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Abstract

Microstructured optical fibres (i.e. fibres that contain holes) have as-
sumed a high profile in recent years, and given rise to many novel
optical devices. The problem of manufacturing such fibres by heating
and then drawing a preform is considered for the particularly simple
case of annular capillaries. A fluid mechanics model is constructed using
asymptotic analysis based on the small aspect ratio of the capillary. The
leading-order equations are then examined in a number of asymptotic
limits, many of which give valuable practical information about the
control parameters that influence the drawing process. Finally, some
comparisons with experiment are performed. For a limited set of exper-
iments where the internal hole is pressurised, the theoretical predictions
give qualitatively accurate results. For a much more detailed set of
experiments carried out with a high-grade silica glass where no hole
pressurisation is used, the relevant asymptotic solution to the governing
equations is shown to give predictions that agree remarkably well with
experiment,.

Key words: Slow viscous flow, optical fibres, optical fibre manufacture,
extensional flow, asymptotic analysis, holey fibres.

1. Introduction
In this study, we discuss models relevant to the drawing of optical
fibres that contain holes. Our motivation is the existence of a new and

important class of optical fibres that has recently achieved increased
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prominence: the microstructured fibre. The transverse profile of a mi-
crostructured fibre typically contains an array of air holes that run for
the whole length of the fibre. Such optical fibres have become known as
“holey fibres”. The basic physical principles that underlie holey fibres
are no different from those that apply to solid fibres: light is guided
along the fibre because of the effective difference in refractive index
between the cladding, which is laced with air holes, and the solid core.

Unlike conventional optical fibres, holey fibres can be manufactured
from a single material (often pure silica is used). Two examples of
typical holey fibres, manufactured at the University of Southampton,
are shown in figure 1. Why should there be such interest in fibres of
this type? The answer lies in the fact that it is possible (in particular
when the structure scale of the holes is small) to arrange that the
effective refractive index contrast of a holey fibre is a strong function of
the wavelength of the light being guided within the fibre. This allows
the construction of fibres that possess a host of highly unusual and
tailorable optical properties (see, for example [2], [21], [22] and [26]). In
particular holey fibres with small holes can be “endlessly single mode”,
so that only a single mode is transmitted regardless of wavelength.
In addition, such fibres can have mode areas ranging over as many
as three orders of magnitude. Large mode areas allow high optical
power to be transmitted with few nonlinear effects (which is ideal
for long-range transmission) while small mode areas allow nonlinear
effects to be achieved at low power (useful, for example, in optical
switching devices). Finally, holey fibres can display anomalous disper-
sion throughout the visible spectrum, which allows for the possibility
of soliton formation in this wavelength range, something not possible
in conventional single-mode fibres.

Figure 1. Two typical silica holey fibres. The fibres on the left and right. have core
diameters of approximately 2.5um and 5um respectively. :

As far as applications are concerned, the presence of air holes in
holey fibres allows a vast new range of potential applications for opti-
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cal fibres. These range from novel nonlinear devices to fibres that are
capable of high power delivery, and from fibres that may be used for
dispersion compensation or flattening for WDM (wavelength division
multiplexing) telecommunications systems to fibres that are capable of
evanescent field sensing.

Other types of microstructured fibres are becoming increasingly im-
portant. Photonic bandgap fibres guide light by making use of the
photonic bandgaps that may occur in a periodic structure (see, for
instance [17]). Atom guiding fibres (see, for example [16]) typically
contain four holes into which platinum or gold electrodes are inserted.
When a current is passed along these wires a magnetic field is created
that may be used to guide single atoms down the central hole. Atomic
transport and deposition, and a number of other novel processes are
thus possible.

The huge range of applications described above render it imperative
that holey fibres may be manufactured in an efficient and accurate
manner. Essentially, all optical fibres are produced by heating and
then drawing a macroscopic preform (whose diameter is typically a few
centimetres) down into fibre form (125um) using a conventional fibre
drawing tower. The required preforms for microstructured fibres may
be manufactured in a variety of ways, and the two most common ap-
proaches are described briefly here. One method involves stacking small
capillaries around a solid rod, which ultimately forms the fibre core.
This approach is generally preferred when large -air holes are required
in the final fibre structure. Alternatively, the required arrangement of
holes can be drilled directly in a solid glass blank. This is effective when
only a few well-separated holes are required, as, for example, in the case
the atom-guiding fibres described above.

Whichever manufacturing method is used to produce a preform, the
geometry of the final fibre may be significantly influenced by controlling
parameters in the drawing process such as the furnace temperature, the
feed speed and the draw speed. Obviously, when high temperatures or
low draw speeds are used, the air holes in the cladding tend to reduce
in size, and may even collapse completely because of the effects of
surface tension. For some types of fibre where small holes are required,
partial collapse may be exploited to draw the required holey fibre from
a readily-manufactured preform. Holes with small diameters relative to
their separation distances (as required, for example, in endlessly single
mode fibres) are very hard to produce by any other means. Conversely,
for fibres with small mode areas or full photonic band gaps, relatively
large holes are required and hole collapse should be minimised. Under
some circumstances, the collapse process may be exploited to tune the
final size of the air holes. One possible proposed method to control hole
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collapse is to pressurise the air in the holes. If such collapse control can
be perfected, then there are important consequences for commercial
holey fibre manufacture as a range of fibres with dramatically different
optical properties may be made from a single preform.

The chief purpose of a mainly theoretical study such as this one is
to try to quantify the parametric dependence of the drawing process on
quantities such as draw and feed speed, temperature, viscosity, gravity,
surface tension and hole pressurisation and thus to indicate what might
be feasible as controlling mechanisms for holey fibre fabrication. The
most labour intensive (and expensive) part of fibre manufacture is the
creation of the preform; being able to control the drawing process to
such an extent so as to allow different end products to be pulled from
a single preform is thus extremely attractive.

Previous theoretical predictive studies of fibre drawing grew for the
most part from theory that had already been developed for the textile
industry to model the spinning of molten threadlines (see, for example
[20], [25], [30] and [31]). This general methodology was then adapted to
steady optical fibre drawing (see, for example [3], [12] and [19]). Much
of the literature concerns fibre drawing models that are essentially small
perturbations about a state of steady unidirectional extensional flow,
and this is broadly the approach that we follow in this study. Various
authors have examined the additional influences of heat transfer [11],
surface tension [10], weak unsteadiness [25] and inertia [30]. The effects
of both gravity and inertia were included in a general theory of slender
viscous fibres of arbitrary cross section [5]. From a manufacturing point
of view, the worst thing that can happen in a fabrication plant is
that the fibre fractures. Fibre breakage was studied in [6], using an
asymptotic model essentially similar to [10], showing that, if the fibre
material is assumed to be a Newtonian viscous fluid, then unless the
initial conditions possess certain singularities, the cross-sectional area
cannot be made to vanish in finite time.

The progress that can be made using analytical methods is nec-
essarily limited, and a number of purely numerical studies of optical
fibre drawing have also taken place (see, for example [24], [27] and
[33]). It does not appear, however, that any detailed theory has yet
been proposed for fibres that have a cross-section containing holes. The
drawing of thin-walled viscous capillaries was modelled in [13] and [32]
(see also [28]) and [15] included some basic estimates of the strength of
hollow glass fibres for use in reinforced plastics.
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2. Mathematical Modelling

To develop a mathematical model for the process of capillary drawing
that is capable of including the effects of internal hole pressurisation,
surface tension and all of the other effects that we wish to analyse, we
begin from the Navier-Stokes and convection-diffusion equations

1 1
p(ue + utiz + wuy) = —pg + ;(/""ur)r + (2pug)s + ;(P‘T"”x)r +pg, (1)

1
plwi+uwg +ww) = —prt+p (;(rw)r) +(pwz )z + patir +2urwr, (2)
T

L rw), =0, 3)

r

1
pp(Ty + uTy + wTy) = (kTy)e + ;(krTr),. +oa(Tt-T%. (4)

Uy +

In (1)-(4), derivatives are denoted by subscripts, ¢ denotes time, z
measures the distance along the axis of a capillary, and r denotes
distance normal to it. The flow has been assumed to be axisymmetric,
and therefore independent of the azimuthal angle 6. The velocity g of
the molten glass is denoted by q = ue; + we, where e; and e, are unit
vectors in the z and r directions respectively. A schematic diagram of
the geometry of the capillary is shown in figure 2.

The pressure is denoted by p, g is the acceleration due to gravity,
and density, dynamic viscosity, surface tension, thermal conductivity
and specific heat are denoted by p, u, 7, k and c, respectively. The
glass temperature is denoted by T, the ambient temperature in the
furnace by T,, o is the Stefan-Boltzmann constant and « is a material
constant that involves the emissivity of the fibre.

Regarding the modelling involved in (1)—(4), the first three equations
are standard provided that we agree that molten glass may be treated
as a linear incompressible fluid. The energy conservation equation (4)
requires some further discussion. We have chosen to take a simple point
of view, namely that diffusive and convective heat transfer in the fibre
are accounted for as normal, viscous dissipation is ignored, and that
the fibre, being optically thin, absorbs radiation directly from the sur-
rounding furnace and re-radiates heat back to the furnace. Many other
similar models have been discussed in the literature (see, for example,
(18], [23], [24], [31] and [33]). We note that more detailed modelling
may be appropriate particularly in accounting more carefully for the
radiation field within the fibre and the resulting body heating.

Some discussion concerning the variation of the physical congé);t; \
with temperature is also apposite. In reality, each of-p, &, v, ¢4, 4 and
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Figure 2. Schematic diagram and nomenclature for capillary.

« varies with temperature. In practice, howeyer, though the viscosity
of the glass may vary by orders of magnit over a relatively modest
temperature range, the other param?téfs)are only weak functions of T'
(see, for example [18]). For the remainder of this study we therefore
assume that p alone is a function of temperature.

As shown in figure 2, we denote the inner and outer radii of the
capillary by r = hi(z,t) and r = ho(z,t) respectively. The equations
(1)-(3) thus apply in the region h; < r < hy, and must be solved
subject to suitable boundary and initial conditions, which will be con-
sidered presently. The feed and draw speeds are denoted by Uy and Uy
respectively, the ambient pressure in the air surrounding the fibre is
denoted by p, and the pressure in the hole by pg.

It is now appropriate to non-dimensionalise (1)-(4) to take advan-
tage of the small parameters that are present in the problem. We
set ¢ = L%, r = h¥, t = (LJU)E, hy = hhy, ho = hhg, p = polt,
p = (uoUL/h?)p, v = Ui, w = (hU/L)w, T, = TrT, and T = TgT
where an overbar denotes a non-dimensional quantity and L denotes
a typical hot zone length in the fibre drawing furnace. Here h denotes
a typical drawn capillary size, U denotes a typical draw speed and pg
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and T denote a typical glass viscosity and fibre reference temperature
respectively. The equations now become

o P 1, € €2Re
€¢”Reltg+ @z +Wis) = —Pz+e (2pu,—c)j+;(uruf)f+?(urwz),-+—ﬁ~,
—_ 1 '
€? Re[ W+ Uiz + D] = —1—:-2’-+e2(pwi)j+p (;(m)i) + fiz i + 27D,
F
1
’l—lj; + :(F'u'))f = 0,
F oA 1l 5 1 —r Fd _ pd
Tf +uly +wly = _P_—’I"_éce—(Tz)i + m(rTf)f + F(Ta -T ),
where the key non-dimensional parameters in the problem are given by
h Llfp If2 HoCp
€=7 Re P r oL’ T .
and
_ LoaT}%
T opepU

A full consideration of the relative sizes of each of the non-dimens-
ional parameters above would require us to consider specific drawing
scenarios, and we wish to propose as general a 1odel as possible. We
therefore simply note at this stage that-i drawing configurations
h <« L (the largest values of € tend to occur for capillaries, where L is
of order cm and h of order mm. For optical fibres ¢ is much smaller).
We shall therefore assume henceforth that the small parameter in the
problem is € < 1. The leading-order equations in € are now satisfied by
the obvious ansatz

i = ig(Z,1) + €1 (,7,T) + .oorry
@ = wo(%,F,1) + w1 (Z, 7, 1) + ovevy
P = Pa+EP(E,7,1) + ...y

T = Ty(z,1) + ET1(&, 7, 1) + ooery

where P, denotes the non-dimensional ambient pressure, defined in the
obvious way by p, = (oUL/h?)p, and (from the continuity equation)
Fligz , A

2 T
with, the function A(%,%) to be determined. Since from our ansatz T,
(and thus the viscosity) is independent of 7 to leading order, it follows
that, correct to O(e?), the Z-momentum equation is now

Re

_ 1 o
Re[tigr + Gotioz) + Pz — Fr o (2Rtioz)z + Atiozz = ;(W‘Ulr)f’ (5)

Wy = —
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and the 7-momentum yields P; = 0, so that P is a functlon of Z and £
alone. The energy equation gives

Toz + toToz —

RePr

and to close the problem it is now necessary to specify kinematic
conditions, normal and tangential stress conditions and temperature
conditions on the free boundaries h; and k. The kinematic conditions
are _ _
Wy = hyz + 1_1.07115; at 7= hy, (7)
ha

(8)

As mentioned dbove, we wish to examine the possibility of con-

Wy = hos + Gghoz at 7=

boundary conditions will thus include both t ace tension coeffi-
cient -y and the fibre hole pressure py. If we define the non-dimensional
fibre hole pressure by py = (uUL/h?)pg, it is clear that we must
further write
P = Pa + €Po, 9)

where P, is the non-dimensional hole overpressure. This scaling reflects
the fact that, unless the fibre hole pressure is within O(e?) of the ambi-
ent pressure the capillary will either collapse immediately or “explode”.
The equation (9) is therefore already gives a useful estimate of the size
of hole inflation pressure that is required to prevent collapse.

The normal stress boundary conditions may now be applied. The
non-dimensional stress tensor 7 is given by

_ kU (—ﬁ/62+2ﬁﬁz naf/e+eﬁu‘zz)
L\ Bils/e + epby —p/€ + 207 )

s

If we now denote the unit outward-pointing normal to 7 = h; (i = 1,2)
by 71;, then the normal stress conditions are

ATT AU  papeU _ 3
L = at T=h

Mt e = T AT
YU _ PaprolU =

—AL Ty — L = aLe? at 7 = ha.

Here a non-dimensional surface tension coefficient has been defined
by v = peUe?, thus immediately giving an estimate of the order of
magnitude that the size of surface tension of the molten glass has to
be to influence the final shape of the fibre.

We now assume that the tangential stress on both of the fibre bound-
aries is zero. Although this is evidently a good approximation, a “drag”
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term could be added at this stage if required. For ¢ = 1, 2, we therefore
have T
t; Th; =0,

where #; is the relevant unit tangent_vector. To complete the specifica-
tion of the boundary conditions, we assume that the fibre is essentially
insulated on its inner surface, but loses heat to thie surrounding air in
the furnace by Newton-type cooling at its-outer surface (other thermal
boundary conditions may be incorporated into the model at this stage
if required). Thus (in dimensional variables)

T, =0 at r=h,
kT, =N(T,-T) at r=hg,

where N is a heat transfer coefficient that we assume for simplicity is
constant and known from standard engineering correlations.

The normal and tangential stress conditions and thermal boundary
conditions may now be expanded according to the ansatz for @, w and
p. With

z+1 i+1

-T -1 =
S ehf”z, ), ti = —(-)—_‘“(1,6”47:5),
\/1 + €2h2

1+ €e2hZ;

we find that
~L - Pt opmortp, =0 at =hy,
1
——l—P+2ﬂw0,=0 at 7= ho,
ha
2h13(tloz — Wor) — Woz = U1r at 7= hy,
2hoz (Tigz — Wor) — Woz = Tir at 7= hy.

Expanded in non-dimensional variables, the thermal boundary condi-
tions become _ _
Ti=0 at ¥F=hy, (10)
T]j = N(Ta - To) at 7= 7742, (11)
where N = LN/(¢k) determines the relative importance of the Newton
cooling, so that for small values of N the heat transfer is negligible,
but for large N the condition is essentially T' = Tj.

It is now possible to derive a closed system of leading-order equations
for ahnular fibre drawing. We first multiply the z-momentum equation
(5) by 7 and integrate from 7 = h; to ¥ = hy to yield

(h% - Re

h = o
——‘2 _1)‘ [Re(’l_lof + "_/40'&052) + Pf; - —FT; - 2([7,1_1,05;)5; + N'Uloj;i] =
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(Bhotirr) |5, =(BR1Ts) |5, - (12)
Next, the energy equation (6) is multiplied through by 7 and integrated
from 7 = hy to 7 = hy to yield

2 RePr
1 ,
Rep‘"(hler lhe —P1T7 |5y)-
The kinematic conditions (7) and (8) now give
(h])s + (Rit0)z = 24, (13)
(B3)s + (R3t0)s = 24, (14)

and the normal and tangential stress boundary conditions, when ap-
plied at 7 = hy and ¥ = hy respectively, give

0= (15)
0= (16)
Urr |p=p, = (17)
Urr le=f, = (18)

while the relevant temperature boundary conditions are (10) and (11).
The equations (12), (13), (14) and (15)-(18) now constitute a system of
seven equations in seven unknowns for the quantities Ay, hg, @, P, A,
Ui |5=p, and @, |z—5, These equations may now be greatly s1mp11ﬁed
If we regard (15) and (16) as linear equations for A and P, we find that

~ Doh3h3 —Fhiha(hi + ho) 5 V(A1 +hg) —Poh
A= rar P= T2 — [ioz.
om(hs —R) RE - B2 e

Using (17) and (18) in (12), a great deal of cancellation occurs, and the
final (dimensional) equations that govern the drawing of a capillary
become

p(h3 — h?)[uor + uotor — 9] = [3u(hg — h)uoz + (k1 + h2)lz,  (19)

Doh?h3 — Yhiho(hy + ha)
u(h3 — h) ’

(20)

(h)e + (hiuo)z =
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h2h2 hiho(h1 + h
(R + (o), = PePiPa = vhaha(h +hg) (21)
(h2 - h1)

2 _ 32
£-"-"“2-‘5-}&'1*)‘[pcp(T()t + uOTom) - k‘(To,;)z - O‘C!(T: - Té)] = th(Ta - To),
(22)

where p, = pg — po.

To fully close the problem (19)-(22) it is necessary to specify ap-
propriate boundary and initial conditions. It is simplest to assume that
hi1, he, ug and Ty are all known as functions of z at time ¢ = 0; for
the majority of this study, however, we will be interested primarily
in steady-state fibre manufacture. As far as boundary conditions are
concerned, the preform geometry is invariably known, the feed speed is
normally prescribed and the temperatures at the start and end of the
draw are assumed-t6 be given. At the furnace exit different boundary
conditions may be appropriate for different regimes of fibre manufac-
ture. For “caning” (the drawing of relatively large capillaries with ODs
of order mm) the capillaries are normally pulled by counter-rotating
wheels that travel at a constant speed. Some slip may occur between
the drawn capillary and the wheels. Once drawn, these capillaries may
later be stacked together to create a preform. Holey fibres are drawn
from a preform of this type, and the finished product (which is very
thin) is normally pulled onto a rotating drum. It may therefore not be
quite clear whether the draw speed or the draw force is the appropriate
condition to prescribe.

For definiteness, we shall assume that, unless otherwise stated, the
boundary conditions for (19)-(22) are that the geometry of the capillary
preform is known and that the feed and draw speeds are prescribed at
z = 0 and z = L respectively. Thus

h1 (0) = th, h2(0) = h20, UO(O) = Uf, (L) Ud,
To(0) = Ty, To(L) = T;. (23)

It is worth pointing out that these should be regarded as lowest or-
der boundary conditions appropriate to our leading order model, and
that the full Navier-Stokes problem described by (1)-(4) would require
additional boundary data to be fully specified.

. 3. Orders of magnitude of terms in the equations
In deriving (19)-(22) above we have deliberately exploited only the

large aspect ratio of the fibre and have retained all other parameters
in the analysis. In most drawing scenarios, however, some terms in the
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equations are small and may be neglected; this makes further simpli-
fications possible. Many different drawing conditions are of practical
interest: in caning the preform typically has an OD of between 4 and
20mm. The ID’s of such capillary preforms usually range from 1.5mm to
90% of the OD. Feed speeds tend to range between 0.5 and 5 mm/min
and the final OD of the drawn capillary may range between 0.5 and
2.5mm. —

Holey fibres norinally have a far more complex structure than the
axisymmetric equations above can describe. We can, however, use the
drawing conditions of a holey fibre to give some indication of the charac-
teristic dimensions of interest. A single capillary within a multiple-hole
holey fibre preform is ¢caned as above, and may be subsequently be
drawn down to an OD of 0.1-10pum. A typical holey fibre may contain
as many as 100 such capillaries occupying a total of between 10 and
100um of the final drawn fibre diameter. Typical draw speeds for holey
fibres range between 10 and 50 m/min.

As far as material properties are concerned, both capillaries and
holey fibres are routinely pulled from a very wide range of materials.
Indecd, holey fibres have been fabricated from silica glasses of various
grades, Gallium Lanthanum Sulphide glasses, and even polymers, at
temperatures between a few hundred and 2300°C. The drawing temper-
ature inevitably reflects the viscosity at which viable drawing may take
place. The majority of furnaces have a hot zone of length 1-5cm. For
many glasses accurate values for surface tension and its variation with
temperature are not available. Values of about v = 0.3N/m ([1], [29])
may be regarded as typical. As far as hole pressurisation is concerned,
experimental studies (described later) indicate that values of p, of up
to a few p.s.i. (1 p.s.i. ~ 6895Pa) appear to be appropriate for some
drawing regimes.

The relative importance of the terms appearing in the equations
(19)—(22) may be estimated for the various drawing scenarios described
above. If we rearrange (19) so that the viscosity term is multiplied by
unity, then the relative importance of inertial, gravitational and surface
tension effects are characterised respectively by the non-dimensional
parameters ‘

LUp gLl*p Ly
po ~ wU’  pohU

If we scale the left hand sides of (20) and (21) so that these advective
term are unity, then the internal hole pressurisation and surface tension
effects are similarly characterised by

(24)

Lp, ~vL
, = 25
Uwo Uhug (25)
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Consideration of the regimes of practical interest outlined above yields
a number of general conclusions: first, the non-dimensional parameters
in (24) are never large compared to unity and hence viscosity effects
are almost always important. Second, we find that inertial effects are
invariably very small (though as we shall see in section 5 below, they
may influence the stability of the drawing process). Gravitational effects
are more important in caning than in the drawing of holey fibres, and in
many regimes surface tension and viscous effects compete. As far as the
parameters in (25) are concerned, we find that surface tension effects
are normally non-negligible. Finally, the non-dimensional parameter
Lp,/Upyg in (25) needs to be of order unity for internal pressurisation
effects to be significant.

Analysis of the temperature equation (22) may be carried out in
the same way as above, but is greatly complicated by uncertainties in
the coefficients k and N. If both the diffusion and the surface heat
transfer are essentially determined by radiative heat transfer effects
then diffusion, bulk heating and surface heat transfer will all assume
the same importance. It is also evident that the advective terms in
(22) may be important when temperatures are low or the draw speed
is large.

4. Asymptotic limits of the model

The general equations (19)—(22) may now be examined in a number
of asymptotic limits. These special cases can give valuable information
relevant to the manufacture of both capillaries and fibres.

First, we note that solid fibres have becn analysed using extensional
flow arguments similar to those described above on a number of occa-
sions. These models therefore provide a partial check on (19)—(22). In
particular, if we consider isothermal solid fibre drawing and set h; = 0,
and ho = h, then we find that (21) and (19) become

(h?)e + (R?ug)z =0,  ph*(ug; + uouoz — g) = [3uh®uos + Yhls,
which is in exact agreement with (for example) [5].
4,1. SHAPE-PRESERVING STEADY SIMILARITY SOLUTION

A number of simple steady solutions are available to (19)-(22) when
internal hole pressure, surface tension, inertial and gravity effects are
ignored. Under these assumptions, the equations become

(3,“(]7'% - h%)UOz)z =0,
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(h%UO)z = (hguo)z =0,

(—]ﬁ_—hﬂ[k(T )e = 0T = T = hyN(T, - T
U (Too)e ~ o0 T = haN (T, - To)
Assuming that the boundary conditions (23) apply, we quickly find that
hjug = h3 Uy,  h3ug = h3Uy, (26)
and . ’
ug T gt ) ( de¢ )
log| — ) = < / —_— / —_ . 27
g(Uf) P s@@) o w @) 0
where

B = log(Ua/Uy).

Given a known functional form for the viscosity as a function of temper-
ature the solution may now be completed by solving the temperature
equation. The simplest case occurs when p is independent of tempera-
ture (or when drawing is isothermal so that Ty = Tp). In this case, we
have

ug = UseP /L, hy = hyge P72, hy = hyoeP/2L,

When the viscosity depends upon temperature and the furnace tem-
perature profile T,(z) may be directly measured, (27) may be used
under the assumption that T'(z) = T,(z) to quantify the details of the
drawing process as a function of the furnace profile.

Whatever the dependence of u on temperature, we note from (26)
that the absence of surface tension and internal hole pressurisation
means that the initial fibre geometry is always preserved throughout the
pull, and there is no question of hole closure or fibre “explosion”. This is
essentially a consequence of the fact that, at this level of approximation,
no forces act in the plane of the fibre cross-section.

4.2. THE EFFECTS OF FIBRE INERTIA AND GRAVITY

Some analytical progress may also be made in quantifying the effects of
inertia. If we consider steady flow and ignore temperature variations,
gravity, hole pressurisation and surface tension then (19)-(21) become

p(h% - h%)UOUOx = [3/1'(’7'% - h%)UOz]za (h%UO)m =0, (hguo)x =0.

These equations may be solved using standard methods, and when the
boundary conditions (23) are applied, we find that
3Upke ™
Ug = )
3uk + pUs(1 — ex*)
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3uk + pUg(1 — ex%)
hi = haoy/ 3 e ;

3uk + pUs(1 — e';;)_
hy = haoy/ S e ’

where the constant k satisfies the transcendental equation

Ua _ e (28)
=— ,
Up SE(1—esl)+1

We note first that the ratio hi/he remains constant. Inertia cannot
therefore affect the fibre geometry ratio. Some elementary analysis may
be used to show that for physically relevant cases where Uy > Uy, p > 0
(28) always possesses a solution (where we have written p = pUL/3pu).
A special case arises when precisely e# = 1/(1 ~ 5), in which case
& = 0 is the only solution and the fibre velocity has algebraic behaviour.
Otherwise, it is easy to show that if 5 > 1 we have x < 0. Further, if
0 < p < 1 then we k> 0for e > 1/(1 - p), and k < 0 for
e < 1/(1 - p). In practics, we expect that the ratio j is always likely
to be small. In the theoretical (but practically unlikely) case of p large,
it may also be shown thay there is a boundary layer near to z = L.
This implies that a very dense fibre travels at its feed speed for most
of the draw until just before the end of the furnace.

It is also worth mentioning that some progress may be made when
the fibre inertia is neglected, but gravity is re-introduced into the
equations. We find that

B 0126201 (z+C2) _ 2CI¢eC’1 (z+C2) 4 ¢2
“= 20301 (@ +00) ’

U U
hy = h1oﬂu—£, hy = hzowu—g,

where ¢ = pg/3p and C; and C; are constants that satisfy simultaneous
transcendental equations. The effect of including gravity is thus similar
to that of including inertia: the fibre speed and the internal and external
diameters are modified, but the initial hole geometry is still preserved
throughout the draw.

4.3. THE EFFECTS OF SURFACE TENSION

Thus far all asymptotic limits that we have considered have preserved
the initial preform geometry. In practice, however, when capillaries or
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holey fibres are drawn surface tension can lead to significant geometry
changes and even hole collapse.

Some analytical progress may be made in the steady isothermal
case where internal hole pressurisation, gravity and inertia are ignored,
but the effects of surface tension are retained. Equation (19) may be
integrated to give

3u(h2 — h)ugy = Fy — y(h1 + ha), (29)

where F; is a constant that amounts precisely to the total force applied
to the fibre. Subtracting (20) from (21) we have

(A3 — A})ug = C, (30)

where the constant C' measures the mass flux of the draw. We now
regard (29) and (30) as formulae for uy and ugz, expand out equations
(20) and (21), substitute for up and ug; and then divide to obtain

dhy _ y(h1 + ho)(ha — 3h1) — Fyhy

= . 31
dhy 'y(hl + h2)(h1 - 3h2) — Fyhy ( )
Elementary methods may now be used to integrate (31), giving
(h2 - h1)1/3
—————[2y(h; + h F;)=D
(h2+h1)1/3[ 7( 1+ 2)+ d] ) (32)

where D is a constant that may be found simply by evaluating the left
hand side of (32) at = = 0. In reality, (32) is not as helpful as it might
seem. In principle it is possible to solve for hg in terms of hy so that ug
may be determined as a function of ko using (30) and the full solution
may then be found using (29), but the equation connecting h; and
hy is a quartic which complicates matters considerably. Furthermore,
the constant Fy is not in geperal known, since, as discussed above, the
most common prescription/of the fibre drawing problem specifies the
feed and draw speeds buf gives no information concerning the fibre
acceleration at either end. In spite of this, one may argue (as at the
end of section 2) that though the draw speed is often prescribed, there
may be slippage, thereby dictating the force applied at the fibre winder.
In this case, the constant Fy; may be regarded as known and (32) may
be used immediately to show that hole closure (h; = 0) takes place
when the outer diameter of the fibre is given by

_ a1 yat - i [ (lze 1/3)>
hz—hg(,((l a)Y3(1 + a)?/3 e (1 ( ) . (33)

where the preform geometry ratio a is defined by a = hig/hgo. This
equation provides some insight into the minimum outer diameter cap-
illary that may be drawn from a given preform before inner hole closure
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occurs. Given the physical condition 0 < a < 1 we note that capillaries
with smaller ODs where the inner hole remains intact may be drawn
by using larger draw forces and/or smaller surface tensions. If, as is
normally the case, the OD of the drawn fibre is required to be signif-
icantly smaller than the preform, then (33) asserts that the quantity
multiplying hgg on the right hand side of (33) must be small, and thus

2vhgo(1l + a)(1 — a)l/3
1+a) = (I-a)if"

We may interpret this result for both thick- and thin—walled tubes: for
thick-walled capillaries (¢ < 1) the minimum outer diameter that may
be drawn before collapse occurs is

Fda
h (1_ )
20077 3qhy

We therefore require Fy = 3yh3,/h1o, which suggests that closure of
the inner hole is very sensitive to the quantity Fj.
For thin—walled capillaries (a ~ 1) the minimum OD that can be

drawn is F
h (41—a 1/3——"—-),
20 | (4(1 — a)) v

which, for reasonable drawing conditions, implies that F; &~ 2vhoo(4(1—

a))l/ 3. Once again, this shows that collapse is very sensitive to draw
force. '

Fdz

4.4. SMALL SURFACE TENSION LIMIT

In the previous subsection we were able to draw some conclusions for
arbitrary sized capllla.nes subject to arbitrary surface tension forces.
Still more ana.ly‘ cal progress may be made when the non-dimensional
ratio § = yL/(yhU) is much less than unity, so that the effects of
surface tension are present, but “small”. As before, we consider the
isothermal version of the governing equations when inertia and gravity
are neglected, and there is no internal hole pressurisation.

In section 6, we will present comparisons with experiments that were
performed under precisely these conditions; the study of this viscosity-
dominated limiting case of the equations is thus particularly relevant.
Under such conditions, we may therefore conveniently regard (19)-(21)
as a'regular perturbation problem in J. Solving the equations now
becomes a simple matter, and we find that

pojr 2Ll

T 4
o f 3uB(hoo — hio)

holfibv6.tex; 25/10/2001; 8:17; p.17



18

X [e—ﬂz/ﬂ -1+ (%) (1- e'ﬁ/2)] : (34)

yLe=Bz/L
3uBUf(hoo — h1o)

x [(3}»20 - hug)(1 - ePef28) o (P02 gt (gob12 MED

hy = hloe—ﬁzﬂL +

yLe=5z/L
3uBU¢(hao — hio)

x [(3h10 = o)1 = P2122) + (B02) eparaaemsie - MED

hy = hgge—ﬂz/'?L +

where once again § = In(U/Uy).

We note that the temperature dependence of this problem manifests
itself only via the ratio of the surface tension to the viscosity. The
equations (34)—(36) thus allow the prediction of the degree of collapse
in the final structure, but show that this depends only upon the ratio of
the surface tension to the viscosity. We may employ (35) to re-examine
hole collapse. By setting h; = 0 in (35) we find that collapse occurs
exactly at £ = L when

_ vLhag
pBU¢(hag ~ hio)

A good approximation to this condition may be gained by noting that
e B2 = 1/Us/Uq which, for the purposes of the current study, may

be regarded as negligible compared to one. Hole collapse at or before
z = L thus occurs when

h1o 1- 6—6/2).

yLhgg
UsIn(U,;/U:) < ——————r,
#UsIn(Ua/Us) < hio(h20 — h1o)

For a given/preform, material and furnace, we may regard the right
hand side of (37) as known. As far as the control parameters Uy and Uy
rned, therefore, we conclude that, in this regime, hole collapse
is Tore sensitive to the feed speed than the draw speed. Also, we note
that the effect of changing the furnace temperature enters (37) via the
parameter u and so, unsurprisingly, the phenomenon of hole closure is
sensitive to temperature.

(37)

4.5. THE ROLE OF INTERNAL HOLE PRESSURE

One obvious way of controlling the degree of hole closure and preventing
collapse is to introduce a pressure difference between the air inside and
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outside the capillary. To begin to quantify the effects of hole pressuri-
sation, we first study (19)—(22) assuming a steady isothermal draw and
that the effects of inertia, gravity and surface tension are ignored. The
problem that must then be solved reduces to

poH1H2
Hy; — Hy)u =0, (Hiu)z = (Houo)z = —o 557
[( 2 1) O:c]a: ( 1 0)1: ( 2 O)w ,U'(HZ"HI)
where we have written H; = h? and H, = h3. When the two mass
conservation equations are subtracted we find that (Hy — Hi)up =
(H20 - Hlo)Uf (where Hm = Hl(O), H20 = H2(0)). ‘We may now use
elementary methods to solve the governing equations. These yield

ug = Ufeﬂ”/L,
H = — Hyo(Hyo — Hip)e #/L
Hoyg exp [—,%—(e“ﬁz/’: - 1)] — Hy'
H, = Hao(Hy — Hyg)e #/-

?
~Hypexp [%(—e-ﬂrﬂ + 1)] + Ha
8o that
H _ , PoL ~Bz/L
L =glexp |2 (1— e B3/,
I P lUf . ﬁ( _)
Though the fibre speed is therefore not influenced by internal hole pres-

surisation, the fibre no longer preserves its initial inner/outer geometry
ratio. At the end of the draw when z = L we have

Liih
2

= a%e9,

where
poL(Ud - Uf )

Q=
WU UB
N Since H;/H, increases without limit as p, — 0o, we may anticipate that

\\ under s6me circumstances the fibre may “explode”. The expressions for
"Hyand H, confirm that both become unbounded when

L 2Usup ]
r=-=log |1+ —-—loga|.
B g Dol 8

Since the draw takes place over the region 0 < = < L, there is therefore
no hope of achieving a controlled manufacturing process if

2U;pBloga
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Although of course surface tension effects have been ignored in deriv-
ing (38), this expression nevertheless provides a good practical upper
bound for the amount of hole pressurisation that may be used for given
draw. Evidently larger hot zone lengths L, smaller viscosities x and
smaller feed speeds Uy all decrease the critical value of p, and therefore
increase experimental sensitivity. This suggests that, though internal
hole pressurisation might be employed to prevent hole collapse, it may
lead to drawing processes that are harder to control.

4.6. CLOSURE OF A SMALL HOLE

In practice we would like to understand the interplay between surface
tension and hole pressurisation. When the both the effects of hole
pressurisation and surface tension are both included, (31) becomes

dhy _ y(hy + ha)(hg = 3h1) — Fshs + 3pohihs
dh1 ~ 7(h1 + ho)(hy — 3hs) — Fahy + 3poh1h3’

(39)

Unfortunately, this equation cannot be solved in closed form to yield
hs in terms of h;. Although it is possible to carry out a phase-plane
analysis of (39) (there are 7 singular points), this does not appear to
lead to any very valuable conclusions.

A less general but more illuminating approach is to consider the
fate of a “small” hole during a steady isothermal draw. Since there
are many practical circumstances in which we wish to produce fibres
with small holes, it is particularly important to understand this regime
and to be able to explore parameters that may be exploited to avoid
hole closure. As the internal capillary hole begins to close off, we may
expect that, apart from the hole pressurisation, the important govern-
ing forces will be the viscosity and the surface tension. We therefore
ignore inertial and gravitational effects in the equations (19)-(21) and
scale by setting h; = dhh; and hy = hh where § is small. The surface
tension must also be scaled using §, since a small hole would instantly
close for a surface tension of order poUe. Under these assumptions, the
(redimensionalised) equations become, to leading order,

(3#’7'%”0:1:)2: = 0, (49
(h3uo)z = 0, (41)
pohi  Yhi
Rug)y = —+ — —, 42
(hiuo)z ” p (42)

Both (40) and (41) may be solved as before to yield

ha = hao exp(—ﬁa:/L), Up = Uf exp(ﬂa:/L),
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and (42) therefore becomes simply

nefally, = Popz _ L p 43
( 1€ )m ,U,Uf /J'Uf 1, ( )

subject to the boundary condition h; (0) = hig where hig = O(dh). The
equation (43) may be solved in closed form; we find that either h; =0
or

hy = exp (—gf—Pe L) [hloe / Gexp (—g—L+Pe )du] .
where the non-dimensional parameters P and G are defined by P =
(poL)/(28uUs) and G = ~v/(2uUy). Some observations about this solu-
tion are now in order. First, we note that the only constant solution to
(43) is hy = 0. Moreover, by observing that at stationary points when
hiz = 0 we have hy;; = —B2h;1/2L?, it follows that every solution
to (43) can have at most one maximum (which must occur when h;
is positive), and at most one minimum (which must occur when A,
is negative). The case of hy < 0 is, of course, unphysical. It is worth
observing that the solutions to (43) exhibit some interesting behaviour
from what is, essentially only a first order linear ordinary differential
equation.

It is now simplest to regard hiyg, 7, p, Uy, L and B as known and
classify solutions according to the size of the internal hole pressure, and
thus P. As in previous sections, one key ‘question concerns whether or
not h; reaches 0 before the end of the draw. The condition that the
internal hole closes at or before z = L is that p, is less than or equal
to the value defined by

G/ exp (—— + Pe'ﬂ“/L> du = hygef. (44)

and this may be regarded as a condition for “fibre collapse”.

As far as “fibré explosion” is concerned, it is an obvious consequence
of our analysis for small holes that (43) cannot be expected to lead to
solutions that become unbounded; in any case, the model would be
invalid if this were to occur. Fibre explosion can still be investigated,
however. The condition that h{(0) > 0 amounts to

U

Internal hole pressures greater than this may therefore be regarded as
leading to “hole expansion” where, for at least some part of the draw,
the internal hole is increased in size.
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It is of course not obvious how much expansion could be tolerated
before a fibre would actually explode but the expression (45) gives a
reasonable conservative criterion for such pressurisation. One might,
for example, guess that in practice fibre explosion would take place
whenever h; becomes so large that h; > hgo. The real value of (43),
however, is the clue that it gives to the sensitivity of the pressurised
drawing of a fibre. If we simplify (43) to read h; =0 or

Pg _ B _
hla: = hl (TC Be/L _ ﬁ') - Ge ﬂx/L’
then we see that the pressurisation term never contributes significantly
to the solution unless P > 1/2. Furthermore, if G > Bhio/2L, then
the solution is particularly sensitive to the level of hole pressurisation.
The “sensitivity parameter”

S = 2LG Ly
Bhio  phi1oUslog(Ua/Uy)
is thus the key parameter as far as the practicability of pressurised
fibre drawing is concerned. When S < 1 internal hole pressurisation

might be a valid experimental control mechanism: if S>> 1 then hole
pressurisation is simply not worth considering.

4.7. SOLUTIONS TO THE FULL PROBLEM

When inertia, gravity, surface tension and hole pressurisation are in-
cluded in (19)-(22) the equations must be solved numerically. Though
the numerical solution of the unsteady versions of the equations is a
fairly routine matter, our main interest is to analyse the steady-state
manufacturing process for capillaries. With time derivatives set equal
to zero, (19)—(22) constitute an ordinary differential equation two-point
boundary value problem which may be solved using standard library
routines. In particular, we implemented the NAG routine DO2HAF
which uses an efficient Runge-Kutta-Merson method (see, for exam-
ple [14]). Provided that a good estimate can be found for ug(0), this
method is reliable and accurate.

5. Stability of the drawing process
As far as the industrial process of drawing annular fibres is concerned,
the stability of the process is obviously a key issue. For instance, is the

process sensitive to small changes in the experimental equipment or
conditions? More importantly, is the process stable enough to suggest
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that long lengths of fibre or capillary with uniform structure can be
produced? Before considering the stability of capillary drawing, it is
helpful to consider first the case of solid fibres.

5.1. STABILITY FOR SOLID FIBRES

The simplest isothermal stability analysis for a solid fibre is easy to
carry out and has been addressed many times before (see, for example
[9], [25] or [29]). We briefly repeat the main points of the analysis for
convenience. Neglecting inertia, gravity and surface tension in (19) and
(21), setting hy = 0 and writing A(z,t) = mwh2(z,t), we find that the
time-dependent governing equations are

Ae+ (Aug)s =0, (Augg)s = 0. (46)
To examine stability we now set

ug = Uo(z)[1 + u(z)e”],
and

A= A@)[L + a(z)e”],

where Uy = Uy exp(Bz/L), Ag = Afexp(—pPz/L) are the steady-state
solutions, Ay is the initial fibre cross-sectional area and a, u and o are
complex. Assuming in the normal way that v and a are “small”, we
find that at first order

oa+UseP/L(d +u') =0, (47)

and
o + (%) (v +d') =0, (48)

the boundary conditions being a(0) = u(0) = u(L) = 0. On elimination
of u, we find that a satisfies

—Bz/L
“U d =0. (49)
i

all +

The solution of this equation that satisfies a(0) = 0 is

. oL . oLe~Bs/L
a=B [—EZ (1, —Bﬁf') + Ei (1, ——EE,T")] ; (50)

where B is an arbitrary constant and as usual the exponential integral
function Ei(n,z) is defined by

o] e—zt
Bi(n,z) = /1 —-dt.
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By integrating (48) from 0 to L and evaluating (47) at both 0 and L,
we find that a second boundary condition for (49) is given by

a'(L) — a'(0) + a(L) [-ﬁ?e_ﬂ - %] =0,
and applying this to (50) (having set £ = 0L/(BUy)) yields the condi-
tion :

efe”’ — et +[1 - te7P|[Bi(1,-¢) - Bi(1,—¢e#)] =0.  (51)

In any given fibre drawing experiment 3, Uy and L are given. The stabil-
ity problem therefore consists in establishing under what circumstances
the complex equation (51) possesses solutions for { with positive real
parts: these are the unstable cases. Some fairly routine numerical calcu-
lations show that as 3 increases from zero, (51) has a purely imaginary
root when 8 ~ 3.00651 and thus the celebrated “draw resonance” for
solid fibres occurs when U;/Uy ~ 20.21. In theory, this places a very
severe restriction on fibre drawing as draw ratios are normally a great
deal higher than 20. Of course, this simple analysis has ignored the
effects of gravity, inertia, temperature and surface tension. Numerical
studies for a solid fibre (see, for example [4], [11], [29] and [30]) show
that essentially (as might be expected) inertia and gravity stabilise the
process, but surface tension is a destabilising factor. Normally these
effects are rather small though, and this begs the question as to how (as
they routinely are) fibres can be manufactured with highly supercritical
draw ratios. The answer lies in the fact that, as already alluded to in
section 2, though ostensibly the draw speed is prescribed, in reality
some control of the force occurs owing to slippage at the exit winder.
Carrying out the same sort of analysis as above but with boundary
conditions

u(0) = Uy, A(0) = Af, A(L)uos(L) = Fa,

gives Uy = Usexp(xz), Ao = Ay exp(—xz) where x = Fy/A;Us. The
stability equation (49) becomes

' f

and the solution with a(0) = 0 is thus

o ge XZ
a=B|-Ei|l,-—— |+ Ei|1,- )
[ ( fo> ( xUy )]
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However, since in this case the boundary conditions are u(0) = 0,
a(0) = 0 and /(L) + x(w(L) + a(L)) = 0, we find that a’(0) = 0, the
problem is an initial value one and therefore no unstable modes exist.

5.2. STABILITY FOR CAPILLARY DRAWING

What of stability for capillary drawing? When inertia, gravity, surface
tension and internal hole pressurisation are ignored, simply adding (20)
to (21) shows that the equations that determine the stability of a
capillary are essentially identical to (46), save for the fact that once
the stability or otherwise of the draw has been established for a fibre of
given cross-sectional area, an extra equation is required to determine
the details of the evolution of disturbances to the inner and outer
fibre radii. Most of the conclusions of section 5.1 are thus identical
for capillaries. When surface tension and internal hole pressurisation
are added, however, matters are significantly complicated. Though we
have observed that surface tension destabilises a solid fibre, it is not
at all clear if this conclusion will still hold for a capillary. The role of
internal pressure in stability calculations is also opaque, though it secms
intuitively obvious that inertia and gravity will still act as stabilising
mechanisms. The numerical calculations that are required to confirm
these conjectures are of a routine but somewhat involved nature; we
therefore postpone them to a further study.

6. Comparisons with experiment

In order to test the model, some simple capillary drawing experiments
were performed. First, some preliminary draws were performed using
standard silica glass, and various amounts of hole pressurisation. Our
aim was to see whether the asymptotic results contained in section 4
were qualitatively accurate.

Figure 3 shows the results of two experiments. The preform consisted
of a large silica capillary (OD=20mm, ID=16mm) to whose inside wall
two small silica capillaries were attached. The initial attached capillary
inner and outer radii were h1g = 0.64mm and hgy = 0.8mm respectively.
The preform was drawn using a standard fibre drawing tower (described
more fully in section 6.1). Experiments were carried out at tempera-
tures of 1975°C and 2225°C. For both experiments the feed and draw
speeds were U = 2.6 x 10~5m/sec and U; = 1/6m/sec respectively and
the hot zone length was L = 0.03m. In each case pictured in figure 3,
the upper small capillary was maintained at a specified overpressure,
and the lower small capillary was unpressurised and therefore acted as
a control.
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Figure 3. Results from tests of active silica capillary pressurisation. Two small cap-
illaries attached to the wall of a larger tube are drawn using a standard fibre drawing
tower for a range of temperatures and overpressures. In each case the lower of the
two small capillaries is a control with no overpressure.

At a temperature of 1975°C, the control capillary remains open,
but has experienced a significant amount of collapse during the draw-
ing process. For the upper capillary in figure 3 with an overpressure
of 0.25p.s.i at this temperature, this collapse has been avoided. At
the somewhat larger overpressure of 0.5p.s.i. the upper capillary has
inflated dramatically, though it has not actually “exploded”.

When the temperature is raised to 2225°C, the control capillary
closes completely under the action of surface tension. The smallest
overpressure of 0.1p.s.i. is evidently insufficient to arrest the collapse of
the the upper capillary. When the overpressure is increased to 0.25p.s.i.,
the hole does not collapse though it is deformed significantly by the
action of surface tension. At the greatest overpressure of 0.8p.s.i. the
pressurised capillary has “exploded” and only its ragged edges remain.
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Consider now the results from subsections 4.5 and 4.6: in 4.5 we saw
that the critical pressure for fibre explosion was given by

_ 2UspBloga

Po= TleA_1)" (52)

Assuming that (in S.I units) the viscosity of the glass is given by the
Fulcher law (see, for example [1])

= 0.1 x 10~6:24+26900/(T+273)

where the temperature T is measured in degrees centigrade, and that
the surface tension of the glass is v = 0.3 N/m, (52) gives critical
explosion pressures of p, = 180.5Pa (T = 1975°C), p, = 11.5Pa (T =
2225°C). Evidently these values are far too low, since from figure (3) it
appears that fibre expansion (but no explosion) takes place at the lower
temperature, whereas fibre explosion takes place for some value of p,
between 0.25 and 0.8 p.s.i. (i.e. 1724-5516Pa). This disagreement is to
be expected since the asymptotics used to arrive at (52) ignored the
contracting effects of surface tension completely and should therefore
be expected to produce an underestimate of the critical pressure.

Let us now use the “small hole” theory of section 4.6 for comparison
purposes. We recall that the condition for collapse at z = L is given
by (44). When we solve (44) numerically to determine P (and thus p,)
using the experimental parameters described above, we find that p, =
167Pa~ 0.02p.s.i. when T = 1975°C, whilst p, = 498Pa~ 0.07p.s.i.
when T = 2225°C. These results are much more encouraging, for we see
from figure 3 that collapse almost takes place at the lower temperature
in the control capillary, while collapse takes place for p, = 0.1p.s.i.
~ 690Pa at the higher temperature.

As noted in section 4.6 it is harder to propose an “explosion” crite-
rion. It is interesting, however, to calculate the quantity

Do = h1o I

which is the condition that hy;(0) > 0. This is given by p, = 873Pa
for a temperature of 1975°C and 494Pa for a temperature of 2225°C.
Recalling the discussion of section 4.6, we expect fibre expansion and
subsequent explosion to take place for some hole pressure above these
values of p,, and this seems to agree qualitatively with the experimental
results. Finally, it is interesting to calculate the “sensitivity parameter”
S that was identified in section 4.6. We find that, for the lower of the
two temperatures, this has the value 1.15. This is order unity and so
some control might be expected to be possible and the fact that no

U
0 +ﬁu I3
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explosion or collapse took place during the experiment is consistent.
For the higher of the two temperatures, however, we find that the the
value of the sensitivity parameter is about S = 18. The conclusions of
section 4.6, namely that this should lead to severe sensitivity, are well
confirmed when we observe from the lower pictures in figure 3 that
there seems to be only a fraction of a p.s.i. separating conditions that
cause either complete collapse and explosion.

6.1. THEORY/EXPERIMENTAL COMPARISON FOR CAPILLARY SIZE

Some further experiments were then carried out with the aim allowing
a more detailed and quantitative comparison with the theory. For these
experiments, the silica capillary preform used had an outer diameter
(OD) of 28mm and an inner diameter (ID) of 24mm. The glass used
was Suprasil F300, a commercially—available high—quality low-impurity
grade of silica commonly used for the production of low-loss optical
fibres. Results from these experiments were described in more detail in
[8], and are reviewed here for completeness.

A graphite furnace was used to heat the preform in a commercially-
available 5m fibre Heathway drawing tower. The heating took place
over a 3cm “hot zone”. For the purposes of comparison, we will assume
that a constant temperature was maintained throughout this hot zone.
The preform, whose top end was open to the atmosphere so that no
internal hole pressurisation was present,.was fed into the furnace at a
constant feed speed and the final diameter of the drawn capillary was
measured using a laser diameter gauge positioned approximately 1m
below the furnace. The draw speed was controlled by passing the drawn
capillaries through a pair of wheels rotating at a set speed whose surface
is designed to avoid slippage. A schematic of the drawing arrangement
is given in figure 4.

A total of 24 experimental runs were carried out, during which the
feed speed was varied between 2 and 8 mm/min and the draw speed be-
tween 0.6 to 1.2m/min. Furnace temperatures of 1900, 1950 and 2000°C
were used. Once any particular combination of drawing conditions was
set, the process was allowed to stabilise before the final dimensions
of the drawn capillary were measured. Because the distance between
the drawing wheels and the neck-down region was relatively large, the
system took less time to stabilise at lower temperatures as a result of the
rapid increase of viscosity with reduced temperature. After drawing, the
OD of each capillary was measured both using the diameter gauge and
a micrometer. The final IDs were extracted from measurements made
using a standard optical microscope. The law of mass conservation
provided an extra check on the validity of the ID measurements; this
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furnace

gauge

drawing
wheels

Figure 4. Experimental drawing apparatus - schematic.

requires that, in steady state, the feed and draw volume fluxes should
be equal. The experimental results exhibited only small deviations from
this requirement, with a maximum error in volume flux of just over 5%;
however, the error was less than 2% for the majority of the experiments.
This indicates not only that the final capillary dimensions have been
measured accurately, but also that sufficient time has been allowed for
the process has stabilise.

After completion of the experimental programme, a comparison was
made with the theoretical predictions of (35) and (36). For comparison
purposes, we set £ = L = 3cm in (36) and used the known experimental
values for Uy, Uy, hio and hgg. The remaining required piece of infor-
mation, namely the ratios /4 at the furnace operating temperatures,
does not appear to be available for Suprasil F300. It is also the case that
while the three drawing temperatures are likely to be accurate relative
to each other, it is possible that they may suffer from an absolute
temperature offset by as much as 50°C. For each furnace temperature,
we therefore fitted the theoretical model to the experimental data by
choosing the parameter 7/ y; the relevant values for 1900°, 1950°C and
2000°C were 1.606 x 10~%m/sec, 3.847 x 10~®m/s and 1.116 x 107°
respectively.

The final measured outer diameters of the drawn capillaries are
shown (symbols) as a function of the draw speed Uy in figure 5. The the-
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Final outer diameter vs. Draw speed
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Figure 5. Experimental results (symbols) and theoretical predictions using (36)
(lines) for capillary outer diameters.

oretical predictions from (36) are indicated by lines. The corresponding
results for the inner capillary diameters are shown in figure 6. In each
case, the comparison between the theory and the experimental results is
striking, suggesting that the theoretical model is a powerful predictive
tool for capillary drawing.

Unsurprisingly, higher temperatures, smaller feed speeds or larger
draw speeds all lead to smaller final capillary dimensions. Note that
at larger feed speeds the final dimensions are more sensitive to the
draw speed than at smaller feed speeds. For the range of experimental
conditions considered here, the degree of capillary collapse is relatively
small in each case. (In the most extreme case the final ID/OD ratio was
0.74, compared to its initial value of 24/28 ~ 0.857.) Further analysis
of the data reveals that the degree of collapse is a strong function of
feed speed, with the greatest amount of collapse occurring at the lowest
feed speed, but is insensitive to draw speed.

7. Conclusions and discussion
In the above study we have been able to use asymptotic analysis to pro-

pose leading-order equations for the drawing of a capillary, the process
that provides the raw material for holey fibres. This may be regarded as
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Final inner diameter vs. Draw speed
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Figure 6. Experimental results (symbols) and theoretical predictions using (36)
(lines) for capillary inner diameters.

the first step towards a complete quantification of the process of draw-
ing arbitrary-shaped holey fibres. We have shown that our model gives
excellent agreement with a range of experimental data, which gives us
confidence in its powers as a predictive tool. As well as predictions in
the form of data, however, it also provides some practical guidelines
useful in the design and control of the manufacture of capillaries.

It would be useful ultimately to be able to predict the drawing pro-
cess for microstructured fibres with arbitrary cross-sectional profiles.
The asymptotic techniques outlined above signpost a route forward for
accomplishing this.

Another way in which the model could be refined would be to include
a more detailed model of the temperature and heating effects during
the process of drawing. Bearing in mind the number of complicated
transport processes that are involved and the difficulties of quantifying
them, however, this is likely to prove difficult. The model developed
above allows the inclusion of a known furnace temperature profile, and
this is a relatively simple parameter to measure.

It is worth making the point that detailed and rigorous comparison
of the theory with experimental results is greatly complicated by the
lack of suitable data regarding the surface tension and viscosity of glass.
Although well-fitting formulae are available for the viscosity of the more
common glasses as a function of temperature (see, for example {7]) there
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seems to be a general dearth of such data for higher quality glasses,
perhaps because such information is regarded as being proprietary. It
may prove difficult to test the theory severely if such values never
become available, though one valuable use of models such as the one
developed above is to independently determine crucial parameters such
as these. '
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