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ABSTRACT

This paper presents a study of the flow and thermal structures in the molten glass bath of a typical glass
melting furnace with a throat but without air bubblers or electric boosting. Different separate effects on
the flow structure of the glass melt are simulated, but only the glass melt is considered. The net heat flux
distribution is imposed at the combustion space/glass melt interface, and its effects on the flow and thermal
structures of the glass melt are analyzed in a systematic manner by changing the heat flux distribution while
keeping the total heat input to the glass bath constant. The main purpose of the work is to evaluate the
capability of the furnace operators to control the glass flow and temperature fields by adjusting the firing in
the combustion space. The physical phenomena affecting the flow structure in the glass melt are analyzed
and discussed in detail. The major results of the study indicate that (i) the heat flux distribution has no
significant effect on the flow structure of the glass melt under the batch blanket where several Rayleigh-
Benard cells develop in the spanwise direction, (ii) a heat flux gradient in the longitudinal direction is
required to generate two recirculation loops in the direction, and (iii) steep heat flux gradient in the refining
part of the tank increase significantly the size of the refining recirculation loop near the front wall.

NOMENCLATURE

c Specific heat
∆Hmelt Total enthalpy of melting of the batch
g Specific gravity
h Depth within the glass melt
~i,~j,~k Unit vectors in the physical space
k Thermal conductivity
Lb Length of the batch blanket
Lmax Longitudinal location of the maximum heat flux
L0 Longitudinal location of the zero heat flux
ṁb Batch mass flow rate
ṁpull Glass mass flow rate at the throat
p Pressure
q′′ Heat flux
q′′0 Heat flux at the back wall (x = 0 m)
q∗(y) Dimensionless multiplying factor of the heat flux
Q′melt→batch Heat transfer rate from the glass melt to the batch per unit length of batch
Ṡ Volumetric heat source
T Temperature
T0 Reference temperature
t Time
u Velocity vector in the x-direction
v Velocity vector in the y-direction
~v Velocity vector
w Velocity vector in the z-direction
W Glass tank width
x Longitudinal location (see Figure 3)
y Spanwise location (see Figure 3)
z Local depth within the glass melt (see Figure 3)
Greek symbols
α Thermal diffusivity
β Thermal expansion coefficient
ρ Density
µ Dynamic viscosity
φ Local volumetric gas fraction
Subscripts
b Refers to the batch
bubbles Refers to the depth under the batch where bubbles are present
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eff Refers to effective values
max Refers to the value at Lmax

melt Refers to the melting of the batch
sub Refers to the submerged part of the batch

INTRODUCTION

Two different types of glass melting furnaces are commonly used in the glass industry [1]:
1. Float glass furnaces are often open cross-fired regeneration furnaces consisting of melting and condi-

tioning regions connected by a waist. The bottom of the tank is often stepped. This type of furnaces
is fairly large and used to produce large quantity of glass products such as flat glass sheets.

2. Submerged throat furnaces are used, for example, to produce glassware, container glass, and TV panels
and funnels. They consist of a melting tank and a working section connected by a channel or throat.

The introduction of the batch into the furnace can be either from the back wall in the longitudinal direction
or from the sides by using different types of chargers. The resulting batch coverage can assume many different
shapes from a uniform blanket to dispersed batch logs floating at the surface of the glass melt. Moreover,
the glass tank can be equiped with electric boosters or bubblers to increase the temperature uniformity and
the refining of the glass melt. Many design parameters and operating conditions should also be considered
in the combustion space for example: (i) the fuel (natural gas, fossil fuel or coal), (ii) the oxidizer (air or
commercial grade oxygen), (iii) the shape of the flame, and (iv) the regeneration.

Thanks to the development of numerical methods (in particular, finite-difference methods [2]) and the
increases in both computing speed and capacity, computer simulations of glass melting furnaces have been
the object of intensive research over the last two decades [2, 3]. Computer simulations provide valuable
alternatives and supplemental tools to (a) direct observations and measurements in actual furnaces and (b)
physical models, for improved design and control of glass melting furnaces [2,3]. Early numerical simulations
were based on two-dimensional models due to very limited computer resources [3]. However, two-dimensional
models that treat only the glass flow in the longitudinal direction were soon proven to be inadequate [2, 3],
and three-dimensional calculations were presented as early as 1972 [2]. Two-dimensional studies of the flow
and thermal structure in the glass melting tank can still be found in recent literature [4–6]. Even though the
issues raised in these recent publications are of fundamental interest, the resulting conclusions drawn should
be used with great caution for operating glass melting furnaces.

The present study as well as the following literature review are restricted to the flow and thermal struc-
tures in the molten glass bath of a typical glass melting furnace with a throat but without air bubblers or
electric boosting. This study aims at improving the understanding of physical phenomena affecting the flow
structure in the glass melt. The results are of significant importance in improving the furnace performances
in term of glass quality and energy efficiency.

LITERATURE REVIEW

The flow patterns in glass melting furnaces with a throat are believed to feature two circulations loops in
the longitudinal direction as shown in Figure 1. The flow starting under the batch, circulates between the
two circulation loops. The glass melt flows downward along the back wall under the first circulation loop
and rises to the glass surface between the two loops. Then, it flows downward along the front wall and
around the second circulation loop and finally exits through the throat. This flow pattern was confirmed
by a two-dimensional numerical simulation [7]. However, Zhiqiang and Zhihao [1] did not experimentally
observed such an ideal flow pattern. Instead, they observed that a part of the pull current flows directly
from under the batch along the bottom of the glass tank to the throat as shown in Figure 2. Thus, the
quality of the product is degraded due to a shorter residence time of the glass melt in the tank. The authors
suggested the use of the LoNOx melter design developed by Sorg Company or the use of air bubblers as
possible solutions to the degradation of the glass quality [1].

Curlet et al. [8] performed experiments using a physical model to simulate the flow patterns in glass

3



melting furnaces. The batch was simulated by a copper plate cooled with water to maintain the surface
of the model fluid (glycerol) at constant temperature. The side and end walls were cooled to simulate the
heat losses and electrical heaters where located above the free surface to produce a uniform heat flux. The
authors identified local convective instabilities under the simulated batch similar to the Rayleigh-Benard
instabilities caused by the fact that the liquid at the simulated batch/glass melt interface is heavier than
that present at the bottom of the tank. The roll cells tend to enhance heat transfer from the model fluid in
the bath to the batch leading to lower fluid temperatures [8]. A companion two-dimensional code that ac-
counts for the three-dimensional effects by using a source-sink method was also developed. Good agreement
with experimental data was found. The presence of Rayleigh-Benard type instabilities was confirmed by
Ungan and Viskanta [9] who used a three-dimensional model of the glass bath. More recently, Lim et al. [4]
showed numerically that the flow under the batch blanket become oscillatory and even chaotic. However,
their boundary conditions were highly idealized. For example, they used two different uniform and constant
temperatures at the glass melt/combustion space interface as well as at the glass melt/batch interface, and
the tank walls were assumed to be adiabatic. First, the assumption that the temperature at the free glass
surface is constant is not realistic since a hot spring is required and is typically used to produce two recir-
culation loops in which the glass particles become trapped and increase the residence time of the glass melt
in the tank to improve homogenization of the melt and to enhance glass quality.

Finally, the effects of the heat losses from the side walls and bottom, the bath depth, and the surface
boundary conditions in a glass tank in an absence of pull were presented by Ungan and Viskanta [10]. They
demonstrated that the sidewall heat losses were very effective in enhancing the cells under the batch. More-
over, Ungan and Viskanta [10] showed that the losses at the bottom are “capable of amplifying or reducing
the strength of the cells by regulating the average temperature and thus the viscous force within the melt”.
The tank depth was also proved to have a significant impact on the arrangement of the cells under the
batch [10]. They also concluded that two-dimensional models are incapable of simulating the heat losses
from the sidewalls and thus overpredict the temperature close to the sidewalls. However, at the centerline the
results obtained by two-dimensional models compare well with their three-dimensional counterparts. This
can be attributed to the relatively weak secondary circulation cells near the sidewalls where the velocities
are too small to create any significant change in the longitudinal flow direction [1].

There exists a strong coupling between combustion space, melting of the batch, and glass melt. Numerous
studies have presented interactive models to account for the coupling between each component [9, 11, 12].
However, the aim of the present work is to study separate effects on the flow structure of the glass melt;
therefore, only the glass melt is considered and a net heat flux distribution is imposed at the combustion
space/glass melt interface; its effects on the flow and thermal structures in a model melting tank are ana-
lyzed in a systematic manner. The choice of imposing a heat flux distribution instead of the glass surface
temperature [10,13–15] is based on the fact that in actual glass melting furnaces, the furnace operators can
choose the fuel firing pattern and thus impose the heat flux distribution, while they have no direct control
over the glass melt surface temperature.

MATHEMATICAL FORMULATION

Figure 3 shows a schematic of a model glass melting tank and the system of coordinates used in this study.
A brief description of the model assumptions and of the governing equations follows and details can be found
elsewhere [2,11]. In the present study only the glass melt is considered. The heat flux distribution from the
combustion space to the batch/glass melt is imposed. A simple energy balance on the batch was made to
insure the energy conservation was satisfied for a given batch length.

Model Assumptions and Governing Equations

The analysis uses the following simplifying assumptions [2]:

1. The molten glass is incompressible, homogeneous, and Newtonian fluid;

2. The molten glass flow is laminar;

3. Variation of glass composition along the tank is neglected, i.e., evaporation of volatile species from
the glass surface and the presence of gas bubbles on the thermophysical properties and radiation
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characteristics of glass melt is not considered;

4. The radiation from the combustion space to the glass melt and to the batch and from the glass melt
to the batch is treated as a diffusion process, i.e., the glass and the batch are optically thick and the
Rosseland approximation is valid;

5. The Boussinesq approximation is valid, i.e., the density is a linear function of temperature;

6. The glass melt surface is horizontal;

7. Rheology and chemical reactions in the batch and foam formation are neglected;

8. Coupling between the batch blanket and the glass melt in the tank is weak, i.e., the interaction between
the complex physicochemical processes in the batch and the glass tank is only through mass and energy
balances at the flat batch/glass melt interface;

Some of the above simplifying assumptions are well justified, while others are questionable but have been
made to simplify the governing equations. For example, the presence of sand grains and bubbles in the glass
melt affect the radiative characteristics and the thermophysical properties of the glass melt. However, little
quantitative information is known about the effects of such impurities on the radiative heat transfer. More
recently, Cheong et al. [16] questioned the treatment of radiative heat transfer as a diffusion process and
showed that such an approximation is not adequate when the depth of the glass layer is less than 0.5 m.
Instead, they suggested the use of the P-1 approximation not only for shallow but also for deep glass baths.
The diffusion approximation, however, appears to be satisfactory in the present analysis dealing with a glass
bath more than 1 m deep.

Using the above simplifying assumptions, the model equations can be expressed as follows:

∇~v = ~0 (1)

ρ(~v · ∇)~v = ∇(µ∇~v)−∇(p) + ρgβ(T − T0) (2)

ρc(~v · ∇)T = ∇ · (keff∇T ) + Ṡ (3)

where ρ, ~v, T , and p denote the density, velocity, temperature, and pressure of the glass melt, respectively.
The volumetric heat sources Ṡ can be found in the literature [10, 17]. Note that all the thermophysical
properties except the density depend on the temperature. This dependence on temperature makes the
simulation more complex, and the use of a consistent set of thermophysical properties for a given type of
glass melt is of major importance if one wants to obtain realistic predictions of the flow structure in the glass
melt.

The melting of batch raw materials is a complex physicochemical process which involves a large number
of chemical reactions and phase transformations occurring over the wide temperature range from 1000 to
1500 K [18]. Thus, the melting of the batch cannot be treated as a normal change of phase from solid to
liquid. In order to model the melting process, a constant temperature (called melting temperature and noted
Tmelt) was imposed at the batch/glass melt interface, corresponding to the minimum temperature at which
a clear glass is obtained. Even though, the melting of the batch is not modeled, the overall energy balance
for the batch blanket was satisfied:

Q′
melt→batchLb +

∫ Lb

0

q′′(x)Wdx = ṁpull∆Hmelt (4)

where Q′
melt→batch is the heat transfer rate from the glass melt to the batch per unit length of the batch.

The heat flux from the combustion space to the surface of the glass melt is q′′(x), W is the width of the
tank, Lb is the batch length, and ∆Hmelt is the enthalpy per unit mass of molten glass required to obtain
clear glass at the melting temperature Tmelt from raw batch at 320 K. Finally, ṁpull is the pull rate, i.e., the
total mass of glass exiting the furnace per unit of time. The determination of Q′

melt→batch requires several
iterations. However, we found that its value does not change significantly from one calculation to another,
and in all cases it represents about 10% of the total heat input required to melt the batch; the other 90%
come from the combustion space. For the conditions of the present study, a good approximate value for
Q′melt→batch is 3 × 106 W/m.
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Boundary Conditions

Thermal Boundary Conditions
The batch coverage as well as the heat flux from the combustion space to the batch and the glass melt
free surface are assumed to be known. The heat losses through the refractory walls are estimated based on
conduction through the different layers of the refractories and with cooling of the wall by natural convection to
air at ambiante temperature and radiation to the surroundings at a constant temperature. The temperature
at the batch/glass melt interface is assumed to be the minimum temperature at which clear glass is obtained
by heating the raw batch initially at room temperature.
Velocity Boundary Conditions
The velocity boundary conditions were as follows:

~v = ~0 at the glass melt/wall interface (5)
~v = ub(x)~i at the batch/glass melt interface (6)

~v = u~i and
∂u

∂z
= 0 at the glass free surface (7)

~v = u(y)~i and
∂u

∂x
= 0 at the throat (8)

Based on the observations that unlike float glass furnaces, no back flow occurs from the working end to
the melting tank in furnaces with a submerged throat owing to the narrowness of the throat [1], a no-slip
boundary conditions at the throat was imposed by Equation (8) as recommended by Patankar [19].
The batch blanket is assumed to have a uniform x-direction velocity across the width of the tank but varying
with the longitudinal direction. The other boundary conditions are commonly used in the literature [11] and
need not be discussed further.

Thermophysical Properties

Appropriate specification of the thermophysical properties is a major concern in modeling of glass melting
furnaces [20, 21]. Up to now, no reported simulation of glass melting furnaces has used a consistent set of
thermophysical properties for a given glass melt. The purpose of this work is neither to develop an extensive
database nor to provide new experimental results or measurement methods. Instead, it aims at collecting
and assessing the available data concerning soda-lime silicate glass. Soda-lime silicate glass is the most
widespread and inexpensive form of glass used to manufacture many different products such as containers,
windows, lamps, lenses, etc. [22, 23]. Particular attention was paid to the thermophysical properties of
the most common composition [74 SiO2-16 Na2O-10 CaO (mol.%)] soda-lime silicate glass or very similar
compositions over the temperature range of 1000 to 2000 K.
Density and Thermal Expansion Coefficient
The density depends on the glass composition, the temperature, and the prior history [24]. In the present
study, only the two first parameters are considered. The change of the glass density with temperature is
approximated by

ρ(T ) = ρ0[1− β(T − T0)] in kg/m3 (9)

where ρ0 is the density of the melt at T0 and β the linear coefficient of expansion.
The thermal expansion is not only of interest for the usage of glass products but also for the calculation

of the gravity driven flow of the glass melt [11]. Thermal expansion coefficient is strongly dependent on the
glass composition [23–25]. Analysis of data reported by Coenen [25] leads to a thermal expansion coefficient
of 6.59×10−5 K−1 for 73.8 SiO2-15.5 Na2O-10.7 CaO (mol.%) soda-lime silicate glass. Then, Equation (9)
becomes

ρ(T ) = 2406.5[1− 6.59× 10−5(T − 1123.15)] in kg/m3 (10)

The variation of the glass density in the temperature range of interest is very small: the density decreases
only by 6.5% from 1000 K to 2000 K; therefore the glass density will be considered as a constant in the
computations except for the calculation of the gravity driven flow of the glass melt for which the Boussinesq’s
assumption is used.
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Dynamic Viscosity
The viscosity of soda-lime silicate glass is strongly dependent on the temperature and less strongly on the
glass composition [24]. According to Lakatos et al. [24, 26], the dynamic viscosity of 74 SiO2-16 Na2O-10
CaO (mol.%) soda-lime silicate glass can be expressed as

µ = 4.448× 10−3exp

[
8982

T − 539.4

]
in Pa s (11)

Moreover, it has been shown that the water vapor dissolved in the glass melt greatly lowers its dynamic
viscosity at low temperatures (between 1250 and 1450 K) [24]; at higher temperatures the effect of water
vapor on the glass melt viscosity is very small [24, 27] and will be neglected in the present study.

In the above expressions, neither the density of the melt ρ nor its dynamic viscosity µ depends on the
volume fraction of gas bubbles present in the melt since we assumed that bubbles had no effect on the
thermophysical properties of the melt. However, if the local gas void fraction in the melt is sufficiently large
the density of the mixture decreases and its viscosity increases due to the resistance of the bubbles to the
deformation of the flow field caused by their presence [28]. If one wants to consider the effect of the bubbles
on the thermophysical properties of the melt, one has to compute simultaneously the thermal flow field of
the glass melt and the bubble population balance equation. This calculation is very time consuming and
requires significant computational resources; therefore, it will not be considered further.
Specific Heat
Sharp and Ginther [29] studied the effect of temperature and composition on the mean specific heat cp of
soda-lime silicate glasses. They observed that the specific heat varies slightly with glass composition [30]
and for 74 SiO2-16 Na2O-10 CaO (mol.%) soda-lime silicate glass they proposed the following expression,

c(T ) =
2.18667T + 138.12
0.00146T + 0.6012

in J/kgK (12)

One can notice that the specific heat does not vary significantly over the temperature range of 1000 to 2000
K. Therefore, in the rest of this study the specific heat will be taken as constant and equals to its average
value between 1000 and 2000 K, i.e., c = 1231J/kgK. This assumption leads, at most, to an error of 5%.
Thermal Diffusivity and Effective Conductivity of the Melt
The thermal diffusivity α of the glass melt is an important thermophysical property for the thermal flow
calculation in the glass melt as well as for the calculation of bubble generation and transport. Van Zee
and Babcock [31] reported data for 72.6 SiO2-14 Na2O-13.4 CaO (mol.%) soda-lime silicate glass over the
temperature range of 1000 to 1700 K. The second order polynomial fitting the experimental data using the
least square method can expressed as

α(T ) = 6.8765× 10−5 − 1.1948× 10−7T + 5.3816× 10−11T 2 in m2/s (13)

From the experimental thermal diffusivity data and knowledge of the specific heat and the density, an
expression for the effective thermal conducitivity keff of the glass melt can be obtained as:

keff (T ) =
α(T )
ρc

= 213.0− 0.3698T + 1.658× 10−4T 2 in W/mK (14)

Note that the effective conductivity keff accounts for both conduction and radiation heat diffusion in the
molten glass.

Numerical Solution Method

The system of equations is discretized by finite-difference techniques using staggered grids for the scalar
variables and for the vector variables. The resulting system of finite-difference equations is solved numerically
using the SIMPLER algorithm [19]. The details of the solutions scheme are given elsewhere [11] and not need
to be repeated here. The governing equations were solved by iteration until the mass and energy balances
for the glass melt were satisfied. Testing the grid independency in the x- and z-directions was not judged
necessary based on similar previous work [9] and on the flow pattern observed. Indeed, two large circulation
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loops appear in the longitudinal direction and 66 grid points in the x-directions and 25 in the z-direction
appeared to be sufficient to capture the flow structure. On the other hand, numerous Rayleigh-Benard cells
can appear in the spanwise direction of the tank and a grid sensitivity study in the y-direction was required.
Three different grids sizes (66 × 21 × 25, 66 × 39 × 25, 66 × 78 × 25) were considered and it was found that
the grid of 66 × 39 × 25 provides a good compromise between computer time required and the resolution
needed to resolve details of the flow field of the molten glass.

RESULTS AND DISCUSSION

Model Glass Tank and Parameters

The tank considered was 15.85 m long, 7.315 m wide, and 1.03 m deep (see Figure 3). The molten glass
exits the tank through a throat located at the bottom and in the middle of the front wall and having a
cross-sectional area of (0.386×0.802) m2. The raw material leading to a glass melt of composition of 74
SiO2-16 Na2O-10 CaO (mol.%) is introduced into the tank at a rate ṁb of 356 tons/day (or 4.12 kg/s) in
the form of a loose blanket covering the entire width of the tank. Since about 200 kg of gases are produced
per ton of batch introduced [32], the corresponding glass production rate ṁpull is 297 tons/day (or 3.347
kg/s) of molten glass.

Madivate [33] presented experimental data for the energy ∆Hmelt required to bring the batch from room
temperature to clear molten glass. The value of 2200 kJ/kg for glass of compositions similar to that of
interest in the present work was used. The value of ∆Hmelt corresponds to a glass composition of 74 SiO2-16
Na2O-10 CaO (mol.%) and melting temperature Tmelt of 1450 K. Moreover, the batch blanket was assumed
to float at the surface of the molten glass without being submerged.A linear decrease of the glass melt velocity
at the batch/glass melt interface from 0.2 cm/s where the batch enters the furnace to zero at the tip of the
batch blanket was chosen to simulate the fact that the batch blanket becomes thinner and less compact from
the loading zone to the tip. The maximum velocity of 0.2 cm/s was computed based on the pull rate of 4.12
kg/s for a batch blanket covering the entire width and having a density of 1400 kg/m3 and a thickness of 20
cm.

The heat losses between the glass melt and the ambient surroundings through the walls were computed
assuming 1-D heat conduction through the refractories and cooling of the walls by natural convection using
an ambiant temperature of 320 K. The construction of the sidewall refractories were considered to be the
same, with an overall heat transfer coefficient of 3.86 W/m2K. At the bottom of the tank the overall heat
transfer coefficient equals 3.89 W/m2K and that at the back and front wall is equal to 5.57 W/m2K.

The heat flux incident from the combustion space and reaching the surface of the batch and of the molten
glass is assumed to have the longitudinal profile shown in Figure 4, where the parameters q′′max and q′′0 are
the maximum heat flux and the heat flux at the back wall (x = 0 m), respectively. Lmax and L0 are the
distances from the back wall to the location of the maximum heat flux and to that where the heat flux
vanishes, respectively. Such a heat flux profile was chosen based on industrial practices. The intent is to
create a hot spring forcing the glass melt to circulate in two recirculation loops in the longitudinal direction
(see Figures 1 and 2). The glass melt parcels and the impurities (unmelted sand grains and bubbles) tend
to be trapped in the recirculation loops allowing the refining and homogenization processes to take place.
Note also that the heat flux distibution presented in Figure 4 feature a negative heat flux close to the front
wall. In this region of the tank, the glass surface is cooled by transferring energy to the combustion space.

The present study presents an original contribution to the understanding of the different design and
operating parameters in glass melting furnaces. First, the baseline case is defined and studied in details.
Then, the effects of several operating parameters describing the heat flux distribution from the combustion
space to the glass surface that can be adjusted by a furnace operator in a simple manner are discussed.
Particular attention is paid to:

1. The uniformity of the net heat flux from the combustion space to the glass melt

2. The location of the zero heat flux L0

3. The location of the maximum heat flux Lmax

4. The presence of a foam layer
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5. The shape of the heat flux in the spanwise direction characterized by the multiplying factor q∗(y)

Table 1 summarizes the conditions prescribed in the different simulations presented and discussed in the
following sections.

Baseline Case

The baseline case was chosen based on typical conditions previously simulated in the literature [4, 5, 10].
It serves as a reference around which the parameters of interest are varied and is defined by the following
parameters:

(i) The length of the batch blanket Lb was arbitrarily taken as 6.5 m, based on previously reported
simulations [14] and on the two-dimensional study by Lim et al. [5] who showed that the batch blanket
should cover between 25 to 40% of the glass surface for an optimum melting rate. The inlet temperature
of the batch is taken as 320 K.

(ii) The location of the maximum heat flux qmax was chosen 1 m away from the tip of the batch, while the
zero heat flux is located 2 m away from the front wall, i.e., L0 = 13.84 m.

(iii) For all the simulations the total energy transferred from the combustion space to the glass melt was
maintained to a constant value of 8.3 MW. Then, assuming that the heat flux at the back wall (x =
0 m) equals half the maximum heat flux, the maximum heat flux q′′max satisfying the batch energy
balance equation [Equation (4)] equals 133.92 kW/m2.

Figure 5 shows the velocity and temperature profiles as well as the “streamtraces” at the tank centerline. The
streamtraces shown are the streamlines plotted in the two-dimensional vector field obtained by projecting the
three-dimensional vector field onto the cross-section of interest. For example, the streamtraces in the x-z plane
are the streamlines constructed from the u- and w-components of the velocity field. The range of temperatures
seems to be in agreement with previous published results [14] and with experimental measurements reported
for operating furnaces [34]. One can observe the predominance of the flow in the longitudinal direction. For
the tank considered, the ideal flow pattern described in Figure 1 is not predicted. Instead, the experimental
observations by Zhiqiang and Zhihao [1] on the flow pattern in the longitudinal direction are confirmed, i.e.,
a part of the pull current goes directly from under the batch to the throat. The flow pattern described by
Ungan and Viskanta [10] for a tank without glass outflow is not observed in the the simulations performed,
the largest descrepancies occur close to the front wall. This indicates that the pull of the glass at the throat
can strongly affect the flow pattern in the region close to the exit and the deflections of the streamtraces
near the throat are apparent in Figure 5.

Sixteen Rayleigh-Benard cells can be observed under the batch in the spanwise direction as shown in
Figure 6 for x = 3.5 m. The sixteen cells extend along the entire length of the batch but disappear as soon
as the glass surface is in direct contact with the combustion space. From the tip of the batch to the location
of the zero heat flux, only two cells develop in the two bottom corners of the tank as shown in Figure 6 at x
= 7 and 10 m. The combination of the heat losses through the sidewalls and through the bottom of the tank
create temperature gradients in the lateral direction in the vicinity of the bottom corners that generate the
cells. In the vicinity of the front wall, at x = 13 m and 15 m, a total of four cells develop in each corner of the
cross-section (see Figure 6). The two cells forming at the surface of the glass melt are due to the heat losses
through the front wall, the sidewalls, and to the combustion space as the negative heat flux increases. On
the other hand, the cells forming at the bottom corners are due to the combination of the heat losses through
the bottom, the sidewalls, and the front wall. As one moves closer to the front wall, the heat losses to the
combustion space increase, the cells forming at the surface of the glass melt grow and extend deeper into
the tank while those at the bottom corners seem to be damped by the outflow at the throat (see evolution
from x = 10 m to x = 15 m in Figure 6).

A word of caution should be mentioned here: the streamtraces plotted in all the figures should not be
confused with pathline or streamlines of glass particles in three dimensions. Instead, they are plotted in
two-dimensions onto the plane of projection. In regions where the flow is highly three-dimensional such as
under the batch or close to the front wall, streamtraces should be seen as a simple way to visualize the flow
structure and how each component of the velocity vector behaves.
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Uniform Heat Flux Distribution

The simplest case consists of imposing a uniform net heat flux from the combustion space to the glass surface.
For a total constant heat input of 8.3 MW, a uniform net heat flux of 71.65 kW/m2 is imposed. Figure 7
shows the velocity, temperature fields and the streamtraces at the centerline when a uniform heat flux is
imposed at the surface of the glass melt. One can see that only one recirculation loop in the longitudinal
direction develops. One can see that the isotherms in the refining part of the tank where the glass is in
direct contact with the combustion space are parallel to the glass free surface, as if a constant temperature
was imposed at the glass/combustion space interface. Due to the uniqueness of the steady state solution,
this confirms the inadequacy of such a boundary condition to simulate actual melting furnaces for which two
recirculation loops are required to obtained good glass quality. The flow under the batch is similar to that
of the baseline case, i.e., sixteen cells develop in the spanwise direction. It indicates that the flow structure
under the batch in the spanwise direction is not significantly affected by the heat flux distribution in the
longitudinal direction even though it drives the molten glass from the hot spot towards the batch. Indeed,
the cells forming under the batch are due to temperature gradients in the lateral direction that strongly
depend on the heat losses throughthe sidewalls but not on the heat flux distribution from the combustion
space to the glass bath.
Figure 8 shows the streamtraces at x = 15 m in the case of a uniform heat flux distribution. It must be
compared with Figure 6 at the same cross-section. One can see that the two cells forming at the surface
in the baseline case do not form when a uniform heat flux is imposed. It shows that the cooling of the
sidewalls alone is not responsible for the formation of the cells. Instead, the negative heat flux uniform
across the width combined the heat losses through the sidewalls cause the cells to form preferentially close
to the sidewalls due to greater temperature gradient in the vicinity of the sidewalls.

Effect of the Location of the Zero Heat Flux L0

Depending on the furnace design and on the firing pattern, the net heat flux distribution from the combustion
space to the glass melt can be affected substantially. For example, in the presence of an exhaust at the end
of the furnace combined with a firing pattern centered in the first half of the furnace, the zone of negative
heat flux from the combustion space to the glass melt can be large. The extent of this region is characterized
by the location of the zero heat flux L0. In the present study, L0 was taken as 12.84 m, 13.84 m (baseline
case), and 15.84 m.

The major effects of the location of the zero heat flux L0 on the flow pattern can be seen in the longitudinal
direction. Figure 9 compares the streamtraces at the centerline for the three values of L0. One can see that
the extent of the second recirculation loop increases significantly as the location of the zero heat flux is
shifted toward the center of the tank. By reducing the first circulation loop, one confines the unmelted sand
grains and the gas bubbles in the first half of the tank away from the throat. This allows more time for the
refining and melting processes to take place.

Effect of the Location of the Maximum Heat Flux Lmax

In a manner similar to that used for the location of the zero heat flux, the location of the maximum heat
flux was changed around the baseline value of 7.5 m. Three different locations were studied, Lmax = 6.5 m,
7.5 m, and 8.5 m. Figure 10 shows that the flow pattern is not significantly affected by the change in the
location of the maximum heat flux. In the present cases, the gradient of the heat flux in the x-direction is
only slightly modified by the change in Lmax from 6.5 m to 8.5 m, as shown in Table 1 and therefore does
not affect the flow significantly.

Effect of the Presence of Foam

A fraction of the bubbles that are generated by the fusion of raw materials in the batch and by the fining
reactions in the melt accumulate on the free surface of the glass to produce the primary foam [27]. Resorption
of the remaining small gas bubbles, taking place during the conditioning of the glass melt as it flows from the
hot spot in the middle of the bath towards the throat of the furnace, also leads to formation of the so-called
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secondary foam [27]. Visual observations and laboratory scale studies of furnace operations indicate that
the foam layers of various thickness can cover a large fraction of the free surface of the molten glass [27].
Since the foam is an inhomogeneous medium, it acts essentially as a collection of radiation scatterers, and,
therefore, provides significant resistance to heat transfer by radiation from the combustion space to the
molten glass [35–37]. Indeed, according to Trier [35], this resistance could lead to a decrease by as much as
60% in the radiative fluxes at the glass/combustion space interface.

In the present study, the foam was assumed to cover roughly the second third of the tank surface, i.e.,
from x = 6.5 m to 11.25 m. The net heat flux from the combustion space to the glass melt was reduced by
50 % in this region compared to the baseline case. Figure 11 shows the velocity, temperature fields as well as
the streamtraces. It is clear that foam has a strong impact on the flow and temperature field. In particular,
the temperature of the glass melt is significantly reduced by the presence of the foam. The reduction of glass
melt temperature is probably responsible for the third recirculation loop forming under the batch close to
the back wall. Indeed, the axial velocity of the batch combined with the exponential increase of the glass
melt viscosity with the decreasing temperature are responsible for the large shear stress at the batch/glass
melt interface that propagates deeper in the glass melt and generate a cell that expand across the tank in the
lateral direction. Moreover, the lateral flow under the batch and under the foam is not significantly different
from that of the baseline case.

Effect of the Shape of the Heat Flux in the Spanwise Direction

So far, the heat flux distribution in the spanwise direction was taken as uniform. In reality, however,
due to the cooling of the walls in the combustion space and to the flame shape, the heat flux from the
combustion space to the glass melt should be reduced close to the sidewalls and have a maximum near the
centerline. The effect of the heat flux distribution in the spanwise direction was studied by introducing a
dimensionless multiplying function q∗(y) to the heat flux q′′(x) while keeping the overall heat input rate from
the combustion space constant at 8.3 MW. The lateral heat flux distribution q∗(y) was assumed to take a
top hat-shape (simulations 7) or a parabolic shape (simulations 8) as shown in Figure 12.

The changes in the heat flux distribution in the spanwise direction do not affect significantly the flow
and temperature pattern under the batch, close the the front wall or at the center line. In these regions,
the cooling of the sidewalls combined with the constant temperature under the batch and the cooling of the
front wall, respectively, dominate the heat transfer and thus, the natural convection flow. There, the effect
of the non-uniformity of the heat flux distribution in the spanwise direction is negligible. In the center of
the tank for 7m < x < 13m, however, four cells form in each corner of the cross-section instead of two in
the bottom corners for the baseline case as shown in Figure 13. This tend to show that the cells forming in
the spanwise direction are due to the gradient of temperature in the y-direction.

CONCLUSIONS

This paper presents a systematic parametric study of the flow pattern in a model glass melting furnace
with a throat. The main purpose is to evaluate the capability of the furnace operators to control the glass
flow and temperature fields by adjusting the firing in the combustion space. In particular, the effects of the
following parameters are discussed: (i) the uniform heat flux distribution, (ii) the location of the zero heat
flux L0, (iii) the location of the maximum heat flux Lmax, (iv) of the shape of the heat flux in the spanwise
direction. The total heat input is 8.3 MW in all the simulations and the qualitative analysis presented leads
to the following conclusions:

1. The flow pattern observed by Zhiqiang and Zhihao [1] in the longitudinal direction and represented in
Figure 2 is confirmed. A part of the pull current flows directly from under the batch to the throat. Such
a flow pattern tends to deteriorate the glass quality since unmelted sand grains and bubbles generated
under the batch may not have enough time to melt or rise at the surface and may end up in the final
product.

2. A heat flux gradient in the x-direction is required to generate two recirculation loops in the longitudinal
direction.
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3. A steep heat flux gradient in the refining part of the tank increase significantly the size of the second
recirculation loop. In our simulations, the steepest heat flux gradient is obtained by modifying the
location of the zero heat flux.

4. The change of the heat flux distribution has no appreciable effect on the flow pattern under the batch
blanket. Sixteen cells develop under the entire length of the batch but the cells disappear in part of
the tank where the glass is free of the batch.

5. The negative heat flux from the combustion space to the glass melt (i.e., heat loss from the glass melt
to combustion space) causes two cells to form in the lateral direction, at the surface of the glass melt,
and close to the front wall.

6. A nonuniform heat flux distribution in the spanwise direction causes two cells to form at the glass melt
surface near the side walls.
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Figure Captions
Figure 1. Schematic of the ideal flow pattern furnaces with a throat.
Figure 2. Schematic of the flow pattern observed by zhiqiang and Zhihao (1997) in furnaces with a

throat.
Figure 3. Schematic of the modelled glass melting tank and its system of coordinates.
Figure 4. Heat flux distribution used as the boundary condition at the glass melt/combustion space

interface.
Figure 5. From top to bottom (a) velocity field, (b) temperature field, and (c) streamtraces at the tank

centerline for the baseline case.
Figure 6. Streamlines in the spanwise direction for the baseline case for (from top to bottom) (a) x =

3.5 m, (b) x = 7 m, (c) x = 10 m, (d) x=13 m, (e) x=14 m, and (f) x = 15 m.
Figure 7. From top to bottom (a) velocity field, (b) temperature field, and (c) streamtraces at the tank

centerline.
Figure 8. Streamlines at x = 15 m for a uniform heat flux distribution.
Figure 9. Effect of L0 on the streamtraces at the centerline for ( from top to bottom) (a) L0 = 12.84

m, (b) L0 = 13.84 m, and (c) L0 = 15.84 m.
Figure 10. Effect of Lmax on the streamtraces at the centerline for ( from top to bottom) (a) Lmax =

6.5 m, (b) Lmax = 7.5 m, and (c) L0 = 8.5 m
Figure 11. Effect of the presence of foam on (a) the velocity field, (b) the temperature field, and (c) the

streamtraces at the tank centerline.
Figure 12. Heat flux distribution in the spanwise direction used as the boundary condition at the glass

melt/combustion space interface.
Figure 13. Comparison of the streamtraces at the cross-section x = 10 m for the baseline case and

non-uniform heat flux distribution in the spanwise direction (simulations 7 and 8)
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Table Captions
Table 1. Summary of the parameters used in the three-dimensional simulation.
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Figure 1: Schematic of the ideal flow pattern furnaces with a throat.
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Figure 2: Schematic of the flow pattern observed by zhiqiang and Zhihao (1997) in furnaces with a throat.
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Figure 3: Schematic of the modelled glass melting tank and its system of coordinates.
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Figure 5: From top to bottom (a) velocity field, (b) temperature field, and (c) streamtraces at the tank
centerline for the baseline case.
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Figure 6: Streamlines in the spanwise direction for the baseline case for (from top to bottom) (a) x = 3.5 m,
(b) x = 7 m, (c) x = 10 m, (d) x=13 m, (e) x=14 m, and (f) x = 15 m.
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Figure 7: From top to bottom (a) velocity field, (b) temperature field, and (c) streamtraces at the tank
centerline.
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x = 15 m Uniform heat flux

Figure 8: Streamlines at x = 15 m for a uniform heat flux distribution.
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Figure 9: Effect of L0 on the streamtraces at the centerline for ( from top to bottom) (a) L0 = 12.84 m, (b)
L0 = 13.84 m, and (c) L0 = 15.84 m.
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Figure 10: Effect of Lmax on the streamtraces at the centerline for ( from top to bottom) (a) Lmax = 6.5 m,
(b) Lmax = 7.5 m, and (c) L0 = 8.5 m
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Figure 11: Effect of the presence of foam on (a) the velocity field, (b) the temperature field, and (c) the
streamtraces at the tank centerline.
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simulation 7x = 10 m

simulation 8x = 10 m

Figure 13: Comparison of the streamtraces at the cross-section x = 10 m for the baseline case and non-
uniform heat flux distribution in the spanwise direction (simulations 7 and 8)
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