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APPARATUS AND METHOD FOR APPLICATIONS OF OPTICAL FIBER COATINGS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority under 35 U.S.C. § 119 of U.S. Provisional Ap-
plication Serial No. 61/908863 filed on November 26, 2013 the contents of which are relied

upon and incorporated herein by reference in their entirety.

BACKGROUND

[0001] The disclosure relates generally to an apparatus and method for coating optical fi-
bers and more particularly to coating dies which may be used to coat optical fiber during
draw.

[0002] A coating material commonly used in the manufacture of optical fibers is an acry-
late-based composition which is curable by exposure to ultraviolet (UV) light. This material
is applied to the surface of the fiber in a liquid state and is subsequently exposed to heat or
UV light for curing. The coating material may be applied in one or more layers, with a two-
layer coating system often being a preferred embodiment. The primary coating is applied di-
rectly to the surface of the fiber, and the secondary coating is applied over the primary coat-
ing.

[0003] Higher draw rates reduce the cost of manufacturing optical fiber. When coating an
optical fiber, it is important to produce, at high draw rates, coatings which have uniform di-
ameter and which are concentric with the fiber. Both of these attributes contribute to ease in
splicing and connectorization of the fiber, thereby providing for lower losses in an installed
fiber application. Market demands continue to place increasingly stringent tolerances on the

diameter and concentricity of optical fiber coatings

[0004] No admission is made that any reference cited herein constitutes prior art. Appli-
cant expressly reserves the right to challenge the accuracy and pertinence of any cited docu-

ments.

SUMMARY

[0005] One embodiment of the disclosure relates to a fiber coating apparatus having a fiber
entrance opening, a conical section with walls tapered at half angles between 2 and 25° and
height (also referred to as length herein) L; between 0.25 mm and 2 mm, and a cylindrical

land portion with an inner diameter d, such that 0.1 mm= d,< 0.5 mm and height (length) L,
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between 0.05 mm and 1.25 mm. In some embodiments 0.5 mm <L; <1.75 mm, and in some
embodiments height L, is 0.5d,<L, <2.5d,.
[0006] An additional embodiment of the disclosure relates to a fiber coating apparatus
comprising:
a sizing die having a body comprising
(a) fiber entrance opening;
(b) a first portion, situated directly adjacent to said fiber entrance opening
and having a conical ferrule with tapered wall, the conical ferrule having a
cross-section with inner walls angled at a half angle a and height L., where
2 °<a 25 °, L; is between 0.25 mm and 2 mm; and
(c) a cylindrical land portion having a substantially constant inner diameter
d> and height L,, and 0.1 mm< d, <0.5 mm.
[0007] In some embodiments, 0.125 mm< d, <0.5 mm and 0.5d><L, <2.5d, In some em-
bodiments 5 °<q <25 °, and 0.5 mm <L; <1.75 mm. In some embodiments § °<q <25 °,
[0008] An additional embodiment of the disclosure relates to a fiber coating apparatus
comprising:
(D a guide die; and
(I)  a first sizing die situated adjacent to the guide die, the coating die including
(a) fiber entrance opening;
(b) a first portion, situated below the fiber entrance opening, the first portion form-
ing a conical ferrule with tapered wall, wherein the conical ferrule has a cross-
section with inner walls angled at a half angle o and height L1, where
2 °<ay <25 °and L is between 0.25 mm and 2 mm;
(c) a cylindrical land portion situated adjacent to the first portion having a substan-
tially constant inner diameter d, and length L,, such that 0.1
mm< d, <0.5 mm and 0.5d><L, <2.5,; and

(d) a cylindrical leg portion having an inner diameter greater than d», the cylindrical
leg portion being situated either above the first portion or below the cylindrical land
portion; and

(I1T) a second sizing die situated adjacent to said first sizing die.
[0009] An additional embodiment of the disclosure relates to a

method for coating an optical fiber, comprising;
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D coating the optical fiber with a primary coating material by moving the optical
fiber through the first sizing die of the coating apparatus, the first sizing die
including:

(a) fiber entrance opening; (b) a first portion, situated below the fiber entrance
opening, the first portion forming a conical ferrule with tapered wall, wherein the
conical ferrule has a cross-section with inner walls angled at a half angle o and
height L;, where2 °<a; <25 ° and L, is between 0.25 mm and 2 mm; (¢) a cylindri-
cal land portion situated adjacent to the first portion having a substantially con-
stant inner diameter d» and length L, such that 0.1 mm=< d, <0.5 mm and 0.5d><L,
<2.55;and (d) a cylindrical leg portion having an inner diameter greater than d,,
the cylindrical leg portion being situated either above the first portion or below the
cylindrical land portion , and

(I applying a secondary coating by moving the op-
tical fiber with the primary coating thereon through the second sizing die of
the coating apparatus , the second sizing die including: (a) fiber entrance open-
ing; (b) a first portion, situated below the fiber entrance opening, the first por-
tion forming a conical ferrule with tapered wall, wherein the conical ferrule
has a cross-section with inner walls angled at a half angle o and height L,
where 2 °<a, <25 © and L, is between 0.25 mm and 2 mm; (¢) a cylindrical
land portion situated adjacent to the first portion having a substantially con-
stant inner diameter d; and length L, such that 0.1 mm=< d, <0.5 mm and
0.5d2<L; =2.5,; and (d) a cylindrical leg portion having an inner diameter
greater than d,, the cylindrical leg portion being situated either above the first
portion or below the cylindrical land portion.

[0010] Additional features and advantages will be set forth in the detailed description
which follows, and in part will be readily apparent to those skilled in the art from the descrip-
tion or recognized by practicing the embodiments as described in the written description and
claims hereof, as well as the appended drawings.

[0011] Itis to be understood that both the foregoing general description and the following
detailed description are merely exemplary, and are intended to provide an overview or
framework to understand the nature and character of the claims.

[0012] The accompanying drawings are included to provide a further understanding, and

are incorporated in and constitute a part of this specification. The drawings illustrate one or
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more embodiment(s), and together with the description serve to explain principles and opera-

tion of the various embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Figure 1 is a schematic view of a fiber drawing and coating system, used in the pro-
duction of optical fibers;

[0014] Figure 2 is a schematic view of typical coating die assembly used in the process of
coating optical fibers;

[0015] Figure 3 is a schematic cross-sectional view of the sizing die assembly used in the
coating die assembly of Fig. 2;

[0016] Figure 4 is an illustration of the coating material vortex situated above the sizing
die of Fig 3;

[0017] Figure 5 is a schematic cross-sectional view typical of a wet-on-wet dual coating
applicator;

[0018] Figure 6A is a schematic cross-sectional view of one embodiment of the sizing die;
[0019] Figure 6B is a schematic cross-sectional view of the another embodiment of the
sizing die;

[0020] Figure 7A is a schematic cross-sectional view typical of one embodiment of a wet-
on-wet dual coating applicator;

[0021] Figure 7B is a schematic cross-sectional view typical of another embodiment of a
wet-on-wet dual coating applicator;

[0022] Figure 7C is a schematic cross-sectional view typical of another embodiment of a
wet-on-wet dual coating applicator;

[0023]

[0024] Figure 8 illustrates the offset of the center of the secondary coating from the center
of the primary coating of fibers with secondary coatings produced with two different sizing
dies;

[0025] Figure 9 is illustrates the offset magnitude (radial component) and azimuthal orien-
tation of an offset of single-layer coating that was applied using a standard die;

[0026] Figure 10 illustrates single-layer coating offsets produced by the embodiments simi-
lar to that of Figure 6A;

[0027] Figure 11- illustrates single-layer coating diameter vs. temperature of the fiber
as it enters the coating applicator, produced in coating applicators with two different
distances (gaps) between the guide die and the sizing die; and

4
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[0028] Figure 12- illustrates the overall coating offset as a function of the primary coating
offset for wet-on-dry (WOD) applications of the two coatings as well as two different types

of wet-on-wet (WOW) coating application processes.

DETAILED DESCRIPTION

[0029] A fiber drawing and coating system, used in the production of optical fibers, is
shown in FIG. 1. Fiber 10 is drawn from preform 11 which is heated in furnace 1. Fiber 21
passes through fiber cooling device 2 and then through primary coater 3 where it is coated
with a layer of primary coating material. The primary coating layer is cured in primary coat-
ing curing device 4, and the diameter of the fiber including the cured primary coating is
measured by device 5. Curing device 4 typically comprises an irradiator array. Fiber 21passes
through secondary coater 6 where it is coated with a layer of secondary coating material that
is cured in curing device 7 which is similar to curing device 4. The diameter of the fiber in-
cluding the cured secondary coating is measured, for example by device 8. Tractor means 9
pulls the fiber from furnace 1 and through the intermediate devices. The drawn fiber is typi-
cally taken up onto spools by a winder (not shown) for further processing. Coating material is
supplied to coaters 3 and 6 from sources 12 and 14, respectively. The inlet or delivery tem-
perature of the coating material can be maintained at a desired value by devices 13 and 15,
respectively, which are in communication with the coating delivery line.

[0030] Alternatively, the fiber passes through the primary coater 3 and then through the sec-
ondary coater 6, without passing through a primary coating curing device 4 in between the
two coaters. The second coating is applied directly on the primary coating before both coat-
ings are cured. This is known as wet-on-wet” or “WOW” application process.

[0031] Comparative Example

[0032] FIG. 2 shows a conventional coating die assembly currently used in the process of
coating optical fibers as coaters 3 and 6 in fiber drawing and coating system of FIG. 1. This
figure shows a cross-sectional views of a guide die, sleeve, and the sizing die of a conven-
tional coating assembly. Fiber 21 enters coating die assembly 20 through guide die 22. Coat-
ing material is delivered to coating die assembly 20 through holes 24 in sleeve 23. The coat-
ing material is typically supplied to die assembly 20 under pressure and at a constant temper-
ature radially toward the fiber 21. (As used herein the average temperature of the coating
material as it enters the sleeve 23 is referred to as delivery temperature of the coating materi-

al.) A pressurized coater insures that the level of coating material inside die assembly 20 is
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maintained throughout the fiber coating process. Fiber 21 exits coating die assembly 20
through the exit aperture (diameter d,) of the bore of the sizing die 25. As fiber 21 passes
through coating die assembly 20, the coating material adjacent to the fiber is acted upon by
shear stresses and is entrained by (accelerated with) in the same direction as the fiber motion.
As the coating material and fiber 21 enter sizing die 25, a portion of the coating material is
pulled out with the fiber. The coating material that is accelerated by the fiber, but not pulled
out with the fiber, turns from the nominal direction of fiber motion and recirculates to form
gyre G within coating die assembly 20.

[0033] The sizing die 25 (also referred to as the coating die herein) configuration deter-
mines the amount of coating that is applied to the fiber 21. The sizing die 25 also performs
the function of centering the fiber so that the coating is concentric with the fiber. The com-
mercial sizing die 25 typically has convex walls 28 forming the upper region of the fiber pas-
sage through the sizing die (also referred to as the die bell region, or bell portion 28" herein),
a taper shaped middle portion (taper region 27) of the passage formed by the essentially coni-
cal walls, and a cylindrical land portion 26 of the passage of the sizing die 25 (see FIG. 3, for
example). The die’s cylindrical land region 26 is defined as the region at or near the exit of
sizing die 25 where the diameter of inner wall of sizing die 25 is substantially constant (i.e., it
does not change by more than 1%, and preferably by less than 0.2%) with distance from the
exit of sizing die 25.

[0034] The amount of coating material which is drawn out with fiber 10 is dependent on
the velocity profile of the coating material within the sizing die 25. This velocity profile of
the coating material is most affected by the speed at which fiber 21 is drawn through coating
die assembly 20, the geometry of sizing die 25 and the viscosity profile of the coating materi-
al in sizing die 25. The viscosity profile of the coating material is a function of its tempera-
ture. When the region in which the viscosity profile is controlled by controlling the tempera-
ture of the coating material, one can achieve a very responsive control of coated fiber diame-
ter.

[0035] The fluid pressure of the coating within the sleeve 23 should be sufficiently high
that the coating material forms a meniscus in the vicinity of the exit orifice of the guide die
22, at a low position along the guide die’s cylindrical land region. The guide die 22 functions
as a cap to the pressurized coating assembly and prevents the coating material from flowing

out of the top of the coating assembly. When the guide die 22 fails to perform this function
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due to under-or over-pressurization within the coating assembly, a so-called "coating flood"
occurs, and the draw process must be interrupted.

[0036] During operation, the fiber 21 entrains (pulls along) a boundary layer of coating
material, most of which is rejected in the convex upper region (bell portion) 28" and the taper
region 27 of the sizing die 25. The rejection causes pressures of as much as 800 psi to build
up at the apex of the cone in the taper region 27 of the sizing die 25. This pressure forces ad-
ditional coating through the cylindrical land region 26 of the of the sizing die 25. This pres-
sure also creates a force that helps center the fiber 21 in the sizing die 25.

[0037] Asshown in FIG. 4, during the coating process, when a commercial sizing die 25 is
used, the rejected coating material forms a torus-shaped circulating cell of coating material,
known as a coating vortex or gyre G. The gyre G is formed in the area above the cylindrical
land region 26 (and more specifically in the area adjacent the entrance aperture of the sizing
die 25 — i.e., in the area adjacent to the convex walls 28), and the gyre G is not stable. The
recirculation region (vortex) of the gyre G extends through the bell portion of the sizing die
25 down into the taper region 27 of the die. Our experiments showed that the gyre G is not,
in general, uniform azimuthally, and that bubble tracers (introduced for analysis purposes)
reveal that the gyre G can precess, i.¢. it can experience change in the orientation of the rota-
tional axis) about the fiber 21. That is, the rotational motion of the gyre/vertex is not ax-
isymmetric. The effect of the gyre’s movement is to create a non-axisymmetric and quasi-
random force on the fiber, which manifests as increased eccentricity in the fiber coating(s) -
1.e., the fiber coating not being centered on the fiber axis.

[0038] The coating material’s temperature in the vortex is elevated compared to the deliv-
ery temperature of the coating material to the sleeve 23, because of shear heating resulting
from the very high shear rates in the vortex/gyre G. Finite-element computer models indicate
that the coating temperature in the middle of the toroidal-shape vortex/gyre G increases rap-
idly as the fiber draw speed increases, and may be as much as 80°C higher than the coating
material delivery temperature. The temperature increase for the coating material inside the
vortex/gyre G as compared to the delivery temperature is even greater for smaller sizing dies,
for example dies with a bore diameter d,<0.15 mm, because more coating material is rejected
relative to a die with a larger bore diameter d», and is also greater for faster fiber draw speeds,
because the gyre G spins faster. That is, as the bore diameter d» decreases, the amount of
coating that is rejected in the taper section of the die increases. That, in turn, increases the

size of the vortex and the temperature increase in the middle of the gyre G. Because the vor-
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tex/gyre G is not stable, some of this hot coating material can escape via an eddy current or
other perturbation, and when the hot coating enters the taper shaped portion (i.c., the middle
portion 27) of the standard sizing die 25, the centering forces acting on the fiber 21 are no
longer axisymmetric. The unbalanced forces again result in poor fiber-coating offset. As
used herein, the offset is measured as the distance, typically in um, between the center of the
applied coating and the center of the fiber that is being coated. Perhaps even more critically,
the hot coating material can migrate to the guide die 22 and then form the upper meniscus
shape in the guide die 22. The lower viscosity of the hot coating material (due to higher tem-
perature and the shear thinning) makes the coating process more susceptible to flooding, that
is, to dewetting of the fiber and the consequent flowing of coating material past the fiber 21
upward through the gas space above and within the guide die 22 and out. When flooding oc-
curs, the fiber 21 typically breaks. Breaks require that the draw process be restarted, which
can contribute significantly to the manufacturing cost.

[0039] Shear thinning is a phenomenon commonly seen with non-Newtonian fluids, such
as polymers. As the fluid is subjected to larger shear rates, the molecules in the fluid align
themselves such that the fluid's viscosity drops below its value at zero shear.

[0040] Viscous heating is a phenomenon seen with both Newtonian fluids and non-
Newtonian fluids. As fluid is subjected to larger shear rates, friction between the fluid mole-
cules generates heat. This generation of heat locally increases the temperature of the fluid. In
the case of optical waveguide fibers, shear stresses develop due to the speed of the fiber
through the coating material. These shear stresses generate heat and raise the temperature of
the coating material. An increase in the coating material's temperature decreases its viscosity.
A significant amount of viscous heating occurs in the sizing die’s cylindrical land region 26;
this viscous heating can cause local coating material temperatures to become greater than the
delivery temperature of the coating material. The increase in temperature significantly de-
creases coating viscosity in the cylindrical region 26 of the sizing die 25.

[0041] Furthermore, when the two sizing dies of the above discussed configuration are
stacked as shown in FIG. 5, to apply two coatings sequentially without curing in between
(otherwise known as wet-on-wet) application, we observed that it results in the poor coating
offset. That is, the offset of both coatings (e.g., the primary and the secondary coatings) is
compromised when the die configuration of FIG. 5 is utilized to create the two fiber coatings.
The centering forces from the two sizing dies 25 do not, in general, act in the same direction,

and these forces furthermore become random due to the precession of the gyres present inside
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the two sizing dies 25. Thus, the forces on the fiber are both chaotic (i.e., the motion is ran-
dom) and independent. These are forces that are created due to pressure and shear variations
around the circumference of the fiber.

[0042] We determined that the convex shape of the upper portion of the typical sizing die
(i.e., the convex shape of wall 28) is a primary mechanism for creating the strong coating ma-
terial vortex/gyre G. We also discovered that the height of the taper region 27 also affects the
size and/or strength of the vortex/gyre G. In some embodiments we minimized (reduced) the
size and strength of the coating gyre compared to that produced by the die designs shown in
FIGs 2, 3 and 5 by minimizing/reducing the size of the sizing die’s convex walls 28, so the
high Ly of the convex walls 28 is <0.5 mm. In some embodiments we minimized (reduced)
the size and strength of the coating gyre compared to that produced by the die designs shown
i FIGs 2, 3 and 5 by entirely eliminating the convex walls 28 in the coating/sizing die 25
and by reducing the height (also referred to as length herein) of the tapered cone (taper region
27 of the die formed by the walls 27A of the die 25) to 2mm or less. The effect was a large
reduction in the size of the entrained coating boundary layer, which reduces the amount of
coating rejected in the cone (taper region 27), in turn reducing the strength of the coating ma-
terial gyre G. (The boundary layer is the region of the coating material adjacent to the mov-
ing fiber where a velocity gradient as large as 10° sec™ may exist for draw speeds typical of a
modern fiber draw tower.)

[0043] As fiber draw speeds increase or the diameter of the sizing die decreases, more
coating is rejected in the sizing die taper region 27, and the gyre G in the upper portion or
bell portion 28" of the commercial sizing dies (i.e., the gyre in the region adjacent to the con-
vex walls 28) gets stronger. This leads to both increased instability of the fiber position,
which causes an increase in coating offset, and to increased incidence of flooding, which
causes fiber breaks, increasing costs. We discovered that: 1) reducing the height (length) L,
of the taper in the middle region 27; and 2) eliminating or substantially reducing the size of
the die bell region 28" greatly reduces the amount of coating rejected by the die and conse-
quently reduces the size of the gyre G. The result is that the offset of the coating(s) is im-
proved, and the propensity for flooding is reduced.

{3844}  We discovered that the geometry of coatings applied via the wet-on-wet process is
significantly improved when sizing dies 25 with the reduced bell region height (Lo <0.5
mm), and reduced taper region high (L, <2.2 mm and even more preferably L; <2 mm) are

utilized. It is preferable that the sizing die(s) 25 do not have the bell region 28’ (i.e. Lo=0
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mm) and that the sizing die(s) 25 have taper region 27 with a small height (such that L; <2.2
mm and preferably L; <2 mm). Because the gyres G in each sizing die 25 are independent
and move in a random fashion, the offsets of both coatings can be adversely affected by using
commercially available sizing dies such as those shown in FIGs. 2, 3 and 5. Reduction in
the size of the bell portion 28’ (or its elimination) and/or reduction in the size of the taper por-
tion 27, reduces the size and the strength of the gyro G, thus allowing the centering forces to
improve/minimize the coating offset. Preferably, to achieve good coating concentricity, 0.25
< L; <2 mm, more preferrably 0.5 <L; < 1.8 mm, and in some embodiments 0.7 <L;<1.5
mm.

[0045] Various embodiments will be further clarified by the following examples.

[0046] Example 1.

[0047] Two embodiments of the improved sizing die 25 (“‘cone only” die) are shown in
FIGs. 6A and 6B. (As referred to herein a “cone-only die” is a sizing die that has a cone
portion 27 but not the bell portion 28. A cone-only die still has a cylindrical land portion 26
and may have an optional exit cylindrical leg portion 29, as shown in FIG. 6A or an optional
upper cylindrical leg portion 32 as shown in FIG. 6B.) In the sizing cone-only die embodi-
ment shown in FIGs. 6A and 6B, the bell portion 28 (formed by the convex walls) of the
standard die such as the one shown in FIG. 2 has been removed completely (i.e., Ly=0mm),
and the tapered region 27 and the cylindrical land region 26 as well as optional cylindrical leg
portion 29 and/or 32 are retained. The taper region 27 preferably has a small height or length
L; such L;< 2.2 mm, preferably 0.2 mm <L;< 2 mm. For example, in some exemplary em-
bodiments the height L; of the taper region 27 is 0.25mm. 0.3mm, 0.4mm, 0.5mm, 0.6mm,
0.75mm, 1mm, 1.2mm, 1.3 mm, 1.4mm, 1.5mm, 1.7 mm, 1.75 mm, 1.8 mm, or there-
between. More preferably, in order to reduce the size of the Gyro G, the height L, is not
greater than 2 mm, even more preferably L; < 1.8 mm, and most preferably L;<1.5 mm.
Preferably L,>0.25 mm, more preferably L;>0.5 mm, and even preferably L;>0.7 mm. Ac-
cording to some embodiments, 0.9 mm < L; < 1.2 mm. Applicants have discovered that the
short height (small length) L, stabilizes the coating material gyre G, and reduces its size,
which in turn results in better coatings and process stability. The length of the taper partly
determines the amount of coating entrained by the fiber. t also, and for the same reason, af-
fects the centering force: longer taper portions have higher centering forces but reject more

coating. For example, a longer taper might (longer L) may be utilized for a single coating
10
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layer or to produce the firs coating layer in a wet-on-wet application, and a shorter taper re-
gion (smaller L;) could be selected for the second sizing die in production of the second coat-
ing layer in order to minimize centering forces there.

[0048] The taper half-angle © of the taper portion of the sizing dies 25 is preferably not
less than 2°, nor greater than 25°, Both smaller and larger taper angles do not develop
enough centering forces to constrain the fiber 21 in the middle of the cone region 27. More
preferably, 5 ° <O <25°, even more preferably 8° <O <25°

[0049] Asshown in FIGs. 6A and 6B the cylindrical land portion 26 of the sizing die 25 is
situated below the tapered portion 27. The land portion 26 contains a cylindrical bore with a
diameter d; and a length L,. The leg portion

[0050] The sizing die may also further comprise a leg portion 29, 32 with a cylindrical in-
ner wall (bore). For example, in some embodiments, the cylindrical inner wall of the leg por-
tion has an inner diameter d; between 0.5 mm and 5 mm and a height L; between 2 mm and 6
mm.

[0051] As described above the cone-only sizing die(s) 25 may have an optional cylindrical
exit leg portion 29 situated below the cylindrical land portion 26. The exit leg portion 29 of
the die 25 is optional because the coated fiber 21 will be substantially smaller in diameter
than the inner diameter, d; of the leg portion. However, the cylindrical exit leg portion 29
serves to keep the sizing die 25 aligned in a die holder (not shown) thereby preventing tilting
of the sizing die 25 and the concomitant degradation in coating offset. The cylindrical exit
leg 29 preferably has a height such that L;<8.7 mm, more preferably L3;<6.7 mm, and most
preferably L;<4.8 mm. The cylindrical exit leg 29 preferably has a height such that L;>0.8
mm, more preferably L;>1.3 mm and most preferably L:>1.8 mm. The inner diameter d; of
the cylindrical leg portion 29 is greater than d,, preferably greater than 2d». For example 1.4
mm< dz<5 mm

[0052] In the embodiment shown in FIG. 6A, the half-angle of the taper of the cone is 8°,
and the height L of the taper region 27 is 1.4 mm. The outer diameter of the sizing die 25 of
this embodiment is 6.6 mm, and the overall height or total length of the sizing die of FIG. 6A
is 4.6 mm.

[0053] FIG. 6B illustrates an embodiment of the sizing die that does not include the lower
exit leg portion. Instead, the cone- one-only sizing die embodiment of FIG. 6B includes an
upper leg portion 32, which is situated above the taper portion 27. The upper leg portion 32
serves to keep the sizing die aligned to the die holder and helps prevent the tilting of the siz-
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ing die when the sizing die is pressed into the holder. The inner diameter of upper leg portion
32 is preferably 1.2 mm-5 mm. Preferably the inner diameter of upper leg portion 32 is larger
than d,, preferably larger than Preferably the height of the upper leg portion 32 is less than 5
mm and greater than 1mm, for example between 1.3 mm and 4.5mm or between 1.5 mm and
3

[0054] Table 1, below, lists some exemplary geometrical parameters for some of the em-
bodiments of the sizing dies described herein. More specifically, according to these embod-
iments the total length L of the sizing die 25, if the sizing die includes an optional exit leg
portion 29, is preferably 3 mm to 9 mm (more preferably 4.5 mm to 7 mm), the preferred in-
ner diameter d» (the diameter of the bore of the cylindrical portion 26) is 0.1 mm to 0.5 mm,
and more preferably it is between 0.125 mm and 0.41 mm; the preferred length L, of the die
cylindrical portion 27 is 0.5d, < L, <2.5d, and more preferably is d, < L, <2d,; the preferred
height L, of the cone portion 27 is less than 2 mm, preferably 0.25 mm to 2 mm (and more
preferably it is 0.9 mm to 1.2 mm), the preferred half cone angle is 4 to 25° (and more prefer-
ably it is between 8° and 25°)

[0055] Table1

Die length Land Die Cone | Cone % Exit leg
L(mm) region Cylindrical | height | angle© | length Ls
when leg | Diameter, | length L, | Li(mm) | (deg) (mm)
portion is mm d, (mm)
present
0.5 t02.5x _
Preferably 3t09 0.1t00.5 die 02510 2t025 L=
) 2 L-(Ly+Lo)
diameter
More 0.125t0 | 1xto2xdie| 0.9to Ls=
Preferably Sto7 0.41 diameter 1.2 81025 L-(T,+L,)

[0056] Thus, according to some embodiments a fiber coating apparatus comprises:
a sizing die 25 with
(a) fiber entrance opening 25A;
(b) a first portion 27, the first portion forming a conical ferrule with ta-
pered wall 27A, wherein the conical ferrule has a cross-section with inner
walls angled at a half angle o and height L,, where
2 °<a <25 °, and L; is between 0.25 mm and 2 mm;
(c) a cylindrical portion 26 having a substantially constant inner diameter

d> and length L, situated below the first portion 27, such that
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0.1 mm< d, <0.5 mm, and 0.5d,<L, <2.5d,.
[0057] Preferably, 1d,<L, <2.2d, more preferably 1.75d,<L, <2.25d, even more prefera-
bly L, = 2d,. For example, in one embodiment d,=0.28 mm and L is 0.56 mm.
[0058] In some embodiments the sizing die 25 further includes an optional cylindrical exit
leg portion 29 having an inner diameter ds;, where ds>d», and height (or length) L;, where
Imm=L;<6.7mm. Preferably d;>2d,, for example d;>2.5d,,
[0059] According to some embodiments a fiber coating apparatus comprises:
a sizing die 25 having
(a) fiber entrance opening 25A;
(b) a first portion 27, situated directly adjacent to the fiber entrance open-
g25A, such that the sizing die 27 does not include a wall with a convex
cross-section situated between the fiber entrance opening 25A and the first
portion 27, the first portion forming a conical ferrule with tapered wall,
wherein the conical ferrule has a cross-section with inner walls angled at a
half angle o and height L, where
5°%<a <25 °, and L; is between 0.5 mm and 1.8 mm;
(c) a cylindrical portion 26 having a substantially constant inner diameter
d> and length L, situated below the first portion 27, and
0.1 mm< d; <0.5 mm, and 0.5d,<L, <2.5d,.
According to some embodiments said coating apparatus further includes a sizing die 25 that
has a wall 28 with a convex cross-section having a height L(<0.5 mm. However, it is more
preferable that the coating apparatus does not include a wall with a convex cross-section situ-

ated between the fiber entrance opening and the conical ferrule with tapered wall 27A.

[0060] Examples2 and 3 and 4

[0061] Some embodiments of the wet-on-wet coating applicator that utilizes the cone-only
sizing dies 25 is shown in FIGs. 7A and 7B: As mentioned above, the cone-only die is a die
without the bell section 28 (i.e., when viewed in a cross-section it does not have the convex
inner walls in its upper portion), but it may include other portions in addition to the tapered
portion 27 and the land region 26). More specifically, as illustrated in FIGs. 7A and 7B the
wet-on-wet coating applicator comprises a guide die 22, a first sleeve 23, containing the first

(primary) coating material, a first sizing die 25, for applying the primary coating on fiber 21,
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a second sleeve 23, containing the second (secondary) coating material and the second sizing
die 25, (bottom die) for applying the secondary coating over the primary coating. The sepa-
rations S1, S2 between the dies are usually 1 to 10 mm, more preferably 0.25mm to Smm. In
the embodiment of FIG. 7A both sizing dies 251 and 25, are cone-only dies with a half-
angle, 0= 8°. In the FIG. 7A embodiment the dimensions of the first (top) sizing die 25, are:
L, =1.4 mm, d;=0.5mm to 2mm, [,=0.23 mm, d,=0.23 mm, L;=2.9 mm, and d;=2.5 mm. In
the FIG 7A embodiment the dimensions of the second (bottom) sizing die are: L1=1.4 mm,
[,=0.34 mm, [;=2.8 mm, d>=0.34 mm and d3=2.5 mm. The outer diameter, d, of both sizing
dies 251 and 25, of FIG. 7A is 6.6mm. In the FIG. 7A embodiment the separation S1 be-
tween the guide die 22 and the first sizing die 25; is 1.5 mm. The separation S2 between the
sizing dies 25; and 25; is also 1.5 mm.

[0062] Inthe FIG. 7B embodiment the dimensions of the first (top) sizing die 25, are:
6=25°, L1=1.4 mm, d; of 0.5mm to 2mm, L,=0.43 mm, d»=0.22 mm, L;=5mm and d;=2.5
mm. The dimensions of the second (bottom) sizing die 25, are: 6=8°, L; =1.4mm, ,
L,=0.69mm, d»=0.34mm, L5=2.49mm, and d;=2.5mm. In FIG. 7B embodiment the separa-
tion S1 between the guide die and the first sizing die is 1.5 mm, and the separation S2 be-
tween the first and second sizing dies is 2 mm. The total height of each die 25; and 25, is
preferably 4-8mm.

[0063] Some of the advantages provided by the wet-on-wet coating applicator
embodiments disclosed herein, such as these shown for example, in FIGs. 7A and 7B,
relative the commercial applicator such as the one shown design in FIG. 5, are: (i) the
improved (smaller) offset of both coatings, and (ii) the coating diameters produced by the
applicators of FIGs. 7A and 7B have reduced (i.c., smaller) variability. More specifically,
because in these embodiments the pressures of the coating material at the tips tapered regions
27 are less variable, the variability in the amount of coating that is driven through the
cylindrical portion 26 of each sizing die 25 is decreased. In addition, the guide die 22 is less
likely to flood, again because the gyre G in the first sizing die (25,) situated below the guide
die 22 does not heat the coating material as much as gyres produced by the commercial
coating dies that have a large upper bell regions (28 in FIG. 5) and/or relatively long taper
regions.

[0064] According to some embodiments the WOW coating apparatus includes a guide die
and at least two sizing dies, and at least one (and preferably both) of the sizing dies 25 com-
prise
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(a) fiber entrance opening 25A:
(b) a first portion 27, situated below the fiber entrance opening 25A, the first por-
tion forming a conical ferrule with tapered wall, wherein the conical ferrule has a
cross-section with inner walls angled at a half angle a and height L, where
2 °<a, <25 ® and L; is between 0.25 mm and 2 mm;
(c) a cylindrical portion 26 situated adjacent to the first portion 27 having a sub-
stantially constant inner diameter d, and length L,, such that 0.1
mm< d, <0.5 mm and 0.5d,<L, <2.5,
The sizing dies 251, 25, of FIGS 7A, 7B do not have a bell region 28 situated above the first
portion 27 with walls that have a convex cross-section
[0065] According to some embodiments the WOW coating apparatus includes a guide die
and at least two sizing dies, and at least one (and preferably both) of the sizing dies 25 com-
prise
(a) fiber entrance opening 25A:
(b) a first portion 27, situated below the fiber entrance opening 25A, the first por-
tion forming a conical ferrule with tapered wall, wherein the conical ferrule has a
cross-section with inner walls angled at a half angle a and height L;, where
2 °<a, <25 ® and L; is between 0.25 mm and 2 mm;
(c) a cylindrical portion 26 situated adjacent to the first portion 27 having a sub-
stantially constant inner diameter d, and length L, such that 0.1
mm< d; 0.5 mm and 0.5d,<L, <2.5,; and
(d) a cylindrical leg portion 29, 32 having an inner diameter greater than d», the cy-
lindrical leg portion being situated either above the first portion 27or below (down-
stream) of the cylindrical portion 26.
[0066] A wet-on-wet coating applicator similar to that shown in FIG. 7C can produce fiber
with excellent offset by utilizing a second sizing die 25, that only has a cylindrical land por-
tion 26 with an inner diameter ds (bore diameter) and orifice 26 B and no conical walls. (Such
sizing die is also referred herein as an orifice only die). That is, in the embodiment of FIG.
7C, the second or lower sizing die (25;) has a cylindrical region 26 and does not have taper
and bell regions 27 and 28.
[0067] Thus, according to some embodiments (see, for example, FIG. 7C ) the coating ap-
paratus comprises:

(1) a guide die;
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(IT) at least two sizing dies situated downstream of the guide die, such that

(1) at least one of the sizing dies comprises: (a) fiber entrance opening
25A4; (b) a first portion 27, situated directly adjacent to the fiber entrance
opening so that the sizing dies do not include a wall with a convex cross-
section situated between said fiber entrance opening and the first portion 27,
the first portion 27 forming a conical ferrule with tapered wall 27 A, wherein
the conical ferrule has a cross-section with inner walls angled at a half angle
o and height L, where 2 °<o <25 °, and L, is between 0.25 mm and 2 mm;
(c) a cylindrical portion 264 having a substantially constant inner diameter d»
and length L, such that 0.1 mm< d, <0.5 mm, and 0.5 d,<L, <2.5d, and an
exit aperture 26By; and

(i1) the other of the at least two sizing dies does not include either a wall
with a convex cross-section nor a conical ferrule with tapered wall and com-
prises (a) fiber entrance opening 25A;, a cylindrical portion 26, directly adja-
cent to the fiber entrance opening 25A,, and an exit aperture 26B..

[0068] The embodiments of FIGs 7A and 7B are more preferable to that shown in FIG.
7C for the following reasons. During start up, the material flow for the second coating will
generally be turned on first, and, without a taper region 27 in the second sizing die 25, the
resistance to the flow of the second coating material in the gap created between the orifice
(exit opening) 26B; of the cylindrical land region 26, and the fiber 21 is very small. This lack
of resistance can lead to leaks and lumps (i.c., defects in the coating and are often caused by
pressure fluctuations in the coating delivery) in the secondary coating material. Even when
the orifice-only style secondary sizing die does not leak, the resulting diameter of the second
coating is large and the diameter uniformity is difficult to control. In addition, when pressure
is the only means of regulating the secondary coated fiber diameter, as with orifice 26B;,
there is also greater coating diameter variability during ramp or even during steady operation.
[0069] Compared to an embodiment of the coating applicator in which an orfice-only
sizing (sizing die having only a cylindrical portion) is used as the second sizing die (as shown
in FIG. 7C), the embodiments of the wet-on wet coating applicators of FIGs. 7A and 7B are
advantaged because the small height (0.2 mm<L,<2 mm) of the taper portion 27 of the se-
cond (lower) sizing die 25, allows the die to sustain higher applied pressure. That eliminates

the propensity of the orifice 26B of the second sizing 25, to leak at startup, and greatly
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improves coating diameter control during both ramp up and normal operations. The taper
region in the second sizing die 25, permits the application of 5-20 psi during startup, which
is be sufficient to create a coating meniscus.

[0070] In the embodiments of the coating applicators of FIGs. 7A, 7B and 7C, the holder
31 for the three dies is a single tube manufactured such that the dies are all concentric. The
tube and holder design should also accommodate different gaps (distances) between the
sizing dies 25, and 25, and between the first sizing die 25, and the guide die 22, as these
distanses S1, S2 can affect the amount of entrained coating and thus the coated diameters.
(Distances S1, S2 are distancesvbetween the edges of the dies)

[0071] The improved geometry of sizing dic embodiments described herein (see, for ex-
ample, sizing die embodiments of FIGs 6A, 6B, 7A, and 7B) results in one or more of the
following advantages: reduction in the size of the coating gyre G (which is a consequence of
reducing the amount of coating rejected by the reduced bell/taper size); and/or rejection of the
enough coating material so as to maintain a substantial centering force in the sizing die (i.e.,
force that is sufficient to center the fiber in the die), especially at faster speeds and higher
coating viscosities. For example, FIG. 8 shows the offset of the center of the secondary coat-
ing from the center of the primary coating of fibers with secondary coatings produced with
the sizing dies of in FIGs 3 and 6A ( labeled “Std” and “Cone-Only” respectively). As
shown in FIG. 8, at low secondary coating material delivery temperatures (i.c., below 45 °C),
the offset of the secondary coating produced by the cone-only sizing dies 25 is more than a
factor of five lower than that produced by using the standard die of FIG. 5. Moreover, as the
coating material temperature increases the secondary coating offset increases for the coatings
produced by cone-only sizing dic embodiments, which is in agreement with the predictions
of axisymmetric computer fluid-flow models — the higher coating viscosity at lower tempera-
ture increases the centering forces, which reduces the coating offset. The typical commercial
sizing die of FIG. 3 (used as a comparative example) shows the opposite behavior, i.e., the
coating offset decreases as the secondary’s coating material temperature increases. This is
again the consequence of the gyre in the coating die bell portion present in the standard die.
The temperature gradient between the fiber and the central region of the gyre is greatest when
the coating temperature is lower because the shear heating in the gyre is greatest when the
coating is more viscous. The gradient in the coating viscosity, which depends exponentially
on temperature, is thus also much greater when the standard die is used at lower temperatures

(<45 °C). As noted previously there is azimuthal variation in the flow and temperature within
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the gyre — the gyre tends to precess. As the heated, low-viscosity coating material in the gyre
G is dragged by the fiber motion into the cone area of the taper region 27, the azimuthal var-
iation in temperature, and hence viscosity, creates a net force that acts to drive the fiber 21 off
the center of the die axis. The net force is thus responsible for an applied coating that is not
concentric with the fiber. Moreover, our observations of this gyre precession reveal that the
azimuthal variation is not steady, rather it varies with time, and the temporal character of the
precession results in a chaotic or random coating concentricity.

[0072] FIG. 9 illustrates the offset magnitude (radial component) and azimuthal orienta-
tion of offset of single-layer coating that was applied using a standard sizing die, similar to
that shown in FIGs 2 and 3. (That is, we used radial coordinates to define the concentricity
shown in FIG. 9. The magnitude is the distance from the origin to the point, and the orienta-
tion is the angle from straight up). As the azimuthal variations in the gyre G occur randomly,
the fiber can move from one side of the die to the other in chaotic or random fashion. This
movement of the fiber is shown in FIG. 9. The randomness is independent of pressure, as the
gyre is driven by the fiber motion, and it occurs at every temperature. However, it’s more
pronounced at lower temperature, because the difference in temperature between the inside of
the gyre and the outside is greatest at lower temperatures. FIG. 9 illustrates that the magni-
tude of the offset is never zero, meaning that the fiber is never perfectly situated in the center
of the sizing die. (The term coating offset, as used herein, is the physical distance between
the center of the fiber (its axis) and the center of the coating layer. Ideally, the centers of the
fiber and the coatings are the same and the coating is perfectly concentric with the glass)
[0073] The strength of the gyre G is also proportional to the tractor rate (i.e., fiber draw
rate), therefore it becomes increasingly important to limit the gyre size at the fastest speeds
(i.e., at draw rates >25 m/s). This can be done by minimizing the height of the convex walls
forming the bell portion 28 (i.e., minimizing the size of the convex walls) so that the height
Ly is <lmm and preferably Ly<0.5mm, and more preferably by eliminating the bell portion 28
entirely (e.g., using cone-only embodiments) as shown in FIGs. 6A, 6B and 7A-7C.

[0074]  Another important consequence of reducing the gyre size is that the upper coating
material meniscus, the point at which coating material first contacts the fiber, is stabilized.
We have observed that dies flood (fiber dewets) at pressures as low as 60 psi, and that this
pressure is lower at faster speeds, where a force balance between pressure and drag forces
suggests that the sizing die should be stable up to 1000 psi. With the use of a standard com-

mercial sizing die (i.e., a die with a relatively large bell portion), hot coating material from
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the gyre G can penetrate the space between the fiber and the guide die and substantially re-
duce the resistance of the guide die to flooding. With the cone-only sizing die embodiment,
(see for example FIG. 6A, 6B, 7A, and 7B), the temperature increase and the resulting vis-
cosity decrease are smaller, which greatly reduces the likelihood of flooding in typical pro-
duction conditions.

[0075] Applicants discovered that the height L, of the tapered region 27 is an important
parameter that helps reduce the size of the gyro G, and its velocity. Preferably, as discussed
above, sizing dies 25 have cone height L; where L,;<2 mm. Preferably 1.3 mm< L; < 1.5mm.
Preferably and % d> < L,<2.5d,, where 0.5 mm < d, <1.1 mm. For example. d> < L,< 2d,.
For example, FIG. 10 illustrates single-layer coating offsets, produced by the embodiments
similar to that of FIG. 6, with sizing dies 25 having cone height of L, where L; is %2 d» and
2 d,, and in this study d; = 0.56 mm.

[0076] As shown in FIG. 10, the coating offset is much lower when the taper (i.e., cone)
height L, is half the diameter d, compared to when the taper height L; is twice the die diame-
ter d». As discussed above, one of the important considerations is the amount of coating ma-
terial rejected by the sizing die. It is important to reduce the amount of coating material re-
jected by the sizing die(s) 25. The longer tapered region 27 increases the amount of coating
entrained by the fiber and also the amount rejected. Accordingly it is preferable that the
height L; of the tapered region 27 be 0.5 mm to 2 mm and more preferably 0.9 mm to 1.2
mm. FIG. 10 also suggests that a gyre G located in the taper portion 27 of the die 25 has a
strong adverse effect on coating offset and this effect needs to be reduced. Applicants dis-
covered that when the height L; of the tapered region 27 is equal to or less than 2 mm the ad-
verse effect of the gyre G is significantly minimized.

[0077] The coated fiber diameter is also a function of the gap (separation) between the
guide die 22 and sizing dies 25, as shown in FIG. 11. The boundary layer of coating en-
trained with the fiber is thicker for the longer distance S1, S2, increasing the pressure at the
tip of the taper portion 27 of the sizing die 25 and increasing the thickness of the coating lay-
er on the fiber.

[0078] The geometry of coatings applied wet-on-wet is also much improved when the im-
proved sizing dies are utilized. FIG. 12 illustrates the overall coating offset as a function of
the primary coating offset for wet-on-dry (WOD) applications of the two coatings as well as
two different types of wet-on-wet (WOW) coating application processes. Overall offset is the

physical distance, typically measured in pm, between the center of the second coating and the
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center of the fiber; primary offset is the physical distance, typically measured in pm, between
the center of the primary coating and the center of the fiber. More specifically FIG. 12
shows the primary coating’s offset and the overall offset (secondary coating offset relative to
the fiber center) for the coatings applied with: 1) the commercial coating applicator of FIG. 5
(green points), to that applied with 2) an applicator that utilizes an orifice only sizing die (see
FIG. 7C,blue); and 3) conventional wet-on-dry applicator (red) of FIG. 3.
[0079] Asshown in FIG 12, a wet-on-wet applicator that utilizes a second sizing die that is
“orifice only “(as shown in FIG.7C, for example) can greatly improve coating layer offset
compared to the commercial applicator of FIG. 3, but as noted above, this is not the most
preferred solution because of startup and control issues. Equivalent or better coating offset
can be achieved with a wet-on-wet applicator that utilizes a second sizing with the cone-only
design (for example those of FIGs. 7A and 7B), without those disadvantages.
[0080] Thus, according to some embodiments, a method for coating an optical fiber com-
prises:
D coating the optical fiber with a coating material by moving the optical fiber
through at least one sizing die, the at least one sizing die including:
(a) fiber entrance opening; (b) a first portion, situated below the fiber entrance
opening, the first portion forming a conical ferrule with tapered wall, wherein the
conical ferrule has a cross-section with inner walls angled at a half angle o and
height L, where2 °<a; <25 ° and L, is between 0.25 mm and 2 mm; (c) a cylindri-
cal land portion situated adjacent to the first portion having a substantially con-
stant inner diameter d» and length Lo, such that 0.1 mm=< d> <0.5 mm and 0.5d><L»
<2.5,. The sizing die may also include a cylindrical leg portion having an inner
diameter greater than d,, the cylindrical leg portion being situated either above the

first portion or below the cylindrical land portion , and

[0081] According to some embodiments, a method for coating an optical fiber comprises:
D coating the optical fiber with a primary coating material by moving the optical
fiber through the first sizing die of the coating apparatus, the first sizing die
including:
(a) fiber entrance opening; (b) a first portion, situated below the fiber entrance
opening, the first portion forming a conical ferrule with tapered wall, wherein the

conical ferrule has a cross-section with inner walls angled at a half angle o and
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height L;, where2 °<a; <25 ° and L, is between 0.25 mm and 2 mm; (¢) a cylindri-
cal land portion situated adjacent to the first portion having a substantially con-
stant inner diameter d, and length L,, such that 0.1 mm< d, <0.5 mm and 0.5d,<L,
<2.55;and (d) a cylindrical leg portion having an inner diameter greater than d,,
the cylindrical leg portion being situated either above the first portion or below the
cylindrical land portion , and
(IT)  subsequently applying a secondary coating by moving the optical fiber with
the primary coating thereon through the second sizing die of the coating apparatus , the se-
cond sizing die including: (a) fiber entrance opening; (b) a first portion, situated below the
fiber entrance opening, the first portion forming a conical ferrule with tapered wall, wherein
the conical ferrule has a cross-section with inner walls angled at a half angle o and height L,
where 2 °<a, <25 ° and L, is between 0.25 mm and 2 mm; (c) a cylindrical land portion situ-
ated adjacent to the first portion having a substantially constant inner diameter d» and length
L,, such that 0.1 mm< d, <0.5 mm and 0.5d><L, <2.5,; and (d) a cylindrical leg portion hav-
ing an inner diameter greater than d», the cylindrical leg portion being situated either above
the first portion or below the cylindrical land portion.
[0082] According to some embodiments o> a;. Preferably 10 ° < ;<25 °, and 2 ° < qp<15
°. For example, the half angle a of the first (top) sizing die may be 15 °< ;<25 ®and 5 °<
<10 °. Also, it is preferable that in the top (first) sizing die 25; the cylindrical leg portion is
situated at least above the first (taper portion) portion 27, and in the bottom (second) sizing
die 25; the cylindrical leg portion is situated or below the cylindrical land portion 26.
[0083] Unless otherwise expressly stated, it is in no way intended that any method set forth
herein be construed as requiring that its steps be performed in a specific order. Accordingly,
where a method claim does not actually recite an order to be followed by its steps or it is not
otherwise specifically stated in the claims or descriptions that the steps are to be limited to a
specific order, it is no way intended that any particular order be inferred.
[0084] It will be apparent to those skilled in the art that various modifications and varia-
tions can be made without departing from the spirit or scope of the invention. Since modifi-
cations combinations, sub-combinations and variations of the disclosed embodiments incor-
porating the spirit and substance of the invention may occur to persons skilled in the art, the
invention should be construed to include everything within the scope of the appended claims

and their equivalents.
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What is claimed is:

1.

2.

A fiber coating apparatus comprising:

a body comprising

(a) fiber entrance opening:

(b) a first portion, the first portion forming a conical ferrule with tapered
wall, wherein the conical ferrule has a cross-section with inner walls an-
gled at a half angle a, where 2 °<a <25 °, and cone height L; between 0.25
mm and 2 mm; and

(c) a cylindrical portion having an inner diameter of d, such that 0.1< d,

<0.5 mm, and length L, such that 0.05<L, <1.25 mm.

The fiber coating apparatus comprising according to claim 1, wherein said
coating apparatus does not include a wall with a convex cross-section situated be-

tween said fiber entrance opening and said conical ferrule with tapered wall.

The fiber coating apparatus comprising according to claim 2, further compris-
ing a leg portion with a cylindrical inner wall, said cylindrical inner wall of said leg
portion having an inner diameter d; between 0.5 mm and 5 mm and a height L; be-

tween 2 and 6 mm

The fiber coating apparatus comprising according to claim 1, wherein said
coating apparatus includes a wall with a convex cross-section, said a wall with a con-

vex cross-section having a height<lmm.

A fiber coating apparatus comprising:

a sizing die comprising

(a) fiber entrance opening:

(b) a first portion, situated directly adjacent to said fiber entrance, the first
portion forming a conical ferrule with tapered wall, wherein the conical

22



WO 2015/080881 PCT/US2014/065664

6.

10.

11.

12.

13.

ferrule has a cross-section with inner walls angled at a half angle o and
cone height L, where

2 °<oa <25 °, L; is between 0.25 mm and 2 mm; and
(c) a cylindrical portion having a substantially constant inner diameter d,
and length L,, such that

0.1 mm< d, <0.5 mm, and 0.5 d><L, <2.5d>.

The fiber coating apparatus according to claim 5, wherein 0.5 mm <L; <2 mm

and 0.2 mm<d, <0.5 mm.

The fiber coating apparatus according to claim 6, and further comprising a leg
portion with a cylindrical inner wall, said leg portion situated adjacent to and down
stream of said cylindrical portion, said cylindrical inner wall of said leg portion hav-

ing an inner diameter 0.5 mm and 5 mm and a length L; between 2 and 6 mm.

The fiber coating apparatus according to claim 6, wherein 0.5mm <L,

<1.75mm.

The fiber coating apparatus according to claim 8, wherein 0.5mm <L,
<1.5mm.

The fiber coating apparatus according to claim 5, wherein 4°<o <25°.

The fiber coating apparatus according to claim 5, wherein L;<2d,.

The fiber coating apparatus according to claim 11, wherein L,<d,.

The fiber coating apparatus according to claim 12, wherein L1<0.75 d..
23
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14. The fiber coating apparatus according to claim 12, wherein L;<0.5 d,.

15. The fiber coating apparatus according to claim 5, further comprising a leg por-
tion with a cylindrical inner wall, said cylindrical inner wall of said leg portion having
an inner diameter ds between Ls 0.5 mm and 5 mm and a length L; between 2 and 6

mim.

16. A fiber coating apparatus comprising:

(D a guide die;

(I)  a first sizing die situated adjacent to the guide die, the coating die comprising
(a) fiber entrance opening;
(b) a first portion, situated below the fiber entrance opening, the first portion form-
ing a conical ferrule with tapered wall, wherein the conical ferrule has a cross-
section with inner walls angled at a half angle o and height L,, where
2 °<ay <25 °and L is between 0.25 mm and 2 mm;
(c) a cylindrical land portion situated adjacent to the first portion having a substan-
tially constant inner diameter d, and length L, such that 0.1
mm< d, <0.5 mm and 0.5d><L, <2.5,; and

(d) a cylindrical leg portion having an inner diameter greater than d», the cylindrical
leg portion being situated either above the first portion or below the cylindrical land
portion; and
(I1T) a second sizing die situated adjacent to said first sizing die.

17. The fiber coating apparatus comprising according to claim 16 wherein said cy-
lindrical leg portion of said first sizing die is positioned above said fiber entrance

opening and adjacent to said first portion of said first sizing die, and 8°<o; <25 ° :

18. The fiber coating apparatus comprising according to claim 17 wherein:
the second sizing die comprises: (a) fiber entrance opening; (b) a first portion, situated
below the fiber entrance opening, the first portion forming a conical ferrule with ta-
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19.

20.

pered wall, wherein the conical ferrule has a cross-section with inner walls angled at a
half angle a2 and height L,, where °<a; <25 © and L, is between 0.25 mm and 2 mm;
(c) a cylindrical land portion situated adjacent to the first portion having a substan-
tially constant inner diameter d» and length Lo, such that 0.1 mm=< d, <0.5 mm and
0.5d><L;, <2.5,; and (d) a cylindrical leg portion having an inner diameter greater than

d>, the cylindrical leg portion being situated below the cylindrical land portion.

A method for coating an optical fiber, comprising:

(I coating the optical fiber with a primary coating
material by moving the optical fiber through the first sizing die of the coating
apparatus of claim 16, and

(11D applying a secondary coating by moving the op-
tical fiber with the primary coating thereon through the second sizing die of

the coating apparatus of claim 16.

A method for coating an optical fiber, comprising: (i) coating the optical fiber
with a primary coating material by moving the optical fiber through the first sizing die
of the coating apparatus of claim 19, and (ii) applying a secondary coating by moving
the optical fiber with the primary coating thereon through the second sizing die of the

coating apparatus of claim 19.
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