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ABSTACT

Processes and systems for producing glass fibers having regions devoid of glass
using submerged combustion melters, including feeding a vitrifiable feed material into a
feed inlet of a melting zone of a melter vessel, and heating the vitrifiable material with at
least one burner directing combustion products of an oxidant and a first fuel into the
melting zone under a level of the molten material in the zone. One or more of the
burners is configured to impart heat and turbulence to the molten material, producing a
turbulent molten material comprising a plurality of bubbles suspended in the molten
material, the bubbles comprising at least some of the combustion products, ana
optionally other gas species introduced by the burners. The molten material and bubbles

are drawn through a bushing fluidly connected to a forehearth to produce a glass fiber

comprising a plurality of interior regions substantially devoid of glass.
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PROCESS OF USING A SUBMERGED COMBUSTION MELTER TO PRODUCE
HOLLOW GLASS FIBER OR SOLID GLASS FIBER HAVING ENTRAINED BUBBLES,
AND BURNERS AND SYSTEMS TO MAKE SUCH FIBERS

10001} BACKGROUND INFORMATION

This application is a division of Canadian Patent Application No. 2,878,192

filed on June 25, 2013.

(0002] Technical Field

[0003] The present disclosure relates generally to the field of combustion furnaces and
methods of use, and more specifically to processes for producing hollow glass tiber or

glass fibers comprising bubbles using a turbulent submerged combustion meiter, and

burners for carrying out such processes.

[0004] Background Art

[0005] In submerged combustion melting of glass and similar materials, combustion
gases emitted from sidewall-mounted and/or floor-mounted burners are injected beneath
the surface of a molten or partially molten mass of material being melted tn a melter
vessel and rise upward through the molten or partially molten mass. The moiten or
partially molten mass of material is a complex mixture of moiten feed material (feed
material is commonly referred to as “batch” in the glass industry), unmelted batch, and
gases from the burners and evolved gases from the reaction of and/or decomposition of
batch materials. Recycled glass or “cullet”, as well as various waste materials of varying
glass content (such as fiberglass batting or even loose fibers) may also be present. The
materials are heated at a high efficiency via the intimate contact with the combustion
gases. Using submerged combustion burners produces turbulence of the molten material
or partially molten material. Vibration of the burners and/or the melter vessel walls
themselves, due to sloshing of molten material, pulsing of combustion burners, popping of
large bubbles above or aside of submerged burners, ejection of molten material from the
melt against the walls and ceiling of melter vessel, and the like, are possible.

[0006] Traditional methods of making hollow fibers employ a bushing and a source of air
feeding the air into the molten glass as it passes through a bushing. U.S. Pat. No.
2,269,459 discloses using a tube for injecting air into molten glass discharging vertically
downward from a vessel, the tube extending through a bushing on the bottom of the
melter. The initial hollow fiber formed is then drawn through and heated in a burner that

provides intense flame and heat to form a much smaller diameter hollow fiber. Bushings
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are described in a series of patents for making fibers having intermittent holliowness along
their length, as well as hollow glass fibers of more uniform hollowness, more ratio of
ID/OD. and better concentricity of the central lumen. See U.S. Pat Nos. 3,421,873;
3.510,393; 3,268,313: 4,735,642; and 4758259. None of these patents use or discuss
submerged combustion. None of the previous solutions have recognized that submerged
combustion produces a turbulent molten glass that has approximately 40 percent by
volume gas bubbles. In fact, traditional glass melting technologies seek to reduce bubble
content when making glass fibers, as it leads to frequent processing problems due to tiber
breakage during drawing. Molten glass fining is called for to reduce or eliminate bubbles,

the fining employing conditioning channels that may be difficult and/or expensive {o

operate.

[0007] It would be a significant advance in the glass melting art to develop processes of

making hollow glass fibers, or solid glass fibers having entrained bubbles therein, and

apparatus and systems to make such fibers.

[0008] SUMMARY

[0009] In accordance with the present disclosure, processes, systems, and apparatus for
carrying out the processes are described that produce hollow glass fibers, or solid glass
fibers having entrained bubbles therein, using submerged combustion melters. The
processes, systems, and apparatus described herein are relevant to the full range of

glass precursor materials that may be melted with submerged combustion technology,

but are particularly well-suited for “glass batch”, as that term is defined herein.

[0010] A first aspect of this disclosure is a process comprising:

a) feeding at least one partially or wholly vitrifiable feed material into a feed
inlet of a turbulent melting zone of a melter vessel comprising a floor, a ceiling, and a
wall connecting the floor and ceiling at a perimeter of the floor and ceiling, the melter
vessel comprising a feed opening in the wall or ceiling and an exit end comprising a

melter exit structure for discharging molten material formed in the turbulent melting
zone;

b) heating the at least one partially or wholly vitrifiable material with at least
one burner directing combustion products of an oxidant and a first fuel into the
turbulent melting zone under a level of the molten material in the zone, one or more of

the burners configured to impart heat and turbulence to at least some of the molten
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material in the turbulent melting zone, producing a turbulent molten material
comprising a plurality of bubbles suspended in the molten material, the bubbles
comprising at least some of the combustion products;

c) discharging the molten material comprising bubbles from the melter vessel

through the melter exit structure into a forehearth; and
d) drawing the molten material comprising bubbles through a bushing fluidly

connected to the forehearth to produce a glass fiber comprising a plurality of interior

regions substantially devoid of glass.

[0011] A second aspect of this disclosure is a process comprising:

a) feeding at least one partially or wholly vitrifiable material into a feed inlet of
a turbulent melting zone of a melter vessel comprising a floor, a ceiling, and a wall
connecting the floor and ceiling at a perimeter of the floor and ceiling, the melter
vessel comprising a feed opening in the wall or ceiling and an exit end comprising a
melter exit structure for discharging molten material formed in the turbulent melting
Zone;

b) heating the at least one partially or wholly vitrifiable material with at least
one burner directing combustion products of an oxidant and a first fuel into the
turbulent melting zone under a level of the molten matertal in the zone, one or more of
the burners configured to impart heat and turbulence to at least some of the moiten
material in the turbulent melting zone, producing a turbulent molten material
comprising a plurality of bubbles suspended in the molten material, the bubbles

comprising at least some of the combustion products;

c) discharging the molten material comprising bubbles from the melter vessel

through the melter exit structure into a forehearth;

d) drawing the molten material comprising bubbles through a plurality ot
bushings producing glass fibers each comprising a plurality of interior regions devoid
of glass, the fibers having substantially same outside diameter; and

e) controlling flow of the molten material comprising bubbles through the
forehearth and bushings so that fibers produced through the bushings are

substantially consistent in volume of regions devoid of glass.

[0012] A third aspect of this disclosure is a system comprising:

a) a melter vessel comprising a floor, a ceiling, and a wall connecting the tioor and

ceiling at a perimeter of the floor and ceiling, the melter vessel comprising a feed opening

in the wall or ceiling and an exit end comprising a melter exit structure for discharging
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molten material formed in a turbulent melting zone, and one or more burners, at least one
of which is positioned to direct combustion products into the turbulent melting zone under
a level of turbulent molten material in the turbulent melting zone;

b) a forehearth fluidly connected to the melter exit structure without any
intervening channel or component, the forehearth comprising a plurality of bushings
configured to produce glass fibers each comprising a plurality of interior regions devoid of

glass, the fibers having substantially same outside diameter.

[0013] A fourth aspect of this disclosure is an apparatus comprising:
a first conduit comprising a first end, a second end, a longitudinal bore having a

longitudinal axis, and an external surtace:
a second conduit substantially concentric with the first conduit, the second conduit

comprising a first end, a secohd end, and an internal surface;

the first and second conduits configured to form a primary annulus between the
external surface of the first conduit and the internal surface of the second conduit;

a third substantially concentric conduit comprising a first end, a second end, and
an internal surface, the internal surface of the third conduit forming, with an exterior

surface of the second conduit, a secondary annulus external to the primary annulus;

a top end cap sealing the first ends of the second and third conduits, the second

end of the second conduit sealed around the first conduit, and the second end of the third

conduit sealed around the second conduit, forming a cavity for fluid to circulate;

one or more passages near the second end of the second conduit for passage of
primary oxidant;
one or more alternate gas tubes extending substantially longitudinally through the

secondary annulus and comprising distal ends terminating in at least one port near the

first end of the second conduit; and
one or more secondary fuel tubes extending substantially longitudinally through

the primary annulus and comprising distal ends positioned near the first ends ot the first

and second conduits.

[0014] A fifth aspect of this disclosure is an apparatus comprising:

a first conduit comprising a first end, a second end, a longitudinal bore having a

longitudinal axis, and an external surface, the first end comprising threads on the external

surface,
a second conduit substantially concentric with the first conduit, the second conduit

comprising a first end, a second end, and an internal suriace,
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the first and second conduits configured to form a primary annulus between the
external surface of the first conduit and the internal surface of the second condutt;

a body having an upper surface, a lower surface, a circumferential surface
abutting a portion of the internal surface of the second conduit, and a generally cylindrical
central hub concentric with the longitudinal axis, the structure adjustable axially in relation
to and threadedly attached to the threads of the first end of the first conduit via the hub,
the hub defining a central passage having an exit at the upper surface, the body
comprising one or more non-central through passages extending from the lower to the
upper surface, the non-central passages configured such that flow of one or more tluids
through the non-central passages causes the fluids to intersect with a tflow of one or more
other fluids in a mixing region above the upper surface of the body;

a third substantially concentric conduit comprising a first end, a second end, and
an internal surface, the internal surface of the third conduit forming, with an exterior

surface of the second conduit, a secondary annulus external to the primary annulus;
the first end of the third conduit extending beyond the first end of the second

conduit, the first end of the second conduit extending beyond the first end of the first
conduit, and the secondary annulus is capped by an end cap connecting the first end of

the second conduit and the first end of the third conduit; and
the second end of the second conduit sealed around the first conduit, and the

second end of the third conduit sealed around the second conduit, forming a cavity for

fluid to circulate.

[0015] Processes, systems, and apparatus of this disclosure will become more apparent

upon review of the brief description of the drawings, the detailed description of the

disclosure, and the claims that follow.
[0016] BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The manner in which the objectives of the disclosure and other desirable

characteristics can be obtained is explained in the following description and attached

drawings in which:

[0018] FIGS. 1, 2, and 3 illustrate schematic side elevation views, partially in cross-

section, of three system embodiments in accordance with the present disclosure;
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[0019] FIGS. 4 and 5 illustrate schematic plan views, partially in cross-section, of two system

embodiments in accordance with the present disclosure;

[0020] FIGS. 6A and 6B illustrate schematic enlarged cross-sectional views of two different

fibers made using the processes, systems, and apparatus of the present disclosure;

[0021] FIGS. 7 and 8 are schematic cross-sectional views of two apparatus in accordance with

the present disclosure;

[0022] FIGS. 7A and 8A are schematic plan views of the apparatus illustrated in FIGS. 7 and 8,

respectively, while FIG. 8B is a cross-sectional view of a component of the burner illustrated

schematically in FIGS. 8 and 8A; and

[0023] Continue to [0024].

[0024] lt is to be noted, however, that the appended drawings are not to scale and illustrate only

typical embodiments of this disclosure, and are therefore not to be considered limiting of its

scope, for the disclosure may admit to other equally effective embodiments.

[0025] DETAILED DESCRIPTION

[0026] In the following description, numerous details are set forth to provide an understanding
of various, process, system, and apparatus embodiments in accordance with the present
disclosure. However, it will be understood by those skilled in the art that the melter apparatus
and processes of using same may be practiced without these details and that numerous
variations or modifications from the described embodiments may be possible which are

nevertheless considered within the appended claims. In the event definitions of terms In the

referenced patents and applications conflict with how those terms are defined in the present

application, the definitions for those terms that are provided in the present application shall be

deemed controlling.
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[0027] Certain process embodiments may comprise controlling flow of the molten material
comprising bubbles through the forehearth and bushings so that fibers produced through
the bushings are substantially consistent in volume of regions devoid of glass. As used
herein the phrase “substantially consistent in volume of regions devoid of glass™ means
that the fibers may be either random or non-random in the shape of their void regions, but
that the fibers nevertheless have about the same volume of gas inclusions or bubbles.

The gas inclusions or bubbles need not be round, and may be oblong or irregular in

shape.

[0028] Certain system embodiments may comprise a forehearth fluidly connected to the
melter exit structure without any intervening channel or component. As used herein the
phrase “without any intervening channel or component” means the forehearth is directly
connected to the melter exit structure without any refining channel in between the melter
exit structure and forehearth. In certain embodiments, as explained further herein, a first

forehearth may be fluidly connected to a second forehearth by a distribution channel.

[0029] The phrase “at least one burner directing combustion products of an oxidant and a
first fuel into the melting zone under a level of the molten material in the zone™ as used
herein means that combustion gases emanate from burners under the level of the molten
glass; the burners may be floor-mounted, wall-mounted, or in melter embodiments
comprising more than one submerged combustion burner, any combination thereot (tor
example, two floor mounted burners and one wall mounted burner). As used herein the
term “combustion gases” means substantially gaseous mixtures of combusted fuel, any
excess oxidant, and combustion products, such as oxides of carbon (such as carbon
monoxide, carbon dioxide), oxides of nitrogen, oxides of suliur, and water. Combustion

products may include liquids and solids, for example soot and unburned liquid fuels.

[0030] The phrase “turbulent melting zone” means that zone in a submerged combustion
melter wherein there is very turbulent, sometimes extraordinarily turbulent conditions

inside the submerge combustion melter. The phrase “turbulent molten material” means

“molten material that is in a condition of high turbulence, with many bubbles of combustion

nroduct gases and gases evolved from the glass batch materials becoming entrained in
the molten material and some of the bubbles bursting as they reach the surtace of the
molten mass. Thig high degree of turbulence can increase the mcchanical load on the
melter vessel walls significantly, especially in embodiments where some or all of the walls

are fluid-cooled, as fluid-cooled wall structures may be made thinner than non-cooled
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walls since the frozen or highly viscous glass layer formed thereon protects the walls
better than non-cooled walls. Therefore, while there may be savings in cost of materials
for submerged combustion melter vessels with thinner, fluid-cooled walls, and {fuel
savings due to better heat transfer to the melt, there may be adverse physical impacts on

the melter structure due to the very high turbulence imparted during submerged

combustion.

[0031] The phrase “glass batch” as used herein refers to the initial raw matenal, or glass
source material, and may include any material suitable for forming molten giass such as,
for example, limestone, glass, sand, soda ash, feldspar and mixtures thereof. It is
important to recognize the difference between the glass batch composttion and the glass
forming ingredients or components of the glass batch. See for example “Glass Meiting’,
Battelle PNNL MST Handbook, U.S. Depariment of Energy, Pacific Northwest Laboratory,
retrieved 2012-04-20. In one embodiment, a glass composition for producing glass tibers
may be "E-glass," which typically includes 52-56% S$10,, 12-16% Al,O3, 0-0.8% FeL0s,
16-25% CaO0, 0-6% MgO, 0-10% B.O3, 0-2% Na0+K,0, 0-1.5% TiO, and 0-1% F,. Other
glass compositions may be used, such as those described in assignee’s published U.S.
applications 20070220922 and 20080276652. The initial raw matental to provide these
glass compositions can be calculated from information such as in Table 1, reproduced
from the above 20070220922 application. Notice that during glass melting, carbon dioxide

(from limestone (CaCOj3) and water (from borax (Na;B4O;*10H,0)) evaporate.
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[0032] The term “air-fuel burner” means a combustion burner that combusts one or more
fuels with only air, while the term “oxy-fuel burner’” means a combustion burner that
combusts one or more fuels with either oxygen alone, or employs oxygen-enriched air, or
some other combination of air and oxygen, including combustion burners where the
primary oxidant is air, and secondary and tertiary oxidants are oxygen. Burners may be
comprised of metal, ceramic, ceramic-lined metal, or combination thereof. “Air” as used
herein includes ambient air as well as gases having the same molar concentration of
oxygen as air. “Oxygen-enriched air” means air having oxygen concentration greater than
21 mole percent. “Oxygen” includes “pure” oxygen, such as industrial grade oxygen, food
grade oxygen, and cryogenic oxygen. Oxygen-enriched air may have 50 mole percent or
more oxygen, and in certain embodiments may be 90 mole percent or more oxygen.
Oxidants such as air, oxygen-enriched air, and pure oxygen may be supplied from a

pipeline, cylinders, storage facility, cryogenic air separation unit, membrane permeation

separator, or adsorption unit.

[0033] The term "fuel", according to this disclosure, means a combustible composition
(either in gaseous, liquid, or solid form, or any flowable combination of these) comprising
a major portion of, for example, methane, natural gas, liquefied natural gas, propane,
atomized oil, powders or the like. Fuels useful in the disclosure may comprise minor

amounts of non-fuels therein, including oxidants, for purposes such as premixing the tuel

~ with the oxidant, or atomizing liquid fuels. The terms “first” or “primary” fuel, and "second”

or “secondary” fuel mean that the first fuel and second fuel have different compositions
and/or physical characteristics, although they may have overlapping components, and
may have some similar physical characteristics. For example, natural gas as a primary
fuel may include some butane, and butane may be employed as a secondary fuel.
Tertiary fuels may also be used, that is, more than two fuels. The term “alternate gas”
includes reactive gases and inert gases, and mixtures thereof, substances that are gases
at ambient conditions, as well as compounds that are liquids at ambient conditions, but
that vaporize at temperatures in a submerged combustion melter, such as carbon
disulfide. Reactive gases include, but are not limited to, carbon dioxide, carbon monoxide,
nitrous oxide, nitrous oxide, oxides of sulfur, fluorine, chlorine, silane, and the like. Inert

gases include, but are not limited to, gases such as nitrogen, argon, xenon, and the like.

[0034] At least some of the burners may be floor-mounted, and in certain embodiments

the floor-mounted burners may be positioned in one or more parallel rows substantially

10
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perpendicular to a longitudinal axis of the melter. In certain embodiments, the number of
floor-mounted burners in each row may be proportional to width of the melter. In certain

embodiments the depth of the melter may decrease as width of the melter decreases. In
certain other embodiments, an intermediate location may comprise a constant width zone
positioned between an expanding zone and a narrowing zone of the melter, in accordance
with assignee's co-pending U.S. patent application serial no. 12/817754, filed June 17,
2010, published as US 20110308280 on December 22, 2011.

[0035] At least some of the burners may be oxy-fuel burners. In certain embodiments the oxy-
fuel burners may comprise one or more submerged oxy-fuel combustion burners each having
co-axial fuel and oxidant tubes forming an annular space there between, wherein the outer tube
extends beyond the end of the inner tube, as taught in U. S. Pat. No. 7,273,583. In certain other
embodiments the oxy-fuel burners may comprise one or more adjustable flame submerged oxy-
fuel combustion burners as taught in assignee's U.S. patent no. 8,875,544. In certain
embodiments, the burners may be modified as described herein to provide one or more conduits
or tubes for supplying a secondary, tertiary or lower order fuel, or alternative gas species, to

control or modify parameters of gaseous inclusions in the fibers produced.

[0036] In certain embodiments, the melter apparatus may have a floor size for a given
throughput of 2 ft2/stpd or less, and in certain embodiment may have a floor size for a given
throughput of 0.5 ft2/stpd or less, where "stpd" means "short tons per day.” Stated differently, in
certain embodiments, the methods herein may comprise discharging at least 0.5 short tons per
day per square foot of melter floor, and in certain exemplary processes, at least 2 short tons per

day per square foot of melter floor. The entrainment of one or more gases within the fibers may

reduce the amount of glass necessary to generate a specific length or volumetric quantity of
fiber, which may reduce the overall cost. Also, by utilizing glass that has a void fraction of

gaseous bubbles for fiberization, the need for expensive and energy intensive downsiream

equipment and processes to remove or "fine" the glass is unnecessary, resulting in improved

capital costs.

[0037] Certain exemplary processes and systems of this disclosure may comprise cooling
various components using fluid-cooled refractory panels and directing a heat transfer fluid
through the panels. The term "fluid-cooled" means cooling using gaseous, liquid, or combination

thereof, heat transfer media. The wall may comprise a refractory liner at least between the fluia-

cooled panels and the molten glass. In certain embodiments, the

11
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refractory cooled-panels comprising the walls of the melter vessel, the flutd-cooled
skimmer, and fluid-cooled dams, may be cooled by a heat transfer fluid selected from the
group consisting of gaseous, liquid, or combinations of gaseous and liquid compositions
that functions or is capable of being modified to function as a heat transfer fluid. Difterent
cooling fluids may be used in the various components, or separate portions of the same
cooling composition may be employed in all components. Gaseous heat transfer fluids
may be selected from air, including ambient air and treated air (for air treated to remove
moisture), inert inorganic gases, such as nitrogen, argon, and helium, inert organic gases
such as fluoro-, chloro- and chlorofluorocarbons, including perfluorinated versions, such
as tetrafluoromethane, and hexafluoroethane, and tetrafluoroethylene, and the like, and
mixtures of inert gases with small portions of non-inert gases, such as hydrogen. Heat
transfer liquids may be selected from inert liquids, which may be organic, inorganic, or
some combination thereof, for example, salt solutions, glycol solutions, oils and the like.
Other possible heat transfer fluids include steam (if cooler than the oxygen manifold

temperature), carbon dioxide, or mixtures thereof with nitrogen. Heat transfer fluids may

be compositions comprising both gas and liquid phases, such as the higher

chlorofluorocarbons.

[0038] Conduits, tubes, and adjustable, changeable, removable bodies used in burners
of the present disclosure may be comprised of metal, ceramic, ceramic-lined metal, or
combination thereof. Suitable metals include stainless steels, for example, but not limited

to, 306 and 316 steel, as well as titanium alloys, aluminum alloys, and the like.

[0039] Referring now to the figures, FIG. 1 illustrates system embodiment 100 comprising
a melter having a floor 2, a roof or ceiling 4, a wall 6 having a feed opening 18, and a
feeder 20 for feeding batch, cullet, waste material, or combination thereof. System
embodiment 100 further includes an exhaust stack 8, and openings 10 for two (or more,
not illustrated) floor-mounted and/or sidewall-mounted submerged combustion burners
12, which create during operation a highly turbulent melt indicated at 14, with a turbulent
surface 15. In certain embodiments, floor-mounted burners 12 may be positioned to emit
combustion products into molten glass in the melting zone 14 in a fashion so that the
gases penetrate the melt generally perpendicularly to floor 2. In other embodiments, one
or more floor-mounted burners 12 may emit combustion products into the melt at an
angle to floor 2, where the angle may be more or less than 45 degrees, but in certain
embodiments may be 30 degrees, or 40 degrees, or 50 degrees, or 60 degrees, or 70

degrees, or 80 degrees. Burners 12 may be air-fuel burners or oxy-fuel burners, or some
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combination thereof, or apparatus as further described in relation to FIGS. 7 and 8 herein.
Embodiment 100 further includes a melter exit structure 22 for discharging the molten
glass or similar material 24 including a plurality of gaseous bubbles 16 directly into a
forehearth 26. Melter exit structure 22 is positioned generally downstream of melter
turbulent zone 14 as illustrated of FIG. 1, and may or may not be mechanically connected
to forehearth 26. Importantly, no molten glass conditioning channel is included between
melter exit structure 22 and forehearth 26. Completing system 100 are one or more
bushings on a lower portion of forehearth 26, system 100 having three bushings 28, 30,
and 32, for producing hollow fibers, or fibers having regions substantially devoid of glass.

Examples of fibers producible using systems, processes and burner apparatus of this

disclosure are illustrated schematically in FIGS. 6A-D.

[0040] System 100, and other systems of this disclosure, may comprise a source
chamber for sourcing raw feed materials (for example glass batch) and a feed processing
unit. such as described in assignee’s United States patent application serial no.
13/540,704, filed July 3, 2012. In these embodiments, the source chamber defines an
initial environment, while feed processing unit defines a second environment. in initial
environment the feed materials are at a first density, while in second environment the
feed materials are transformed to have a second density greater than the first density, as
well as having a degree of compaction, at least surface compaction, that work together to

reduce fines from escaping up melter exhaust 8 during operation of the systems.

[0041] The initial raw material may be introduced into, and molten glass with bubbles may
be produced from the melters of systems of the present disclosure on a batch, semi-
continuous or continuous basis. The amount of the initial raw material introduced into the
melter is generally a function of, for example, the capacity and operating conditions of the

melter as well as the rate at which the molten material is removed from the melter.

10042} The initial raw material may include any material suitable for forming molten glass
such as, for example, glass batches comprising combinations of limestone, sand, trona,
ime, albite, orthoclase dolomite, borax, soda ash, feldspar, and the like, and mixtures
thereof. In certain embodiments, the initial raw materials may include batch components

suitable for producing "E-glass" fibers, which typically include 52-56% SiOo, 12-16%

N/ Q/
/0

Al,Os, 0-0.8% Fe,05, 16-25% Cal, 0-6% MgO, 0-10% B.0O3, 0-2% Nax0+K0, 0-1.
TiO, and 0-1% F,. Other glass compositions may be used, such as those described In
assignee’s published U.S. application 20080276652. The initial raw material can be
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provided in any form such as, for example, relatively small particles.

[0043] Referring now to FIG. 2, system embodiment 200 illustrated schematically in FIG.
2 is similar to embodiment 100 illustrated schematically in FIG. 1, except that forehearth
26A is angled at an incline angle “0” to horizontal, where incline angle 6 may range from
about 5 to about 45 degrees, or from about 5 to about 25 degrees, or from about 5 to
about 20 degrees. The result is that a distal end 26B of forehearth 26A is raised above a
proximate end 26C. Forehearth 26A may either be installed at a permanent incline angle
or variable incline angle, for example by using adjustable components such as jack
screws, hydraulic or pneumatic cylinders, and the like. Installing the forehearth at an
incline angle enables more consistent bubble entrainment within the glass and therefore
more consistent hollow fiber production. Bubbles will generally rise within the molten
glass, and the rate of bubble rise may be numerically modeled. The incline angle 6 of the
forehearth 26A, along with geometric features of the forehearth and positioning of
bushings 28A, 30A, and 32A may be manipulated to maintain substantially consistent
void fraction within the fibers produced. Geometric features that may be manipulated
include, but are not limited to, the incline angle, the length and width of the forehearth,
glass depth in the forehearth as a function of length along the forehearth, the angle to
horizontal of bushings, and the like. In embodiment 200, bushings 28A, 30A, and 32A are
each level to horizontal, but this is not necessarily so. Surprisingly, contrary to common

sense, the production rate of hollow fibers is not greatly affected by increasing the incline

angle.

[0044] System embodiment 300 illustrated schematically in FIG. 3 is similar to
embodiments 100 and 200 illustrated schematically in FIGS. 1 and 2, except that
embodiment 300 has its forehearth 26B positioned horizontally, while bushings 28B, 30B,
and 32B are positioned so that their inlets are successively higher toward distal end 27

than toward proximate end 29 of forehearth 26B. In this arrangement, as bubbles rise In

the molten glass as the molten glass travels through forehearth 26B, the fraction of
bubbles in glass near the top of the molten glass should have more bubbles than in the
lower levels of the glass in forehearth 26B. Therefore, fiber produced through bushing
28B should have more bubbles than fiber produced through bushing 30B, and fiber
produced through bushing 30B should have more bubbles than fiber produced through

bushing 32B. In this way, fiber of varying void fraction may be produced using the same

feed material, melter and forehearth.
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[0045] In certain systems and processes of the present disclosure, a frozen and/or highly
viscous glass layer or layers may be formed on the inside surfaces of wall 6 due to the
use of fluid—cooled panels for these walls. One or more or all of wall 6, floor 2, and roof 4

may be comprised of a metal shell and a fluid-cooled refractory panel, not illustrated In

the figures.

[0046] Melter exit structure 22 for discharging the molten glass or similar material is
provided in systems 100, 20, and 300. Melter exit structure 22 may fluidly and
mechanically connect the melter vessel to a forehearth 26, 26A, or 26B. Melter exit
structure 22 may comprise a fluid-cooled transition channel, having generally rectangular
cross-section, although any other cross-sections would suffice, such as hexagonal,
trapezoidal, oval, circular, and the like. Regardless of cross-sectional shape, melter exit
structure 22 may be fluid-cooled and configured to form a frozen glass layer or highly
viscous glass layer, or combination thereof, on inner surfaces of structure 22 and thus

protect melter exit structure 22 from the mechanical energy imparted from the melter

vessel to melter exit structure 22.

[0047] A fluid-cooled skimmer (not illustrated) may be provided, extending downward
from the ceiling of the melter vessel and positioned upstream of melter exit structure 22.
A fluid-cooled skimmer, if present, may have a lower distal end extending a distance
ranging from about 1 inch to about 12 inches (from about 2.5 cm to about 30 cm) below
the average melt level in the melter. The fluid-cooled skimmer may be configured to form
a frozen glass layer or highly viscous glass layer, or combination thereof, on its outer
surfaces. The skimmer lower distal end may define, in conjunction with the floor of the
melter, a throat of the melter vessel configured to control flow of molten glass from the
melter vessel into melter exit structure 22. Preferably, the throat is arranged below
average melt level. Molten material can be removed from melter exit structure 22 on a
batch, semi-continuous basis or continuous basis. In an exemplary embodiment, the
molten material including a plurality of bubbles continuously flows through the throat and
generally horizontally through melter exit structure 22, and is removed confinuously from

melter exit structure to a forehearth. Thereafter, the molten material can be processed by

any suitable technique, for example, a process for forming hollow glass fibers.
[0048] Certain embodiments may include an overlapping refractory material layer on at

least the inner surface of fluid-cooled transition channel that are exposed to molten

material. In certain embodiments the overiapping refractory material may comprise a
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seamless insert of dense chrome, molybdenum, or other dense ceramic or metallic
material. The dense chrome or other refractory material may be inserted into the melter

exit structure and may provide a seamless transition from the melter vessel to a

forehearth.

[0049] Referring to FIGS. 4 and 5, another optional feature of systems in accordance with
the present disclosure is the provision of one or more fluid-cooled dam(s) in the upper
wall or ceiling of melt exit structure 22, such as dams 42, 44 illustrated schematically In
the plan view of embodiment 400 in FIG. 4, and dams 60, 62 illustrated schematically In
the plan view of embodiment 500 in FIG. 5. The submerged combustion melter (SCM) of
embodiment 400 includes a feed end 34, a discharge end 36, a partition 38, and a
plurality of floor-mounted burners 12. Forehearth 26 includes an entrance encd 40 and
bushing 28, 30, and 32 for producing E-glass of other glass fibers. Fluid-cooled dams 42,

44 would be accommodated by respective dam openings (not illustrated in FIG. 4) in the

roof or ceiling of the melter. System 500 illustrated schematically in FIG. 5 includes a first
SCM 50, a second SCM 52, a first forehearth 54 fluidly and mechanically connected to
first SCM 50, and a second forehearth 56 fluidly and mechanically connected to second

SCM 52. First forehearth 54 is in turn fluidly and mechanically connected to second

forehearth 56 via a channel 58.

[0050] Embodiments 400 and 500 and those similar thereto may be employed to produce
fibers having different gaseous compositions of bubbles or regions devoid of glass. For
example, referring again to FIG. 4, dam 42 may be open while dam 44 is closed, and gas
A may be 'injected into one or more burners 12A, then dam 42 may be closed and dam 44
opened while gas B may be injected into one or more burners 12B. Similarly, referring
again to FIG. 5, dam 60 may be open while dam 62 is closed, and gas A may be injected

into one or more burners 12A, then dam 60 closed and dam 62 opened while gas B may

be injected into one or more burners 12B.

[0051] Dams 42, 44, 60, and 62 may be manipulated by a prime mover, such as one or

more motors, jack screws, hydraulic or pneumatic cylinders or the like. Fluid-cooled dams
may comprise dimensions allowing the dam(s) to be extended an entire distance irom

ceiling to floor of the melter and completely isolate the melting zones of the melter vessel

from the forehearth.

[0052] FIGS. 6A and 6B illustrate schematically fiber embodiments 600 and 610,
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respectively that may be produced using processes, systems, and apparatus of the
present disclosure. The illustrations are enlargements of actual fibers. During production
of the fiber, molten glass with entrained bubbles is extruded through orifices or nozzles In
heated bushings. During this process the molten glass and bubbles are attenuated
(stretched) so that the generally spherical bubbles are transformed into generally oblong
shaped gaseous regions, 604. If the bubbles are large, the gaseous regions may form
along the central longitudinal axis of the fiber and may appear as illustrated In
embodiment 600 of FIG. 6A. If the bubbles are smaller, the gaseous regions may form
generally randomly, radially away from the central longitudinal axis of the fiber, and may
appear as illustrated in FIG. 6B. Fiber outer diameter, “d;" may range from about 4
micrometers to about 40 micrometers, while the diameter of the gaseous regions, “d2’,
may range from about 30 micrometers in embodiment 600 down to about 4 micrometers
in embodiment 610. Large fiber diameter d; will generally allow larger gaseous region

diameter, d,, but the latter is highly dependent on the condition of the molten glass just

prior to entering the bushing.

[0053] FIGS. 7 and 8 are schematic cross-sectional views of two apparatus in accordance
with the present disclosure, and FIGS. 7A and 8A are schematic plan views of the
apparatus illustrated in FIGS. 7 and 8, respectively. FIG. 8B is a cross-sectional view of a
component of the burner illustrated schematically in FIGS. 8 and 8A. Referring first to
FIGS. 7 and 7A, apparatus embodiment 700 includes a top end plate 701, a water
jacket/outer tube or conduit 702, a main or primary oxidant conduit 704, and a matn or
primary fuel conduit 706. Conduits 702, 704, and 706 are generally concentric about a
central longitudinal axis “A1”, and create an outer or secondary annulus “A”, and an inner
or primary annulus “B”. In accordance with apparatus embodiment 700, one or more
secondary fuel conduits 708, 710 may be provided. Conduit 708 is positioned in a thru-

hole 718 in a second end plate 717, while conduit 710 is similarly positioned in a thru-hole
720 in second end plate 717. Second plate 717 further comprises thru-holes 724, 726 for

allowing primary oxidant to pass into inner or primary annulus B. Optional brackets 732,

734 may be provided‘ for structural support. Valves 738 may be provided to control and/or

adjust flow of secondary fuel through conduits 708, 710.

[0054] As noted herein, in certain embodiments it may be beneficial to inject aiternative,
non-fuel gas species into molten glass produced by an SCM. One or more tubes or
conduits 712, 714 may be provided for this purpose, as illustrated schematically in FIGS.

7 and 7A. Tubes or conduits 712, 714 may terminate near the flow exit of annulus B In
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ports 713A, 713B, respectively, positioned in primary oxidant conduit 704. Conduits 712,
714 may be positioned in thru-holes 722, 716, respectively, in a first end plate 715.
Optional valves 736 may be provided to control and/or adjust flow of alternate gas
species through conduits 712, 714. Thru —holes 728, 730 allow a cooling fluid such as
water to enter and exit outer annulus A for cooling. One or more valves 740 may be
provided to control in-flow of primary fuel. FIG. 7A provides a schematic plan view of
apparatus embodiment 700. Of course, more or less than two alternative gas species

conduits may be provided, as may more or less than two secondary fuel conduits.

[0055] Referring now to FIGS. 8, 8A and 8B, an alternate apparatus embodiment 800
includes an inner or first conduit 802 serving as a primary fuel conduit having an inlet 803,
and an outer or second conduit 804 serving as a primary oxidant conduit having one or
more inlet thru-holes 817, 819 in a bottom plate 814. This arrangement may be more
typical for air-fuel combustion, but oxy-fuel combustion is contemplated as well. Inner
conduit 802 defines a longitudinal bore 806 having a longitudinal axis A1, and inner
conduit 802 and outer conduit 804 define a primary annulus “B” between them. A third
conduit 810 forms an outer body of apparatus embodiment 800, with a cavity or
secondary annulus “A” formed between third conduit 810 and second conduit 804. An
end cap 813 defines an upper tip 811 of apparatus embodiment 800, which may be
generally doughnut-shaped, or other shape. End cap 813 may be integral with outer
conduit 810 as illustrated, or may be a separate component attached to outer conduit 810
and inner conduit 804 via threads, screws, rivets, and the like. Bottom plate 814 is
included in embodiment 800, with slight structural differences, and may include threads or
other removable fastener to secure bottom plate 814 to conduit 804. Thru-holes 816, 813
are provided in bottom plate 814 in embodiment 800 for accommodating tubes or
conduits 808 (for secondary fuel), 812 (for alternate non-fuel gas species), as well as
coolant fluid inlet 820 and outlet 822 in outer conduit 810. Embodiments employing more

than one coolant inlet and more than one coolant outlet are considered within the

disclosure, but may not be necessary in all circumstances. Embodiment 800 may
includes a plenum for delivering a fluid into primary annulus B, although a plenum may
not be necessary in all embodiments. For example, where oxygen or oxygen-enriched

gas is used as an oxidant, the present disclosure contemplates embodiments where two

or more oxygen supply conduits feed primary annulus B.

[0056] Another component of burner embodiments of the present disclosure IS an

adjustable, changeable and removable structure or insert, designated 824 in FIGS. 8, 8A,
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and 8B. Insert 824 is adjustable in the sense that threads 828 or other connectors to inner
conduit 802 allow variation of the axial position of insert 824. Furthermore, physical parameters

of insert 824 may be changed, as discussed herein. Finally, the entire insert may be removed

and replaced with another insert of same or different dimensions if desired.

[0057] Insert 824 includes a body 833 having a central hub 826 that is, in certain embodiments,
parallel to longitudinal axis A1, but not necessarily so, hub 826 including a central passage
having an exit 825 that is, in certain embodiments, perpendicular to longitudinal axis A1, but not
necessarily so. Body 833 includes an upper surface 836 and a lower surface 838, and one or
more non-central passages 834. In FIGS. 8 and 8B, two of the non-central passages 834A and
834B are visible. Upper surface 836 helps define, along with end cap 813, a mixing region 809
where fluids emanating from central exit 825, which may be a fuel stream, and non-central
passages 834, which may be oxidant streams, at least partially mix. The streams may be
switched in certain embodiments (in other words, fuel may traverse one or more non-central
passages 834 while oxidant emanates from central exit 825). In embodiments where the oxidant
flows through the central passage, the flame shape may be broader and the velocity of the
combustion products fower in the vertical direction to enable more combustion and energy
release lower in the molten glass pool to enhance efficiency. Insert 824 further includes a

circumferential surface 837 that is adjacent a portion of the inner surface of second conduit 804,

near the upper end of second conduit 804.

[0058] As illustrated in embodiment 800, insert 824 may include a circumferential lip 840 that
abuts against an overhang portion 815 of end cap 813. End cap 813 has a length or height L1,
and lip 840 has a length L2 from overhang portion 815 to upper surface 836 of insert 824, where

L2 may range from about 0.25 inch to about 2 inches. Circumferential lip extension 840 extends

away from upper surface 836 of insert 824 and generally parallel {o longitudinal axis L1. End
cap 813 may extend above exit 825 of the substantially central passage of hub 826 a distance

L1, which may range from about 0.5 inch {o about 6 inches. Vertical connector section 829 may
have a length L3 ranging from about 0.25 inch to about 1 inch. As illustrated in FIG. 8B, exit 825
of the substantially central passage has a diameter L4. L4 may range from about 0.25 inch to
about 3.0 inches. Lengths L1, L2, L3, and L4 are parameters that may be changeable and/or
adjustable (as those terms are defined herein) in certain embodiments to achieve desired
results, for example flame length, and may be interdependent. For example, length L1 may be

adjustable and changeable, while lengths L2, L3, and L4 are only changeable from burner to

burner.
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length, and may be interdependent. For example, length L1 may be adjustable and

changeable, while lengths L2, L3, and L4 are only changeable from burner to burner.

[0059] Hub 826 includes, in embodiment 800, an angled or tapered section 827
connecting exit 825 and a vertical connector section 829 that connects angled section
827 with a threaded section 828. Threads on threaded section 828 mate with
corresponding threads 830 on an upper end 832 of inner conduit 802. This threaded

connection allows removal of insert 824 and/or adjustment of burner parameters, as

discussed further herein.

[0060] FIGS. 8 and 8B illustrate three angles «, 8, and y, one or more of which may be
changeable features in burners of the present disclosure. As used herein the word

“changeable”, when referring to a burner feature, means that that feature may be

physically different from burner to burner by machining or molding, for example, while the

term “adjustable” means that a feature of a burner may actually be varied without making

nhysical modifications to the burner. Angle o is an angle that upper surface 836 of body
833 makes with longitudinal axis L1, and may range from about 45 to about 90 degrees.

As illustrated in embodiment 800, in certain embodiments the non-central passages are
generally linear and angled at an angle B measured from the longitudinal axis, the 8 angle
ranging from about 10 degrees to about 45 degrees. As illustrated in embodiment 800 ot

FIGS. 8 and 8B, the substantially central passage may comprise an angled section 827

and a vertical connector section 829 connecting angled section 827 with threaded section
828 of hub 826. Angled section 827 may form an angle y to longitudinal axis L1 ranging

from about 10 degrees to about 45 degrees.

[0061] FIG. 8B is a cross-sectional view of component 824 of an adjustable, removable

component of the burners of FIG. 8 and taken along the line B-B of FIG. 8A, which i1s a

plan view of the same embodiment.

[0062] In certain embodiments, embodiment 800 may include one or more optional tubes
or conduits 823 for admitting a non-fuel gas species through annulus A. A corresponding

number of thru-holes or ports 823A would be provided in these embodiments in a bottom

nortion 841 of conduit 810.

[0063] In embodiment 800, various constructions may be envisioned that would provide

the adjustment feature for adjustable component 824 and the options for introducing a
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secondary fuel and/or alternate non-fuel gas species. Tubes 808, 812 may be welded or brazed
to component 824 so that the tubes line up with the non-central passages 834. Component 824
could be snuggly yet relatively loosely positioned inside of conduit 804, and the whole

weldment comprising component 824 and tubes 808, 812 rotated as desired. Numerous other

operable constructions would be possible and within this disclosure.

[0064] Three non-limiting processes in accordance with the present disclosure are described
herein. It should be emphasized that all steps of the various process embodiments need not be
carried out in series or succession. The first process embodiment includes the step of feeding
at least one partially or wholly vitrifiable feed material into a feed inlet of a turbulent melting
zone of a melter vessel comprising a floor, a ceiling, and a wall connecting the floor and ceiling
at a perimeter of the floor and ceiling, the melter vessel comprising a feed opening in the wall or
ceiling and an exit end comprising a melter exit structure for discharging molten material formed
in the turbulent melting zone. The first embodiment further includes heating the at least one
partially or wholly vitrifiable material with at least one burner directing combustion products of
an oxidant and a first fuel into the turbulent melting zone under a level of the molten material in
the zone, one or more of the burners configured to impart heat and turbulence to at least some
of the molten material in the turbulent melting zone, producing a turbulent molten material
comprising a plurality of bubbles suspended in the molten material, the bubbles comprising at
least some of the combustion products. The process further comprises discharging the molten
material comprising bubbles from the melter vessel through the melter exit structure into a
forehearth, and drawing the molten material comprising bubbles through a bushing fluidly

connected to the forehearth to produce a glass fiber comprising a plurality of interior regions

substantially devoid of glass.

[0065] The second process embodiment includes the steps of feeding at least one partially
or wholly vitrifiable material into a feed inlet of a turbulent melting zone of a melter vessel

comprising a floor, a ceiling, and a wall connecting the floor and ceiling at a perimeter of
the floor and ceiling, the melter vessel comprising a feed opening in the wall or ceiling
and an exit end comprising a melter exit structure for discharging molten material formed
in the melting zone. The second process further includes heating the at least one partially

or wholly vitrifiable material with at least one burner directing combustion products of an

oxidant and a first fuel into the turbulent melting zone under a
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level of the molten material in the zone, one or more of the burners configured to impart heat

and turbulence to at least some of the molten material in the turbulent melting zone, producing a

turbulent molten material comprising a plurality of bubbles suspended in the molten material, the
bubbles comprising at least some of the combustion products. The second process embodiment
further comprises discharging the molten material comprising bubbles from the melter vessel
through the melter exit structure into a forehearth, drawing the molten material comprising
bubbles through a plurality of bushings producing glass fibers each comprising a plurality of
interior regions devoid of glass, the fibers having substantially same outside diameter, and
controlling flow of the molten material comprising bubbles through the forehearth and bushings

so that fibers produced through the bushings are substantially consistent in volume of regions

devoid of glass.

[0066] The third process embodiment includes the steps of Feeding at least one partially or
wholly vitrifiable material into a feed inlet of a turbulent melting zone of a melter vessel
comprising a floor, a ceiling, and a wall connecting the floor and ceiling at a perimeter of the
floor and ceiling, the melter vessel comprising a feed opening in the wall or ceiling and an exit
end comprising a melter exit structure for discharging molten material formed in the turbulent
melting zone. The third process embodiment further comprises heating the at least one partially
or wholly vitrifiable material with at least one burner directing combustion products of an oxidant
and a first fuel into the turbulent melting zone under a level of the molien material in the zone,
one or more of the burners configured to impart heat and turbulence to at least some of the
molten material in the turbulent melting zone, producing a turbulent molten material comprising
a plurality of bubbles suspended in the molten material, the bubbles comprising at least some of
the combustion products. The third embodiment further comprises discharging the molten
material comprising bubbles from the melter vessel through the melter exit structure into a
forehearth, drawing the molten material comprising bubbles through a plurality of bushings

producing glass fibers each comprising a plurality of interior regions devoid of glass, the fibers

having substantially same outside diameter, controlling flow of the molten material comprising
bubbles through the forehearth and bushings so that fibers produced through the bushings are
substantially consistent in volume of regions devoid of glass, and controlling composition of
the molten material by adjusting one or more parameters of one or more of the burners

selected from the group consisting of composition of the first fuel, composition of the oxidant,

composition of a third fluid injected through at least one of the burners, flow rate
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of the first fuel. flow rate of the oxidant, and flow rate of the third fluid, wherein the third

fluid is selected from the group consisting of a second fuel, a second oxidant, a fluid other

than a fuel or an oxidant, and combinations thereof.

[0067] In operation of systems and processes of this disclosure, feed maierial, such as
E-glass batch (melts at about 1400°C.), insulation glass batch (melts at about 1200°C.),
and the like, is optionally processed in a feed processing unit as described, producing
densified material. then fed to the melter through a feed chute and melter inlet. Scrap In
the form of glass fiber mat and/or insulation having high organic binder content, glass
cullet, and the like may be separately fed to the melter. One or more submerged
combustion burners are fired to melt the feed materials and to maintain a turbulent moiten
glass melt. Molten glass moves toward melter exit, and is discharged from the melter
directly to a forehearth having one or more bushings, producing the hollow fibers, or

fibers having regions devoid of glass. Winders or choppers receive the fibers, making

continuous fiber or chopped fiber.

[0068] Glass fiber formation, or fiberization, involves a combination of extrusion and
attenuation. In extrusion, the molten glass passes out of the forehearth through one or
more bushings made of an erosion-resistant platinum/rhodium alloy with very fine orifices,
from 200 to as many as 8,000. Bushing plates are heated electronically, ana their
temperature may be precisely controlled to maintain a constant glass viscosity. Water jets
may be used to cool the filaments as they exit the bushing at roughly 1204°C/2200°F.
Attenuation is the process of mechanically drawing the extruded streams of molten glass
into fibrous elements called filaments, with an outer diameter ranging from about 4 pm {o
about 40 pm. A high-speed winder catches the molten streams and, because it revolves

at a circumferential speed of ~2 miles/~3 km per minute (much faster than the molten

glass exits the bushings), tension is applied, drawing them into thin filaments.

[0069] Bushing nozzle diameter determines filament diameter, and the nozzle quantity
equals the number of ends. A 4,000-nozzle bushing may be used to nroduce a single
roving product or the process can be configured to make four rovings with 1,000 ends
each. The bushing also controls the fiber yield or yards of fiber per pound of glass. The
processes and systems of the present disclosure allow production of more yards of fiber
ncr pound of glass, duc to the cxistence of the regione devoid of glass. (The mefric untt,

tex, measures fiber linear density; 1 tex = 1 g/km, and yield is the inverse, yd/Ib.) A fiber

with a yield of 1,800 yd/lb (275 tex) would have a smaller diameter than a 56 yd/lb (8,890
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tex) fiber, and an 800-nozzle bushing produces a smaller yield than a 4,000-nozzle
bushing. The range of fiber diameter, or micronage, may become more varned as

composite reinforcements have become more specialized.

[0070] A chemical coating, or size, may be applied to the fibers. Size is typically added at
0.5 to 2.0 percent by weight and may include lubricants, binders and/or coupling agents.
Lubricants help to protect the filaments from abrading and breaking as they are collected
and wound into forming packages and, later, when they are processed by weavers or
other converters into fabrics or other reinforcement forms. Coupling agents may cause
the fiber to have an affinity for a particular resin chemistry, improving resin “wetout” and
strengthening the adhesive bond at the fiber-matrix interface. Some size chemistries are

compatible only with polyester resin and some only with epoxy while others may be used

with a variety of resins.

[0071] The drawn, sized filaments may be collected together into a bundle, forming a
glass strand composed of 51 to 1,624 filaments. The strand is wound onto a drum into a
forming package that resembles a spool of thread. The forming packages, still wet from
water cooling and sizing, are then dried in an oven, and afterward they are ready to be
palletized and shipped or further processed into chopped fiber, roving or yarn. Roving is a
collection of strands with little or no twist. An assembled roving, for example, made from
10 to 15 strands wound together into a multi-end roving package, may require additional

handling and processing steps. Yarn is made from one or more strands, which may be

twisted to protect the integrity of the yarn during subsequent processing operations, such

as weaving.

[0072] Combustion product gases (flue gases) exit through stack, or may be routed to

heat recovery apparatus. If oxy-fuel combustion is employed in some or all burners, the

general principle is to operate combustion in the burners in a manner that replaces some
of the air with a separate source of oxygen. The overall combustion ratio may not change.
Throughput of melter apparatus described in the present disclosure may be 0.5 short ton
per day per ft° of melter footprint (0.5 stpd/ft?) or more, and in some embodiments 2

stpd/ft2 or more. This is at least twice, in certain embodiments ten times the throughput of

conventional (non-SC) melter apparatus.

[0073] Processes and systems of the present disclosure may be controlled in a number

of different manners. In certain embodiments a master controller may be employed, but
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the processes and systems described herein are not so limited, as any combination ot
controllers could be used. The controlier may be selected from Pi controllers, PID
controllérs (including any known or reasonably foreseeable variations of these), and may
compute a residual equal to a difference between a measured value and a set point to
produce an output to one or more control elements. The phrase "PID controller” means a
controller using proportional, integral, and derivative features. In some cases the
derivative mode may not be used or its influence reduced significantly so that the
controller may be deemed a P! controller. It will also be recognized by those of skill in the
control art that there are existing variations of Pl and PID controllers, depending on how

the discretization is performed. These known and foreseeable variations of Pl, PID and

other controllers are considered within the disciosure.

[0074] The controller may compute the residual continuously or non-continuously. Other
possible implementations of the processes and systems of the present disclosure are
those wherein the controller may comprise more specialized control strategies, such as
strategies selected from feed forward, cascade control, internal feedback loops, model
predictive control, neural networks, and Kalman filtering techniques. The controller may
receive input signals from, and provide output signals for, for example, but not limited to,
the following parameters: velocity of fuel entering a burner; velocity of primary oxidant
entering a burner; velocity of secondary oxidant entering a burner; mass flow rate of
orimary and/or secondary or tertiary fuel entering a burner; mass flow rate of primary
oxidant entering a burner; temperature of a fuel entering a burner; temperature of primary
oxidant entering a burner; mass flow rate of alternate gaseous species; pressure of
nrimary oxidant entering a burner; humidity of primary oxidant: feed rate of matenal into
the melter, flow rate of molten material out of the melter, mass flow rate ot hot effluent
exhaust, mass flow rates of input and output heat transfer fluids for fluid-cooled panels,

and the like. Burner geometry and combustion ratio are other examples of input signals.

[0075] Submerged combustion burner combustion (flame) temperature may be controlled
by monitoring one or more parameters selected from velocity of the fuel, velocity of the
primary oxidant, mass and/or volume flow rate of the fuel, mass and/or volume flow rate
of the primary oxidant, energy content of the fuel, temperature of the fuel as it enters the
burner, temperature of the primary oxidant as it enters the burner, temperature of the
effluent, pressure of the primary oxidant entering the burner, humidity ot the oxidant,
burner geometry, combustion ratio, and combinations thereof. Exemplary processes and

systems of the disclosure comprise a combustion controller which receives one or more
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input parameters selected from velocity of the fuel, velocity of the primary oxidant, mass
and/or volume flow rate of the fuel, mass and/or volume flow rate of the primary oxidant,
energy content of the fuel, temperature of the fuel as it enters the burner, temperature of
the primary oxidant as it enters the burner, pressure of the oxidant entering the burner,
humidity of the oxidant, burner geometry, oxidation ratio, temperature of the effluent and

combinations thereof, and employs a control algorithm to control combustion temperature

based on one or more of these input parameters.

[0076] The term “control”, used as a transitive verb, means to verify or regulate by
comparing with a standard or desired value. Control may be closed loop, feedback, teed-
forward, cascade, model predictive, adaptive, heuristic and combinations thereof. The
term “controller” means a device at least capable of accepting input from sensors and
meters in real time or near—real time, and sending commands directly to control elements,
and/or to local devices associated with contro! elements able to accept commands. A
controller may also be capable of accepting input from human operators; accessing
databases, such as relational databases; sending data to and accessing data in
databases, data warehouses or data marts; and sending information to and accepting
input from a display device readable by a human. A controller may also interface with or
have integrated therewith one or more software application modules, and may supervise

interaction between databases and one or more software application modules.

[0077] The apparatus (sometimes referred to herein as burners) used for submerged
combustion may provide an amount of heat which is effective to melt the initial raw
material to form the molten material, and to maintain the molten material in its molten
state. The optimal temperature for melting the initial raw material and maintaining the
molten material in its molten state can depend on, for example, the composition of the
initial raw material and the rate at which the molten material is removed from the melter
apparatus, and the composition of fuels, oxidants, and alternative gas species. For
example, the maximum temperature in the melter apparatus can be at least about
1400°C., preferably from about 1400°C. to about 1650°C. The temperature of the molten
material can be from about 1050°C. to about 1450°C.; however, systems and processes
of the present disclosure are not limited to operation within the above temperature
ranges. The molten material removed from the melter apparatus is typically a

substantially homogeneous composition, but is not limited thereto.
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[0078] Submerged combustion burners useful in the systems and processes described herein
(and that are not modified as described herein for introduction of alternative fuels and/or

gaseous species) include those described in U.S. Pat. Nos. 4,539,034; 3,170,781 ; 3,237,929,
3.260,587; 3,606,825: 3,627,504; 3,738,792; 3,764,287; 7,273,583, and assignee's U.S. Pat.
No. 8,875,544. Regardless of the burner type selected, the general idea is for the burners to
provide heat energy to a bath of molten material and simultaneously create a well-mixed,
turbulent molten material. The burners function by firing a burning gaseous or liquid fuel-oxidant
mixture into a volume of molten material. The burners described in the 583 patent provide a
stable flame at the point of injection of the fuel-oxidant mixture into the melt to prevent the
formation of frozen melt downstream as well as to prevent any resultant explosive combustion,
and constant, reliable, and rapid ignition of the fuel-oxidant mixture such that the mixture burns
quickly inside the molten material and releases the heat of combustion into the melt. Completion
of the combustion process results in bubbles rising to the surface of the turbulent melt. The
location of the injection point for the fuel-oxidant mixture below the surface of the melting
material enhances mixing of the components being melted and increases homogeneity of the
melt. Thermal NO, emissions are greatly reduced due to the lower flame temperatures resulting

from the melt-quenched flame and further due to insulation of the high temperature flame from

the atmosphere.

(0079] Melter apparatus useful in processes and systems in accordance with the present
disclosure may also comprise one or more wall-mounted submerged combustion burners,
and/or one or more roof-mounted burners. Roof-mounted burners may be useful to pre-heat the
melter apparatus melting zone and may serve as ignition sources for one or more submerged
combustion burners. Melter apparatus having only wall-mounted, submerged-combustion

burners are also considered within the present disclosure. Roof-mounted burners may be oxy-

fuel burners, but as they are only used in certain situations, are more likely to be air/tuel

burners. Most often they would be shut-off after pre-heating the melter and/or after starting one

or more submerged combustion burners. In certain embodiments, all submerged combustion

burners are oxy-fuel burners (where "oxy" means oxygen, or oxygen-enriched air, as described

earlier), but this is not necessarily so in all embodiments; some or all of the submerged
combustion burners may be air-fuel burners. Furthermore, heating may be supplemented by

electrical heating in certain embodiments, in certain melter and forehearth zones.
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[0080] The total quantities of fuel and oxidant used by the combustion system are such
that the flow of oxygen may range from abouft 0.9 to about 1.2 of the theoretical
stoichiometric flow of oxygen necessary to obtain the complete combustion of the fuel
flow. Another expression of this statement is that the combustion ratio may range from
about 0.9 to about 1.2, inclusive of the end numbers, and possibly higher or lower In
certain embodiments. In certain embodiments, the equivalent fuel content of the feed
material must be taken into account. For example, organic binders in glass fiber mat
scrap materials will increase the oxidant requirement above that required strictly for fuel
being combusted. In consideration of these embodiments, the combustion ratio may be

iIncreased above 1.2, for example to 1.5, or to 2, or 2.5, or even higher, depending on the

organic content of the feed materials.

[0081] The velocity of the fuel in the various submerged combustion burners depends on
the burner geometry used, but generally is at least about 15 m/s. The upper limit of fuel
velocity depends primarily on the desired mixing of the melt in the melter apparatus,
melter geometry, and the geometry of the burner; if the fuel velocity is too low, the flame
temperature may be too low, providing inadequate melting, which is not desired, and if
the fuel flow i1s too high, flame might impinge on the melter floor, roof or wall, and/or heat
will be wasted, and/or batch fines may short-circuit the melter and escape through the
stack (despite the feed densification discussed herein) which is also not desired, and/or
the degree of turbulence may so great as to be detrimental to refractory, or other
materials of construction. High turbulence may also produce an undesirably high amount

of foam or bubbles in the melt that cannot produce hollow fibers, or fibers having regions

devoid of glass.

[0082] Those of skill in this art will readily understand the need for, and be able to
construct suitable fuel supply conduits and oxidant supply conduits, as well as respective

flow control valves, threaded fittings, quick connect/disconnect fittings, hose fittings, and

the like.

(0083} Melter apparatus useful in the various embodiments described tn accordance with

the present disclosure may be constructed using only fluid-cooled retractory panels, with

or without a thin refractory “glass-contact” liner. The thin refractory liner may be 1

centimeter, 2 centimeters, 3 centimeters or more in thickness, however, greater thickness
may entaill more expense without resultant greater benefit. The refractory liner may be

one or multiple fayers. Alternatively, melters described herein may be constructed using

28



10

15

20

25

CA 02938977 2016-08-16

cast concretes such as disclosed in U.S. Pat. No. 4,323,718. The thin refractory linings
discussed herein may comprise materials described in the 718 patent. Two cast concrete layers
are described in the 718 patent, the first being a hydraulically setting insulating composition (for
example, that known under the trade designation CASTABLE BLOC-MIX-G, a product of
Fleischmann Company, Frankfurt/Main, Federal Republic of Germany). This composition may
be poured in a form of a wall section of desired thickness, for example a layer 5cm thick, or
10cm, or greater. This material is allowed to set, followed by a second layer of a hydraulically
setting refractory casting composition (such as that known under the trade designation RAPID
BLOCK RG 1588, a product of Fieischmann company, Frankfurt am Main, Federal Republic of
Germany) may be applied thereonto. Other suitable materials for the refractory cooled panels,
melter refractory liners, and refractory block burners (if used) are fused zirconia (ZrO,), fused
cast AZS (alumina-zirconia-silica), rebonded AZS, or fused cast alumina (Al,O3). The choice of

a particular material is dictated among other parameters by the melter geometry and type of

glass to be produced.

[0084] Forehearths useful in the various embodiments described in accordance with the
present disclosure may be constructed using similar materials as the melters, except that fluid-
cooled panels are not typically used (however, their use is not ruled out). Suitable forehearths

include those available from Nikolaus Sorg Gmbh & Co. KG, Lohr am Main, Germany.

100835} Although only a few exemplary embodiments of this disclosure have been described in
detall above, those skilled in the art will readily appreciate that many modifications are possible
In the exemplary embodiments without materially departing from the novel apparatus and

processes described herein. Accordingly, all such modifications are intended to be included

within the scope of this disclosure as defined in the following claims.
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CLAIMS:

1. An apparatus comprising:

a first conduit comprising a first end, a second end, a longitudinal bore having a

longitudinal axis, and an external surface:

a second conduit substantially concentric with the first conduit, the second conduit
comprising a first end, a second end, and an internal surface;

the first and second conduits configured to form a primary annulus between the
external surface of the first conduit and the internal surface of the second conduit;

a third substantially concentric conduit comprising a first end, a second end, and an
internal surface, the internal surface of the third conduit forming, with an exterior
surface of the second conduit, a secondary annulus external to the primary annulus;

a top end plate sealing the first ends of the second and third conduits, a second end
plate sealing the second end of the second conduit around the first conduit, and a first
end plate sealing the second end of the third conduit around the second conduit,
forming a cavity for fluid to circulate;

the first and second conduits having lengths measured from the second end plate
configured so that the first end of the first conduit extends beyond the first end of the
second condult;

one or more passages in the second end plate for passage of primary oxidant;

one or more alternate gas tubes extending longitudinally from the first end plate
through the secondary annulus, the alternate gas tubes having lengths measured from
the first end plate to their distal ends less than the length of the second conduit and

terminating in at least one port in the second conduit adjacent the first end of the

second conduit; and
one or more secondary fuel tubes extending longitudinally from the second end

plate through the primary annulus, the secondary fuel tubes having lengths measured

from the second plate to their distal ends greater than the length of the second conduit.

2. The apparatus of claim 1 comprising one or more stabilizers connecting the one or

more secondary fuel tubes with an inside surface of the second conduit.
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3. The apparatus of claim 1 comprising one or more flow controllers on the primary
conduit, one or more of the alternate gas tubes, and/or one or more of the secondary fuel

tubes allowing adjustment of composition of the turbulent molten maternal and the bubbles

suspended in the molten matenal.

4. A process comprising:
a) feeding at least one partially or wholly vitrifiable feed material into a feed inlet

of a melting zone of a melter vessel comprising a floor, a ceiling, and a wall connecting
the floor and celling at a perimeter of the floor and celling, the melter vessel comprising
a tfeed opening in the wall or celling and an exit end comprising a melter exit structure
for discharging molten material formed in the melting zone;

b) heating the at least one partially or wholly vitrifiable material with at least one
burner directing combustion products of an oxidant and a first fuel into the melting zone
under a level of the molten matenal in the zone, one or more of the burners of claim 1
configured to impart heat and turbulence to at least some of the molten material in the
melting zone, producing a turbulent molten material comprising a plurality of bubbles

suspended In the molten material, the bubbles comprising at least some of the

combustion products;
c) discharging the molten material comprising bubbles from the melter vessel

through the melter exit structure into a forehearth; and

d) drawing the molten material comprising bubbles through a bushing fluidly

connected to the forehearth to produce a glass fiber comprising a plurality of interior

regions substantially devoid of glass.

5. The process of claim 4 wherein the forehearth has a plurality of bushings producing
fibers of the same outside diameter, the process comprising controlling flow of the molten
material comprising bubbles through the forehearth and bushings so that fibers produced

through the bushings are substantially consistent in volume of regions devoid of glass.
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6. The process of claim 5 wherein the controlling comprises inclining the forehearth at

an angle to horizontal of no more than about 30 degrees to horizontal, the angle causing a
distal end of the forehearth furthest from the melter exit structure to be raised above a

horizontal plane, while a proximal end of the forehearth remains at a level equal to that of

the melter exit.

/. The process of claim 5 wherein the forehearth is substantially horizontal, and the
controlling comprises the bushings drawing off the molten material comprising bubbles in a
configuration where a bushing most proximal to the melter exit structure draws at a lowest

level in the forehearth and succeeding bushings draw molten material comprising bubbles

at progressively higher levels in the forehearth.

8. A process comprising:
a) feeding at least one partially or wholly vitrifiable material into a feed inlet of a

melting zone of a melter vessel comprising a floor, a ceiling, and a wall connecting the
floor and ceiling at a perimeter of the floor and ceiling, the melter vessel comprising a
feed opening in the wall or ceiling and an exit end comprising a melter exit structure for

discharging molten material formed in the melting zone;

b) heating the at least one partially or wholly vitrifiable material with at least one

burner directing combustion products of an oxidant and a first fuel into the meiting zone
under a level of the molten material in the zone, one or more of the burners of claim 1
configured to impart heat and turbulence to at least some of the molten material in the
melting zone, producing a turbulent molten material comprising a plurality of bubbles

suspended in the molten material, the bubbles comprising at least some of the

combustion products;
c) discharging the molten material comprising bubbles from the melter vessel

through the melter exit structure into a forehearth;

d) drawing the molten material comprising bubbles through a plurality of
bushings producing glass fibers each comprising a plurality of interior regions devoid of

glass, the fibers having substantially same outside diameter; and
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e) controlling flow of the molten material comprising bubbles through the

forehearth and bushings so that fibers produced through the bushings are substantially

consistent in volume of regions devold of glass.

The process of claim 8 wherein the controlling comprises inclining forehearth at an

angle to horizontal of no more than about 30 degrees, the angle causing a distal end of the

forehearth to be raised above a horizontal plane, while a proximal end of the forehearth

remains at a level equal to that of the melter exit.

10.

11.

A system comprising:
a) a melter vessel comprising a floor, a ceiling, and a wall connecting the floor and
ceiling at a perimeter of the floor and ceiling, the melter vessel comprising a feed
opening in the wall or ceiling and an exit end comprising a melter exit structure for
discharging molten material formed in a turbulent melting zone, and one or more
burners of claim 1, at least one of which is positioned to direct combustion products into
the turbulent melting zone under a level of turbulent molten material in the turbulent
melting zone;
b) a forehearth fluidly connected to the meiter exit structure without any intervening
channel or component, the forehearth comprising a plurality of bushings configured to
produce glass fibers each comprising a plurality of interior regions devoid of glass, the

fibers having substantially same outside diameter.

The system of claim 10 wherein the forehearth is inclined at an angle to horizontal

of no more than about 30 degrees, the angle causing a distal end of the forehearth furthest

from the melter exit structure to be raised above a horizontal plane, while a proximal end of

the forehearth remains at a level equal to that of the melter exit.

12.

The system of claim 10 wherein the forehearth is substantially horizontal, and the

bushings are configured where a bushing most proximal to the melter exit structure draws

molten material at a lowest level in the forehearth and succeeding bushings draw molten

material comprising bubbles at progressively higher levels in the forehearth.
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