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the burner oxygen while main-
taining flame momentum and
preserving optimal fuel/oxygen
mixing. Results of several recent
commercial installations of the
HR_ burner have indeed verified
the ability to attain higher melt-
ing efficiency, lower NO_ emis-
sions and greater flame length
control than prior art staged oxy-
fuel burners, while also reducing
foam formation, thereby leading
to more efficient removal of glass
defects in the refining section of
the melter. Operational proper-
ties of the HR, burner are intro-
duced, and commercial demon-
stration results are presented.

OXIDIZER STAGING
BACKGROUND AND
PRINCIPLES

Oxidizer staging, i.e. the
delayed introduction of a por-
tion of combustion oxidizer (air
or oxygen) into a reactive fuel-
oxidizer mixture, first gained
widespread commercial accept-
ance in the 1970s and 1980s as
a means of reducing NO, emis-
sions in fossil-fuel, particularly
coal-fired, power boilers. So,
while this technique was known
in the combustion art, by the
time oxy-fuel combustion made
its debut in glass melting around
1990, the top priorities for first
generation oxy-fuel burners were
safety and longevity. Moreover,
first gen oxy-fuel melters typically
led to NO, reduction exceeding
70 percent relative to air-fuel
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Figure 1: Graph showing radiation spectra for oxy-fuel flames

without oxygen staging and with oxygen 70 percent staging

firing, so secondary NO, reduc-
tion via techniques such as oxi-
dizer staging did not initially have
a strong commercial pull. This
soon changed as multiple com-
bustion equipment and industrial
gas suppliers entered the oxy-fuel
burner market seeking competi-
tive advantage.

By forcing the flame to oper-
ate sub-stoichiometrically over a
substantial portion of its length,
the peak flame temperature
becomes much lower than in a
non-staged flame. This fact, and
the concurrent separation of fuel
nitrogen and oxygen that occurs,
are the factors responsible for
NO, reduction. While result-
ant NO, emissions are strongly
influenced by conditions within
the furnace, particularly air in-
leakage, flame-to-flame interac-
tions and batch nitrates, NO,

Essentially Unobstructed
Radiation Path to Load

High Temperature,
Highly Radiative
Bottom Surface

reduction of the order of 40-50
percent between non-staged and
highly staged (50 percent oxygen
or greater) flames has frequently
been achieved. Moreover, dur-
ing early development of oxygen-
staged burners for glass melting,
it became apparent that benefits
beyond NO, reduction were also
attainable through staging. These
included independent control of
visible flame length, flame lumi-
nosity and biasing the direction
of flame radiation. While the first
of these O,-staging effects, con-
trol of visible flame length, was
easy to anticipate due to the tem-
porary oxygen deprivation of the
flame, the 25-30 percent increase
in visible flame length achieved
by staging up to 50 percent of
the combustion oxygen was nev-
ertheless surprisingly large. The
practical benefit of this feature is

Sooty-laden, "Optically Thick",
Fuel-rich Primary Flame

Figure 2:
lllustration

of principal

of directional
radiation created
by staging oxygen
beneath a fuel-rich
flame
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that it provides furnace operators
a convenient means for optimiz-
ing flame shape while maintain-
ing constant energy input to the
melter.

Luminosity effects due to stag-
ing are especially evident for oxy-
natural gas flames. This is so
because flame luminosity comes
principally  from  blackbody
radiation of carbon-rich nano-
particles known as soot, and
methane (principal component of
natural gas) has the lowest soot-
ing propensity of all commonly
occurring hydrocarbons. Hence,
any incremental increase in soot
formed during methane com-
bustion has a more pronounced
effect on flame radiation than a
comparable increase in a higher
sooting fuel, such as ethane, pro-
pane or butane, for example.

Soot formation (nucleation)
and growth occur at high tem-
perature in reducing environ-
ments through the influence of
soot precursors, such as benzene
and acetylene, that are formed
during fuel pyrolysis [1,2]. These
processes, which are largely
endothermic, require sufficient
time at elevated temperature to
overcome strong C-H bonds that
stand in the way of soot for-
mation. Hence, the greater the
time spent in a strongly reducing
environment prior to addition of
stoichiometric oxygen, the more
soot is likely to be formed in the
flame. While we have not directly
measured either the soot concen-
tration or resultant flame emis-
sivity, we have indeed measured
radiation from oxy-fuel flames
having different levels of oxy-
gen staging. Example results are
provided in Figure 1 as relative
flame radiance vs wavelength.
Note that the radiation spectra
for a non-staged flame and one in
which 70 percent of the oxygen
is staged are qualitatively similar
except in the range from 600 to
approximately 1300 nm, which
comprises parts of both the vis-

ible and near infrared regions.
In this domain, where the effect
of blackbody radiation coming
from soot is quite prominent,
radiance from the highly-staged
flame is an order of magnitude
higher than from its non-staged
counterpart.

Absent from the above dis-
cussion, however, is the detail
of how the staged oxygen is
introduced into the flame. If
the staged oxygen is introduced
beneath the flame then, as illus-
trated in Figure 2, soot oxidation
on the flame underside results
in a highly luminous zone hav-
ing an unimpeded visible path to
the glass surface, and a partially
obstructed upward path. Clearly,
this has the potential for enhanc-
ing flame-to-glass heat trans-
fer rates while simultaneously
reducing flame-to-crown heat
transfer. We have in fact repeat-
edly observed the proper use of
“under”-staged vs non-staged
flames translate into lower crown
temperatures, higher production
rates, higher efficiency and/or
higher glass temperatures; the
latter of these benefits typically
leading to lower rates of glass
defects [see Ref. 3, for example].
Measurements on the directional
biasing of flame radiation are
presented in Figure 5 and are
discussed in a subsequent sec-
tion.

PRACTICAL CHALLENGES
IN IMPLEMENTATION OF
STAGING

The top priorities in all oxy-
fuel burner designs is durability
and particularly the avoidance of
frequent maintenance and cat-
astrophic failure, either to the
burner or furnace. To this end,
the potential side effects of oxy-
gen staging must be understood.
In the interest of brevity, two are
mentioned herein; 1) flame lick-
ing within the burner block and
2) flame lofting.

Conventional oxy-fuel burn-

er design is of the non-premix
type in which the first contact
between fuel and oxygen occurs
at the burner nozzle. Fuel is
thus ignited at or near the ini-
tial point of oxygen-fuel mixing,
and the flame begins to acceler-
ate through a “pre-combustor”
channel that spans from cold face
to hot face within the refractory
burner block (see Figure 3). Note
how a thin, annular stream of
oxygen forms a separation barrier
between the high temperature (>
5000°F) oxy-fuel flame sheet and
the refractory wall. Oxygen is,
however, progressively consumed
as the gases flow from nozzle
to the pre-combustor discharge
plane at the hot face, gradually
diminishing the protective bar-
rier.

It is thereby apparent that if
too much oxygen is diverted to
another passage for staging pur-
poses, a point will be reached
wherein the flame begins licking
the wall of the pre-combustor
(see Figure 4). If this situation
remains undetected/uncorrected,
the burner block will eventually
suffer high-temperature damage,
with the risk of a catastroph-
ic block failure that could alter
trajectory of the oxy-fuel flame,
leading to a variety of unintended
consequences.

Since in a stoichiometric oxy-
methane flame, the ratio of oxy-
gen to fuel mass flow rate is 4.0,
oxygen staging has the poten-
tial to substantially reduce flame
momentum. Moreover, momen-
tum transfer from the flame to
the surrounding gases occurs as
the flame penetrates through the
combustion space, further low-
ering flame momentum. So, as
the flame is hotter and, hence,
less dense than the surrounding
furnace atmosphere, a maximum
staging level is ultimately reached
wherein the flame’s buoyancy
overcomes its momentum, and
the flame begins to turn upward
toward the crown, leading to high
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Figure 3: lllustration of primary oxygen shield between

developing flame and walls of pre-combustor within burner
block for a moderately staged flame
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Figure 4: lllustration of oxygen depletion within

pre-combustor and subsequent block overheating
for an excessively staged flame

crown temperatures and possible
crown damage.

Our experience with early gen-
eration staged burners indicates
that, depending upon factors such
as burner firing rate and place-
ment within the furnace, the max-
imum oxygen staging level after
which one or both the foregoing
limitations occur is in the 50-70
percent range, sometimes lower.
That said, exploratory work car-
ried out by our R&D team sug-
gested that further performance
benefits could be realized if these
limits could be safely overcome.
The results of this exploratory
effort, as summarized in the fol-
lowing section, culminated in the
development of new burner tech-
nology with expanded staging lim-
its and functionality.

DRIVERS FOR EXPANDING
THE ROLE OF OXYGEN
STAGING

Two principal factors drove
our engineering development
to overcome and expand burn-

er oxygen staging capabilities.
Firstly, as summarized in Figure
5, our laboratory data on direc-
tional biasing in flame radiation
from a commercial-scale oxy-fuel
burner with under-flame oxygen
staging indicated a substantial
increase in the ratio of downward
to upward flame radiation could
be realized by increasing staging
beyond the perceived maximum
range of 50-70 percent. Based
on the foregoing discussion,

this alone should afford greater
protection to the furnace crown
while further increasing flame-
to-glass heat transfer, reducing
NO, and expanding flame length
control.

A second, and ultimately
stronger, motivation toward ena-
bling “extreme” levels of oxygen
staging is the tendency for surface
foam to form in oxy-fuel melting
tanks. Most investigations into
the root cause of increased pro-
pensity for foaming in oxy-fuel
glass furnaces focus on the high-
er atmospheric moisture content
of oxy-fuel combustion products
(~55 vol%) vs air-fuel combus-
tion products (~15 vol%). It has
in fact been shown by several [4
— 6] researchers that the solubil-
ity of water in molten glass leads
to higher equilibrium water con-
centration in glass produced in
oxy-fuel furnaces. As it relates to
foaming, water vapor displaces
other fining gases, particularly
SO,, leading to a higher rate of
bubble formation/evolution for a
fixed amount of sulfate, resulting
in a higher driving force for sur-
face foam formation, particularly
in soda-lime glass.

Figure 5: Ratio of
downward vs upward flame
radiation versus staging
percentage from laboratory
measurements of an oxy-
fuel flame with under-flame
oxygen staging
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Reduction of heat transfer rate to glass
due to insulating effect of foam.
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Figure 6: lllustration of the deleterious consequences of

surface foam in a glass melting furnace. Photo from [10]

Once formed, foam acts as an
insulating barrier to heat transfer
between the combustion space
and molten glass that reflects
incident thermal energy to the
crown and other walls of the
melting tank. Numerous dele-
terious effects ensue, including
crown overheating, loss of ther-
mal energy to the flue gas, cool-
ing of the glass leading to break-
down of secondary glass flows
and, consequently, reduction of
molten glass residence time lead-
ing to retention of impurities
and higher product defect rates.
Moreover, the foam is known to
be highly corrosive to most side-
wall refractories and can lead to
rapid loss of refractory near the
metal line (see Figure 6).

Before delving further into the
foam problem, it is necessary to
divide glass surface foam into
the following two fundamental
categories:

1. Primary Foam is formed from
the release of carbon diox-
ide gas from batch carbon-
ates, generally occurring in the
melting zone of the furnace at
temperatures between about
900 and 1300°C.

2. Secondary Foam is produced
in the fining zone where it
is driven through the release
of sulfur dioxide from batch
sulfates at temperatures above
1400°C. Importantly, the rate
of gas evolution increases with
increasing glass temperature.

As the presence of secondary
foam generally leads to more

problematic consequences to
glass product quality, our dis-
cussion is hereafter limited to
this class of foam. Following an
overview of factors leading to
secondary foam formation and
mitigation, our attention is fixed
on techniques for foam interven-
tion through combustion control.

SECONDARY FOAM
OVERVIEW

Addition of sulfates to the batch
is a common means of promoting
the release of glass impurities in
the fining zone of a glass melter.
Outgassing of the sulfates at glass
temperatures exceeding 1400°C
produces sulfur dioxide bubbles
that rise to the surface along
with other dissolved gases that,
if not removed, would contribute
to defects in the final product.
Foam formation and (relative)
stability is the result of a complex
and dynamic balance between
gas bubble formation, rise rate
and evolution versus liquid drain-
age from foam cells. This balance
depends on coupled effects of
numerous factors including batch
sulfate concentration, glass tem-
perature, atmospheric moisture
content, molten glass viscosity
and surface tension [4-6].

Approaches to secondary foam
mitigation span a variety of tech-
niques including control of cullet
quality/quantity, modification of
batch sulfate concentration (or
other fining agents) and intro-
duction of surface active rea-
gents such as sodium sulfate or
sodium/potassium hydroxide [7,

Accelerated refractory
wear at metal line due to
corrosive nature of foam

8]. One further foam mitiga-
tion technique of present inter-
est is introduction of reducing
agents such as coal, coke or oil
into the batch, whose effect on
redox reactions in the batch and
melt is believed to subsequently
influence decomposition of sulfur
compounds in the fining zone
[9]. The method has spawned
attempts at introduction of local-
ly-reducing gaseous atmospheres
adjacent to the secondary foam
surface which, although operat-
ing on a different principal, has
shown potential benefits toward
foam reduction. Laimbock [4]
and others have, for example,
suggested the effect in switching
from an oxidizing to a reduc-
ing gas atmosphere above the
foam surface is to alter the con-
centration of surface active spe-
cies in foam lamellae. These, in
turn, introduce surface tension
gradients that directly lead to
accelerated liquid drainage via
Marangoni flows, thereby upset-
ting the foam’s self-stabilizing
forces and leading to diminishing
or destruction of the foam layer.
One key finding of the Laimbock
study was that an atmosphere
comprising 1 vol% carbon mon-
oxide markedly reduced foam
levels in lab experiments, whereas
an atmosphere comprising 0.1
vol% carbon monoxide had mini-
mal effect [4]. Elsewhere, Rough
[9] in US Patent No. 3,350,185
claimed that destabilization of
foam could be produced by peri-
odically alternating the adjacent
gas atmosphere between oxidiz-
ing and reducing, suggesting the
foam de-stabilizing effect was a
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function of the regular pertur-
bation of the glass surface ten-
sion rather than the properties of
either the oxidizing or reducing
equilibrium state.

EXTENDING OXYGEN
STAGING LIMITS AND
ATTACKING FOAM: THE
CLEANFIRE® HR, BURNER
The aforementioned challenges
associated with increasing staging
limits, depletion of the primary
oxygen “barrier” between flame
and burner block pre-combustor,
and loss of flame momentum,
were systematically addressed
and resolved, respectively, by 1)
developing a new burner nozzle
that delays oxygen-fuel mixing
within the pre-combustor and 2)
adjusting both the overall flame
momentum and the ratio of flame
to oxygen staging momentum to
substantially inhibit flame buoy-
ancy. The functional improve-
ments have led, in practice, to
the routine utilization of staging
levels exceeding 95 percent of
the combustion oxygen without
either block overheating or flame
lofting. Moreover, in view of the
need to address the challenge of
controlling secondary foam, the
new HR, burner incorporates

Figure 7: Photo of Cleanfire® HR, burner from
burner block hot face

both under-flame and over-flame
staging passages (Figure 7), as
well as on-burner valves (Figure
8) for convenient adjustment of
oxygen staging level (percent
of total oxygen) and direction
(under-staged, over-staged or
combination of both). These
added dimensions of control ena-
ble the HR, burner to be oper-
ated in one of three basic modes:
* Melt Mode: Using under-
flame staging to generate a
long, stable flame with lumi-
nous underside for high inten-
sity melting
* Foam Control Mode: Using
over-flame staging to maxi-
mize soot production and CO
emissions beneath the flame
for de-stabilizing secondary
foam
* Split Mode: Using a combi-
nation of over- and under-
flame staging to produce a
high momentum and highly
luminous flame for ensuring
both flame stability and high
melting efficiency in strongly
turbulent environments

Adjustment of the HR_ burn-
er’s staging mode (i.e. direction)
valve can be performed manually
or remotely using (for example)

Valve for Control of Percentage of

a pneumatic actuator; the latter
option being convenient if peri-
odic switching between modes is
desired.

With respect to the Foam
Control mode of operation, espe-
cially in view of prior art find-
ings emphasizing the need for
substantially reducing conditions
in contact with the glass sur-
face, laboratory measurements
were made of CO concentration
approximately 2 ft beneath the
flame while the burner was firing
at 6 MMBTU/hr. A photo of the
flame/sampling apparatus is pro-
vided in Figure 9, and the result-
ant CO concentration as a func-
tion of distance from the burner
block hot face is shown in Figure
10. Note the dense concentration
of soot beneath the flame and
the persistently high CO concen-
tration along the flame length,
reaching a peak of approximately
10 vol% at 8 ft from the hot face.
It must also be mentioned that
the burner overall O,:CH, ratio
for these tests was 2.08, and that
no CO was present in the exhaust
gases leaving the furnace. Hence,
complete mixing and reaction of
the CO/unburned fuel with O,
was achieved over the latter por-

Figure 8. Photo of Cleanfire® HR, burner
from back of burner showing oxygen
staging control valves

Valve for Control of

Staged Oxygen between Over- and
Under-flame passages

Percentage of Staged
Oxygen
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Figure 10: Results of laboratory

Figure 9: Photo of laboratory measurements
of CO concentration below an oxy-fuel flame
with over-flame oxygen staging

Figure 11: Photos showing side views of HR; (left) and HR,
(right) burners with emphasis on higher soot concentration

above/higher flame luminosity below the HR, flame

tion of the flame (between about
10 and 16 ft from the hot face).

Beyond the added versatil-
ity due to the multiple staging
modes, the enlargement of the
safely attainable oxygen stag-
ing percentage substantially
increased the degree of inde-
pendent control of flame length
from roughly 25-30 percent of
the non-staged length for 50 per-
cent staging to approximately 100
percent of the non-staged length
for 95 percent staging. This was
all accomplished without chang-
ing the thermal power output of
the burner. Additional practical
performance benefits of the new
burner technology are highlight-
ed in the following summary of

commercial performance.

HIGHLIGHTS OF
COMMERCIAL
DEMONSTRATIONS
Performance summaries from
two commercial demonstrations
of the HR, burner will serve to
confirm the positive effect of the
enhanced operational flexibility

incorporated into its design.

Demonstration 1

The first demonstration pre-
sented herein was at a 400 TPD,
cross-fired, amber container
glass furnace with incumbent Air
Products’ HR; burners (maxi-
mum of 70 percent under-stag-
ing) that were entirely replaced
with HR burners. Key perfor-

measurements of CO concentration 2ft
below an oxy-fuel flame with over-flame

oxygen staging

Soot Layer

mance metrics established by the
customer were fuel consumption,
glass defects and NO,, emissions.
Prior to presenting results, it is
instructive to visually compare
the appearance of the HR; and
HR, burner flames (Figure 11)
to illustrate the effect of higher
under-staging on flame lumi-
nosity. Note the more luminous
underside to the HR, flame and
the greater stratification apparent
between the luminous, lower por-
tion and the sooty, upper portion.
The former aspect (luminosity
increase) is responsible for deliv-
ering higher rates of flame radia-
tion to the glass, while the lat-
ter aspect (higher concentration
of soot) enables greater shield-
ing of the crown from flame
radiation. Note also that there
is no lofting of the HR, flame,
even though it is essentially fully
staged. This confirms the effec-
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Figure 12: Clearing of secondary foam with HR, burner in Foam Control mode
at 400 TPD amber container glass melting furnace

Table 1

FULL CONVERSION OF HR; TO HR, BURNERS
AT 400 TPD AMBER CONTAINER GLASS FURNACE

Performance Metric Effect of HR, Burners
Specific Fuel Consumption (MMBTU/ton) Down 3%
Seeds Down 43%
Blisters Down 38%
NOy Emissions Down 20%

tiveness of changes in flame and
staging momentum (previously
mentioned) on improving flame
stability.

Figure 12 highlights the foam
reduction afforded by the HR,
burner. The burner shown in the
right-hand photo (and operating
in the Foam Control mode) was

installed in a down-tank location
where an HR; burner had been
removed at an earlier date. The
removal of surface foam appar-
ent from the right-hand photo,
together with the enhanced
luminosity/radiation of the HR,
Melt mode flame, were the major
factors driving improved melter

performance and product qual-
ity as summarized in Table 1.
Note that data were averaged
from several months of opera-
tion before and after the HR,
installation to accurately quantify
the effect of the HR burners on
melter performance.

The second demonstration of
the HR,_ burner was at a 290
TPD flint container glass furnace
operating with nine HR; burners.
Foam had been a historic problem
at the furnace, so the customer
decided to trial two HR, burn-
ers, one natural gas and one fuel
oil, at the location of peak foam
near the bubblers. Both burn-

Figure 13: Clearing of foam around bubblers with HR, burners
at 290 TPD flint container glass melting furnace
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Table 2

PARTIAL REPLACEMENT (2 OF 9) OF HR; BURNERS WITH HR,,
BURNERS AT 290 TPD FLINT CONTAINER GLASS FURNACE

Performance Metric

Effect of HR, Burners

Foam Thickness

90% Reduction

Crown Temperature

Down 50 deg C

Specific Fuel Consumption

Down 2.6%

ers were operated in the Foam
Control mode with essentially full
staging. Initial foam thickness
was approximately 2 inches as
depicted on the left-hand side
of Figure 13. Post HR, instal-
lation, the foam was reduced by
about 90 percent as is evident
in the photo on the right side
of the same figure. Significant
modification of the down-tank
furnace heat transfer distribu-
tion followed the foam reduc-
tion. As summarized in Table 2,
furnace crown temperatures were
reduced by 50°C, while overall
fuel consumption decreases by
2.6 percent, and glass bottom
temperatures remained essen-
tially constant. This is particu-
larly striking given that only two
of nine burners were replaced
and underscores the substantial
thermal resistance presented by
a thick foam. It may also be
counter-intuitive that the crown
temperature would decrease with
the burner operated in the Foam
Control mode, as this establishes
an essentially unimpeded path
between the crown and the lumi-
nous topside of the flame. This,
however, is the direct result of
the large reduction in reflect-
ed energy from melt surface to
crown following the removal of
approximately 90 percent of the
foam barrier, a phenomenon we
have seen occur at other instal-
lations.

SUMMARY

The review of oxygen staging
in oxy-fuel glass melting burn-
ers presented herein highlights
the traditional benefits and lim-
itations, while also uncovering

the potential role of staging in
foam mitigation. Ensuing devel-
opment efforts were successful
in both increasing the practi-
cal limit on staging percentage
and establishing alternative stag-
ing routes for achieving a vari-
ety of effects within the melting
tank. The resultant burner tech-
nology, Cleanfire HR,, available
in natural gas and fuel oil ver-
sions for thermal power delivery
between 1 and 12 MMBTU/hr,
has proven itself to be an effective
tool for increasing thermal effi-
ciency, improving glass quality
and reducing NO, emissions in
industrial glass melting furnaces.
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