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Control of glass flow in a glass tank is a key technology in the glass melting process. The flow and temperature distributions of the
glass melt greatly affect the quality of glass products. However, these phenomena have not been well understood due to the difficulty
involved in the measurement as a result of the high temperature of the glass melt. A small melting furnace was developed that was
heated by electrodes. The glass flow was measured and analyzed by 3-D computer simulation. The numerical results show good
agreement with the experimentally measured values. It is shown that it is possible to control the glass convection using a variety of
the electric boosting conditions, the heat loss through walls and the charged glass batch. The quality of glass melt was evaluated by
analyzing the temperature histories of virtual particles the furnace was charged with. It is found that the temperature of the particles
is high and stable near the throat, as shown by the experimental data.

1. Introduction

Recently, the need to enhance the efficiency of glass melting
and improve the quality of glass products has increased
from the viewpoint of more efficient use of energy [1]. The
flow and temperature in a glass melting furnace play an
important role in the decomposition, reaction promotion,
gas bubble fining, and the homogeneity of glass. The quality
of glass products is greatly influenced by the velocity and
temperature distributions of glass melting. Understanding
and controlling the convection in a glass melting process
are very important. Numerical simulation is a very effective
method to research the thermal flow in a furnace. Numeri-
cal modeling of glass melting has been well described by
Viskanta [1]. The majority of the models are two-dimen-
sional. For large furnaces, such models may serve as a useful
first approximation. In small to medium glass furnace, how-
ever, the wall effects become important, so that two-dimen-
sional models fail to provide a reasonable description of the
transport processes occurring within the tank [2 to 5].

In order to evaluate the validity of the numerical simu-
lation of a glass furnace, it is necessary to enhance the com-
prehension of the physical, chemical and transport pro-
cesses in glass melting. However, since the environment in-
side a furnace is severe (high temperature and low velocity),
it is very difficult to experimentally determine the actual
flow condition in the glass tank. The temperature can be
measured using thermocouples or other probes, but the vel-
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ocity in the glass tank is impossible to measure by ordinary
measurement techniques. Almost all measurements per-
formed within the melting furnace have been limited to the
flow on the melting surface for a long time. The temperature
distribution on the surface of glass has been measured by
optical pyrometer [6] and radiation pyrometer, but the sur-
face flow velocity has not been measured.

Although several numerical studies have been performed
[2 and 3], velocity measurement in the real glass tank has
not been fully explored, and only two methods for the flow
velocity measurement have been reported. One method uses
a radioactive material [2] and the other uses the pendulum-
immersing method [7]. The former method involves meas-
urement of velocity from the radiation of the flow field by
mixing isotopes of radioactive substances with the glass
batch. But the treatment of radioactive substances is not
easy. The latter measures the three-component velocity of
the glass flow in a melting furnace. However, since a cooling
device protects measurement equipment near the glass sur-
face, the temperature near the surface of melt is reduced in
this method. Therefore, a new measurement method that
does not affect the measurement values is required.

For the present study, in order to investigate the thermal
flow of glass, we developed a small experimental tank, a
simplified version of the glass production furnace. We meas-
ured the internal temperature distribution, the surface vel-
ocity and the internal velocity distribution in the furnace
under difficult conditions. Furthermore, the glass flow in
the furnace was analyzed via 3-D numerical simulation. We
first compared the measured values and the numerical re-
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Figure 1. Small glass melting furnace model and coordinate
system.

sults for the glass melt. Next, numerical simulations were
performed with a view to control of the glass convection.
Finally, we evaluated the glass flow in connection to the
residence time and temperature histories of virtual particles
by dealing with the complex flow case where the injection
of glass batch and the glass pull are included.

2. Experimental model
. 2.1 Small melting furnace

We consider a small melting furnace which is expected to
become important for producing several types and small
quantities of glass products in the future. Such a glass tank
was developed to measure temperature and velocity distri-
butions in the molten glass, including those at the surface.
Figure 1 shows a schematic diagram of this glass tank. The
sides and bottom of the glass melt are surrounded by refrac-
tory walls (electrocast refractory and insulating refractory).
The inside length L, = 1.0 m, the inner width L, = 0.5m
and the depth of the melting L. = 0.35m (the height of
electrocast refractory is 0.375 m). Moreover, two types of
heat sources are present in the furnace. One is located over
the glass melt and the other is placed inside the glass melt.
These heat sources are referred to as the upper heater and
the lower heater, respectively. We adopted the direct electri-
fied method [8 and 9] for the lower heater. The upper heater
is used for indirect heating. Note that this indirect heating
method is required for the direct electrified method until
the glass comes to a melting state and a degree of conduc-
tivity is acquired. Joule heat was generated by the direct
electrified method of the lower heater, which utilizes the
glass itself as a resistance and depends on the conductivity
in the glass melt. The generated heat is almost proportional
to the electric power. If the glass temperature becomes
higher, the glass resistance will rapidly become smaller and
the electric power will increase. The electrode material was
molybdenum (Mo), and the electrode form was selected to
be a parallel plate ((0.2 X 0.2) m?) in order to make the
volume of glass resistance as large as possible. Parallel plate
electrodes were placed at three positions in the furnace as
shown in figure 1. Three pairs of cylindrical SiC heaters
were used as the upper heat source, the diameter of the
heater is 0.04 m, and the exothermic part is equal to the
inner width of the furnace (0.5 m).

Small melting furnaces can usually be classified as being
either the cold-top or hot-top type, according to the surface
state of glass. In the former furnace, the surface of glass is
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Figure 2. Measurement positions of temperature and velocity
in the experimental tank: top view. Three types of temperature
measurement were conducted: fixed measurement (O), moving
measurement (), and measurement of the object for control
monitors (A). The velocity was measured at (x, y) = (0.16, 0),
(—0.18, 0), (TC13, TC11).

covered with the glass batch, and in the latter furnace, the
surface of glass is in the melting state. In the present study,
although a hot-top type melting furnace was selected in the
investigation of the glass flow, in the case of the batch slot
and the glass pull the experiments were performed with a
partly cold-top state.

In addition, the compositions (in wt%) of the glass used
in the present study are as follows: (72.7 SiO,, 10.8 CaO,
12.4 Na,0, 2.1 AL,03, 0.2 MgO, 1.3 K,0).

2.2 Measurement methods for molten glass

The temperature in a glass melt was measured using ther-
mocouples (type B) after a steady state was reached. The
thermocouples were sheathed by platinum metal (Pt) in
order to prevent corrosion due to the glass. It was thought
that the melt and the thermocouples are almost the same
temperature and the experimental temperature errors are
small. Due to the symmetry at the centerline (y = 0), we
only measured the temperatures at positions in one half of
the glass tank (see figure 2). The thermocouples were placed
at 14 positions (TCI to TC14), as shown in figure 2, and
were inserted from the top of the furnace. The temperature
of three depths, 0.025 m, 0.175 m, and 0.325 m, below the
surface of the melt was measured. Therefore, we were able
to measure the temperature at 42 points in the glass flow
simultaneously.

We also measured the surface velocity of the glass melt
by observing a tracer floating on the surface. Since the
tracer appears dark on the surface of melt, we are able to
detect the movement of the tracer. We used a small silica
refractory cut as the tracer. The movement of the tracer is
observed via a CCD camera through a window of the fur-
nace. The camera is protected from the heat by water-cool-
ing, air-cooling and a light trap filter.

In order to measure the flow in a melting tank, we devel-
oped a velocity measurement device which was attached to
the alumina sphere at the tip of a pendulum. An acrylic
pipe of low elasticity was connected to the top of the pendu-
lum, and a strain gauge was attached to the pipe. When the
sphere is inserted into the melt, a fluid force working on the
sphere is detected by the strain gauge. The measurement
accuracy was improved considerably by increasing the sensi-
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tivity of bending strain at the instrumental position. As for
the effect of the device on the local flow and temperature
in the vicinity of the device, the flow is very slow and tem-
perature is not different between the device and the melt
because it takes sufficient time for setting and regulating the
device. This device can measure only the flow velocities in
the x and y directions. The velocity measurement device is
located at the positions TC11 and TC13 as shown in figure
2. A detailed description of the velocity measurement
method is presented elsewhere [10].

3. Numerical analysis
3.1 Mathematical model and assumptions

The flow in a glass melting furnace involves several compli-
cated physical and chemical processes at high temperature.

momentum equations:
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where (u, v, w) is the velocity vector, ¢ the density evaluated
at the reference temperature 7,, 7' the temperature, p the
pressure, g the gravitational acceleration, § the thermal ex-
pansion coefficient, and C,, the specific heat. Since the vis-
cosity was determined by the Fulcher correlation [5], we
applied it to the experimentally measured value.

5441
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“4)

The effective thermal conductivity k. can be expressed as
the sum of the thermal conductivity x and the radiation
via the Rosseland diffusion approximation [3] if the optical
thickness is assumed to be thick.

16 %y

7. (5)
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Here, y is the Stefan-Boltzmann constant, n is the refractive
index of the glass, and 3y is the mean absorption coefficient.
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It is desirable that these processes are simplified without
losing a variety of states in the furnace. Therefore, the
molten glass is assumed to be an incompressible, homo-
geneous and Newtonian fluid [2 and 3]. The effect of density
variations is important only in terms of buoyancy. All evap-
oration of species through the glass surface, gas bubble gen-
eration, heat dissolution, and the variation of glass compo-
sition on the walls are neglected. The governing equations
can be expressed as follows using the Navier-Stokes equa-
tions and the Boussinesq approximation:

mass equation:
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Next, we estimate the Joule heat Q; generated by the
lower heater. The power source distribution generated
through electric boosting within the glass melt is exactly
determined by solving Maxwell’s equations in the electro-
magnetic field [5]. Here, we assume that all of the added
electric power is converted to Joule heat dissipation. There-
fore, the cuboid area (volume V}, = 0.02 m?) between paral-
lel electrodes in the glass flow is defined as the distribution
of the heat source. The volumetric rate of Joule heat dissi-
pation Q; in the energy equation can be expressed as

Q; = (electric power);/V}, (6)

where i = 1, 2, 3.

The calorific value transmitted from the upper heater is
expressed using the relationship between the radiation energy
and the radiation intensity. This radiation is modeled using
the distance r from the upper heater (1) to the flow surface (2)
and the heater configuration as shown in figure 3.

At
Physical properties used in the simulations are demonstrated ~ AQ%) = 404 j 508 @1 ;:os ¢2 ds,ds, , (7)
in table 1. S ¥
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Table 1. Physical properties used in the simulations

density 0 2.36 X 103 kg/m?
thermal expansion coefficient p 743 X 107° 1/K
specific heat C; 1.55 X 103 J/(kg/K)
thermal conductivity K 1.5 W/(m K)
surface tension gradient - % 2.07 X 107> N/(m K)
viscosity Inu = —3.409 + 0 B Pas

il T—469.0
gravitational acceleration g 9.8 m/s?
refractive index of the glass [14] n 1.52
Stefan-Boltzmann constant y 5.669 X 10~% W/(m? K#)
mean absorption coefficient [15] IR 10m™!

flow surface (2)

Figure 3. Schematic representation of heat flux estimation on
the surface of melt.

_\ 40%
|qrad|_; T 8)

The effect of surface tension was neglected in previous stud-
ies. The surface tension does not have an effect on the melt
in a steady state according to the numerical results, because
the temperature gradient of the surface tension ¢ is much
smaller than the viscous force (order 10-° N/(m K)). Al-
though, when there is a local difference temperature in the
melt, we consider it has a slight influence on the glass flow.
It is known that the surface covered with glass batch has a
lower temperature compared to the glass melt. We observed
experimentally that the batch was pushed back to the en-
trance slot side by the flow (namely, Marangoni flow) pro-
duced due to the temperature gradient. Consequently, the
present study takes the surface tension into consideration.

3.2 Computational domain

The origin of coordinates needed in both the numerical
simulation and the experimental measurement positions was
set in the center of the melting surface. We defined the direc-
tion from the slot to the throat as the x-axis; the horizontal
and vertical directions perpendicular to the x-axis were de-
fined as the y-axis and the z-axis, respectively. Since this
furnace is symmetrical with respect to the x-axis, only one
half of the three-dimensional domain needs to be con-
sidered.

The velocity conditions on the wall are nonslip. Although
surface deformation is ignored, the surface tension is con-
sidered in the velocity conditions. The velocity in the verti-
cal direction is assumed to vanish at the interface. These
conditions show the free surface. Temperature boundary
conditions were extrapolated from the experimentally meas-
ured values near the wall. Here, Ty, Ty, Ty and Ty, indi-
cate temperature distributions extrapolated from the planes
of the sidewall, front wall, rear wall and bottom wall,
respectively. The thermal boundary condition at the glass
surface is greatly dominated by radiation [11]. The bound-
ary conditions are summarized as follows:

frontwall x =0, u=v=w=0,T= T,

orP a ou

Sl 9
ox ox <ﬂ 6x) ©)
rearwall x = L,u=0v=w=0,T= T,

orP 0 ou

—=—\u—], 10
ox ox <,u ax) (10)

sidewall y=L,/2,uzsv=w=z0,T= T,

P 'y R))
o (/4 —) ; (11)
y o\ oy

symmetry plane: y = 0; 0 = 0,

=—=—= =0, (12)
9 9y oy Oy
bottomwall: z= —L.;u=z=v=w=0,T = Ty,
opP ¢] ow
=—|pu + T—Ty), 13
& B2 (/ 6:) 0g B( 0) (13)
top surface: z = 0; w = 0,
Oou 0o OT
=——) 14
#o: T ox o
it S (1s)
0z ~ 8T oy '
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Table 2. Experimental and numerical conditions

upper electric power lower electric power

in kW in kW

case Al 6.0, 6.0, 6.0 3.0, 13.0, 3.0
case A2 6.0, 6.0, 6.0 4.5,12.0, 4.5
case A3 6.0, 6.0, 6.0 6.0, 10.4, 6.0
case A4 6.0, 6.0, 6.0 oo 8,05 1.5
case AS 6.0, 6.0, 6.0 9.0, 47, 9.0
case A6 6.0, 6.0, 6.0 5:0,:5.0;,13.2
,qrad| = _Keff|VT s (16)
oP 0o (62T 827’)

= ——|[—+ + T=Ty). (17
o oz \ow | 0y 08 B( 0) )

The following equation (18) is also often used for describing
the wall condition [3 and 11],

side or bottom wall:

oT
_'\'etra—é = K(T=Ty) (18)

where, K is the overall heat loss coefficient through the re-
fractory walls, T, is the ambient temperature and & is a
normal direction to a wall. When we also take into consider-
ation the glass batch and the pull of glass, the conditions
obtained are as follows:

inflow: z =0, -045=x=-025,0=y=0.; w = = U,
u=v=0,7T=T,,

oP

oz

=0, (19)

outflow: x = L, 0=y =0.075, —L. = z=0.1; u = Uy,

v=w=0,
T P
a—:a—zo. (20)
ox ox

3.4 Numerical method

The numerical scheme used in the present study is the
SMAC method [14], which is often used for incompressible
thermal flow. The numerical grid points are 41 X 11 X 15.
Since the viscosity of glass is very large and the velocities
are quite small, the flow in glass melt can be assumed to be
laminar. Therefore, the grid numbers are fit for this simu-
lation, because neither a tiered wall nor an electric cylindri-
cal heater exists in the tank. The simulations are performed
until the steady state is reached.

4. Results and discussion

4.1 Comparison of experimental and numerical
results

In order to compare experimentally measured values to the
numerical results, we dealt with the state of a glass furnace
without a pull of glass and a batch effect involved in a cullet
slot. Experiments were performed under the electric power
conditions (cases Al to AS) shown in table 2. The con-

ditions of the lower heater were controlled so that the
middle heater reached 1625 K. All of the electric power of
the upper heaters was maintained at approximately 6 kW.
Numerical heater conditions were also used in this experi-
ment condition. Equation (2) was applied for boundary
conditions. The measuring points within the small melting
furnace for temperature are TCI1 to TC14 and the points
for velocity are TC11 and TC13 as shown in figure 2, respec-
tively.

Figures 4a to h show a comparison of the numerical
results and the experimentally measured values. In the cen-
terline (y = 0), the surface and the inside of the temperature
distributions agreed well with the experimental values. For
the surface velocity distribution, the numerical results were
slightly larger than the measured values. When part of the
furnace wall was opened in order to measure the surface
velocity, the surface temperature decreased temporarily, so
that the velocity was reduced due to the increased viscosity
at the same time. The internal velocity distribution was in
agreement with the experimental value. The numerical re-
sults firmly captured the return flow due to two dominant
circulations and the position of zero velocity. However,
these results were not consistent with a deep position, be-
cause measurement errors are thought to become large in
the vicinity of the bottom wall.

Figure 5 shows the calculated velocity vectors and tem-
perature isosurfaces in the symmetrical plane (y = 0). The
boundary temperature is estimated by extrapolating the
measured values near the wall. Therefore, heat exchange be-
tween the walls and the glass flow was almost perfectly insu-
lated. Fundamentally, the dominant flows in each case were
two large circulations (primary flows). These glass flows
were generated when the rising flow caused by the most
powerful heater (e.g. middle) was cooled at the front and
rear walls. The vortical center of the circulation was ob-
served to be expanding from the sidewall to the centerline
in the X-Z plane. This occurred due to the effect of a circu-
lation (secondary flow) in the Y-Z plane. Thus, the three-
dimensional flow exists in a lateral direction due to the ef-
fect of the sidewall temperature distribution. The rising flow
of case Al was stronger than that of other cases (Al to
A4), and the churning effect in the furnace was the largest.
Moreover, when the difference in electric power was smaller
between the lower heaters, the small circulation grew into
two large circulations. These two large circulations became
one circulation in case A6 of the special electric condition.

As for the measured surface temperature in each case,
that of the right side became slightly higher than that of the
left side. Since a hot spout existed in the throat side (see
also figure 8a), the heat loss through the rear wall was less
than that through the front wall. This is due to deviation of
the entire velocity vector distribution in figure 5, although
the arrangement of electric power was approximately sym-
metrical. Based on these results, the convection structure of
glass melt was clarified by both the experiments and the
numerical simulation by changing the electric heater power
distribution.

4.2 Convection control of glassy melts

We attempted to control the convection using the heat loss
through a wall. In this case, equation (18) was used for the
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Figures 4a to h. Comparisons of numerical results and experimental measurements for the surface of molten glass and for the inside
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distributions: b) y = 0.0, ¢) x = —0.18, d) x = 0.16.

160 Glass Sci. Technol. 76 (2003) No. 4



Numerical analysis and measurement of glass flow in a small melting furnace

et R case-AT
1652
3 1633,.
1614
£l 1595
11575
1556
*—">°'0038 case-A3
e N e —<\\ (1654
R = 1636 o
| : 1619
Zh : — o £ 1601
Nl 2 1583 ©
| ' N i {1565 B

.- \\\\\\\\\\§ X

Figure 5. Temperature contour in K and velocity vector in m/s
in the glass furnace: cases Al, A3, A4 and A6 at y = 0.

X 5

_yz_’

Figure 6. Comparison of case A2 (top) and case A2 for a modi-
fied overall heat flux through the sidewall (bottom), at y = 0
(left), x = —0.14 (right): temperature contour in K and velocity
vector in m/s.

boundary conditions. First, we investigated the effect on the
small tank when the circulations (secondary flow) become

Figure 7. Comparison of case A5 (top) and case A5 for a modi-
fied overall heat flux through the bottom wall (bottom), at
y = 0 (left), x = 0 (right): temperature contour in K and veloc-
ity vector in m/s.
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Figures 8a and b. Cross section of the small melting furnace
(figure a) and glass batch injection model (figure b).

strong in the Y-Z plane. We assumed that the overall heat
loss through a sidewall is one-hundred times the overall heat
loss coefficient through the refractory wall (K = 2.585 W/
(m? K)). As compared to the original case (case A2), we
found that the circulation appeared in the Y-Z plane and
the rising flow of the X-Z plane gradually became stronger
(figure 6). This control also enhanced the effect of churning
in the furnace. Furthermore, we considered controlling the
area of flow using the heat loss through the furnace bottom
wall. The overall heat loss through a portion of the bottom
wall was assumed to be three-hundred times the overall heat
loss coefficient through the refractory wall (K = 1.775 W/
(m? K)). The heat loss domain is an area having the zonal
bottom (—0.1 m = X = 0.1 m) just under the middle lower
heater. Figure 7 shows that the flow in the middle part of
the X-Z plane was clearly suppressed as compared to case
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Table 3. Experimental and numerical conditions: including the batch and pull

upper electric power

lower electric power

glass batch existence

in kW in kW range in m
case Bl 10.0, 10.0, 10.0 12.0, 14.0, 7.0 A, =4,=02
case B2 10.0, 10.0, 10.0 10.0,;11.7, 5.7 A, =4,=02
case B3 10.0, 10.0, 10.0 8.5, 9.5,10.0 A, =4,=02
case B4 10.0, 10.0, 10.0 14.3, 9.3, 2.7 Ar=4,=02
case C1* 10.0, 10.0, 10.0 12.0, 14.0, 7.0 A, =050L,,4,=L,
case C2* 10.0, 10.0, 10.0 12.0, 14.0, 7.0 A, =075L,4,= L

=

* No experimental data.

Figures 9a to d. Temperature contour in K and velocity vector
in m/s in the glass furnace: case Bl, at y = 0 (figure a and
details b to d), b) x = —0.36: in a location in the vicinity under
the batch, ¢) x = —0.012: in the middle area, d) x = 0.4375: in
the vicinity of the throat.

AS. For comparison, the temperature ranges in these figures
are set as in the original case. The convection pattern was
clearly different from the pattern produced by changing the
electric power condition of the lower heater. These convec-
tion controls would be realizable by weakening the heat in-
sulation effect, for example by making an outer wall thin or
by wall cooling. We demonstrated that simply changing the
heat transfer at the wall is effective in providing convec-
tion control.

4.3 Evaluation of glass quality

We investigated the effect of the surface batch and the glass
pull on the quality of glass products. Numerous effects of
the batch have been studied by two-dimensional simulation,
e.g. in [13]. The dissolution process of a batch, chemical
reactions and bubble reactions were neglected here. The pre-
sent numerical conditions are summarized in table 3. The
amount of injection and pull were comparable to the exper-
imentally measured values 20 kg/h, respectively. The inflow
and outflow conditions were set to U, =<5.88 X 10~°) m/s,
Uyue = (1.57 X 10~*) m/s in accordance with mass conser-
vation. The position of injection and the throat area are

seen in figures 8a and b. Unfortunately, since the area of
existence of the batch was not measured, the injection posi-
tions are assumed in three domains as follows: a (200 X
200) mm? area at 50 mm from the front wall, the entire sur-
face of 50 and 75 % are expressed using 4, 4, as shown in
figures 8a and b. The throat is a rectangular domain of
width 100 mm and height 150 mm, as measured from the
bottom wall. In cases Bl to B4, we used the same heater
conditions as that used in the small melting furnace. For
cases Cl and C2, we changed only the glass batch area
covering the surface on the basis of the case Bl condition.
The temperature 7, on the glass batch interface was as-
sumed to be 200 K below the average temperature. The glass
flow in the furnace is mainly dominated by electric boosting
due to the lower heater and by the influence of the batch
and pull of glass. In this study, for the reason that the glass
furnace is small and the glass pull rate is also small, the
effects on convection due to the batch and the lower heater
are much larger than those due to glass pull [4 and 5].

The velocity vector in figures 9a to d shows the ‘lid ef-
fect’ [1] caused by the existence of the batch surface. Since
the flow was greatly accelerated under the batch, the left-
side circulation became faster and the temperature differ-
ence between the bottom of the furnace and near the surface
increased. On the other hand, the temperature of the right-
side circulation was stable, and the velocity was slower than
that of the left side. We also confirmed the difference be-
tween the left-side circulation and the right-side circulation
in terms of the average velocity of a virtual particle as men-
tioned below.

When a batch of glass put into the slot side in the glass
melting furnace was heated through the melting surface, the
batch was decomposed by the effects of heat and chemical
reactions, and it was changed into viscous melting glass con-
taining bubbles. The molten glass was then drained from
the throat through the rejection of gas bubbles, mixture and
homogeneous processes in the furnace. The quality of glass,
which includes factors such as the bubble number in the
glass and the homogeneity of the glass, depends on the
quantity of the energy used and the quantity of glass pull.
Since one-third of the melting domain near the throat side
is considered to be a refining zone, the refining would be
effective if the temperature in the domain was higher than
that in the rest of domain. Therefore, in order to obtain
good-quality glass, the refining zone must be maintained at
high temperature and it is essential to prevent an influx of
a batch into the throat by controlling the position of a rising
flow in melting glass. Moreover, the quality of a glass prod-
uct is greatly influenced by the residence time and the tem-
perature history of the melt. These could be controlled by
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pull of glass; a) temperature histories, cases Bl to B4, b) temperature histories, cases Bl, Cl and C2, c) velocity histories, cases Bl
to B4, d) velocity histories, cases B1, C1 and C2.

the circulation patterns and the temperature distribution in position (X, Y, Z) and temperature of the virtual particles
the melting furnace. We evaluated these via virtual glass were monitored using the numerical data of a steady state
particles positioned at the injection slot domain [3]. The (u, v, w, T') as demonstrated in equations (21 to 23).
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Figure 12. Quality evaluation of the produced glass.

u(N) = M (21)
dt
_ dY(N)
v(N) = e (22)
w(N) = M (23)
dt

where Ar was set to 0.001 and N is the tracer number. As
an example, one of the trajectories of virtual particles is
shown in figures 10a and b. The orbit shows chaotic be-
havior. The glass in the furnace interchanges completely in
approximately 20 h in the measurement. Figures 1la to d
show the average histories of temperature and velocity for
twenty glass particles obtained by monitoring them back-
ward from the throat. The quality of glass is considered to
be better if the average temperature near the throat is higher
and the dispersion errors of temperature history and the
average velocity are smaller. These numerical and exper-
imental results are summarized in figure 12. The abscissa
shows the average temperature and the ordinate indicates
the standard deviation of the variation in temperature. Al-
though the experimental data was obtained at the nozzle
exit rather than at the throat, the glass melting involved
almost no bubbles and glass fining was generated in case
B1. The numerical results also showed a similar tendency.
In case C2, the average temperature near the throat was
high and the dispersion error of temperature history was
relatively small. However, since the average velocity near the
throat was faster, bubbles and nondissolved glass were
mixed. According to the simulation results good-quality
glass should be pulled, the temperature history was found
to be stabilized near the throat and the temperature was
found to be 1625 K or higher. These results are useful for
determining the thermal parameters in order to design a
real furnace.

5. Concluding remarks

We measured the velocity and temperature distributions in
a glass melting furnace. The thermal flow in the furnace was

investigated via the three-dimensional numerical simulation
and the experimental measurement. First, we performed
calculations on the basis of the boundary temperature ob-
tained by the small furnace, and the numerical results were
then compared to experimentally measured values. Next, in
order to examine convection control, the electrode con-
ditions of the lower heater, the effects of the heat loss
through the walls and the batch slot were investigated. The
numerical results were in good agreement with the measured
values of the velocity and temperature distributions in the
glass-melting furnace. We confirmed that the numerical
simulation provides reliable results for the thermal flow in
the melting furnace. We showed that the glass convection in
the furnace can be controlled by changing the conditions of
the lower heater and by taking advantage of the heat loss
through the walls. Furthermore, the quality of glass prod-
ucts was evaluated by investigating the trajectory and tem-
perature history of virtual glass particles. It became possible
to understand the dominant flow and heat transportation
phenomenon inside the furnace under difficult conditions
by utilizing simultaneously the measurements of molten
glass and the simulation results.
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6. Nomenclature

6.1 Symbols

A LA, length of area of existence of a glass batch
(53 ' specific heat at constant pressure

g gravitational acceleration

K overall heat loss coefficient

L., L,, L. size of the small melting furnace

N tracer number

n refractive index

P pressure

q heat flux

0,® calorific value of the upper heater

0; volumetric rate of Joule heat dissipation
r distance

dS;, dS, infinitesimal area

Vi temperature

t time

u, v, w velocity components

Ui, Usy  inflow velocity,outflow velocity

Vi area of cuboid

X Y Z position of a virtual particle
X, V2 coordinate components

X-Z, Y-Z X-Z plane, Y-Z plane

p thermal expansion coefficient
A4 infinitesimal

y Stefan-Boltzmann constant

K thermal conductivity

i viscosity

& normal direction to a wall

Y density

surface tension

a
b1, b2 angle
IR mean absorption coefficient

6.2 Superscripts

(k) index of the upper heater
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6.3 Subscripts

a ambient

bw bottom wall

eff effective

fw front wall

h heater

i index of the lower heater
rad radiation

R Rosseland

w rear wall

s glass batch interface

SW sidewall

X )z coordinates of the furnace
0 reference
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