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ABSTRACT

r‘A three-dimensional heat transfer code based on the zonal
method was applied to evaluate the oxygen-fuel firing of a cross-
fired regenerative glass melter. A furnace end section which
includes the bridge wall and a pair of the regenerator ports was
modelled in detail for a base air case and several oxy-fuel
firing cases. The firing rates of two oxy-fuel burners that
matched the heat flux distribution of the base air case were
determined. The effects of the height and angle of the oxy-fuel
burners on the temperature and heat flux distributions were
predicted to evaluate the optimum burner placement of the oxy-
fuel burners. The main conclusions of the simulation are that;
(1) in spite of the small flame diameters, the high momentum low
flame temperature oxy-fuel burners can create temperature and
heat flux distributions equivalent to those of the base air case
with a wide flame and (2) both lower burner elevation and angling
of the oxy-fuel burners toward the glass surface tend to increase
heat transfer to glass surface and reduce the peak refractory
temperatures.

INTRODUCTION

Oxygen-fuel firing of glass melters is gaining increasing
industry acceptance as a viable way to reduce NOx, particulates
and other toxic emissions and to improve energy efficiency.
Small specialty glass tanks have been converted to oxygen firing

and operating commercially for several years (Ref. 1). A 110 TPD
unit melter was converted to oxygen firing about a year ago (Ref.
2). Union Carbide Industrial Gases (UCIG), Inc. has recently

conducted successful oxy-fuel firing programs in large tanks for
glass bottles and fibers. Since the combustion and heat transfer
conditions with oxy-fuel firing can be substantially different
from those with the conventional air firing, retrofitting of
existing air fired furnaces with oxy-fuel burners requires a
careful selection of the type and number of oxy-fuel burners and
their proper placement on the glass tank walls. At present these
burner decisions are made based on (1) experiences 1in other

industrial furnaces, (2) experimental data on flame
characteristics of small scale burners in test furnaces and (3)
theoretical heat transfer considerations. Very conservative

approaches are generally taken in converting existing furnaces
and designing new furnaces for oxy-fuel firing to avoid costly

commercial mistakes.
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The optimum furnace design with oxy-fuel firing is likely to
be different from the existing furnaces designs for air firing
due to a sharp reduction in the flue gas volume and to the heat
transfer rate increase possible with oxy-fuel firing. Numerical
modelling of the combustion space of glass furnaces offers

potential to optimize the furnace design and burner placement for

oxy=-fuel firing. Although numerical simulation has been used for
many years to understand the mechanism of glass melting and for
commercial design of glass furnaces, simplified heat transfer
models were often used for the combustion space as the focus of
modelling was the analysis of glass flow patterns (Ref. 3). 1In
particular, most of these simplified combustion space heat
transfer models, do not account for the effects of flame position
and characteristics on glass bath heat transfer.

On the other side, advances in numerical methods and
computer speed and capacities, have led to the development of
complex models, which directly couple comprehensive 3-D finite-~
difference combustion space analysis, with 3-D melter analysis
(Refs. 4,5). However, these latter models, while attractive in
the straightforwardness of their approach, require still an
enormous effort in time to set up and to validate, and in
computational and financial resources to run.

Therefore, the current analysis was based on a approach
which is complex enough to allow to study the impact of local
flame radiation on heat transfer to the glass, but which avoids
the complexity of the comprehensive models by using simplified
boundary conditions at the glass surface and by decoupling the
combustion space gas flow analysis, as well.

APPROACH

The current approach uses a 3-D heat transfer and combustion
zone model, which allows accurate assessment of local radiative
heat transfer between gas heat sources, furnace gas volume,
refractory walls and heat sinks. Furnace flow and flame heat
release pattern are semi-empirically prescribed. However, flame
heat release patterns are based on measurements in pilot-scale
furnaces and actual flame observations. Thermal boundary
conditions at the glass surface are simplified either by
assigning effective temperatures and emissivities, or by use of
a simple heat conduction model into the glass bath. Use of these
simplified boundary conditions is justified by the fact that one
of the goals of the current study is to identify O02-Burner
configurations which generate similar net heat flux distributions
as does conventional air firing.
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A further simplification was introduced by considering only
a section of a cross~fired glass furnace. In the current project
only the end-section of such a furnace was modelled. This
allowed to use computational grids small enough that the computer
code of the model could be executed on PC's. The model developed
for above approach 1is described in detail in the following
sections.

3-D _Zone Model

As already mentioned, the present study is based on a 3-D
heat transfer and combustion zone model (Ref. 6). This model has
successfully been applied in the past for thermal performances
studies of a variety of boiler, industrial and pilot-scale
furnaces (Ref. 7) including furnaces almost completely insulated
by refractory walls 1like a glass furnace. The model is
especially suitable for the latter furnaces, since emphasis is
laid on accurate treatment of multi-directional radiative
exchange, which is by far the dominant mode of heat transfer in
these high temperature furnaces.

In zone-type models such as the current one, the combustion
space is sub-divided by a net of well-stirred volume zones, and
by a net of corresponding boundary zones. Average zone
temperatures are obtained of total energy balances set up for
each zone. The heat balance for a volume zone is formulated by
Eq. (1) :

Qr + Qg * Qq = Qen =0 ' (1)

where Q. and Q, are the net heat fluxes over the zone boundaries
by radiation and advection, respectively. Q4, which is small in
high temperature furnaces, represents the convective transport
through a wall boundary layer from a near wall volume zone to a
adjacent surface zone. Q.,, finally is the net heat release in
the volume zone due to flame reactions obtained from species
balances solved in addition to the volume zone heat balances.

Contrary to the more expensive finite-difference combustor
models, the advective mass flow rates necessary to calculate the
terms Qg in Eq. (1) are not obtained from a simultaneous solution
of momentum balances, but are rather input into the zone model,
thus allowing to spend available computational resources for a
more accurate simulation of radiative exchange.

The multi-directional transport of radiative energy between
all wall and surface zones (i.e. term Q, in Eq. (1)) is
calculated with the semistochastic method (Ref. 6). This method
which is derived from Monte-Carlo calculation technigues 1is
illustrated in Fig. 1. Q, is expressed by Eq. (2) :
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Eq. (3) implies that the radiative properties of the combustion
products are approximated with a so-called 'Weighted-Grey-Gas

Approach' (Ref. 8) with n=4 grey ranges. a, 1is the weighing
- factor and K, is the grey absorption co-efficient assigned to the
n th range.

The radiation model works as follows. The emissive power of
all grey ranges (1 st term of Eq. (2)) of a volume zone (surface
zones are treated in analogy) is distributed among a finite
number of beams. The beams are emitted over the whole view angle
and traced through the arrangement of volume zones until they
impinge on wall. The beam gradually Jloose energy through
absorption. The amount of energy Qp.am,a absorbed from a beam by
a volume zone is expressed by :

Qbeam,a = Qveam,in [1~eXp(~ K, ds)] (3)

Qbeam, in 1S the energy flux of a beam incident on the volume
zone and ds is the path length of the beam cut out by this zone.
The energy amounts Qpeay ; absorbed from all beams passing a zone
are accumulated. The radiative sub-balance according to Eg. (2)
is calculated for each iteration uycle necessary to solve the
total energy balance (1).

Since in the current study wall surfaces are treated as
grey, diffuse radiators and reflectors, reflected energy amounts
from beams incident on a wall are accumulated at the
corresponding surface zones, and added to surface emission in the
next iteration step. Combined wall emission and reflection Lis
then treated in analogy of volume emissicn described above,
however taking the cosine law into account.

The current semistochastic method is distinguished from pure
Monte~Carlo methods by the fact, that some events in the history
of a beam are deterministically influenced rather than based
solely on random numbers (see Ref. 6).

The zone model considers, besides radiation from wall zones,
radiation from gaseous species C02 and H20 and from soot
particles. Zonal concentration of these species are calculated
from the combustion model described further below. Weighing
factors and specific absorption coefficients of the gaseous
species utilized for the 'Weighted-~Grey-Gases-Approach' are taken
from Ref. 8. The specific absorption coefficients for soot are
prescribed according to an approach suggested in Ref. 9.



Furnace Flow Distribution and Heat Release Pattern
Furnace Flow Field

Besides the radiation terms, the total energy balance of
each volume zone includes contributions from convective transport
and from heat release due the flame reactions. As mentioned
above, the advective transport of sensible heat 1is based on
predetermined zonal mass flux distributions. There are several
means to obtain such distributions ranging from simple
engineering guesses to sophisticated 3-D fluid dynamics
calculations. In the present study, suitable furnace flow
distributions were determined from a mixed-type approach,
combining enclosed jet theory, educated guesses and computer
routines for continuity considerations and for direct graphical
display of mass flux density vectors.

The jet theory was in particular applied to estimate the
flow for the O, firing configuration. It was assumed that the
forward flows of the high momentum O,-jets which fired from
opposite furnace sides 1in a staggered manner, were not
interacting. The flow fields associated with each burner were
constructed as follows.

The multi-jet outlet of an O, burner was replaced by an
equivalent nozzle diameter taking flama expansion into account.
Forward flow profiles and local entrainment rates were calculated
with the assumption that the jet entrains fluid halfWay‘ the
distance between jet origin and impingemerit of the jet envelope
at surrounding walls. The backflow necessary to support the
entrainment rates was empirically distributed over the furnace
with help of profile factors.

In a final step, the flow fields derived for tihe individual
burners were arithmetically superimposed. Also superimposed are
pairs of turbulent mass flux vectors with prescribed strength, in
order to simulate large scale turbulent exchange over zone
boundaries. The simple approach described above is currently
validated by 3-D fluid dynamics modeling. Entrainment rates of
the O,-flames were also validated with results of comprehensive
2-D modeling previously carried out for pilot-scale Oj,-burner
trials (Ref. 10).

Combustion Model

The calculation of zonal heat release is based on the furnace
flow okbtained from above model and on an empirical function,
which accounts for the mixing controlled progress of burn-out. In
this model, the gaseous fuel is represented by fuel lumps, which
follow the turbulent flow. The lumps are tracked within the zone
arrangement. The lifetime of individual lumps is statistically



calculated with help of weighted random numbers in such a way
that the unburnt matter of a large assembly gas fuel lumps of
same origin is an exponential function of residence time t :

Qunb/Qunb,o = exp [-. (l/cb) (t/tb)m] ; (4)
Qupb, o is the sum of chemical heat of all gaseous fuel lumps
originating from the same burner inlet zone, and Qunp 1s the
corresponding amount after time t. Accumulation of chemical heat
from all fuel lumps reacted in a volume zone yields the chemical
source term Q., needed for the total energy balance (lg. 1). By
using the value 0.1448 for the constant Ch, tp can be identified
as the time needed to achieve (at least on average) burn-out down
to 99.9%.

In the current study, the heat release distribution in the
air flames was calculated using t, = 0.75 s and m = 2. The value
for t, was chosen so, that 99.9% burn-out was achieved just at
the flue gas port. Thus the observed flame length was matched.

The time constant tb for the 0, flames was chosen so that
the length of the O, flames observed in pilot scale experiments
was matched. Fig. 2 shows measured axial values of unburnt fuel
and of Oj,-concentration dependent on distance from the 0, burner
normallzed with an equivalent nozzle diameter 4, The distance
Z/d = 121.2 represents the width of the furnace investigated
in t e current study. Also plotted into Fig. 2 are burn-out
distributions kased on Eq. 4 and used in the model. The curves
denoted by A5 represent an O, flame with a load 3.71 higher than
the flame represented by curves A6 (see also below). Both sets
of curves were obtained for m = 3. For flame A5, t, = 0.045 s
was utilized and for th: lower load flame, t, = O. 167 s, i.e. the
ratio for t, of both flames was assumed to be proportional to
their load ratio.

The heat release model described above is coupled with species
transport equations which allow to calculate zonal concentrations
of major combustion products and O, needed to compute specific
heats. The zonal concentrations of CO, and H,0 are also used to
calculate zonal absorption coefficients K, as required by Eq.
(2) . The current radiation model requires additionally
estimation of flame soct concentrations. Whereas the 0, flames
are soot free, luminous radiation plays a certain role in air
flames. The natural gas/air flames considered in this study were
very sooty. In order to calculate soot absorption coefficients
in these flames, it was assumed that flame soot is present in a
zone 1in proportion to unburnt fuel calculated with above
combustion model for the same zone. An empirical value was ‘.sed
for the constant of proportionality.




Thermal Boundary Conditions

Prescription of thermal boundary conditions for the
combustion space must distinguish between the refractory surfaces
above glass melt, the port openings as well as the glass bath
itself. All three sections require either calculation or
prescription of effective temperatures and effective emissivities
of the radiating boundaries.

Heat losses through Refractory Walls

Local surface temperatures of the refractories exposed to
the combustion space were calculated with the zone model and with
a 1-D model for heat conduction through the refractory walls
using effective wvalues for the ratio k/s of c¢onductance to
refractory thickness and estimations for outside refractory
temperatures.

Calculation of Port Heat losses

Net radiation through the port openings constitutes a major
heat loss of the combustion space. In case of O,-combustion, the
ports were also considered to be open, since the experimental
set-up for O,~conversion of the furnace considered in this study
was planned for all ports to be left open. The analysis of port
radiation was separately carried out by applying the zone model
for a representative section of a port and the upper regenerator.

The port analysis yielded ultimately port view factors,
which differed between the cycles for air combustion and also for
O,~combustion. The view factors Fy__,., are defined by Eg. (5).,
which relate the net heat flux Q_, through the combustion space
port opening with area to the incident radiation q.,in from
the combustion space and to an effective black regenerator

temperature T., e¢¢

(&

— 4
Q = Feosrg Ap (dp,in = 9T g, eff) (

Boundary Condjitions at Glass Surface

In prescribing thermal boundary conditions at the melter
surface, it was assumed that the glass of the end-section was
batch~free. Two different types of thermal boundary conditions
were then studied.

In a first set of calculations, a uniform effective
temperature T,; = 2600°F (1700 K) and an effective emissivity of
€51 = 0.88 were used for the whole glass surface. The value used
for €4, corresponds to the greys hemispherical emissivity of a
transparent glass sheet with infinite optical thickness and a
refractive index of 1.7 (Ref. 11).



The second set of calculations was carried out by
calculating effective cemperatures of the glass surface with help
of a simple heat conduction model into the glass. It is assumed
that temperatures of the glass are uniform (2410°F = 1600 K) in
a horizontal plane located at a certain vertical distance into
the bath. A uniform effective ratio of conductance to thickness
of the glass layer was then determined so, that the area-weighted
effective glass surface temperature was 1700 K (2600F). The
surface emissivity used in this appreoach was again €4y = 0.88.

‘ It is believed, that use of a uniform value for glass
surface temperatures simulates closer conditions for a
transparent glass, where as the second way to calculate boundary
conditions, is more representative for a darker glass. Both
approaches are certainly very approximate. However, it has to be
pointed out, that predictions of relative performance changes for
the air and O,~system can still be accurate provided similar
incident heat flux distributions at the glass bath can be
achieved in the O,-system by appropriate burner selection,
- placement and operation. ‘

INPUT DESQRIPQION_AQD CASE DEFINITIONS
Furnace Description

The glass furnace investigated in this study is designed for
a pull rate of 350 TPD. The furnace is cross-fired and is
currently operated with natural gas using regeneratively heated
air as oxidizer. A horizontal cross-section of the furnace is
shown in Fig. 3. The furnace is 27.2 ft (8.28 m) wide and 49.6 ft
(15.11 m) long. The distance between glass surface and crown is
8.7 ft (2.64 m). Each of the five ports of each furnace side is.
equipped with two pipe burners with 2.3" nozzle diameters. The
burners point from each port side at an angle of 47 degrees
relative to the port axis and produce five long flames which
extend over the whole furnace width. The time between a switch
of the burners of one side to the opposite side is 30 min.

Oxy=fue] Burner

The Linde "A" Burner, patented by Union Carbide Industrial
Gases, Inc., was chosen for the oxy-fuel firing cases. The
burner offers high momentum low flame temperature characteristics
suitable for glass furnaces (Ref. 12). The arrangement o: the
burners are shown in Fig. 4.

Model Geometry for End-Section

For reasons described in an earlier section, it was decided
to conduct the 3-D modeling study of the combustion space for
only one section of the furnace, namely the end-section. The
space covered by the model, which is indicated in Fig. 3. extends
from the center-plane between the fourth and the fifth ports to
the bridge-wall. Thus, the model assumes that heat transfer in



the combustion space is symmetrical with respect to the vertical
center-plane. In the graphical display of the results following
later, this symmetry feature will be utilized by extending the
plots of the furnace variables up to the center-plane of the
fourth port.

The 3-D zone arrangement used in the heat transfer model of
the end-section is displayed in Fig. 4. The zone arrangement
utilized basically consists of a 9%*6*%7 rectangular volume zones
with some of the near roof zones distorted or omitted in order to
simulate the curvature of the furnace roof.

Thermal Boundary Conditions for End-Section

The thermal boundary conditions considered for the end-
section are summarized in Table 1.

A uniform value of 0.5 was assumed for the emissivity of all
refractory surfaces. The effective ratios of conductance to wall
thickness (K/s)e¢s @s well as the outside surface temperatures
for various furnace wall sections were deducted from an heat loss
analysis carried out for air operation by a furnace manufacturer.
In particular, the ratios (k/s)g¢¢ Were determined so that the
current zone model will predict the same overall heat losses, if
the flame side surface temperatures coincide with those used in
the heat loss analysis mentioned above. 1

Table 1 also lists the view factors and effective
regenerator temperatures used in Eg. (5) to calculate the port
losses for air and O, combustion, respectively. The mean values
for Tpq,ee¢ used in the air case are also supported by
measurements of gas and refractory temperatures in the upper
regenerator carried out over the whole firing cycle.

The boundary conditions at the glass surface were prescribed
as discussed in the general description of the approach. In
particular, two sets of calculations were carried out. The first
set of calculations was carried out assuming a uniform effective
glass surface temperature of 2600°F (1700 K). In the second set
of calculations, a constant temperature of 2420°F (1600 K) was
assumed to occur someway into the glass bath. A uniform
effective ratio of conductance to thickness of k/s = 0.612 kW /
m’ K was used in order to calculate heat transfer througbh the
upper glass bath layer. This value was determined so, that .he
area weighted glass surface temperatures averaged 2600°F (1700 K)
for the baseline O, firing configuration. In both set of
calculations, an effective glass surface emissivity of 0.88 was
utilized.



Maior Operating Conditions and Case Definitions

Major operating conditions of the end-section considered for
air and 0,-Firing are listed in Table 2. The gross fuel heat
input of 12.16 MMBtU/hr (3563 kW) utilized for air firing is .
related to the gas burners of one port. The fuel heat input cited
for 0, firing relates to half of the fuel 1nput for 0, burner AS
plus the heat input for O, burner A6 (see Fig. 4). The air
preheat of 2330°F (1550 K) utlllzed for conventional air firing
corresponds to average measured values for the burner 1load
considered. Similarly, the 0, concentrations of 2.2 Vol. %, dry
corresponds to average O, concentrations measured during the flue
gas cycle in the upper regenerator.

All cases studied in this paper are defined in Table 3. The
3~D modeling effoxt comprises five major cases. However, four of
these cases are also presented for a variation, in which the
glass surface temperatures are calculated from a simple model
rather than prescribed to be constant. The cases with constant
glass surface temperatures are numbered 1.0 through 5.0, and the
cases with variable surface temperatures 1.1 through 5.1.

Case 1 is the case conducted for conventional air combustion
and serves, in the context of this study, as bench mark for
performance comparisons with predictions of Cases 2 through 5 for
the 0,~firing system. The firing arrangement for Case 1 is shown
in Fig. 4.

Case 2 through 5 were performed for a latitudinal
arrangement of two oxygen burners as shown in Fig. 4. The
burners are numbered A5 and A6. A5 fires along the centerline
between the two last ports of the glass furnace (Ports 4 and 5).
A6 fires in opposite direction with burner axis located in the
plane which divides the breast wall section between last port and
the bridge wall in half.

Case 2 with equal burner load AS/A6 was performed to
optimize the 0, configuration. All other oxygen cases were
performed for burner load ratic A5/A6 of 3.71. Case 3 is defined
as baseline with burner directed horizontally and mounted 2 ft
(0.610 m) above the glass bath. Case 4 with horizontal burners
1.3 ft (0.396 m) above glass surface was conducted to study the
impact of burner elevation. In Case 5 finally, the O, burners
mounted at 2 ft were angled downwards towards the center-llne of
the furnace.

- RESULTS AND DISCUSSION

Air Case and Model Verification

Results obtained for conventional air firing (Case 1) of the
end-section are displayed in Figs. 5 through 8. Fig. 5
shows the relative mass flux distribution utilized in horizontal
and vertical cross-sectiovns of the furnace. The flow is



characterized by a weak outer recirculation field surrounding the
forward flow emerging from the firing port. The recirculation
eddy extends over the whole furnace depth. Its strength was
prescribed to be 1.0 times the inlet mass flow. However,
previous experience with the zone model has shown that, in weak
recirculating flows like in the current air case, the actual
recirculation strength has only a weak effect on thermal
performance provided bulk flow features are approximately
simulated.

Fig. 6 shows the distributions of gas temperatures (F)
predicted for air firing in a horizontal and in a vertical
furnace cross-section through the flame as well as in a vertical
cross~section located halfway between Port 5 and the bridge wall.
The predicted flame extends over the whole furnace depth up to
the flue yas port. This agrees with observations made in the
actual furnace. It was observed that scoty flame tips extended
intermittently into the opposite port. The mean gas exit
temperature predicted is 2851°F (1840 K). This is in good
agreement with optical pyrometer measurements, which yielded
averaged gas temperatures near the flue gas port of ca. 2857°F
(1843 K) as seen from the regenerator observation ports.

Fig. 7 shows the distribution of refractory temperatures (F)
predicted for all walls of the furnace end-section for air
firing. In this graph, as well as in all following graphs for
air combustion, the display of the variables (i.e. the refractory
temperatures in this case) is symmetrized with respect to the
furnace axis. This approximately accounts for the complete
firing cycle. Maximum refractory temperatures of 2684°F
predicted for the furnace roof fall into the range of measured
mean crown temperatures, which varied from 2650°F for the section
of Port 1 to 2850°F for the end-section (Port 5). The maximum
roof refractory temperature of the non-symmetric prediction was
2694°F (1752 K). 1In comparing the model predictions with the
behavior of the actual furnace, one has to consider that the
actual fuel distribution between the port burners was not
uniform. Furthermore, the actual furnace volume is larger than
that the virtual volume of twice the end-~section considered in
the current model set-up.

Some gradients of predicted refractory temperatures are due to
the fact that the refractory material and outer insulation
differed from section to section. This effect is especially
obvious for the uninsulat-d tuckstones located just over the
glass surface. Relatively low surface temperatures are predicted
for these stones.

Fig. 8a shows the symmetrized net heat flux distribution
predicted at the glass surface for air combustion and assuming
uniform effective temperatures of the glass surface of 2600°F
(1700 K). The shape and the inhomogeneity of these heat flux
profiles indicate a considerable influence of direct flame
radiation on overall heat transfer to the glass. The heat fluxes



to the glasq vary from maximal 98 kW/m® below the flame to less
than 40 kW/m? adjacent to the bridge wall.

Q,~Burner Load Optimization and O, Base Case

In the first step carried out to optimize the O,-firing
configuration, the thermal load of the A5 and Aé O, burnehs of
the end~-section (see Fig. 4) was considered to be equal (Case 2)
The reaultlnq net heat flux distribution to the glass surface is
shown in Fig. 8b. Like in the air case, the O,~flames generate
a radiation image on the glass surface. Maximum heat fluxes of
114 kW/m2 predlcted for flame A5 was slightly higher than those
predicted for air combustlon.

However, by comparlng Fig. 8b with Fig. 8a, it is obvious,
that the glass surface section near the bridgewall receives too
much heat in the 0, case. If two glass surface sections are
defined so that Sectlon 1 is the glass area between the center-

lines of Ports 4 and 5 and Section 2 is e remaining area up to

the bridge wall, then the heat flux rati. between Sections 1 and
2 is 1.54 for air Case 1 compared to only 1.03 for O, Case 2.
Furthermore in the O, case, maximum refractory temperatures of
the bridge wall exceeded the ones predicted for air Case 1 by
67°F (37 K).

In order to lower the bridge wall temperatures and in order
to achieve a heat flux ratio between Sections 1 and 2 which is
more similar to that predlcted for air combustion, the load ratio
A5/A6 was increased from 1 in Case 2 to 3.71 in Case 3. This
resulted in an increase of the heat flux ratio between Sections
1 and Sections 2 from 1.03 to 1.31 . It also led to a local heat
flux distribution at the glass surface, which is more similar to
that predlcted for air Case 1 (Compare Fig. 9b with Fig. 9a), and
lowered maximum bridgewall temperatures from 2725°F (1769 K) to

2696°F (1753 K). The 0O, case with load ratio A5/A6 = 3.71 was

consequently defined as basellne O, Case 3.

Further results for the baseline 0, Case 3 are depicted in
Figs. 10 through 12. Fig. 10 shows the relative mass flux
distribution of the baseline 0, case determined for the
horizontal and two vertical cross-sections through the axes of
Burners A5 and A6. Note, that the mass flux density vectors
shown in this figure were plotted in a scale ten times smaller
than in corresponding Fig. 5 for the air case.

Derivation of the flow patterns displayed in Fig. 10 is
based on enclosed jet theory and flow superposition as described
earlier. In particular, a recirculation strength of 15 times the
inlet jet mass was utilized for both O, jets. Fig. 10 shows that
the jets do not significantly influence each other, however, due
to its much higher absolute mass flow, jet A5 determines the flow
direction in recirculation regions. These features were

confirmed in 3-D fluid dynamics calculations carried out

independently for the burner configuration of Case 3.
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Gas temperature distributions (F) predicted for the 0,
baseline Case 3 in horizontal and vertical burner planes are
depicted in Fig. 11. Due to the high recirculation rates,
maximum flame temperatures of 3432°F (2162 K) are only slightly
higher than those predicted for air combustion (3364°F = 2124 K).
These gas tewperature maxima are found in Flame A5 which is
hotter than Flame A6 due to its much higher load.

Fig. 12 shows the refractory temperatures predicted for 0,
Case 3 at all walls of the furnace end-section. Maximum
refractory temperatures of the roof are with 2732°F (1773 K) ca.
48 R (27 K) higher than those predicted for air combustion (Fig.
6). There is a clear correlation between the location of the
maximum refractory temperatures and the adjacent gas flow.
Maximum refractory temperatures are encountered there, where the
gas flow vectors, especially in the flame tail, are directed
towards the walls. In 0, Case 3, these areas are the breastwall
region opposite to the A. burner and the roof section adjacent to
this breastwall area. This behavior is less noticeable for
Burner A6 due to the shorter high temperature flame 2zone.

A similar correlation can be found between near wall flow
direction and maximum heat fluxes, although the heat flux peaks
are influenced as well by bulk radiation effects. ¥Fig. 8b shcws,
that, compared to O, Case 2 with burner load ratio A5/M6 = 1
(Fig.7b), maximum heat fluxes to the glass shifted nearer to the
opposite breastwall of Burner A5 and are found in the region,
where the flame envelope touches the glass surface. The weaker
relative heat flux maximum associated with Flame A6 is located
more towards the center of the furnace due to the shortness of
the high temperature zone of this flame.

Impact of O,-Burner Elevation and Burner Angling

It is clear from the Lrevious statements, that burner
positioning and angling must have some influence on maximum
refractory temperatures, on net heat flux distribution to the
glass and on overall heat transfer efficiency. In order to
investigate these influences, 0, Cases 4 and 5 were conducted.

In Case 4, both the A5 and the A6 burners remained
horizontally directed, but were lowered from 2 ft above glass
surface to only 1.3 ft over glass surface. The impact of burner
elevation on net heat flux distribution is shown in Fig. 12,
which compares the results obtained for Case 4 with the heat

fluxes predicted for the baseline 0, Case 3. By lowering the
burners from 2 ft to 1.3 ft, peak heat fluxes at the glass
increased from 115 XkW/m® to 122 XW/m?. This increase 1is

accompanied by a decrease of peak roof refractory temperatures by
15 R (8 X).
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A still more dramatic effect on heat flux distribution to
the glass is obtained when the O,-burners are angled towards the
glass surface in direction of the furnace center-line (Case 5)
The relative mass flux distribution utilized in this case is
shown in Fig. 13. Fig. 14 shows the gas temperature
distributions predicted for the angled O, flames. Compared to
the horizontal 0, flames of the baseline case (Fig. 10), maximum
flame temperatures decreased by ca. 150 (F). This is an
indication for an improved heat transfer to glass surface. The
net heat flux distribution at the glass surface produced by the
angled flames is deplcted in Fig. 15b. Compared to the baseline
Case 3 (Fig. 15a), maximum heat flux densities increased from 115
kW/m to 131 kW/m2 and, as can be expected, the location of the
heat flux maximum of each flame shifted more towards its
corresponding burner wall. The increase of peak heat fluxes is
accompanied by an overall increase of heat transfer efficiencies
(see section orn overall performance).

The angling of the O,-burners also causes a considerable
redistribution of refractory temperatures as shown in Fig. 16.
Compared to the distribution for the baseline 0, Case 3 (Fig.
11), maximum roof refractory temperatures are lowered by 20 R (11
K) and the location of roof peak fluxes has shifted towards
Burner AS. However, the stronger flow along the glass after
impingement of jet A5 on the glass surface causes an increase of
maximum breast wall temperatures by 40 R (22 K) compared to the
baseline 0, case.

Effect of Variable Glass Surface Temperatures

The preceding results, which were obtained using a uniform
effective surface temperature of the glass, showed relative large
in homegenities in the distribution of net heat fluxes at the
glass surface. Largest and smallest net heat fluxes of 95 kW/mz
and 35 kW/m , respectively, were for instance predlcted for air
combustion (Case 1), and of 110 kW/m? and 40 kW/m® for the
baseline 0, case (Case 3). For the O,-cases in particular, the
local heat flux distributions at the glass surfaces were to a
certain extent mirrer images of the gas temperature distribution
within the O,~flames.

Considerably flatter net heat flux distributions are
predicted, when the glass near the surface responds to the
imprint of the net heat flux distributions through change of its
temperature. This effect is modelled by the simple model for
variable glass surface temperatures . Results obtained from this
model are shown in Fig. 18a for air combustion and in Fig. 18b
for the baseline 0O, burner configuration. In case of air
combustion and varlable glass temperatures (Case 1.1), largest
and lowest heat fluxes are only 83 kW/m and 47 kW/mz,
respectively. Similarly, for the baseline 0, Case with variable
glass surface temperatures (Case 3.1%, highest and lowest heat
fluxes amount to 80 kW/m2 and 50 kW/m*, respectively.
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Resulting distributions of calculated effective surface
temperatures for air Case 1.1 and baseline 0, Case 3.1 are
compared in Figs. 19a and 19b., respectively. Peak glass
temperatures Ty gy max fOF air combustion reach 2663°F (1735 K)
and the differences between this peak and the lowest temperatures
predicted is dTg o = 105 R (59 K). For O combustion, these
nunbers are Tg g1 max = 2656°F (1731 K) and dTg g = 90 R (50 K),
respectively.

As it can be expected, in all cases investigated with
variable glass surface temperatures, max imum refractory
temperatures increased by about 10 K (20F) compared to
corresponding cases assuming a uniform effective glass surface
temperature. The higher peak refractory temperatures are offset
by lower refractory temperatures in furnace corners, especially
in the 0, cases which exhibit a somewhat more inhomogeneous
refractory temperature distribution. This can be seen in Figs.
20 and 21 which display the refractory temperature distribution
predicted for the air Case 1.1 and for the O, Case 3.1,
respectively.

OVERALL PERFORMANCE COMPARISON AND CONCLUSIONS

Ooverall heat transfer performance data predicted for all
cases is listed in Table 4. Note, that the fuel heat input cited
in this table, is calculated with the lower calorific value.
Table 1 confirms the known fact, that overall heat transfer
efficiency of the O,-firing system is improved compared to
conventional air combustion. For the 0,-firing systems studied,
this increase is achieved without significant increase in maximum
flame temperatures and maximum refractory temperatures. Although
the air flames are wider than the O, jet flames, the discrepancy
in size of the 0, flames is offset by much higher mixing and
recirculation rates induced by the O,-burners.

It is also obvious from Table 4, that positioning and
angling of the O,-burners can influence overall performance to a
certain degree. Lowering the burners (Case 3) slightly increases
heat transfer efficiency to the glass surface. A somewhat
stronger improvement is achieved when the burners are angled
towards the glass surface. In this case, heat transfer efficiency
is increased by 0.5 percentage points compared to the baseline O,
case with horizontal burner orientation.

The study also showed, that there is certainly an impact of
the glass surface thermal properties on heat transfer in the
combustion space itself. A darker glass will likely tend to
smooth out local inhomogenties of net heat fluxes to the glass by
increase of glass surface or near surface temperatures, thus
reducing the effect of the firing system or of the burner
placement on heat flux distribution.



Although some of the absolute predictions made in the
present study may be inaccurate due to simplifications of the
current approach, there is little doubt that the general trends
concluded from this study are realistic. This is due to the
dominance of radiation on overall heat transfer in the high
temperature glass furnace, and radiative exchange is treated very
accurately by the current model.
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