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A three-dimensional unsteady mathematical model of thermal convection of glass melts was newly developed to investigate
the oscillatory behaviour of glass flow in a cold-top all electric melter. A numerical simulation was performed to optimise
the glass flow for the production of qualified glass, to examine the onset and transition of the thermal convection, and to
demonstrate the effect of the pull and thermal properties on the oscillation. The numerical results verify the dependency of

the oscillation mode on the internal Rayleigh number.

INTRODUCTION

Glass flow in a glass melting furnace plays an im-
portant role for batch melting, the redox and fining
reaction, bubble transportation and homogenisation [1,
2,3,4].

The thermal convection of glass melts in a fuel-fired
furnace (FFF) is driven by the density difference of the
glass melts in a horizontal direction. The rough melt from
the batch flows into the glass melts after the batch hea-
ting period. It is piled on the glass melts and stretched
along the circulating flow for its dissolution [5]. A bubbler
or stirrer agitates the glass melts to improve the homoge-
neity.

Numerous mathematical model studies have been
devoted to simulating the steady glass flow in FFFs
[6,7,8,9, 10]. The quasi-stationary approximation of the
batch log pattern is valid for intermittent batch feeding,
reverse combustion and cyclic glass flow by a bubbler
or stirrer. Agreement between the measurement and
calculation confirms the information about the velocity
and temperature of the glass melts, wall temperature,
batch end line and velocity of the exhaust gas [11, 12].

The glass melting process in a cold-top all electric
melter (AEM) is shown in Figure 1. It is affected by the
humidity and pressure in the plenum, the ventilation of
the decomposed gas through the batch, the tide of the
foam, the heat flux from the glass melts to the batch

through the foam layer, the unsteady glass flow and
corrosion of the refractory or electrodes. Only a few
research studies have been concerned with the numerical
simulation of steady glass flow in AEMs [13, 14, 15, 16].
However, the oscillatory behaviour of the glass tem-
perature can be observed in a vitrification melter [17].
There is no research into investigating unsteady glass
flow in AEMs.

A new mathematical model of three-dimensional
(3D) unsteady fluid flow coupled with Joule heating
has been developed to solve the thermal convection of
glass melts in AEMs. The numerical result presents time
variant glass flow and elucidates on the periodicity of the
oscillation.
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Figure 1. Schematic view of cold-top all electric melter.
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THEORETICAL

Mathematical model
The following assumptions, -1V, are made for glass
melts.
I. It is incompressible and a Newtonian fluid,
II. Boussinesq approximation is applied,

II1. Rosseland approximation is selected for the semi-
transparency of glass melts, and

IV. Electrical conductivity is represented by the Rasch-
Hinrichsen equation.

The 3D unsteady continuity, momentum and energy
equations of the glass melts are described in Equations
1-3.

Vev=0 (1)

POVIOt+ po (V- V)v=—Vp+uVPv+p,gf(T—T,)
(2)

Poc, 0TIOt + poyc, (V- v)T=V-(AVT)+Q 3)

where v, p, T'and T, signify the velocity vector, pressure,
temperature and reference temperature, respectively. O
is the Joule heat source per unit volume. p,, ¢,, i, f, A
and g are the density, specific heat, viscosity, volumetric
thermal expansion rate, thermal conductivity of the glass
melts and acceleration due to gravity, respectively.

The furnace geometry and location of the electrodes
for the numerical simulation are shown in Figure 2.

The inlet and outlet flow of the glass melts are
assumed. The batch is heated by ascending glass melts
from four corners, and the rough melt congregates in
the central zone of the top surface of the glass. The inlet
velocity is the batch melting rate, and the outlet flow
corresponds to the throughput, called the pull.

A foam layer slips under the batch and the layer slides
on the top surface of the glass. The other surrounding
walls of the glass melts are non-slip in nature.

The thermal boundary conditions are assumed.
The temperature of the top surface is fixed, and melting
temperature of the rough melts is given as the inlet area.
The heat flux on the side walls is supposed, and the
bottom is thermally insulated.

The Joule heat distribution Q is obtained by solving
Equations 4-6. Taking account of the connection, phase,
location and configuration of the electrodes, the equation
of voltage, V, is primarily solved. ¢ is the electrical
conductivity of the glass melts.

V- (cVFV)=0 “4)

As there is no significant difference between the so-
lution of V" at temperature dependent ¢ and that at cons-
tant ¢ [18], o may be removed from Equation 4 to solve
the V distribution.

The electrodes are firing diagonally across the mel-
ter, seen as the dashed line in Figure 2. The V distribution

is solved for each pair of electrodes at a single phase
without interference from the other 6 electrodes. It is
supposed that the voltage of one electrode on the left
back corner is E,, and that on opposite corner is 0. All
the surfaces surrounding the glass melts are electrically
isolated.

In total, four V distributions are solved and super-
posed. The square of the gradient of the superposed
distribution is calculated, which is power coefficient P in
Equation 5.
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Figure 2. Glass flow domain and location of the electrodes: a)
perspective, b) horizontal and c) vertical view.
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Oscillation of the glass flow in a cold-top all electric melter

The Joule heat Q is a product of P and the tem-
perature dependent o.

QO=0P (6)
where Q is adjusted so that the input power Q, imposed
on the glass melts is equal to [, O dG, where G means the
glass flow domain. Q is the heat source term in Equation 3.

Figure 3 shows the horizontal and vertical view of
rectangle surrounded by dashed lines in Figure 2. The
cross section of the electrode is square, and the electrodes
are immersed in the bottom of the melter.

Numerical methods

The finite difference method is applied to solve
Equations 1-6. The domain G, is divided into the cube
of AxAyAz. Momentum Equation 2 is discretised as
Equations 7-9. A staggered grid is adopted for the dis-
cretisation [18]. The convective term of the energy Equa-

Left side wall

Back side wall

Back side wall

Bottom
b)

Figure 3. Electrodes located in the left-back corner of Figure 2:
a) horizontal and b) vertical view.

tion 3 is approximated by the 1* order upwind difference.
The variable with “h” indicates the predicted variable at
t+ At

Po [(uhi+1/2,j,k — Ugpj )AL+ (u2i+1,j,k - uzi,j,k)/ Ax +
+ {(uv)i+1/2,j+1/2,k - (uv)i+1/2,j—1/2,k}/Ay +

+ {(uw)i+l/2J,k+l/2 - (uw)i+l/2,j,k+l/2}/AZ] =

= _(pi+1,j,k _pi,j,k)/Ax + (7, i+Ljk — Tax iJ,k)/Ax +

+ (Txy i+1/2j+12k ~ Tay i+1/2,j-1/2,k)/ Ay +

+ (2, i+1/2jk+12 7 Txz i+1/2,j,k—1/2)/ Az 7

po[(v hi,j+1/2,k - Vi+1/2,j,k)/At + {(”V)i+1/2,j+1/2,k -

- (UV)i-1/23+1/2,k}/Ax + (Vzigﬂ,k - vzij,k)/Ay +

+ {(Vw)i,j+1/2,k+1/2 - (Vw)i,j+l/2,k—1/2}/Az] =

== (Piﬁl,k _pi,j,k)/Ay + (Txy i+1/2+12k — Tay i-|/2,j+|/2,k)/Ax +

+ (Tyy ijtk — Oy i,j,k)/Ay + (Tyz ijr1/2k+12 ~ Tz i,j+l/2,k-l/2)/AZ

®)

Po [(Whi,j,kﬂ/z - Wi,j,k+]/2)/At + {(uw)i+l/2,j,k+l/2 -

- (uw)i-l/z,j,kﬂ/z}/Ax + {(Vw)i,j+l/2,k+1/2 - (Vw)i,j-l/Q,kH/Z}/
/Ay + (Wzi,j,kﬂ - Wzij,k)/AZ] = *(Pi,j,kﬂ 'pi,j,k)/AZ +

T (Tuingrn = T i—1/2,j,k+1/2)/Ax +

+ (Tyz ijr1/2k+12 Oy i,j-1/2,k+l/2)/ Ay + (Tzzi,j,k+1 — T i,j,k)/

/Az +p0gﬂ(Ti,j,k+I/2 - Ty 9

) .
where u”;, (UV)iinjink Ty inngak €LC. are approxi-
mated by the neighbouring velocity components.

PoCp [(Thij,k = T /A (i i D T +

+ (ui+1/2,j,k - |ui+1/2,j,k|)Ti+l,j,k - (ui-l/z,j,k - |ui-1/2,j,k|)Ti,j,k +

+ (ui-l/Z,j,k + ‘”i-l/zj,k‘)n-l,j,k}/(zm) + {(Vi,j+1/2,k+ |Vi,j+1/2,k|)
Tjxc+ igaing = WigrnxD T — Wi = [Viganx))

Ti,j,k + (Vi,j-l/z,k + |Vi,j-l/z,k|)nj-l,k}/(ZAy) + {(Wi,j,k+1/2 +

+ |Wi,j,k+1/2|)Ti,j,k + (Wij,kﬂ/z - |Wij,k+1/2|)Ti,j,k+1 -

- (Wi,j,k-l/z - |Wi,j,k-1/2|)TiJ,k + (Wi,j,k-l/Z + |Wi,j,k-1/2|)Ti,j,k-1}/
12A2)] = {isinju (Tirji— Tija) = Aingx (Tige— T i)}/
[(Ax)* + Wigrox (g — Tigpd = Aigans (Tyx— Tiga)
I(Ayy* + Wigiere (T = Tigg) = Aigran (T — Tigae)
I(Az)*+ Oy (10)

where 7, is the average of the thermal conductivity
of T}, and that of T} ,.

SIMPLE (semi-implicit method for pressure-linked
equations) is adopted to solve the velocity and pressure
[19]. The initial temperature of the glass is 1400 °C, and
the velocity is 0 m-s™. The calculation starts from 0 s and
is terminated at a ¢, of 172,800 s. The time increment
At is 10 s to satisfy the Courant-Friedrichs-Lewy con-
dition and the stability condition of Von Neumann. The
whole numerical procedure is illustrated in Figure 4.

RESULTS AND DISCUSSION

The parameters for the calculation are listed in
Table 1.

Length L, width W and depth D of G are 2.5, 2.5,
0.9 m, respectively. G is equally divided by a grid of
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0.05 % 0.05 x 0.05 m’ for the calculation. The inlet area is
a 1.2 m square on glass top surface, and the outlet area is
0.5 m in length x 0.3 m in width rectangle on the bottom
of the glass as shown in Figure 2.

Set initial condition of velocity v,
temperature 7, 4, 4, and o

1
Solve V, calculate P. =0 |
N

=t+At

| Solve v, p |

N

Y
| Solve T |

| Calculalte Aoy G |

1
| Calculate Q |

N a
Y
End

Figure 4. Numerical procedure.

The immersion length and cross section of the elec-
trode are indicated in Table 1. Two electrodes are installed
per corner. Each electrode centre is located 0.325 m from
one sidewall and 0.575 m from the orthogonal wall, as
shown in Figure 3. The temperature of the top surface of
the glass is 800 °C, and the temperature of inlet area is
935 °C for the soda-lime-silicate (SLS) glass [20].

The thermal boundary conditions and physical pro-
perties of SLS glass melts are shown in Table 1. The in-
put power Q. of 2,000 kW is necessary for a pull of 10 t/d
to attain the onset temperature of the fining, 1450 °C,
to produce qualified glass, which are considered as the
standard conditions (Std.) hereafter.

The internal Rayleigh number Ra; is pg S OH /(Aay).
H is the characteristic length. Ra; is a non-dimensional
number to represent the status of the thermal convection
in a cold-top and bottom heated cavity. It effects the
oscillatory behaviour of the thermal convection.

Experiments were performed to measure the unstea-
dy thermal convection of viscous glyceollin in a confi-
ned space without the inlet and outlet flow at room
temperature [21, 22]. The results showed a fluctuation
in the velocity or temperature of the liquid. It was seen
in a cumulative study on the thermal convection in a ca-
vity that a flow pattern below 107 at Ra, shows periodic

Table 1. Parameters for the numerical simulation.

Geometry Unit
Glass flow domain, L x W x D: 2.5 x 2.5 x 0.9 m’
Inlet area: 1.2 x 1.2 m?
Outlet area: 0.5 x 0.3 m?
Electrode: 0.6 length x 0.05 square m’
Thermal boundary conditions
Heat flux from the side wall: 2.0 kWh:(m? h)"!
Heat flux from the bottom: 0.0 kWh-(m? h)!
Temperature of the inlet and the area: 935 °C
Temperature of the top surface of the glass: 800 °C

Physical properties of the glass melts

Density, p,: 2,300 kgm™at273 K
Specific heat, c,: 1,300 J-(kg'K)!
Viscosity, log u: —1.58 +4332.0/(T — 248) Pasat T°C
Thermal conductivity, 2: —=19.8 +2.65 x10® 7°* W-(m-K)" at TK
Volumetric thermal expansion rate, : 6 x107 K
Electrical conductivity, o: 953.0 x exp(-5.56 x 10%/7) S'm™ at TK

oscillation, and that the flow above 10% at Ra, causes
non-periodic time-dependent behaviour. Moreover, the
previous research revealed periodic oscillation from
8.46x10% to 1.38x10" at Ra; [21].

Ra; of the glass flow in an AEM was reviewed with
regards to the onset and periodic oscillation [23]. Ra; is
nominal for the glass flow, as the temperature dependent
properties are distributed in the glass melts. When the
characteristic length H is at depth D, Ra; is 4.60x10° at
1000 °C and 6.84x107 at 1500 °C.

The cases for the simulation are listed from @ to
in Table 2. The internal Rayleigh number for @ — ® may
be described as MxRa;. As the thermal diffusivity a is
the thermal conductivity 4 divided by the product of the
density p and specific heat c,, Ra; is proportionate to 5/
(A% ). Multiplier M reflects the ratio of the properties or
Qein @ — ® to @, and is shown in the rightmost column
of Table 2.

The numerical simulation was performed to evaluate
following issues, 1. — 4., from a viewpoint of Ra;.

1. Glass flow for the melting and sulfate fining of the
SLS glass,

2. Onset and transition of the thermal convection,

3. Dependency of'the oscillation on noticeable properties,
and

4. Attribution of the oscillation mode.

Table 2. Cases for simulation.

Pull t/d A u B 0. MI[-]
O} 10 x1 x1 x1 x1 1
@) 10 x1 x1 x1 x12 112
® 10 x1 x1 x1 x1/5  1/5
@ 0 x1 x1 x1 x1 1
® 10 x1/2 x1 x1 x1 4
® 10 x1 x]1 x1/2 x]1 1/2
@ 10 x1 x1/10 x1 x1 10
10 x 1 x10 x1 x 1 1/10
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Oscillation of the glass flow in a cold-top all electric melter

Glass flow for the melting and sulfate
fining of the SLS glass

Case @ in Table 2 and the Std. in Table 1 are adopted
to simulate the thermal convection of the SLS glass.
The circulation of the glass melts is driven by both the
buoyancy force and by the Joule heat and sensible heat
of the pull. The flow pattern and temperature distribution
on the x-z plane at 172,800 s are demonstrated in Figure
5 and Figure 6.

The glass flow ascends along the electrodes in Fi-
gure 5a and c, and descends on the centre plane in Figure
5b. The glass melts are heated near the side walls by elec-
trodes as seen in Figure 6a and c, and the temperature is
higher than the centre plane as seen in Figure 6b.

Figure 6 shows the flow pattern, Joule heat distri-
bution and temperature distribution on the plane of
z=0.6 m. It can be observed from Figure 6a that the hot
glass flows from the near front-right electrode to centre
of the melter. As a result, the temperature distribution in
Figure 5b (right) appears.

Figure 7 shows 7 and w at point A (1.25, 1.25, 0.85)
beneath the batch. The initial velocity is 0 m/s and the
temperature is 1400 °C. The glass temperature at point A
beneath the batch is cooled by the descending flow of the

1400 0.0008
1350 o e 0.0006
1300 3 0.0004

~ 1250 }— h " ) it A 0.0002 _

§1200 nn 'wzu ‘ ' ‘" 40.0000 E
150 g 't iR -0.0002 =
1100':—;—ﬂ W H--—4) -0.0004
1050 fri—— ; ' 10,0006
1000 - -0.0008

0 8 16 24 32 40 48
Time (h)

Figure 7. Variation in the T (blue dashed line) and w (red solid
line) at point A with time from 0 to 48 h.
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Figure 6. Flow pattern a), Joule heat Q b) and T distribution c) on the plane of z = 0.6 m at 48 h.
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inlet of 935 °C. The temperature of point A is between
1400 °C and 935 °C during the transient process, and
then the variable of the velocity or temperature attains
periodical oscillation.

The oscillation is featured by both the frequency
and amplitude of the velocity, v (4, v, w), and the tempe-
rature, 7. There is a high correlation of 7" with w during
the period from 4 h after the initial condition till 48 h,
as the energy is transported by the sensible heat of the
glass melts. w (A, f) may be the representative value of
the oscillation, which is described as w hereafter, unless
otherwise specified.

To produce a qualified glass product in the AEM,
it is inevitable to keep the temperature zone higher than
1450 °C with regards to the oscillation.

Onset and transition of the thermal convection

The glass flow in the AEM is intrinsically unstable.
There is no steady solution in the numerical simulation.
The unsteady glass flow model is reliable in approaching
steady state, to confirm the significance of the pull, and
to predict the oscillation transition.

The effect of the Joule heating and pull on the
oscillation of the glass flow is studied under following:

e Onset thermal convection of the glass melts,
e Acceleration of the oscillation by the pull, and

e Transition of the thermal convection.

Onset thermal convection of the glass melts

A Joule heat of 400 kW is imposed on the glass
melts as in Table 2 ®.

Figure 8 shows the oscillation of w and T at point A
beneath the batch, B (0.4, 0.4, 0.7) above the electrode,
and C (2.25, 1.25, 0.05) above the outlet for a O, of 400
kW during the period from 8 to 48 h. w is quasi-steady at
point A, but the velocity at point B or C fluctuates with
the low frequency.

0.0010
0.0005
PO A e e
N P T A
E 00000 e
a -_\\ v’-——-——“-——-
-0.0005 —=Point A: beneath batch
-+-«i+ Point Biabove eléctrode
= + Point C above outlet
-0.0010 :
8 16 24 32 40 48
Time (h)
a)

w (A, ?) is slightly larger than the inlet velocity of
0.0000370 m/s, and it is quasi-steady as shown in Figure
8a. So, the mixing of the rough melt with the glass melts
beneath the batch does not progress well. On the other
hand, w(B, t) and w(C, t) are oscillating.

The sensible heat of the inlet at 935 °C is 136 kW,
the Joule heat Q, is 400 kW, and the total input energy is
536 kW. The total energy demand of the batch reaction is
174 kW [24], the heat loss from the side wall is 18 kW,
the sensible heat of the outlet is 174 kW at 1200 °C, and
the total output energy is 366 kW. The residual energy
of 170 kW is the radiation heat transport from the top
surface of the batch to the plenum and the sensible heat
of the decomposed gas. A O, of 400 kW is enough to
induce thermal convection.

Acceleration of the oscillation by the pull

The glass flow for Table 2 @ and @ is compared to
confirm the effect of the pull. The results of w are pre-
sented in Figure 9.

0.0010

T@ pull 0 t/d

-0.0010
24 32 40 48

Time (h)

Figure 9. Variation in w with time from 24 to 48 h for the pull:
@ Std. 10 (solid red line) and @ pull 0 t/d (dashed blue line).

1500 : -
—Point A beneath batch
TN [— — - Point Biabove electrode
= = Point C above outlet
1300
—_
I S
- e e
:1200 N e
. -
1100
1000 |-
900
8 16 24 32 40 48
Time (h)
b)

Figure 8. Variation in a) w and b) 7 with time from 8 to 48 h for a O, of 400 kW: point A (1.25, 1.25, 0.85), B (0.4, 0.4, 0.7) and

C (2.25, 1.25, 0.05).
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Oscillation of the glass flow in a cold-top all electric melter

If the pull is 0 t/d, it takes about 20 hours for one
oscillation cycle. It is easily seen that the inlet flow
accelerates the oscillation and that the frequency of w is
higher than without the inlet.

Transition of the thermal convection

The oscillation status is examined for Table 2 ©
— @. The viscosity of the glass melts varies with the
temperature, and the temperature is controlled by the
input power. To study the effect of the Joule heating,
a simulation for a Q, of 2000, 1000 and 400 kW was
carried out.

Figure 10a shows the oscillation of w for a O, of
2000, 1000 and 400 kW during a term from 24 to 48 h.

If the Q. increases and the viscosity decreases,
w starts to oscillate. The amplitude at a O, of 1000 kW is
smaller than 2000 kW, and the frequency at 1000 kW is
lower than 2000 kW.

Figure 10b presents the maximum temperature 7',,,,
in the glass flow domain G at time ¢. If Q, is not less than
2000 kW, the space for the onset fining temperature of
1450 °C is reserved.

"2 1000 kW T~ 3 400 kW

w (m/s)

-0.0010
24 32 40 48
Tima (h)
a)
1,600
@std *tt 21000 kW =T = 3400 kW
1,550 A AN~ M~ N A
1,500
o
S 1,450
S’
# leessecesscsscsesncseepes S et cetnnterchacosarnascescesens, ]
£ 1,400
~
1,350
1,300 —_———— === = = = —
1,250
32 40 48
Time (h)
b)

Figure 10. Variation in the a) w and b) 7, with time from 24
to 48 h for Q.: © Std. 2000 kW (solid red line), @ 1000 kW
(dotted brown line) and @ 400 kW (dashed green line).

Dependency of the oscillation on
the noticeable properties

The thermal conductivity of amber or tinted glass
is smaller than the Std., and the volumetric thermal
expansion rate of the neutral glass is lower than the Std.
A simulation was carried out for Table 2 ®, ®, and the
results are compared with the Std.

Figure 11 shows the oscillation of w for the glass of
different properties at a O, of 2000 kW during the term
from 24 to 48 h.

“® Small L T

-0.0010
24 32 40 48

Time (h)

Figure 11. Variation in the w with time from 24 to 48 h for the
properties: @ Std. (solid red line), ® Small A (dotted blue line)
and ® Low f (dashed green line).

It was found in Figure 11 that the amplitude of w for
small /4 glass is larger than the Std. or low f glass, and
that the frequency is not lower than the others.

Figure 12 shows the variation in the maximum and
minimum temperature 7 of the glass domain G with time
for the Std., small 4 and low f from 24 to 48 h. The solid
or dashed line of each colour means the maximum or
minimum temperature.

Multiplier M of ® is larger than that of @, which
means the magnitude of the thermal convection of ® is
larger, too. The difference between the maximum and

1700
1600 MowicAet At 000t randhica Adnsdpoliags
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T
o
—
>
=]

1000

900 'v\ s,

a0 AR N e ,;., ~-'~:\‘—.-‘\'~-o~'-- ,x.«'
24 32 40 48

Time (h)
Figure 12. Variation in the maximum and minimum 7" with
time from 24 to 48 h: @ Std. (red line), ® Small 4 (blue line)
and ® Low f (green line), where the solid and dashed line
designate the maximum and the minimum.
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minimum temperature of ® becomes smaller than @. On
the other hand, the M of ® is smaller than that of @,
and the difference becomes larger than ©. The Joule heat
is concentrated near the electrodes in both cases of ®
and ®, and it is not easily transported to the surrounding
glass. The maximum temperature of ® and ® is higher
than @.

Attribution of the oscillation mode

The viscosity of the glass wool is lower than the
Std., and that of borosilicate glass is higher than the Std.
A simulation was performed for Table 2 @ and ®, and
the results are compared with those for Table 2 @ and @.

Figure 13 presents the variation in w for the glass
of different kinds of viscosity at a Q. of 2000 kW and
a Joule heating Q. of 1000 kW with time from 24 to 48 h.

The amplitude of w for the low viscosity glass is
larger than the Std., the high viscosity glass or a Q, of
1000 kW.

(D Low p ® Hig

= = @21,000 kW

-0.0015
24 32 . 40 48
Time (h)

Figure 13. Variation in the w with time from 24 to 48 h

The numerical results give the maximum and
the minimum of w as well as the number of dominant
waves at point A during the term from 24 to 48 h. The
amplitude of w is estimated as a half of their difference,
and the cycle is the term of 24 h divided by the wave-
number. Previous research [25] found that the cycle is
proportionate to Ra;*”, which means that the cycle and
M " are in proportion, which are listed in Table 3.

Table 3. Oscillation mode for multiplier M.

MI-] M Cycle Amplitude Acceleration
(h) x107 (m-s™) x10” m-s™
@1 1.00 2.00 0.4880 0.06778
@12 1.59 3.26 0.2020 0.01721
@ 10 0.22 0.80 1.2165 0.42240
1/10 4.64 9.11 0.0925 0.00282

Figure 14 indicates that the numerical result coin-
cides with the research. The amplitude exponentially
decreases with M 2,
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Figure 14. Variation in the Cycle (h) and Amplitude (m/s) at
point A with M [-]?>.

The homogenisation of the rough melt with the glass
melts is enhanced by the oscillation of w, which allows
the stretching and folding of Baker’s transformation
[26]. The stretching, folding and dispersion extend the
molecular diffusion area. The oscillation accelerates
the mixing, but it also fluctuates the glass quality. The
compatibility of the homogenisation with the stability
is measured by the acceleration, which is the amplitude
divided by the cycle. The acceleration may be controlled
by the Joule heating.

CONCLUSIONS

The numerical simulation of the 3D unsteady flow
of the glass melts is carried out to clarify the oscillating
behaviour of not only the velocity, but also the tem-
perature in the AEM. The results verify the dependency
of the oscillation mode of the glass flow on Ra;.

Chaotic mixing is expected to accelerate the
homogenisation of the glass melts in the AEM. It
is indispensable to quantify the relationship of the
oscillation mode with the variance in the glass quality.
The comparison of the calculated temperature with the
measured data in the AEM is required to validate the
model. The global model of the glass flow, batch melting
and tide of the foam will be evolved for the optimum
design, operation, and control of the AEM.
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