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Abstract
Nuclear waste can be vitrified by mixing it with glass-forming and -modifying

additives. The resulting feed is charged into an electric glass melter. To compre-

hend melting behavior of a high-alumina melter feed, we monitored the volume

expansion of pellets in response to heating at different heating rates. The feeds

were prepared with different particle sizes of quartz (the major additive compo-

nent) and with varied silica-to-fluxes ratio to investigate the glass melt viscosity

effects. Also, we used additional melter feeds with additives premelted into glass

frit. The volume of pellets was nearly constant at temperatures <600°C. After a

short period of volume shrinkage at ~600°C-700°C, foam generation produced

massive volume expansion. The low heat conductivity of foam hinders the trans-

fer of heat from molten glass to the reacting feed. The extent of foaming

increased with faster heating and higher melt viscosity, and decreased with

increasing size of quartz particles and fritting of the additives. Volume expansion

data are needed for the mathematical modeling of the cold cap.
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1 | INTRODUCTION

Nuclear waste can be vitrified by mixing it with glass-
forming and -modifying additives to produce melter feed in
the form of slurry or calcine, which is subsequently
charged into an electric melter. In a joule-heated melter,
the feed is converted into glass. The conversion occurs in
the cold cap, a reacting mass that floats on the surface of
molten glass.1-4 Together with the waste loading in the
glass, the rate of conversion (the rate of melting) is a major
factor in the glass production efficiency.5-9 It is influenced
by the mineralogical form of the glass additives, the parti-
cle size of solids, the loading and type of waste, and the

melter feed rheology.5,6 The rate of melting is adversely
impacted by the thermally insulating effect of foam that
forms between the main body of the cold cap and the melt
pool.

To understand the behavior of melter feed in the cold
cap and to find trends relevant for the melting rate—in par-
ticular foaming—this study is focused on the effects of
heating rate, quartz particle size, melt viscosity, and the
form of the glass additives on melter feed volume expan-
sion. These influential effects have not been addressed by
previous studies. Accordingly, four series of experiments
were performed: a heating rate series (heating the feed
sample at 5 to 30 K/min), a quartz particle size series
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(using narrow fractions from 5 to 250 lm), a melt viscosity
series (from 1.5 to 9.5 Pa�s at 1150°C), and a glass-form-
ing additive series (using frit or loose chemicals). The heat-
ing rate series was motivated by the fact that the rate of
melting and the rate of heating are intimately correlated.3,4

The next two series were motivated by the well-known
facts that the quartz particle size and the melt viscosity are
major factors in melting behavior of commercial glass
batches5 as well as nuclear waste melter feeds.5-7 Finally,
the effect of fritting glass additives was included in this
study. Frit is believed to stabilize the melting process and
enhance the rate of melting.6,10 Frit is commonly used by
waste glass producers in the United States (Savannah River
Site),8,9 France, Germany, and other countries.10-14 The
graphs of volume expansion vs temperature provide data
for further analyses, especially with respect to the bulk
density and the heat conductivity of the reacting feeds.
Such data are indispensable for mathematical modeling of
feed-to-glass conversion in the cold cap.3-5,15-17

2 | EXPERIMENTAL PROCEDURE

2.1 | Feeds

The heating rate series, quartz particle size series, and vis-
cosity series were performed with the A19 feed,18,19 a sim-
plified version of melter feed designed by the Vitreous
State Laboratory for high-alumina nuclear waste.20 For the
viscosity series, the glass composition was varied as
described below [Section II(3)]. For the frit vs glass-form-
ing and -modifying chemicals (GFMC) series, two melter
feeds, high boron-low alkali (Feed I) and low boron-high
alkali (Feed II), were obtained from Savannah River
National Laboratory (SRNL).6,21 Table 1 displays the
chemical compounds and their amounts added to make
1 kg glass for the feeds used. These feeds were designed
for glasses of compositions given in Table 2.

The A19 feeds (the original feed, Table 1, and its modi-
fied versions to vary viscosity) were prepared following the
procedure described in our previous works.19,22 First, all
chemicals except quartz were mixed with water to prepare
a slurry that was subsequently dried in an oven at 105°C
overnight and milled to powder. To prepare the feed sam-
ples for testing, the powder was manually mixed with an
adequate amount of quartz specified in Table 1.

2.2 | Quartz particle size fractions

Quartz particle size fractions (Table 3) were prepared from
SIL-CO-SIL 250 (99.9% SiO2, U.S. Silica, Frederick, MD,
USA) by sieving. The fractions were washed in deionized
water and then in ethanol using an ultrasonic cleaner and
then dried in the oven at 90°C for 1 hour. For the feed

containing ≤5 lm quartz particles, MIN-U-SIL 5 (99.9%
SiO2, U.S. Silica) was used.

The quartz particle size fraction of 63-75 lm was used
for the viscosity series. The heating rate series was carried
out with as-received (unsieved) SIL-CO-SIL 75 (99.9%
SiO2, U.S. Silica).

TABLE 1 Compositions of A19-original and SRNL batches in g
to make 1 kg glass

A19-original Feed I Feed II

Al(OH)3 371.79 117.50 152.75

B(OH)3 341.59 338.91 154.05

BaO 0.49 0.59

Bi2O3 11.67

CaO 10.87 3.96 5.09

Cr2O3 6.20 0.83 1.00

CuO 0.40 0.60

Fe(NO3)3 319.69 365.36

Fe(OH)3 74.38

Fe(H2PO2)3 12.51

KNO3 0.57 0.97

Li2CO3 89.22 7.68

Mg(OH)2 4.00 4.80

KMnO4 68.70 77.86

NaOH 19.87 162.00 226.80

Ni(NO3)2(H2O)6 43.20 56.16

Ni(OH)2 5.03

SiO2 221.45 381.37 381.37

TiO2 0.31 0.31

ZnO 0.51 0.51

ZrO2 0.48 0.48

Zr(OH)4 5.53

NaAlO2 7.50 7.50

Mg(NO3)2 8.00 8.00

CaCO3 1.92 1.92

CaSiO3 97.07

Na2C2O4 1.26 2.22 2.22

Na2CO3 106.57 24.15 24.15

Na2SO4 3.60 5.15 6.44

NaPO4 1.59 1.59

NaF 15.00 0.27 0.27

NaCl 0.97 0.97

NaNO2 3.48 30.40 30.40

NaNO3 12.40 27.80 27.80

PbO 4.17 0.07 0.07

Ce(OH)3 0.90 0.90

Total (g) 1413.66 1561.54 1540.92
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2.3 | Viscosity variation

For the viscosity series, the feeds were formulated to
make five glasses of estimated viscosities varying from
1.5 to 9.5 Pa�s at 1150°C (Table 4). Melt viscosity
variation was accomplished by changing the SiO2/

(B2O3 + Na2O + Li2O) ratio, where the chemical formulas
signify the mass fractions of the oxide components in the
glass.19 The mass fractions of all components other than
SiO2, B2O3, Na2O, and Li2O remained the same as in the
A19 original.19,20 The mass fractions of B2O3, Na2O, and
Li2O were in the same proportions as in the A19 original
(Table 1; see Ref. [19] for the full list of compositions).

For the viscosity-glass composition relationship, we
used the formula23-27

lng ¼ Aþ 1
T

XN

i¼1
Bixi (1)

where g is viscosity, A is a constant coefficient, Bi is the
ith component’s partial specific activation energy, xi is the
ith component’s mass fraction, T is the absolute tempera-
ture, and N is the number of components. The values of
coefficients used were A=�11.19 (to obtain g in Pa�s), and
Bi=3.00 9 104 K for SiO2, 0.32 9 104 K for B2O3,
�0.04 9 104 K for Na2O, and �3.91 9 104 K for Li2O.

23

Viscosity was measured with a rotating spindle vis-
cometer (Brookfield RVDV-III, Middleboro, MA, USA).
Glasses were prepared from dry chemicals, melted in a
covered platinum crucible for 1 hour at 1150°C, milled to
powder, and remelted at the same temperature. Figure 1
and Table 4 compare measured and estimated data, and
indicate reasonable agreement.

2.4 | Frits and glass-forming chemicals

Feeds I and II (Table 1) were prepared by blending the
waste stimulant with H3BO3, SiO2, Na2CO3, and Li2CO3,
either as loose chemicals or as premelted frit. To make frit,
the chemicals were melted at 1150°C for 30 minute in a
platinum crucible. The melt was poured onto a stainless
steel plate, cooled in air, ground, and remelted under the
same conditions. The glass was then ground and sieved to
a particle size of 74-177 lm. The feeds as received from
SRNL, both those made with frits and with loose chemi-
cals, were dried in the oven at 100°C overnight and passed
through a 10-mesh screen.

(5) | Pellet preparation, heat treatment, and
pellet volume measurement

Dry feeds were prepared as described in Sections II(1) to II
(4). Feeds were pressed into 1.5-g pellets at 168 MPa for
90 seconds. Pellets were circular disks ~13 mm in diameter
and ~6 mm thick.

For the heat treatment, a pellet was placed on a circular
alumina plate 33 mm in diameter and 2.5 mm thick that
was placed in the furnace. The furnace was heated from
room temperature to 1100°C at 10 K/min (5, 10, 20, and
30 K/min for heating rate series). The profile of the pellet

TABLE 2 Compositions of A19-original and SRNL glasses in
mass fractions

A19-original Glass I Glass II

Al2O3 0.2420 0.0895 0.1000

B2O3 0.1919 0.2000 0.0862

BaO 0.0000 0.0005 0.0006

Bi2O3 0.0116 0.0000 0.0000

CaO 0.0559 0.0055 0.0061

Cr2O3 0.0053 0.0009 0.0010

CuO 0.0000 0.0005 0.0006

F 0.0067 0.0000 0.0000

Fe2O3 0.0596 0.1069 0.1194

K2O 0.0000 0.0013 0.0015

Li2O 0.0357 0.0031 0.0000

MgO 0.0000 0.0050 0.0055

MnO 0.0000 0.0309 0.0346

Na2O 0.0961 0.1383 0.2264

NiO 0.0040 0.0132 0.0147

P2O5 0.0106 0.0008 0.0009

PbO 0.0041 0.0000 0.0000

SO3 0.0020 0.0031 0.0035

SiO2 0.2704 0.3836 0.3801

SnO2 0.0000 0.0003 0.0003

TiO2 0.0000 0.0003 0.0003

ZnO 0.0000 0.0005 0.0005

ZrO2 0.0040 0.0005 0.0005

TABLE 3 Quartz particle size fractions

Source Range (lm)

SIL-CO-SIL 250 106-250

90-106

75-90

63-75

45-63

25-45

≤25

SIL-CO-SIL 75 ≤75

MIN-U-SIL 5 ≤5
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was monitored with a camera through a quartz-glass win-
dow in the side wall of the furnace. Figure 2 shows photos
of pellets at various temperatures. Each picture of a pellet
was processed with Photoshop� software and the
MATLAB� program to determine the pellet volume by
numerical integration.28 Up to three pellets were used to
get statistically significant data. A similar method for visual
observation of feed-to-glass conversion was reported in
Ref. [29].

3 | RESULTS

Figures 3-5 show the normalized volume of A19 feeds vs
temperature with the heating rates, quartz particle sizes,
and viscosities as parameters. The normalized volume is
defined as V=VT/V0, where VT is the pellet volume at tem-
perature T, and V0 is the initial pellet volume. Figure 6
compares normalized volume of the pellets made from two

SRNL feeds, each with either frit or GFMC. In Figures 3-
6, dots indicate measured data points and lines show calcu-
lated moving averages.

Figures 7-9 display normalized volume (V) and temper-
ature (T) at the foam onset (the minima in Figures 3-5) and
maximum foam (maxima in Figures 3-5) as functions of
the heating rate (b), quartz particle size (d), and the value
of melt viscosity (g) at 1150°C; subscripts min and max
denote the foam onset and the maximum sample volume,
respectively. The heating rate and viscosity series followed
linear trends. Exponential functions were fitted (using the
least-squares method) to data of the quartz particle size ser-
ies.

Because of the shift of the reaction rate peaks to higher
temperatures at higher rates of heating,30 one would expect
a similar response of feed foaming. As Figures 3 and 7
show, this was indeed the case. When heated faster, the
feed generated more foam that started a lower temperature
and culminated at a higher temperature.

As seen in Figures 4 and 8, feeds with small particles
of silica generated more foam that started at lower tempera-
tures. As described in earlier studies,17,26-28 this is a result
of fast dissolution of fine quartz particles during early batch
reactions with molten salts, while coarser quartz particles
dissolve mostly in a continuous glass phase via diffusion.
The volume at the foam onset and the temperature at which
foam culminated changed little with the particle size.

As Figures 5 and 9 demonstrate, higher viscosity gives
rise to a higher volume expansion. In addition, the foam
onset and maximum foam temperatures increase linearly
with the viscosity.

4 | DISCUSSION

The dry-feed pellet test, or the feed expansion test,
employed in this study was designed to measure feed vol-
ume in response to increasing temperature. The pellet can
be heated following the temperature history that the feed
experiences within the cold cap. In this study, we used a

TABLE 4 Ratio of SiO2, activation energy (B), and viscosity (g) of modified A19 feed series

A19-original A19-1 A19-5 A19-7 A19-9

SiO2/(Li2O + B2O3 + Na2O) 0.84 0.65 0.95 1.05 1.12

B (104 K)

Estimated 1.771 1.649 1.835 1.879 1.913

Measured 1.775 1.666 1.844 1.872 1.925

g(Pa�s) at 1150°C
Estimated 3.49 1.49 5.49 7.49 9.49

Measured 3.56 1.79 5.36 6.21 9.00

FIGURE 1 Measured (data points) and estimated (solid lines)
viscosities of glasses A19-1 through A19-9. [Color figure can be
viewed at wileyonlinelibrary.com]
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constant rate of heating similar to that estimated for the
average heating rate of a feed particle in a typical cold
cap.5,31-33

Initially, volume changes in melter feed were photo-
graphically recorded during heating of loose feed placed in
a fused silica crucible.5,34,35 One of the drawbacks of this
method was feed bridging when a cavity formed below the
densified surface of the sample. Because iron-containing
waste glass melts are opaque, such a cavity would not be
detected, resulting in false data. Another drawback associ-
ated with the lack of melt transparency was that the melt
stuck to the crucible wall, preventing observation of foam
collapsing.

The pellet method avoids these drawbacks. The pellet
surfaces are free (thus not confined by walls, except the
base) and the sample is observable during the heat treat-
ment including foam collapsing. To make the pellet, the
feed had to be compressed. Thus, a precise shape was
obtained and good heat conductivity was ensured, which,
together with a small sample volume, mostly avoided the
problem of temperature gradients in the heated sample.

FIGURE 2 Profiles of pellets: A19-original feeds heated 5 and 30 K/min, A19-original feeds with small (<5 lm) and large (106‒250 lm)
quartz particles, modified A19 feeds with viscosities 1.5 and 9.5 Pa�s, and Feed II with glass-forming and -modifying chemicals (GFMC) and
frit. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Normalized volume of A19-original feeds (with
quartz particles ≤75 lm) subjected to heating rates from 5 to 30 K/
min vs temperature. [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 4 Normalized volume of A19-original feeds with
different quartz particle sizes vs temperature; pellets were heated at
10 K/min. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Normalized volume of A19 feeds with different glass
viscosities vs temperature: the feeds contained 63-75 lm quartz
particles and pellets were heated at 10 K/min. [Color figure can be
viewed at wileyonlinelibrary.com]
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Comparison with the tests that used fused silica crucibles
showed that the impact of compression on the volume
change was insignificant initially and absent at higher tem-
peratures, at which the initial density was “forgotten.”5

The problem of the initial state of the feed is not limited
to the compression used to make the pellet. For laboratory
studies, the slurry feed is prepared in a way that is similar
to the large-scale process, by mixing nonradioactive chemi-
cals with glass-forming and -modifying materials. How-
ever, the subsequent treatment is different. In the melter,
slurry boils, dries, and is subjected to temperature increase
continuously. In the laboratory, slurry is slowly dried and
stirred until turned into paste to avoid demixing. The paste
is dried, crushed, and then stored for future testing. The

FIGURE 6 Normalized volume of Feed I and Feed II with glass-
forming and -modifying chemicals (GFMC) and frit vs temperature:
pellets were heated at 10 K/min. [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 7 Maxima and minima of normalized volume (A) and temperature (B) (A19-original feed with different heating rates, b) based on
Figure 3. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Maxima and minima of normalized volume (A) and temperature (B) (A19-original feed with different quartz particle sizes, d)
based on Figure 4. [Color figure can be viewed at wileyonlinelibrary.com]
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effect of the initial history of feed preparation on later
stages of conversion is probably negligible, but the early
stages may be affected.

Using a pellet for the feed expansion test is therefore
suitable for examining the evolution and collapse of foam,
the very last and determining stage of feed-to-glass conver-
sion. In the melter, foam collapses into cavities that are
removed by melt currents. The foam collapsing mechanism
is different in the pellet, where bubbles coalesce and burst
into the atmosphere. Moreover, foam does not collapse
fully because secondary bubbles continue to arise from
oxygen that evolves from the iron redox reaction as long
as the temperature increases.36-40 In the melter, secondary
bubbles ascend from the melt and may accumulate under
the cold cap if melt convection is sluggish.1-3 In spite of
these differences, pellets provide us important information
about the foam layer under the cold cap and essential data
for cold cap modeling. To support the pellet experiments,
the X-ray tomography41 of melting pellets is currently
being performed, which will give us supplementary infor-
mation about the conversion process such as the bubble
size distribution.

Although foam development is the main focus, the pel-
let test data are noteworthy for the entire temperature inter-
val from 100°C (typically, the feed had been dried at
105°C) to the cold cap bottom temperature (typically
1100°C). Three stages can be discerned from the volume
expansion results. Minor volume expansion occurs at tem-
peratures below ~600°C, within which a large volume of
gas is released from batch reactions.42-46 The gas freely
escapes through open porosity,3-5,28,46 but its flow is proba-
bly hindered in feeds with small densely packed particles,
as seen in Figure 4, when small quartz particle size frac-
tions were used. This low-temperature expansion is

occasionally associated with cracking; the cracks are even-
tually healed.

Pellets shrink as the temperature rises above 600°C,
resulting from a sintering-type process in the presence of
the liquid phase. This stage lasts for 100°C to 150°C, end-
ing when open pores are gradually sealed by glass-forming
melt.

Major volume expansion caused by foaming starts at
700°C-750°C.19,31-33 Foam bubbles are generated by the
gases evolved from the last residues of feed components,
carbonates or nitrates.34,35 The earlier the feed pores are
sealed by melt, the greater the extent this primary foam
reaches before collapsing.

Thus, feed with fine quartz particles generates excessive
foam at a lower temperature because rapidly dissolving sil-
ica creates a large amount of viscous melt.19,22,47

Feed generates more foam at higher heating rates
because the peaks of gas-evolving reactions naturally shift
to higher temperatures. On the other hand, a high viscosity
of melt stabilizes foam, slowing down the collapse, thus
producing more foam that persists to higher temperatures.
Accordingly, small quartz particles and high viscosity are
likely to decrease the melting rate.5,19,22

Whereas A19 feeds did not exceed Vmax=2.2, the Vmax

of SRNL feeds was ~5 for Feed I with both GFMC and frit
and Feed II with frit; for Feed II with GFMC, the Vmax

reached the value of 14. Feed I with GFMC began to foam
at a temperature ~60°C lower than any other SRNL feed
(Figure 6). This could only happen if enough low-viscosity
melt was produced to connect the glass-forming melt and
trap evolving gases. Feed II with GFMC released about
twice as much CO2 as Feed I with GFMC,21 which could
account for the substantially higher extent of foaming of
Feed II with GFMC (Figure 6).

FIGURE 9 Maxima and minima of normalized volume (A) and temperature (B) (A19 feed groups with different viscosities, g) based on
Figure 5 [Color figure can be viewed at wileyonlinelibrary.com]
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A wider temperature interval of foaming indicates a
thicker foam layer under the cold cap, whereas larger
foam volume suggests a higher porosity of the foam
layer.21,28 Both thicker foam layer and higher foam
porosity are likely to decrease the glass production rate.
A narrower foaming interval and smaller foam volume
would tend to increase the glass production rate. Feeds
made with frit evolve less gas, which is the likely reason
that these feeds have significantly narrower temperature
intervals of foaming.

5 | CONCLUSIONS

The pellet method was employed to simulate volume
changes during the feed-to-glass conversion in the cold
cap. The feed pellets were exposed to an increasing tem-
perature until they turned to molten glass. As expected, fas-
ter heating intensified foaming and shifted the foaming
interval to higher temperatures. Feeds containing fine
quartz particles exhibited a massive volume expansion and
an early onset of foam resulting from increased viscosity
caused by the rapid dissolution of tiny silica particles in
the glass-forming melt. For high viscosity melts, foam
started at higher temperatures and expanded to larger vol-
umes. Frit reduced feed volume expansion because the pre-
melted frit did not contribute to gas evolution. Because of
the thermally insulating effect of foam, the width of the
foam temperature interval and the porosity of the foam
layer affect the rate of melting and thus the waste vitrifica-
tion efficiency. The data and trends of volume expansion
of feeds are indispensable for the development of mathe-
matical modeling of the feed-to-glass conversion in the
cold cap.
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