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Abstract: Preform heating is one of the most important steps in the polymer fibre fabrication process 

due to the potential distortion that can be introduced when exposing the structure to high temperatures. 

Such heating is further complicated when internal air-structures are introduced into the preform - such 

as in Microstructured Polymer Optical Fibre (MPOF) preforms. The aim of this study was thus to 

investigate heat transfer in an MPOF preform. The effect of air-structure was studied using both 

numerical heat transfer simulations and preform heating experiments. A two-dimensional conductive 

heat transfer model with surface radiation was used in simulating the transient heat transfer in MPOF 

preforms with the results compared to those for a solid preform. It was found that relatively long 

heating times were required to reach a uniform temperature distribution within a preform, and that 

depending on the preform’s air fraction its centre could heat up either faster or slower than a solid 

preform. Experimental tests where both a solid and an air-structured preform were heated in a drawing 

furnace with internal temperatures measured across the preform, confirmed the findings from the 

numerical simulations.   

 

1 Introduction 

Photonic crystal fibres, also known as microstructured or ‘holey’ fibres, were first developed in 1974 

[1]. During the past few years, considerable effort has been devoted to researching their fabrication, 

properties and applications [2-5]. Such fibres are usually made from a single material in which the 

light guidance is defined by the air-structure, consisting of a number of air capillaries running along 

the length of the fibre surrounding either a solid or an air core. By changing the air-structure a wide 

range of fibre properties - such as dispersion [6], birefringence [7] and nonlinearities [8] - can be 

tailored to the required application. Traditionally photonic crystal fibres have been manufactured from 

silica or other glasses. Due to advantages such as low manufacturing cost and increased material 

flexibility, polymer was soon recognized a potential material for photonic crystal fibres [9, 10]. A 

number of studies have since been conducted in the area [11-13] and a strong potential for the 

development of high bandwidth optical fibres for LAN applications has been identified. 

 



In addition to the wide range of properties that can be realised with MPOF, the manufacturing process 

is greatly simplified compared to traditional polymer fibres where complicated polymerisation 

processes may be required. A range of different fabrication methods can be used to make MPOF 

preforms such as capillary stacking, extrusion, polymerisation in a mould, drilling, casting and 

injection moulding. The MPOF preforms used in this study were fabricated using commercially 

available polymethylmethacrylate (PMMA) rods. The air structure was created by drilling the hole 

pattern using a computerised mill. The fibre is fabricated in a similar manner to conventional polymer 

fibres. The preform is heated to 160-250°C in a furnace and drawn down to 0.15-1.5mm diameter fibre 

in a drawing tower. Figure 1 shows an optical micrograph of a single-mode MPOF with a cladding 

diameter of 260µm and hole diameters of 2µm . 

 

In order to manufacture microstructured fibres with the required optical properties, it is essential to 

retain the designed air-structure from the preform stage. The presence of air holes within the polymer 

will affect the temperature of the preform during the heating process, as well as creating additional 

surface tension forces that can distort the structure. It is thus important to understand the effect of the 

air-structure on the heat transfer during the fibre fabrication process. There are numerous studies on 

the heat transfer occurring within the manufacture of conventional silica optical fibres [14-16]. Despite 

the recent interest in photonic crystal fibres, very few heat transfer studies have been published where 

the effect of air structures within silica optical fibres has been considered [17-20]. In addition, due to 

the very different material properties of PMMA from silica these studies do not directly apply to 

MPOF fabrication, while the furnace designs and fabrication techniques differ greatly between the two 

cases. Heat transfer in solid polymer preforms has been studied by Reeve et al. [21, 22]. These studies 

provide a detailed investigation of the polymer preform heating process, however they cast no light on 

the effects that internal preform structures have on the heat transfer.  

 

In this paper, we present a preliminary study of the heat transfer in polymer optical fibre preforms with 

an internal air-structure. The effect of the air-structure is studied using both numerical heat transfer 

modelling and experimental measurements. The heat transfer is simulated across the preform using a 

two-dimensional, time-dependent model. Three air-structured preforms with different air-fractions and 

a solid preform are considered.  

 

2 Model description 

To simulate heat transfer in an MPOF preform, a commercial finite element program was used for 

both the solid and air-structured cases. The preform was assumed to be infinitely long and allowed for 

an arbitrary hole pattern to be included. The air-structure design chosen for this study was an 

hexagonal arrangement of holes with three rings surrounding a solid core, as shown in Figure 2. An 



axisymmetric two-dimensional model was also used to study the impact of ‘end effects’ on the 

temperature due to the finite length of the preforms used. 

 

2.1 Model geometry 

Figure 2a-c show the geometries used. In all cases examined, an infinite cylinder of polymer was 

assumed with an outer diameter of 50 mm and 72 air holes positioned in an hexagonal pattern. The 

geometries differ in that the air fraction of the air-structured section is 0.4 for Preform A, 0.7 for 

Preform B and 0.1 for Preform C. These differences were achieved by keeping the hole positions the 

same but varying the hole diameter from 2.0 mm (A) to 2.6 mm (B) to 1.0mm (C). Note that for 

comparative purposes, a ‘solid case’ was also simulated by assigning polymer properties to the holes 

without changing either the hole geometry or the finite element meshing. 

 

The two-dimensional axisymmetric case was used to take into account the finite length of the preform 

when it became clear that heat transfer from the ends was having a major impact on the internal 

temperature profile. Figure 3 shows the geometry employed, consisting of a ‘layered cylinder’ of finite 

length. The model (assuming circular symmetry in the radial direction) consisted of two layers of 

polymer with one layer of air in between. The air hole pattern in this case was approximated by one 

circular layer of air, with the diameter of the preform again being 50 mm while the air layer thickness 

was 5 mm. 

 

2.2 Heat transfer model and numerical solution 

Heat transfer within the preform was assumed to occur by conduction only for which the time 

dependent conduction equation is expressed in Equation (1), 
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where ρ is density, cp is specific heat capacity, T is temperature, t is time and k is the thermal 

conductivity. The boundary condition at the surface of the preform is given by Equation (2). A 

constant heat transfer coefficient, h, was used while the external temperature, Text, was set to the 

measured furnace air temperature, 130°C. The initial temperature within the entire polymer rod was 

set to 24°C, that is at the ambient value external to he furnace. Radiative heat transfer from the 

external surface was taken into account via a constant surface emissivity, ε. Note that σ is the Stefan-

Boltzmann constant. The contribution of ‘internal’ radiative heat transfer within the polymer rod was 

neglected.  
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The polymer properties were taken as those of PMMA and the gas properties as those of air. The 

physical properties for both are listed in Table 1. The thermal conductivity for PMMA was adjusted to 

fit the experimental results, as no measured data were available for the specific grade of PMMA 

material used in this study. This adjusted value is of the same order of magnitude as that reported in 

the literature (0.19 W/mK) for other grades of PMMA [23]. An estimated (from engineering 

correlations) value of 8 W/mK was used for the external heat transfer coefficient, h. 

 

Table 1: Material properties 

Material PMMA Air 
Density ρ [kg/m3] [23] 1170 0.93 
Specific heat capacity CP 
[J/kgK] [23] 

1380 1010 

Thermal conductivity k 
[W/mK] 

0.15 0.032 

Emissivity ε 12[21] 0.96 - 
 

 

A computational software package [24] was used to solve the heat conduction equation which was 

discretized using a finite element method. The matrix equations resulting from the discretisation were 

solved with a band matrix solver from LAPACK based on an LU decomposition. Variable time step 

sizes were used - from 0.5s at the beginning where the temperature changes were the greatest, to 400s 

as the preform moved towards thermal equilibrium, totalling some 130 steps for a heating period of 

five hours. Due to the complex air hole structure, a non-uniform grid was employed. As an example, 

the mesh for Preform A is shown in Figure 4 consisting of  an unstructured mesh of 6700 bilinear 

elements. For the axisymmetric model, a uniform structured mesh with quadrilateral elements was 

used consisting of 1000 elements. A typical simulation for the axisymmetric model was 55 CPU 

seconds on a single processor SGI Origin 2000 computer. For the two-dimensional infinite length 

model case (with its larger number of elements), 300 CPU seconds were required on the same 

computer. 

 

For this study, the numerical results were compared with those for an analytical solution for an infinite 

cylinder with a homogeneous cross-sectional structure. The results agreed well provided small enough 

time steps were used. The effects of alternative meshing were also tested by simulating a two-

dimensional infinite cylinder with one air-layer using both unstructured and structured meshes. The 

results were found to be identical for both cases.  



 

3 Heat transfer experiments 

In order to validate the heat transfer modelling work, experiments were conducted with MPOF 

preforms. These preforms were prepared from 5cm diameter extruded PMMA with a length of 

140mm. Both a solid and an air-structured preform were used. The air-structure was the same as that 

for Preform A shown in Figure 2a with 2mm holes extending throughout the entire length.  

 

A convection type furnace was used in these experiments, with the preform suspended in a metal 

cylinder hung within the furnace chamber and hot air blown in via a ring of holes situated near the 

centre of the metal cylinder (Figure 5a). T-type thermocouples were embedded in the preform to 

measure the temperature at various positions during the heating-up process, see Figure 5b. The 

thermocouple holes extended down some 70mm to the position of the ‘hot-zone’ created by the hot air 

inlets. The airflow through the holes was restricted by blocking them at both ends of the preform. The 

heating was very efficient in that the furnace air temperature reached its set value in two minutes from 

room temperature. A temperature lower than the usual PMMA draw temperature was used so that the 

preform did not deform while being heated. The oven temperature was set at 130°C while the preform 

was heated up over a period of two hours.  

 

Figure 6 shows a comparison between simulated and measured data for air-structured Preform A at a 

position 2mm from the preform surface and in the centre of the rod. In the initial modelling work 

radiative heat transfer from the surface was ignored, however it soon became apparent that this mode 

of heat transfer could not be omitted. After inclusion of the thermal radiation term, the simulated 

temperatures showed good agreement with the measured values. Again it must be noted that the 

thermal conductivity of the polymer was adjusted such that the simulated data (after radiative heat 

transfer was included) matched the experimental data as closely as possible. No other parameters were 

adjusted.  

 

The measured temperatures steadied out to a lower temperature than the oven air temperature, as can 

be seen from Figure 6. This was felt to be due to the finite length of the preform, which was not taken 

into account in the simulations that assumed an infinitely long cylinder. Figure 7 shows temperature 

contour plots at 2, 3 and 4hr from the axisymmetric model, where the finite length of the preform was 

taken into account. As can be seen from Figure 7 there is hardly any change between 3 and 4hr of 

heating while the top half of the preform has steadied out to a lower temperature than the furnace 

temperature of 130°C. These simulation results showed that the measured lower steady-state 

temperature was almost certainly due to heat loss from the preform top end which was exposed to a 

lower air temperature. The initial heating-up phase (that is, well before the temperatures began to 



approach their equilibrium values), however, agreed well with the two-dimensional infinite cylinder 

model, which could thus be used to study the effect of air structures on heat transfer in MPOF’s.  

 

4 Results and Discussion 

Simulations were conducted for four different geometries to study the effect of air structure - a solid 

rod and three air-structured preforms, Figure 2, having different air fractions. Preform A, B and C had 

air fractions of 0.4, 0.7 and 0.1, respectively, where the air fraction is defined as the area of the holes 

relative to the total hexagonal structured area. A temperature contour plot for Preform A after 30 

minutes of heating is shown in Figure 8. The contours in the air-structured region show the effect of 

the holes on the temperature profile.  

 

The radial temperature profiles as a function of time are plotted in Figure 9 for both the solid cylinder 

case and for Preform A. Significant differences between the solid and structured cases are evident after 

five minutes of heating. The temperature in the outer part of the preform rises, relative to the solid 

case, as the air holes act as a resistive heat barrier. Note however that the entire structured preform 

heats up faster than the solid case. Such behaviour was unexpected, as it was initially felt that the 

presence of the air holes would slow down heat transfer into the central region of the preform. The 

results indicate that the relatively low thermal capacity of the air (which meant that the heat transfer 

across the holes was always essentially at pseudo steady-state) together with the fact that the 

structured preform contains less polymer than the solid case, resulted in a faster dynamic response in 

the central portion of the structured preform than expected.  

 

Figure 10 shows the corresponding experimental results from comparing the heating of the solid rod 

and the structured Preform A. The measured temperatures, see Figure 5b, are plotted according to their 

distance from the centre at various times from the start of the heating process. This experimental data 

confirms the findings from the simulations in that the structured preform heats up faster than the solid 

preform.  

 

Figure 11 shows the simulated heating-up phases for the three structured preforms and the solid case. 

After only five minutes differences between the preforms start to be seen. The outer part of the 

preform heats up faster for all the structured preforms when compared to the solid case, such that a 

higher air fraction results in faster heating. The centre of the preform heats up faster than the solid case 

for all the structured preforms except for Preform C which had the lowest air fraction. After 20 

minutes heating, the centre of Preform C is 1°C  lower than the solid case. This result indicates that 

there exists an air fraction below which the impact of greater thermal resistance of the air structure 

exceeds the impact of lower thermal mass and results in slower heating of the preform centre.  



 

Both the solid and the structured preforms reached the furnace temperature after some 2.5hr of 

heating. This is a relatively long time in production terms and illustrates the basic problem with this 

type of heating where the outer part of the preform will reach the fibre draw temperature before the 

central part. This situation can result in deformation of the structure with the hotter outer part drawing 

at a different rate to the cooler inner part. Such behaviour has certainly been observed in our drawing 

experiments, this fact being one of the prime reasons for the current study on preform heating. In order 

to minimise such potential problems, alternative heating schemes can be employed to provide uniform, 

symmetric heating. Other types of heating methods such as infrared or microwave heating may be 

advantageous.  

 

5 Conclusions 

Heat transfer within an air-structured PMMA optical fibre preform was numerically simulated where it 

was found that despite the relatively low temperatures, it was necessary to include radiative heat 

transfer in the model. The heat transfer model was validated against experimental data. Heat transfer 

between air-structured and solid preforms was also compared. It was found that depending on the air 

fraction of the structured preform its centre could heat up either faster or slower than the centre of a 

solid preform. At higher air fractions (here 0.4 and 0.7), the structured preform heated up faster than 

the solid preform due to the effect of reduced thermal mass being greater than the effect of the thermal 

resistance of the air holes. At a lower air fraction (here 0.1), the centre of the preform heated up slower 

than the solid preform centre.  

 

The hexagonal hole pattern used distorted the temperature profile only slightly from a radially 

symmetric case. This distortion was greater for the higher air fraction, indicating that preforms with 

highly asymmetric hole structures and a high air fraction could experience radially asymmetric 

temperature profiles. In order to produce structured optical fibres with undistorted structures, the 

heating process must be optimised so that any asymmetries are minimised. The heat transfer model 

used in this study enables simulations with arbitrary hole structures to be examined, and thus can be 

used both in optimising the preform heating conditions and also as a tool in designing the heating 

furnace. Tighter characterisation of the properties of the specific PMMA grades used would further 

improve the quantitative results, although in this case only a modest adjustment was required to 

achieve an acceptably close fit between simulated and experimental temperature profiles. 
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Figure 1.  Optical micrographs of a single-mode MPOF with hole diameters of 2µm and spacing of 
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Figure 2. Schematics representations of the model geometry for the two-dimensional infinite cylinder 

case with air-structured air fractions of (a) 0.4,  (b) 0.7, and (c) 0.1. 

 

Figure 3. Schematics of the geometry for the axisymmetric case (a) preform cross-section (b) model 

geometry 

 

Figure 4.  (a) Unstructured mesh used for Preform A. The mesh used for the air holes is shown as an 

inset. (b) Structured mesh used for the axisymmetric model. 

 

Figure 5. (a) Heating experiment set-up, preform inside the furnace. (b) Cross-section of the preform 

showing thermocouple positions (filled circles). 

 

Figure 6. Measured vs. simulated data for an air-structured preform 

 

Figure 7. Temperature contour plot of the axisymmetric model after 2, 3 and 4 hr of heating 

 

Figure 8. Temperature contour plot for Preform A at time 30min, contour lines every 5°C 

 

Figure 9.  Radial temperature profiles across the preform at different heating times, comparison of the 

solid rod and Preform A. Vertical lines show the position of the air-hole structure within the preform. 

 

Figure 10. Experimental heating results.  Radial temperature profiles across the preform at different 

heating times: comparison of the solid rod and Preform A. 

 

Figure 11. Radial temperature profiles at different heating times, comparison of the air-structured 

Preforms A, B, and C with air fractions 0.4, 0.7, and 0.1, respectively. 
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Figure 2. Schematics representations of the model geometry for the two-dimensional infinite cylinder case 

with air-structured air fractions of (a) 0.4,  (b) 0.7, and (c) 0.1. 



 

 

 

 

 
 

Figure 3. Schematics of the geometry for the axisymmetric case (a) preform cross-section (b) model 

geometry 
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Figure 4.  (a) Unstructured mesh used for Preform A. The mesh used for the air holes is shown as an inset. 

(b) Structured mesh used for the axisymmetric model. 
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Figure 5. (a) Heating experiment set-up, preform inside the furnace. (b) Cross-section of the preform 

showing thermocouple positions (filled circles). 



 

 

 

 

Figure 6. Measured vs. simulated data for an air-structured preform 



 

 
 

Figure 7. Temperature contour plot of the axisymmetric model after 2, 3 and 4 hr of heating  



 

 
 

Figure 8. Temperature contour plot for Preform A at time 30min, contour lines every 5°C 



 

 

 

Figure 9.  Radial temperature profiles across the preform at different heating times, comparison of the 

solid rod and Preform A. Vertical lines show the position of the air-hole structure within the preform. 

 



 

 

 
 

Figure 10. Experimental heating results.  Radial temperature profiles across the preform at different 

heating times: comparison of the solid rod and Preform A. 



 

 

 
 

Figure 11. Radial temperature profiles at different heating times, comparison of the air-structured 

Preforms A, B, and C with air fractions 0.4, 0.7, and 0.1, respectively. 

 

 


