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ABSTRACT: Nuclear-waste melter feeds are slurry mixtures of wastes with
glass-forming and glass-modifying additives (unless prefabricated frits are
used), which are converted to molten glass in a continuous electrical glass-
melting furnace. The feeds gradually become continuous glass-forming
melts. Initially, the melts contain dissolving refractory feed constituents that
are suspended together with numerous gas bubbles. Eventually, the bubbles
escape, and the melts homogenize and equilibrate. Knowledge of various
physicochemical properties of the reacting melter feed is crucial for
understanding the feed-to-glass conversion that occurs during melting. We
studied the melter feed viscosity during heating and correlated it with the
volume fractions of dissolving quartz (SiO2) particles and the gas phase. The
measurements were performed with a rotating spindle rheometer on the
melter feed heated at 5 K/min, starting at several different temperatures.
The effects of undissolved quartz particles, gas bubbles, and compositional inhomogeneity on the melter feed viscosity were
determined by fitting a linear relationship between the logarithm of viscosity and the volume fractions of suspended phases.

■ INTRODUCTION

The “cold cap” refers to a floating layer of “cold” melter feed on
top of a pool of “hot” molten glass in a continuous electrical
(Joule-heated) glass-melting furnace (a “melter”). In nuclear
waste glass processing at the Waste Treatment and
Immobilization Plant (WTP) currently under construction at
the Hanford Site in Washington State, USA, the feed, a slurry
mixture of waste with glass-forming and glass-modifying
additives, will be continuously charged onto the cold cap that
covers 90−100% of the melt surface. As the melter feed moves
down through the cold cap, its temperature increases and the
feed undergoes chemical reactions and phase transitions until it
is converted to molten glass.1−3

The waste itself contains 40−60 elements existing as water-
soluble salts, amorphous gels, and crystalline minerals.
Conversion to glass proceeds over a wide range of temperatures
spanning formation of a molten salt phase that reacts with feed
solids, turning them into intermediate products and ultimately
the glass-forming melt.4−6 Such physicochemical processes take
place in melter feeds whether the glass-forming and glass-
modifying additives were directly mixed with wastes or
premelted in the form of glass frit. This has been demonstrated
in high-temperature X-ray diffraction in situ studies7 for frit-
based melter feeds of the Defense Waste Processing Facility at
Savannah River Site, South Carolina, USA.
Evolved gases escape through open pores in the cold cap

until the temperature increases to ∼700−800 °C, but a fraction
of residual gases can be trapped in the transient glass-forming
melt and cause foaming. Foam in the cold cap reduces heat
transfer from molten glass into the cold cap, thus decreasing the
melting rate.8,9

Apart from gas bubbles, the continuous glass-forming melt
also contains various particles of dissolving feed solids and
intermediate crystalline phases. Understanding the evolution of
physical and mechanical properties of the melter feed turning to
molten glass is crucial for both feed formulation and modeling
of the feed-to-glass conversion. For example, the type of feed
materials and the grain size of silica particles were shown to
affect the melter feed behavior.10,11

Bubble formation and melt foaming occur in both
commercial and waste glass melters during the final stages of
the feed-to-glass conversion process. Studies have been
conducted to address the morphology and properties of foam
systems,9,12−17 and waste-glass viscosity as a function of
temperature and composition has been mathematically
modeled.18,19 However, no study has been rigorously
performed for rheological properties of melter feeds containing
suspended solid particles and gas bubbles with fractions that
vary as the conversion progresses.
In this work, we focus on the melter feed viscosity during the

feed-to-glass conversion using a feed with glass-forming and
glass-modifying additives. Variations of gas and solid (quartz)
inclusions associated with conversion progress were analyzed
and employed as the key variables. The following sections
provide background and define relationships for analysis,
describe the experiments, and present and discuss the results.
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■ BACKGROUND AND RELATIONSHIPS FOR
ANALYSIS

This work was performed using a melter feed (A0) formulated
to vitrify a high-alumina high-level waste with the composition
shown in Table 1. Quartz particles 75 μm in diameter were
used as the silica source. Table 2 shows the glass composition.
This glass was originally designed for the WTP.20

Because ρg ≪ ρc, where ρg is the gas density and ρc is the
continuous phase density (the melt with solid inclusions), the
volume fraction of gas phase (porosity), φg, is φg ≈ (1 −ρb/ρc),
where ρb is the bulk density. The bulk density is related to
experimentally determined variables as

ρ ρ=
mV
m Vb

0

0
b,0

(1)

where m is the sample mass, V is the sample volume, and
subscript 0 indicates room temperature.
The mass fraction of dissolved quartz in the transient glass-

forming melt was represented using an nth-order kinetic
equation21
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where xs is the dissolved quartz fraction (0 < xs < 1), T is the
temperature in K, As is the pre-exponential factor, m̃ is the
(apparent) reaction order, β is the (constant) heating rate (β
 dT/dt), and Bs is the activation energy normalized by the
gas constant. The numerical values of the coefficients for β = 5
K min−1 and A0 feed are As = 2.33 s−1, m̃ = 1.33, and Bs = 8763
K. These values were obtained by fitting eq 2 to X-ray
diffraction data.21

The mass fraction of undissolved quartz in the melt is gs =
gs0(1 − xs), where gs0 is the silica mass fraction in the final glass
(gs0 = 0.305). The volume fraction of undissolved quartz, φs, is
then
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where ρs is the quartz density (2500 kg m−3)22 and ρm is the
melt density (2600 kg m−3).
The viscosity of molten glass, η, is a function of temperature.

For η < 103 Pa s, the η(T) function has the Arrhenius form, η =
Aexp(B/T), where A is the pre-exponential factor (A = −12.51)
and B is the activation energy for viscous flow,23 which is a
function of glass composition. For a reasonably small
composition region,18,19 B = Σi = 1

N Bigi, where Bi is the ith
component coefficient, gi is the ith component mass fraction,
and N is the number of components.
The fraction of silica in the glass-forming melt varies as the

quartz particles dissolve. Recollecting that Σi = 1
N gi = 1 and

neglecting minor solids and inhomogeneities, the activation
energy of the transient glass-forming melt (BM) depends on the
mass fraction of the dissolved silica as follows:
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−
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where BG is the activation energy of the homogeneous glass
with all quartz dissolved and Bs is the component coefficient for
quartz (SiO2). The component coefficients for viscosity are
listed in Table 2 together with the glass composition used in
this study. Accordingly, BG = 1.998 × 104 K and Bs = 3.001 ×
104 K.
If the transient glass-forming melt were homogeneous and

contained undissolved quartz as the only solid inclusion, its
viscosity would be ηM = Aexp(BM/T). In reality, with the
additive-containing feed, the transient glass-forming melt
contains minor solid inclusions, mainly tiny crystals of spinel,21

and dissolving quartz particles are surrounded by layers
containing high fractions of silica.11 The glass-forming melt
within these layers has a high viscosity, whereas the viscosity of
the rest of the melt is substantially lower.
According to Einstein’s equation, the viscosity of a dilute

suspension24,25 is proportional to the volume fractions of
gaseous and solid inclusions. The transient glass-forming melt
in the reacting feed is far from dilute; it contains up to 20 vol %
quartz and up to 80 vol % gas bubbles. Therefore, the viscosity

Table 1. Melter Feed Composition (g kg−1 Glass)

chemical mass (g)

Al(OH)3 367.50
H3BO3 269.83
CaO 60.80
Fe(OH)3 73.83
Li2CO3 88.30
Mg(OH)2 1.70
NaOH 99.53
SiO2 305.03
Zn(NO3)2·4H2O 2.67
Zr(OH)4·0.654H2O 5.50
Na2SO4 3.57
Bi(OH)3 12.80
Na2CrO4 11.13
KNO3 3.03
NiCO3 6.33
Pb(NO3)2 6.17
Fe(H2PO2)3 12.43
NaF 14.73
NaNO2 3.40
Na2C2O4·3H2O 1.30
total 1349.6

Table 2. Composition of Glass Used in This Study and First-
Order Component Coefficients of Viscosity

component mass fraction 10−4 Bi (K)

Al2O3 0.2407 3.506
B2O3 0.1522 0.352
CaO 0.0609 0.558
Fe2O3 0.0592 1.565
Li2O 0.0358 −3.937
MgO 0.0012 1.184
Na2O 0.0961 −0.031
SiO2 0.3057 3.001
ZnO 0.0008 1.179
ZrO2 0.0040 2.712
Bi2O3 0.0115 1.361
Cr2O3 0.0052 1.003
K2O 0.0014 0.877
NiO 0.0040 0.397
PbO 0.0041 1.036
P2O5 0.0106 2.631
F 0.0067 −0.437
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versus the inclusion content will have a different type of
relationship. Because of the highly complex reacting feed
mixture, equations proposed for dispersion of colloidal particles
(such as the Krieger−Dougherty equation)25 and/or bubbly
magmas26 do not fit experimental data for the reacting feed
viscosity (ηF). As a first approximation, we tried an exponential
relationship in the form

η
η

φ φ= + +f f flog F

M
0 s s g g

(5)

where fs and fg are the coefficients for the influence of quartz
and gas phase (bubbles) on the melting feed viscosity and f 0 is
the coefficient accounting for other effects, such as the presence
of tiny crystals (spinel), glass-forming melt local compositional
inhomogeneity connected with the quartz dissolution process,
and the nonuniform temperature field in the sample. Although
the tiny crystals may have a negligible effect on viscosity, they
can influence bubble behavior because solid inclusions interfere
with bubble coalescence.27,28 The effect of nonuniformity in the
temperature field is examined in the Discussion section.

■ EXPERIMENTAL SECTION
As described by Schweiger et al.,11 the simulated melter feed
was prepared in the form of slurry that was dried, crushed into
powder, and placed in an oven at 105 °C overnight.
Thermogravimetric analysis (TGA, model SDT-Q600, TA
Instruments, New Castle, DE, USA) was performed to obtain
the mass change versus temperature for calculating the bulk
density of the feed sample. The density of the continuous phase
(ρc) was measured using a Micromeritics AccuPyc II 1340 gas
pycnometer at room temperature. At the heat treatment
temperature, the density is typically ∼10% lower. The
volumetric expansion of the feed samples was measured with
cylindrical pellets.29 TGA and volumetric expansion tests
provided the m/m0 and V/V0 ratios (with a typical relative
standard deviation of ∼5−6%) to obtain the bulk density using
eq 1.
Figure 1 provides a schematic of the experimental setup for

the viscosity measurement, which was performed with ∼125-g
powder-feed samples placed in a platinum crucible containing a

spindle at the appropriate height inside the furnace; these
conditions are similar to those specified for rheological
measurements with vanes.30 The sample was heated at 5 K
min−1 from room temperature to 1100 °C. Measurements
started when the instrument thermocouple reached target
temperatures (870, 900, 930, or 990 °C). The spindle was
rotated at 0.3 rpm for the 870, 900, and 930 °C trials and at 0.9
rpm for the 990 °C trial. Data were obtained using DilaSoft II
software from Theta Industries. Data acquisition occurred in 6-
s intervals (the viscosity was measured at every 0.5 °C
increment at 5 K min−1).
Raw data were torques, which were converted into viscosities

using the formula η = TqFsp/ω. Here, Tq and ω denote the
measured torque and angular velocity, respectively. Fsp, the
spindle factor, was obtained from the average of spindle factors
over a temperature range relevant to the measurement at a
given angular velocity, compared with known viscosities of glass
standard reference materials.31 Using the A0 glass as the
relevant material, the spindle factors at 0.3 and 0.9 rpm were
found to be 1.785 and 3.35, respectively.
A second Type-S thermocouple was inserted beneath the

crucible to determine the temperature. To assess the temper-
ature at the spindle, a mullite-sheathed, Type-S thermocouple
was inserted into the feed 13 mm from the crucible bottom
(approximately the center point of the spindle). The crucible
with feed (without the spindle) was heated at 5 K min−1.

■ RESULTS
Figure 2 shows the volume fraction of undissolved quartz, via
eqs 2 and 3, as a function of temperature. Figure 3 shows the

relative feed volume, V/V0; after the glass-forming melt became
continuous at ∼750 °C, V/V0 sharply increased due to trapped

Figure 1. Schematic of the viscosity measurement setup.

Figure 2. Volume fraction of undissolved quartz at T > 750 °C, eqs 2
and 3

Figure 3. Relative volume of feed versus temperature.
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evolved gases.29 The volume decrease after ∼930 °C is
attributed to coalescence and bursting of bubbles as viscosity
decreased. Figure 4 shows the continuous-phase density

measured on quenched samples as a function of the
temperature to which the feed was heated at 5 K min−1. Data
were fitted using the approximation function

ρ ρ ρ= +
−

+ − −
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where ρc0 = 2492 kg m−3, ρc1 = 10.6 kg m−3, T1 = 534 °C, T2 =
123 °C, T3 = 100 °C, T4 = 184 °C, T5 = 389 °C, and a = 5.647
× 10−3 kg m−3 K−2. The density increase below ∼550 °C can be
attributed to the disappearance of molten salts from the feed
(carbonates, nitrates, and nitrites react with other feed
constituents, releasing NOx and COx), whereas the decrease
at higher temperatures is related to the change of materials
from crystalline to an amorphous state. The volume fraction of
gas phase (Figure 5) was calculated from the bulk density at 25
°C (ρb,0 = 970 kg m−3), the mass change from TGA, the
volume expansion, and ρc.
Figure 6 shows measured data for the melting feed viscosity.

Data obtained from measurements at different starting
temperatures demonstrate that spindle rotation had a negligible
effect on sample viscosity. Non-Newtonian behavior, such as a
shear rate-dependent viscosity, was not observed; the fraction
of spinel crystals was too small to induce a non-Newtonian

response. As Figure 6 shows, the log(ηF) versus T−1 line
changes slope at ∼1000 °C, the temperature at which foam
collapses. Foam collapse in heated feed is rapid. Experimental
studies with commercial and waste glasses8,9,32 indicate that
foam collapse is preceded by internal coalescence of bubbles
into increasingly larger cavities that eventually open, allowing
the gas escape to the atmosphere. The trend lines in Figure 6,

η = +A
B
T

log( )F F
F

(7)

represent two sets of data with the coefficients AF = −7.5936
and BF = 11438 K at T ≤ ∼1000 °C, and AF = −5.0995 and BF
= 8298 K at T > ∼1000 °C (ηF is in Pa s and T is in K).
Figure 7 compares three viscosity-temperature functions,

ηG(T), ηM(T), and ηF(T), plotted as log(η) versus T−1. As
expected, ηF > ηG > ηM for the entire interval of temperatures.
Following from eqs 2 and 4, the ηG(T) and ηM(T) functions
merge as temperature increases and gs → gs0 (solid silica is
dissolved and the melt becomes homogeneous). Under-
standably, the difference between ηF and ηM is large initially
(at 850 °C) and decreases until T = 980 °C. Then, rather
unexpectedly, the ηF(T) and ηM(T) functions become virtually
parallel at T > 980 °C. This can be attributed to residual quartz
grains, residual bubbles, persisting silica-rich inhomogeneities
that take a long time to attenuate, and the nonuniform
temperature in the sample resulting from finite heat
conductivity of the sample (see Discussion) (i.e., the
temperature gradient between the crucible and the spindle).
The first attempt to fit data to eq 5 by least-squares analysis

applied separately for two temperature ranges, T ≤ 980 °C and
T > 980 °C, failed to yield reasonable values of the coefficients.
The quartz content and the gas content probably were not
independent. Indeed, a linear correlation between the quartz

Figure 4. Continuous-phase density (data and fitting curve) versus
temperature to which feed samples were heated at 5 K/min; density
was measured on quenched feed samples.

Figure 5. Gas phase fraction versus temperature to which feed samples
were heated at 5 K/min.

Figure 6. Log feed viscosity versus inverse temperature for (a) T ≤
1000 °C and (b) T > 1000 °C, and the trend lines.

Environmental Science & Technology Article

dx.doi.org/10.1021/es5018625 | Environ. Sci. Technol. 2014, 48, 12173−1218012176



and the gas contents, φg = 0.38−0.45φs (R
2 = 0.986) was found

in the temperature interval between 800 and 950 °C. Thus,
because φg and φs were not independent and their individual
effects could not be distinguished, we simplified eq 5 to

η
η

φ= +
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟ f flog F

M
0 sg s

(8)

where the subscript sg indicates that both the gas phase and
undissolved quartz (including the high-silica concentration
layers) jointly influence viscosity.
The f 0 coefficient remains independent. Although the extent

of silica-rich inhomogeneity is related to the quartz content, a
direct proportionality can hardly be expected because the
fraction of high-silica concentration layers in the melt increases
as the fraction of solid silica decreases, and high-silica
inhomogeneities persist after quartz particles are dissolved.
Also, the f 0 coefficient involves other phenomena, such as the
effect of minor crystalline phases and nonuniform temperature.
Least squares fitting of eq 8 to data resulted in the following

coefficient values: f 0 = −0.058 and fsg = 8.822 at T ≤ 980 °C
(R2 = 0.999), and f 0 = 0.068 and fsg = 3.141 at T > 980 °C (R2

= 0.999). These values make sense because relatively thin high-
silica concentration layers allow the bulk of the transient glass-
forming melt to be less viscous at T ≤ 980 °C, which explains
why f 0 is negative. At T > 980 °C, the high-silica concentration
layers would expand because of faster diffusion and would tend
to overlap, creating a high-viscosity network of inhomogeneity;
this resulted in a positive f 0. Simultaneously, bubbles and quartz
particles are disappearing from the melt. Because they decrease
in size, they affect viscosity to a lesser extent as reflected in a
smaller value of fsg at T > 980 °C. The persistence of the
difference between the ηF(T) and ηM(T) functions at
increasingly high temperatures can be attributed to the
temperature gradient; the decreasing temperature in the
direction from the crucible wall to the spindle at the center
implies that the viscosity becomes higher in that direction.
Equation 8 can be rewritten as ηF = KsgηM, where Ksg is a

ratio of the feed viscosity to the average transient melt viscosity,
related to the fitting coefficients by log(Ksg) = f 0 + fsgφs. As
Figure 8 shows, Ksg decreases from ∼50 at 750 °C to nearly 1 at
T > 980 °C.

■ DISCUSSION
Temperature Gradient and Its Impact on Spindle

Factor. Viscosity measurements are typically taken at a
constant temperature after the system is thermally equilibrated
and steady state is established. However, for the reacting melter
feed, in which the conversion process is a function of
temperature and time, or temperature and heating rate, β,
(provided β is constant), the measurement must be performed
while the temperature is increasing. Then, because of the finite
heat conductivity of the sample with the appreciable gap
between the spindle and crucible (Figure 1), a temperature
difference between the spindle and the crucible surfaces is
unavoidable. However, the difference in the conversion degree
over the gap between the spindle surface and the crucible is
miniscule in comparison.
Here we assess the effect of the temperature difference

between the spindle and crucible on the spindle factor.
Consider a viscous fluid between two concentric cylinders; a
motionless outer cylinder with the radius R2 and temperature
T2, and a rotating inner cylinder with the radius R1, temperature
T1, and angular velocity ω. In the case of steady-state laminar
flow, fluid movement is circular so all velocity components
other than a tangential velocity component of the fluid (υθ) are
zero with no variation in the angular and axial directions (∂/∂θ
= 0 and ∂/∂z = 0). The equation of motion in the angular
direction becomes33

τ= θr r
r0

1 d
d

( )2
2

r (9)

with boundary conditions

υ ω υ= = = =θ θR r R r Rat ; 0 at1 1 2
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Note that viscosity is a function of the radial position. It is
lower at the outer cylinder, increases in the direction to the
inner cylinder as mentioned before, and can be approximated as

η = ̂ −r Ar( ) n (11)

where Â and n are positive constants. From eq 11, one obtains
n = −(d lnη/d lnr). Using the temperature dependence on the
viscosity in the form η(T) = exp(A+B′/T), we obtain
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B
T

T
r

d
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Figure 7. Log feed viscosity versus temperature: trend lines (shown in
Figure 6), model estimates, eq 5, average transient glass-forming melt
viscosity (ηM), and final glass viscosity (ηG).

Figure 8. Ksg versus temperature from measured data and the model,
eq 8. Note R2 = 0.999.
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The torque on the inner cylinder is

π τΤ | = θ= =R L R2 ( )r R r Rq 1 r 11 1 (13)

where (τrθ)r=R1 and L denote the tangential stress at the inner
cylinder and the length of the cylinder, respectively. Solving the
equation of motion with eq 11 leads to the following expression
for the tangential velocity component of the fluid:
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Incorporating eq 14 into eq 10, the torque can be represented
by
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To evaluate the tangential stress and torque on the inner
cylinder, the variation of temperature with the radial position
should be determined (eq 12). By using the energy transport
equation with boundary conditions T = T1 at r = R1 and T = T2
at r = R2, the temperature profile is

= + ΔT T T
r R

R R
ln( / )

ln( / )1
1

2 1 (16)

where ΔT = T2 − T1. Note that eq 16 is identical to the
temperature profile for stationary concentric cylinders with the
same boundary conditions; this is only possible when the
Brinkman number, Br = ηϖ2R2

2/kΔT, where k is the thermal
conductivity of the fluid, and a geometric factor, FR = (R1/R2)

4/
(1 −(R1/R2)

2)2), are small.33 Our situation falls into this case,
based on typical values for our sample (k ∼2 W m−1 K−1, η ∼
100 Pa s, and B′ ∼ 2 × 104 K)19,34 and viscometer (ΔT ∼ 30 K,
R1 = 6 mm, R2 = 25 mm, and ω = 5 × 10−3 s−1).
Combining eqs 15 and 16 with eqs 12 and 13, the torque on

the inner cylinder can be represented as
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Consequently, the spindle factor on the inner cylinder is
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Figure 9 illustrates the variation of the spindle factor as a
function of ΔT at T1 = 850, 1000, and 1200 °C, based on the
viscometer radii and typical experimental conditions. A relative
change of spindle factor, defined by the change of the spindle
factor compared to the spindle factor with zero temperature
difference, was used to eliminate the effect of cylinder length.
As shown in Figure 9, the spindle factor varies appreciably in
the 0 to 60 °C temperature difference range; the relative
changes increase with increasing ΔT. Considering a typical ΔT
(∼ 20−40 °C), this demonstrates that using the predetermined
uniform spindle factor inherently involves an appreciable
uncertainty in the viscosity data, owing to the temperature
difference. Furthermore, such uncertainty becomes more
significant in viscosity measurements at lower temperatures.

Effect of Buoyancy of Gas Bubbles on Feed Viscosity
at High Temperatures. At higher temperatures (such as T >
1100 °C), the undissolved quartz content is negligible, as
shown in Figure 2. Consequently, a change in the feed viscosity
resulting from undissolved quartz is unlikely. However, local
high-viscosity inhomogeneities prevail and take considerable
time to attenuate. They are partly responsible for a consistent
deviation of the measured viscosity (ηF) from that of the final
glass (ηG) and the transient glass-forming melt (ηM), shown in
Figure 7. Undoubtedly, the temperature gradient influences
viscosity data, especially at high temperatures at which other
nonuniformities are mostly attenuated.
Another possible reason for this deviation, not considered so

far, is the buoyancy of gas bubbles, which could cause unstable
flow in the sample. Gas bubbles still are present in a small
fraction after the foam rapidly collapses. They may not directly
influence the feed viscosity, but may create instability during
viscosity measurements.
A characteristic time scale for the rotating spindle is tm ∼

O(ω−1), whereas a time scale associated with the dynamics of
the bubbles is

η
π ρ φ
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where Ub denotes a characteristic velocity of the bubble due to
buoyancy. Here, d, Δρ, and g are a characteristic bubble size,
the density difference between the continuous and gas phases,
and the gravitational constant, respectively. The factor (1 −φg)

n

originated from hindered settling in the presence of
neighboring bubbles; n is ∼4.65 when Stokes’ law is valid.35

Using d ∼ 0.1 mm, Δρ ∼ 2.6 g/cm3, and φg ∼ 0.4 as reasonable
estimates,36 we obtain td ∼ 60 s at 1100 °C, which is smaller
than tm ∼ 200 s. In contrast, using d ∼ 1 mm, Δρ ∼ 2.6 g/cm3,
and φg ∼ 0.7 as reasonable estimates,36 we obtain td ∼ 1200 s at
900 °C, which is larger than tm. This indicates that the
dynamics associated with the bubbles is nearly pseudosteady at
900 °C. This simple scaling illustrates a possible instability in
the measurement due to buoyancy. Note that the instability
becomes more complicated considering the temperature
difference between the spindle and crucible discussed
previously.

Implication of Reacting Feed Viscosity on the Rate of
Melting. As motioned in the Introduction, the foamy portion
of the cold cap influences the melting rate by hindering heat
transfer from the melt to the reacting zone. In the melter with

Figure 9. Relative changes in spindle factor as a function of
temperature difference between spindle and crucible for three different
temperatures on the spindle: 850, 1000, and 1200 °C.
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bubblers, vigorous forced convection within the melt pool not
only brings hot melt to the cold cap, but also sweeps away
“fining” bubbles ascending from the melt that otherwise would
accumulate under the cold cap, creating a secondary foam layer.
The question is to what extent strong convection can affect the
primary foam. While the bubblers can expose the cold cap to
hot melt around the vent holes, the addition of bubbling outlets
does not directly result in additional openings in the cold cap.37

As Figure 7 indicates, the feed viscosity could be 30−50 Pa s
at the cold-cap bottom (∼ 980−1000 °C). This viscosity is
substantially higher than the viscosity of glass in the melt pool
(∼ 5 Pa s). Because of its high viscosity and low density, the
bottom layer of the cold cap is likely to resist the shear stress
imposed by the circulating low-viscosity melt. Therefore, the
best way of dealing with primary foam is to formulate the feed
in such a way to prevent foaming. This would be possible if the
gases from melting reactions could escape while the feed still
possesses open porosity (i.e., before the glass-forming melt
consolidates and becomes connected).

■ IMPLICATION FOR NUCLEAR WASTE
VITRIFICATION

Cold-cap reactions produce a continuous glass-forming phase
with suspended solid particles (quartz) and gas bubbles. As
temperature increases and quartz particles dissolve, the glass-
forming phase undergoes compositional changes. Conse-
quently, along with temperature, the viscosity of the reacting
melter feed is affected by the presence of solid particles,
bubbles, and compositional inhomogeneity, and also by
changes in the overall composition of the continuous phase,
which is a consequence of solids dissolution. Analysis of these
effects has shown that the volume fraction of dissolving quartz
is dominant. It cannot be distinguished from the effect of gas
bubbles because the gas-phase fraction and quartz fraction are
not independent.
Quartz particles can be optimized to minimize foaming and

produce uniform melt. By dissolving over a wide temperature
range, quartz particles maintain the fraction of silica dissolved in
the initial glass forming melt at a low level, thereby keeping a
low glass-phase volume and delaying the closure of open pores.
Open pores then allow gases to escape to atmosphere instead
of being trapped in the melt and causing foaming.
Bubbling the melt can allow the cold cap to be well spread

over the melt surface. Interestingly, not all melters produce cold
cap. For example, in a stirred melter, the feed is mixed directly
with molten glass.38 Unfortunately, excessive foaming pre-
vented industrial employment of such melter.
More than 200 000 m3 of nuclear waste will be vitrified at the

Hanford Site over the coming decades.39 Understanding melter
feed rheology is a key component for an enhanced
mathematical model that estimates the melter waste-processing
rates and guides strategies for efficient operations in the WTP40

that will significantly shorten the life cycle of the cleanup
process at the Hanford Site.
As a final note, we would like to emphasize that the current

work was performed with one of hundreds of feeds anticipated
for processing at the WTP. German, French, Korean, and other
waste glass producers,41,42 similar to the Defense Waste
Processing Facility at the Savannah River Site, all premelt
vitrification additives in the form of glass frit. As has been
demonstrated,43−46 feeds with glass beads (frit) may produce
extensive foaming, both in low-viscosity frit that sinters early
and in feeds with high-alkali wastes that attack frit particles at

low temperature, causing early sintering and subsequent
foaming similar to foam glass manufacturing.47 Using raw
materials (minerals and chemicals) for glass-forming and glass-
modifying additives provides flexibility that allows optimization
of feed for both different types of wastes and a stable fast-
melting cold cap.
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