wo 2016/040399 A1 [N I NPFV 0 00O YN0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/040399 A1

17 March 2016 (17.03.2016) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
C03B 17/04 (2006.01) CO03B 17/02 (2006.01) kind of national protection available): AE, AG, AL, AM,
21) International Aoolication Number: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: PCT/US2015/049050 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
9 September 2015 (09.09.2015) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
. . MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:
62/047.879 9 September 2014 (09092014) Us (84) Designated States (unless otherwise indicated, fO}" every
’ kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: CORNING INCORPORATED [US/US]; 1 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
Riverfront Plaza, Corning, NY 14831 (US). TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
(72) Tnventors: BISSON, Antoine, Gaston, Denis; 248 Wall TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
. DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
Street, Corning, NY 14830 (US). FREDHOLM, Allan,
) T LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
Mark; 3 Route d'Hericy, Le Clos Mallarme, 77870 Vu-
laines sur Seine (FR). JOUBAUD, Laurent; 51 rue de SM, TR), OAPI (BF, B, CF, CG, CI, CM, GA, GN, GQ,
. b )
Lyon, 75012 Paris (FR). GW, KM, ML, MR, NE, SN, TD, TG).
(74) Agent: BARRON, Jason A.; Corning Incorporated, Tntel- © uPhshed:

lectual Property Department, SP-Ti-03-01, Corning, NY
14831 (US).

with international search report (Art. 21(3))

(54) Title: MANUFACTURING PROCESS FOR PRECISION AND FUSION QUALITY GLASS TUBES

FIG. 4
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glass flows exit the mandrel. The apparatuses presented herein are contigured to provide high quality glass tubes using this method.
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MANUFACTURING PROCESS FOR PRECISION AND FUSION QUALITY GLASS TUBES

[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.

Provisional Application Serial No. 62/047,879, filed on September 9, 2014, the content of

which is relied upon and incorporated herein by reference in its entirety.
BACKGROUND

[0002] The disclosure relates to a method and apparatus for the manufacture of glass tubes

having high optical clarity, and more particularly to a method and apparatus configured to

manufacture glass tubes that have a pristine internal surface and, in some embodiments, a

pristine external surface, the pristine surfaces being free from paneling defects.

SUMMARY
[0003] One embodiment includes a method for continuously making a glass tube by
providing a flow of molten glass on an inner surface of a hollow, rotating mandrel to form a
tube preform, and then drawing the preform to obtain a glass tube.
[0004] A further embodiment includes a method for continuously making a glass tube
preform by providing a flow of molten glass on an inner surface of a hollow, rotating mandrel
and removing a molten glass tube preform from a downstream portion of the hollow, rotating
mandrel. The glass tube preform may then be drawn to provide a glass tube.
[0005] A further embodiment includes a method for continuously making a glass tube by
providing both (a) a flow of molten glass on an inner surface of a hollow, rotating mandrel
and (b) a flow of molten glass on an outer surface of the hollow, rotating mandrel; joining the
two flows together to form a preform; and then drawing the preform to obtain a glass tube.
The molten glass on the inner surface and the molten glass on the outer surface of the
mandrel may have the same composition or may be of differing compositions.
[0006] A further embodiment includes a method for continuously making a glass tube
preform by providing both (a) a flow of molten glass on an inner surface of a hollow, rotating
mandrel and (b) a flow of molten glass on an outer surface of the hollow, rotating mandrel;
and joining the two together at a downstream portion of the mandrel. The glass tube preform
may then be drawn to provide a glass tube. The molten glass on the inner surface and the
molten glass on the outer surface of the mandrel may have the same composition or may be

of differing compositions.
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[0007] A further embodiment includes a method for continuously making a glass tube by
providing (a) a flow of molten glass on an inner surface of a hollow, rotating mandrel, (b) a
flow of molten glass on an outer surface of the hollow, rotating mandrel, and (¢) a flow of
molten glass substantially above the flow of molten glass on the outer surface of the hollow,
rotating mandrel; joining the flows together to form a preform; and then drawing the preform
to obtain a glass tube. The molten glass on the inner surface and the molten glass on the
outer surface of the mandrel may have the same composition or may be of differing
compositions. The molten glass that is substantially above the molten glass on the outer
surface of the mandrel desirably has a composition that is different from the molten glass on
the outer surface of the mandrel.

[0008] A further embodiment includes a method for continuously making a glass tube
preform by providing (a) a flow of molten glass on an inner surface of a hollow, rotating
mandrel, (b) a flow of molten glass on an outer surface of the hollow, rotating mandrel, and
(c) a flow of molten glass substantially above the flow of molten glass on the outer surface of
the hollow, rotating mandrel; and joining the flows together to form a preform. The glass
tube preform may then be drawn to provide a glass tube. The molten glass on the inner
surface and the molten glass on the outer surface of the mandrel may have the same
composition or may be of differing compositions. The molten glass that is substantially
above the molten glass on the outer surface of the mandrel desirably has a composition that is
different from the molten glass on the outer surface of the mandrel.

[0009] A further embodiment includes an apparatus for making a glass tube preform
comprising a hollow mandrel, a device for rotating the hollow mandrel, and a delivery device
for delivering molten glass to an inner surface of the hollow mandrel. The apparatus is
configured such that molten glass flows longitudinally along the inner surface of the mandrel
from the point of delivery to an exit point at a downstream end of the mandrel. The hollow
mandrel may be cylindrical or conical.

[0010] A further embodiment includes an apparatus for making a glass tube preform
comprising a hollow mandrel, a device for rotating the hollow mandrel, a delivery device for
delivering molten glass to an inner surface of the hollow mandrel, and a delivery device for
delivering molten glass to an outer surface of the hollow mandrel. The apparatus is
configured such that molten glass flows longitudinally along the inner surface of the mandrel

from the point of delivery to an exit point at a downstream end of the mandrel. The apparatus
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is also configured such that molten glass flows longitudinally along the outer surface of the
mandrel from the point of delivery to an exit point at a downstream end of the mandrel.
[0011] A further embodiment includes an apparatus for making a glass tube preform
comprising a hollow mandrel, a device for rotating the hollow mandrel, and a delivery device
for delivering molten glass to an outer surface of the hollow mandrel. The apparatus is
configured such that molten glass flows longitudinally along the outer surface of the mandrel
from the point of delivery to an exit point at a downstream end of the mandrel. The apparatus
is further configured such that molten glass is delivered to an inner surface of the mandrel by
having a portion of the molten glass that is delivered to the outer surface of the mandrel flow
through one or more openings in the mandrel wall and into the interior of the hollow mandrel
where it contacts the inner surface of the hollow mandrel. The apparatus is configured such
that molten glass flows longitudinally along the inner surface of the mandrel from the point
of delivery to an exit point at a downstream end of the mandrel.

[0012] A further embodiment includes an apparatus for making a glass tube preform
comprising a hollow mandrel, a device for rotating the hollow mandrel, and a delivery device
for delivering molten glass to an inner surface of the hollow mandrel. The apparatus is
configured such that the longitudinal axis of the mandrel forms an angle that is between about
45 degrees and about 90 degrees from horizontal, and wherein molten glass flows along the
inner surface of the mandrel longitudinally from the point of delivery to an exit point at a
downstream end of the mandrel. The apparatus is also configured such that inner surface of
the mandrel to which the molten glass is delivered is sloped inward to provide an angle from
horizontal that is less than the angle formed by the longitudinal axis.

[0013] A further embodiment includes an apparatus for making a glass tube preform
comprising a hollow mandrel, a device for rotating the hollow mandrel, a delivery device for
delivering molten glass to an inner surface of the hollow mandrel, and a delivery device for
delivering molten glass to an outer surface of the hollow mandrel. The apparatus is
configured such that molten glass flows longitudinally along the inner surface of the mandrel
from the point of delivery to an exit point at a downstream end of the mandrel. The apparatus
is also configured such that molten glass flows longitudinally along the outer surface of the
mandrel from the point of delivery to an exit point at a downstream end of the mandrel. The
apparatus is configured such that the longitudinal axis of the mandrel forms an angle that is
between about 45 degrees and about 90 degrees from horizontal. The apparatus is also

configured such that inside surface of the mandrel to which the molten glass is delivered is
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sloped inward to provide an angle from horizontal that is less than the angle formed by the
longitudinal axis. The apparatus is also configured such that the outer surface of the mandrel
to which the molten glass is delivered is sloped outward to provide an angle from horizontal
that is less than the angle formed by the longitudinal axis.

[0014] 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 that description or
recognized by practicing the embodiments as described herein, including the detailed
description which follows, the claims, as well as the appended drawings.

[0015] It is 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 understanding the nature and character of the claims. 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 more embodiment(s),
and together with the description serve to explain principles and operation of the various

embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Figure 1 is an image of a prior art glass tube, demonstrating the image distortion

caused by paneling defects.

[0017] Figure 2 is an image of a prior art glass tube subjected to xenon light shadowgraphy,

demonstrating paneling defects.

[0018] Figure 3 is an image of a glass tube prepared in accordance with an embodiment of
the method described herein subjected to xenon light shadowgraphy, demonstrating the lack

of paneling defects.

[0019] Figure 4 is a perspective view, in section, of an embodiment of an apparatus for

making a glass tube preform.

[0020] Figure 5 is a perspective view, in section, of an embodiment of an apparatus for
making a glass tube preform, in which molten glass may flow on both an inside surface of the

mandrel and an outside surface of the mandrel.
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[0021] Figure 6 is a perspective view, in section, of an embodiment of an apparatus for
making a glass tube preform, in which molten glass may flow on both an inside surface of the

mandrel and an outside surface of the mandrel.

[0022] Figure 7A is a perspective view, in section, of an embodiment of an apparatus for
making a glass tube preform, wherein the molten glass is delivered to an outside surface of
the mandrel and flows through one or more openings in the mandrel to an inside surface of

the mandrel.

[0023] Figure 7B is a perspective view of an embodiment of a mandrel configured for use in

the embodiment shown for example in Figure 7A.

[0024] Figure 8 is a perspective view, in section, of an embodiment of an apparatus for

making a glass tube preform, wherein the mandrel is in a quasi-vertical orientation.

[0025] Figure 9 is a perspective view, in section, of an embodiment of an apparatus for
making a glass tube preform, in which molten glass may flow on both an inside surface of the
mandrel and an outside surface of the mandrel, and wherein the mandrel is in a quasi-vertical

orientation.

[0026] Figure 10 is a perspective view, in section, of an embodiment of an apparatus for

making a glass tube preform having a three-layer structure.

[0027] Figure 11 is an illustration of an embodiment of a method for forming a glass tube.

DETAILED DESCRIPTION

[0028] Reference will now be made in detail to certain embodiments, examples of which are
illustrated in the accompanying drawings. Whenever possible, the same reference numerals

will be used throughout the drawings to refer to the same or like parts.

High-Quality Glass Tubes
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[0029] Glass tubes find use in a variety of applications. Glass tubes are used in, for example,
lighting devices, solar collectors, chemical distillation systems, flow meters, pharmaceutical
packaging, and architectural design. Most notably, glass tubes have recently found use in
consumer electronic devices. When used in connection with a display in a consumer
electronic device, it is important that the glass does not distort the image on the display.
Accordingly, at least for these applications, the optical clarity of the glass is an extremely
important characteristic.

[0030] Conventionally, glass tubes are typically made using a process invented by Edward
Danner in 1917 and described in U.S. Pat. No. 1,219,709, which is commonly referred to as
the “Danner process.” In the Danner process, a continuous flow of molten glass is dispensed
from a delivery device onto the outer surface of a mandrel, which is placed on a steel shaft
rotating around its longitudinal axis. The mandrel is inclined in relation to the horizontal so
that, under the forces of gravity and due to the rotating motion of the mandrel, the molten
glass progressively takes the shape of a tube. The glass is progressively cooled as it flows
down the mandrel towards the downstream end. After exiting the mandrel at the downstream
end, the preformed tube is drawn horizontally by a drawing machine while air is blown
through the inside of the tube. In the Danner process, the molten glass that is in contact with
the mandrel, i.e. the glass at the interface of the mandrel and the glass flow, goes on to form
the interior surface of the glass tube.

[0031] Commercially available glass tubes suffer from an optical defect known as paneling,
When an image is viewed through the glass tube or a portion of the glass tube, paneling
causes distortion of the image, such as the type illustrated in Figure 1. Without being bound
by theory, paneling defects are thought to be caused during the manufacture of a glass tube
by the interaction between molten glass and the surfaces of the manufacturing apparatus over
which the molten glass flows. The flow of the molten glass over a tooling surface is thought
to impart the glass at the interface with the tooling surface with a roughness that remains on
the surface of the finished glass tube product. These optical defects can be costly and
difficult to remove, especially when located on the interior surface of a glass tube, which is
often difficult to polish.

[0032] By manufacturing glass tubes using embodiments of the method and apparatus of the
present invention, tubes having a high optical clarity can be formed. By high optical clarity it
is meant that a glass tube made in accordance with embodiments of the present invention has

no distortion visible to the human eye as a result of paneling defects. For example, a glass
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tube made in accordance with the present invention will desirably be free from image
distortion, such as the distortion illustrated in Figure 1.

[0033] Paneling can be observed and measured through a process known as shadowgraphy.
In shadowgraphy, a bright light is transmitted through the sample and onto a projection
screen. If the glass sample contains areas that refract the light, those areas will be visible as a
dark area on the projection screen. As illustrated in Figure 2, paneling defects are visible as
one or more dark streaks. The streaks are generally oriented in the longitudinal direction of
the glass tube. The image in Figure 2 was produced by transmission of a xenon lamp through
a sample of a commercially available glass tube and onto a non-transparent white projection
screen.

[0034] When testing a glass tube in its entirety via shadowgraphy, one observes the
transmission of light through the exterior surface, through each side of the interior surface,
and through the exterior surface on the opposite side of the tube. The testing of a particular
surface of a glass tube for paneling defects may be performed using the same shadowgraphy
method described above by coating the other, i.e. non-tested, surfaces with an index-matching
liquid. The index-matching liquid provides that there will be little to no distortion of light
through the coated surface. Therefore, any distortion effects seen through shadowgraphy will
be attributable to the non-coated, i.e. tested, surfaces.

[0035] The index-matching liquid should have a refractive index that is similar to the
refractive index of glass. Accordingly, silicon oils may be used as the index-matching liquid.
The index-matching liquid is deposited on the non-tested surfaces of the glass tube and,
without being bound by theory, is believed to fill in the small voids that give rise to the
roughness of the glass surface, thereby providing a smooth and level surface.

[0036] Accordingly, by coating the exterior of a glass tube with an index-matching liquid, the
interior surface of the tube may be tested for paneling defects. It has generally been found
that the interior surface of a glass tube made by the Danner process contains paneling defects.
[0037] It has been found that manufacture of glass tubes using embodiments of the presently
disclosed method and apparatus may provide glass tubes having at least an interior surface
that is substantially free from paneling defects. Desirably, the glass tube comprises a pristine
interior surface, i.e. one that contains no visible paneling defects when observed using
shadowgraphy. No additional processing or polishing is necessary in order to provide the

high optical quality interior surface made using embodiments of the present invention.
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[0038] A sample of glass tube made in accordance with an embodiment of the present
invention was subjected to shadowgraphy as described above. The exterior surface of the
sample was coated with a silicon oil, which functioned as an index-matching oil, so that the
interior surface of the glass tube was tested for paneling defects. The result is illustrated in
Figure 3. Notably, no pancling defects were identified.

[0039] Embodiments of the presently disclosed method and apparatus may also provide glass
tubes having both an interior surface that is substantially free from paneling defects and an
exterior surface that is substantially free from paneling defects. Desirably, the glass tube
comprises both a pristine interior surface (an interior surface containing no paneling defects)
and a pristine exterior surface (an exterior surface containing no paneling defects). In this
way, embodiments of the presently disclosed method and apparatus may provide glass tubes
that are substantially free from paneling defects. No additional processing is needed in order
to provide the high optical quality interior and exterior surfaces made using embodiments of
the present invention.

[0040] Some glass tubes manufactured using embodiments of the presently disclosed method
and apparatus, such as tubes which might be particularly useful in consumer electronic
devices, may have an outer diameter between about 1 mm and about 100 mm, alternatively
between about 5 mm and about 80 mm, alternatively between about 10 mm and about 60
mm, alternatively between about 10 mm and about 50 mm, alternatively between about 10
mm and about 40 mm, alternatively between about 10 mm and about 30 mm, alternatively
between about 10 mm and about 20 mm. The wall thickness of these tubes may be between
about 0.2 mm and about 10 mm, alternatively between about 0.5 mm and about 5 mm,
alternatively between about 0.5 mm and about 2 mm.

[0041] The presently disclosed manufacturing process and apparatus provides for a high level
of control over the thickness of the glass tubes. Thickness control is generally determined by
measuring the thickness of the glass tube wall at different sections along its length and
calculating the variance from the desired thickness. The thickness of glass tubes
manufactured using embodiments of the presently disclosed method and apparatus may vary
by less than 5% from the desired thickness. Alternatively, the thickness of glass tubes
manufactured using embodiments of the presently disclosed method and apparatus may vary
by less than 4% from the desired thickness, alternatively less than 3%, alternatively less than

2%, and alternatively less than 1%.



WO 2016/040399 PCT/US2015/049050

Apparatus for the Manufacture of High-Quality Glass Tubes

[0042] An embodiment of an apparatus for manufacturing glass tube preforms is shown in
Figure 4, and is designated generally throughout by the reference numeral 10. The apparatus
10 comprises a mandrel 12, the mandrel comprising a hollow interior 14 that is bounded by
an inner surface of the mandrel 16. The mandrel 12 also comprises an outer surface 18. In
the embodiment illustrated in Figure 4, the mandrel 12 is shaped as a cylinder that spans
longitudinally between an upstream end 20 and a downstream end 22. The downstream end
22 is also sometimes known as the root end.

[0043] The mandrel 12 is made of a material that is resistant to high temperatures.
Accordingly, refractory materials such as the type that are known as being suitable for
construction of the mandrel in the conventional Danner process may be used as the material
of the mandrel 12. For example, the mandrel 12 may be made of an alumina-silicate. In
some embodiments, the mandrel 12 may also comprise a platinum cladding on either the
inner surface of the mandrel 16, the outer surface of the mandrel 18, or both the inner and
outer surfaces of the mandrel.

[0044] The mandrel 12 is configured so that the forces of gravity will induce molten glass to
flow along at least the inner surface 16 between a point of delivery 30 at or near the upstream
end of the mandrel 20 to a point of exit at the downstream end of the mandrel 22.
Accordingly, the mandrel 12 may be inclined such that its longitudinal axis 28 forms an angle
a with a horizontal axis. The angle a is preferably between about 5° and about 90°.
Although not limited to such use, the mandrel 12 shown in Figure 4 may be particularly
suitable for use at an angle a between about 5° and about 60°. In the embodiment shown in
Figure 4, for example, the angle o is about 20°.

[0045] The diameter of the mandrel 12 at the root end 22 plays a key role in determining the
diameter of the glass tube produced on the apparatus. Accordingly, the diameter of the
mandrel 12, and particularly the diameter of the mandrel at the root end 22, may be selected
in order to produce a glass tube having a desired size. In some embodiments, the inner
diameter of the mandrel at the root end, labeled ID in Figure 4, may be between about 80 mm
and about 500 mm, alternatively between about 100 mm and about 400 mm, alternatively
between about 100 mm and about 300 mm, alternatively between about 100 mm and about
250 mm, alternatively between about 100 mm and about 220 mm.

[0046] The apparatus 10 also comprises a device 24 configured to rotate the mandrel. The

rotating device 24 may comprise any device known in the art as being suitable for rotating a
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mandrel, such as those that may be used in the conventional Danner process. Insome
embodiments, such as that illustrated in Figure 4, the device 24 may be configured such that
molten glass passes through the device before being delivered to the hollow interior 14 of the
mandrel. In this instance, the device 24 may generally comprise a delivery tube that is
surrounded by an insulating material, which prevents heat damage to the rest of the device.
The device 24 is desirably configured to rotate the mandrel at a speed of at least about 2 rpm
and more desirably up to at least about 20 rpm.

[0047] The apparatus 10 also comprises a delivery device 26 configured to deliver molten
glass to an inside surface of the hollow mandrel. The delivery device 26 may be any device
known in the art as being suitable for delivering molten glass, such as those used in
delivering molten glass to the outer surface of a mandrel in the conventional Danner process.
As described above, the delivery device 26 may be configured such that it passes through a
portion of the rotating device 24. The delivery devices 26 deposits molten glass into the
hollow interior 14 of the mandrel at a delivery point 30, which is desirably at or near the
upstream end of the mandrel 20. The mandrel 12 is configured such that the rotation of the
mandrel causes the molten glass delivered to the interior of the mandrel 14 to coat the
circumference of the inner surface 16 of the mandrel, desirably soon after the delivery point
30.

[0048] The apparatus 10 may also comprise an external casing, or muffle 32, which
surrounds the mandrel 12 along its length. In some embodiments, the muffle 32 may
comprise a cooling element 34, the cooling element being configured for cooling the molten
glass as it flows downstream along the length of the mandrel 12. The cooling element 34
may comprise, for example, a heat exchanger or a series of heat exchangers. For some uses,
however, heat exchangers within the muffle may alone be insufficient for the cooling of the
glass flow on the inner surface of the mandrel 16, as the wall of the mandrel itself can act as
insulation against the effects of the cooling elements 34.

[0049] Embodiments of the mandrel 12 may comprise a cooling element 36 within the
mandrel, e.g. within the wall of the mandrel. This cooling element 36 may either take the
place of the cooling element of the muffle 34, or work in tandem with to the cooling element
of the muffle 34. The cooling element 36 is configured to provide a degree of temperature
control to the inner surface of the mandrel 16. As shown in Figure 4, the cooling element 36
may provide circulation of a cooling liquid, such as water, or a cooling gas, such as air,

within the wall of the mandrel 12. The cooling element 36 may be particularly advantageous
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for cooling the glass flow when high flow rates of glass are used and/or where the mandrel
has a short length.

[0050] The apparatus 10 may also comprise a device 42 configured to deliver pressurized gas
to the hollow interior of the mandrel 14. The gas delivery device 42 may be any device
known in the art as being suitable for delivering gas, such as those used in delivering gas to
the outer surface of a mandrel in the conventional Danner process. As with the delivery of
molten glass to the hollow interior of the mandrel 14, the gas delivery device 42 may be
configured such that it passes through a portion of the rotating device 24, as illustrated in
Figure 4. For example, the device 42 may comprise one or more apertures located radially
outward from the molten glass delivery device 26.

[0051] Another embodiment of an apparatus for continuously manufacturing a glass tube
preform is shown in Figure 5. As shown in Figure 5, the apparatus may also comprise a
delivery device 38 configured to deliver molten glass to the outer surface 18 of the mandrel.
The delivery device 38 may be any device known in the art as being suitable for delivering
molten glass, such as those used in delivering molten glass to the outer surface of a mandrel
in the conventional Danner process. The delivery device 38 deposits molten glass onto the
outer surface 18 of the mandrel at a delivery point 40, which is desirably at or near the
upstream end of the mandrel 20. The mandrel 12 is configured such that the rotation of the
mandrel causes the molten glass delivered to the outer surface of the mandrel 18 to coat the
circumference of the outer surface 18, desirably soon after the delivery point 40.

[0052] The mandrel 12 is configured so that the forces of gravity will induce molten glass to
flow along the outer surface 18 between the point of delivery 40, which is desirably at or near
the upstream end of the mandrel 20, to a point of exit at the downstream end of the mandrel
22. In embodiments configured for the flow of molten glass on both the inner surface of the
mandrel 16 and the outer surface of the mandrel 18, the downstream end of the mandrel 22
may be configured to bring about a joining of the two glass flows at the point where they exit
the mandrel. As illustrated in Figure 5, for example, the downstream end of the mandrel, or
root end 22, may be configured to terminate at a tip 44. By bringing the flow of glass on the
inner surface 16 and the flow of glass on the outer surface 18 together at the tip 44, the
apparatus may enhance the fusing together of the two glass streams.

[0053] Another embodiment of an apparatus 10 for continuously manufacturing a glass tube
preform is shown in Figure 6. As shown in Figure 6, the mandrel 12 may be configured to

have a conical shape, wherein the diameter of the mandrel is larger at the upstream end 20
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than the diameter of the mandrel at the downstream end 22. The conical configuration can be
achieved by having a mandrel 12 in which the thickness of the mandrel wall decreases
moving downstream along the longitudinal axis. A mandrel 12 having a conical
configuration may be particularly desirable where the apparatus is configured for the flow of
glass on both the inner surface 16 and outer surface 18 of the mandrel. By providing a
mandrel 12 having a conical configuration, one is able to bring the glass flows on the inner
surface 16 and outer surface 18 of mandrel closer together toward the downstream end of the
mandrel 22, thereby decreasing the sharpness of the sloping required to produce the tip 44.
[0054] Where the mandrel 12 is conical, the degree of narrowing may sometimes be
described in terms of an angle B. The angle f may be measured by determining the diameter
of the mandrel 12 at the root end 22, the diameter of the mandrel at the delivery point 30, and
the length of the mandrel between these two points. Using this information, the angle f may
then be calculated using the following equation:

diameter at the delivery — diameter at the root
B = % x

length between the delivery and the root
In some embodiments, the angle p may be between about 0.5 and about 5 degrees,
alternatively between about 0.5 and about 4 degrees, alternatively between about 0.5 and
about 3 degrees.
[0055] Another embodiment of an apparatus 10 for continuously manufacturing a glass tube
preform is shown in Figure 7. As shown in Figure 7, the apparatus 10 is configured such that
the delivery device 26 configured to deliver molten glass to the hollow interior 14 of the
mandrel, and thus to the inner surface of the mandrel 16, comprises the combination of a
delivery device configured to deliver molten glass to an outer surface of the hollow mandrel
38 and one or more openings 46 in the mandrel wall, the one or more openings being
configured to provide for the flow of molten glass from the outer surface 18 of the mandrel,
through the wall of the mandrel 12, and to an inner surface 16 of the mandrel. The one or
more openings 46 are desirably located at or soon after the delivery point 40. Some
embodiments comprise a plurality of openings 46 that are spaced substantially evenly around
the circumference of the mandrel 12. The sizes and spacing of the openings may be selected
in order to provide a desired flow of glass into the hollow interior 14 of the mandrel, and
hence a desired flow of glass on the inner surface 16, as well as a desired flow of glass on the

outer surface 18 of the mandrel.
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[0056] This configuration may be particularly useful for implementation with an already-
existing conventional Danner system. For example, using this configuration, one may be able
to update a conventional Danner system to include molten glass flow on the inner surface 16
simply by replacing the mandrel 12.

[0057] Another embodiment of an apparatus 10 for continuously manufacturing a glass tube
preform is shown in Figure 8. As shown in Figure 8, the apparatus 10 may be configured
such that the mandrel is inclined to be quasi-vertical. For example, the mandrel 12 may be
included such that the angle o formed between the longitudinal axis 28 of the mandrel and
horizontal is between about 55° and about 90°, alternatively between about 60° and about
90°. The inclining of the mandrel 12 to angles within these ranges may be particularly useful
for producing a thick glass tube and/or a glass tube having a large diameter. It may also be
particularly useful where using a low flow rate of glass through the mandrel 12.

[0058] Where the angle o is above a certain threshold, it becomes difficult to achieve a
consistent and continuous coating across the entire circumference of the inner surface 16 of
the mandrel. Accordingly, in some embodiments and especially where the angle a is high,
the mandrel 12 may comprise an inner surface 16 that includes a first, or delivery, portion 48,
and a second, or flow, portion 50.

[0059] The delivery portion 48 is sloped inward toward the center of the mandrel in order to
provide the first portion with an angle ® from horizontal that is lower than the angle a. The
delivery portion 48 is configured such that the angle © is below the threshold angle at which
the coating of the inner surface 16 by the molten glass flow becomes inconsistent and/or
discontinuous. For example, in some embodiments, the angle ® is less than 60° from
horizontal, alternatively less than 55° from horizontal. The apparatus 10 is configured such
that the delivery device 26 delivers the molten glass to the first portion of the inner surface
48. Accordingly, as the molten glass flow travels along the first portion of the inner surface
48, the rotation of the mandrel 12 causes the molten glass to produce a consistent and
continuous coating of the circumference of the inner surface 16 of the mandrel.

[0060] The flow portion 50 may be sloped to provide an angle from horizontal that is equal to
or greater than the angle a, in order to provide the benefits of the quasi-vertical mandrel
configuration. For instance, the flow portion 50 may be sloped to provide an angle from
horizontal that is above the threshold angle at which the coating of the inner surface 16 by the
molten glass flow becomes inconsistent and/or discontinuous. This is because the

circumference of the inner surface 16 has already been provided with a consistent and
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continuous coating of molten glass due to the flow of molten glass across the first portion 48.
For example, in some embodiments, the angle formed by the second portion 50 of the inner
surface is greater than 55° from horizontal, alternatively greater than 60° from horizontal. As
illustrated in Figure 8, the portion of the mandrel that comprises the second portion 50 of the
inner surface may be cylindrical. In some embodiments, however, the portion of the mandrel
that comprises the second portion 50 of the inner surface may also be conical.

[0061] Another embodiment of an apparatus 10 for continuously manufacturing a glass tube
preform is shown in Figure 9. As described above regarding the coating of the inner surface
of the mandrel 16, where the angle o is above a certain threshold, it also becomes difficult to
achieve a consistent and continuous coating across the entire circumference of the outer
surface 18 of the mandrel. Accordingly, in some embodiments, and especially where the
angle a is high, the mandrel 12 may comprise an outer surface 18 that includes a first portion
52, or delivery portion, and a second portion 54, or flow portion.

[0062] The first portion 52 is sloped outward away from the center of the mandrel in order to
provide the first portion with an angle y from horizontal that is lower than the angle a. The
first portion 52 is configured such that the angle v is below the threshold angle at which the
coating of the outer surface 18 by the molten glass flow becomes inconsistent and/or
discontinuous. For example, in some embodiments, the angle v is less than 60° from
horizontal, alternatively less than 55° from horizontal. The apparatus is configured such that
the delivery device 38 delivers the molten glass to the first portion of the outer surface 52.
Accordingly, as the molten glass flow travels along the first portion of the outer surface 52,
the rotation of the mandrel 12 causes the molten glass to produce a consistent and continuous
coating of the circumference of the outer surface 18 of the mandrel.

[0063] The second portion 54 may be sloped to provide an angle from horizontal that is equal
to or greater than the angle «, in order to provide the benefits of the quasi-vertical mandrel
configuration. For instance, the second portion 54 may be sloped to provide an angle from
horizontal that is above the threshold angle at which the coating of the outer surface 18 by the
molten glass flow becomes inconsistent and/or discontinuous. This is because the
circumference of the outer surface 18 has already been provided with a consistent and
continuous coating of molten glass due to the flow of molten glass across the first portion 52.
For example, in some embodiments, the angle formed by the second portion 54 of the outer
surface is greater than 55° from horizontal, alternatively greater than 60° from horizontal. As

illustrated in Figure 9, the portion of the mandrel that comprises the second portion 54 of the
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outer surface may be conical. In some embodiments, however, the portion of the mandrel
that comprises the second portion 54 of the outer surface may also be cylindrical.

[0064] Another embodiment of an apparatus 10 for continuously manufacturing a glass tube
preform is shown in Figure 10. As illustrated in Figure 10, the apparatus 10 may further
comprise a delivery device 56 configured to deliver an additional flow of molten glass to the
outer surface 18 of the mandrel. The delivery device 56 may be any device known in the art
as being suitable for delivering molten glass, such as those used in delivering molten glass to
the outer surface of a mandrel in the conventional Danner process. The delivery device 56 is
configured to deliver molten glass at a delivery point 58. As illustrated in Figure 10, the
delivery point 58 is downstream from delivery point 40, at which the delivery device 38 is
configured to provide a flow of molten glass to the outer surface of the mandrel 18.
Accordingly, the delivery device 56 is configured to deliver and provide a flow of molten
glass above the surface of the molten glass flowing on the outer surface of the mandrel 18.
[0065] An embodiment of an apparatus 60 for continuously manufacturing a glass tube is
shown in Figure 11. As illustrated in Figure 11, the apparatus 60 comprises an apparatus for
continuously manufacturing a glass tube preform 10 according to any of the above-described
embodiments. Apparatus 60 may also comprise a device 64 configured for drawing the glass
tube preform that exits the mandrel 12. The drawing device 64 may comprise any devices
known in the art as being suitable for drawing glass tubes. For instance, in Figure 11, the
device 64 is illustrated as being a wheel drawing machine. The apparatus 60 may also
comprise a device 66 configured for conveying the glass tube preform from the exit of the
mandrel 12 to the drawing device 64. The conveying device may comprise any devices
known in the art as being suitable for conveying a glass tube preform. For instance, in Figure
11, the device 66 is illustrated as comprising a series of graphite rollers. The drawing device
64 and the conveying device 66 are desirably located and configured to provide a distance 62
through which the glass tube preform exiting the mandrel 12 takes on a catenary
arrangement.

[0066] The apparatuses set forth herein are not limited to the embodiments illustrated and
specifically described above. Rather, certain features of the embodiments described above
may be included, excluded, and combined in order to provide additional unillustrated

embodiments, as would be understood by a person of skill in the art.

Method for the Manufacture of High-Quality Glass Tubes
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[0067] Another embodiment of the present invention is a method for the continuous
manufacture of a glass tube having high optical clarity. Using an apparatus such as those
described above and careful control over various process parameters, embodiments of the
present invention may provide glass tubes having a pristine interior surface. Further, using an
apparatus such as those described above and careful control over various process parameters,
embodiments of the present invention may provide glass tubes having a pristine interior
surface and a pristine exterior surface.

[0068] In some embodiments, a method of manufacturing a glass tube includes forming a
glass tube preform and drawing the preform to obtain a glass tube. The forming of a glass
tube preform comprises providing a flow of molten glass on an inner surface 16 of a hollow
rotating mandrel 12 and removing a glass preform from a downstream portion of the mandrel
22.

[0069] The drawing of the glass tube preform to obtain a glass tube is a process that is
generally understood by those skilled in the art. For instance, in some methods, the glass
tube preform exiting a mandrel 12 may move through an area in which the preform takes on a
catenary configuration 62. During its conveyance through this catenary stage, the glass
preform is cooled to a temperature close to its softening point. After the catenary stage 62,
the glass tube preform may be conveyed through a drawing machine 64, such as a wheel
drawing machine, where the glass is further cooled to provide a solid glass tube. In some
embodiments, the drawing may be performed with a draw ratio between about 3 and about
10. However, it should be understood that the glass tube preform produced by methods of
embodiments described herein could be drawn in order to obtain a glass tube by any method
known by persons skilled in the art, such as those used in connection with the conventional
Danner process or variants thereof.

[0070] Some embodiments of the present invention are directed only toward the forming of a
glass tube preform. It should be understood that the glass tube preform of these embodiments
could further be drawn in order to obtain a glass tube by any method known by persons
skilled in the art, including but not limited to that generally described above.

[0071] The method for making a glass tube preform comprises providing a flow of molten
glass on an inner surface 16 of a hollow rotating mandrel 12 and removing a glass preform
from a downstream portion of the mandrel 22. A flow of molten glass is delivered to the

interior 14 of the hollow rotating mandrel 12.
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[0072] The rotation of the mandrel 12 causes the molten glass stream to circumferentially
coat the inside surface of the mandrel 16. The rotation of the mandrel 12 throughout the
process also provides that circumferential thermal and/or flow singularities are avoided. As
described above, the mandrel 12 has a longitudinal axis 28 that is inclined at an angle o from
horizontal. Therefore, due to gravitational forces, the molten glass stream also flows
longitudinally down the inner surface 16 of the mandrel 12, taking the shape of a tube.

[0073] In order to provide for a glass tube having a high quality interior glass surface, the
molten glass stream is desirably delivered to the inner surface of the mandrel 16 at a low
viscosity. The viscosity of the glass stream provided to the inner surface of the mandrel 16 is
desirably less than 30 kP, alternatively less than 10 kP. For example, the viscosity of the
glass stream provided to the inner surface of the mandrel 16 may be between about 1 kP and
about 30 kP, alternatively between about 1 kP and about 25 kP, alternatively between about 1
kP and about 20 kP, alternatively between about 1 kP and about 15 kP, alternatively between
about 1 kP and about 10 kP, and alternatively between about 1kP and about 5 kP. Without
being bound by theory, it is believed that the use of low viscosity flow provides that the glass
flow may heal any surface defects to thereby provide a high quality optical surface.

[0074] The glass flow may also be cooled as it flows longitudinally along the inside surface
of the rotating mandrel 16. As the glass cools during its downstream flow, the viscosity of
the glass flow increases. Desirably, this process occurs gradually as the glass moves
longitudinally along the mandrel 12. For example, the glass may cool at a rate between about
0.1 and 0.8 °C per millimeter of mandrel length. The glass may be cooled by a cooling
element surrounding the mandrel 34 and/or by a cooling element located within the mandrel
36. For instance, a cooling element located within the mandrel wall 36 may function to cool
the mandrel 12, thereby cooling the glass flow as it moves down the inner surface of the wall
16.

[0075] The viscosity of the glass flow at the root end of the mandrel 22 must be high enough
to provide the glass flow with stability upon its removal from the mandrel 12 and during the
subsequent drawing process. For example, the viscosity of the glass stream as it exits the root
end of the mandrel 22 may be between about 80 kP (kilopoise) and about 500 kP,
alternatively between about 80 kP and about 300 kP, alternatively between about 100 kP and
about 300 kP, alternatively between about 100 kP and about 200 kP.

[0076] The rotation rate of the mandrel 12 may also be controlled in order to provide a glass

tube having high optical quality surfaces. In some embodiments the rotation rate of the
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mandrel is desirably between about 2 rpm (revolutions per minute) and about 20 rpm,
alternatively between about 2 rpm and about 15 rpm, alternatively between about 2 rpm and
about 12 rpm, alternatively between about 2 rpm and about 10 rpm, and alternatively between
about 2 rpm and about 8 rpm.

[0077] The flow rate of the glass flow longitudinally along the inside surface of the rotating
mandrel 16 may also be controlled to provide a stable flow and thus a high quality glass tube.
In some embodiments, the glass flow rate is between about 20 kg/h (kilograms per hour) and
about 800 kg/h, alternatively between about 20 kg/h and about 700 kg/h, alternatively
between about 20 kg/h and about 600 kg/h, alternatively between about 20 kg/h and about
500 kg/h, alternatively between about 20 kg/h and about 400 kg/h, alternatively between
about 20 kg/h and about 300 kg/h, alternatively between about 20 kg/h and about 200 kg/h,
alternatively between about 20 kg/h and about 100 kg/h.

[0078] In some embodiments, the wall thickness of the glass tube preform, and accordingly
the wall thickness of the glass tube, may be further controlled by providing a gas to the
interior hollow of the rotating mandrel 14. By providing a gas pressure inside the hollow of
the mandrel 14, one may adjust the wall thickness of the glass tube preform exiting the
mandrel 12 and thus the wall thickness of the drawn glass tube. In some embodiments, the
gas pressure may be between about 1 Pa (pascal) and about 1000 Pa, alternatively between
about 1 Pa and about 500 Pa, alternatively between about 0 Pa and about 300 Pa, alternatively
between about 1 Pa and about 200 Pa, depending on the desired thickness of the glass tube.
There are few, if any, limitations on the identity of the gas. Because of its low cost, for
example, the gas may be compressed air.

[0079] By providing for the controlled flow of molten glass on the inside surface of a rotating
mandrel 16, glass tubes having an interior surface that are free from paneling defects may be
produced in a continuous manner. The glass tubes produced using embodiments described
above may also have a consistent thickness, with a variance of less than 5% and alternatively
less than 2%.

[0080] In another embodiment, molten glass is also provided to the outer surface of the
hollow rotating mandrel 18. Similarly to the glass on the inside surface of the hollow
mandrel 16, the rotation of the mandrel 12 causes the molten glass stream to
circumferentially coat the outer surface of the mandrel 16. The rotation is also thought to

provide that circumferential thermal and/or flow singularities are avoided. The gravitational
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forces produced by the angle of the mandrel 12 also provide a flow of the glass longitudinally
down the outer surface of the mandrel 18, such that the glass flow takes the shape of a tube.
[0081] The glass flow on the outer surface of the mandrel 18 joins together with the glass
flow on the inner surface of the mandrel 16 as the two flows exit the downstream end of the
mandrel 22. Desirably, the mandrel 12 is configured such that the flows converge toward one
another and join together at a tip of the mandrel 44.

[0082] The composition of the glass provided to the outer surface of the mandrel 18 may be
the same as the composition of the glass provided to the inner surface of the mandrel 16. In
other embodiments, the composition of the glass provided to the outer surface of the mandrel
18 may have a composition that differs from the composition of the glass provided to the
inner surface 16 of the mandrel. By using different glass composition for the inner glass
stream and the outer glass stream, one may produce a glass tube having different properties
between its internal and external surface.

[0083] For some applications, for example, the glass on the outer surface of the mandrel 18,
which forms the external surface of the glass tube may have a lower coefficient of thermal
expansion than the glass on the inner surface of the mandrel 16, which forms the internal
surface of the glass tube. For other applications, the glass on the outer surface of the mandrel
18, which forms the external surface of the glass tube may have a higher coefficient of
thermal expansion than the glass on the inner surface of the mandrel 16, which forms the
internal surface of the glass tube.

[0084] The use of glasses having different coefficients of thermal expansion is provided
solely as an example. The individual glasses supplied to the inner surface and outer surface
of the mandrel may be individually selected in order to provide any combination of
properties, as would be understood by a person of skill in the art. Depending on the
application, for example, it may be desirable to select a glass that provides the internal
surface of the glass tube with desirable properties related to chemical inertness. For other
applications, it may be desirable to select a glass that provides the external surface of the
glass tube with scratch resistance properties.

[0085] In order to provide for a glass tube having a high quality exterior glass surface, the
molten glass stream is desirably delivered to the outer surface of the mandrel 18 at a low
viscosity. The viscosity of the glass stream provided to the outer surface of the mandrel 18 is
desirably less than 30 kP, alternatively less than 10 kP. For example, the viscosity of the

glass stream provided to the outer surface of the mandrel 18 may be between about 1 kP and
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about 30 kP, alternatively between about 1 kP and about 25 kP, alternatively between about 1
kP and about 20 kP, alternatively between about 1 kP and about 15 kP, alternatively between
about 1 kP and about 10 kP, and alternatively between about 1kP and about 5 kP.

[0086] The glass flow may also be cooled as it flows longitudinally along the outer surface of
the rotating mandrel 18. As the glass cools during its downstream flow, the viscosity of the
glass flow increases. Desirably, this process occurs gradually as the glass moves
longitudinally along the mandrel 12. For example, the glass may cool at a rate of between
about 0.1 and 0.8 °C per millimeter of mandrel length. The glass may be cooled by a cooling
element surrounding the mandrel 34 and/or by a cooling element located within the mandrel
36. For instance, a cooling element located within the mandrel wall 36 may function to cool
the mandrel 12, thereby cooling the glass flow as it moves down the outer surface of the wall
18.

[0087] The viscosity of the glass flow at the root end of the mandrel 22 must be high enough
to provide stability to the glass flow upon its removal from the mandrel 12 and during the
subsequent drawing process. For example, the viscosity of the glass stream as it exits the
outer surface 18 of the root end of the mandrel 22 may be between about 80 kP and about 500
kP, alternatively between about 80 kP and about 300 kP, alternatively between about 100 kP
and about 300 kP, alternatively between about 100 kP and about 200 kP.

[0088] The flow rate of the glass longitudinally along the outer surface of the rotating
mandrel 18 may also be controlled to provide a stable flow and thus a high quality glass tube.
In some embodiments, the glass flow rate is between about 20 kg/h (kilograms per hour) and
about 800 kg/h, alternatively between about 20 kg/h and about 700 kg/h, alternatively
between about 20 kg/h and about 600 kg/h, alternatively between about 20 kg/h and about
500 kg/h, alternatively between about 20 kg/h and about 400 kg/h, alternatively between
about 20 kg/h and about 300 kg/h, alternatively between about 20 kg/h and about 200 kg/h,
alternatively between about 20 kg/h and about 100 kg/h.

[0089] In some embodiments, the flow rate of the glass along the outer surface of the rotating
mandrel 18 may be substantially the same as the flow rate of glass along the inner surface of
the rotating mandrel 16. In other embodiments, it may be desirable to have either a greater
flow rate along the outer surface of the mandrel 18 or a lesser flow rate of glass along the
outer surface of the mandrel than that on the inner surface of the mandrel 16.

[0090] The use of a flow rate on the outer surface of the mandrel 18 that differs from the flow

rate on the inner surface of the mandrel 16 may be particularly useful where, for example, the
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composition of the glass on the outer surface of the mandrel differs from the composition of
the glass on the inner surface of the mandrel. By selection and control of the flow rates of
the glass on the outer surface of the mandrel 18 and the glass on the inner surface of the
mandrel 16, one may control the thicknesses of the different layers in the glass tube
produced.

[0091] In some embodiments, the thickness of the wall of the glass tube preform, and
accordingly the thickness of the wall of the glass tube, may be further controlled by providing
a gas flow around the outer surface of the rotating mandrel 18. By providing a gas pressure
around the outer surface of the mandrel 18, one may adjust the wall thickness of the final
glass tube. In some embodiments, the gas pressure may be between about 1 Pa and about
1000 Pa, alternatively between about 1 Pa and about 500 Pa, alternatively between about 0 Pa
and about 300 Pa, alternatively between about 1 Pa and about 200 Pa, depending on the
desired wall thickness of the glass tube.

[0092] By providing for the controlled flow of molten glass on the outer surface of a
rotating mandrel 18, a glass tube having an exterior surface that is free from paneling defects
may be produced in a continuous manner. By providing for the controlled flow of molten
glass on both the inner surface 16 and outer surface 18 of the rotating mandrel, a glass tube
that is free from paneling defects may be produced in a continuous manner. The glass tube
produced using embodiments described above may also have a consistent thickness, with a
variance of less than 5% and alternatively less than 2%.

[0093] In another embodiment, an additional flow of molten glass may be provided to the
outer surface of the rotating mandrel 18. The additional flow of molten glass is configured to
provide the glass tube with an outer cladding layer. Accordingly, the additional flow of
molten glass is provided downstream from the initial flow of glass on the outer surface of the
mandrel 18 and is configured to remain substantially on top of the initial glass flow on the
outer surface of the mandrel.

[0094] The additional flow of molten glass has a different composition than at least the initial
flow of glass on the outer surface of the mandrel 18. The additional flow of molten glass
may also have a different composition than the flow of glass on the inner surface of the
mandrel 16. Using this embodiment, a glass tube having a three-layer structure may be
continuously produced. The relative thicknesses of the three layers that make up the tube
may be controlled through control of the flow rate of each glass flow on the mandrel 12, as

described above.
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Examples

[0095] Various embodiments will be further clarified by the following examples.

EXAMPLE 1
[0096] Using an apparatus 10 such as that shown in Figure 4, a hollow mandrel 12
comprising a cylindrical tube was angled about 20 degrees from horizontal was rotated at a
rate of about 5 rpm. A continuous flow of molten glass was delivered to the interior of the
hollow rotating mandrel 14 such that the molten glass contacted and coated the inside surface
of the mandrel 16. The viscosity of the glass at the point of delivery 30 was about 4.4 kP.
The temperature of the molten glass at the point of delivery 30 was about 1,100 °C. The
glass flowed longitudinally down the inside surface of the mandrel 16 at a flow rate of about
30 kg per hour. The tube preform was removed from the root end of the mandrel 22 and
drawn using the conventional process described above to produce a glass tube. The inside
surface of the glass tube was then tested via shadowgraphy, using an index-matching oil on

the outside surface of the tube, and was shown to have no paneling defects.

EXAMPLE 2
[0097] Using an apparatus 10 such as that shown in Figure 4, a hollow mandrel 12 angled
about 45 degrees from horizontal was rotated at a rate of about 5 rpm. A continuous flow of
molten glass was delivered to the interior of the hollow rotating mandrel 14 such that the
molten glass contacted and coated the inside surface of the mandrel 16. The viscosity of the
glass at the point of delivery 30 was about 4.4 kP. The temperature of the molten glass at the
point of delivery 30 was about 1,100 °C. The glass flowed longitudinally down the inside
surface of the mandrel 16 at a flow rate of about 30 kg per hour. The tube preform was
removed from the root end of the mandrel 22 and drawn using the conventional process
described above to produce a glass tube. The inside surface of the glass tube was then tested
via shadowgraphy, using an index-matching oil on the outside surface of the tube, and was

shown to have no paneling defects.

EXAMPLE 3
[0098] Using an apparatus 10 such as that shown in Figure 8, a hollow mandrel 12 angled

about 60 degrees from horizontal was rotated at a rate of about 5 rpm. A continuous flow of
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molten glass was delivered to the interior of the hollow rotating mandrel 14 such that the
molten glass contacted and coated the inside surface of the mandrel 16. The viscosity of the
glass at the point of delivery 30 was about 4.4 kP. The temperature of the molten glass at the
point of delivery 30 was about 1,100 °C. The glass flowed longitudinally down the inside
surface of the mandrel 16 at a flow rate of about 30 kg per hour. The tube preform was
removed from the root end of the mandrel 22 and drawn using the conventional process
described above to produce a glass tube. The inside surface of the glass tube was then tested
via shadowgraphy, using an index-matching oil on the outside surface of the tube, and was

shown to have no paneling defects.

EXAMPLE 4
[0099] Using an apparatus 10 such as that shown in Figure 5, a hollow mandrel 12
comprising a cylindrical tube having a diameter of about 160 mm and a wall thickness of
about 2 mm will be angled about 45 degrees from horizontal and rotated at a rate of about 5
rpm. A continuous flow of molten glass will be delivered to the interior of the hollow
rotating mandrel 14 such that the molten glass contacts and coats the inside surface of the
mandrel 16. The viscosity of the glass at the point of delivery to the inside surface of the
mandrel 30 will be about 5 kP.
[00100] Simultaneously, a continuous flow of molten glass will be delivered to the outside
surface 18 of the hollow rotating mandrel such that the molten glass contacts and coats the
outside surface of the mandrel. The viscosity of the glass at the point of delivery to the
outside surface of the mandrel 40 will also be about 5 kP.
[00101] The glass will flow longitudinally down the inside surface of the mandrel 16 and
the outside surface of the mandrel 18 at a flow rate of about 60 kg per hour. A tube preform
will continuously flow off from the root end of the mandrel 22 at a viscosity of about 150 kP.
The preform will be continuously drawn using the conventional process described above to
produce a glass tube. The glass tube will be tested via shadowgraphy and is expected to have

no paneling defects on either the inside surface or the outside surface.

[00102] Tt will be apparent to those skilled in the art that various modifications and

variations can be made without departing from the spirit or scope of the invention.
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What is claimed is:

1. A method of making a glass tube comprising:
providing a flow of molten glass on an inner surface of a hollow rotating mandrel;
removing a glass tube preform from a downstream portion of the hollow rotating
mandrel; and

drawing the preform to obtain a glass tube.

2. The method of claim 1, wherein the flow of molten glass is provided at a viscosity
less than 30 kP.
3. The method of claim 2, wherein the flow of molten glass is provided at a viscosity

less than 10 kP.

4. The method of claim 1, wherein the flow rate of the molten glass through the mandrel

is between about 20 kg/h and about 800 kg/h.

5. The method of claim 1, wherein the mandrel defines a longitudinal axis, and the
longitudinal axis is at an angle that is between about 5 degrees and about 90 degrees from

horizontal.

6. The method of claim 1, wherein pressurized gas is introduced into the interior of the

hollow rotating mandrel.

7. The method of claim 1, further comprising:

providing a flow of molten glass on an outer surface of the hollow rotating mandrel;
and

wherein removing the glass tube preform from a downstream portion of the mandrel
further comprises joining the flow of glass from the inner surface of the mandrel with the

flow of glass from the outer surface of the mandrel.

8. The method of claim 7, wherein the glass on the outer surface of the mandrel has a

different composition than the glass on the inner surface of the mandrel.
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9. The method of claim 7, further comprising providing a flow of molten glass
configured to provide an outer cladding layer; wherein the glass configured to provide an
outer cladding layer has a different composition than the glass on the outer surface of the

mandrel.

10.  An apparatus for the making of glass tube comprising:

a mandrel, the mandrel comprising an outer surface and a hollow interior that is
bounded by an inner surface, and the mandrel defining a longitudinal axis;

a delivery device configured to deliver molten glass to an inner surface of the
mandrel; and

a device configured to rotate the mandrel;

wherein the apparatus is configured such that the glass flows longitudinally to an exit

point at a downstream end of the mandrel.

11.  The apparatus of claim 10 further comprising a device configured to deliver gas to the

hollow interior of the mandrel.

12.  The apparatus of claim 10 further comprising a cooling device configured to cool the

inner surface of the mandrel.

13. The apparatus of claim 12, wherein the cooling device comprises a cooling element

located within the wall of the mandrel.

14. The apparatus of claim 10, wherein the mandrel is cylindrical.

15. The apparatus of claim 10, wherein the mandrel is conical.

16. The apparatus of claim 10, wherein the longitudinal axis forms an angle that is

between about 45 degrees and about 90 degrees from horizontal.

17. The apparatus of claim 16, wherein the inner surface of the mandrel comprises a first

portion and a second portion, and wherein
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the first portion of the inner surface of the mandrel is sloped inward to provide an

angle from horizontal that is less than the angle formed by the longitudinal axis.

18.  The apparatus of claim 10 further comprising a delivery device configured to deliver
molten glass to an outer surface of the hollow mandrel; and
wherein the apparatus is further configured such that glass flows off the outer surface

of the mandrel at the downstream end of the mandrel.

19.  The apparatus of claim 18, wherein the delivery device configured to deliver molten
glass to an inside surface of the hollow mandrel comprises
the device configured to deliver molten glass to the outer surface of the mandrel; and
one or more openings in the mandrel wall, the one or more openings being configured
to provide for the flow of molten glass from the outer surface of the mandrel to the inner

surface of the mandrel.

20. The apparatus of claim 18, wherein
the longitudinal axis forms an angle that is between about 45 and about 90 degrees
from horizontal and wherein the mandrel is configured;
the outer surface of the mandrel comprises a first portion and a second portion; and
the first portion of the outer surface of the mandrel is sloped outward to provide an

angle from horizontal that is less than the angle formed by the longitudinal axis.

21. The method of claim 1, wherein the mandrel is rotated at a rate between about 2 and

about 20 revolutions per minute.

22. The method of claim 21, wherein the mandrel is rotated at a rate between about 2 and

about 10 revolutions per minute.
23. The method of claim 1, wherein the viscosity of the molten glass tube preform exiting

the downstream portion of the mandrel has a viscosity between about 80 kP and about 300
kP.
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24, The method of claim 23, wherein the viscosity of the molten glass tube preform
exiting the downstream portion of the mandrel has a viscosity between about 100 kP and

about 200 kP.

25. The method of claim 1, further comprising providing a flow of gas inside the hollow

mandrel.

26. The method of claim 25, wherein the pressure of the gas flow inside the hollow

mandrel is between about 1 Pa and about 1000 Pa.

27. The method of claim 26, wherein the pressure of the gas flow inside the hollow

mandrel is between about 1 Pa and about 500 Pa.

28.  The method of claim 27, wherein the pressure of the gas flow inside the hollow

mandrel is between about 1 Pa and about 300 Pa.

29. The method of claim 1, wherein the glass tube has an interior surface that is

substantially free from paneling defects.

30. The method of claim 29, wherein the glass tube has an interior surface that is pristine.

31. The method of claim 7, wherein the glass tube has an exterior surface that is

substantially free from paneling defects.

32. The method of claim 31, wherein the glass tube has an exterior surface that is pristine.

33. The method of claim 31, wherein the glass tube has an interior surface that is

substantially free from paneling defects.

34. The method of claim 32, wherein the glass tube has an interior surface that is pristine.

35. The method of claim 1, wherein the glass tube has an outer diameter between about

10 mm and about 60 mm.
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36. The method of claim 35, wherein the glass tube has a wall thickness between about

0.5 mm and about 2 mm.

37. The method of claim 1, wherein the thickness of the glass tube varies by less than 5%.

38.  The method of claim 1, wherein the thickness of the glass tube varies by less than 2%.

28



PCT/US2015/049050

WO 2016/040399

§

%

77

FIG. 1
PRIOR ART

PRIOR ART



PCT/US2015/049050

WO 2016/040399

2/8

FIG. 3

Tl
/"g«i“
28

e

FIG. 4



PCT/US2015/049050

WO 2016/040399

3/8




WO 2016/040399 PCT/US2015/049050

4/8

FIG. 7A




WO 2016/040399 PCT/US2015/049050

5/8

FIG. 8



WO 2016/040399 PCT/US2015/049050

FIG. 9



WO 2016/040399 PCT/US2015/049050

718

FIG. 10



WO 2016/040399

, 60

PCT/US2015/049050

8/8

[6/6/0)
/

L

FIG. 11



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/049050

A. CLASSIFICATION OF SUBJECT MATTER

INV. CO3B17/04 Co3B17/02
ADD.

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Co3B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

20 March 1928 (1928-03-20)

12 April 1966 (1966-04-12)

column 4, Tines 12-20

X US 1 663 093 A (PEILER KARL E)

page 1, lines 1-12,77-80; figure 1
page 2, lines 4-8,50-58,121-125

X US 3 245 770 A (CORTRIGHT STANLEY A ET AL)

column 2, lines 8-17,42-55; figure 1

1-6,
10-17,
21-30,
35-38

1-5,10,

24,29,

30,35-38

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

5 November 2015

Date of mailing of the international search report

16/11/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Creux, Sophie

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/049050

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

FR 750 425 A (ISROUIL RABINOVITCH)
10 August 1933 (1933-08-10)

page 1, lines 4-11; figures 4,11
page 3, lines 94-99

page 4, lines 73-77

page line 79 - page 6, line 28
page lines 71-96

page lines 42-92

US 1 642 312 A (PANCRAS SCHOONENBERG)
13 September 1927 (1927-09-13)
page 1, lines 47-84; figures 1,3

O ~NOVE

[ IR Y]

GB 766 220 A (ZEISS STIFTUNG)

16 January 1957 (1957-01-16)

page 1, lines 74-80; claim 1; figure 1
US 2 464 028 A (EDWARD DANNER)

8 March 1949 (1949-03-08)

colum 5, lines 37-45

1-16,
18-38

1,10,29,
7,18
1,10

7,18

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

International application No
Information on patent family members

PCT/US2015/049050
cted in seareh report e memberts) e
US 1663093 A 20-03-1928  NONE
US 3245770 A 12-04-1966 NONE
FR 750425 A 10-08-1933 NONE
US 1642312 A 13-09-1927 MNONE
6B 766220 A 16-01-1957 MNONE
US 2464028 A 08-03-1949 NONE

Form PCT/ISA/210 (patent family annex) (April 2005)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - wo-search-report
	Page 39 - wo-search-report
	Page 40 - wo-search-report

