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Modelling fiber drawing: capillary manufacture 
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An asymptotic fluid mechanics model has been posed for the drawing of capillaries. The theory not 
only gives good agreement with experiment, but provides insight that ispractically relevant to holey 
fiber manufacture.

In the past few years an important new class of optical fiber has emerged: the holey or microstructuredfiber. These fibers possess unusual and tailorable optical properties, for example, they can be single modeat all wavelengths [1], have mode areas ranging over three orders of magnitude [2] and display anomalousdispersion at visible wavelengths. Microstructured fibers are produced by drawing a macroscopic preform intofiber using a drawing tower, and the geometry of the final fiber can be modified by controlling the drawingprocess. For example, at high temperatures, the holes reduce in size because of surface tension effects. Inthis way a range of fibers with dramatically different optical properties can be produced from one preform.
Although extensive theoretical and numerical work has been performed on the drawing of conventional solidfibers (see for example [3] and [4]) no detailed theory has yet been proposed for fibers that have a cross­section containing holes. Even the simplest case of a single annular capillary has not yet been modeled. Sincethe optical properties of a microstructured fiber depend critically upon the hole arrangement, it is importantto be able to predict how the fabrication parameters influence the final cross-section. In order to accomplishthis, we have developed a theoretical framework to study .the problem of capillary drawing which is also ofpractical importance since it is a crucial step in the fabrication of more complex microstructured fibers. To develop a model that is capable of including effects such as surface tension, varying viscosity and internal hole overpressure, we begin from the Navier-Stokes equations. For details of this model, please see Ref. [6]. Asymptotic analysis has been used to simplify these equations for a number of regimes of physical interest,and we present here some of the useful insights provided by this approach. 
For the steady-state problem, if gravity and inertia are ignored (they do not contribute at leading orderfor the parameters considered in our experimental study), it is possible to derive an exact solution to thisproblem that incorporates viscosity and surface tension effects in the limit of small surface tension:

uo(x) = U1
ef3x + 2ae.Bi [ e-.Bx/2 - 1 + x(l - e-.B/2)] , (1) 

e-.Bx/2 + ae-.Bx [ ( 3�:o - 1) (1 - e.Bz/2) + xe.Bx/2 (e-.B/2 - 1)] ,h1(x)
= h1 0 (2) 

e-.Bx/2 + ae-.Bx [ ( 3��o - 1) (1 - e.Bz/2) + xe.Bx/2(e-.B/2 - 1)] ,h2(x) 
= h20 (3) 

where x = x/ L, (3 = ln(Ud/U1) and a
= "YL/ (3µf3U1(h20 - h10)). Here x measures the distance alongthe capillary, u1 and Ud are the feed and draw speeds, dynamic viscosity and surface tension are µ and "Yrespectively and the glass velocity in the x-direction is u(x). The inner and outer radii of the capillary aredenoted by h1 (x) and h2(x) respectively, and the boundary conditions are h1(0) = h10,h2(0) = h20, uo(O) =

u1, u0 (L) = Ud where L denotes the length over which the preform is heated in the furnace. The perturbationsolution (1)-(3) has the advantage that the phenomenological behaviour of the solution is readily apparent.
To check the validity of the model we performed drawing experiments using a preform tube with an outerdiameter (OD) of 28mm and an inner diameter (ID) of 24mm. The glass used was Suprasil F300, a grade ofsilica commonly used for low-loss fibers. The preform was fed at a constant speed into the graphite furnacewith a 3cm "hot zone" (L) and the top of the tube was left open. A diameter gauge located approximatelylm below the furnace was used to monitor the final diameter of the capillary. For the study 24 experimentalruns were carried out: the feed speed U1 was varied between 2 and 8 mm/min, the draw speed Ud was varied
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from 0.6 to 1.2m/min and furnace temperatures of 1900, 1950 and 2000°0 were used. Once any particular 
combination of drawing conditions was set, the process was allowed to stabilise prior to measurement. The 
theoretical predictions from (3) and (2) are indicated by solid lines in Fig. 1. The comparison between the 
theory and the experimental results is striking. The inset in Fig.l(b) shows that the experiments were not 
geometry-preserving and some collapse occurred from the original diameter ratio of 24/28 � 0.857. 
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Fig. 1. Experimental results (symbols) and theoretical predictions using Eq. (3) (solid lines) for drawn OD 
(a) and Eq. (2 for drawn ID (b) as functions of draw speed for a range of furnace temperatures and feed
speeds. Inset to (b): Drawn diameter ratio for draw speed of 1.2m/min for various furnace temperatures.

One way of controlling the degree of hole closure is to introduce a pressure difference (po) between air inside 
and outside the capillary. If inertia, gravity and surface tension are ignored, we again find an exact solution: 

(4) 

and thus the geometry is no longer preserved. In some circumstances the capillary can explode, and Eq. (4) 
is useful for estimating the range of pressures that can be used to control the fabrication process: pressure 
is a useful control when: Po< 2U1µj3loga/ (L(e-/3 -1)). For the case of small holes, simple conditions have 
also been derived for the conditions required to balance viscosity, surface tension and pressure effects and 
thus preserve the geometry during drawing. These results have been validated against experimental data. 

This asymptotic fluid dynamics approach has proved to be a useful model for the drawing of capillaries, 
and yields a range of practical guidances for the design and control of capillary manufacture. This can be 
regarded as a first step in the quantification of the process of drawing arbitrary shaped holey fibers. 
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