical draw ratio with flow Deborah number, with intro-

duction of high XPP parameter q (strain-hardening) modes . . . . . . 171

7.5 Variation of critical draw ratio with flow Deborah number, with intro-

duction of modes with high XPP parameter r . . . . . . . . . . . . . 172

7.6 Variation of critical draw ratio with flow Deborah number, for a real

dispersed polymer LDPE . . . . . . . . . . . . . . . . . . . . . . . . . 173



List of tables

3.1 Typical XPP parameters for high molecular weight polymers . . . . . 33

3.2 Landau constant for fibre spinning of Newtonian fluids, calculated in

linearly unstable regime . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.A.1Relaxation spectrum estimated using REPTATE [2]. Data for LDPE

by rheology experiments of Inkson et al. [1] . . . . . . . . . . . . . . . 53

4.1 Typical dimensionless numbers for the spin-line. . . . . . . . . . . . . 70

4.2 Material properties and dimensionless numbers for non-isothermal fibre

spinning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

7.1 Relaxation spectrum of modes with varying parameters for hypotheti-

cal dispersed polymers . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7.2 Relaxation spectrum of modes with varying parameters for a real dis-

persed polymer LDPE . . . . . . . . . . . . . . . . . . . . . . . . . . 174

xvii



List of symbols

Symbol Definition

a Dimensionless spin-line area

h Material heat transfer coefficient

k Harmonic index of the fundamental wave

ka Air thermal conductivity

kd Parameter in equilibrium extrudate-swell estimation law

kl Harmonic index of inhomogeneities for problem set (k, n)

l Landau constant, the nonlinear growth rate, = lr + i li

md Parameter in equilibrium extrudate-swell estimation law

n Amplitude order

np Power law exponent

p Index of die Deborah number against axial stress for shear flow

q Number of branches at backbone ends (XPP parameter)

r XPP molecule relaxation time ratio (backbone orientation/stretch)

s Complex-valued linear growth rate, = sr + i si

t Time co-ordinate (fast time scale)

v Dimensionless spin-line velocity

va Dimensionless cross-current cooling air velocity

x Solvent mass fraction in polymer solution

z Dimensionless axial co-ordinate

A Variation of amplitude with slow time scale

Ae Equilibrium amplitude of draw resonance cycles

Ath Threshold amplitude of spin-line perturbation tolerance

B Swell ratio (ratio of maximum to die-exit diameter)

B0 Maximum swell ratio (equilibrium extrudate-swell when Fs = 0)

Cp Specific heat capacity of polymer solution

Cpa Specific heat capacity of cooling air

xviii



List of symbols xix

Dd Diameter of the extruder capillary (die)

Dsa Solvent diffusivity in cooling air

De Deborah number

DR Draw ratio (ratio of take-up to extrusion speed)

E Dimensionless activation energy

F Effect of chain stretch on viscoelastic behaviour of an XPP polymer

F Spinning force

G Elastic (plateau) modulus of polymer

I Identity matrix

Ja Jakob number

L Dimensional length of the spin-line

Ld Length of the extruder capillary (die)

Lh Latent heat of vaporisation of solvent

Mw Weight average molecular weight

Ms Solvent molar mass

R0 Dimensional spin-line radius at die-exit

Rg Universal gas constant

Stm Mass Stanton number

Stt Thermal Stanton number

T Dimensionless spin-line temperature

Ta Dimensionless temperature of cooling air

Tg Glass transition temperature

Tr Trouton’s ratio of extensional to zero shear viscosity

T Time co-ordinate (slow time scale)

Y General control variable for a process

Yc Critical value of control variable for a process

α Nahme-Griffith/ thermal Peclet number

γ̇ Averaged shear rate within extruder capillary (die)

γ̇w Wall shear rate within extruder capillary (die)

ϵ Small number in order-of-magnitude analysis

ϵ̇ Extension rate

η Extensional viscosity of spin-line

λ Longest relaxation time of the polymer

νa Air kinematic viscosity

ρ Density of polymer solution



List of symbols 1

ρa Density of cooling air

τ Stress tensor

ϕ General spin-line variable

ϕ̄ Steady-state profile of the general spin-line variable

ϕ̂ Amplitude of imposed perturbation

ϕ′ Perturbed component of the general spin-line variable

ϕ̃ Eigenfunction of the general spin-line variable

ψ Cooling air velocity influence on spin-line

ξ Changing viscosity and temperature influence on spin-line

ω Frequency of perturbations

Λ XPP molecule chain stretch ratio (extended/equilibrium length)

Σzz Total normal stress in axial direction


	Karan Gupta - 2011CHZ8321 - PhD thesis.pdf

