
 

  
Abstract — Microstructured optical fibres (MOFs) achieve 

their desired performance via a pattern of holes that run along 
the length of the fibre. Varying the hole pattern allows a variety 
of optical effects to be produced. However the original hole 
pattern within the preform may not be accurately transferred to 
the finished fibre due to the combined impact of material 
properties and the drawing conditions experienced during 
fabrication. In this two part paper, the processes of drawing 
MOFs having arbitrary cross-sectional hole structures will be 
analyzed for the case of Newtonian materials.  

Part I presents a modelling formalism to describe the drawing 
processes, followed by a scaling analysis on a representative case, 
i.e. the non-isothermal drawing of an axisymmetric annular 
hollow fibre, to reveal the major factors influencing the drawing 
of both silica and polymer MOFs.  By treating the primary draw 
process (i.e. from preform to intermediate cane) in fabricating 
polymer MOFs as a transient, isothermal problem, numerical 
simulations were carried out for an illustrative five hole structure. 
The results revealed the central importance of any steep neck-
down region on hole shape deformation as well as the importance 
of forces additional to those associated with surface tension 
effects. Both experimental observations and numerical modelling 
show that a diversity of hole ‘activities’ (both in a hole’s relative 
size and shape) can occur when drawing MOFs. 

Part II will extend both the analysis and numerical modelling 
with a focus on the steady-state continuous draw process (i.e. 
from preform or cane to fibre). In parallel with this analysis, we 
also present experimental results for the drawing of 
polymethylmethacrylate (PMMA) MOFs. 
 

I. INTRODUCTION 
ICROSTRUCTED optical fibres have attracted increasing 

interest since they were first developed in the mid-
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1990’s [1,2]. Much of this interest is due to the fact that a wide 
variety of optical effects can be achieved by designing an 
appropriate hole pattern for the final fibre. For example, the 
hole pattern that gives rise to a graded refractive index fibre is 
shown in Fig. 1. These novel fibres have enormous potential in 
a diversity of applications from high-bandwidth, short-haul 
telecommunications to precision sensing in astronomy.  

 

 
Fig.1. An illustrative mPOF hole pattern. 

 
Initially MOFs were fabricated from silica, although more 

recently several research groups have succeeded in developing 
microstructured polymer optical fibres (mPOFs) [3,4,5]. The 
polymer most commonly used to date for mPOFs has been 
polymethylmethacrylate (PMMA). As the design/fabrication of 
mPOFs is currently more flexible than that for silica MOFs, 
the former are being extensively researched as a low cost 
option for a number of applications. 

However from a manufacturing point of view, maintaining a 
cross-sectional hole pattern within an mPOF after the 
preform’s substantial extensional deformation within a non-
isothermal environment can be difficult. Indeed it has been 
experimentally observed [6,7] that a range of hole deformation 
modes, affecting both a hole’s relative size and shape, can 
occur in drawing mPOFs. Such deformation may lead to a 
significant alteration of the fibre’s optical properties relative to 
the initial design, although there are occasions where hole 
deformation has been used to advantage. For example, Issa et 
al. [8] used controlled deformation as a means of generating 
the elliptical holes necessary for creating birefringent fibres. 
By contrast, in photonic band-gap fibres, whose structure 
generally involves holes of quite different diameters in close 
proximity, hole deformation can result in the desired optical 
function being lost completely. As a result, hole deformation 
needs to be understood to the level where it is either minimised 
(or compensated for) by designing appropriate preforms to 
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obtain the desired structure in the final fibre.  
The complex deformation resulting from the drawdown 

process, either at the individual hole level or for the entire hole 
structure, is the result of the interactions between material 
properties (such as surface tension and temperature/stretch rate 
dependent viscosity), the drawing conditions (such as the 
thermal conditions within the draw zone and the draw tension), 
and of course the hole structure employed. A full 
understanding of these interactions is the long-term aim of this 
research. 

From a theoretical point of view, it is not feasible to seek 
analytical solutions able to predict the deformation caused by 
theses interactions when fabricating MOFs having arbitrary 
hole structures. Certainly in the case of mPOFs (that currently 
employ a two-stage drawing process, i.e the primary draw 
stage to take a preform to an intermediate cane; and the 
secondary draw stage to take this cane to final fibre [3, 4, 27]), 
a full mathematical analysis requires a description of processes 
that are combinations of non-isothermal, three-dimensional 
and time-dependent in nature. Any analytical approach is 
further complicated for mPOFs as the materials used have 
complex nonlinear viscoelastic behaviour meaning that 
rheological properties have to be considered. 

Existing fibre drawing analyses [9-12] from the textile 
industry for modelling the spinning of molten threadlines 
cannot be directly applied to MOF drawing without major 
modifications. The most relevant recent literature is that of Fitt 
et al. [13-14] who used an asymptotic analysis to examine the 
behaviour of an annular glass hollow fibre. However their 
analysis gives no insight into either the possible hole 
deformation if a hole is eccentrically located, nor the 
interaction between holes within an overall structure during 
drawing MOFs. Such cases cannot be handled within the 
quasi-one-dimensional [9-14] analysis used by these authors. 

As a first step towards a general description of the 
deformations affecting a MOF hole structure during drawing, 
Xue et al. [15] have recently studied the steady-state, 
isothermal drawing of a Newtonian material fibre containing a 
single hole. The likely impact of surface tension forces and 
internal pressurization on hole size changes was theoretically 
investigated for the case of a centrally located hole. They also 
demonstrated that for an asymmetrically located hole, the 
drawing process causes the original circular hole shape to 
become ovoid with the major axis being in the circumferential 
direction.  However this analysis was concerned with relatively 
simple cases in which a single hole is involved. For analysing 
the drawing of MOFs with arbitrary hole structures, it seems 
certain that a numerical simulation approach will be necessary.  

Such numerical modelling is a major challenge as the 
computational domain involves a number (possibly a quite 
large number) of substantially deformed three-dimensional 
free surfaces. To the best of our knowledge, such work has 
never been done comprehensively even for fibres made from 
Newtonian materials. Indeed only two reported numerical 
studies seem relevant to manufacturing MOFs. Lyytikäinen et 

al. [16] looked at the impact of the hole structure on the time 
dependent heating behaviour of a PMMA preform, while 
Deflandre [17] investigated thermal effects on the periodicity 
and hole shape in the steady-state drawing process. All other 
numerical studies on the fibre drawing process have been 
limited in some way - either in terms of being for solid fibre 
with a temperature-dependent viscosity [18-22], for simple 
annular hollow fibre drawing processes in which the material 
is Newtonian [23-24], or else for solid fibre drawing processes 
with an assumed neck-down shape [25-26]. More importantly 
than their obvious limitations however, these studies make no 
real effort to assess the relative impact that viscous, inertial, 
gravitational and surface tension forces have on the drawing 
process. Thus the present work has three main aims. Firstly to 
present a modelling formalism that is appropriate to the MOF 
drawing problem. Secondly to carry out a scaling analysis on 
the governing system of equations for the general draw process 
to ascertain the relative importance of the various forces and 
mechanisms. Lastly we use the insights gained to begin the 
process of numerical modelling by carrying out a three-
dimensional transient simulation of the primary draw stage for 
an mPOF structure containing five holes.  
 

II. MODELLING FORMALISM FOR DRAWING MOFS  

A. Process Description  
The primary draw stage used in producing mPOFs is a 

transient process akin to tapering while the secondary draw 
stage is a continuous process. Note that silica MOFs are 
generally made using a single continuous draw. This paper 
focuses on the primary draw stage, while secondary drawing is 
considered in detail in Part II. However some aspects of the 
secondary draw process will be described in this paper, as the 
scaling analysis to be introduced can be applied equally to 
both transient and steady-state cases. 

In the primary draw, a cylindrical polymeric preform of 
initial radius Ri and length Li (shown schematically in Fig. 2 as 
containing just a single centrally located hole) is placed within 
an enclosed furnace. Once the temperature of the preform 
reaches the glass transition temperature, it begins to extend 
under its own weight (although in practice a certain amount of 
external force may also be applied) until the central portion 
achieves the required dimensions (typically about 10 mm in 
diameter). After cooling, this intermediate cane is then drawn 
to fibre in a continuous secondary draw. 

Fig. 3 shows a schematic representation of the secondary 
draw process (again only showing a fibre containing a single 
central hole). Here the intermediate cane (for mPOFs) or the 
original preform (for silica MOFs) of initial radius Ri is fed 
into the preheating section of the draw tower at a feed speed 
Vi, then passed through the drawing section where it is heated 
above the glass transition temperature Tg (for polymer) or the 
softening point Ts (for silica) in a cylindrical furnace of length 
L.  Fibre (with radius Rf) is continuously drawn from the end 
of the softened cane or preform by applying an appropriate 



 

level of draw tension. The fibre diameter can be determined 
from mass conservation and the specified draw ratio Dr 
defined as /r f iD V V=  with Vf (>Vi) being the draw speed. 

 

 
 

Fig. 2. Schematic diagram of the transient (primary) draw 
process for mPOF cane preparation. 

 

 
 

Fig. 3. Schematic diagram of a continuous draw process.  
 

Note again that for silica MOFs, the preform (which may 
comprise a set of stacked capillaries) is typically drawn to 
fibre directly in this single-stage process. In Table I, we list the 
typical drawing conditions for PMMA and silica MOFs where 
Tw is the wall temperature of the heating furnace (for silica) or 
the hot air temperature (for the secondary drawing of an 
mPOF).  
 

Table I 
Typical MOF Drawing Conditions 

Parameters PMMA fibre Silica fibre 
Ri (mm) 5 12.5 
Rf (mm) 240x10-3 62.5x10-3 
Tw (ºC) 220 2000 
L (mm) 40-50 40-50 
Vi (mm/min) 2.3 3.0 
Vf (m/min) 1.0 120 

 
Note that in our current experimental rig, convective heat 

transfer using hot air is used to heat the preform or cane. 
However we must stress here that radiative transfer may be the 
dominant heating mode in some cases, such as the drawing of 
silica MOFs.  

The two draw stages are quite different. In the primary 
draw, deformation is mainly driven by gravity. Also 
deformation can only occur ‘properly’ when the temperature of 
the whole preform is above the glass transition temperature 
(and as close to uniform as possible). Hence the primary draw 
stage is a transient, but essentially isothermal process. By 
comparison, the secondary draw is a continuous process and 
hence once the final fibre is dynamically stable at the target 
diameter, the field variables should not change with time. 
However temperature gradients in both the radial and drawing 
directions are expected. Hence this draw process can be 
treated as a steady-state but non-isothermal problem. The 
analysis and modelling approaches for the two cases are thus 
inherently different. 
 

B. Governing System of Equations 
In general, any fibre fabrication process can be considered 

as a laminar transient or steady-state flow of an incompressible 
material. The basic equations governing such a flow comprise 
the following [9] – noting that here the Cartesian notation is 
used, where a sum is taken over repeated indices unless the 
contrary is stated: 
 
1) mass conservation: 
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2) momentum conservation:  
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3) energy conservation: 
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Here vk  is the velocity vector, xk is the coordinate vector, ρ is 
the density, t is time, and σij is the Cauchy stress tensor given 
by ij ij ijpσ δ τ= − + with p being the isotropic pressure, δij the 

Kronecker delta, and τij the extra stress tensor (related to the 
flowing material’s kinematic quantities by an appropriate 
constitutive equation). In the ensuing scaling analysis and 
numerical simulations, we further assume that the material’s 
rheological behaviour is Newtonian in nature, and thus we 
have a linear constitutive equation 
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where η is the viscosity. For mPOFs, an appropriate nonlinear 
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viscoelastic model (see [9] for example) will be used in the 
next stage of our research.  

In the momentum equations, the body force ρfi is non-zero 
only for the component in the direction of the gravitational 
force.  In the energy equation, T is the temperature, while cp 
and κ are the heat capacity and thermal conductivity, 
respectively. The viscous dissipation function φ is given by 
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while ∇⋅ qr denotes the divergence of the radiative heat flux 
(i.e. the radiative source term). For most materials, this term is 
non-zero because a body emits and absorbs energy at different 
wavelengths. When drawing fibres, radiation can be an 
important heat transfer mode, indeed dominating in the case of 
drawing silica MOFs. Therefore inclusion of thermal radiation 
can be critical for accurate predictions when modelling the 
temperature field within the extending preform. However an 
accurate description of radiative heat transfer needs to account 
for the spectrally dependent properties of the material. As the 
current work will (i) focus on which force terms are influential 
and thus should be included when modelling the MOF draw 
processes, and (ii) the numerical simulations that follow relate 
to drawing mPOFs within our current fabrication facility 
(where convective rather than radiative heat transfer is known 
to dominate), we will not consider radiative heat transfer 
further here (i.e. qr = 0), other than to acknowledge its 
undoubted importance in modelling the drawing of silica 
MOFs. 
 

C. Initial and Boundary Conditions  
To fully specify any numerical description, it is necessary to 

impose appropriate kinematic and dynamic as well as thermal 
(for non-isothermal simulations) boundary conditions. In 
addition, the appropriate initial conditions for any transient 
process must be supplied. Obviously a quiescent velocity field 
over the entire computational domain can be reasonably 
imposed as the initial conditions for the primary draw stage. 
To specify all necessary boundary conditions, the cylindrical 
coordinate system is used here with the origin being placed at 
the centre of the top plane (z = 0). 

At the top plane of the draw zone, the axial velocity is either 
zero (for the primary draw), or constant and equal to the feed 
speed Vi (for the secondary draw). At the bottom plane of the 
draw zone (z = L), a constant draw speed Vf (for the secondary 
draw) or axial tension force (if applied) is imposed. 

At the air-solid interfaces over the entire length of the 
extending preform or cane (0 < z ≤ L), deformation yields an 
outer (‘neck-down’ shape) free surface as well as a free surface 
within each internal hole. If the spatial position of a free 
surface R (z, θ, t) is described by a smooth function of the 
form ( ) ( ), , , , ,f r z t R z t rθ θ= − , then the appropriate 

kinematic boundary condition for the free surface should be: 

0.i
i

Df df fv
Dt dt x

∂= + =
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 (6) 

 
In addition to these kinematic boundary conditions, the 

dynamic boundary conditions should reflect the force balances 
pertaining to these free surfaces. In any fibre drawing process, 
it is generally assumed that there is no tangential force (i.e. 
zero shearing), although the relevant surface tension variations 
may have a role under some conditions (particularly when the 
fibre is drawn to a very thin diameter). Thus in general the 
force balance on a free surface will be expressed as, 

 
0,  and  =ij j i ij j in s n nσ σ σ= ± Κ , (7) 

 
where ni and si denote unit vectors normal and tangential to the 
surface, respectively. σ is the surface tension coefficient of the 
material used, while K is the sum of the principal curvatures of 
the free surface. A plus sign (+) applies for the inner hole 
surface, and a minus sign (-) for the outer fibre surface. 

For non-isothermal secondary drawing situations, at the top 
plane, a temperature somewhat below Tg or Ts brought about 
by preheating of the polymer cane or silica preform is typically 
imposed. This boundary condition can be a function of 
position if the preform or cane has undergone asymmetric 
preheating. At the bottom plane of the draw zone, either the 
temperature profile across the fibre or the axial temperature 
gradient should be imposed.  

In all cases the thermal conditions on the fibre outer surface 
are set via the local heat flux,  
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where Ta is the temperature of the heat source within the draw 
furnace and h is the effective heat transfer coefficient.  
 

D. Material Properties and Operational Conditions 
Due to the wide variation in temperature during continuous 

fibre drawing, a temperature-dependent function should really 
be used for each material property (such as η, ρ, κ and cp) for 
accurate predictions. This is particularly true for the viscosity 
which may vary by several orders of magnitude over the 
temperature range experienced during the preheating and 
drawing processes. However for the scaling analyses and 
illustrative numerical simulations in this study, only the 
temperature dependence of the viscosity is considered, with all 
other material properties taken as constant values at an 
appropriate reference temperature Tref. Here we assume that 
viscosity obeys an Arrhenius type dependency 
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where ∆H and Rg are the activation energy and the universal 



 

gas constant, respectively, while µ is the viscosity at Tref. 
 

Table II 
Representative Material Properties and Drawing Conditions 

 
Property PMMA Silica Units 
Density (ρ) 1195 2200 kg/m3 
Viscosity (µ) 1.5×105 8.3×106 Pa.s 
Surface tension coefficient (σ) 0.032 0.3 N/m 
Thermal conductivity (κ) 0.2 2.68 W/m.K 
Heat capacity (cp) 1465 1345 J/kg.K 
Activity energy ratio (∆H/Rg) 3218 6.1×104 K 
Reference temperature (Tref)  443 1900  K 
Glass transition (PMMA) or 
softening temperature (silica) 423 1900 K 

 
In Table II, the material properties of PMMA and silica are 

listed. For PMMA, the surface tension coefficient measured by 
Wu [28] is used with other material properties as given by 
Reeve et al [22, 29]. For silica, the softening point of 1900 K 
is used as the reference temperature while the viscosity at this 
temperature is calculated from the relationship given by Bansal 
and Doremus [30]. The ratio ∆H/Rg is calculated from data 
given by Myers [19]. 

For continuous draw processes, the effective heat transfer 
coefficient h will be a function of the axial position z due to 
variations in both diameter and axial velocity.  For example, in 
the case where PMMA cane is being drawn in our existing 
drawing facility, external heat transfer was described by two 
heat transfer coefficients. In the upper portion of the neck-
down region where the cane diameter is essentially constant 
and the cane is moving slowly (essentially at its feed rate), an 
estimated value for h of 7.6 W/m2K was determined based on 
local gas flow conditions within the furnace. In the lower 
portion of the neck-down region where the fibre diameter is 
getting smaller and the fibre velocity is increasing, the 
effective heat transfer may be reasonably estimated by a 
correlation from Patel et al. [31], 
 

0.574 2128.27       W/m Kh V= , (10) 
 
where V is the local axial velocity of the fibre. Using this 
correlation gave an estimated value for h (under typical 
operating conditions) of 13.6 W/m2K. 

For the operational conditions listed in Table I when 
drawing silica fibres, V falls in the range 0.05 to 2 m/s. Hence 
h varies from 23 W/m2K (in the upper part of the neck-down 
region) to 191 W/m2K (in the lower part).  

 

III. SCALING ANALYSIS OF NON-ISOTHERMAL PROCESSES 
In practice the full governing system of equations has to be 

solved numerically (subject to the appropriate initial and 
boundary conditions) if no further assumptions or 

simplifications are made. However the computational load can 
be reduced and the numerical analysis more oriented with the 
reality of drawing if the less influential terms are removed 
from the system of equations. This relative ranking of terms 
for any complex hole structure can be provided by carrying out 
a ‘scaling analysis’ on the representative case, that is, the non-
isothermal drawing of an axisymmetric annular fibre. 

Following Schultz and Davis [11] - also see [15] - we use Ri 
to scale the radial distance, the length of the deformation zone 
L for the axial distance, Vi for the axial velocity while the 

quantity i
i

RV
L

 for the radial velocity, the quantity L/Vi for 

time, Tref  for the temperature. The pressure and all stresses are 

scaled via the quantity iV
L

µ . After scaling and assuming that 

all material properties (except for the viscosity) are constant, 
the dimensionless form of the governing equations under a 
cylindrical coordinate system is as follows: 
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where u and w are respectively the radial and axial velocities. 
Note that here, the viscosity η has been scaled by µ.  

The kinematic, dynamic and thermal boundary conditions 
previously described by Eqs. 6-8 now become: 
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where ' /R R z≡ ∂ ∂  is the slope of a free surface. 

A series of dimensionless numbers arise from this scaling of 
the governing equations including: aspect ratio ε = Ri/L 
('slenderness' of the extending preform or cane); Reynolds 
number /e i iR V Rρ µ=  (ratio of inertial and viscous forces); 
Froude number 2 /r i iF V gR= (ratio of inertial and gravitational 
forces); Peclet number /e p i iP c V Rρ κ=  (ratio of convective 

heat transfer to conductive heat transfer; Brinkman number 
2 /r i refB V Tµ κ=  (ratio of heat production by mechanical 

dissipation to heat transfer by conduction); Capillary number 
/a iC Vµ σ=  (ratio of viscous and surface tension forces); and 

Biot number /i iB hR κ=  (ratio of the internal and external 
resistances to heat transfer in the radial direction). 

If the extending preform or cane can be characterized as a 
‘slender body’ (i.e. ε << 1), then the leading order (in terms of 
ε) system of scaled equations for steady-state drawing 
processes can be readily obtained. The deformation process 
can be characterized as a quasi one-dimensional (all variables 
are independent of the radial position) extensional flow, and 
the axial fibre velocity profile w can be cast as (see [32] for 
example) a simple function of the draw ratio and position z: 

 
 z

rw D=  (19) 
 
The variations of Ro and RI in the drawing direction can be 
expressed as a coupled set of equations: 
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For this leading order approximation, the impact of the thermal 
dependency of the viscosity on fibre drawing is only seen if 
surface tension effects are included in the model description. If 
the latter are not considered, then the fibre draw behaviour is 
indistinguishable from an isothermal case. Thus numerical 
simulation is required (as might have been expected) to handle 
the non-isothermal case.  

However by examining the relative order of magnitude of 
the dimensionless numbers in the scaled equations under likely 
operational conditions, we can infer which forces (e.g. inertial, 
gravitational and surface tension) and mechanisms (e.g. 
convective heat transfer) will play a dominant role in different 
drawing processes. Such information also provides an insight 
into the most appropriate boundary conditions for any 
subsequent numerical calculations. 

After estimating each dimensionless numbers at the primary 
drawing stage, we conclude that inertial force is always 

negligible as εRe is at most of order 10-10, while the 
gravitational force cannot be neglected in the early stages as 
Re/Fr is of order 10. Indeed this is the initial driving force for 
the preform ‘flowing’ and elongating. However in the later 
stages, this force becomes negligibly small and the elongation 
process has (in practice) to be aided by the application of an 
external draw tension. As far as surface tension is concerned, 
as the term 1/ aC Rε  is of order 110 / R−  during the whole 
process, this force can be important as the dimensionless hole 
radius R (relative to Ri) is usually less than 10-1 particularly 
after significant elongation has occurred.  

Following Xue et al. [15], a similar scaling analysis can be 
performed for a continuous, non-isothermal draw process 
(both for silica MOFs and mPOFs).  Under typical operating 
conditions on our facility the draw ratio Dr is about 435 for 
PMMA fibres but may be considerably higher (Dr = 4×104) for 
silica fibres. Estimated (order of magnitude) values for each 
dimensionless number lead to the following conclusions: 
� Both inertial and gravitational forces are negligible in both 

PMMA and silica MOF cases as εRe is never more than 
about 10-6 while Re/Fr is never more than 10-8. 

� Surface tension can become important for both PMMA and 
silica MOF cases if the dimensionless radius of a hole 
relative to Ri reduces to even a modest value of 10-4 ratio. 

� In the absence of radiative transfer, external heat transfer 
(by convection) in both cases leads to a large value for the 
term εPe (i.e. of order 101-102). Such a value means that 
temperature gradients along the streamlines will be small 
and thus a zero temperature gradient boundary condition 
can be reasonably imposed at the exit to the draw zone. 

� In both silica MOF and mPOF cases a negligible radial 
temperature gradient is expected as Bi is always less than 
10-1. However the fibre temperature at any point in the 
drawing process is expected to be sensitive to the external 
environment (i.e. to the temperature and flow fields around 
the fibre). This means that the thermal boundary conditions 
imposed at the external free surface will have a critical 
impact on both the development of the neck-down profile 
and the internal hole deformation. 

� Mechanical dissipation can be safely ignored for mPOFs as 
ε2Br is well below 1 at the exit to the draw zone. However 
this effect cannot be ignored when drawing silica MOF as 
here ε2Br is of order 10 at the exit. 

 

IV. NUMERICAL SIMULATIONS 

A. Finite Element Solution Method 
The previous scaling analyses allowed us to assess the likely 

impact of the various terms within the system of governing 
equations for fibre drawing processes. This guidance has been 
central to our approach to numerically modelling MOFs. 

A commercial software package (Polyflow) based on finite 



 

element methods has been used for our numerical simulations. 
The details of its features are documented elsewhere [33]. One 
of this package’s most attractive features is its robust ability to 
remesh the computational domain by relocating internal nodes 
according to the displacement of boundary nodes. This is 
clearly a useful feature for fibre drawing where the gross 
dimensions of the system change considerably. 
 

 
Fig. 4. Final computational domain and mesh structure. 
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Fig. 5. Velocity profile along the centreline of solid fibre. 
 

In this paper, we focus on simulating the transient, 
isothermal primary draw process used in fabricating mPOFs. 
In these preliminary simulations, PMMA is treated as 
Newtonian (in terms of its rheological flow behaviour). In Part 
II, the focus moves to steady-state, non-isothermal continuous 
draw processes. 

 

B. Accuracy of POLYFLOW Based Modelling 
To check the package’s ability to handle flow problems 

involving dramatic free surface deformation, we began by 
considering a simple drawing process for which analytical 
solutions are available, that is, the drawing of an axisymmetric 
Newtonian solid fibre characterized by a small aspect ratio ε 
under steady-state, isothermal conditions. 

A solid preform with Ri of 5 mm is fed into the drawing 
furnace at a speed of 1.0 mm/s and drawn down to fibre over a 
hot zone length L = 50 mm at a draw ratio Dr of 100. In view 
of the system symmetry, the domain was discretized as 10 
uniform elements in the radial direction and 50 elements with 
gradually increasing step size in the drawing direction. The 

radial discretization used irregular triangular meshes on the 
planes normal to the drawing direction. In this way, 10200 
hexahedral volume elements were created by discretising the 
entire domain. Together with the relevant boundary conditions, 
the governing system of equations was solved using a coupled 
(Newton-Raphson) iterative scheme. The final calculated 
domain is shown in Fig. 4. No problems were encountered 
handling the large free surface deformation. Fig. 5 compares 
the known analytical solution for the centreline velocity profile 
(see Eq. (19)) with the numerical prediction. The agreement 
was more than satisfactory. 
 

C. Polyflow Modelling of mPOF Primary Draw 
Before this study, our experimental data on the nature and 

extent of hole deformation during the primary draw stage had 
been ambiguous. Thus we chose next to numerically model 
this process. Although it was realised from the previous 
scaling analysis that surface tension effects would likely have 
some impact, these were not included here to highlight the 
influence of other possible deforming forces.  

The primary draw of a preform with Ri = 35 mm and Li = 80 
mm was numerically modelled. The original cross-sectional 
hole pattern in the preform is shown in Fig. 6 (where only half 
the symmetric domain is shown). A large hole with a 
dimensionless radius (normalised against Ri) χ=0.20 is located 
at the centre with four smaller holes (for which χ=0.043) 
symmetrically arranged around this central hole. The 
dimensionless spacing between the centres of the large and 
small holes is ∆= 0.357. 

In practice, in order to hold the mPOF preform in place, its 
top end must be attached to a support. In order to mimic this 
experimental arrangement, a linearly decreasing viscosity was 
imposed within the simulation over the section 0 ≤ Z ≤ Ri /Li. 
Thus the PMMA viscosity gradually decreases to the value at 
the reference temperature (170oC) at the non-dimensional axial 
position z = Ri /Li = 0.4375. This arrangement meant that 
major deformations to the preform (and its internal hole 
structure) started around there, instead of at the very top. 

Examination of the hole structure at various cross-sections 
reveals that: 
� Around the steep neck-down region, the shape of the 

smaller holes changes dramatically, being characterized by 
a move to an ovoid shape whose major axis is parallel to 
the surface of the larger central hole. That is, the hole with 
a larger curvature (i.e. the smaller hole) changes its shape 
so that the curvatures of the two adjacent holes tend to 
‘match’ each other.  

� Around the neck-down region, hole enlargement takes 
place. i.e. an increase in the absolute size of the hole. 

� These hole ‘activities’ become less pronounced with 
increasing separation (in the axial direction) from the steep 
neck-down region. 

To check that these predictions are not simply numerical 
artefacts, the simulations were repeated with various mesh 
refinement. The results were essentially indistinguishable 



 

from each other.  This is expected considering the material 
is linear, and the first order numerical accuracy in space can 
give good predictions 
 

 
 

Fig. 6. Computed hole structure deformations at different 
cross-sections in the primary draw for mPOF. 

 
The phenomenon of hole enlargement in the absence of 

pressurization during the draw-down process is counter-
intuitive. It is though, confirmed by experimental observation, 
as shown later, in Fig. 7. To analytically explain this 
phenomenon is demanding due to its occurring in this transient 
and non-slender-body process.  However by realizing that the 
primary draw is essentially a material redistribution process, 
this hole behaviour can be explained from a mass conservation 
perspective. As the preform starts extending, the axial velocity 
increases from zero to a maximum around the neck-down point 
(i.e. Z = 0.3 as shown in Fig. 6). To observe mass 
conservation, the net cross-sectional area has to decrease 
inversely with the increasing velocity. As a result not only 
does the external radius shrink to form the neck-down region, 
but the inner hole also undergoes enlargement in this vicinity. 
With this explanation, it is to be expected that the smaller the 
hole radius (relative to the preform radius) and the steeper the 
neck-down region (thus, the higher the acceleration in the 
extending axial velocity), the more pronounced hole 
enlargement will be. 

With respect to hole shape changes, numerical simulations 
performed with the inclusion of surface tension effects have 
shown no discernible difference. Thus the predicted hole shape 
changes were not due to any difference in curvature 
dependence surface tension forces around different size holes. 

In part II of this work, by performing localized force 
balance over a extending preform or cane, we will elucidate 
the driving forces responsible for changes in both hole size and 
shape with particular emphasis on continuous draw processes.  

Finally, we must point out that hole behaviour is certainly 
important from a fabrication point of view.  However hole 
deformation occurring during the primary drawing of mPOFs 

need not necessarily be passed on to the secondary draw stage, 
as long as the intermediate cane is taken from that part of the 
extended preform well away from the steep neck-down region. 

 

V. EXPERIMENTAL OBSERVATIONS 
To confirm our numerical predictions on hole behaviour in 

the primary drawing of mPOF, a suite of experiments has been 
performed by drawing preforms made from commercial grade 
PMMA. 

 

 
 

Fig. 7. Neck-down region of an extending PMMA preform 
containing a centrally located hole. 

 
Firstly we considered preforms containing a single centrally 

located hole. Dimensionless hole sizes ranged from χ=0.25 to 
0.5. The neck-down region for the χ=0.25 case is shown in 
Fig. 7. Note the clear hole enlargement that has occurred 
immediately below the fixed end in the region experiencing a 
sharp neck-down. As predicted numerically, the smaller the 
hole radius, the more pronounced the observed hole 
enlargement. 

 

      
      (a)           (b) 

Fig.8. Cross-section of (a) the PMMA cane after the primary 
draw stage and (b) the mPOF after the secondary draw. 

Drawing an mPOF preform having the same five hole 
structure as used in the numerical simulations was also carried 
out. The observations were in agreement with the simulations. 
A cross-section cut from the final cane well away from the 
steep neck-down region is shown in Fig. 8(a). Here the smaller 
holes have not dramatically changed their shape as a result of 
the primary draw process. For comparative purposes, Fig. 8(b) 
shows a cross-section cut from the finished fibre drawn down 
form the cane at a relatively high draw ratio (Dr = 435) in our 
secondary draw tower.  Here dramatic changes in hole shape 
are in evidence, showing that deformation of small holes (from 
near circular to decidedly ovoid) when adjacent to a larger 



 

hole occurs during this later draw stage. 
 

VI. CONCLUSIONS 
Microstructured optical fibres have enormous potential. The 

realisation of this potential is to some extent linked to the 
ability of the fabrication process employed to maintain the 
hole structure in the final fibre as close as possible to that 
designed. This paper has shown how scaling the governing 
system of equations allows a quantitative analysis to be made 
regarding the relative importance of the many interactions 
involving heat transfer, material rheological properties. The 
combination of scaling analysis and numerical modelling has 
demonstrated that while surface tension effects are certainly 
important in some cases, they are not the dominant mechanism 
in hole shape deformation. It is anticipated that this work will 
have an impact in the future on both the way MOFs are 
designed and the way they are fabricated. 

Part II of this paper will focus on extending our analysis and 
numerical modelling to describe continuous draw processes.  
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