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This paper is the second part of a parametric study of the flow and thermal structures in glass melting furnaces with a throat. The
effects of the following parameters are discussed: a) the batch velocity, b) the melting temperature, c¢) the submerged depth of the
batch, d) the wall heat losses, and e) the thickness of glass melt containing gas bubbles under the batch. The study indicates that
the partially submerged batch and heat losses through the refractories have a strong impact on both the longitudinal and spanwise
flow patterns of the molten glass. These physical phenomena must be accounted for if one wants to realistically simulate the natural

convection circulation of the molten glass in the bath.

1. Introduction

This is the second part of a study concerned with the
three-dimensional natural circulation in glass melting
furnaces with a throat. The first part of the paper pre-
sents a literature review of the topic and discusses the
mathematical model employed in the numerical simu-
lations [1]. In brief, the complex processes of the trans-
formation of the raw batch into glass melt is not mod-
eled, nor are the flow, chemical reactions, and tempera-
ture fields in the combustion space. The basic features
of the mathematical model and the numerical method
employed to compute the flow and temperature fields in
the glass melt are detailed elsewhere [2 and 3] and need
not to be repeated here. A consistent set of thermophys-
ical properties of soda-lime silicate glass of composition
74 SiO,—16 Na,O—10 CaO (in mol %) has been col-
lected for use as input parameters in the numerical simu-
lations.

The first part of the study was aimed at evaluating
the capability of the furnace operators to control the
glass flow and thermal structures by adjusting the fuel
firing in the combustion space. The heat flux distri-
bution resulting from combustion of fossil fuel and the
net flux incident on the surface of the batch and of the
molten glass is assumed to be uniform across the tank
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Figure 1. Heat flux distribution used as the boundary condition
at the glass melt/combustion space interface.

width and to have the longitudinal profile as shown in
figure 1 where the parameters ¢, and ¢g are the maxi-
mum heat flux, and the heat flux at the back wall (x=
0 m), respectively. The distances from the back wall to
the location of the maximum heat flux and to the lo-
cation where the heat flux vanishes are denoted by L,
and L,, respectively. Particular attention was paid to the
effects of a) the uniformity of the net heat flux from
the combustion space incident on the glass melt, b) the
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Figure 2. Schematic of the modelled glass melting tank and its
system of coordinates.

location of the zero heat flux L, c) the location of the

maximum heat flux L., d) the presence of a foam

layer, and e) the shape of the heat flux in the spanwise

direction. In all the simulations, the total heat input was

held constant and equal to 8.3 MW, and the qualitative

analysis presented in Part I [1] leads to the following

conclusions:

= A heat flux gradient in the x-direction is required to
generate two recirculation loops in the longitudinal
direction.

= A steep heat flux gradient in the refining part of the
tank increases significantly the extent of the second
recirculation loop. In the present analysis, the steep-
est heat flux gradient is obtained by modifying the
location of the zero heat flux.

= The change of the heat flux distribution has no ap-
preciable effect on the flow pattern under the batch
blanket. Sixteen roll cells develop under the entire
length of the batch, but the cells disappear where the
glass is free of batch.

= The negative heat flux at the glass melt surface causes
two cells to form in the lateral direction at the surface
of the glass melt and close to the front wall.

In Part I [1], the batch blanket was assumed to be
on top of the molten glass surface. In reality, part of the
batch is submerged into the molten glass, thus effectively
reducing the flow area under the batch. Similarly, the
presence of gas bubbles under the batch generated dur-
ing the melting of the batch may affect the velocity and
the temperature fields of the molten glass since bubbles
change the thermophysical properties of the fluid. Fi-
nally, the rheology of the batch is not fully understood,
and simplifying assumptions are required in order to
predict the batch velocity.

This part (Part II) of the paper presents a systematic
parametric study of the effects of the velocity, the melt-
ing temperature, and the submerged part of the batch
into the molten glass, as well as the effects of the bubbles
under the batch on the flow and temperature fields.

2. Results and discussion
2.1 Glass tank and parameters

The tank considered was 15.85 m long, 7.315 m wide,
and 1.03 in deep (see figure 2). 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 (0.386x0.802) m?.

The raw batch materials produce a glass melt having
composition of 74 SiO,—16 Na,0—10 CaO (in mol %).
The batch is introduced into the tank at a rate m, of
356 t/d (or 4.12 kg/s) in the form of a 6.5 m long and
loose blanket covering the entire width of the tank. The
length of the batch blanket L, (= 6.5 m) was chosen
arbitrarily based on the two-dimensional study by Lim
et al. [4] who showed that the batch blanket should cover
between 25 to 40 % of the glass surface for an optimum
melting rate. The batch enters the tank at a temperature
of 320 K. Since about 200 kg of gases are produced per
ton of batch introduced [5], the corresponding glass pull
(production) rate #iy is 297 t/d (or 3.437 kg/s) of
molten glass. The melting of raw batch 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 [6]. Thus, the melting of the batch cannot be
treated since it has a change of phase (from solid to
liquid) at a fixed temperature. In order to model the
melting process, a constant temperature (called melting
temperature and noted T,.;) was imposed at the batch/
glass melt interface corresponding to the minimum tem-
perature at which a clear glass is obtained. Madivate [5]
has reported experimental data for the energy required
to bring the batch from room temperature to clear
molten glass AH ;.- The value of 2200 kJ/kg of glass of
compositions similar to that of interest in the present
work was retained for AH, for soda-lime silicate glass
having composition (in mol%) 74 SiO,—16 Na,O—10
CaO and a melting temperature of 1450 K.

The heat flux distribution is maintained the same for
all the simulations:

a) The location of the maximum heat flux L., (see fig-
ure 1) was chosen 1 m ahead of the batch tip (i.e.,
L.x = 7.5 m) in order to create a hot spring forcing the
glass melt to circulate in two recirculation loops.

"

b) The maximum heat flux g, is estimated by writing
the energy balance equation for the batch blanket of
length Ly = 6.5 m:

Ly

Omelt—batch L + f q"(X)W dx = rmere AH ey (1)
0

where Q/ el batch 18 the heat transfer rate from the glass
melt to the batch per unit length of batch. The heat flux
from the combustion space to the surface of the glass
melt is ¢"(x), W is the width of the tank (= 7.315 m),
AH, is the enthalpy per unit mass of molten glass re-
quired to obtain clear glass at the melting temperature
Tomere from raw batch at 320 K. Finally, #1,,., is the pull
rate, i.e., the total mass of glass leaving the furnace
through the throat per unit of time. The determination
of Qieiisbateh Tequires several interations. However, we
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Table 1. Summary of the parameters used in the three-dimensional simulations

simulation Uy Toeit At Nbubbles gas void fraction heat losses through walls
in m/s in K in cm in cm

baseline case 0.2 1450 0.0 0.0 0.0 yes

1 0.0 1450 0.0 0.0 0.0 yes

2 0.2 1350 0.0 0.0 0.0 yes

3 0.2 1550 0.0 0.0 0.0 yes

4 0.2 1450 10.4 0.0 0.0 yes

5 0.2 1450 21 0.0 0.0 yes

6 0.2 1450 0.0 10.4 0.2 yes

7 0.2 1450 10.4 0.0 0.0 no (adiabatic)

found that the value does not change significantly from
one simulation to the next. In the present study, a good
approximate value for O/ ei—baich 18 3 X 10° W/m.

¢) The zero heat flux is located 2 m away from the front
wall, i.e., Ly = 13.84 m.

In summary, all the simulations of Part II use the
same net heat flux distribution from the combustion
space to the glass surface that is characterized by the
following parameters: ¢ma, = 133.92 kW/m? and ¢ =
Gmax!2; Lmax = 7.5 m and Ly = 13.84 m.

The total energy input rate from the combustion
space to the glass melt is calculated by integrating the
heat flux distribution over the entire surface of the tank.
The resulting total heat input rate from the combustion
space is equal to 8.3 MW and is kept the same for all
the simulations. Similarly, the pull rate ni,, remains
constant and equals 3.347 kg/s.

The same baseline case as in Part I is used and the
reader is referred to [1] for a complete description of
the parameters and of the results. The effects of several
operating parameters on the glass flow structure in the
tank are studied, in particular:

a) the batch axial velocity uy;
b) the melting temperature T
“¢) the flow reduction under the batch due to

~

= the sinking of the batch with and without heat losses
through the side walls,

— the presence of a layer of gas bubbles under the
batch.

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

2.2 Effect of batch axial velocity

Depending on the charging method, the batch may as-
sume different shape (form) and velocities. As a first
approximation, we assumed that the batch blanket can

only have an axial velocity uy,. Figures 3a and b compare
the flow fields for a batch velocity equal to 0.0 and
0.2 cm/s (baseline case). The effects of the batch velocity
seem to be limited to the regions under the batch and
near the charging wall. Indeed, a cell develops across the
width under the batch when the batch has a non-zero
velocity in the x-direction. This is due to the shear be-
tween the batch and the glass melt. Moreover, a slight
change in the isotherms (not shown here) can be ob-
served near the front wall for isotherm 1600 K. However,
the batch velocity does not affect significantly the tem-
perature and the velocity fields of the glass melt in other
parts of the tank. Ungan and Viskanta [7] have found
that the batch velocity affects the local temperature and
velocity fields near the batch/glass melt interface. How-
ever, they considered an idling tank in the absence of
pull.

2.3 Effect of the melting temperature

As discussed by Laimbock [8], a clear glass is obtained
at 1473 K from fine silica powder, while for coarse silica
powder it is produced at 1673 K. Even though the melt-
ing of the batch is not modeled in the present work,
changes in the size of the sand grains can be simulated
by changing the temperature at which a clear glass in
obtained. The melting temperature was changed while
the enthalpy of melting was maintained constant in or-
der to keep the batch length unchanged. Indeed, the
batch coverage is believed to strongly affect the flow pat-
tern of the molten glass in the bath, and it is important
to keep the batch length constant. Moreover, the en-
thalpy AH,,.;; varies slightly from around 2175 kJ/kg of
glass at 1350 K to about 2300 kJ/kg of glass at 1550 K
[5].

Figures 4a to ¢ and 5a to ¢ compare the flow and
the temperature fields at the midplane for three different
melting temperatures (1350, 1450, and 1550 K). One can
observe that as the melting temperature decreases, an
additional cell develops under the batch in the spanwise
direction. The axial velocity of the batch combined with
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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 propa-
gates deeper into the glass melt and generates a cell that
expands across the tank in the spanwise direction.

The most significant effects of the melting tempera-
ture are the steeper temperature eradients in the z-direc-

tion obtained for low melting temperatures. Note als
that the intensity of the circulation in the entire glas
bath increases significantly with an increase in the mel
ing temperature due to a decrease in the glass melt vi
cosity. However, beyond the batch tip (i.e., x > L), th
net glass flow rate through any given cross-section per
pendicular to the x-direction is not affected by the mel
me temboerature and is equal to the olass null rate »
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at the throat. For example, at x = 7.5 m and for a melt-
ing temperature of 1450 and 1550 K, the forward mass
flow rate equals 10.5 and 12.4 kg/s, respectively, the
backward mass flow rate equals 7.1 and 9.0 kg/s, respec-
tively, and the net mass flow rate is identical in both
cases and is equal to the glass pull rate of 3.44 kg/s.

In addition to these effects, the flow field is not alt-
ered qualitatively. The number of cells in the spanwise
direction and the flow patterns in the longitudinal direc-
tion are similar to those observed in the baseline case
(see Part I [1]). Moreover, even though the temperature
gradients in the vertical direction are significantly af-
fected by the melting temperature, the maximum surface
temperatures do not change significantly.

2.4 Effect of the flow reduction under the batch
2.4.1 Partially submerged batch

The raw batch is lighter than the molten glass, and the
batch floats on the surface of the glass melt. A signifi-
cant part of the batch is submerged under the free glass
surface. In simulating the submerged batch one needs to
know its density, its specific heat, and its effective con-
ductivity. These thermophysical properties were ob-
tained from the literature [9]:

op = 1400 kg/m?;
11X 10® (kg K);
0.2465+1.88X 1074 T+ 1.69 X 10~7 T2 in W/(m K).

Cp

Jey

Il

The momentum equation for a uniform thickness batch
blanket at rest projected onto the vertical axis indicates
that the ratio of the submerged batch depth to the total
batch thickness, A/, equals the ratio of the batch
density to the glass melt density, o/¢ For the batch con-

and ¢) Ty = 1550 K.

sidered, 11.2 cm (= hg,,) of the 20 cm thick batch blan-
ket is submerged. The batch is partially submerged in
the glass melt and is modeled by imposing the thermo-
physical properties of the batch given above. The vis-
cosity is assumed to be very large in this region of the
computational domain located under the batch blanket.
In reality, the thickness of the batch blanket decreases
as the batch is being pushed and melts due to the heating
from the combustion space and from the glass melt. In
the present work, however, we assumed as a first order
approximation that the part of the batch submerged was
of uniform thickness, Ay, across the tank width and
from the back wall to the tip of the batch blanket. Two
simulations were performed: a) one accounting for the
heat losses through the refractories, and b) the other as-
suming that the side walls were adiabatic. In both simu-
lations, the submerged batch depth /g, was equal to
10.4 cm corresponding to four computational grid cells.

The flow patterns in the spanwise direction for these
two cases at different cross-sections of the tank are com-
pared in figures 6a to c. One can see that the effect of
the cooling of the walls has a significant impact on the
flow patterns. In the case of adiabatic side walls, a very
unstructured flow pattern occurs under the batch and
disappears when heat losses to the surroundings are ac-
counted for. For example, no cells are observed near the
bottom of the tank in the adiabatic case in regions with-
out batch. This indicates that the cooling of the bottom
and of the side walls are responsible for the cell forma-
tion at the bottom of the tank when batch is absent on
the glass surface. Moreover, the cells forming close to
the front wall develop whether the walls are adiabatic or
not. Therefore, the negative heat flux (i.e., heat loss from
the glass surface) at the end of the furnace is mainly
responsible for the two cells forming near the surface
close to the front wall. Finally, given the importance of
the heat losses through the refractories and the forma-
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Figures 6a to c. Comparison of the streamlines in the spanwise direction at location a) x = 3.5m, b) x = 7m, and ¢) x = 15m for
a 10.4 cm submerged batch with (left) and without (right) heat losses through the side walls.

tion of the cells at the corners where two or three walls
are joined, modeling of the heat conduction using a one-
dimensional treatment may not be satisfactory and mul-
tidimensional effects should be accounted for. In sum-
mary, the effects of the heat losses through the refractory
walls dominate the three-dimensional natural convection
circulation of the molten glass. Note that the effects of
the heat losses were assessed when the batch was sub-
merged to avoid the computational complications en-
countered by Lim et al. [10], who observed the possible
unsteady periodic and even chaotic behavior of the flow
field requiring an unsteady mathematical formulation.
Such an unsteady behavior does not seem to prevail
when the sinking of the batch and/or the heat losses are
accounted for. To further assess the effects of the sinking
of the batch an additional value of the batch thicknesses
hgu, was considered (A, =21 cm corresponding to six
grid cells). The results are discussed in the next subsec-

tion along with the effect of the presence of bubbles on
the flow and thermal structures of the molten glass.

2.4.2 Effect of the bubbles under the batch

Laboratory experiments showed that a large number of
bubbles are present under the batch due to the gas gener-
ation taking place during the batch melting process [11].
The presence of the bubbles under the batch affects the
thermophysical properties of the fluid. It forces the den-
sity of the fluid mixture to decrease and its viscosity to
increase [12]. Then, in the region containing bubbles, the
density of the melt should be substituted by that of the
mixture 9, expressed as [13]

Om = 0y ¢+ 0(1 —-¢) (2)
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where ¢ is the local gas void fraction, and g, the density
of the gas contained in the bubbles. In the case of bubbly
flow, Ishii and Zuber [12] recommended the following
expression for the viscosity of the mixture s,

I -9
,uoc

(€)

Equation (3) indicates that the viscosity of the mixture
increases as the gas void fraction increases due to the
resistance of the bubbles to the deformation of the flow
field caused by their presence [12]. The bubbles were as-
sumed to occupy a 10.4 cm deep region of the glass melt
under the batch. A volumetric void fraction ¢ of 0.2 was
arbitrarily chosen as a maximum value for the gas void
fraction. Note that, as a first order approximation, the
thermal conductivity of the glass melt containing
bubbles was assumed to be identical to that without
bubbles. The cells present under the batch are due to
Rayleigh-Taylor instabilities caused by the fact that the
glass melt at the batch/glass melt interface is heavier
than that present at the bottom of the tank. A priori,
one can predict that reducing the density of the glass
melt immediately under the batch (i.e., at the top of the
glass melt) due to the presence of the bubbles would sig-
nificantly affect the cells and even eliminate them when
the density of the two-phase mixture located under the
batch becomes smaller than that of the molten glass
phase at the bottom of the tank. As one can see in fig-
ures 7a to d and 8a to e, the thermal structure in the
longitudinal direction and the streamlines under the
batch for the baseline case (figure 7a) are similar to those
when bubbles are present under the batch (figure 7e).

0.104 m.

Therefore, the effects of the presence of bubbles on the
density and the viscosity of the two-phase mixture does
not alter significantly the thermal and flow structure of
the molten glass. However, their effects on the thermal
conductivity and specific heat of the two-phase mixture
has not been accounted for and it is beyond the scope
of the present study to model and simulate such effects.

Figures 8a to e and 9a to d compare the effects of
the partially submerged batch and of the presence of the
bubbles on the flow pattern and thermal structure under
the batch. As already mentioned, the results indicate that
the submerged batch strongly affects the Rayleigh-Be-
nard cells under the batch. The number of cells decreases
from 16 when the sinking of the batch is neglected (i.e.,
hgwp = 0 cm) to only two when the batch is submerged
under the glass-free surface. In figures 9a to d, one can
observe the isotherms under the batch 3.5 m from the
back wall. It is interesting to note that the 16 cells de-
veloping under the batch (see figure 8a) in the baseline
case go in pairs. In other words, each one of the eight
1510 K isotherms in figure 9a contains two cells in which
the fluid circulates in opposite directions (clockwise and
counterclockwise). The largest isotherm loops are lo=
cated between the midplane and the wall and sur-
rounded by two cells. In contrast, when the batch is sub-
merged, the isotherm loops that can be plotted are much
smaller, and the largest ones are located along the side
walls. Even though other isotherm loops are present
their driving force is insufficient to form Rayleigh-Be-
nard cells and only two Rayleigh-Benard cells are actu-
ally observed along the side walls where the largest iso-
therm loops are formed. Therefore, any other cells for-
ming away from the side walls, even though observed in
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experimental model simulations [14], are not likely to
occur in actual melting furnaces where the batch is al-
ways partially submerged. Note also that the presence of
gas bubbles does not affect the thermal structure of the
molten glass under the batch.

Simulations were also performed by using the effec-
tive conductivity of the glass melt in the region where
the batch is submerged instead of that of the batch. They
indicate a strong effect of the thermal conductivity of
the batch on the thermal structure of the glass melt.
When the batch thermal conductivity is used, the tem-
perature gradients in the z-direction change drastically
as observed in figures 7a to d. The batch introduces a
greater thermal resistance to heat transfer than a glass
melt layer of the same thickness. However, the stream-
lines under the batch in the spanwise direction are not
affected as shown in figures 8a to e. Therefore, the tem-

Emerging batch blanket

Submerged batch blanket _ _

x=35m

Figures 8a to e. Effect of the flow reduction under the batch on
the streamlines for a) /g, == m, b) /gy, =9.104 m, ¢) hgy, = =
0.21 m, d) hpuppies = 0.104 m, and e) adiabatic walls.

perature gradients in the z-direction have no influence
on the cells forming under the batch. Instead, the cells
are due to the gradients of temperature in the y-direc-
tion. The latter is due to the cooling of the side walls as
suggested by Ungan and Viskanta [15].

Furthermore, the flow patterns in the longitudinal
direction from the batch tip to the front wall in the pres-
ence of bubbles or when the batch is submerged are very
similar to those of the baseline case shown in Part I [1]
and need not to be repeated. In all the cases, the ideal
flow pattern presented in figure 10 is not observed but
that presented in figure 11 seems to represent the simu-
lation results. Note also that the largest heat transfer rate
from the glass melt to the batch was found for adiabatic
walls since the glass temperature was larger for this case
and that the cells under the batch can increase the heat
transfer from the glass melt to the batch by up to 20 %.
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Figures 9a to d. Effect of the flow reduction under the batch
on the temperature field for a) /g, = 6 b) Ay, = 6104 m, ¢)
hey = 0.21 m, d) Mpypples = 0.104 m.

Finally, visual observations of the wear of the refrac-
tories in operating glass melting furnaces after a pro-
duction campaign confirm the presence of the two cells
close to the side walls under the batch and that of two
cells forming close at the front wall due to the combined

hot
refining area

5

throat

Figure 10. Schematic of the ideal flow pattern in furnaces with
a throat.

hot
spot refining area

ve
\V—

throat

Figure 11. Schematic of the flow pattern observed by Zhiqgiang
and Zhihao [17] in furnaces with a throat.

effects of the cooling of the side walls, of the front wall,
and of the glass surface to the combustion space [16].
Consequently, the sinking of the batch below the glass
surface and the heat losses through the walls should be
carefully accounted for if one aims at obtaining realistic
predictions of the flow patterns in operating glass melt-
ing furnaces.

3. Conclusions

This paper presents a parametric study of the flow pat-
terns in glass melting furnaces with a throat. In particu-
lar, the effects of the following parameters are discussed:

a) the batch velocity u,, b) the melting temperature
Trelt» ©) the submerged depth of the batch Ay, d) the
wall heat losses, and e) the thickness of bubble layer un-
der the batch Ay ppies- The qualitative analysis presented
leads to the following conclusions:

a) The flow pattern observed by Zhigiang and Zhihao
[17] in the longitudinal direction and represented in fig-
ure 11 is confirmed. A part of the pull moves directly
from under the batch to the throat. Such a flow pattern
tends to deteriorate the glass quality since unmelted
sand grains and gas bubbles generated under the batch
may not have sufficiently long residence time to melt or
rise to the surface and may leave the tank through the
throat.

b) The flow pattern does not change significantly with
the melting temperature. As the melting temperature de-
creases, a cell develops in the spanwise direction of the
tank close to the back wall where the batch is introduced
with a nonzero velocity. The exponential increase of the
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viscosity as the temperature decreases causes the shear
stress between the glass melt and the batch to increase
and is responsible for the cell formation. Such an effect
is localized and does not extend to other regions of the
tank. Finally, as the melting temperature decreases, the
temperature gradients within the glass melt in the verti-
cal direction are larger as well as the magnitude of the
velocity vectors.

c) Neither the batch velocity nor the presence of the
bubbles under the batch seem to significantly affect the
flow pattern. The sixteen cells observed under the batch

when the sinking of the batch is neglected, i.e., Ay, =

0 cm, are replaced by only two cells when the batch is
submerged. Additional work is required for the study of
the effects of the bubbles on the flow and thermal struc-
tures. First, their effects on the thermo-physical proper-
ties of the molten glass should be modeled. Finally, in
the present work the location and void fraction of the
bubbles were assumed, while in reality bubbles are trans-
ported and generated within the molten glass [18]. De-
tailed studies of transport and generation of bubbles and
their interaction with the molten glass are required since
bubbles are capable of changing the velocity patterns
and glass residence time significantly as first discussed
by Ungan et al. [19].

d) The heat losses through the refractories have a strong
impact on the flow pattern of the molten glass in the
bath. In absence of heat losses through the walls, an un-
structured flow pattern can be observed in the spanwise
direction, but it vanishes when the heat losses are ac-
counted for. Therefore, the heat losses through the walls
control, in part, the spanwise flow structure and must
be accounted for if one wants to realistically simulate

the natural convection circulation of the molten glass in
the bath.

e) Given the importance of the heat losses through the
refractory walls on the flow structure and the fact that
cells form preferentially at the intersection of the walls,
a more refined heat conduction model through the re-
fractories may need to be developed and used to account
for the multidimensional effects and to obtain a realistic
prediction of the flow and thermal fields in the glass
melt.
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