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Batches designed to simulate nuclear high-level waste glass were compressed into pellets that were heated at
5 K/min and photographed. Three types of batches were prepared, each with different amounts of nitrates and
carbonates. The all-nitrate batcheswere preparedwith varying amounts of sucrose. Themixed nitrate–carbonate
batches were prepared with silica particles ranging in size from 5 to 195 μm. One batch containing only
carbonates was also tested. Sucrose addition had little effect on expansion, while the size of silica was very
influential. Sucrose addition reduced primary foam for batches containing 5-μm silica, but had no effect on
batches containing larger particles. Excessive amounts of sucrose increased secondary foam. The 5-μmgrains had
the strongest effect, causingbothprimary and secondary foamtobegenerated,whereasonly secondary foamwas
produced in batches with grains of 45 μmand larger.We suggest that the viscosity of themelt and the amount of
gas evolved are the main influences on foam production. As more gas is produced in the melt and as the glass
becomes less viscous, gas bubbles coalesce into larger cavities until the glass can no longer contain the bubbles
and they burst, causing the foam to collapse.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Background and purpose

This study is concerned with the effect of silica grain size and
exothermic reactions on batch expansion caused by foam generation.
Apart fromglass-foamproduction, foaming is considered anundesirable
phenomenon in glass making because it insulates the unmelted batch
from the heat flow from molten glass and thus slows down the rate of
melting [1,2]. Two types of foam have been distinguished by Gerrard
and Smith [3]: primary foamwithin the glass batch itself and secondary
foamwithin themolten glass, the former being produced by gases from
batch reactions and the latter by gases from oxidation–reduction
reactions or other fining gases. The subject of this paper is foaming in
batches designed to simulate nuclear high-level waste (HLW) glass.
Though the composition of nuclear waste glasses varies considerably,
only one glass composition was selected for this study (see Section 2.1).

As we stressed in previous papers [4–7], the impact of primary
foam on the batch melting process is not entirely clear, though it
appears to have a generally negative effect. While primary foam does
help homogenize the melt and assists in the dissolution of residual
solids, batches that strongly foam have been shown to melt slower
than batches producing limited foam [8]. Secondary foam has an

especially negative effect on glass processing. Fortunately, this effect
can be limited or avoided by bubbling air through the melt [9].

As in the previous studies [4–8], our main concern is to gain
knowledge of how to influence batch expansion by changing the batch
makeup without changing the glass composition. In the case of waste
glass, these changes are limited to adjusting the glass-forming and
modifying additives because the waste is processed as received. The
usefulness of the data presented is twofold: first, the results will help
adjust the batchmakeup to control foaming if needed; and second, the
data will be used in a mathematical model of the cold cap in the
waste-glass melter.

In this study, we examine the effects of quartz particle size and the
reaction between sucrose and nitrates on the volume expansion
during melting of HLW batches. Sucrose has been added in the past
because its reaction with nitrates generates heat that can enhance the
rate of melting. Our purpose was to examine whether sucrose
addition would impact foaming during the melting process. We
prepared 11 batches, all designed to make a high-alumina HLW glass.
These batches can be divided into three groups: A0-AN1, A0-AN2, and
A0-AC. These batches were also compared to A0 batches from an
earlier study [6].

All batches contained metallic oxides and hydroxides as well as
varying amounts of carbonates and nitrates. The A0 group comprised
three batcheswith nitrates and carbonates. The individual batcheswere
madewith5-, 75-, and195-μmparticles of quartz. No sucrosewasadded
to these batches. The A0-AN1 group comprised five batches containing
primarily nitrates, though carbonateswereused to simulate somewaste
components. The individual batches were made with 5-, 45-, 75-, 150-,
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and 195-μm quartz particles. Sucrose was added to batches so that the
carbon-to-nitrogenmolar ratio (C/N)was equal to 1. The A0-AN2 group
comprised five batches containing nitrates and no carbonates. All
A0-AN2 batches were made with 75-μm quartz particles. Varying
amounts of sucrose were added to the five batches so that C/N=0.00,
0.50, 0.75, 1.00, and 1.25, respectively. The A0-AC group comprised one
batch containing carbonates and no nitrates. No sucrosewas added. The
quartz particle size for this batch was also 75 μm.

Batches were prepared as slurries to simulate actual melter batches.
In preparation for testing, batches were dried and pressed into
cylindrical pellets approximately 6 mm high and 13 mm in diameter.
Pellets were heated at 5 K/min from room temperature to 1000 °C.
Pellets were chosen over silica-glass crucibles to avoid bridging and
obtain more accurate measurements.

1.2. A note on terminology

It should be noted that the mixture of glass precursors is called a
“batch” in this paper as a concession to the traditional terminology from
the times before continuous glass melting was developed. In the
waste-glass community, the term “feed” is preferred because the
material is charged, or “fed,” to the melter in the form of water slurry.
However, the term “batch” is not entirely inappropriate for waste-glass
makingbecause the feed is prepared bymixing the ingredients inbatches
that are only later charged continuously into the waste-glass melter.
Therefore, we use the term “batch” in this paper to be consistentwith the
literature on glass technology.

2. Experimental

2.1. Composition of batches

Table 1 lists the compositions of the batches tested. All batcheswere
formulated to make a high-alumina HLW glass. The glass was designed
to contain 45 mass% waste simulants and 55 mass% glass-forming

additives. The glass components and their mass fractions are SiO2

(0.305), Al2O3 (0.240), B2O3 (0.152), Na2O (0.096), CaO (0.061), Fe2O3

(0.059), Li2O (0.036), Bi2O3 (0.011), P2O5 (0.011), F (0.007), Cr2O3

(0.005), PbO (0.004), NiO (0.004), ZrO2 (0.004), SO3 (0.002), K2O
(0.001), MgO (0.001), and ZnO (0.001).

The batches listed in Table 1 differ in the fractions of volatile
anionic portions of salts. The baseline batch, A0, contains hydroxides,
nitrates, and carbonates. This batch was prepared and tested
previously [6]; it is included in this study for completeness. In the
A0-AN1 batch, the content of carbonates is limited to waste
components. No carbonates are present in the A0-AN2 batch. Finally,
the A0-AC batch contains carbonates and no nitrates. Reagent grade
chemicals were used to make batches.

2.2. Preparation of batches

Batch slurries, either 500 or 1000 ml in volume, were wet-mixed.
Approximately 2 ml of deionized H2Owas used per gram of batch. The
volume of slurry was 0.5 or 1 l. The water was heated to 60 to 80 °C
and stirred with an impeller while adding all chemicals except quartz.
Water-soluble components were added first and then the oxides,
hydroxides, and oxyhydrates of heavy metals, and finally sucrose (if
necessary). Silica was added in the form of crushed quartz after all
other components (see Section 2.4).

This method was selected because it crudely mimics the nature of
the HLW while still being easy to carry out. It is a simplified version of
more complex methods that involve co-precipitating the various
hydroxides from their respective nitrates using sodium hydroxide [10].

2.3. Addition of sucrose

After all the glass compounds had been mixed, sucrose was added.
The sucrose was added based on the calculated amount of nitrogen (in
the form of nitrates and nitrites) contained in the batch. For the A0-AN1
batch, sucrose was added in a 1:1 carbon-to-nitrogen molar ratio; i.e.,
C/N=1. For the A0-AN2 batch, five batcheswere prepared, onewith no
sucrose and then four more with C/N=0.50, 0.75, 1.00, and 1.25. The
mass fraction of sucrose in each batch was 0.05, 0.07, 0.09, and 0.11,
respectively. Sucrose was added as the final component before a batch
was dried. For batches with varying amounts of sucrose, the C/N ratio is
added in parentheses at the end of the batch label, e.g., A0-AN2 (0.50).

The batch slurry was carefully dried over a hot plate and under a
heat lamp to drive off most of the water. After most of the water had
evaporated, the batch was transferred to a stainless steel container
where it was further dried. An impeller was used to keep mixing the
batch throughout this process. Once the batch became too viscous for
the impeller, it was mixed with a large putty knife. After it had fully
dried, the batchwas crushed to a powder before being dried overnight
in an oven at 105 °C. Finally, the batch was crushed and homogenized
in a tungsten carbide mill.

2.4. Selection of silica grains and completion of batch preparation

The A0 batches were tested with 5-, 75-, and 195-μm particles of
quartz and the A0-AN1 batches 5-, 45-, 75-, 150-, and 195-μmparticles.
The following sources of quartz were used: US Silica MIN-U-SIL® 5,
SIL-CO-SIL® 45, and SIL-CO-SIL® 75 for 5-, 45-, and 75-μm particles,
Lane Mountain for 150-μm particles, and Aldrich for 195-μm particles.
The number at the end of A0 and A0-AN1 batch labels (e.g., A0-AN1-75)
denotes the particle size of the quartz used. In A0-AC and A0-AN2
batches, only 75-μm quartz particles were used.

To ensure the correct fraction of silica in each sample, quartz was
added separately from the other components. This fraction was
determined using loss on ignition (LOI) tests. Four 5-g batches were
prepared that contained approximately 20 mass% 75-μm crushed
quartz. The masses of the samples were recorded, the samples were

Table 1
Batch compositions (in g) to make 1 kg of glass.

Batch Composition (g/kg of glass)

Compound A0 A0-AC A0-AN1 A0-AN2

Al(OH)3 367.49 367.49 367.49 367.49
B(OH)3 269.83 269.83 269.83 269.83
Bi(OH)3 12.80 12.80 12.80 12.80
CaCO3 0.00 108.49 0.00 0.00
Ca(NO3)2∙4H2O 0.00 0.00 210.56 210.56
CaO 60.79 0.00 10.79 10.79
Fe(H2PO2)3 12.42 12.42 12.42 12.42
Fe(OH)3 73.82 73.82 73.82 73.82
K2CO3 0.00 2.08 0.00 0.00
KNO3 3.04 0.00 3.04 3.04
Li2CO3 88.30 88.30 4.22 0.00
LiNO3 0.00 0.00 156.90 164.78
Mg(OH)2 1.69 1.69 1.69 1.69
NaF 14.78 14.78 14.78 14.78
NaNO2 3.37 3.37 3.37 3.37
NaNO3 4.93 12.34 112.97 112.97
NaOH 97.14 16.22 46.30 46.30
Na2CO3 0.00 102.60 0.00 0.00
Na2C2O4 1.76 1.26 1.26 1.26
Na2CrO4 11.13 11.13 11.13 11.13
Na2SO4 3.55 3.55 3.55 3.55
NiCO3 6.36 6.36 6.36 0.00
Ni(NO3)2∙6H2O 0.00 0.00 0.00 15.58
PbCO3 0.00 4.91 0.00 0.00
Pb(NO3)2 6.08 0.00 6.08 6.08
SiO2 305.05 305.05 305.05 305.05
Zn(NO3)2·4H2O 2.67 0.00 2.67 2.67
ZnO 0.00 0.83 0.00 0.00
Zr(OH)4·xH2O 5.11 5.49 5.49 5.49
Totals 1352.10 1424.80 1642.57 1655.43
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heated in porcelain crucibles for 1 h at 1050 °C, and the final masses
were recorded. The difference in mass between the batch weight and
glass weight was used to determine the correct percent of silica
required in the batch to obtain glass that contained 30.51mass% silica.
The required mass fraction of quartz in a batch is given by fgmg/mb,
where fg is the desired fraction of silica in the glass (in this case
0.3051),mg is themass of glass produced during the LOI test, andmb is
the initial mass of the batch and quartz prepared for the LOI test. Once
the correct fraction of quartz was determined, quartz was mixed with
the batch in an agate mill. Only as much batch as was needed for a test
was prepared at any time.

2.5. Making and heating pellets

Batch samples were pressed into 1.5-g pellets at ~7 MPa. The loose
batch was poured into a pellet press mold and brought to 7 MPa for 10 s.
Then the pressure was released for 10 s, reapplied for 10 s, released for
10 s, and then applied for 180 s, after which the pellet was ready for heat
treatments.

For each test, a pellet was placed on a small alumina plate in a
windowed furnace. Starting from room temperature, the furnace was
heated at 5 K/min to afinal temperature of 1000 °Cwhere itwasheld for
1 h. Alongside the pellet in the furnace was a 10-mm-long section of
platinum wire (seen at the right edge of each picture in Figs. 1 and 2).
Pictures were taken of the pellet every 50 °C to 200 °C, after which
pictures were taken every 25 °C. At least two pellets from each batch
(except batches A0-75 and A0-195) were tested. Fig. 1 shows various
shapes a pellet underwent during a heat treatment.

2.6. Developing and evaluating the batch expansion curves and porosity

The pictures were evaluated using Adobe Photoshop CS3 Extended
(v. 10.0.1). The platinum wire was used as a scale gauge, which
allowed the program to calculate the area of the cross section of the
pellet (A) as displayed in the picture. Each pellet was measured twice
to ensure accuracy. The measured area was normalized to the
calculated profile area of a hemisphere that the bubble-free glass
would occupy. The hemispherical area is given by

Ag =
1
2

9
4
π

� �1
3 mf f

ρg

 !2
3

ð1Þ

where mf is the mass of the pellet, f is the ratio of the mass of glass to
the mass of the batch, and ρg is the density of the glass, approximately
2.6 g/ml.

To determine the relative volume and porosity, the approximate
volume of the pellet (V) was determined from its profile and
compared to the actual volume of glass (Vg) as calculated from the
mass of each pellet. Volumes were obtained for A0-AN2 (0.00),
A0-AN2 (0.50), and A0-AN2 (0.75) from 825 °C to 925 °C and for
A0-AN2 (1.00) and A0-AN2 (1.25) from 800 °C to 925 °C. At 800 °C
and 825 °C, pellets retained their original cylindrical shape, and their
volumes were calculated as such. At 900 °C and 925 °C, the pellet
volumes were approximated as spherical caps. Otherwise, the profiles
of pellets were divided into 4 to 9 cylindrical layers stacked on top of
each other covered with a spherical cap, as shown in Fig. 2. The
volume of each pellet was obtained as a sum of volumes of the
cylindrical disks and the spherical cap.

3. Results

Results pertinent to expansion of batches are summarized in
Table 2.

Fig. 1. Pictures of an A0-AN2 (1.00) pellet during a heat treatment. The length of the Pt wire seen to the right of each pellet is 10 mm.

Fig. 2. An A0-AN2 (1.25) pellet at 850 °C. The green lines indicate the cylindrical
sections and spherical cap used to approximate the volume of this pellet.

831S.H. Henager et al. / Journal of Non-Crystalline Solids 357 (2011) 829–835
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3.1. A0 batch

Expansion of the A0 batches is detailed in a previous paper [6].
Fig. 3 shows the average relative pellet area, A/Ag, versus temperature,
where A is the measured pellet profile area and Ag is the calculated
hemispherical area as defined in Eq. (1). The error bars indicate the
standard deviations based on the tests for each batch. Batches A0-75
and A0-195 do not have error bars as only one pellet was tested for
these batches (see Table 2).

3.2. A0-AN1

Fig. 4 Shows A/Ag versus temperature for the A0-AN1 batches.
These batches followed a similar trend as the A0 batches [6], though
on a smaller scale (see Table 2 and Section 4.2). Batch A0-AN1-5
reached an average normalized area of 2.66 at 855 °C. Batches
A0-AN1-45 and A0-AN1-75 produced moderate amounts of foam
and behaved similarly to each other, as shown by overlapping error
bars, with maximum normalized areas of 1.49 at 880 °C and 1.61 at
875 °C, respectively. As overlapping error bars indicate, batches
A0-AN1-150 and A0-AN1-195 were even more similar to each other
than were A0-AN1-45 and A0-AN1-75, with normalized areas of 1.11
and 1.05, respectively, at 900 °C (see Table 2).

3.3. A0-AC and A0-AN2

Fig. 5 shows A/Ag versus temperature for the A0-AC and A0-AN2
batches.

The carbonate batch, A0-AC, exhibited almostno foam, only reaching
an average normalized area of 0.99 at 875 °C. The A0-AN2 batches
exhibited two different foaming patterns, depending whether C/Nb1
or≥1. Batches with C/Nb1 reached their minima at 825 °C with
A/Ag≈0.88 and their maxima at 925 °C with A/Ag≈1.4. These
expansion curves for these three batches are virtually indistinguishable
from each other past 775 °C. Batcheswith C/N≥1 reached their minima
at 800 °C with A/Ag≈1.2 and their maxima at 925 °C with A/Ag≈2.0
(see Table 2).

3.4. Volume expansion

Batches A0-AN2 (0.00), A0-AN2 (0.50), and A0-AN2 (0.75)
expanded from a minimum normalized volume≈1 to approximately
8 (Fig. 6) with gases comprising 87 vol% at 925 °C. Darab et al.
reported expansion on a similar scale in a batch for a low-activity
waste glass [11]. The normalized volume of A0-AN2 (1.00) grew from
1.5 to 11, while that of A0-AN2 (1.25) grew from 1.3 to 10. Both these
melts contained 90 vol% gas phase at 925 °C.

4. Discussion

As seen in Figs. 4 and 5, for some batches at temperatures
approaching 1000 °C, A/Agb1, while V/Vg→1 as the glass became
bubble free. This is expected because the cross-section area of a
cylinder or a spherical cap with a constant volume varies as the ratio
h/r changes, where h is the height, and r is the radius, for a cylinder, or

Table 2
All batches along with their temperatures of minimum and maximum expansions (Tmin

and Tmax) and minimum and maximum areas (Amin/Ag and Amax/Ag). For A0-AN2
batches only, minimum and maximum volumes (Vmin/Vg and Vmax/Vg) are also given.

Batch Quartz particle
size (μm)

Tmin

(°C)
Amin/Ag Vmin/Vg Tmax

(°C)
Amax/Ag Vmax/Vg

A0-5 5 600 1.41 835 4.15
A0-75 75 840 1.22 880 1.38
A0-195 195 875 1.21 900 1.34
A0-AC 75 825 0.90 875 0.99
A0-AN1-5 5 775 1.35 856 2.66
A0-AN1-45 45 800 1.01 880 1.49
A0-AN1-75 75 825 1.17 875 1.61
A0-AN1-150 150 880 1.04 900 1.11
A0-AN1-195 195 880 0.98 900 1.05
A0-AN2 (0.00) 75 825 0.86 0.97 925 1.43 7.82
A0-AN2 (0.50) 75 825 0.90 1.05 925 1.40 8.01
A0-AN2 (0.75) 75 825 0.88 1.01 925 1.43 7.94
A0-AN2 (1.00) 75 800 1.18 1.48 925 1.94 10.91
A0-AN2 (1.25) 75 800 1.19 1.35 925 2.04 10.23
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Fig. 3. Expansion of pellets made from A0 batches (the lines connect data points
representing averaged values).
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Fig. 4. Expansion of pellets made from A0-AN1 batches (the lines connect data points
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Fig. 5. Expansion of pellets made from A0-AC and A0-AN2 batches (the lines connect
data points representing averaged values).
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half the width of the base for a spherical cap. For a cylinder, this
relationship is expressed by

A

V
2
3

= 2π−2
3Z

1
3 ð2Þ

where A is the cross-section area, V is the volume of glass, and Z=h/r.
For a spherical cap this relationship is expressed by

A

V
2
3
=

4π
3

3 + Z2
� �� �−2

3

Z−8
3 1 + Z2
� �2

cos
−1 1−Z2

1 + Z2

 !
−2Z−5

3 1−Z2
� �" #

ð3Þ

where A is the cross-section area, V is the volume of glass, and Z=h/r.
Fig. 7 shows these relationships.

4.1. Primary and secondary foam

Two types of foam occur during batch melting: primary foam, the
expansion of the batch by evolving batch gases trapped in the glass-
forming melt, and secondary foam, an accumulation of fining bubbles
from molten glass. In our previous study [6], a batch formulated to
make a high-alumina glass with a composition similar to the A0 glass
produced two peaks on its expansion curve, one for primary foam and
one for secondary foam. This effect was not seen in the batches
prepared for this study. For the A0-5 and A0-AN1 batches, instead of
the primary foam subsiding before the secondary foam developed, the
primary foam subsided after the secondary foam had begun to
develop, producing a single peak. The batches with larger quartz

particles or sucrose formed no primary foam at all and only produced
secondary foam.

Fig. 8 shows the correlation between the maximum profile area of
a pellet and the temperature of the minimum area. Our data indicate
that batches that reach their minimum expansion at a lower
temperature tend to produce a larger amount of foam. This occurs
because batches reach their minimum at the point when a continuous
melt is established. The earlier this melt is established, themore foam-
generating gases can be trapped. For example, the A0-5 batch begins
to form a continuous melt at 600 °C and can then trap the gases that
evolved from that point until the source of foam becomes depleted,
and the viscosity becomes too low, and then the foam collapses. The
sources of primary foam, i.e., batch reaction gases, are evolved up to
only 800 °C [11]. This means that the A0-195 batch, which begins to
connect at 875 °C, or any other batch that reaches its minimum at or
later than 800 °C, cannot retain these gases and therefore cannot form
foam. The trend in foaming for A0-AN2 along with the effect of
sucrose addition is discussed in Sections 4.2 and 4.4.

4.2. Effect of silica size

As shown in previous studies, [4,6,7] the size of the quartz particles
has a large effect on the rate of silica dissolution and on foaming. Very
small quartz particles lead to large amounts of primary foam. This
occurs because small quartz grains dissolve faster than larger grains,
creating high concentrations of dissolved silica earlier than larger
grains do. This early formation of a viscous continuous melt traps the
gases from the final stages of the degradation of the nitrates and
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Fig. 6. Relative volume and void fraction versus temperature for pellets made from A0-
AN2 batches (the lines connect data points representing averaged values).
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carbonates present in the batch. The degradation of nitrates, nitrites,
and carbonates in the A0 batch, when totally completed, produces a
volume of gas that would be 403 times larger than the volume of glass
at T=925 °C. For the other batches, these numbers are even larger:
936 in A0-AC, 2496 in A0-AN1, and 2567 in A0-AN2. Because only the
end of this degradation is captured as foam, any delay in forming a
continuous melt will result in a reduction in primary foam. As the
quartz particle size increases, the silica resists dissolution. This leads
to a later formation of a continuous melt and less primary foam. Large
grains also tend to form agglomerates [4], which further hinders
dissolution.

Secondary foam is less affected by the size of silica grains as it
always forms after a continuous melt has been established. However,
larger grains do reduce secondary foam as they dissolve slower, which
contributes to a lower viscosity in the melt and a reduced ability to
retain bubbles. The kinetics of quartz dissolution will be further
investigated in the next paper in this series.

4.3. Differences between carbonates and nitrates

TheA0-ACbatchwas included to see if therewould be anydifference
in foam generation between a batch that contained no nitrates from the
start and a batch that did contain nitrates, but that were removed by
reaction with sucrose during themelting process. As Fig. 5 shows, there
is a marked difference. The carbonate batch produced very little
secondary foam in relation to other batches with 75-μm silica.

4.4. Effect of sucrose

The expansion around 200 to 400 °C in some batches (see Figs. 4
and 5) may be due to a tendency of sucrose to caramelize at ~170 °C
and trap some of the early batch reaction gases. However, the lack of
low-temperature expansion in the A0-AN2-75 (1.00) batch (Fig. 5)
indicates that this effect is probably random.

The sucrose addition appears to decrease the amount of foam in
nitrate-containing batches, though this effect is only seen with small
silica grains (Fig. 9). As seen in Table 2 and Fig. 3, the A0-5 pellets had
a maximum relative area of 4.15 at 835 °C, while the A0-AN1-5 pellets
had a maximum relative area of 2.66 at 855 °C. This decrease in foam
can be attributed to the reaction between sucrose and nitrates that
occurs between 150 °C and 300 °C [6]. This early decomposition of
nitrates caused less gas to be evolved at higher temperatures and
reduced the formation of primary foam. This accounts for the large
difference between A0-5 and A0-AN1-5 seen in Fig. 9. With larger
quartz particles though, this effect is masked by the absent primary
foam inherent with larger grains; compare A0-75 and A0-AN1-75, or
A0-195 and A0-AN1-195 in Fig. 9.

Sucrose does have an effect on secondary foam, however, as seen in
A0-AN2 (Fig. 5) and described in Section 3.3. The amount of secondary
foamdoesnot increasewith the amount of sucrosewhile C/N is between
0.00 and 0.75, but does increase when C/N≥1. Fig. 10 illustrates the
difference. This effect is not entirely unexpected, as will be explained in
the following section.

4.5. Growth and collapse of secondary foam

The growth and collapse of secondary foam can be rationalized
with the following scenario. The secondary foam is caused by the
oxidation–reduction reactions that occur in the melt [12]. As long as
nitrates are present, the O2 given off by their decomposition is keeping
the ferric–ferrous ratio high. Eventually all nitrates decompose and
the melt shrinks to its minimum volume. At this point, there is a high
concentration of dissolved oxygen and water in the melt. This water
and oxygen then diffuse into small residual bubbles that began to
grow, eventually expanding into foam. As the bubbles expand, the
diffusion distances within the films of melt separating the bubbles
shorten, and gases in the melt easily approach equilibrium with gases
in bubbles. As the concentration of oxygen in the melt decreases, the
reduction of Fe2O3 to FeO progresses, producing even more gas. This
reduction is also fueled by the dissolution of hematite into the melt
and the precipitation of magnetite [6]. Finally, the bubbles in the foam
coalesce into larger and larger cavities while the viscosity of the glass
decreases with the increasing temperature. After the bubbles burst
out of the melt, a depleted supply of dissolved oxygen in conjunction
with a less viscous melt leads to the collapse of the foam. The melt
continues to evolve gas from oxidation–reduction reactions, but these
reactions do not produce enough gas and themelt is no longer viscous
enough to retain the evolving gas.

The expansion observed in A0-AN2 would require the reduction of
20mass%of the Fe2O3 present in themelt. This greatly exceeds the 3 to 4
mass% of Fe2O3 that has been reported to react in HLW glasses [12]. The
presence ofwater in foamwas reportedbyGoldman [13]. If 1200 ppmof
dissolvedwater (the concentration reported for soda-lime glass [14]) is
released at 925 °C, the vapor volumeper volumeunit of glass could be as
highas17. Thepresence ofwater vapor in the foamcould account for the
difference between the observed volume and the volume of oxygen
available from the reduction of Fe2O3.

In A0-AN2 (0.00), A0-AN2 (0.50), and A0-AN2 (0.75) batches, the
amount of sucrose was insufficient for the total destruction of the
nitrates, leaving all or some of the nitrates to decompose “naturally,”
allowing secondary foam to form as described above. This did not
happen for A0-AN2 (1.00) or A0-AN2 (1.25), creating a different
foaming behavior for these two batches.
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This difference between those batches with C/Nb1 and those with
C/N≥1 can be seen already at the point at which the melt reached the
minimum volume. As Fig. 6 shows, batches with C/Nb1 reached their
minimum volume at 825 °C with nearly zero porosity, whereas those
with C/N≥1 reached their minimum volume at 800 °C with around
30% porosity. We can assume that nearly all nitrates reacted with
sucrose at a low temperature in A0-AN2 (1.00) and A0-AN2 (1.25)
batches, which would decrease the partial pressure of oxygen in the
melt. The absence of any primary foam gases dissolved in the melt
allowed the reduction of Fe2O3 to produce O2 below 800 °C, thus
initiating secondary foam earlier than in other batches. The possible
presence of carbon from unreacted sucrose could also lead to the
evolution of COx. In addition to contributing to secondary foam, the
COx would, together with water, lower the partial pressure of oxygen
in bubbles. However, the little difference in foam volume between
batches with C/N=1 and C/N=1.25 suggests that the complete
reaction of nitrates early in the melt causing an earlier closure of open
pores and trapping more gases contributed more to secondary foam
than excess carbon from sucrose.

It is questionable whether this effect operates in batches other
than those with an intermediate silica size, i.e., 75 μm, and – as the
similarity in foaming between 45-μm batches and 75-μm batches
(Fig. 4) suggests – 45 μm as well. As seen in Fig. 9, adding sucrose
diminished foam for batches with 5-μm quartz particles while having
no effect on batches with larger particles.

4.6. Recommendations for large-scale melters

Primary foam hinders the transfer of heat to the cold cap from the
molten glass and reduces the rate of melting. While secondary foam
can be removed by bubbling air through the melt, primary foam
remains within the cold cap and cannot be removed by mechanical
means. Therefore, primary foam should be avoided if possible. The
pellet test used in this study is a good tool for measuring the extent of
primary and secondary foam and as such can be recommended as a
screening test for selecting batch materials.

Since smaller sizes of quartz grains lead to increased primary foam
and larger sizes dissolve too slowly and decreasemelt homogeneity [4],
medium-sized quartz grains (around 45–75 μm)may be recommended
for achieving optimum performance from large-scale melters.

Sucrose is occasionally added to waste-glass batches containing
nitrates to control oxidation–reduction reactions or to enhance the
melt rate [15]. Our study indicates that sucrose can also help reduce
primary foam in batches with nitrates, though additions of C/N≥1
could result in increased secondary foam. Moreover, it seems possible
that grains of quartz even smaller than 45 μm may be used in
combination with sucrose addition in batches with nitrates without
worrying about the increased primary foam that usually results from
using small quartz particles.

5. Conclusions

The batch reaches its minimum volumewhen the glass-formingmelt
becomes connected and open porosity closes. This minimum is
immediately followed by the formation of foam. Residual batch gases
generate primary foam, whereas gases that evolved from oxidation–
reduction reactions generate secondary foam. The extent of the foam
decreases as the size of quartz particles increases. The use ofmicrometer-
sized quartz particles causes large volumes of primary foam because of
the quick dissolution of the silica and the early formation of a connected
melt. Batches containing largerquartzparticles (≥45 μm)donotgenerate

primary foam. A moderate addition of sucrose (up to C/N=1) has no
impact on foaming except for batcheswithnitrates andmicrometer-sized
quartz particles, where it substantially decreases primary foam. Higher
amounts of sucrose in nitrate-containing batches mildly increase
secondary foam. The A0-AC batch, which contained carbonates and no
nitrates, did not produce foam.

The rise in foaming after the porosity closes is quite rapid because
the melt is oversaturated with oxygen that cannot easily diffuse out of
the melt. As the melt turns to foam, the diffusion distances shorten
and gas can be quickly released, turning themelt into very low density
foam. The porosity of the foam at its maximum volume is about 90%.
The foam collapses fromwithin, forming large cavities that eventually
burst into the atmosphere. The extent of foaming is inversely
proportional to the temperature at which the batch volume reaches
a minimum.

This study also shows that pellet tests are suitable for rapid
measurement of batch volume as a function of temperature and batch
makeup parameters. Obtaining volume measurements does require
numerical integration of the pellet profile, however.
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