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(57) Abstract: A method firing green ware. The method for firing includes setting a kiln oxygen concentration set point for an atmos-
phere of a ware space of a kiln during an oxygen-consuming event in the ware space of the kiln. An oxygen flux control mode is initiated
that includes measuring an oxygen concentration of the atmosphere of the ware space in the kiln, comparing the oxygen concentration to
the kiln oxygen concentration set point to determine a difference between the oxygen concentration and the kiln oxygen concentration
set point, and adjusting a flow of secondary gas into the ware space to set an oxygen flux in the atmosphere in the ware space of the
kiln based on the difference between the oxygen concentration and the kiln oxygen concentration set point. A kiln for firing the ceramic
green ware and a manufacturing system including the kiln for manufacturing ceramic ware are also disclosed.
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SYSTEMS AND METHODS FOR FIRING WITH ATMOSPHERIC CONTROL OF
OXYGEN

BACKGROUND

{8601} This application claims the benefit of priority under 35 US.C. §119 of UK. Provisional
Application Serial No. 63/113564 filed on November 13, 2020, the content of which s rebied upon

and incorporated herein by reference in its entirety.

1. Freld
[0002] This disclosure relates to atmospheric control during the firing of ceramic articles, and

more particularly to the control of oxygen during the firing of ceramic honeycomb bodies.

2. Technucal Background

[0083] The manufacture of ceramic articles roay comprise firing green bodies at a temperature
sufficient to convert the green bodies nto the ceramic articles, such as by reaction of one or more
ceramic precursors 1o the green bodies into a ceranuc material of the ceramic articles and/or

sintering together of the ceramic material of the ceranuc articles.

SUMMARY

[0004] Disclosed herein are methods for firing ceramic green ware. In some embodiments, the
method comprises setting a kiln oxygen concentration set point for an atmosphere of a ware space
of a kiln during an oxygen-consuming event in the ware space of the kiln; mitiating an oxygen flux
control mode comprising: measuring an oxygen concentration of the atmosphere of the ware space
in the kaln; comparing the oxygen concentration to the kiln oxygen concentration set pont fo
determine 3 difference between the oxygen concentration and the kiln oxygen concentration set
point; and adjusting a flow of secondary gas into the ware space to set an oxygen flux in the
atmosphere m the ware space of the kiln based on the difference between the oxygen concentration

and the kil oxygen concentration set point.
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{0003} In some embodiments, the oxygen flux control mode s implemented as a control loop
over multiple cycles of the steps of measuring, comparing, and adjusting.

{0006] In some embodiments, adjusting the flow of secondary gas comprises incrementally
mcreasing a secondary gas oxygen concentration of the secondary gas over the multiple cycles.
[8087] In some embodiments, adjusting the flow of secondary gas comprises incrementally
increasing a total flow rate of the secondary gas over the multiple cycles after the secondary gas
oxygen concentration has reached a maximum value,

[0008] In some embodiments, adjusting the flow of secondary gas comprises incrementally
mncreasing a total flow rate of the secondary gas over the multiple cycles.

[0068]  Insome embodiments, the method comprises mcreasing the oxygen flux if the difference
between the oxygen concentration and the kiln oxygen concentration set point 1s above a minmum
threshold value.

{8018] Insome embodiments, the method comprises decreasing the oxvgen flux if the difference
between the oxygen concentration and the kiln oxygen concentration set poimnt 1s below a minimuom
threshold value.

{0011} In some embodiments, prior to imtiating the oxygen flux control mode the kin 1s
operated in a maximum oxygen concentration control mode 1n which the oxygen concentration of
the secondary gas was Himited to at most within a control band set relative to the oxvgen set point.
{8612] In some embodiments, during the oxygen flux control mode the oxygen concentration of
the second gas 1s adjusted to a value greater than the control band.

{8013} Insome embodiments, the steps of measuring and comparing also occur prior to the step
of imitating, and wherein the oxygen flux control mode is implemented if the difference between
the oxygen concentration and the kiln oxygen concentration set point 1s greater than a maximum
threshold value.

{8014] In some embodiments, the step of mitiating is implemented over a preset time period or
over a preset kiln temperature range.

{8015] In some embodiments, the preset time period or preset kiln temperature range

corresponds to an oXygen-consuming event.
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[8016] In some embodiments, the secondary gas comprises a mixture of at least a first gas and
a second gas, wherein the first gas has a higher oxygen concentration relative to the second gas.
{0017} In some embodiments, the first gas comprises air or OXygen.

{6018} In some embodiments, the second gas comprises nitrogen or products of combustion
from burners of the kiln.

[0619]  Insome embodiments, adjusting the flow of secondary gas comprises altering a first flow
rate of the first gas, altering a second flow rate of the second gas, altering a ratio of the first flow
rate to the second flow rate, or a combination thereof

[0028] In some embodiments, the oxygen flux control mode 1s implemented during an oxygen-
consuming event of the green ware.

{8021] Insome embodiments, the oxygen~consuming event 13 an exothermic event,

[0022] Insome embodiments, the exothermic event relates to the burn off or combustion of one
or more combustible components of the green ware,

{80231  Insome embodiments, the one or more combustible components comprises graphite, oil,
fubricant, organic binder, starch, or a polymer.

[0024] Insome embodiments, the method comprises converting the green ware mto one or more
ceramic articles.

{0025} In some embodiments, the green ware comprises one or more green honeycomb bodies.
{8626] Disclosed herein are method of manufacturing ceramic articles comprising any of the
methods of firing ceramic green ware disclosed above.

{8627 Insome embodiments, the method of manufacturing comprises forming a batch mixture,
extruding the batch mixture as an extrudate, and cutting the extrudate to form the green ware.
{0628] Disclosed herein are kilns for firing green ceramuic articles. In some embodiments, the
kiln comprises a ware space for recetving green ware; a sensor configured to measure an oxygen
concentration tn an atmosphere of the ware space; a main kiln controller configured to set a kiln
oxygen concentration set point and to mitiate an oxygen flux control mode; and a secondary gas
controller configured to, during the oxygen flux control mode: compare the oxygen conceniration
to the kiln oxygen concentration set point to determine a difference between the oxygen

concentration and the kiln oxygen concentration set point; and adjust a flow of secondary gas into

5]
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the ware space to set an oxygen flux in the atmosphere of the ware space of the kiln based on the
difference between the oxygen concentration and the kiln oxygen concentration set point.

{0029] Disclosed herein are manufacturing systems comprising the kins according to any
embodiments disclosed herein and an extruder configured to mix a batch mixture and shape the
batch mixture info the green ware.

{B036] It s to be understood that both the foregoing general description and the following
detadled description are merely exemplary, and are intended to provide an overview or framework
to understanding the nature and character of the claimed subject matter. The accompanying
drawings are included to provide a further understanding and are incorporated in and constitute a
part of this specification. The drawings diustrate one or more embodiment(s), and together with

the description, serve to explain principles and operation of the various embodiments.

Brogy DESCRIPTION OF THE DRAWINGS

{8031} FIG 1 schematically illustrates a system for manufacturing ceramic articles according
to one embodiment herem.

[8032] FIG 2 schematically iHlustrates a kiln useful for conversion of green bodies into ceramue
articles according to one embodument disclosed herein.

[8033] FIG 3 s g flowchant lustrating operation of a kin according to one embodiment
disclosed herein.

{8034] FIG 4A 15 a graph dlustrating the oxygen concentration of the ware space in a kiln mn
which an oxygen flux control mode 13 implemented at a time (1) according to one example
described heremn.

[0035] FIG 4B s a graph illustrating the oxygen concentration of the ware space m a kiln over
a time pertod in which an oxygen flux control mode 15 mmplemented according to one example

described herein
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DETAILED DESCRIPTION

{0036] Reference will now be made in detail to exemplary embodiments which are illustrated
m the accompanying drawings. Whenever possible, the same reference numerals will be used
throughout the drawings to refer to the same or like parts. The components in the drawings are not
necessarily to scale, emphasis instead being placed upon idlustrating the principles of the
exemplary embodiments.

{8637} Numerical values, including endpoints of ranges, can be expressed herein as

E AN

approximations preceded by the term “about,” “approximately,” or the hike. In such cases, other
embodiments mclude the particular numerical values. Regardless of whether a numerical value is
expressed as an approximation, two embodiments are included 1o this disclosure. one expressed as
an approximation, and another not expressed as an approxumation. It will be further understood
that an endpownt of each range 1s significant both m relation to another endpoint, and independently
of another endpoint,

[0038] The firing process step 1o the manufacture of ceranmic bodies may inchide control of
atmospheric condittons beyond only temperature control and temperature uniformity within the
ware space of the kiln. As descnibed heremn, for some ceramic compositions, batch mixtures, and/or
ware geometries, taplementation of oxygen concentration and oxygen flux {rate of change of
oxygen concentration} control may also be beneficial Regolation of oxygen, along with
temperatures of the ware space and of the ware, may directly smpact thermal reactions during
firing, namely, exothermic reactions. For example, by specifying oxygen concentration and/or
oxygen flux as described herein, exothermic and other reactions, such as oxygen-consuming
reactions, can be controlled.

{0038} Exothermic reactions release heat inio the ware space, which also must be controlied.
This can be accomplished at least in part by didution through volume exchanges of the atmosphere
in the ware space of the kiln with a so-called secondary gas. The secondary gas composition can
be a muxture of different components, such as air, mitrogen, oxygen, water vapor, or other inert or
reactive gases.

{0046]  Control of exothermic reactions may be particularly useful as the total combustible load

{reactive organic and inorganic portions of the batch material} is increased. For example, the
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combustible load of batch mixtures used to create some ceramic articles, such as high-porosity
ceramic bodies, may exceed 50% by weight, e g., due to the high level of organic binders and pore
formers used.

{8041] In order to control the rate and timing of exothermic events, including the rate of release
of volatile organic compounds (VOCs), a maximurm oxygen concentration process control mode
can be implemented n which the oxygen concentration of the secondary gas 15 hmited to a value
within a process control band from a maximum oxygen concentration set point for the ware space
of the kiln {e.g., within +/~ 2% O2 of the maxumurm oxygen concentration set point, where the %
is provided as a % volume as an absolute value with respect to 100% oxygen). Smoee oxygen is
beng supphied mio the ware space of the kiln primariy, if not essentially solely, via the secondary
gas, hnuting the oxygen concentration of the secondary gas to the maximum oxygen concentration
set point for the kiln ensures that the oxygen concentration in the ware space never exceeds the
maximum oxygen concentration set point,

{80421 However, as described further herein, 1t has been found by the current inventors that the
actual oxygen concentration in the ware space of the kiln may, particularly doring an exothermue
or other oxygen-consuming event, drop to levels significantly below that of the maxumum oxygen
concentration set point. The lack of available oxvgen may result in a delay of completion of the
exothermic event {e.g., delay i completion of the burn off of one or more combustible
components, such as the organic binder or pore former). A delay in completion of the exothermic
or other event may comphlicate the firing process, such as by causing thermal gradients in the parts
and/or requiring an increased amount of secondary gas to be exchanged at relatively higher kiln
temperatures, at which higher temperatures these issues are more difficult and/or costly to address.
{8643 The delay in completion of the burn off of a combustible component or other exothermic
event may be particularly pronounced if a subsequent thermal event, such as an endothermic event,
occurs 1n the green bodies. For example, a clay-containing green body may undergoe dehydration
of clay components {the dehydration referring to the removal of chemically bonded water, which
may be referred to herein as a “water loss” event) at about 500°C {e.g , from about 500°C to about
600°C) or a talc-containing green body may undergo talc dehydration, or water loss, starting at

about 850°C {e.g., from about 850°C to about 950°C). The temperature ranges for various events
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are provided as estimates, as these temperatures may vary batch to batch depending on the
particular components and amounts of components in each batch mixture.

{0044} In these scenarios, if such a subsequent thermal event is initiated during burn off of a
combustible component, completion of the burn off of that combustible component may be
delaved to a later time during, or in some nstances even after the subseqguent event ends. For
example, if graphite is not completely burned off before tale water loss starts, the residual graphite
in the green ware may remain in the green ware until a later time during the talc water loss event,
or even after the talc water loss event ends. Sumularly, if the burn off of starch, methylcellulose,
oil, lubricants, or other organic components s not completed before the intiation of clay water
ioss, these organic components may remain partially in green ware unti after the clay water loss
event ends. The delay of burn off may make it more difficult and/or costly to handle the excess
heat and/or release of volatile components at later times {e.g., which often correspond to higher
temperatures unless a temperature hold 13 implemented, which 15 also costly and time consuming).
Additionally, the delay of completion of such burn off events may result in increased tendency of
defects, such as cracks, to form in the ceramic article, such as due to the formation of undesirably
high thermal gradients o the part when the completion of burn off 15 delayed until higher
temperatures.

{0045]  Accordingly, described herein are methods and systems for firing green bodies, which
employ an oxygen flux control mode for the atmosphere of the ware space of the kiln. When
operating under the oxygen flux control mode according to embodiments described herein, the
oxygen flux can be given a hierarchy dominance, such that the oxygen concentration of the
secondary gas is not limited by the maximum oxygen set pomnt {e.g. not limited to a control band
relative to the maximum oxygen set point, such as within +/- 2% of the maximum oxygen set
point). Accordingly, as oxygen 1s consumed in the ware space of the kiln, the oxygen concentration
of the secondary gas is correspondingly set in order to control the oxygen flux in the ware space
of the kiln.

{8046] In some embodiments, the oxygen concentration of the secondary gas during the oxygen
flux control mode, as described with respect to embodiments herein, ts implemented in conjunction

with the maximum oxygen concentration set point. In this way, the oxygen concentration of the
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secondary gas can be set at a value above the maximum oxygen concentration set point of the kiln
m order o control oxygen flux in the ware space of the kiln, while the actual oxygen concentration
in the ware space 15 mamtained at or below the maximum oxygen conceniration set point.
Accordingly, when used in conjunction together, the kiln can be operated such that the temperature
of the ware and the heat release from the kiln 1s still controlled {e.g., via sufficient volumetric
exchanges with the secondary gas), while the reaction rates {e.g, burn off of combustible
components) 1s still mamtained within acceptable levels. In some embodiments, mstead of
stepping the oxygen concentration of the secondary gas up to mantain a mirumum level of oxygen
avatlable in the ware space of the kiln, the oxygen flux control mode 1s alternatively or additionally
operated to step the oxygen concentration of the secondary gas down in order to mamtam a
maximum oxygen fhux and/or the maximum oxygen set point for the ware space of the kiln,
{0047} The systems and methods described heren advantageously maintains destred ware space
oxygen levels regardless of the level of oxygen consumption within the ware space. As a result,
mproved control over and handhing of the exothermic reactions and other events, such as oxygen-
consunung events, within the ware space are achieved Additionally, the systems and methods
described herein can be useful 1n maintaining desired ware space volume exchanges, which assists
i factlitating desired convective heat removal and/or VOC dilution. The embodiments described
herein may also facilitate using lower amounts of volume exchanges {(particularly at higher
temperatures where occurrence of the exothermic reactions would otherwise be delayed) which
reduces risk of environmental non-compliance in the after-treatment system {e.g., thermal
oxidizer} of the kiln and reduces the energy required to heat up the volume exchanges in both the
ware space and n any such aftertreatment system.

{0048] Refernng to FIG 1, a manufacturing system 10 1s idlustrated for ultimately forming
ceramic article 100, which 1s dlustrated in FIG 1 as a ceramic honeycomb body. The
mamifacturing system 10 comprises an extruder 12 that comprises an inlet 14, such as a hopper,
for receiving a muxture 15 of ceramic-forming components, e.g., ceranmic and/or ceramic
precursors, which may be referred to herein as the batch mixture 15. The extruder 12 can comprise
one or more rotatable screws, a ram, or other mechanism for mixing and/or pressurizing the batch

mixture 15 within the body of the extruder 12,
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[0049] The extruder 12 comprises an extrusion die 16 through which the pressurized batch
mixture 15 1s forced. For example, the extrusion die 16 can comprise a plurality of slots through
which an extrudate 18 is extruded. The slots of the extrusion die 16 can correspond to a honeycomb
structure it the ceramic article 100 1s intended to be a ceramic honevcomb body. Lengths of the
extrudate 18 can be cut off (e g, via a blade, saw, vibratory cutter, laser, wire, or other cutting
device) to form one or more green bodies 100g. The green bodies 100g can be placed on a tray,
belt, sheet, conveyor, or other transport mechansm 20 or combination of transport mechanisms
for transportation to subsequent manufactuning steps. The green bodies 100g can be dried m a
drver 22 to remove water or other hiquid carrier present, e g., using elevated temperature, aw flow,
microwaves, etc. After drying, the dry green bodies 100g can be transported to a kiln 24 10 which
the green bodies 100g are fired. As described herein, the firing process can be used to convert the
green bodies 100g into the ceramic articles 100, such as by reaction and/or sintering of materials
m the green bodies 100g.

{0058] The batch mixture 15 can one or more ceranuc and/or ceramc-forming materials {e.g.,
that result in one or more ceramic phases 1o be formed 1o the ceramic article 100 during firing} that
may be collectively referred to herem as “ceramic precursors”, such as clay, tale, alumina, titama,
silica, and other oxides. The batch muxture can further comprise an orgamic binder such as
methylcellulose {e.g., to enable extrudability in the desired shape of the green body 100g and
mainiain green strength during subsequent manufacturing steps), pore formers such starches,
polymers, and graphite, {e.g., materials that are burned off or otherwise react at firing temperatures
to form or leave voids in the resulting ceramic matenial), extrusion aids such as hubricants or oils
{(e.2., to reduce extrusion pressure, reduce friction of abrasive particles in the batch mixture, and/or
impart a desired rheslogy to the batch mixture), sintering aids to assist in the sintering together of
ceranic components during firing {e.g., to increase strength of the ceramic article 100 after firing),
and a liquid carrier such as water {e.g., to enhance mixability and extrudability of the batch mixture
15}, The ceramic precursors can be selected so that the ceramic article 100, as a result of firing,
comprises one or more ceramic phases, such as one or more of cordierite, mullite, aluminum

titanate, and silicon carbide.
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{0051} In some embaodiments, the green ware to be fired {e.g., the green honeycomb bodies
100g) and correspondingly the batch muxture from which the green ware is made (e.g., the batch
mixture 15}, has a total combustible load {(total amount of all components that will burn off or
otherwise combust during firing) of at least 4 wi%, at least 8 wt%s, at least 12 wi%, at least 15
wit%s, at least 20 wit%s, at least 25 wi%s, at least 30 wi%e, at least 35 wite, or even at least at least 40
wi%e such as up to 43 wi% or even SO wt% or more, each value as super addition with respectto a
total weight of the 1vorganics 1o the batch mixture, meluding ranges having these values as
endpoints, such as from about 4 wit% to about 50 wit%, from about 4 wi% to about 45 wide, from
about 4 wt% to about 40 wit%, from about 8 wi% to about 30 wt%, from about 12 wit% to about
S50 wi¥, from about 15 wite to about 50 wi%e, from about 20 wi% to about 50 wi%e, from about 25
wt% to about 50 wi%, from about 30 wi%e to about 50 wi%e, or even from about 35 wite to about
50 wi%, each range again given i wi% super addition. For example, in some embodiments the
amount of pore former {e.g., graphite and starch) 18 at least 10 wi%, at least 15 wt%, at least 20
wit%, at least 25 wt%e, at least 30 wi¥%, or even at least 35 wi%, such as up to 40 wi% or 45 wi%,
meluding ranges having these values as end points, each value given as a super addition with
respect to the total weight of morganics. In some embodiments, the amount of organic binder {e.g.,
methylcellulose} 15 in an amount of at least 3 wt%4, at least 4 wt%, at least 5 wi%, or even at least
6 wi%, such as up to & wi% or even 10 wt%, including ranges having these values as end points,
each value given as a super addition with respect 1o the total weight of morganics. In some
embodiments, the amount of oils and lubricants is at least 1 wi%, at least 2 wi%, at least 3 wi%, at
ieast 4 wi%, or event at least 5 wi%, such as up to 7 wit¥% or even 8 wi%, including ranges having
these values as end points, each valiue given as a super addition with respect to the total weight of
morganics. The total weight of inorganics as referred to anywhere in this disclosure 1s considered
with respect to when the batch mixture or green ware 1s dry, 1.e., before addition of water or other
liguid vehicle and/or after drying.

{0052} In some embodiments, the combustible load is determined as the sum of carbon-
containing components in the green body 100g, such as pore formers {graphite, starch, polymers},
oils {e.g, mineral otl, polyalphaolefin, etc ), extrusion aids, hubricants, or other additives (e.g.,

fatty acids, tall oil, palm olein, oleic acid, etc }, and the organic binder (e g , methvicellulose}. In
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general, burn off of any of these combustible components will result in a corresponding exothermic
event during firing. For example, otls, lubricants, and organic binders may undergo autoignition
(initiate combustion or burn off} in a temperature range of 100°C to 330°C, while graphite may
undergo autoignition at temperatures above about S50°C.

[8033] FIG. 2 dlustrates the kiln 24 according to one embodiment, which can be used in the
systera 10 or other ceranuc manufacturing system. In the llusirated embodiment of FIG. 2, the
kiln 24 comprises a main chamber or ware space 30 for receiving the ware to be heated, such as
the green bodies 100g. The kiln 24 adduionally comprises one or more sensors 32 configured to
measure one or more vatables of the kiln 24, such as the oxygen (O2) concentration or temperature
of the atmosphere within the ware space 30. The kiln 24 also comprises a secondary gas controller
34 configured to supply a gas mixture 36 {which may be referred to interchangeably as the
“secondary gas” or “secondary gas mixture”} into the ware space 30 of the kiln 24,

{8034] The kiln 24 further comprises one or more burners 38 to provide heat 40 for controlling
the ternperature within the ware space 30. While not shown n FIG. 2, the burners 38 can be
provided with a primary gas mixture {e.g., controlled by a primary gas controller, also not shown)
comprising oxygen and fuel at a ratio suitable for combustion, which 1s separate from the
secondary gas mixture 36. In some embodiments, the burners 38 can be arranged as part of an
assembly with a dual tube design that enables the secondary gas 36 to be delivered into the kiln
ware space 30 via a secondary tube that is separate from a primary tube that delivers the primary
gas to the burners 38 for combustion. In some embodiments, the heat 40 is provided by a heat
source other than the burners 3%, such as one or more radiative or resistive heating elements.
{0055} The kiln 24 also comprises a main kiln controller 42 (alternatively, a master kiln
controller} that 13 in signal communication (e.g., wired or wireless connection) with the sensor(s)
32, the secondary gas controller 36, and/or the burners 38 in order to control and/or monitor
operation of the kiln 24, For example, the kiln controller 42 can implement set points {target
values) for one or more variables related to operation of the kiln 24 {such as temperature or oxygen
concentration of the atmosphere within the ware space 30). Accordingly, operation of various

components of the kiln 24 can be controlled at least in part by the set points. The kin controller
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42 can also monitor {measure) one or more operating variables of the kiln 24 via the sensors 32 as
described herein.

{0056} Although dlustrated in FIG. 2 as separate entities, the secondary gas coniroller 34 can be
comprised by the kiln controller 42, the secondary gas controller 34 and the kiln controller 42 can
be comprised by the same computing device, and/or the secondary gas controlier 34 and the kiln
controller 42 can otherwise share corputing resources. For example, m some embodiments the
secondary gas controller 34 and the kiln controller 42 are arranged as separate software routines,
modules, or other software components mmplemented on common hardware, while m some
ernbodiments the controllers 34 and 42 are arranged as separate software components implemented
on separate hardware devices.

{8057] In order to control the oxygen concentration of the secondary gas 36, the secondary gas
controller 34 can be in communication with a gas mixing assembly 44 that comprises or is
otherwise m fluid communication with multiple sources of different gases that have different
oxygen concentrations, such as at least a high oxygen gas source 45 and a low oxygen gas source
46 as shown in FIG. 2. The gas mixing assembly 44 can comprise a common mixmg chamber that
15 m selective fluid communication with gach of the gas sources via valves, pumps, or other
mechanisms that can be conirolled {e.g., by setting the pump speed or valve position}, eg., via
mstructions from the secondary gas controller 34, to adjust relative flows rates, amounts, and/or
rattos of the different gases that make up the secondary gas mixture 36,

{0058} In this way, the characteristics of the secondary gas mixture 36 (such as volumetric flow
rate and/or oxygen conceniration) can be set by the mixing assembly 44 based on the flow rates
and/or ratios of the different gas sources. For example, the secondary gas controller 34 can set a
first flow rate for the high gas source 45 and a second flow rate for the low gas source 46 i order
to set a flow rate and an oxygen concentration for the secondary gas mixture 36. For example,
mcereasingly higher flow rates for the high oxygen gas source 45 and/or the low oxygen gas source
46 can be used to increase the total flow rate of the secondary gas 36, while the ratio of a first flow
rate of the high oxygen gas source 45 relative to a second flow rate of the low oxygen gas source

46 can be used to adjust the oxygen concentration of the secondary gas 36.



WO 2022/103655 PCT/US2021/058150

{0059] The high oxvgen gas source 45 can comprise pure oxygen, ambient air {thus having
oxygen at a concentration of approximately 21%), or other oxygen-rich gas (e g, having an oxygen
concentration of at least about 20%). The low oxygen gas source 46 can comprise a gas having a
relatively lower amount of oxygen, such as less than 3% oxygen, or even no oxygen. Unless
specified otherwise, the percentage of oxvgen within a gas mixture 13 given herewn as % volume.
In some embodiments, the low oxygen gas 1s an inert gas, such as nitrogen.

[8068] In some embodiments, the secondary gas controller 34 and/or gas mixing assembly 44
can also or alternatively be 1o fhnd commurucation with a source 48 of the products of combustion
(POC) 5O froro the kiln 24, the burners 38, and/or another source such as a separate geverator of
the kiln 24 15 arranged as part of a cogeneration system. In some embodiments, the secondary gas
mixture 36 18 created as a nuxture of all three of the high oxygen gas {e.g, air}, the low oxygen
gas {e.g., nitrogen}, and the products of combustion from the burners. In some embodiments, the
POC source 48 15 used as the low oxygen gas source 46 (e g, the POU source 48 and the low
oxygen gas source 46 are the same), such that the products of combustion S0 from the bumers 38
are used as the low oxygen gas.

{0061] Further operation of kilns (e g., the kiln 24) according to embodiments of finng green
ware {&.g., the green bodies 100g) disclosed hergin can be appreciated in view of the flowchart of
FIG 3. In FIG 3, it s first determuned mn step 52 whether an oxygen flux control mode, as
described herem, 1s to be implemented. The determination of step 52 can be made by a main kiln
controller (e.g., the main kiln controller 42). As shown and described herein, as long as the oxygen
flux control mode 1s required, the flowchart of FIG. 3 can be implemented as a control loop 1n
which the oxygen flux s adjusted over multiple cycles. For example, the step 52 can be checked
once every second or other time interval. When the oxygen flux controf mode is no longer required,
the kiln can be operated under any other known and suitable control methodologies.

{0062] Inmiation of the oxygen flux control mode can be triggered at preset times, over preset
temperature ranges, manually by a user or operator of the kiln, and/or otherwise in response to the
detection or determination of one or more events as described herein. For example, n some
emmbodiments, the kiln 24 s operated by default in a maximum oxygen concentration control mode

{as described above}, where the oxygen concentration in the ware space of the kiln is maintained
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below a certamn maximum, e.g., in order to maintain sufficiently low levels of volatile compounds
m the kiln atmosphere and/or to limut the rate of combustion of combustible compounds n the
green ware {e.g., prevent runaway combustion).

{8063]  In some embodiments, the mitiation of oxygen flux control mode is preprogrammed into
the mam kin controller 42, such as to occur at a certain preset time or when a certain preset
temperature 15 reached (e.g., as measured by the sensor(s} 32}. In some embodiments, the time or
temperature that tnggers intiation of the oxygen flux control mode corresponds 1o a time period
and/or temperature range at which burn out of one or more cornbustible components of the green
ware 18 known to oceur, e.g., from about 150°C to about 350°C for many organic components,
such as oils, lubricants, organic binders such as methylcellulose, and organic pore formers such as
starch or polymers, or temperatures above about 550°C for graphite pore formers. The
temperatures at which burn off or other thermal events occur {both exothermic and endothermic)
can be dentified expernimentality by observing the temperature of the green honeycomb body n
comparison to the kiln temperature over time and/or with the assistance of any suitable analytical
technique such as differential seanning calorimetry {DSC}, or thermal gravimetric analysis (TGA).
[0064] Insome embodiments, the main kiln controller 42 mitiates the oxygen flux control mode
upon detection that a difference between the kiin ware space Oz set point and the observed kiln
oxygen concentration {e.g., measured by the sensor{s) 32}, which difference may be referred to
herein as the oxvgen delta (described in more detail with respect to FIGS. 4A-4B below), has
surpassed a maximum threshold value. In other words, the kiln contreller 42 can be configured to
mitiate the oxygen flux control mode when the measured ware space oxygen conceniration drops
too far below the oxygen conceniration set point for the ware space 30,

{8665] For example, the preset maximum threshold value can be a difference i oxygen
concentration of at most 1%, at most 0.75%, at most 0.5%, or even at most 0.253%, given as an
absolute value with respect to 100% oxygen concentration. For example, if the maximum kiln ware
space oxygen concentration set point is set at 8% oxygen concentration, and the maximum
threshold value is set at 2%, then the main kiln controller will initiate the oxygen flux control mode
when the measured oxygen concentration drops below 6%. The main kiln controller 42 {or other

controlled in signal communication therewith} can be configured to pertodically {e.g, every
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second, every minute, or other time interval) calculate the oxygen delia by performing a
comparison between the maximum oxygen concentration set point and the measured oxygen
concentration.

{8066] In some embodiments, the main kin controller 42 can be configured to receive an
sutiation signal due fo user 1nput. For example, a technician, operator, or other user managing
operation of the kiln 24 can manually tnigger mitiation, such as by issuing a command to the mam
kiln controller 42, e.g., utilizing a mouse, keyboard, button, switch, touchscreen, or other input
device in signal communication with the main kiln controlier 42,

[8067] Once the oxygen flux control mode 1s mitiated, the main kiln controller 42 sends one or
more conirol signals to other components of the kain. For example, the main kiln controller 42 can
send a signal to instract the oxygen concentration sensor {e.g., the sensor 32} to measure the ware
space oxygen concentration {designated 1o FIG. 3 as “Kiln O027) at step 54. Alternatively, the sensor
32 can be configured to periodically measure the ware space oxygen concentration and routinely
output the measured value without separate mstruction.

{8068] The main kin controller 42 can also send a signal at step 56 indicating the value of a
volumetric exchange set point (designated as “SP VE” in FIG. 3} for the secondary gas. In FIG. 3,
the volumetric exchange set pomnt 1S output to a volumetric exchange controller 58, which is
configured to calculate the volumetric exchange of the various gases within the kiln, e g, the
volumetric exchange of the secondary gas 36, As described with respect to the main kiln controller
42 and the secondary gas controller 34 m FIG. 2, any of the conirollers herein may be implemented
by shared hardware and/or shared computing resources, or as separate hardware or computing
resources. For example, the main kiln controller can comprise the volumetric exchange controlier.
{8669] The measured kiln oxygen concentration can be cutput to the controllers that require this
value for further calculations, either directly by the sensor 32 or indirectly via the mamn kiln
controller 42 or other controller. In the embodiment of FIG 3, the measured kiln oxygen
concentration is output to the volumetric exchange controlier 58 at step 60A and to the secondary
gas controller at step 60B. The volumetric exchange controller 58 receives the volumetric

exchange set pownt and the measured kiln oxygen concentration and determines a maximum
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oxygen concentration set point {designated as SP O2 in FIG. 3} for the ware space of the kiln,
which is output at step 62 to the secondary gas controller 34,

{0078} As generally described above, the secondary gas controller receives the maximum
oxygen concentration set point and the measured kiln oxygen concentration and determines flow
rates for the various gas sources from which the secondary gas roixture 36 13 made. As shown in
FIG 3, signals corresponding to the flow rates for at least the hugh oxygen gas source 45 and the
low oxygen gas source 46 (in addution to any other gas sources, such as the POC gas source 48)
are communicated at step 64. The secondary gas 36 resultantly 15 muxed in the relative aroounts
corresponding to the flow rate signals and provided into the atmosphere of the kiln ware space 30
at step 66. As noted above, the methodology of FIG. 3 can be repeated as a control loop over
multiple cycles untid the oxygen flux control mode is no longer necessary or desired.

{0071}  The secondary gas controller 34 when operating n the oxvgen fhux control mode can
mplement, e g, merementally, a larger range of oxygen concentration for the secondary gas 36.
For example, the oxygen concentration of the secondary gas 36 can be increased to values greater
than the maximuom oxygen set point for the atmosphere of the ware space 30 of the kiln 24, If the
oxygen flux cannot be suffictently mereased so that the measured oxygen concentration 1s still
below the maximum oxygen concentration set point {or some mimimum threshold from the
maximum oxygen concentration set point}, the volumetric exchange (flow rate of secondary gas)
mcreases, e.g., incrementally, to the set point. A maximum possible volumetric exchange rate can
be preprogrammed, e.g., into memory of the kiln controller 42.

{80721 In some embodiments, when implemented as a repeatable control loop, the flow rate of
the high oxvgen gas source 45 1s adjusted to incrementally increase the oxygen concentration of
the secondary gas 36 by a set amount in each cycle of the control loop. For example, the flow rate
of the high oxygen gas source 45 can be adjusted in some embodiments to increase the oxygen
concentration of the secondary gas 36 by an amount of about 0.01% (as an absolute value) each
cyecle. In addition to mcreasing the oxygen concentration of the second gas 36, the total volumetric
exchange (flow rate) of the secondary gas can also be increased. The desired oxygen conceniration
for the secondary gas 36 can be maintained, even as the total volumetric exchange of the secondary

eas 36 1s increased, by increasing the flow rates of each of the gas sources while maintaining the
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same ratio between the flow rates of the different gases. Increasing the total volumetric exchange
of the secondary gas may be particularly useful in embodiments in which the oxygen flux cannot
be sufficiently increased even after incrementally increasing the oxvgen concentration of the
secondary gas to its feasible maximum. For example, if air 15 used as the high oxygen gas, then
the oxygen concentration of the secondary gas has a limit of 21% when the secondary gas consists
essentially of only the awr

[8073] FIGS. 4A and 4B include graphs showing a kiln temperature set point and measured
oxygen concentration in the ware space of a kiln (e.g., the ware space 30 of the kiln 24) according
to example nvestigations performed by the current wnventors. More particularly, FIG. 4A
Hhustrates a first example i which the kiln 1s operated in a first mode of operation until a time t1,
at which fime the kiln 1s operated m accordance with the oxygen flux control mode, as generally
described above with respect to FIGS. 2 and 3. Lines corresponding o the kiln temperature set
point and the maximom ware space oxygen concentration set point are plotted i FIG 4A and
designated with nomerals 70 and 72, respectively. Additionally, a line corresponding to the
measured oxygen concentration i1s designated i FIGS. 4A and 4B with the reference numeral 74,
[8074]  In the examples of FIGS. 4A and 4B, a batch mixture comprising both graphite and fale
was utilized to make honeycomb green ware {e.g., the green bodies 100g}, which were loaded into
the ware space of a kiln. The data of FIGS. 4A and 4B corresponds to a temperature range of about
8O0C-850C, and thus, at a temperature at which graphite s being combusted just prior to the
mitiation of a talc water loss event in the green ware.

{8675]  Ata time t0 the oxygen set point 72 is set to ramp from a first oxygen concentration of
about 3.5% (at a temperature of about 800°C) to a second oxygen concentration of about 14% {at
a temperature of about 825°C). Due at least in part to the consumption of oxygen by the burn off
of the graphite component from the green ware, the measured oxygen concentration 74
mcereasingly deviates from the targeted value of the oxygen concentration set point 72 over time.
As noted herein, the deviation or difference between the measured oxygen concentration 74 and
the maxiumum oxygen concentration set point 72 may be referred to as an oxygen delta, which s
designated in FIG. 4A with the reference numeral 76. Thus, the oxygen delta 76 can be calculated

as the difference between the measured oxygen concentration 74 and the maximum oxygen
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concentration set point 72 at any given time. For example, the oxygen delta 76, as an absolute
value, 1s about 0.5% - 0.75% at time t0 and mncreased to about 3% - 3.25% at time t1.

[0076] Attmetl the oxygen flux control mode was manually implemented by user intervention,
which caused the measured kiln oxygen concentration 74 to immediately increase until the
measured kilo oxvgen concentration approximated the kiln oxygen set point 72, The oxygen tlux
can be understood as the change in measured oxygen concentration over timne, or d02/dt. For
example, the oxygen flux can be appreciated 10 FIG. 4A as approximately equal to a slope 78 of a
trend line 80 nserted in FIG. 4A, whuch trend line 80 corresponds approximately to the maximum
slope of the measured oxygen concentration 74.

{0077} Before the oxvgen flax control mode was implemented, the oxygen flux had a value that
was sigmficantly less than the rate of oxygen change corresponding to the oxygen concentration
set point 72 {which can hikewise be determined by the slope of the oxygen concentration set point
72). However, once the oxygen flux control mode was implemented, the oxygen flux steeply
mereased until the measured oxygen concentration 74 approximated the maxunum oxygen
concentration set point 72,

{8078] For comparison, FIG. 4B illustrates the same parameters of FIG. 44, but where the
oxygen flux control mode 1s implemented at time t0 in conjunction with the ramp 10 the oxygen
concentration set point 72. Accordingly, as shown in FIG. 4B, implementation of the oxygen flux
control mode enabled the measured kiln oxvgen concentration 74 approximate the kiln oxygen
concentration set point 72 over the entirety of the ramp in the oxygen set point.

{86079 Additionally, in accordance with the description herein, the measured oxygen
concentration 74 did not significantly exceed the oxygen set point 72 by controlling the oxygen
flux with respect to a munimum threshold value for the delta oxygen 76. That 15, as noted herein,
the oxygen flux can be both increased {e g., when the oxvgen delta s particularly high and/or
above some threshold value) in order to ensure a minimum amount of oxygen is available as well
as decreased to prevent the actual oxygen concentration in the ware space of the kiln from
exceeding the set point {e. g., when the oxygen delta 1s relatively low and/or below some threshold
value). Accordingly, in the investigation of FIG. 3, the munimum threshold value for the oxygen

delta was set at 1%, and the oxygen flux (slope of the measured oxygen concentration 74)
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correspondingly decreased once the oxygen delta 76 dropped to values less than the set minimum
threshold value of 1% oxygen.

{0088} In some embodiments, the methods, techniques, microprocessors, and/or controllers
described herein are implemented by one or more special-purpose computing devices having
designated hardware and/or software components for noplementing the herein-described
methodologies and operations. The special-purpose computing devices may be hard-wired to
perform the techniques, or may nclude digutal electronic devices such as one or more apphcation-
specific integrated circuits (ASICs) or field programmable gate arrays (FPGAs) that are
persistently programmed to perform the techmques, or may mclude one or more general purpose
hardware processors programmed to perform the techniques pursuant to program mstructions in
firmware, memory, other storage, or a combination. The mstructions can reside in RAM memory,
flash memory, ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CDB-ROM, or any other form of non-transitory computer-readable storage
medium. The special-purpose computing devices may be deskiop computer systems, server
computer systems, portable computer systems, handheld devices, networking devices or any other
device or combmnation of devices that incorporate hard-wired and/or program logic to implement
the techmques. The processor{s} and/or coniroller{s} described herein can be coordinated by any
suitable operating sysiem software.

{0681] In some embodmments, parts of the techniques disclosed herein are performed by a
processor {e.g., a microprocessor ) and/or other controller elements in response to executing one or
more sequences instructions contained in a memory. Such instructions may be read into the
memory from another storage medium, such as a storage device. Execution of the sequences of
mstructions contained in the memory may cause the processor or controfier to perform the process
steps described herein. In alternative embodiments, hard-wired circuttry may be used in place of
or in combination with software instructions.

{0082] It will be apparent to those skilled in the art that various modifications and vanations can
be made without departing from the spirit or scope of the claimed subject matter. Accordingly, the
claimed subject matter is not to be restricted except in hight of the attached claims and their

equivalents.
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What 1s claimed is:

L. A method for firing ceramic green ware, the method comprising:
setting a kiln oxygen concentration set pomnt for an atmosphere of a ware space of a kiln
during an oxygen-~consunung event in the ware space of the kiln;
mifiating an oxvgen flux control mode comprising:
measuring an oxygen concentration of the atmosphere of the ware space 1o the kilng
comparing the oxygen concentration to the kiln oxygen concentration set point to
deterraine a difference between the oxygen concentration and the kiln oxygen concentration set
point; and
adjusting a flow of secondary gas o the ware space {0 set an oxygen flux 1o the
atmosphere i the ware space of the kiln based on the difference between the oxygen concentration

and the kil oxygen concentration set point.

2. The method of claim 1, wheremn the oxygen flux control mode 15 implemented as a control

ioop over multiple cycles of the steps of measuring, comparing, and adjusting.

3. The method of claim 2, wherein adjusting the flow of secondary gas comprises
merementally increasing a secondary gas oxygen concentration of the secondary gas over the

multiple cycles.

4. The method of claim 3, wherein adjusting the flow of secondary gas comprises
merementally increasing a total flow rate of the secondary gas over the multiple cycles after the

secondary gas oxygen concentration has reached a maximum value.

~

5. The method of claim 2, wherein adpusting the flow of secondary gas comprises

merementally increasing a total flow rate of the secondary gas over the multiple cycles.
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6. The method of any one of claims 1-5, comprising ncreasing the oxygen flux if the
difference between the oxygen concentration and the kiln oxygen concentration set point 1s above

a muramum threshold value.

7. The method of any one of claims 1-6, comprising decreasing the oxygen {lux if the
difference between the oxygen concentration and the kiln oxygen concentration set point 1s below

a minunurn threshold value,

3. The method of any one of claims -7, wherein prior to mitiating the oxygen flux control
mode the kiln 15 operated in a maximum oxygen concentration controf mode 10 which the oxygen
concentration of the secondary gas was limited to at most within a conirol band set relative to the

oxygen set point.

9. The method of claim 7, wherein during the oxygen flux control mode the oxygen

concentration of the second gas 1s adjusted to a value greater than the control band.

10. The method of any one of claims 1-9, wherein the steps of measuring and comparing also
occur prior to the step of imitating, and wherein the oxygen flux conirol mode 1s implemented if
the difference between the oxygen concentration and the kiln oxygen concentration set point is

greater than a maximum threshold value.

11 The method of any one of claims 1-10, wherein the step of imtiating 15 implemented over

a preset time period or over a preset kiln temperature range.

12. The method of claim 11, wherein the preset time peniod or preset kiln temperature range

COI’I’@S}?OYE&S 10 an oxXygen-cons uining event.
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13. The method of any one of claims 1-12, wherein the secondary gas comprises a mixture of
at least a first gas and a second gas, wherein the first gas has a higher oxygen concentration relative

to the second gas.

14. The method of claim 13, wherein the first gas comprises air or oxygen

15 The method of claim 13, wherein the second gas comprises nitrogen or producis of

combustion from burners of the kiln.

16. The method of claim 13, wherein adjusting the flow of secondary gas comprises altering a
first flow rate of the first gas, altering a second flow rate of the second gas, altering a ratio of the

first flow rate to the second flow rate, or a combination thereof.

17 The method of any one of claims 1-16, wherein the oxygen flux conirol mode is

wuplemented during an oxygen-consunung event of the green ware,

18, The method of claim 17, wherein the oxygen-consuming event 1s an exothermic event.
; Y2

19. The method of claim 18, wherein the exothermic event relates to the burn off or combustion

of one or more combustible components of the green ware.

20. The method of claim 19, wherein the one or more combustible componentis comprises

eraphite, oil, lubricant, organic binder, starch, or a polymer.

21 The method of any one of claims 1-20, comprising converting the green ware into one or

more ceramic articles.

22. The method of any one of claims 1-21, wherein the green ware comprises one or more

ereen honeycomb bodies.
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23 A method of manufacturing ceramic articles comprising the method of any one of claims
1-22.
24 The method of claim 23 comprising forming a batch mixture, extruding the batch mixture

as an extrudate, and cutting the extrudate to form the green ware.

25, A kil comprising:
a ware space for receiving green ware;
a sensor configured to measure an oxygen concentration in an atmosphere of the ware
space;
a main kiln controller configured to set a kiln oxygen concentration set point and 1o nitiate
an oxygen flux control mode; and
a secondary gas controller configured to, during the oxygen fhux control mode:
compare the oxygen concentration to the kilo oxygen concentration set point to
deternune a difference between the oxygen concentration and the kiln oxygen concentration set
point; and
adjust a flow of secondary gas mto the ware space to set an oxygen flux o the
atmosphere of the ware space of the kiln based on the difference between the oxygen concentration
and the kiln oxygen concentration set point.
26. A mamifacturing system comprising the kiln of claim 25 and an extrader configured to mix

a batch mixture and shape the batch mixture 1nto the green ware.
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