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Mathematical modeling of the self-pressurizing
mechanism for microstructured fiber drawing

Christopher J. Voyce, Alistair D. Fitt, John R. Hayes, andygaM. Monro

Abstract—A method is proposed for modeling the self- two ways. Either an overpressure can be applied to the top
pressurization of optical fibers that are sealed before drammg. of the preform, thus maintaining the holes at an elevated
The model is solved numerically and the results compared pressure [2], [3], or the tubes may be “sealed”. Sealingtisrof

with experimental results. An explanation of the mechanismis th thod of choice b it i imole t i
presented and a numerical investigation is undertaken to ofimize € metnhod or choice because It IS more simple 1o execute

the choice of experimental parameters to minimize the tranient €Xperimentally and has been found to work surprisingly well
effects of sealed preform drawing. Unfortunately, when capillary tubes are sealed, the dralar fi

Index Terms— Mathematical modeling, optical fiber, optical €Xhibits an inner-diameter that gradually changes witetif
fiber applications, optical fiber fabrication, optical fiber theory, is observed that the inner-radius gradually increasesesfgtbr
pressure effects. is drawn before later decreasing. No significant changeen th

outer diameter is observed since conservation of massresqui
|. INTRODUCTION that any change in outer diameter is an order of magnitude

ICROSTRUCTURED optical fibers (MOFs) are man_smallerthan changes in the inner diameter. The effect &lgle
M ufactured by heating a macroscopic structured preforgHe.tO a gradual increase and then decrease_ in the overyaressu
(typically a few centimetres in diameter), and drawing itwto \t’;'tg'n r:.i 2:er?;?élbtwsngﬁaet§mpt has previously been made
to the required dimensions (typically 12% in diameter). In xpiain o : . . ' . .
the case of silica MOFs, preforms are often manufactured b Tr_]ere ex'$t numerous studies OT optlcal—flper drawing, in-
stacking capillary tubes inside a larger capillary tubesring ctuding studies related to the drawing of capillary tubese(s

a hexagonal pattern of holes. The presence of air holes in gﬂé example, [2], [3], [4].' [51. [6], [.7])' In this paper we
cross-section presents both challenges and opportufiities evelop a model to describe the sealing process and prhdict t

the fabrication of these fibers. Competition between viisk;zosChar""CteriStiCS of the evolution in the fiber geometry dythe

and surface tension effects can alter the size and shape quhaw. We compare predictions of the model with experimental

holes during the drawing process, and in extreme cases hr(ﬁgults, and suggest a strategy for minimizing such pressur
closure can oceur ’ and geometry fluctuations.

The fabrication of structured preforms is one of the most The remainder of the paper is organized as followsjlin

labor intensive parts of the manufacturing process and'ff c_iescrlbe the experlm_ental sealing proc_:e_ss@lirA we
is often desirable to produce a number of different fib&Stail the model assumptions, before describing the mardel i
profiles from a single preform by altering the conditions end $!!!- We give experimental and numerical results§iv and

which the fiber is drawn. For this reason predictive modelir\lg/SCUSSIon the effec:]s gf one of the aisumptlr?ngl\th. In_”
capabilities are crucial, as is the ability to understand a we suggest methods to improve the method of capillary

control undesirable effects such as the change of holeeshaﬁeallng before concluding V1.
and the closure of interstitial holes.

For many MOFs it is important to be able to collapse Il. THE SEALING PROCESS
interstitial holes, and gaps between the outer (largerijlaap

and the inner (smaller) capillaries. Since surface tenais A capillary tube significantly longer than the furnace is

I§galed at one end, and placed in the furnace with the sealed en

more on the inner capillaries than on the outer tube, t ) :

. o . uppermost, leaving much of the preform protruding from the

inner capillaries suffer a greater degree of collapse owidia . e
furnace (see Fig. 1). As the furnace temperature is incdease

[1]. The collapse of interstitial holes can be achieved b . N
ressurizing the inner capillaries, allowing the inneritagpes the “drop temperature” of the glass, the furnace and glass
P ' are in thermal equilibrium. However, the portion of tube

to be fitted to the outer tube, thus preserving the preform

- - . rotruding from the furnace is at a much lower temperature
structure. Pressurizing the capillaries can be accongaish b ) - C
9 P than the furnace. Conduction and radiation are both sigmific

Manuscript received January 20, 2002; revised Novembe0@&2. sources of heating and the temperature of the tube above the
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ey € scaledend (2) the temperature of the glass is known for the large portio

. outside the furnace and the draw does not commence until
|, R e thermal equilibrium is achieved.
v (3) the air within the capillary tube is assumed to be in
furnace thermal equilibrium with the glass throughout.
(4) the temperature profile of the glass is assumed (a) to vary

linearly with distance and (b) not to depend on time.

[ . Sl ciomercr guge (5) whilst the temperature of the glass varies inside the fur
nace, the viscosity of the glass will be assumed constant
in this region (including the correct variable viscosity
introduces numerical difficulties but does not significantl
alter the predictions).

(6) the effects of surface tension are negligible.

IIl. M ODELING

A schematic diagram of the capillary geometry is shown
in Fig. 1. To develop a mathematical model for the process
of capillary drawing that is capable of including the efieof
internal hole pressurization, surface tension, gravityiaertia
as well as the effects of preform rotation we begin with the
Navier-Stokes equations using cylindrical coordinategneh
the glass viscosity is assumed a function of both axial and
radial position.

We non-dimensionalize the governing equations, and sim-
Ftigt-hl-t (Uﬁpgr) Schen:ﬁ;ﬂccgftxperimegtal Set-élp-lA?aMI:alft&ig Sea'jfd plify them by taking advantage of the slender preform ge-
?he peref%?r’n er'neﬁ[s)e;ng is ((jerav(;n?tmh’e E:Sbepi?\iiseily S(‘:I(Z)\geysler;r(;ne acct:iedn osf Ome”_y This _a”(_)W_S_ the equations J_[O be_ SOIVed_ n _C_Iosed'
surface tension. A quasi-steady state is the reached anfibtireis drawn. form in certain limiting cases (e.g. ignoring gravity, itiar
The capillary tube radius and pressure then slowly vary Wiitte. (Lower) and surface tension, see [7]). We apply the same simplifying
Problem geometry. approximations to the physical boundary conditions, befor

finally deriving a closed system of “leading-order” equaso

(at the bottom) under the effects of surface tension. This ighat describe the drawing of rotating preforms. The freaar
transient effect that is normally referred to as “the drofy”. ©ters in the model include (i) the glass viscosity (detegdin
quasi-steady fiber diameter is then obtained. The volume R the glass properties and the furnace temperature prgfije)
glass and gas lost from the tube by the initial part of the, pufl1® Surface tension, (iii) the length of the drawing furnaek

which serves to close the hole, is not significant and will g8€ initial preform geometry (i.e. inner and outer diams)er
assumed negligible. and v) the feeding and drawing speeds.

The pull never reaches an exact steady-state (only a quasi-
steady state, where we may ignore the time dependence in th&he final equations are given by
governing equations and simply allow all dependent vagisbl
to depend on time) because air is being removed from the p(h3 — h3)(wor + wowo, — g) = {3u(h§ — h)wo.
capillary tube at the end of the furnace, thus modifying the P4 R
ratio of glass to air. Furthermore, as the fiber is drawn the +7(h1+h2) + 7 (hy —hy)B L
capillary tube is lowered into the furnace, increasing the
average temperature of the air in the tube. It will be shown(h?)s + (h3wo).

that these effects combine to give a continually changing_ hiha [2pohihs — 2v(hi + ha) + ph1ha B2 (h3 — h3)]

1)

pressure inside the capillary tube, resulting in changdibar ou(h2 — 12 )
n(h3 — hi)
geometry. @)
A. Model assumptions (h3): + (h3wp).
We assume that: _ hihy [2poh1ha — 2v(h1 4 ha) + phiha B*(h3 — h?)]
(1) the mass of glass and gas lost in the initial drop are 2u(h3 — h?) ’

negligible and may be ignored. 3)



TABLE |

those of surface tension (see [3] and [7] for details of haw th

NOTATION . .
affects the solutions) and preform rotation, (1)—(4) beeom
—_ 2 2 —
Symbol  Definition [(h3 — h)w.] . =0 (6)
h2h3p
2 __P1702P0
¢ me (o)== g —nay @
z distance along capillary axis h2h2
r distance perpendicular to axis (h2w ) _ 12D0 (8)
p hole pressure 270)z w(h3 — h2)’
Pa atmospheric pressure
PO hole overpressure (pressure over atmospheric) and may be solved by eliminatir‘@2 _ h2) and soIving to
g acceleration due to gravity . o82/L . .
P density give wy = Wy . We are then_ left with equations for,
R ideal gas constant and h;. Since we are principally interested in the volume of
I ‘s"usr‘;gsgytension air enclosed within the capillary it is helpful to know hdw
Z furnace length varies withz as a function of overpressure, which is given by
T temperature
B angular frequency B2W;zeB=/L{po[2)e—B=/L
Bo preform angular frequency (hgo - h%o) exXp | — (v L #ngPLO Je
wo leading-order downstream fluid velocity he = h
w feeding speed for preform L= 1o L Le—P=/L
f : - h,exp [ — L& — h2 exp [ R

Wy drawing speed for fiber 20 €XP nBWy 10 uBWy
ho outer radius
h1 inner radius
hag initial outer preform radius
Zlo 'l”'“?"/['/”r}%[/p)reform radius We assume a quasi-steady solution farby settingp, =

og (Wy . . . . .
L length of pr{;form above furnace at tine= 0 po(t) in (9) and calculate the variation in pressure with time

Zmin

length of preform above furnace at time

as the preform is lowered into the furnace, before usingd9) t

Trin temperature at the top of the capillary (estimated)

predict the time-dependence of the fiber inner-radius.
Trmazx peak furnace temperature

p[h3(h3B), — h3(h3B):] + pwo [h3(h3B). — h3(h?B).] A. Pressure calculation

+ LpoBR3ng - M(}h + h2)

H The temperaturel’(z) is considered known within the
furnace [9] but must be estimated for the remainder of the
capillary tube (the part that protrudes from the top of the

(4) furnace). The top of the capillary tube is locateckat —L;
for t = 0 and moves with speeld/;.

233h2h2
_|_P 1/t

L 0 1) = w04 — W)

z

and the boundary conditions are given by

h1(0) = hig,  h2(0) = hao, wo(0) = Wy,

We assume that the air inside the capillary tube is an ideal

wo(L) =Wy, B(0)= By, B(L)=0, (5) 9as obeying the ideal-gas law

where all notation is defined in Table |. Subscripts denote
differentiation.

p = pRT, (10)
where R is the universal gas constant.

Equations (1)—(4) are a system of partial differential equa L i o
tions. The accompanying boundary conditions pose a two-1he total mass of air inside the capillary tube is given by
point boundary value problem that must be solved numeyicall 0 L
We employ standard library routines by implementing the / mhio p(2,t) dz+/ mhi(z,t)p(z,t) dz
NAG routine DO2HAF [8], which uses an efficient Runge- i 0 (12)
Kutta-Merson method. It is not our intention here to discuss +/ 7h2(L, 1) p(L, ') Wy dt,
the equations above, and instead refer the reader to \&yce 0
al. [7] for a full derivation and discussion. Equations (1)—(4\)\/herez .
give an expression fde; in terms ofp, that, together with the e
sealing model, will be used to predict the time dependence
po and hencé;.

= —L;+ Wyt denotes the top of the capillary tube.
Tt?e first term in (11) represents the mass of gas in the part
&'the preform above the furnace. The second term represents
the mass of gas in the furnace. The third term accounts for
the mass of gas that leaves the system and becomes trapped

Considering only the steady-state version of these equatian the fiber. This is determined by the density of gas, the draw
and ignoring the effects of gravity, the inertial-forcenteand speed and the fiber radius at= L.



Since the total mass of gas is constant we find, using (1@jjuation forp,(t) that must be solved numerically. Having

that determinedpy(¢), h1(L,t) may be calculated from (9).
o (1" o pt) Eoa p(t)
(1) IV. COMPARISON WITH EXPERIMENT
h2(L,t =
+7T 1( ) )RT(L)Wd 07

(12) Experiments were conducted at the Optoelectronics Re-
which, on writing p(t) = po(t) + p. Where p, denotes search Centre, University of Southampton, U.K. We directly

atmospheric pressure, gives compare the results of an experiment with numerical predic-
o tions made by the model. The experiments described below
9 B2 / (po(t) + pa) da used silica glass, but the methodology and analysis is -appli
ot ). T(2) cable to all glasses.
L[ RED@®) +ra) (13) o ,
o T(z) < The initial dimensions of the capillary tube were chosen
so that the effects of surface tension could be minimized
+h2(L,t) de -0 (i.e. a largeho and hoy Were chosen). A temperature dis-
T(L) tribution for the glass was determined by assuming a linear

profile and 7T,,,;, = 1460C. The preform extended above

Lo . . the furnace withL, = 0.8m. Other experimental parameters
Substituting in the expression (9) fdri(z,t) gives an were hip — 0.95cm, hao — 1.25¢m, W; — 1.5mm/minute,

equation forpo(t). Oncepy ) is determined, (9) may be usedW = 15m/minute andl’,,,, = 1840C. The capillary was fed
to determine the manner in whidh (L, ¢) varies with time. . ¢ maw '
into the furnace at the prescribed speed, and the pressdre an

Since (9) was obtained by solving (1)—(5) and assuming_. : : .
steady-state process, the methodology employed here assuf!%er geometry were continually monitored by sampling the

that the timescales in (1)—(4) are much smaller than than- at regular intervals of time.

the timescale for the change of(¢) and hi(L,t) in (13);

equivalent to a quasi-steady analysis. Numerical simulations that calculatg(¢) from (14) were
performed using the parameter values given above. From this

An inspection of (13) reveals that the second term wiﬁlfml (9) was used to compute the inner radiugl, ¢).

always be much smaller than the first becatlige”) > T'(2)
wherez,i, < 2’ < 0and0 < z” < L, andhy(2)/h1p < 1 Numerical and experimental results for béth(t) andpo(¢)
when0 < z < L. Furthermore, sincéz,,.;,| is always much are shown in Figs. 2 and 3. In both cases a spline fit has been
smaller thanL (the capillary tube is never quite pushed fullyapplied to the data. Given the fact that the temperature-dist
into the furnace in practice), we may ignore the second tefpation of the capillary tube outside of the furnace has been
since it is always at least a factor &f/ |z,,:,| < 1 smaller crudely estimated, the temperature distribution in thedge
than the first. This leaves an equation fgrgiven by was assumed linear, and that the effects of surface tenaign h
0 been ignored in this model, the qualitative agreement bertwe
h%og / (po() + pa) dz+h3(L,t) wwd = 0. experimental and numerical results is good. The form of both
Ot Jzin T(z) T(L) (14) the pressure curve and the inner fiber-radius curve have the
required shape: a more detailed examination of Figs. 2 and 3

is presented irgIV-A.
The functionT(z) is assumed to be given by

(Tmln Tmam)z , (15)
L A. Explanation of the success of sealing
whereT,,;, andT,,.. are the temperature at the top of the
capillary tube at the start of the experiment and the peak ) ) )
furnace temperature respectively. Finally, we assumettiet Controlling hole size or preventing hole closure through

viscosity of Suprasil F300 glass [6] is given by hole pressurization may be accompli_shed either by directly
515400 > applying an overpressure or by sealing the preform before

drawing. The sealing method is often chosen since experi-
8.3145(Tonar — 273) 4 2271.10567 mentalists observe that it “automatically” prevents hdtesare
whereT,,... is now given in units ofC' and the viscosity is and maintains hole sizes whereas the direct applicatiomof a
expressed in units of Poise. overpressure is sensitive to the pressure applied [3].

T(2) = Trmas —

uw="58x10"%exp <

When (15) is used in (14) and the resulting equation simpli- The model developed in this paper provides a possible
fied, we arrive at a first-order non-linear ordinary diffaiah explanation of this observation. The rate at which the pness
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the hole would reopen and equilibrium would eventually be
established between hole size and overpressure.

The shape of the curves in Figs. 2 and 3 may therefore be
interpreted in the following way: at the start of the drawing
process much of the preform is above the furnace and at a
lower temperature than the furnace. As the fiber is drawn and
the preform is lowered into the furnace, the dominant effect
is that of an increased average temperature for the airdnsid
the preform, giving rise to both an increased overpressude a
an increased fiber radius (see (9)). However as time proceeds
the increase in average temperature per unit length of prefo
lowered into the furnace reduces. This allows the effectirof a
removal atz = L to dominate, and the pressure thus begins
to decrease, as does the fiber radius.

Fig. 2. Graphs to show the experimental (broken line) anderigal (solid
line) results forpo(t). (Parameter valuedV, = 2.5 x 1072, Wy = 2.5 x

10-1, hoo = 1.25 % 10-2, hyop = 9.50 x 10-3, L; = 8 x 10— 1, T, = If the mechanism described above is correct, then as the feed

1460, Tmaz = 1840. S.1. units are assumed.)

speed is decreased to zero one would expect that the increase
in pressure obtained through sealing would be significantly
reduced (see upper graph of Fig. 4) and that as the feed speed

100? /;'— —————————— is increased to large values the pressure inside the preform
sok - rises dramatically (see lower graph of Fig. 4).
€ I
2 i
g 6or
B 0.4r
T 40 !
§ ! __ 03}
= 20r g I
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Fig. 3. Graphs to show the experimental (broken line) anderigal (solid
line) results forhy(L,t). (Parameter valuesiV; = 2.5 x 1075, Wy =
2.5 x 1071, hog = 1.25 x 1072, hyg = 9.50 x 1073, L; = 8 x 1071,
Tmin = 1460, Tiaz = 1840. S.I. units are assumed.)

increases as the fiber is drawn depends on a balance of two
effects. (i) As the preform is lowered into the furnace, the
gas within heats up, thus increasing the overpressureAgii)

the fiber is drawn, gas leaving the system at the bottom of
the furnace becomes trapped in the fiber, which has the effect
of counteracting the effect of the mechanism (i) and redycin
the preform overpressure. To give an illustrative examgle o
the feedback mechanism, suppose that surface tension were
to completely close the hole (this does not happen in prctic
precisely because of this feedback mechanism). Glass ¢out n
air) would leave the furnace at = L. As the preform is
gradually lowered into the furnace, the volume of air within

the furnace region would remain constant and its averal (%'Jt?dns

Pressure (Pa)
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Graphs to show effect of extremes in feed speed on theerical
forpo(t), whereW; = 1.67 x 10~8 (upper) andW; = 1.67 x

temperature would increase, whilst the volume of glass @oulyp—4 (jower). (Other parameter valuest; = 2.5 x 101, hoo = 1.25 x
decrease (the length of the tube decreases). Consequeritly, hio = 9.50x 1073, L; = 8 x 10~ ", Tmin = 1200, Timaz = 1840.
the overpressure would increase until it was large enoughd Units are assumed.)

overcome the effects of surface tensiorrat L. At this point



B. The effects of surface tension to increase the rate at which air is removed from the preform-
furnace system, thus decreasing the steady-state pressure

the preform and the fiber radius at= L.
As currently posed, the model neglects the effects of sarfac

tension. Including surface tension in the model and periiogm
a regular perturbation i gives (see [6])

(L) = W@\ [ haoet 40|
( ): hwe 2004 (1)

h2(L -2 . ) i i
(L) hiwe™2 +4 We now investigate how best to prescribe experimental
where1) is given by parameters in order to maximize the “flat” portion of the

5 5 5 curves in Fig. 2, thus minimizing the time-fluctuations irefib
yLe™? [(31110 — hao) (1 - ef) + hioe? (e’f - 1)} geometry.

V. OPTIMIZATION

’L/] =
35Wf (hgo - h%o)
Thus, when surface tension is ignored we have Numerical simulations confirm that there is more than one
) ) ) ) way to flatten the (e.g. pressure) curve, such that a moréestab
(hz(L) - hl(L)) _ hy —hip. (17) fiber geometry resuits for a longer time. Increasing the tleng
hi(L) h, of the capillary protruding from the furnace (increasihg)

flattens the pressure curve and vica versa. This can be seen

] by comparing the graphs of Fig. 5. A similar effect may
If the difference between (16) where surface tension i§so pe accomplished by increasing the temperature of the

included and (17) (where = 0) is greater than zero, less Masgop of the capillary, as can be seen by comparing the solid
will leave when surface tension effects are accounted fat, gjjnes of Figs. 5 and 6. The explanation of these effects is
vice versa. Conse_quen.tly the hole overpressure is exp&n:te_qhat increasing the length of the capillary tube allows any
be larger at any given time when the effects of surface tensig,crease or decrease in volume fraction of air in the capilla

are included if to be averaged over a greater volume, thus reducing thet effec
h3(L) — h3(L) h3, — h3, 0 18 " the pressure. Similarly, by decreasing the difference in

( h?(L) ) h%, -9 (18) temperature between the top of the capillary and the furnace

. the expansion of gas that occurs as the preform is lowered int

or equivalently when the furnace is reduced and the transient effect on the pessu
yLeP [(3h10_h20)(1_e§>+hwe§ ((5—1)] is therefore minimized. We therefore suggest that reducing

_8
2

haope™2 + AW (W22 the temperature gradient in the capillary and/or incrensin
» N a7 3 > 0. the length of capillary used will produce a more stable fiber
hioe™ % + e [(tho_h2°)<l_62>+h1062 (e g *)] geometry in MOF manufacture. We note that increasing the

36W; (h3o—hio) (19) temperature is likely to be the most practical solution sinc
preform material is expensive, and increasing the length of
the preform has the disadvantage of increasing the rise-tim
Setting Wy = 1.5mm/minute,W, = 15m/minute, k2o = to reach maximal pressure, as seen in Fig. 5. Finally, we note
1.25cm, hip = 0.95cm and using the given viscosity lawthat in the extreme case where the temperature-at—L; is
and temperature distribution, (19) gives a value of 0.04s Thowered significantly, the pressure may increase dranilgtica
suggests that we should expect to observe a larger pressiire(&ig. 7, solid line) and when the temperature is increaseal to
smaller value ofh (L) than our model predicts. This is nottemperature higher than the furnace temperature, theyeess
observed experimentally and therefore the effects of SBl’fa(above atmospheric) in the preform actually becomes negati
tension do not seem to account for the difference betwegrlg. 7, broken line).
model predictions and experimental results.

Since it has already been shown that fiber geometry is VI. CONCLUSION
particularly sensitive to the temperature profile of thesgl],
the most likely cause of the discrepancy between experahent
and numerical results in an inadequate knowledge of thesglasA model was developed to describe the time-fluctuating
temperature profile, both within and outside of the furnacpressure and fiber geometry observed when sealed capillary
We further note that the temperature profile of the prefortubes are drawn to fiber form. Numerical solutions to the
outside the furnace may change as the preform is lowereguations compared favorably with experimental data, es-
into the furnace and heat transfer processes are modified. Ipecially given the large uncertainties in quantities sush a
possible that a steady-state draw process was not achievedtie temperature profile of the preform above the furnace.
the early part of the experiment. Additionally, it is podsithat It is anticipated that once the uncertainties in experimlent
as the glass in the drawn fiber cools and the overpressurejirantities are reduced, this model will provide an accurate
the fiber decreases, the induced pressure gradient is enffictool for developing a method to control the size of extremely



300}
250}
200}
150}

Pressure (Pa)

100}
50}

0 10 20 30 40 50
Time (minutes)

Fig. 5. Graph to show numerical solutions designed to mirgmpio (t)
and h1:(L,t) where L; = 8 x 10~ (solid line), L; = 1 (broken line)
and L; = 1.2 (dotted line). (Other parameter valugd; = 2.5 x 105,
Wg =25%x10"1, hog = 1.25x1072, h1g = 9.50x 1073, T}sn = 1200,
Tmaz = 1840. S.I. units are assumed.)
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Fig. 6. Graph to show numerical solutions designed to mirémb. (¢) and
h1¢(L, t) whereTy,;, = 1700. (Other parameter valued/’y = 2.5 x 10—53,
Wy =2.5%x10"1, hog = 1.25%1072, hyg = 9.50x 1073, L; = 8x10~1,
Tmaz = 1840. S.I. units are assumed.)
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Fig. 7. Graph to show the effect of extremes in minimum terapee
on the numerical solutions fasg(t), whereT,,;, = 200 (solid line) and
Tynin = 2200 (broken line). (Other parameter valudd’; = 2.5 x 1072,
Wy =2.5%x10"1, hog = 1.25%1072, hyg = 9.50x 1073, L; = 8x10~1,
Tmaz = 1840. S.I. units are assumed.)

small holes (as a result of the feedback mechanism between
hole size and hole overpressure).

A numerical study of the model suggestions that increasing
the length of the capillary and/or increasing the tempeeatu
of the top of the capillary will assist in minimizing the time
fluctuations of fiber geometry.

The model may be extended to include the possibility
of multiple holes (i.e. for MOFs). However, the effects of
overpressure on holes in an MOF will surely depend on the
position of the hole in the preform as well as its size. The
model presented in this paper should be applicable to theshol
towards the outer edge of an MOF preform, where the holes
are expected to behave more independently than those closer
to the center.
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