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Modeling the Fabrication of Hollow Fibers:
Capillary Drawing

Alistair D. Fitt, Kentaro Furusawa, Tanya M. Monro, and Colin P. Please

Abstract—A method for modeling the fabrication of small-scale further example of a microstructured fiber is the atom-guiding
hollow glass capillaries is developed. The model is based on anfiper [10]. In this latter example, metal electrodes are inserted
asymptotic analysis of the Navier-Stokes equations, which yields i, for holes in the fiber, and by running currents along these

a simple closed-form solution for this problem. We demonstrate . fi tential b tablished that th s t
the validity of this approach using experimental data and use it to wires, a magnetic potential can be establishe atthen acts to

make predictions for a range of regimes of interest for the develop- guide atoms down another hole in the center of the fiber.

ment of microstructured optical fiber technology. Microstructured fibers are produced by drawing a macro-
Index Terms—Mathematical modeling, optical fiber, optical Scopic preform (typically a few centimeters in diameter) down
fiber applications, optical fiber fabrication, optical fiber theory. into a fiber (typically 125:m in diameter) using a conventional

fiber-drawing tower. These preforms can be made in a variety
of ways, and the two most common approaches are described
briefly here. One method involves stacking small capillaries
HE past few years have seen the emergence of an impgfound a solid rod, which ultimately forms the fiber core.
tant new class of optical fiber, the holey or microstructhis approach is generally preferred when large air holes are
tured fiber. The transverse profile of a microstructured fib@equired in the final fiber structure. Alternatively, the required
contains an array of air holes that run along the fiber lengthrrangement of holes can be drilled directly in a solid glass
Holey or microstructured fibers guide light due to the effeglank. This works well when only a few well-separated holes
tive refractive index difference between the solid core and thge required, as, for example, in the case of atom-guiding fibers.
cladding, which is laced with air holes. These fibers may be Regardless of the method used to produced the preform, the
made from a single material, often pure silica; two examplgometry of the final fiber can be modified significantly by con-
are shown in Fig. 1. The effective index contrast can be a stropg|ling the parameters used in the drawing process, i.e., the tem-
function of wavelength of the light guided by the fiber. Thigerature of the furnace, the speed at which the preform is fed
is particularly striking when the structure scale is small, ango this furnace, and the draw speed. For example, when high
leads to a host of highly unusual and tailorable optical propertiggmperatures or low draw speeds are used, the air holes in the
[1]-[4]. For example, holey fibers with small holes can be eng¢4adding reduce in size and may even close completely because
lessly single-mode, regardless of the wavelength [1]. Dependiggsurface-tension effects. It is often desirable to take advantage
on the cladding configuration, such fibers can have mode-aig@this collapse process to tune the final size of the small air
values ranging over three orders of magnitude, and can displ@jes in the resulting structure during fabrication. In this way, a
anomalous dispersion throughout the visible spectrum. range of fibers with dramatically different optical properties can
The presence of air holes in such microstructured fibers opaRsproduced from a single preform. At the other extreme, large
up a vast new range of potential applications. These range fra@les are required to obtain tight mode confinement or full pho-
small mode area, highly nonlinear fibers for novel nonlineggnic bandgaps, and so it is desirable to avoid any collapse of
devices [4] to large mode area fibers for high-power deliveifie air holes.
[5], [3]. Different cladding structures may also allow dispersion Theoretical predictive studies of fiber drawing grew, for the
compensation [6] or dispersion flattening for wavelength diviyost part, out of theory that had already been developed for
sion multiplexing (WDM) telecommunications systems [7], [8lihe textile industry to model the spinning of molten threadlines
In addition, the presence of air holes may be directly exploitqgl]_[m]_ This general methodology was then adapted to
for applications in evanescent-field sensing [2]. optical fiber drawing. A great deal of the literature concerns
Another type of microstructured optical fiber is the photonigiper-drawing models that are essentially small perturbations
bandgap fiber. These fibers guide light by making use of thgout prescribed steady unidirectional extensional flows.
photonic bandgaps that can occur in a periodic structure [9]\rious studies have considered the additional effects of heat
transfer [15], surface tension [16], weak unsteadiness [12], and
Manuscript received May 22, 2001; revised August 9, 2001. This work w#ertia [13]. The effects of both gravity and inertia were in-
Suﬁpogedggtpzﬁdby 2 Rsyég Iiggi:fér%”iﬁ{ﬁ“ltfhieﬁiﬁ? F‘(?)']jomz*::]pémaﬁc Cluded in a general theory of slender viscous fibers of arbitrary
Studies: University of Séuthampton, Southampton SOl); 1BJ, UK. (e—ma(i:ll.'oSS section [17]. Fiber breaking has also been considered. In
adf@maths.soton.ac.uk; cpp@maths.soton.ac.uk). [18], Dewynneet al. proposed an asymptotic model of fiber
K. Furusawa and T. M. Monro are with the Optoelectronics Researﬁ}awing that was essentially similar to [16], but showed that,
‘kﬂg‘gg_S%?c',ffg_tﬁk?ftjn‘;“é“;?g’g‘zgh_ig_‘;‘ﬁfmpw” SOL7 189, UK. (eMaliness the initial conditions possess certain singularities, the
Publisher Item Identifier S 0733-8724(01)10198-2. cross-sectional area cannot be made to vanish in finite time.
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Fig. 1. Two typical silica holey fibers. The fibers on the left and right have core diameters of approximate 2r&%d 5¢m, respectively.

A number of purely numerical studies of optical-fiber
drawing have also been made (see, for example [19], [20], and
[21]). It does not appear, however, that any detailed theory
has yet been proposed for fibers that have a cross section con-
taining holes. The drawing of thin-walled viscous capillaries
was modeled in [22] and [23] (see also [24]), and [25] made
some basic estimates of the strength of hollow glass fibers for
use in reinforced plastics. Because the optical properties of
a microstructured fiber depend critically upon the sizes and
locations of the holes in the cladding, it is important to be able
to predict how the fabrication parameters influence the final
fiber cross section. In order to accomplish this, we develop
below a theoretical framework for investigating the drawing of
glass capillaries. Our analysis exploits the long thin geometry
of the draw region and may be applied to capillaries of arbitrary
dimensions. The fabrication of capillaries is an important ele-
ment of the manufacture of microstructured fibers, and, hence,
the established theoretical framework forms the foundation for
modeling the fabrication of more complex structures.

Il. MATHEMATICAL MODELING

To develop a mathematical model for the process of capillary
drawing that is capable of including effects such as surface ten-
sion, varying viscosity, and internal hole overpressure, we begg
from the incompressible Navier—Stokes equations (see, for ex
ample [21])

1
1
+ (prws)e + pg 1)

1
plwy + vw, +ww,) = —pr+ p <;(7’w)r>

r

X

2. Schematic diagram and nomenclature for capillary.

1925

In (1)—(3), derivatives are denoted by subscriptaneasures

the distance along the axis of a capillary, antheasures the
distance normal to it. The flow and the geometry have been as-
sumed to be axisymmetric, and are, therefore, independent of
the azimuthal anglé. The velocityg of the molten glass is de-
noted byg = ue, + we, wheree, ande, are unit vectors in
thex andr directions, respectively. A schematic diagram of the

+ (pwe)s + patr + 2w, (2)  9e0metry of the capillary is shown in Fig. 2.

1 The density of the glass is denotedbBecause glass density
Uz + ;(7’“’)1* =0. (3) is known to be only weakly dependent on temperature, incom-
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pressibility has been assumed and we have used the densitwioére the functiomi(z, £) is to be determined. To ordef, the
solidified glass throughout. Pressure is denoteg lgyis the ac- z-momentum equation is now

celeration due to gravity, and dynamic viscosity and surface ten- o _ Re

sion are denoted by and-, respectively. For simplicity, we as- 1e(toz + Uotioz) + Lz — Tr

sume that the furnace temperatdrés known, although it may
depend upon, and that the thinness of the fiber means that the
temperature (and, thus, the viscosity) is uniform over the crossd ther-momentum equation gives
section of a capillary. If this is not the case, then the analysis _

may be extended to take into account temperature variations in O=-F+np <;(7’w0)r>
a fairly obvious way; we do not pursue this further here. We also

neglect the temperature variation of batland~, because this erl'_Ch %'eldsf - O,bslo thgtfl’tllsla fur:jcgon otz antdtt) anne. f
is, typically, a very weak effect (see, for example, [26]). 0 close the problem, nitial conditions must be given for

We now assume that the inner and outer radii of the capilla? ch of the L_mknowns and we must specify kinematic, normal,
are denoted by — hy(z,t) andr = ho(x, t), respectively d tangential stress conditions on the two free boundaries.
- ) - ) 1 N

. ; The kinematic conditions amount simply to the fact that the
Thus, (1)—(3) apply in the regioh; < r < hy and must be S .
solved subject to suitable boundary and initial conditions, whiéﬁtél de}r:vatl\;e o;)etac_h bgundary gzer)o aththat l;oun_d:ary. Thus,
will be considered presently. (r — hi(z, ),)/ = (O +(g- V))(r = hi(z,t)) = 0on
r = hy(x,t) (i = 1,2), and, so, in nondimensional form, we
find that

1
= 2(ftt02)s + [ill0zs = —(1rtiar)r (4)

7

A. Asymptotic Analysis

=1

Itis now appropriate to nondimensionalize (1)—(3) to take ad- wWo = hig +Uohiz, atr =1y ®)

vantage of the small parameters that are present in the problem. wWo = hag + Uohoz, atT = ho. (6)

On settingz = Lz,r = hr,t = (L/U)t, v = Uu,w = |n practice, it is possible to influence the manufacture of cap-
(Uh/LY®,hy = hhy, ha = hho,p = pofi, andp = jjaries or optical fibers that contain holes by pressurizing the
(roUL/h?)p, where an overbar denotes a nondimensiongles. Therefore, we wish to include this possibility in our mod-
quantity andZL denotes a typical draw length (i.e., the distancsiing. The normal stress boundary conditions must, thus, include
over which the preform is heated by the furnadejienotes a poth the surface tension coefficientand the fiber hole pres-
typical drawn capillary sizel/ denotes a typical draw speedgyrep,,. Defining the nondimensional fiber hole pressure by
and;y denotes a typical glass viscosity, the equations beco% = (uoUL/h2)py, we see immediately that we must further

>

* Reluz + iz + Wiy write
1 €2 e’Re _ _ _
= — Pz + €2 (2fitiz )z + ~(pru)s + — (s )y + — PH = Pa + Do
e’ Re[iy + Wby + 0y whereg, is the nondimensional hole overpressure. This scaling

reflects the fact that, unless the fiber hole pressure is within

O(€?) of the ambient pressure, the capillary will either collapse
1 immediately or explode.

Uz + ;(7‘@)% =0 The normal stress boundary conditions may now be applied.

where the nondimensional parameternd the Reynolds and The nondimensional stress tensis given by
Froude numbers are given respectively by T U <—p/e2 + 20ty plg/e + ez )
h LUp U2 L\ jip/e+ efuvy  —p/e” +2fwy )
‘=7 Re = o Fr= gL If we now denote the unit outward-pointing normal to=
¢ = 1,2) by #n;, the nondimensional normal stress condi-

For the particular parameter regimes of interest in this StUJ%rSs are

the drawing length. is 3 cm, and a typical drawn capillary had cull Bl
an outside diameter (OD) of 1 mm. Thus~ 1/30, and we iT T ¢ T %,
therefore treat as a small parameter. We retain the gravity and 7h1L 7L6

inertia terms in the equations because they may be important LT, — YU _ Papoll ha

in specific regions of the flow, and their retention leaves the hoL Le2

analysis essentially unchanged. The leading-order equation¥/fiere a nondimensional surface tension coefficient has been
¢ are now satisfied by the obvioamsatz defined byy = pol/ey. We further assume that the tangential

stress on both of the fiber boundaries is zero. Thus; ferl, 2
8 Thi =0

atr = Bl

@ = 1o(Z, 1) + uy (7,7, ) + - - -

w = wo(Z, 7, ) + 2wy (z,7,5) + - ~ o .
P = ot EPE 7D+ at7 = h,, whereti.|s the reIevan.t.umt tangent vector. The
_ _ _ ~normal and tangential stress conditions may now be expanded
wherep,, denotes the nondimensional ambient pressure, deflr&g\:ording to thensatzfor , w, andp. With

by po = (poUL/h?)p,, and from (3) we have o (—1 T (—1)i+t

Flioy A fy = ————=(chiz,—1) t;, = ——=(1,ch;z)
Wo = ——, +; /14 e2hZ, /14 e2hZ
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we find that It is also worth pointing out that, for the furnace used in the ex-
Y piomm S _0. atr—h periments described below, the temperature in the hot zone was
hy + 2htor + po =0, AT = assumed to be constant so that the viscgsityas independent
of z.

El — P+ 2fwor =0, atF = ho
o _ _ _ = B. Solutions to the Steady-State Problem
2h1z(toz — Wor) — Woz = Tir, at7 =hy
Because we wish to address the manufacturing process for
capillaries, for the remainder of this study, we shall be con-
A closed system of equations may now be derived. We inteerned only with time-independent solutions to (14)—(16). If re-
grater times thexz-momentum (4) fron¥ = i, to ho to yield  quired, the full unsteady versions of the equations may be used
(ﬁ%—ﬁ%) _ Re to study both startup problems and the stability of the process.
E— Re(to+uotioz )+ Pr — Tr —2(jitioz )z + Miozz The time-independent versions of (14)—(16) constitute a or-
. L dinary differential equation two-point boundary value problem,
= (Ah2tur)g, —(ETir) |7, - () \which must, in general, be solved numerically. To do this, stan-

We may now evaluate the kinematic conditions (5) and (6) ftard library routines may be employed. We implemented the

2hoz(toz — Wor) — Woz = U1r, at7 = hy.

yield Numerical Algorithms Group, Ltd., (NAG) routine DO2HAF,
— —y _ which uses an efficient Runge—Kutta—Merson method (see, for
(h1); + (hito),, =24 ®)  example, [27)).
(h3); + (h3uo) , = 2A. (9)  Forthe particular capillaries that were drawn experimentally,

The normal and tangential stress boundary conditions, Whi?: wever, simplifications may be made, because the full gener-

: e o . . ality of (14)—(16) is not required. In particular, progress may
are to be applied at= h, andr = h, give, respectively be made by examining the orders of magnitude of each term in

I A S S (14). We find that the inertia and gravity terms on the left-hand
0= hq P+ < o E%) (10) side of (14) are unimportant. In addition, the nondimensional
Y A 24 ratio$ = vL/(uhU) is small for allz < L and for all exper-
0= T P+p <_“0w - h—§> imental conditions (wheré,{/ and L are defined at the start
Sugs A A yiioms of Section II-A). Thus, t_he flow is viscosity-dominated, and we
Uislpep, = 2h1z 5 * o+ ﬁ) - B—’” + 5 e (12) may, therefore, conveniently regard (14)—(16) as a regular per-
1 AL turbation problem in5. Solving the equations now becomes a
sl = 2hos <3u20m %) A h2710505@. (13) simple matter, and we find that
h2 ho 2 U )L 2,YL6,83:/L
The system is now closed, as (7), (8), (9), and (10)—(13) o = re + 3ufB(hao — hio)
comprise seven equations for the seven unknowns % |:e—,8m/2L 1+ (f) (1- 6—,3/2)} 17)
hi,ha, A, P o, u1,|;,, and ui.|;,. The equations may

be simplified a great deal. We regard (10) and (11) as linear By = hyoe—f/2L | yLe= 0/l
equations ford and P. Solving, and using (12) and (13) in (7), r= o 3uBUf(hao — hao)
we find that the equations that govern the drawing of a capillary g2
are, thus, (in redimensionalized form) X [(3’120 — h1o)(1 — ¢ )
P (h§ - hf) [UOt + UoUoe — 9] + <h1037> e,@m/?L(e—,ﬁ/Q _ 1)} (18)
= [3u(h3 — hT) uow +v(h1 + ha)] (14) L /
—Bz/L
(h%)t + (h%uo)m ho = thG_’meL + 3 3’[}}[46] ;
B Poh3h3 — vhiho(hy + h2) (15) 18U (h2o = hao)
N(hg - h’%) X |:(3h10 - hgo)(l - G’Bx/QL)
(13), + (W3uo), ,
x _
_ DohEh3 — yhiha(hy + ho) (16) + <%) e/l (e=F/2 — 1)} (19)
p(hi = hi) where
wherep, denotes the dimensional hole overpressufe- p,,.
In general, (14)—(16) must be solved given initial conditions B =In(Ua/Uy).

for hy(z), ha(z), andug(z), and subject to suitable boundar
conditions. For the experimental rig that was used, thgthnd
hy were known at the top of the furnage= 0, and the feed
speed/; and the draw spedd, were prescribed. The bounda
conditions are thus

Yo leading order, the temperature dependence in this problem,
therefore, appears only via the ratio of the surface tension to
the viscosity. Equations (17)—(19) can be used to predict the de-

rygree of collapse in the final structure, and suggest that this de-

pends only upon the ratio of the surface tension to the viscosity.
h1(0,t) = hio h2(0,%) = hao The perturbation solution (17)—(19) has the advantage that the
1u(0,t) = Uy uo(L,t) = Uy. phenomenological behavior of the solution is readily apparent.
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Fig. 3. Schematic diagram of experimental drawing apparatus. Draw speed, U, (m/min)
» M

However’ for more_general drawmg condltlpns where the pel’tlil;l’@. 4. Experimental results (symbols) and theoretical predictions using (19)
bation approximations may not be appropriate, the full boundaty drawn outer capillary diameter as functions of draw speed for a range of
value problem must be solved. furnace temperatures and feed speeds.

I1l. EXPERIMENTAL STUDY state, the feed and draw volume fluxes of glass are equal. Our

In order to check the validity of the model, we performe@xperimental results showed only small deviations from this re-
a simple capillary drawing experiment. This was done usingd&irement, with a maximum error in volume flux of just over
silica capillary tube with an OD of 28 mm and an inner diamet&2, although the error was less than 2% for the majority of
(ID) of 24 mm as the preform. The glass used was Suprasil Fsﬂj@ experiments. This indicates not Only that the final capil-
(Heraeus Amersil, Inc., Duluth, GA 30096), which is a commetfary dimensions had been measured accurately, but also that the
cially available high-quality low-impurity grade of silica that isProcess had stabilized sufficiently, prior to measurement.
commonly used for the production of low-loss optical fibers.  The final measured outer diameters of the drawn capillaries
The preform was heated using a graphite furnace inage shown (symbols) as a function of the draw spEgdor a
conventional commercially available 5-m-high fiber drawingange of feed speeds and furnace temperatures in Fig. 4. Fig. 5
tower (Heathway Limited, Wolverton Mill, Milton Keynes shows the corresponding final inner diameters. The basic trends
MK12 6LA, U.K.) over a 3-cm hot zone. The preform was feere unsurprising; for example, faster draw speeds, higher tem-
into the furnace at a constant speed, and the top end of the tpbeatures, and lower feed speeds all result in reduced capillary
was left open to the atmosphere. A laser-based diameter gaunger and outer dimensions.
was located approximately 1 m below the furnace exit, and thisThe theoretical predictions from (19) are indicated by solid
was used to monitor the final diameter of the capillary. Thiégnes in Figs. 4 and 5, and were calculated as follows. We set
draw speed was fixed by passing the drawn capillaries through= L = 3 cm in (19) and used the known experimental
a pair of wheels whose surface is designed to avoid slippagelues forUy, Uy, hi9, and hog. One further piece of infor-
A schematic diagram of the drawing arrangement is shownrmation, namely the ratios/;. at each furnace operating tem-
Fig. 3. peratures, is required. This does not appear to be available for
For the purposes of this study, 24 experimental runs were ctre grade of silica used in these experiments, namely, Suprasil
ried out. The feed spedd; was varied between 2 and 8 mm/minF300. Therefore, for each furnace temperature, we fitted the the-
the draw speelf,; was varied from 0.6 to 1.2 m/min, and furnaceretical model to the experimental data by choosing the param-
temperatureq” of 1900, 1950, and 2000C were used. Once eter~/u. The relevant values for 1900, 1950, and 20D@vere
any particular combination of drawing conditions was set, tHe606x10~¢ m/s, 3.84% 10~ m/s, and 1.11810~° m/s, re-
process was allowed to stabilize before the final dimensionsggdectively. These values are consistent with the conventional
the capillary were measured. Owing to the relatively large dipremise that, in this regime, the surface tension is a weak func-
tance between the drawing wheels and the neck-down region,tibe of temperature but the viscosity decreases exponentially
system stabilized more quickly at lower temperatures as a reswith increasing temperature (see, for example [26]). Although,
of the rapid increase of viscosity with reduced temperature. as noted previously, values for the required viscosity—surface
The final OD of each capillary was measured both using tlension ratio do not seem to be available, it is, nevertheless, pos-
diameter gauge and a micrometer, while the final IDs were esible to compare our fitted ratios with published data for vitreous
tracted from measurements made using an optical microscogiica found in [28]. From [28, pp. 226 and 641], we find, respec-
The validity of our ID measurements was also confirmed usirtiyely, that;. = 3.7 x 10* kg/m/s andy = 0.3 N/m at a temper-
the law of mass conservation, which requires that, in steadture of 2000C and, thusy/u ~ 8 x 10~¢, which is consistent



FITT et al. MODELING FABRICATION OF HOLLOW FIBERS 1929

a & ®U, = 1.2m/min exp(3/2) > 1, which corresponds to the practically relevant
- 0.5 FPO-GoMaRse _________ case of large draw ratio. Equations (18) and (19) become
L A E X A
g 3 L g °% —Bx/2L vL(—3hao + h1o(1 — /L))
E ; o hy=e hio +
= - : 318U (hao — hio)
% I y hy = o—F@/2L |:h20 " YL(=3h1o + h2o(1 — JC/L))}
E 2 3/1/3Uf(h20 — th)
;_a L
s " %Uf -8 and, defining the collapse rat©@ by
g L
g L -
g 1‘% o ¢ =1 Ml
! - “\A\“‘\A——% U <2 hioh2
B O T = 2000°C $ =
-A T = 1950°C [mm/min] so that total collapse occurs whéh= 1 but the preform geom-
ol X p=a1e00eC - etry is faithfully preserved whe@ = 0, we find, on using the
0.8 0.8 1 1.2 1.4 fact thaté < 1, that many simplifications occur and
Draw speed, U, (m/min)
C— L hio + hao (20)
Fig. 5. Experimental results (symbols) and theoretical predictions using (18) o NUf 111(Ud/Uf) hioh20

for drawn inner capillary diameter as functions of draw speed for a range of

furnace temperatures and feed speeds. The inset shows the drawn diameter_fatio . . L
for draw speed of 1.2 m/min for various furnace temperatures. IS expression allows us to interpret the sensitivity of the col-

lapse to the physical parameters in the problem. We note, first,
e{_hat (20) is independent af/ L to leading order. This indicates
t any collapse that does occur does so whea O(L/f3),
g in the upper part of the furnace. Over the remaining larger
F\rt of the furnace, although the fiber diameter reduces, the fiber
Given all of the uncertainties involved, this compares favorab cometry is nearly constant. This may seem counterlntum_ve be-
ith th | £ 123 keal/mol ai in 128 ause the surface tension forces that cause the collapse increase
WlThe i(;’ri::r; on betv?/?:er:?hg%eenolrr; E';m(}. the experimental z?_\es_the radius of the capillary decreases. Although this is indeed

sults is striking, suggesting that the theoretical model is a posc—)’ the applied tension induced by the drawing process causes

o . ) X e viscous forces to increase more rapidly with decreasing cap-
erful predictive tool for capillary drawing. Essentially, the 4 . . S :
X NS . illary size, so that the influence of surface tension is most sig-
experimental points in Figs. 4 and 5 have been theoretically re: . .
: . nificant where the capillary has the largest diameter.
produced using only three fitting parameters. It should be noted

that the fact that the experimental measurements exhibited OEOther manufacturing conclusions may also be drawn from

with our fitted value. It is also possible to carry out a calcul
tion to determine the activation energy of the viscosity, based

our three data points. Assuming that the surface tension is cb
stant, we find activation energies in the range 129-165 kcal/mB

. ). In particularC depends on the draw and feed speeds only
small departures from the requirements of mass conservatjon . 1 X
. ; . rough the quantityUy In(U,/Us))~*, and, hence, is much
means that, effectively, the inner and outer diameters are not o
) ' more sensitive to feed speed than draw speed. As far as the ge-
truly independent. We conclude that, for a fixed temperatur(t;:t,netr is concerned” depends only upon the quantit
the theory is particularly good at predicting capillary diameter y P yup g y
as a function of both draw and feed speed. 1 h
The inset in Fig. 5 shows that the experiments were not ge- . <1 + #)
ometry-preserving, and some collapse occurred from the orig- '10 '20
inal diameter ratio o4/28 = 0.857. The amount of collapse , " . .
and is, therefore, much more sensitive to the preform inner di-

was relatively small. Although experiments with larger COll""psaemeterhm than to its initial wall thickness ratio as characterized

ratios can be performed, they are harder to control and more, Jhao, which can lie only in the range < Ay /hao < 1
10 20, >~ 1t10 20 > 4.

sensitive to the drawing conditions. This, of course, is one ?he hot-zone lengtL is dictated by the furnace design, and

the prime reasons for developing a theoretical modeling ca 30) shows that the collapse depends linearly upofihe col-
bility, as this provides insight into the sensitivity of the collaps : : . " i
apse is, therefore, relatively insensitive to the hot-zone length.

as a function of the control parameters. The collapse also depends upon the furnace temperature, which
manifests itself via the ratig/. in (20). Our results above indi-
cate that for Suprasil F300, a temperature change of@08-

In Section Ill, we have shown that the theoretical predictiorslts in-y /. changing by a factor of about 10; this behavior can
for capillary drawing agree well with the experimental resultfe taken to be typical for similar silica materials. We conclude
The theoretical methods developed here may now be usedhat relatively modest temperature changes of arouA@ hday
examine further aspects of the manufacturing process. For exaterially affect the collapse ratio.
ample, let us consider how (17)—(19) may be used to predictlt is tempting to use (18) to predict when pinch-off will occur
the degree to which the hole collapses during drawing. We camd the hole in the drawn fiber will vanish completely. Still
sider the case whem = O(L) and make the approximationassuming thatxp 5/2 > 1, we find that the condition for

IV. DISCUSSION ANDMANUFACTURING |IMPLICATIONS



1930

pinch-off to occur at some position befare= L (i.e., in the
furnace) becomes

Nhlo(hQO — hlo)lff 111([/21/[/}) < ’thgo. (21)

Although (21) is not strictly valid, owing to the nonuniformity
of the smallé expansion in this limiting case, in many circum-
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(4]

(5]

(6]

stances, it may be expected to give practical insight into when!”]

pinch-off occurs.

J. K. Ranka, R. S. Windeler, and A. J. Stentz, “Optical properties of
high-delta air-silica microstructure optical fiber&Dpt. Lett, vol. 25,

pp. 796—-798, 2000.

J. C. Knight, T. A. Birks, R. F. Cregan, P. St. J. Russell, and J. P. de
Sandro, “Large mode area photonic crystal fib&léctron. Lett. vol.

34, pp. 1347-1348, June 25, 1998.

T. A. Birks, D. Mogilevtsev, J. C. Knight, and P. S. Russell, “Disper-
sion compensation using single-material fibetfEEE Photon. Technol.
Lett, vol. 11, pp. 674-676, June 1999.

T. M. Monro, D. J. Richardson, and N. G. R. Broderick, “Efficient mod-
eling of holey fibers,” presented at the OFC’99, San Diego, CA, Feb.
21-26, 1999. Paper FG3.

Another fabrication regime of practical interest concerns the[8] A. Ferrando, E. Silvestre, J. J. Miret, and P. Andres, “Nearly zero ultra-

manufacture of fibers in which the preform geometry is pre-
served. In such cases, the quantityin (20) should be small

[9]

and the asymptotic approximations are, consequently, particu-
larly accurate. This may be accomplished by using a short hoEO]
zone, a low temperature, a high feed speed, a large inner diarjn-

eter, or any combination of these.

V. CONCLUSION

[11]

An asymptotic fluid mechanics model has been posed for thﬁz]
drawing of capillaries. The theory not only gives good agree-
ment with experiment, but suggests a number of both qualitdd3]

tive and quantitative conclusions about the process of capillar
drawing that are practically relevant to holey fiber manufacture

Ma

Space does not permit a full discussion of a number of ways ifi5]

which the model may easily be refined. In any case, (14)—(16
are relevant not only for capillary manufacture but also for

16]

wide range of other practical circumstances. In other regimeg7)
(for example, pressurized holes), different terms in the gov-
erning equations become important and different asymptotif18
limits may be analyzed. The model is also readily applicable to
drawing processes involving other materials such as compourite]

glasses (see, for example [29]).

At present, the theory applies only to the case where ongo
symmetrically placed circular hole is present. The analysis may
readily be extended to investigate the stability of symmetric cap-
illary drawing, as well as to investigate the effect of any slightj>1;

asymmetries that may be present in the initial preform.

For geometries in which multiple holes are present, as in
holey fiber, the lack of circular symmetry renders the analysi

more complicated. In such cases, the general methodology first
set out in [30] may be employed. The details of the applicatiori23]
of this approach to practical structures will be explained in a

future study.
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