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The rate of melting is a primary concern in the vitrification of radioactive wastes because it directly influences the life cycle
of nuclear waste cleanup efforts. To increase glass melting performance, experimental and industrial all-electric waste glass
melters employ various melt-rate enhancement techniques, the most prominent being the application of bubblers submerged
into molten glass. This study investigates various ways in which bubbling affects melting rate in a waste glass melter. Using
the recently developed cold cap model, we suggest that forced convection of molten glass, which increases the cold cap
bottom temperature, is the main factor. Other effects, such as stirring the feed into molten glass or reducing the insulating

effect of foaming, also play a role.

INTRODUCTION

More than 200,000 m® of nuclear waste glass will
be vitrified over the next decades at the U.S. Department
of Energy’s (DOE) Hanford Site in southeastern
Washington State, USA [1]. The vitrification will be
performed in an all-electric (Joule-heated) waste glass
melter, which is shown schematically in Figure 1. The
feed slurry (the term “melter feed” is used for what
commercial glass makers call “glass batch”) is charged
to the melter from above, forming a reacting layer on
the pool of molten glass. In this layer, called a “cold
cap”, most of the feed-to-glass conversion occurs. The
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Figure 1. Schematic illustration of a Joule-heated waste glass
melter.

Cold cap
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electrical current from the electrodes delivers the heat
for melting, while bubbling increases heat transfer to the
cold cap via forced convection within the melt.

As discussed in Pokorny and Hrma [2], a foam
layer separates the main reaction layer in the cold
cap from the molten glass. This foam layer, shown in
Figure 2, consists of three sublayers: primary foam, gas
cavities, and secondary foam. Primary foam is generated
at temperature, 7p, at which the glass forming melt
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Figure 2. Schematic of the cold cap illustrating individual cold
cap layers, boundary temperatures, and heat fluxes from the
plenum space, Q,, and from molten glass, Q.
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connects and open porosity closes, trapping evolving gas
in growing bubbles. Because of the high viscosity of the
melt, the buoyant motion of the primary bubbles is slower
than the downward motion of the melt. The primary
bubbles thus descend until, at the cavity temperature, 7¢,
bubbles coalesce and merge with large cavities below.
Cavities are sandwiched between primary and secondary
foam produced by bubbles from the redox reactions in
molten glass. Cavities releases gas into the plenum space
on cold cap edges.

To enhance glass melting, bubblers have been used
in the commercial glass-making industry for many deca-
des [3]. In waste glass melters, bubblers located directly
under the cold cap have a considerable boosting impact
on the melting rate [4] as shown by data in Figure 3.
These data were compiled from several melter runs with
different feed compositions.
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Figure 3. Melting rate versus bubbling rate for different feed
compositions compiled from several reports issued by the
Vitreous State Laboratory (VSL) for the DOE Office of River
Protection [5]. The legend identifies the Hanford tank waste,
the VSL glass designed for the waste, and the glass mass per
slurry feed volume (Courtesy of Dong-Sang Kim).

According to a recent report [6], bubbling increased
the melting rate to as high as 2200 kg m? day". This
effect can be attributed to following factors:

1. Bubbling generates powerful forced convection in
molten glass that greatly exceeds natural convection
driven by buoyancy. As a result, velocity and tem-
perature gradients below the cold cap become steeper.
As the temperature at the cold cap bottom rises, more
heat is delivered to the cold cap, thereby producing
more glass per unit time and area.

2. Large bubbles from bubblers sweep secondary foam
(see Figure 2) from beneath the cold cap, removing the
insulating secondary foam layer from cold cap bottom,
thus further increasing the transferred heat.

3. With strong bubbling, the cavity layer, into which
the primary foam gas is released, can be displaced
together with secondary foam (see Figure 2), exposing
the primary foam to the upwelling hot glass. Primary
foam then collapses faster, allowing more heat to be
delivered to the cold cap.

4. Feed can be stirred into the melt at the edges of vent
holes that open above the bubblers, exposing a fraction
of the feed to high temperatures at which batch
reactions are rapid and gases are quickly released if
the viscosity is low enough.

5. Bubblers can increase the temperature above the cold
cap by bringing hot gas to the plenum space and by
exposing the plenum space to the hot melt in the vent
holes. The augmented heat flux to the cold cap from
the plenum space helps increase melting rate.

In the following section, we separately examine the
melt-bubbling effects 1-3 and 5 using the cold cap model,
which has been developed to simulate and optimize the
performance of a Joule-heated melter for nuclear waste
vitrification [2, 7]. This model solves simplified balances
of mass and energy using the finite volume method. It
estimates the melting rate of glass batches as a function
of batch properties and melter operating conditions and
incorporates the structure and dynamics of the insulating
foam layer separating the cold cap and the molten glass.
As to the fourth effect, Chapman [8] and Perez et al. [4]
considered the stirring effect as the main melting-rate
enhancing factor. However, as we show in the Result
and Discussion section, recent data do not support this
hypothesis.

RESULTS AND DICSUSSION
Effects of bubbling on melting rate

Forced convection

With enhanced convection induced by bubbling,
velocity gradients under the cold cap become steeper,
the thermal boundary layer is suppressed, and the
temperature at the cold cap bottom, 7, rises.

The melting rate, j,, is proportional to the heat flux to the
cold cap, Q, by the relationship [2]
9o, W
==t =
! Hmelt + slurry
where H,,, = J;: ¢, dT is the heat necessary to raise
dry feed temperature from the cold cap top temperature,
Ty, to the cold cap bottom temperature, Tj; H,,,, is the
heat to turn the slurry fed to the melter into dry feed at
100°C, Qy, is the heat flux from plenum space, and Qj; is
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the heat flux from molten glass. According to the laws
governing heat conduction and radiation, O, depends on
the thickness and heat conductivity of each of the foam
sublayers, and on the boundary temperatures, 75, T, T,
T}, as indicated in Figure 2.

The cold cap bottom temperature, 75, is a model
parameter that can only be estimated using the model
of the whole glass melter that is being developed at
Idaho National Laboratory [9]. However, the primary
foam temperature, 7, and cavity temperature, 7, can
be obtained as minima and maxima on expansion curves,
which relate the area or volume of dry feed pellets heated
at a constant rate to temperature [2].

Figure 4 displays expansion curves for A0 feed
formulated for a high-alumina waste glass [10]. This
feed has been well characterized by experimental studies
with respect to material properties at various stages
of conversion [11, 12, 13] and conversion kinetics in
response to various time-temperature histories [14,
15, 16]. The T,, the temperature above which the open
porosity closes, is identified as the deep minimum on
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Figure 4. Normalized feed-pellet profile area versus tempe-
rature and heating rate (indicated in the legend).
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Figure 5. Primary foam collapsing temperature, TC, versus
heating rate.

the expansion curve. Above 7T, feed reaction gases
are trapped in bubbles within the high-viscosity melt,
creating primary foam. Primary foam collapses at 7,
a temperature identified as the first maximum on the
expansion curve.

Figure 5 displays two approximation functions for
T, versus heating rate, /5, one fitted to initial data that
were previously available only for » £ 15 K min™ [2],
and the other to an extended dataset obtained with an
improved experimental setup that allowed measurements
to be conducted at higher heating rates. The dotted line
represents the initial function, T = T, (f/f,)’, where b,
is a reference heating rate, and 7, and y are constant
coefficients. With b, = 10 K min™', the coefficient values
were T¢; = 959°C and y = 0.058. The extended dataset
was fitted by an updated function, 7 = T [1 (,b’/ﬁ2)1]
represented by the dashed line, with b, = 0 467 K min™
Te,=1019.9°C, and / = -1.047.

Because heating rates experienced by the feed
within the cold cap can be as high as 70 K min™' [2], the
TA(f) approximation functions were extrapolated beyond
measured data. The initial approximation function
(dotted line in Figure 5) showed dramatic increase of 7
at higher f values. However, such a strong increase is
not expected, as heating rate has only little effect on melt
viscosity, which determines when the foam becomes
unstable. The extended dataset obtained at higher f is in
agreement with this reasoning.

As Figure 6 shows, model calculations performed
with the initial approximation function, which showed
dramatic increase of 7. at higher f, led to a slow
response of melting rate to increasing 7. On the other
hand, the milder increase of 7 with £ values estimated
with the updated function led to a stronger response of
melting rate to increasing 7, (Figure 6), which agrees
more closely with experimental observations. Clearly,
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Figure 6. Response of melting rate to cold cap bottom

temperature for two QU values (3 kW m?, dashed lines, and
24 kW m™, solid lines) calculated using the initial (diamonds)
and updated (circles) 7(f) approximation functions.
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when temperature 7, at which primary foam collapses,
increases mildly with heating rate, the higher difference
between T, and T allows the heat needed for faster
melting to be transferred across the cavity layer.

As Figure 7 shows, the effect of the T.(f)
approximation function on 7, is substantial. Figure 6
also shows that the heat supplied from the plenum space,
0., has a significant effect on melting rate. This will
be discussed in section “Plenum space temperature and
estimation of Q.
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Figure 7. Primary foam collapsing temperature versus cold cap
bottom temperature. Model-calculated result using initial (solid
line) and updated (dashed line) 7(f) approximation function.

Regrettably, experimental observations of the exact
cold cap bottom temperature are not practically feasible.
Matlack et al. [17] report experimentally measured melt
temperatures from the melter bottom in close proximity
of the cold cap. With a melter operating temperature,
T,,, of 1150°C, the thermocouple located below the cold
cap measured temperatures that fluctuated around 900°C
during the test without bubbling and ~1100°C during
the test with bubbling. These data do not measure the
actual T, values but indicate that 7, values increase
substantially and perhaps proportionally, in response to
bubbling.

Secondary foam

Bubbles from redox reactions in molten glass
accumulate under the cold cap and produce a secondary
foam layer, the thickness of which can be expressed by
the formula [18]

h,=k @ j,, 2)

where j,, is the melting rate and @ is the foaminess, which
is a coefficient that relates the extent of foaming to the
superficial gas flow [19]. Typical values of @ for glass
are in the order of 10* s [18]. The coefficient k represents
the amount of gas evolved per unit mass of molten glass

(2].

Figure 8 and Figure 9 display the change of melting
rate and secondary foam layer thickness with the cold cap
bottom temperature for three values of @. The values @ =
100 and @ =400 were chosen to cover the typical molten
glass behavior, whereas a value of @ =1 was chosen for
a limiting case of practically no secondary foaming. As
expected, the melting rate decreases and the secondary
foam thickness increases with increasing foaminess. This
is a result of decreasing 7 with increasing @ (Figure 10)
and, thus, decreasing heat flux, Oy, to the cold cap.

Secondary foam merges into cavities under the
cold cap, which then opens into the plenum space on
cold cap edges or in vent holes [2]. This finding is in
agreement with the observation that only large bubbles
periodically burst, but no fine bubbles of secondary foam
emerge from beneath the cold cap even when bubblers
are not used [S]. In a special case of extremely low
foaminess, such as when @ = 1, rising bubbles burst
as soon as they reach melt surface, and the secondary
foam thickness becomes negligible (Fig. 9). This case
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Figure 8. Melting rate versus cold cap bottom temperature for
different values of foaminess (@, in s).
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Figure 9. Secondary foam thickness versus cold cap bottom
temperature for different values of foaminess (@, in s).
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is equivalent to the situation in which small bubbles
do not reach the surface because they are swept away
with the current caused by bubbling. Then 7 » T
(Figure 10, @ = 1), so secondary foam presents little
resistance to heat flow, and the melting rate increases
(Figure 8). In reality, it is likely that the secondary foam
is swept only partially. Thus, the actual dependence of
melting rate on 7 for particular foaminess (for example
@ = 400) will lie in the region bounded by lines @ =
400 (secondary foam not swept by bubbling) and @ = 1
(foam completely swept).
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Figure 10. Cavity layer boundary temperatures 7. and T
versus cold cap bottom temperature and foaminess (@, in s).

Direct contact of molten glass
with primary foam

With vigorous bubbling, a situation may occur in
which both secondary foam and cavities are displaced
by bubbling and molten glass comes into direct contact
with primary foam. Then 7. = T}, and heat transfer from
the molten glass to the unreacted feed in the cold cap
intensifies. In this case, a modified model must be used
to determine the melting rate.

Actually, earlier models of batch melting did not
consider cavities and a secondary foam layer [20]. Instead,
they assumed that melting rate is jointly controlled by
the heat transfer to the cold cap and by the kinetics of
the final stage of the feed-to-glass conversion process,
or the “terminal batch-to-glass conversion rate,” a term
that is not well defined. We propose that the terminal
conversion is identified as the expansion and collapse of
primary foam [2, 21], starting when open pores close,
progressing as the feed expands, and ending when
bubbles collapse. At this point, the molten feed merges
with the circulating glass melt below. Several models
were developed in the past to model foam expansion and
collapse [22, 23, 24]. A simple kinetic model, based on
foam evolution curves shown in Figure 4, is currently
being developed.

Mixing of the feed with the molten
glass near vent holes

In their pioneering work, Chapman [8] and Perez et
al. [4] claimed that large ascending bubbles effectively
pump hot molten glass to the surface (Figure 11, right),
stirring feed into molten glass in the so called “zones
of influence” [8]. Using this assumption, they derived a
linear relationship between the glass production rate and
the melter bubbled area [4]

Pr=P,+C a, 3)

where Py is the production rate, P, is the production
rate of unbubbled area, C is a coefficient, and a,,, is the
fraction of melt surface area bubbled, which is defined as
n A F

A “)
where n,,. is the number of nozzles in the melter; 4, is the
bubbled area per nozzle, which is a function of bubbling
rate; 4,, is the melt surface area; and F,, is the overlap
factor (F,, < 1). The F,, term accounts for the overlap
between the bubbled areas of two or more nozzles and
with a refractory wall.

Though Equation 3 was successfully used for the
optimization and design of bubbler configuration [4, 8],
recent experiments do not confirm the mixing hypothesis.
Additional bubbling outlets in a large-scale melter
did not always result in the formations of openings in
the cold cap above the added bubblers [25], while the
melting rate still increased considerably. As Figure 11
illustrates, the gas bubbles from some bubblers may not
possess sufficient buoyancy to burst through the cold
cap. This suggests that the mixing of the molten glass
with the feed around vent holes is not likely to be the
dominant factor in the melting rate increase. Equation
3 rationalizes the linear trend seen in Figure 3 but does
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Figure 11. Schematic illustration of bubbles penetrating cold
cap. On the right side, a large bubble from a bubbler possesses
sufficient buoyancy to burst through the cold cap and create
a vent hole. On the left side, a smaller bubble merges with
gas cavities under the cold cap. In the “zone of influence”
around the vent hole, hot molten glass is mixed with feed, thus
speeding the conversion process.
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not capture the complex mechanism of the bubbling
effect. A mathematical model that is firmly based on
physicochemical dynamics can account for multiple
effects, provide better understanding of bubbling pheno-
mena, and help optimize bubbler configuration.

Plenum space temperature
and estimation of Qy,

Commercial melters are typically heated by burning
fuel above the melt [26, 27, 28]. According to Trier
[26], the heat supplied to the batch in commercial
melters operating in the 1400 to 1600°C temperature
range is typically 45 to 80 kW m?. In Joule-heated
waste glass melters, the heat for melting is generated
by electric power dissipation in molten glass. Plenum
space temperature typically ranges from 400 to 600°C
and the heat flux from plenum space can be estimated as
0O, =~10 kW m™. As this low heat flux evaporates only
a fraction of water charged with the feed, a substantial
portion of the cold cap surface is covered by boiling
slurry. In the waste glass melter equipped with plenum
heaters, the plenum space temperature ranges from 700
to 900°C and Q, = ~30 kW m™ [29, 30]. Exposing
the cold cap surface to such a high heat flux results in
complete evaporation of slurry feed water in a small area
under the feed nozzle, while most of the feed surface
is dry and hot.According to Equation (1), the melting
rate increases as O, increases (Figure 6). In waste glass
melters that are not equipped with plenum heaters, heat
radiates from molten glass to the plenum space and back
to the cold cap. Bubblers increase Q, by bringing hot
melt to the surface and by creating and enlarging vent
holes, thus increasing the surface temperature and the
free surface area of the melt. Yet, as Matlack et al. [25]
reported, the plenum temperature of a large-scale melter
did not change considerably with changing bubbling
rate, as it is dominated solely by the cold cap surface
coverage and the molten glass temperature. The effect
of bubbling on the Q,, is minor in comparison with the
impact of plenum heaters.

It should be noted that, without the complete model
of the waste glass melter, it is not possible to estimate
0O, Thus, Q,, is currently a model parameter, which will
be computed once the cold cap model is implemented in
the full melter model.

Comparison of model results
with experimental data

Experimental melter tests were performed at
various scales and melter operating conditions with high-
alumina feed of which A0 is a simplified version [31].
The reported steady-state average melting rates with
strong bubbling were 700 kg m™? day at T,, = 1150°C
and 1200 kg m? day at T,, = 1200°C [31]. In both cases,
the cold cap bottom temperature, 7, was approximately
50°C lower than the T),.

Figure 12 compares the simulation results with measured
rates of melting plotted against 7y » T,, — 50°C [31].
Simulations were performed assuming no secondary
foam (@ = 1) and Q, = 12 kW m?, which is likely to
exist when the plenum space temperature is ~450°C;
this temperature was measured during melter tests
and was independent of the T}, [31]. The melting rate
was computed solely using feed properties and melter
operating conditions without any fitting parameters.
The nearly perfect agreement between measured and
computed melting rates for 7,, = 1150°C is rather
fortuitous. The difference between the measured and
computed values for 7,, = 1200°C is noticeable, but
its significance cannot be judged because of a lack of
additional data. More importantly, the slope of the line
in Figure 12, ~0.90% per K, is in a good agreement
with the observation [31] that, for most tests at constant
bubbling, the melting rate increases approximately 1 %
per K.
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Figure 12. Comparison of melting rate measured experimen-
tally [31] and predicted by the cold cap model (assuming
0O, = 12 kW m™ and no secondary foam).

CONCLUSIONS

Theupdated cold cap model, which estimates melting
rate solely as a function of feed properties and melter
operating conditions (no fitting parameters are used),
can be considered a good tool for the understanding of
the effect of bubbling on the melting rate. We separately
examined the different bubbling effects, and suggest that
the melting rate in a Joule-heated waste glass melter is
mainly enhanced via forced convection introduced by
bubblers. The forced convection brings hot molten glass
to the cold cap bottom, thus increasing the heat flux
needed for the feed-to-glass conversion. Other effects,
such as stirring of the feed from the cold cap into the
molten glass or displacing secondary foam, also play a
role.
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The results obtained using the current cold cap
model are in reasonable agreement with data from
experimental melter studies, especially for lower
bubbling rates. However, both secondary foam and
cavity layer can be displaced when intense bubbling
is applied. In such case, the hot molten glass comes in
a direct contact with the primary foam of the reacting
feed, significantly increasing the heat transfer to the
cold cap. To account for this phenomenon, additional
mathematical formulation is needed for the kinetics of
primary foam expansion and collapse.

Finally, the cold cap bottom temperature and the
heat flux from above, which are treated as boundary
conditions, will become computed outputs after the cold
cap model is implemented into the model of the whole
glass melter.
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