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Abstract: A series of six experiments drawing tubular fibres are compared
to some recent mathematical modelling of this fabrication process. The
importance of fibre tension in determining the internal geometry of the
fibre is demonstrated, confirming a key prediction of the models. There is
evidence of self-pressurisation of the internal channel, where an additional
pressure is induced in the internal channel as the fibre is drawn, and the
dependence of the magnitude of this pressure on fibre tension is discussed.
Additionally, there is evidence that the difference between the glass and fur-
nace temperatures is proportional to the furnace temperature and dependent
on the preform geometry.
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1. Introduction

We report on a series of experiments drawing tubular glass fibres which have been performed
to test the validity of a recent model of this fabrication process [1]. The model of tubular fibres
is part of a larger project to investigate the fabrication of microstructured optical fibres (or
MOFs) with the techniques of mathematical modelling [1–4]. MOFs are distinguished from
solid optical fibres by the cross-sectional structure running along their length. The design of
this cross-sectional structure, which acts to change the refractive index from that of the pure
glass, gives the fibre certain optical and physical properties which are desirous in a range of
applications (see, for instance, [5]).

The fabrication process involves slowly feeding a preform of suitable geometry (typically
1–3 cm in diameter) into a heated region within a furnace and then stretching the softened glass
to the dimensions of a fibre (typically external diameters of 120–250 µm and internal channel
diameters in the order of the wavelength of light). Modelling is required to determine how the
preform geometry deforms as it is drawn to fibre.

Recent modelling by some of the current authors [1–3] has considerably advanced under-
standing of how the internal structures in MOFs deform during fabrication. In particular, it has
been established that the competition between the stretching of the fibre and surface tension on
the internal channels ultimately determines the shape and pattern of channels in the fibre that re-
sults from a given preform design and a choice of operating parameters [1]. This is true for any
preform design and sophisticated mathematical techniques have been developed to describe the
geometry deformation for a class of optically important MOFs [2]. An extra degree of control
on the deformation of the geometry may be achieved by applying an overpressure to the inter-
nal channels as the fibre is drawn and this potentially allows a greater variety of internal fibre
geometries to be achieved [3]. Three-dimensional finite element simulations of fibre drawing
have been performed by others for MOFs with up to 6 channels [6,7]. Our approach of [1–3] is
much more computationally efficient especially for MOF designs with many channels, which
may not be feasible with 3D finite element simulations. MOFs of a specific class have recently
been modelled with a focus on computational efficiency [8] by assuming that the channels are
separated by thin walls, whereas our approach makes no such assumption and can therefore
MOF treat designs more generally.
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Fig. 1. A schematic diagram of an annular preform (left) and a microscope image of a
drawn tubular fibre (right). The outer radius of the preform is denoted r0 and the radius of
the fibre is rL. The ratio between the inner and outer radii of the preform is ρ0 and the ratio
between the inner and outer radii of the fibre is ρL.

The annular tubes described in the current paper are the simplest fibre design containing
internal structure and gaining understanding of the fabrication process for this simple case is a
useful test of the modelling approach. This will serve as a guide to later experiments which will
focus on more complex fibre designs with multiple channels to validate the more sophisticated
modelling required for those cases [1, 2].

Previous studies on tubular fibres have compared a model with experiments [9, 10], but did
not consider the role of fibre tension since the importance of this quantity has only recently been
understood [1, 11]. Stability considerations in fibre-drawing theoretically restrict the choice of
operating conditions [12, 13], although the destabilising phenomenon of ‘draw resonance’ re-
ported in the literature is not present in the current experiments. Further studies have investi-
gated the role of additional effects via theory and experiments. Rapid rotation of the preform
during the draw may be used to exert control over the geometry [14], for instance, and mod-
elling has been used to investigate the utility of the practice of sealing the ends of the preform
to prevent channel closure [15].

The models for drawing tubular fibres with and without active channel pressurisation (from
[1] and [3], respectively) are given in Section 2. Details of the experimental materials, appa-
ratus and procedures are given in Section 3. Section 4 summarises the results of the six ex-
periments and compares this data with the model output, including discussions on the role of
self-pressurisation and furnace temperature. Our conclusions are presented in Section 5.

2. Mathematical model for drawing annular MOFs

As shown in the schematic diagram in Fig. 1, the ratio of the radii of the inner and outer
boundaries in the preform is denoted ρ0 and the ratio of these radii in the fibre is ρL. The
preform is fed into the heated neck-down region with feed speed U0 and is drawn off at the end
of this region with draw speed UL. The ratio of these two speeds D is the draw ratio and, by
conservation of mass, this is also the ratio of the preform and fibre areas, so that

D =UL/U0 = S0/SL, (1)

where S0 is the cross-sectional area of the preform and SL is the area of the fibre.
As established in our modelling work [1–3] and in [11], the tension in the fibre is a key
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quantity in predicting the change in the geometric structure between the preform and the fibre.
Validating this relationship with experiments is the principle aim of this paper. The fibre tension
σ is a measurable quantity on current fibre drawing equipment and we introduce a dimension-
less fibre tension parameter T , for convenience of mathematical modelling; these are related
via

σ =6γ
√

S0T , (2)

where γ is the surface tension. Similarly µ0 is the harmonic mean of the viscosity over the
length L of the neck-down region over which the change in geometry occurs, and is related to a
dimensionless parameter M where

µ0

L
=

γ

U0
√

S0
M . (3)

The neck-down zone corresponds to a region near the peak of Kostecki’s temperature profiles
[16] where the temperature of the glass is such that its viscosity is low enough to be malleable.
Note that the temperature profile of the glass differs from the furnace profile because of the
imperfect transfer of radiative heat to a semi-transparent material like glass.

The modelling work of [1] and [3] introduced additional parameters for mathematical con-
venience to describe the annular geometry of the preform and the fibre. These are derived from
the ratio of the inner and outer boundaries and are given by

α0 = α(ρ0), αL = α(ρL), where α(ρ) =
1√
π

√
1−ρ

1+ρ
. (4)

In practice, we apply our model by starting with a ρ0 value (known or measured from the
preform) and convert this to α0 via Eq. (4) for the purposes of the model. The model output for
a set of drawing parameters (namely D and T ) is then obtained in terms of αL, see sections 2.1
and 2.2 below, which may then be converted to the more easily interpretable quantity ρL via a
rearrangement of Eq. (4), namely

ρL =
1−πα2

L

1+πα2
L
. (5)

An additional quantity of interest is the outer radius of the fibre rL, which may be written in
terms of the other parameters as

rL =

√
S0

πD
(
1−ρ2

L

) = r0

√
1−ρ2

0

D
(
1−ρ2

L

) , (6)

where r0 is the outer radius of the preform, and S0 = πr2
0
(
1−ρ2

0
)
. The inner radius of the fibre

is then ρLrL.
The model also determines M and so gives µ0 the harmonic mean of viscosity in the glass

from Eq. (3) for a given neck-down length L. This may then be used to calculate the temperature
in the glass Tglass (◦C) corresponding to µ0 via a temperature-viscosity relation, provided this is
known for a particular glass.

2.1. Summary of model for drawing tubular fibres without active pressurisation

We now briefly summarise some key results from [1] which, among general results, presents a
complete analytic solution for the drawing of annular fibres (see section 4 of that work for full
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details). The modelling approach developed in that paper is extremely general and can, in fact,
deal with the complex cross-sectional design of a MOF (which features many holes) not just
the simplest possible holey structure of an annular fibre.

As stated above, for the purposes of this paper it is sufficient to consider the output of the
model as simply the fibre geometry parameter αL for a given draw ratio D and dimensionless
tension parameter T . It is straightforward to apply the model from [1] to evaluate αL in this
way, as well as determine the additional parameter M for the viscosity of the glass (and the
corresponding temperature in the glass). The cross-sectional area S and geometry parameter α

at any position along the neck-down are related by√
S
S0

=

(
α

α0

)1/3

(1+3α0T )−3α0T

(
α

α0

)
. (7)

Then at the fibre end of the neck-down, where α = αL and S = SL = S0/D, we obtain after a
little rearrangement (

αL

α0

)
−
(

αL

α0

)1/3( 1
3α0T

+1
)
+

1√
D

1
3α0T

= 0, (8)

which is a cubic polynomial in (αL/α0)
1/3. It is straightforward to find the relevant root of

Eq. (8). In practice, we find it more convenient to evaluate the roots of the cubic numerically
(in MATLAB, for instance), but if desired αL may be expressed as a closed form solution, namely

αL =
8α0

3
√

3

(
1

3α0T
+1
)3/2

cos3 θ

3
, (9)

with

θ = arctan

−√4D
27

(1+3α0T )3

3α0T
−1

+π. (10)

An alternate expression for αL may be derived via a series expansion assuming, as in fibre
drawing, that

√
D >> 1, and then performing a perturbation expansion on Eq. (8). The first two

terms of the resulting series are an excellent approximation to the relevant exact root of that
equation and the resulting expression for αL is

αL ≈ α0

(√
1+

1
3α0T

− 1
2
√

D
1

1+3α0T
+ . . .

)3

. (11)

Once αL has been found it is possible to calculate the remaining parameter M , as given
in [1] (note that M ≡ 1/(Mγ∗) in the notation of that paper, where M is the inverse harmonic
mean of dimensionless glass viscosity over the neck down region). The relevant expression for
that parameter is

M =
T

logQ
, with Q =

√
D
(

αL

α0

)1/3

, (12)

and this value for M is substituted into Eq. (3) to obtain the harmonic mean of the dimensional
glass viscosity µ0.
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2.2. Summary of model for drawing tubular fibres with active pressurisation

As detailed in [3], including active pressurisation of the internal channels changes the mathe-
matical structure of the fibre drawing model, as compared to the unpressurised model of [1].
This means that for tubular fibres, there is no longer an exact solution of the type presented
above, rather it is necessary to solve a system of differential equations to determine αL numer-
ically.

The applied pressure in the internal channel is denoted as pH . A dimensionless pressure
parameter P is introduced and this is related to the dimensional pressure by

pH =
γ√
S0

P. (13)

Full details of the derivation of the following equations are given in [3], along with a complete
discussion of various more mathematical aspects of the pressurised model. The fibre geometry
parameter αL is found by the simultaneous solution of the differential equations

dα

dτ
=

1
2
− 1

8πα

(
1−π

2
α

4)Pχ, (14)

dχ

dτ
=

1
6

χ

α
−T , (15)

where these equations are integrated forward in the independent variable τ from χ = 1 to χ =
1/
√

D, where χ =
√

S/S0 is the square root of the scaled cross-sectional area as it varies from
preform to the fibre, such that at the top of the neck-down region χ = 1 (preform) and at the
bottom of the neck-down region χ = 1/

√
D. The independent variable τ in the above equations

is the ‘reduced time’ first introduced for fibre drawing by [17], which measures the time since
the start of deformation of the cross-section (accounting for the scaling of the problem and
a varying viscosity) from τ = 0 to τ = τL, and is, therefore, also a measure of the distance
travelled along the neck-down length from x = 0 to x = L. To determine the fibre geometry
parameter αL we solve Eqs. (14)–(15) from χ = 1 to χ = 1/

√
D with the initial condition

α(χ = 1) = α0, representing the preform geometry at the top of the neck down region. The
final geometry is thus α(χ = 1/

√
D) = αL.

When performing pressurised fibre drawing care must be taken not to apply too much pres-
sure or the fibre may catastrophically explode. An approximate criterion on the pressurisation
parameter P was proposed in [3] for fibre explosion (so this may be avoided), that explosion
occurs if

P >
8π

3
α0 (3T α0 +1) . (16)

Similarly, there is a possibility that the central channel will deform in the drawing process to
the point that it closes completely (typically this happens for low fibre tension). As described
in [3], this hole closure occurs if

P <
a2
√

D
9(D−1)

(
a
(
α0−1/

√
π
)
+3
(√

D−1
))

+
2
3

π
√

D

(
1+3

√
D√
π

T

)
, (17)

with a = −√π + 6T
√

D. As discussed in detail in [3], the explosion criterion in Eq. (16) is
preferable to a similar criterion given in [10]. Equation (16) predicts explosion for a higher
value of pressure than that predicted by the criterion in [10], which in turn permits fibres with
a larger ρL (that is, with thinner walls) to be drawn with confidence. Similarly, the closure
criterion in Eq. (17) is preferable to the version in [10]. The modelling in [3] indicated that the
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Table 1. Summary of the dimensions of the preform and the operational parameter values
used in the six experiments. Additionally, the surface tension parameter for F2 glass, which
was used in all the above experiments, is γ = 0.23Nm−1 and the neck down length was
approximately L = 0.03m. The numbers in brackets which follow the ranges for Tfurnace,
Udraw and pH indicate the number of incremental steps taken to vary these operational
parameters between the stated values during the course of a given experiment.

Preform dimensions Operational parameters

Experiment ρ0
2r0

(mm)
Ufeed

(mm/min)
Udraw

(m/min)
Tfurnace

(◦C)
pH

(Pa)
1 0.16 10.33–10.14 1.4 5.8 940–880 (6) 0
2 0.16 10.92–10.66 1.4 6.1 940–905 (4) 0
3 0.515 10.39–10.49 1.39 7.4 985–955 (4) 0
4 0.514 10.31–10.21 1.4 5.9 980–950 (4) 0
5 0.168 10.50–10.24 1.4 2.2–12 (6) 930 0
6 0.17 10.54–10.33 1.4 5.6 900 0–3000 (4)

critical value of pressure given by Eq. (17) corresponds to a fibre with a very small diameter
internal channel; crucially the channel is not fully closed at this predicted pressure value. The
criterion in [10], however, predicts a smaller value of pressure and when used in the model
of [3] this pressure was insufficient to prevent hole closure.

3. Experimental materials and procedure

The experiments were performed with F2 glass, a commercially available lead-silicate soft
glass by the Schott Glass Company [18]. This glass is ideal for prototyping MOF designs and
validating models of fabrication since it is an excellent, less expensive analogue for pure silica
glass, which is more commonly used in MOF fabrication. The two glasses have near identical
surface tension and display a similar rate of change in viscosity during heating and cooling.
The surface tension for F2 glass is γ = 0.23Nm−1 [1]. A Vogel-Fulcher-Tammann temperature-
viscosity relation for F2 glass is given in [1], and is

Tglass = 137+
4065.2

log10 µ0 +2.314
. (18)

Using a similar setup to that described in [16], we have measured the temperature profile inside
the furnace used for these F2 glass drawing experiments. These measurements demonstrated
that Tglass is approximately 200-300◦C lower than the furnace temperature.

Six tubular preforms were manufactured by extruding F2 glass through a suitably designed
die. Two die designs were used, one where the ratio between the inner and outer die boundaries
was 0.2 (used for experiments 1, 2, 5 and 6) and another where this ratio was 0.6 (used for
experiments 3 and 4). The resulting tubular preforms have a ratio of inner and outer diameters
ρ0 slightly less than that of the die, due to the effects of die swell [19], gravity stretching and
surface tension as the softened glass is extruded and cools; this is similar to the deformation
seen in fibre drawing, and modelling of the stretching that occurs during the extrusion process
is ongoing, see for instance [4]. Additionally, the gravity stretching and other non-uniformities
during the extrusion process result in preforms which vary slightly in outer diameter along their
length, and we describe how to account for this variation in Section 4.1. Once cooled, a preform
is cut into sections approximately 18 cm long and it is these shorter preforms which are drawn
to fibre.
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Fibre drawing was performed on the 4 m soft glass drawing tower at the Institute of Photon-
ics and Advanced Sensing (IPAS) at the University of Adelaide. This tower has the ability to
measure quantities such as fibre diameter and fibre tension in real-time; the latter is crucial in
validating the modelling approach. The preforms were held in a chuck connected to a hollow
feed tube allowing the preform to be slowly lowered into the furnace. The top of the feed tube,
and therefore the top of the preform, was open to the atmosphere. Each of the six preforms were
drawn to 200–300 m of fibre and the operational parameters used in each experiment, namely
the feed speed Ufeed, the draw speed Udraw, the furnace temperature Tfurnace and the active pres-
surisation pH , are given in Table 1. In each experiment one of these operational parameters
was systematically varied to determine its effect on the properties of the resulting fibre, while
the other parameters were fixed. In Table 1 the minimum and maximum of the parameter that
varied in each experiment is given. The number of incremental steps taken to vary a parameter
between these minimum and maximum values is given in brackets after the relevant range in
Table 1. For instance, in experiment 1 the furnace temperature was varied from 940◦C to 880◦C
in six increments. After each change of an operational parameter the fibre was drawn for at least
five minutes so it had reached a steady state.

For each experiment, as the draw progressed the lengths of the fibre corresponding to a given
choice of parameters within each experiment were divided into separate bands as they were
wound round the drum. Five to nine samples were taken from within each band of fibre and
the inner and outer diameters of each sample were measured using an optical microscope, from
which the fibre diameter ratio ρL was calculated. The values given in Section 4.2 below are an
average of these measurements. The measurement error of ρL is approximately 5%, as indicated
by the error bars on each data point in the plots in Section 4.2. Additionally, the measurement
error on the inner and outer fibre diameters is ±2 microns, the error on the tension is ±2 g, the
error on Udraw is ±0.1 m/min and the error on the applied pressure is ±10 Pa.

4. Experimental results and model validation

The properties of the six preforms, as well as the parameters used for each experiment are
summarised in Table 1. Experiments 1 and 2 involved drawing preforms with a geometry of
ρ0 = 0.16 over a range of furnace temperatures. Experiments 3 and 4 were also drawn over a
range of furnace temperatures, but used preforms with a larger internal channel; their geome-
tries were ρ0 = 0.515 and ρ0 = 0.514, respectively. In these four experiments, as the furnace
temperature (and therefore glass temperature) is decreased the tension in the fibre increases.
The effect of varying fibre tension σ on the fibre diameter ratio is the key point of interest
in this study, since an important implication of the modelling work [1, 3] is that fibre tension
determines the geometry deformation between preform and fibre. Knowledge of fibre tension,
which is measurable during the draw on current equipment, obviates the need to know about
glass temperature and neck-down length which are impossible to measure during a fibre draw.

Experiment 5 used a preform of similar internal geometry to the first two experiments, with
ρ0 = 0.168, but varied the draw speed Ud while keeping the furnace temperature fixed. Experi-
ment 6 involved drawing a preform with ρ0 = 0.17 over a range of active pressurisations. This
last experiment aims to validate the model for annular fibres drawn under active pressurisa-
tion [3], as summarised in Section 2.2.

4.1. Accounting for preform taper

As described in section 3, each preform was produced by extruding softened glass through
a purpose-designed die. Extruded preforms typically exhibit a taper in their outer diameter
since the softened glass emerging from the die exit is stretched by the weight of the already
extruded glass due to gravity. This variation in each of the six preforms, as measured prior to
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Fig. 2. The preform outer diameter 2r0 shows taper and was calculated for the six experi-
ments using Eq. (19). Figure 2(a) shows the calculated preform outer diameter versus fibre
tension for experiments 1 (black), 2 (red), 3 (blue) and 4 (green). Figure 2(b) shows the
calculated preform outer diameter versus draw speed for experiment 5. Figure 2(c) shows
the calculated preform outer diameter versus applied pressure for experiment 6.

the experiments, is indicated by the range of values given for the preform diameter 2r0 in Table
1. The first number in the stated range corresponds to the part of the preform lowered into the
furnace first. For all but experiment 3 the thickest part of the preform was drawn to fibre first.

In the model the diameter of the fibre is very sensitive to the diameter of the preform, see
Eq. (6). Thus, to compare the model with an experimental result it is necessary to use in the
model the diameter of that part of the preform that gave rise to the portion of the fibre from
which the experimental result was obtained. In practice, it is not possible to know the exact
preform diameter that corresponds with a given point along the length of the fibre, meaning
that it is necessary to somehow establish the appropriate values of 2r0 and S0 that are associated
with each experimental result. As described below, for each fibre cross-section of interest we
use measurements of the fibre together with the draw ratio to calculate the diameter 2r0 of the
corresponding preform cross-section.

The ratio of inner and outer boundaries of the tube ρ0 is constant within the measurement
error along the length of the preform, even as the preform outer boundary varies in radius; note
that the pieces cut from the same extruded preform have identical ρ0 (experiments 1 and 2)
or vary by a small amount (less than 2% for experiments 3 and 4). Since S0 = πr2

0
(
1−ρ2

0
)
,

SL = πr2
L
(
1−ρ2

L
)

and D = S0/SL, the preform diameter is

2r0 = 2rL
√

D

√
1−ρ2

L

1−ρ2
0
, (19)

where (as stated) the fibre radius rL and diameter ratio ρL have been measured and the draw ratio
D is known, as is the preform diameter ratio ρ0. The computed preform diameters 2r0 for each
experimental cross-section are displayed in Fig. 2. Figure 2(a) is for the four experiments in
which the fibre tension was varied by changing the temperature, while all other draw parameters
were fixed, so that the preform diameter is plotted against the tension used to draw that part of
the preform into fibre. Similarly Fig. 2(b) is for the experiment in which the draw speed was
varied and Fig. 2(c) is for that in which the pressure was varied. As can be seen in Figs. 2(a)–(c),
the variation in radius of the preforms is, at most, less than 0.3mm. Although this is a relatively
small variation in the preform it is important to take this into account when comparing the
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Fig. 3. Comparison between experimental measurements (crosses) and model output (cir-
cles) for experiments 1 and 2. Figures 3(a) and (c) show the outer diameter and the fibre
diameter ratio, respectively, versus tension for experiment 1. Figures 3(b) and (d) show the
outer diameter and fibre diameter ratio for experiment 2. The dashed lines in Figs. 3(c) and
(d) represent the preform diameter ratio.

model output to the experiments, since fibre radius, as modelled by Eq. (6), is highly sensitive
to small variations in the preform. Note that in Eqs. (2), (3), (6) and (13) the computed preform
area S0 = DSL = Dπr2

L
(
1−ρ2

L
)

should be used.

4.2. Comparison of fibre diameter and geometry with model predictions

The properties of the measured fibres for the six experiments are shown against the model
predictions in Figs 3–6, where each set of figures for the various experiments compare the
measured outer diameter and fibre diameter ratio with the modelling. Experiments 1–5 are
modelled as outlined in Section 2.1 and experiment 6, where a range of active pressurisations
are applied to the preform, is modelled by solving the differential equations given in Section
2.2. Recall that a large value of the fibre diameter ratio ρL corresponds to a fibre with thin walls
and conversely a small value of ρL corresponds to a fibre with thick walls.

The fibre measurements for experiments 1 and 2 are shown in Fig. 3. There is an excellent
match between the predicted and observed outer diameter for both these experiments; within
the measurement errors, all the measured outer diameters agree with the outer diameters pre-
dicted by our model. For experiment 1 the fibre diameter ratio ρL is consistently underestimated
by the model, although the trend of the model as tension varies is in line with the experimen-
tal observations. The model predictions for ρL are in excellent agreement with the measured
values for experiment 2, where the predicted values all lie within the measurement error of the
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Fig. 4. Comparison between experimental measurements (crosses) and model output (cir-
cles) for experiments 3 and 4. Figures 4(a) and (c) show the outer diameter and the fibre
diameter ratio, respectively, versus fibre tension for experiment 3. Figures 4(b) and (d) show
the outer diameter and fibre diameter ratio for experiment 4. The dashed lines in Figs. 4(c)
and (d) represent the preform diameter ratio.

observations.
Note that for the four largest fibre tensions shown in Fig. 3(c) the fibre diameter ratio ρL

obtained in the experiment is within measurement error of the preform diameter ratio ρ0. This
strongly implies that it is not surface tension alone acting to deform the geometry, since sur-
face tension may only shrink the diameter ratio between preform and fibre. This suggests that
another physical effect is present in the experiment but not accounted for in the model. Pres-
surisation is a likely candidate to explain the observed expansion of the geometry, and this will
be discussed in more detail in Section 4.3.

The fibre measurements for experiments 3 and 4, which used preforms with a larger ρ0, are
shown in Fig. 4. The model underestimates the outer diameter and ρL for both these experi-
ments, with the model predictions falling well outside the measurement error. As in experiment
1 there is a systematic discrepancy between the observations and the model, with the outer
diameter approximately 10µm smaller than the observations and ρL exhibiting the correct (up-
ward) trend as tension is increased. Again, this apparently systematic discrepancy suggests that
an effect is missing from the model. There is a larger difference here than in experiment 1
and this would be consistent with an induced pressurisation effect, since such an effect would
have a relatively more severe impact on a larger diameter internal channel where the radius of
curvature is larger and therefore the effect of surface tension is weaker.

The preform for experiment 5, which varied draw speed, was of similar dimensions to those
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cles) for experiment 5. Figure 5(a)–(b) show the outer diameter and the fibre diameter ratio,
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Fig. 5(b). Figure 5(c) shows the relationship between draw speed and the measured fibre
tension. Note that the measurement error (not shown) on Udraw is ±0.1 m/min.
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Fig. 6. Comparison between experimental measurements (crosses) and model (circles) out-
put for experiment 6. Figures 6(a)–(b) show the outer diameter and the fibre diameter ratio,
respectively, versus the applied channel pressurisation, with the preform diameter ratio
shown as a dashed line in Fig. 6(b). Figure 6(c) shows the relationship between pressuri-
sation and the measured fibre tension. Note that the measurement error (not shown) on the
pressurisation is ±10 Pa.

used in experiments 1 and 2. The fibre measurements for this experiment are compared to the
model in Fig. 5, where these results are shown against draw speed. There is excellent agree-
ment between the model and the outer diameter measurements, but ρL is consistently underes-
timated by the model. This discrepancy in ρL is extremely similar to the results of experiment
1 (Fig. 3c). Note that the differences between the model predictions and measurements of the
fibre outer diameter in Fig. 5(a) are actually of a similar size to those in Fig. 3(a), but are ob-
scured here due to the much larger range of diameters on the vertical axis. Fibre tension was
measured throughout the draw and increased with draw speed, as shown in Fig. 5(c).

The fibre measurements for the pressurised experiment 6 are shown in Fig. 6. The draw was
initially run without any active pressurisation, before the three successively larger pressures
were applied. There is generally good agreement between all the measurements and the pre-
dicted values, especially given that ρL varies over a much larger range here than in the previous
experiments. A few points fall outside the measurement error, again with some apparently sys-
tematic underestimation of ρL, but the trend as pressure is increased is in clear agreement with
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Fig. 7. Calculated pressurisation required for the model to exactly match the experimental
data. Figures 7(a)–(d) are for experiments 1–4 and show the calculated pressure versus fibre
tension. Figure 7(e) shows the calculated pressure for experiment 5 versus draw speed.
Figure 7(f) shows the difference between calculated pressure and the applied pressure for
experiment 6 versus the applied channel pressurisation.

the predictions of the model. The measured fibre tension increases slightly as the pressurisation
is increased, as shown in Fig. 6(c).

4.3. Evidence of self-pressurisation

In several of the above model comparisons, in particular for experiments 1, 3, 4 and 5, the
model underestimates the measured fibre diameter ratio ρL, see Figs. 3(c), 4(c)–(d) and 5(b),
respectively. The consistent discrepancy between the modelling and the observations suggests
that there is a physical effect present in the experiments that is not currently accounted for in the
model. As noted above, a few of the observed ρL values are larger than the preform geometry
ρ0 which is not possible if the deformation is due to surface tension alone, since that effect acts
to close the holes. A likely candidate is an induced pressurisation due to the change in geometry
as the fibre is drawn, similar to the ‘self-pressurisation’ effect described by Voyce et al. [15].
In that work, the preform was sealed to the atmosphere and a pressure was induced due to the
change in the total volume of air enclosed in the internal channel as the fibre is drawn. Note
that for our experiments, the tubular preforms were open to the atmosphere.

The magnitude of pressure required to exactly match the data is determined by applying the
pressurised annular fibre drawing model of [3], as given in section 2.2. This model is used in
conjunction with an iterative bisection scheme to determine the exact value of pressurisation
pH required to match the observations at each choice of operational parameters. This pressure
pcalculated is found for each observation in the six experiments and the results are shown in Fig. 7.
As shown in Figs. 7(a)–(d), in experiments 1–4, where furnace temperature (and therefore fibre
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Fig. 8. A microscope image showing the cross-section of a fibre from a recent experiment
(left) and a schematic of the preform from which it was drawn (right). Note that the relative
sizes of the holes in the fibre are larger than those in the preform. Since this fibre was
produced from an unpressurised draw, this is further evidence of self-pressurisation.

tension) was varied, the magnitude of the calculated pressure required to match the observations
increases with fibre tension. Similarly, in experiment 5 the calculated pressure increases with
draw speed; as shown in Fig. 5(c), fibre tension increases with draw speed, so this trend is
consistent with the experiments which explicitly varied fibre tension. These calculated pressures
are strong evidence that the accuracy of the model would be much improved by including a
self-pressurisation effect. Establishing how this effect varies with the operational parameters
requires further investigation and modelling. One hypothesis, suggested by Fig. 7, is that the
magnitude of the self-pressurisation is proportional to the fibre tension.

The calculated pressures for Experiment 6, which was actively pressurised, are shown in
Fig. 7(f) as the difference between the applied and calculated pressures for each observation.
Rather than being evidence of self-pressurisation, this may indicate that there is a discrepancy
between the pressure as measured by the drawing tower and the pressure actually applied to the
preform. This is not unexpected since the draw tower measures pressure in a hose some distance
away from the preform. For pH = 0–3000 Pa there is approximately a 300 Pa difference, which
is similar to the pressure offset suggested by other authors [16].

Self-pressurisation is also observed experimentally in drawing MOFs with more complicated
internal geometries. One example from a recent experiment is shown in Fig. 8.

4.4. Relationship between glass and furnace temperature

The glass temperature Tglass for each experiment is calculated via Eq. (18). The difference
between the glass and furnace temperature is expressed as a percentage of furnace temperature
for the six experiments in Fig. 9. For each experiment this percentage difference is almost
constant as the operational parameter is varied. For experiments 1, 2, 5 and 6 this percentage is
25–27%, and for experiments 3 and 4, where the tubular preforms with larger holes were used,
the percentage is 30–31%. This is strong evidence that the difference between the glass and
furnace temperatures is best accounted for with a multiplicative factor based on the preform
geometry, rather than a subtractive offset determined by operational parameters as has been
assumed previously [16]. The small amount of variation in the percentage offset throughout the
course of each experiment is at least partly due to preform taper, which alters the thermal mass
of the neck-down as the draw progresses.
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Fig. 9. Difference between measured furnace temperature and calculated glass temperature
expressed as a percentage of furnace temperature for each experimental point. Note that for
experiment 5 the relationship between draw speed and tension is given in Fig. 5(c) and for
experiment 6 the relationship between pressurisation and tension is given in Fig. 6(c).

5. Conclusions

Six tubular preforms were drawn to fibre under a range of operational conditions. The compar-
ison between the resulting fibres and the modelling predictions is extremely promising, despite
the modelling consistently underestimating the observed geometry in several of the experi-
ments. This discrepancy is revealing since the model predictions display the correct trend as
fibre tension, for instance, is varied, thus suggesting that an important effect has been neglected
from the modelling. A likely candidate for this effect is self-pressurisation which would, if
present, account for the larger than predicted inner channel. Additionally, the experiment where
the preform was actively pressurised showed good agreement with the modelling, although it
appears that the apparatus which measures pressure in the draw tower may not be consistent
with the pressure that is actually applied to the preform.

The magnitude of self-pressurisation for each observation was calculated and it was shown
that self-pressurisation increases with tension or draw speed throughout each of the experi-
ments. We hypothesise that the mechanism by which this occurs involves the magnitude of the
pressure increasing with fibre tension.

There is evidence that the percentage difference between glass temperature and furnace tem-
perature is constant, whereas previously the absolute difference between furnace and glass
temperature was assumed to be constant. For the preforms with a larger diameter ratio this
percentage was 30–31% and for the preforms with a smaller diameter ratio it was 25–27%.

Future work will include further modelling and experiments to investigate self-pressurisation.
In particular this will focus on determining how this effect manifests in more complicated cross-
sectional geometries where many channels are present.
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