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response to heating at 5°C/min.The relative expansion 
of pellets was measured as the relative profile area, a 
= A/A0. The maximum relative expansion of A0 pellets 
was 0.88. The Al-Na pellet reached maximum expansion 
at ~815°C and began to collapse to a minimum profile 
area at ~850°C, after which foam rose again to another 
maximum at ~920°C (Figure 10). The first maximum is 
attributable to primary foam, the second to secondary 
foam. In a commercial glass batch [9, 29], a double 
peak commonly occurs because the batch expansion 
temperature and fining temperature are different, but this 
phenomenon is rare in waste glasses with large fractions 
of multivalent oxides. 
 We repeated the experiment to check whether 
a double peak was not an artifact caused by a large 
bubble bursting into the atmosphere. No longer having 
the original slurry, we used the remaining dry Al–Na 
batch stored for one year in a closed jar. The line 
marked as Al–Na (2) in Figure 10 represents the 
result. Surprisingly, a new broad peak appeared on the 
expansion curve, ranging from 200 to 650°C. The double 
peak attributed to primary and secondary foam was well 
reproduced, except that the second peak was milder. 
At the temperature interval of the broad low-temperature 
peak, the pellet had a rather rough irregular surface, and 
the body of the pellet was cracked as seen in Figure 11. 
We repeated the experiment, this time with a pellet dried 
for 150 min at 115°C. The result shown as the Al–Na (3) 
line in Figure 10 is similar to that obtained for the Al–Na 
(2) pellet, except that the low-temperature peak was even 
more pronounced, and the pellet shape was even more 
irregular (Figure 11, right). 
 The low-temperature expansion of pellets Al–Na 
(2) and (3) can be rationalized by the following scenario. 
The low viscosity ionic-salt melt formed initially on the 
pellet surface and, driven by surface forces, tended to 
migrate to the “dry” interior. The melt moved with the 
progressing isotherm to the pellet core where it fused 
with borate glass-forming melt. This melt expanded as 
gas bubbles were trapped in it and grew, causing the hard 
surface to crack. That this scenario occurred in Al–Na 
(2) and (3) pellets and not in the Al–Na (1) pellet was 

probably associated with an aging process during the 
dry-batch storage. The low-temperature expansion did 
not affect the formation of primary foam. 
 The relative volume expansion (v) can be obtained 
from the relative profile-area expansion (a) for a simple 
geometry of pellet profile. For example, when the initially 
cylindrical pellet of the radius r0 and height h0 becomes 
a hemispherical body with the radius r, we have V0 = 
πr0

2h0, A0 = 2r0h0, V = (2/3)πr3, and A = (1/2)πr2. Hence, 
vP = 2r3/(3r0

2h0), where the subscript P stands for pellet, 
and a = πr2/(4r0h0). Thus, vP = (16/3)π-3/2(h0/r0)1/2a3/2 = 
0.9578(h0/r0)1/2a3/2 = 0.754, where we used the values 
of h0 = 6 mm, r0 = 6.5 mm, and a = 0.876. Repeating 
this calculation for Al-Na pellets for 900°C expansion 
values, we obtain for each of the three measurements the 
vP values of 3.36, 2.02, and 1.90. 
 The vP values are smaller than those for the loose 
batches, even though the batch in a pellet is compressed 
to begin with, and thus has a lower initial volume: the 
loose A0 batch with a density ρC = 0.78 g/cm3 was 
compressed in a pellet to the density of ρP = 1.88 g/
cm3. Thus, te foam collapse occurs in pellets at a much 
lower porosity (pmax = 0.45) than in loose batches placed 
in silica-glass crucibles. The factors contributing to the 
differences between loose and compressed batches are 
pointed out in page 202.

Temperature field evolution
and heat conductivity

 The temperature-field-evolution for the Al-Na batch 
is displayed in Figure 12. The horizontal temperature 
distribution in the batch was close to parabolic at the 
heating times from 60 to 140 min (when the inner wall 
temperature was between 200 and 600°C). 
 The heat flux through the crucible wall was 
calculated as q = λWΔT/h where λW is the heat conductivity 
of the crucible material, h is the crucible wall thickness, 
and ΔT = TE – TI is the temperature difference across 
the crucible wall (TE and TI are the temperatures of the 
external and internal wall surface, respectively). As 

Figure 11.  Pellets of Al–Na (2), left, and (3), right, at 450°C. The Pt wire is 10 mm long and is used as a measuring stick.
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Figure 12 indicates, a quasi-steady state was established 
after ~100 min of the experiment and lasted up to ~160 
min, when large cavities began to appear in the batch, 
and the temperature profile turned flat. For the quasi-
steady-state interval, the effective heat conductivity 
(λE) of the batch was then estimated as λE = q/(dT/dx|x=0) 
where x is the horizontal distance from the wall. Table 5 
lists the measured and calculated data.
 The effective heat conductivity is not a true 
conductivity because its value is affected by other 

processes, such as the melting of molten salts and 
their reactions with batch solids as evidenced by the 
TGA (Figure 13). The λE was probably lower than the 
true conductivity because the temperature gradient 
gets steeper if the incoming heat is consumed by batch 
reactions and phase transitions. In Figure 13, λE is plotted 
versus T. Within 400 and 700°C, the effective heat 
conductivity of the batch increased as the temperature 
increased, probably as a result of the increasing batch 

density.

Effect of silica-grain size
on foaming

 As Figure 14 demonstrates, batches with 5-mm 
silica form a large amount of primary foam in A0 
batches, while batches with 75-mm and 550-mm silica 
do not form primary foam at all. Primary foam started 
in loose batches with 5-mm silica at ~750°C and below 
700°C in pellets. The fine (≤5 mm) silica grains react 
with molten salts forming glass melt below 800°C 
instead of dissolving in borate melt above 800°C as do 
≥75-mm grains. As we have shown elsewhere [32], silica 
grains larger than 100 mm have a tendency to cluster and 

Figure 12.  Evolution of temperature distribution within Al-
Na batch. Top: Temperature versus time and distance from 
crucible wall (legend). Bottom: Temperature versus distance 
from crucible wall and time in min (legend).

Figure 13.  Heat conductivity versus temperature for Al–Na 
batch.

Table 5.  Temperature field data*.

Time TE TI ΔT ΔT/h -∂T/∂x λW q λE

(min) (°C) (°C) (K) (K/mm) (K/mm) (W/(m·K)) (kW/m2) (W/(m·K))

160 826 688 138 10.7 5.32 1.53 16.4 3.1
140 728 600 128 9.9 6.57 1.45 14.4 2.2
120 629 501 129 10.0 6.93 1.37 13.7 2.0
100 532 399 133 10.3 8.11 1.28 13.2 1.6
* TE is the external wall surface temperature, Ti is the internal wall surface temperatures, ΔT = TE – Ti, h is the crucible wall thickness, x is the 
distance from the internal wall surface, λW is the heat conductivity of the crucible material, λE is the effective heat conductivity of the batch, and q 
is the heat flux through the crucible wall.
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thus slow down melt homogenization.
 The stronger foaming of the Al–Na batch was 
attributed to slowly dissolving alumina that kept the 
viscosity low, thus allowing the borate melt to close the 
batch pores more quickly. Contrary to this effect, the 
early reaction of fine silica with molten salts produces 
foam because a highly viscous silicate melt forms at T 
<800°C. In the case of alumina, we have attributed the 
early foaming to a higher fluidity of glass-forming melt 
assisted by capillary forces, whereas in the case of silica, 
the likely cause of the closure of pores is the large fraction 
of glass-forming melt that becomes continuous through 
the percolation effect. Indeed, with 5-mm quartz, nearly 
all batch turns into glass-forming melt while batch gases 
still evolve. 

Effect of sucrose addition
to A0 batch

 Sucrose was added to the A0 batch after enough 
HNO3 was added to it to convert carbonates, hydroxides, 
and some oxides to nitrates, thus providing oxygen needed 

for a sufficient internal heat supply. The carbon-nitrogen 
ratio was C/N = 1. The expansion of this modified A0 
batch was nearly the same as that of the original. Pellets 
of both batches began to expand at ~800°C and reached 
the maximum volume at ~950°C. Hence, neither made 
primary foam. The expansion somewhat increased when 
the A0 batch was acidified without adding sucrose. 
 Figure 15 displays the temperature field evolution 
of the modified A0 batch with added HNO3 and cellulose 
at C/N = 0.9. The temperature-versus-time curves bring 
evidence for an exothermic reaction between nitrate 
and carbohydrate that started at the crucible wall at a 
temperature 310°C and rapidly propagated towards 
the center of the crucible, reaching the distance of 35 
mm from the wall within a time shorter than 2 min and 
igniting the reaction there at 160°C. The temperature 
jump occurred within 1 min and was 200 to 300°C 
high. The temperature then decreased within 15 to 30 
min to a level at which further heating was supplied via 
conduction. The peak temperature was probably that 
of the reaction gas from which only a fraction of the 

reaction heat was transferred to the batch solids. 

Effect of composition variation
on foaming

 The batch expansion data for the composition va-
riation study (A0 to A5 batches) are listed in Tables 6 
and 7. Both loose batches and pellets reached minimum 
volume within the temperature range from 750 to 850°C. 
The expansion was most rapid around 900°C in loose 
batches (within the range from 860 to 950°C) and around 
850°C in pellets (within the range from 830 to 880°C). 
The maximum expansion occurred around 980°C 
(within the range from 950 to 1030°C) in loose batches 
and around 910°C in pellets (within the range from 870 

Figure 14.  Relative expansion versus temperature for batches 
with silica-grain sizes 5, 75, and 550 µm (experiment with a 
pellet containing 5-µm silica was performed twice).

Figure 15.  Temperature versus time and distance from crucible 
wall (legend, in cm) for A0 acidified batch with cellulose 
(C/N = 0.9).
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to 960°C). The average difference between temperatures 
of maximum and minimum volume was 180°C for 
loose batches and 110°C for pellets. Assuming that the 
composition was uniform, foam reached maximum 
expansion at log(η/Pa·s) = 1.4±0.2 (lose batches) and 
1.7±0.1 (pellets). When the value of log(η/Pa·s) for an 
A5 pellet was removed from the average, the standard 
deviation decreased to 0.04 Pa·s (corresponding to η 
= 45±4 Pa·s). The relative maximum expansion was 
1.56±0.28 for loose batches and 0.92±0.09 (lower than 
the initial volume) for pellets. 
 The maximum rate of expansion (the rate at the 
inflexion point) was determined by fitting a third-order 
polynomial to data between the maximum and minimum 
expansion (not necessarily including these extreme 
values in the fit). Figure 16 displays measured data for the 
temperature interval during which expansion occurred. 
The lines show the third-order polynomials fitted to data.
 Figure 17 shows pictures of four pellets arranged 
by the increasing value of the B/Ca atomic ratio in 
glass. For the first three (A3, A0, and A1), it was the 
only composition variable that changed. Figure 18 
arranges the pictures of four pellets (A0, A2, A5, and 
A4) according to the Li2O mass fraction in glass. Visual 
inspection indicates that pellets melt faster when the B/
Ca ratio increases and when the Li2O fraction in glass 
increases. 
 When applied to the temperature of maximum 
expansion rate and maximum expansion of pellets, linear 
regression analysis showed that these temperatures were 

little affected by the content of CaO, MgO, and Na2O in 
glass, but correlated with the content of B2O3 and Li2O. 
This correlation can be expressed by the equation 

(Tinf, Tmax) = T0 + TBxB + TLxL                (1)

where xB and xL are the mass fractions of B2O3 and Li2O, 
respectively (see Table 3), T0 is the intercept, and TB and 
TL are the coefficients; Table 8 lists the values. No such 
correlation was found for Tinf and Tmax of loose batches.
One can assume that the foam volume per mass of glass 
at a characteristic temperature, such as Tinf, is a function 
of temperature and glass composition, i.e., 

v = v~   (Tinf, x
→  )                            (2)

where  x→   is the composition vector. Equation (2) can be 
conveniently linearized as

                     (3)

where xi is the i-th component fraction, N is the number 
of foaming-affecting components, and v0, vT, and vi are 
constant coefficients. 
 Experimental determination of these linear coeffi-
cients would require a large number of data, and thus 
would be time and labor consuming. Therefore, the sum 
of composition terms in Equation (3) is usually replaced 
by just one term based on the fraction of nonbridging 
oxygens, basicity, or a similar single characteristic. This 
simplification ignores the unique and specific effects of 
individual components but usually provides the expected 

Table 6.  Expansion parameters for A-series loose batches.

  A0 A1 A2 A3 A4 A5 Average StDev

 Min 0.83 0.88 0.78 0.75 0.94 0.86 0.84 0.07
V/V0 Inflection 1.31 1.44 0.98 1.14 1.30 1.13 1.22 0.16
 Max 1.64 1.99 1.19 1.42 1.66 1.40 1.55 0.28
 Min 800 775 748 801 858 831 802 39
T (°C) Inflection 862 885 885 885 928 918 894 24
 Max 950 960 950 1000 997 1005 977 26
103d(h/h0)/dT Inflection 10.1 8.8 2.8 6.1 7.8 4.64 6.7 2.7
η, Pa·s, at Tmax 44 40 17 25 10 18 26 14
log(η/Pa·s) at Tmax 1.65 1.61 1.24 1.40 0.98 1.25 1.35 0.25

Table 7.  Pellet expansion parameters for A-series batches.

  A0 A1 A2 A3 A4 A5 Average StDev

 Min 0.68 0.79 0.67 0.62 0.65 0.75 0.69 0.06
A/A0 Inflection 0.79 0.90 0.77 0.83 0.69 0.82 0.80 0.07
 Max 0.88 1.02 0.88 1.03 0.78 0.93 0.92 0.09
 Min 800 800 755 835 800 800 798 25
T (°C) Inflection 852 845 826 884 844 845 849 19
 Max 950 940 870 960 870 870 910 44
103d(A/A0)/dT Inflection 2.5 3.4 3.0 6.1 3.1 5.2 3.9 1.4
η, Pa·s, at Tmax* 44 52 46 40 43 95 45.1 4.3
log(η/Pa·s) at Tmax* 1.65 1.71 1.67 1.60 1.64 1.98 1.65 0.04

* The average and standard deviation do not include A5 data
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correlation, though with a substantial error. 
 Foam that evolves at temperatures >800°C is 
secondary foam from fining-type reactions, such as 

4Fe3+ + 2O2- = 4Fe2+ + O2                  (4)

 As the temperature increases, the reaction equi-
librium shifts to the reduced side of Equation (4); thus, 
more oxygen is produced, resulting in an increased 
volume of foam as seen in Figure 19. 
 Reaction (4) treats Fe(II), Fe(III), and O2- as ions. 
Though this does not reflect the true nature of iron atoms 
in molten glass [37], this reaction is nevertheless a useful 
basis for assumptions that allow estimating the sum term 
in Equation (3). Various authors [37-41] relate the oxygen 
activity to the bridging-nonbridging oxygen ratio (more 
precisely, NBO

2/NNBO, where NBO and NNBO are numbers 
of bridging and nonbridging oxygens per mole of glass, 
respectively), or to the optical basicity. Here, following 
Duffy and Ingram [41], we opted for expressing the 
influence of glass composition on the redox equilibrium 
through the optical basicity, Λ, that can be expressed as 

     ,

where Λi is the i-th component coefficient, Xi is the 
atomic fraction of oxygen per i-th component, and N is 
the number of components.
 Since all iron was initially in the batch in the form 
of Fe(III), the amount of oxygen evolved via reaction 
(4) is proportional to the Fe(II) fraction. Because this 
fraction is small at temperatures £900°C, the volume 
of oxygen evolved is roughly proportional to the redox 
ratio, R = [Fe(II)]/[Fe(III)]. A higher melt basicity 
suppresses the redox ratio according to the relationship 
[41,42] ln(R) = R0 – RT/T – RΛΛ, where R0, RT, and RΛ are 
positive coefficients. 
 Figure 20 displays the relative expansions of pel-
lets at three temperatures, Tmin, Tinf, and Tmax versus 
basicity calculated for the B2O3-CaO-Li2O-MgO-Na2O 
submixture. The Λi values of these oxides were 0.40, 
1.00, 0.87, 0.87, and 1.11, respectively. These values, 
recommended by McCloy [43], are somewhat different 
from those by Duffy [41]. Loose-batch data exhibit a 
similar tendency as data obtained for pellets, but with a 
larger scatter. Therefore, we applied linear regression to 
pellet data rather than loose-batch data using the equation

Figure 16.  Relative profile areas for pellets (top) and relative volumes of loose batches (bottom) as functions of temperature. The 
lines represent third-order polynomials fitted to data in the neighborhood of the inflexion point (to assess the maximum expansion 
rate shown in Tables 6 and 7).
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Figure 17.  Photographs of selected pellets of A-series batches arranged by B/Ca atomic ratio.

Figure 18.  Photographs of selected pellets of A-series batches arranged by Li2O mass fraction in glass.

B/Ca	 0.69	 1.55	 2.26	 2.63
T,	°C	 A3	 A0	 A1	 A5

800	 		 		 		 	

870	 		 		 		 	

900	 		 		 		 	

920	 		 		 		 	

960	 		 		 		 	

Li2O	 0.0357	 0.0483	 0.0677	 0.0677
T,	°C	 A0	 A2	 A5	 A4

800	 		 		 		 	

870	 		 		 		 	

900	 		 		 		 	

920	 		 		 		 	
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a = a0 - aT/T - aΛΛ                             (5)

where a0, aT, and aΛ are the coefficients.
 As Table 9 and Figure 21 show, the correlation is 
not perfect. This is owing to various factors unaccounted 
for: 1) not all oxygen evolved is trapped in secondary 
foam, 2) foam may contain other gases than oxygen, 
3) an unknown portion of the evolved oxygen escapes 
through the large surfaces of the pellets, 4) residual 
batch gases, such as H2O, change the partial pressure of 
oxygen in bubbles, affecting the extent of foaming and 
5) the shape of a pellet is changing with temperature, 
depending on the surface tension, wetting angle, and 
the rate of spreading of the melt on the solid surface, 
and thus its profile area depends of the angle of view. 
Because of the great sensitivity of foam formation to 
experimental conditions, the relationship between the 
batch expansion as observed in the laboratory and the 
conversion process as it occurs in the batch blanket must 
be treated with caution (see Discussion). Nevertheless, 
the existing correlation indicates that the amount of 
secondary foam in the melter may roughly be estimated 
based on the redox equilibria as functions of temperature 
and melt basicity. 
 Pellets made from the A2, A4, and A5 batches 
collapsed earlier (at ≤ 960°C) and faster than the high-
viscosity pellets A0, A1, and A3. As Table 10 shows, 
the viscosities of glasses A0, A1, and A3 are virtually 
identical and higher than those of glasses A2, A4, and 
A5. This indicates that lower viscosity hastens the foam 
collapse. Therefore, it also affects the maximum foam 
volume. This effect is probably responsible for the large 
error when the maximum foam expansion was expressed 
as a function of temperature and basicity (Table 9). 
 Apart from temperature and overall composition, 
viscosity depends also on the extent to which silica 

Table 8.  Coefficients and statistical parameters expressing 
the effect of B2O3 and Li2O in glass on the temperatures of 
maximum expansion rate (Tinf) and maximum expansion (Tmax) 
of pellets (all temperatures are in °C).

 T0 TB TL R2 R2
adj StError

Tinf 992 -678 -954 0.987 0.978 3
Tmax 1100 -451 -2602 0.826 0.710 24

Table 10.  Estimated values of log(η/Pa·s) for A-series glasses 
(using a mathematical model [35] as functions of temperature. 
The last column shows measured values for A0 glass for 
comparison.

T, °C A4 A2 A5 A0 A3 A1 A0

850 1.75 1.78 2.10 2.23 2.24 2.24 2.29
900 1.47 1.50 1.80 1.93 1.93 1.94 1.96
950 1.21 1.24 1.53 1.65 1.66 1.66 1.66

Table 9.  Coefficients and statistical parameters expressing the effect of 1/T (for T in K) and B2O3–CaO–Li2O–MgO–Na2O 
submixture basicity on the relative expansion of pellets at Tmin, Tinf, Tmax, and Tmin with Tinf, and at all three temperatures.

 Tmin Tinf Tmax Tmin,inf All

a0 2.88 ±1.03 6.01 ±1.66 2.91 ±1.32 4.07 ±0.57 3.85 ±0.43
aT, 10-3 K -1.81 ±0.53 -2.05 ±0.63 -0.48 ±1.09 -1.87 ±0.39 -1.43 ±0.41
a∧ -1.10 ±0.87 -4.37 ±1.55 -1.99 ±1.27 -2.33 ±0.48 -2.39 ±0.33
R2 0.80 0.79 0.46 0.79 0.79
R2

adj 0.67 0.66 0.10 0.75 0.76
StError 0.04 0.04 0.09 0.04 0.06

Figure 19.  Maximum and inflexion-point relative expansion 
versus temperature for pellets (P) and loose batches (C).

Figure 20.  Relative expansion versus B2O3–CaO–Li2O–MgO–
Na2O submixture basicity for pellets (the outlying data points 
for A3 batch, max and inflexion, were not included in the 
diagram).
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grains dissolved. In Figure 22, the fraction of solid silica 
is plotted versus temperature for three A-series batches: 
A0, A1 (yielding glass with the highest viscosity), and 
A4 (yielding glass with the lowest viscosity). There is 
little difference between the rates of silica dissolution 
in these batches, though the data indicate that silica 
dissolved somewhat earlier in A4 glass. The solid silica 
was gone by the temperature of 1000°C. Very little or no 
silica remained in the melt at the temperature interval 
during which the expansion occurred (800 to 900°C). 
 Based on the expansion data, one can make three 
qualitative observations. First, the data scatter is lower 
for pellets than for loose batches. Second, the slope 
of expansion versus temperature is milder for pellets. 
Third, the maximum relative expansion of loose batches 
is higher and occurs at higher temperatures than that 
of the pellets. These differences can be attributed to 
the differences in the heat transfer, the sample sizes, 
thermocouple placements, and the wall effects. Pellets 

received direct radiation heat from the heating elements 
as did the thermocouple. The heating of batch in pellets 
was close to uniform because of the small volume of 
pellets and their large surface-to-volume ratio. On the 
other hand, some of the heat radiation could be reflected 
back from the silica-glass crucibles while the larger mass 
of crucible batches and their smaller surface-to-volume 
ratio lead to a temperature difference between the furnace 
thermocouple and the batch during the heat treatment 
at 5°C/min. Also, as already mentioned, batches in 
crucibles are more subjected to random events, such 
as growth and collapse of large bubbles hanging on the 
wall, than batches in pellets with free surfaces. 

DISCUSSION

 The ultimate goal of batch-melting studies, labo-
ratory-scale, large-scale, or mathematical modeling, 
is increasing the rate of glass processing in an energy-
efficient manner. Each area of study is important in 
understanding the complexities of melt behavior. 
Large-scale melter experiments are expensive and time-
consuming but are necessary for establishing the actual 
rate of glass processing and cold-cap formation. For their 
rational and efficient design, data provided by laboratory 
batch-melting studies are helpful and necessary. Also, 
mathematical models are not merely an intermediate step 
between laboratory-scale and large-scale studies, but also 
an important tool for processing copious amounts of data 
and assessing responses of melters to vast combinations 
of process parameters. This section discusses some 
aspects of translating experimental data into terms and 
functions for mathematical modeling.

Non-isothermal crucible tests
and melter processing

 Translating the batch-conversion process observed 
during heating batch samples in the laboratory to the 
conditions at which the batch blanket is converted to 
molten glass in the melter is a challenging task that 
can conveniently be accomplished by means of a 
mathematical model [24]. Such a model would combine 
the process kinetics with the heat transfer through the 
low-conductive granular material within the batch 
blanket and through a layer of primary foam. It also 
would include the heat exchange between hot reaction 
gases ascending through the partly molten granular 
material. 
 In the simplest continuous steady-state batch 
melting situation conceivable, a batch blanket of uniform 
thickness rests on a pool of molten glass from which it 
receives a steady uniform heat flux [24, 43–46]. The 
batch is charged from above onto the surface of the batch 
blanket to maintain its thickness. Ideally, each batch 

Figure 21.  Relative expansion of pellets, estimated versus 
measured.

Figure 22.  Solid silica mass fraction measured by XRD with 
RIQAS software of three A-series batches versus temperature 
(the trendline, sU = 1.2055×10-6 (1028.5 – T)2, where sU is 
the undissolved silica fraction, was fitted using least-square 
regression).
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particle travels vertically down through the blanket, 
experiencing increasing temperature in response to 
which its properties change: the density, the dissolution 
rates of solids, the reaction kinetics, etc. Thus, as the 
conversion proceeds, the temperature, velocity, and the 
extent of batch reactions are functions of the position 
along the vertical coordinate, and these functions do not 
vary with time. 
 Although the real melting is accompanied with 
lateral movements of batch components on various 
scales, viewing the batch-to-glass conversion as a one-
dimensional process is a useful first approximation 
allowing us to assume that batch conversion reactions 
advance in a batch blanket in a similar manner as in a 
crucible heated at the same rate. If the spatial distribution 
of the temperature can be translated as the temporal 
history of a small volume of batch in a laboratory 
crucible, we can expect that the conversion extent 
translates accordingly. 
 To approximate conditions a batch particle 
experiences within the batch blanket, we used a simple 
temperature history, T = T0 + Φt, where T0 is the initial 
temperature, t is time, and Φ = dT/dt = 5°C/min is the 
heating rate. Though this is not the exact duplicate of the 
melter situation, it is more realistic than the commonly 
used extremely rapid heating followed by holding the 
sample at a constant temperature. 
 Not all conversion phenomena can be reproduced 
in this manner. Even if the crucible time-temperature 
function was exactly the same as that in the batch blanket, 
the conversion process would still be different. The main 
difference is that a steep temperature gradient exists in 
the batch blanket in the industrial melter that cannot be 
easily reproduced in the laboratory situation. Also, gases 
evolved in the lower layers of the batch blanket rise 
through the upper layers, exchanging heat and affecting 
chemical reactions. Further, refluxes of low-viscosity 
melts [47] that occur in the melter are missing in a small 
crucible. Techniques have been developed for obtaining 
more realistic experimental conditions [47–52], but 
they do not render reliable quantitative data because 
of problems with melt bridging and other wall effects. 
Hopefully, a mathematical model will handle these 
phenomena in their complexity and interrelatedness.

Batch-layer structure

 Regardless of the differences discussed above, the 
time sequence of the conversion stages observed in the 
crucible informs us about the spatial arrangement in 
the form of layers in the batch blanket characterized by 
specific configurations of liquids, solids, and the gaseous 
phase. 
 To simplify the situation, we can view a batch 
blanket as consisting of two main layers that correspond 
to the two melting stages mentioned in the Introduction: 

the upper layer of granular solids soaked with low-
viscosity molten salts and the lower layer of glass-
forming melt containing dispersed solid residues, mainly 
silica, and, in case of high-level waste glass, spinel, 
possibly alumina and zirconia, and numerous bubbles. 
Two conversion stages were identified also by Faber et 
al. [53] and distinguished by different values of thermal 
diffusivity. Conradt et al. [54] confirmed their results 
and argued that measuring electrical conductivity of the 
batch detects the occurrence of interconnected glass-
forming melt whereas thermal diffusivity is influenced 
by the gas-phase content of the melt after it becomes 
connected. 
 Most of the vigorous conversion reactions occur in 
the upper layer. It is there where the chemically bonded 
water is released, where oxyionic salts are melting and 
reacting with organics and solids and where the first 
borates and silicates form. 
 If batch solids have a sufficiently large specific 
surface area, they immobilize the ionic melt via wetting 
the particles and thus prevent lateral movement of 
molten salts [33,55]. Then the assumption that the batch 
blanket melts one-dimensionally is acceptable, at least 
in the sections of the blanket that are undisturbed by 
the vent holes through which gases accumulated under 
the blanket escape (gases that originate from primary 
foam, from redox and other fining reactions, and from 
bubblers). 
 The most important feature that makes the upper 
layer distinct is that reaction gases can freely escape 
through the open pores. The volume of gases evolved 
is impressive. To make 1 g of A0 glass, 1.35 g of batch 
(Table 2) is needed. The room-temperature volume of 
gases that this amount of batch evolves during conversion 
to glass is 17.3 mL (4.3 mL NO, 3.3 mL O2, 1.6 mL CO2, 
and 8.1 mL H2O), nearly 50 times the volume of glass. At 
500°C, this volume increases to 45 mL. 
 Chemically bonded water (crystalline water and 
water from hydroxides, oxyhydrates, and boric acid) is 
liberated simultaneously with the melting of oxyionic 
salts and the formation of borate melt. The borate melt 
dissolves amorphous Fe2O3 and Al2O3 from Fe(OH)3 and 
Al(OH)3 and reacts with molten salts that react also with 
organics and with silica. The kinetics of evolution of 
the borate-melt fraction and its content of R2O, RO, and 
R2O3 during the reaction progress is largely unknown. 
The reaction of nitrates with organics is exothermic and 
generates a large amount of heat if the concentration of 
the reactants is high, especially when sucrose is added to 
a batch containing a large fraction of nitrates [33]. It is 
unclear what fraction of this heat is used for enhancing 
the melting process: the rapid escape of hot gases limits 
the heat exchange with the solid and liquid components. 
In the case of feeding the melter with water slurry, as is 
common for nuclear waste batches, evolved gases help 
evaporate the free water. 
To what extent the melting process can substantially 
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be accelerated through exothermic reactions within the 
upper layer of the batch blanket depends on how much of 
the reaction heat produced is lost to offgas. 
 Obviously, the batch reactions are too numerous 
to determine their individual kinetics and reaction 
enthalpies. Fortunately, this is not necessary for 
designing a mathematical model. Differential scanning 
calorimetry, TGA, and evolved-gas analysis can provide 
most of the data needed. 

Lower layer of batch blanket
and primary foam thickness

 In the lower layer of the batch blanket, the 
borosilicate glass-forming melt is continuous. Gases 
generated in this layer are trapped as primary foam that 
collapses when enough gas is evolved to cause the melt 
films separating the cells to break. Some batches expand 
several times in volume [23,56].
 As has been demonstrated in this study, primary 
foam can be decreased, and perhaps entirely eliminated, 
by an appropriate selection of batch additives, especially 
the size of silica grains. Small silica particles (~5 mm) 
create a large quantity of a high-viscosity melt too early, 
leading to massive foaming. On the other hand, silica 
grains 100 mm in size or larger cannot be recommended 
because they are sources of inhomogeneities [32]. 
Also, if glass formulation requires additions of Al2O3 
or ZrO2, the mineral form of these components affects 
the formation of primary foam. This study demonstrated 
that crystalline Al2O3 leads to primary foam generation, 
whereas Al(OH)3 (gibbsite) does not. 
 The need to control primary foam can only be based 
on the knowledge of the impact of primary foam on 
the rate of melting. This, however, is difficult to assess 
because it is unclear whether, or to what extent, primary 
foam hinders heat transfer to the upper portion of the 
blanket. On the other hand, the formation and collapse 
of primary-foam bubbles may help dissolve the solid 
residues and homogenize the melt [14-17].
 The thickness (hP) of the lower layer of the batch 
blanket in the melter (equal to the thickness of the 
primary-foam layer if bubbles are present, not to 
be confused with the secondary foam from bubbles 
accumulated under the blanket) can be assessed as 

hP = λPΔPT/q                            (6)

where λP is the lower layer heat conductivity, q is the heat 
flux received from the molten glass under the blanket and 
ΔPT = TC – TBB with TC being the temperature at which 
the glass-forming melt joins into a continuous matrix, 
and TBB is the batch-blanket bottom temperature. 
 The heat is produced by the electric energy 
dissipating in the melt between the electrodes and 
is delivered to the cold cap by convective currents. 
For melters without bubbling, the natural convection 
is driven by buoyancy, and its rate increases as the 

difference from TM to TBB increases, where TM is the 
melter-operating temperature. Because TM is limited 
by the electrode material (it is usually set at 1150°C in 
nuclear-waste melters), by Equation (6), q decreases as 
TBB increases. With forced convection by bubblers, the 
heat transfer greatly improves [57-60].
 The batch-blanket bottom is located where the 
one-dimensional motion of the batch becomes a three-
dimensional flow. Thus, the batch-blanket bottom is 
an important boundary at which the predominantly 
convective heat transfer from the moving melt turns to 
a predominantly conductive transfer through the melting 
batch. The melt-batch interface is positioned where the 
melt viscosity is low enough to allow the melt to be 
dragged by the convection currents away from the batch 
blanket. This viscosity depends on temperature, melt 
composition, and the fraction of undissolved silica that 
continues dissolving while carried in the melt-convection 
currents [61].
 Apart from viscosity, the position and temperature 
of the batch-blanket bottom is influenced by melt density. 
The bubbly melt under the batch blanket becomes 
stagnant because its low density blocks convective 
currents unless the forced convection caused by gas 
ejected from bubblers blows the bubbly melt away. 
The heat flux to the batch blanket is related to the rate of 
melting (j) as 

q = jQ                                    (7)

where Q is the total conversion heat per unit mass of 
glass. 
 If QI is the internal heat supplied by the exothermic 
reaction that has been transferred from the reaction gases 
to batch solids and liquids, the rate of melting per heat 
delivered from electric energy dissipation will increase 
accordingly, i.e., j = q/(Q – QI). 
 Suppose that j = 10 gm-2s-1 (0.9 t/m2/day), Q = 5 kJ/g,
QI = 0, and DPT = 150 K. Thus, by Equation (7), 
q = 50 kW/m2. If the lower layer of the batch blanket 
consists of bubble-free glass with λP = 2 Wm-1 K-1, then, 
by Equation (6), we obtain hP = 6 mm. The temperature 
gradient over this layer that is necessary for transferring 
the conversion heat to the upper layer and maintaining 
the rate of melting at a constant level would be 
ΔPT/hP = 25 K/mm. 
 The velocity of the melt is v = j/ρP, where ρP = ρG/(1 - p)
is the layer density, rG is the molten glass density and p is 
the gas-phase fraction (porosity). For ρG = 2.7´106 g/m3 
and p = 0, we obtain v = 13 mm/h. The time of the passage 
of melt through the lower layer is tP = hP/v = 27 min, and 
the heating rate that the melt experiences is Φ = ΔPT/tP = 
5.6 K/min. This is close to the 5°C/min heating rate used 
in this work. 
 Repeating the calculation for a bubbly melt, assu-
ming that p = 0.2 and lP = λ Wm-1K-1, it follows from the 
above formulas that Φ = j2Q(1 - p)/(λPρG) = 8.9 K/min. 
If, on the other hand, λP remains at 2 Wm-1K-1, then the 
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rate of heating would drop to 4.4 K/min. The impact of 
the gas-phase content on the λP is uncertain, especially 
if bubbles are as large as the foam-layer thickness or 
when small bubbles move through this layer upwards, 
dragging hot glass with them. 
 Would the A0 batch melt faster or slower than the 
Al-Na batch? Both reach maximum expansion at ~900°C, 
but the Al-Na batch expanded in a crucible three times 
as much as the A0 batch (Figure 1). The rate of melting 
may not be affected by the foaminess of the lower layer 
of the batch blanket if this layer automatically adjusts 
its thickness, and thus the temperature gradient, to 
allow the passage of the heat. However, the presence of 
foam may cause a decrease of the batch-blanket bottom 
temperature, thus reducing the heat flux to the blanket. 
Resolving this issue will need further investigation both 
in the laboratory and with a mathematical model, and 
verification with melter experiments.

CONCLUSIONS

 Although it is not fully understood at this stage to 
what extent the decrease or avoidance of primary foam 
will affect the rate of melting, the present study shows 
that the choice of batch material and the size of silica 
grains have a profound impact on the extent of primary 
foaming and thus identifies the means of control of 
primary foam formation. Exothermic reactions accelerate 
heating the batch at an early stage of conversion and thus 
impact the batch-to-glass conversion kinetics, but do not 
significantly affect primary foam formation. 
 The approach developed in this study is a step 
toward providing data needed for a meaningful and 
economic design of large-scale experiments aimed at 
achieving faster melting. This study will provide input 
for mathematical models of melters that will include the 
batch blanket as a body with temperature and velocity 
fields rather than a mere mass source and heat sink with 
no vertical dimension.
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