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Abstract
During nuclear waste vitrification, a melter feed (a slurry mixture of a nuclear

waste and various glass forming and modifying additives) is charged into the mel-

ter where undissolved refractory constituents are suspended together with evolved

gas bubbles from complex reactions. Knowledge of flow properties of various

reacting melter feeds is necessary to understand their unique feed-to-glass conver-

sion processes occurring within a floating layer of melter feed called a cold cap.

The viscosity of two low-activity waste (LAW) melter feeds were studied during

heating and correlated with volume fractions of undissolved solid phase and gas

phase. In contrast to the high-level waste (HLW) melter feed, the effects of undis-

solved solid and gas phases play comparable roles and are required to represent

the viscosity of LAW melter feeds. This study can help bring physical insights to

feed viscosity of reacting melter feeds with different compositions and foaming

behavior in nuclear waste vitrification.
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1 | INTRODUCTION

The U.S. Department of Energy currently has about
210 000 m3 radioactive waste stored in underground tanks
at the Hanford Site in southeastern Washington. They plan
to vitrify this waste into glass in the Hanford Tank Waste
Treatment and Immobilization Plant (WTP), which
involves the separation of the wastes into high-volume/
low-activity waste (LAW) and low-volume/high-level waste
(HLW). While the majority of radioactivity (~95%) is con-
tained in the HLW, approximately 90% of the waste vol-
ume has been characterized as LAW. The waste itself,
composed of 40-60 elements, exists as water-soluble salts
and sludge.1-3

In the nuclear waste glass processing, the feed (a slurry
mixture of waste with glass-forming and modifying addi-
tives) is continuously charged onto the cold cap (a floating

layer of melter feed on top of a pool of molten glass) that
covers 90%-95% of the melt surface in a continuous electri-
cal glass-melting furnace (i.e., a melter). The melter feed
moves through the cold cap and undergoes chemical reac-
tions and phase transitions until it is converted to molten
glass.4-8 A feed-to-glass conversion over a wide range of
temperatures (from ~100°C to ~1100°C) involves the for-
mation of molten salts that react with feed solids, interme-
diate products, and ultimately the glass-forming melt.
Evolved gases from such complex reactions escape through
open pores in the cold cap until ~700°C-800°C, but a frac-
tion of residual gases can be trapped in the transient melt
(i.e., high alkaline borate amorphous melt phase in the
early melting stage while silica and other minerals have not
been completely dissolved).9-11 These foams in the cold
cap reduce the heat transfer from molten glass into the
reacting feed, which can significantly decrease the rate of
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melting.12 This transient melt also contains various solid
particles, both dissolving and precipitating.

Understanding the physical and mechanical properties of
the melter feed in its final stage of conversion to molten
glass is crucial for both feed formulation and modeling of
the feed-to-glass conversion. Modeling of the feed viscosity
in the cold cap based on the data from small-scale experi-
ments is an essential part of the cold-cap model development
for the WTP project. In small-scale melter tests, viscosity
and foaming behaviors have been measured to develop the
mathematical model of the cold cap structure as well as other
aspects of the feed-to-glass conversion such as foaming.12

The model is expected to predict melter operation parame-
ters. One of the key parameters is the melting rate, or rate of
glass production during vitrification in the melter which will
greatly impact the cost and schedule of the entire WTP pro-
ject. Another example is the melter off-gas emissions. The
melter off-gas consists predominantly water vapor, evolved
gases such as CO2 and NO2, and minor volatile species such
as B, Na, K, technetium-99 (99Tc), and cesium-137 (137Cs).
The volatile radionuclides 99Tc and 137Cs in the off-gas
stream are the major technical challenge of designing the
off-gas recycling system. It has been demonstrated that with
a larger cold cap coverage of the melter surface area, volatile
loss of 99Tc is decreased.13,14

Studies on viscosity have been extensively focused on
the glass (prepared from melter feeds) and corresponding
models as a function of temperature and compositions,15-19

although several attempts to correlate foaming with tran-
sient melt viscosity have been made.20,21 In a previous
study22 important physico-chemical changes (e.g., dissolu-
tion of solids, gas evolution, and feed mass) over various
temperatures were correlated with feed viscosity of a high-
alumina, simulated HLW feed (called A0), by combining
various analytical techniques such as thermogravimetric
analysis (TGA), gas pycnometry, feed volume expansion
tests, and a custom-made high-temperature viscometer. This
analysis indicated that the effects of undissolved solids
(i.e., quartz for that case) and the effect of gases could not
be distinguished because the quartz fraction and bubble
fraction happened to be linearly dependent.

While the majority of the waste volume is associated
with LAW, only rheological properties of different LAW
feed slurries have been studied thus far.23 Understanding the
viscosity of LAW melter feeds during the final stages of the
melter conversion process represents the first step in under-
standing melter feed rheology from drying to full glass con-
version. Unlike typical HLW feeds, LAW feeds contain a
high level of sodium salts (e.g., sodium nitrates/nitrites/car-
bonates),24,25 which implies that qualitatively different rhe-
ology would result from different foaming behavior
associated with the appreciable amount of evolved gases. A
comparative study3 with LAW melter feeds provided

insights into understanding the flow properties for a wide
range of reacting melter feeds (e.g., melter feeds with differ-
ent foaming behavior). Two simulated LAW feeds, AN-102
and AZ-102 (representing LAW feeds formulated based on
waste streams with different sodium/nitrate concentrations)
were initially selected for tests on a scaled melter sys-
tem.24,25 Chemical analysis results of these reacting feeds3

demonstrated that different compositions of the salt phase
and transient melt phase between these two feeds could sig-
nificantly impact the feed-to-glass conversion reactions such
as dissolving of minerals and volatilization of radioactive
99Tc. The compositional impact on rheological behaviors of
LAW feeds, which has not been investigated, is also essen-
tial for understanding the overall melting process.

In this work, the viscosities of two representative simu-
lated LAW melter feeds, AN-102 and AZ-102 were studied
during the feed-to-glass conversion. Variations of gas and
undissolved solids associated with the conversion process
were analyzed and employed as the key variables. A com-
parison between the LAW feeds and the high-alumina,
HLW feed was made to comprehend differences between
feeds with different natures. The following section explains
the basic concepts of viscosity modeling of the feed-to-glass
conversion. Section 3 introduces the experimental methods
and approach used to analyze relevant physico-chemical
changes and their effects on feed viscosity. Sections 4 and 5
describe the results and discusses these results.

2 | BACKGROUND OF MODEL
DEVELOPMENT

Melter feeds with on-going feed-to-glass conversion are far
from a dilute suspension. The foaming layer of the cold cap
contains up to 80 vol% gas bubbles; and in the remaining
transient melt (volume of bubbles excluded), there is up to
25 vol% of undissolved solids. Various studies on viscosity
of dense suspensions26,27 have been extensively performed.
However, the highly complex nature of the reacting feeds
prevents a simple application of equations proposed for sus-
pensions with higher volume fractions of suspending entities
(e.g., solids and gases) such as the Krieger-Dougherty equa-
tion.27 Therefore, a different type of relationship between
viscosity and suspended entities is needed.

The following relationship for reacting feed viscosity
(gF), has been previously introduced22

log
gF

gM
¼ f0 þ fsus þ fgug (1)

where us and ug are the volume fractions of undissolved
solids and gas phase (porosity), respectively, and gM is the
viscosity of transient melt which corresponds to that of
“continuous” phase surrounding undissolved solids and gas
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in the reacting feed. In Equation (1), the gF=gM ratio is
analogous to a relative viscosity (but with on-going feed-
to-glass conversion) of which many studies on viscosity of
colloidal suspension have been focused.26,27 Two coeffi-
cients, fs and fg, represent the effects of undissolved solids
and gas on the melting feed viscosity and f0 is the coeffi-
cient accounting for other effects such as the presence of
tiny crystals, local compositional inhomogeneity connected
with a dissolution process of silica and other solids in a
transient melt, and the non-uniform temperature field in the
sample. While the tiny crystals might impact the behavior
of bubbles (e.g., bubble coalescence28,29), no direct interfer-
ence was assumed via a linear superposition. Hereafter,
subsections will show subsequent experimental details with
relations to obtain necessary information to understand the
viscosity of reacting feeds based on Equation (1).

Although the experimental procedures to determine the
factors in Equation (1) of the LAW and HLW feeds were
similar; the volume fractions (us and ug) of LAW required
more complicated analysis. Furthermore, the undissolved
solid phase of HLW A0 feed was mostly identified as quartz
during the viscosity measurement at 750°C to 1200°C. In
contrast, there were several different undissolved solid
phases in the LAW feeds during melting up to between
1000°C and 1100°C. Therefore, a quantitative X-ray diffrac-
tion (XRD) analysis of the two LAW feeds, AN-102
and AZ-102, was performed to determine crystalline phases
and their volume fractions in the samples (see Sections 3.2
and 3.3).

3 | EXPERIMENTAL PROCEDURE

3.1 | Feeds preparation

Tables 1 and 2 show the three simulated melter feed compo-
sitions used in this study, AN-102 (high-nitrate), AZ-102
(low-nitrate), and A0 (high-alumina HLW). The A0 glass
feed was originally designed for the WTP with waste loading
of ~45% and then formulated and simplified to vitrify a high-
alumina high-level waste.30 The three feeds were formulated
to vitrify corresponding wastes to produce AN-102 glass
(designated as LAWE7H), AZ-102 glass (LAWE10H),3,24,25

and high alumina HLW glass (designated as A0)31, respec-
tively. Chemicals of the “Simulated LAW” were added to
deionized (DI) water and were fully dissolved. The chemi-
cals and minerals of the “Additives” were then added to the
simulated waste to prepare the slurry feeds (equivalent to a
“glass batch” in commercial glass production). Slurry feeds
were thoroughly mixed and dried at 105°C for 12 hours to
obtain the feeds used in the tests described below. Slurry-
batching was similarly employed to prepare A0 samples. The
slurry feed was prepared, dried, crushed into powder, and
placed in an oven at 105°C overnight.

3.2 | Quantitative XRD analysis

The purpose of quantitative XRD was to obtain the mass
fraction of crystalline phases (undissolved solids) and the
amorphous phase (transient melt) in the reacting
feed.3,32,33 Small aliquots (~20 g) of powdered feed were
packed into separate platinum crucibles and placed into a
furnace at room temperature. The samples were thermally
treated at 5°C�min�1 up to 1100°C with individual sam-
ples removed at selected temperatures starting at 700°C.
The samples were ground into fine powders and doped
with 5 wt% CaF2 as an internal standard before being
analyzed by XRD with a Bruker D8 Advance (Bruker
AXS Inc., Madison, WI, USA) instrument equipped with
a CuKa target of 40 kV and 40 mA. The instrument had
a LynxEye position-sensitive detector with a scan range
of 3°-75° 2h. Scan parameters used for sample analysis
were 5°-75° 2h with a step of 0.015° 2h and a 2.5-second
dwell at each step. TOPAS (Bruker AXS Inc.) software
was used to identify and quantify the crystal phases based
on the internal standard.

3.3 | Material density and bulk density

As stated in Section 2, volume fractions of the undissolved
solids and the gas phase are key parameters of the model
shown in Equation (1). Densities of each phase and density
of the overall reacting feed were needed to obtain the
volume fractions:

q ¼
X

qiui (2)

where q is the average density, and qi and ui are the ith
phase constituent density and volume fraction, respectively.

To calculate the average density, the material density
(qc), defined as the density of the condensed phases (i.e., the
averaged density of the mixture of the transient melt and the
undissolved solid inclusions), and bulk density (qb), defined
as the average density of the continuous phase including the
trapped gas bubbles, are desired. The material density of
each finely ground, thermally treated feed sample, prepared
as described in Section 3.2 in order to carefully remove
existing voids in the samples, was measured by a
Micromeritics AccuPyc II 1340 gas pycnometer (Micromeri-
tics Instrument Corporation, Norcross, GA, USA). To mea-
sure the bulk density of the samples, mass and volume of
feeds were measured as functions of temperature. The vol-
ume expansion test (as shown in Figure 1) was employed to
observe change in the relative volume of dried feeds during
5°C�min�1 of heating from room temperature to 1100°C as
described by Henager et al34 The expansion of dried feed
was profiled by image analysis to obtain the normalized bulk
volume (V(T ) / V0) where V(T ) is the volume at temperature
T and V0 is the volume at room temperature, as explained in
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TABLE 1 Batch compositions of AN-102, AZ-102, and A0 melter feeds (g�kg�1 Glass)3,22

Component AN-102 AZ-102 A0
Simulated LAW + Additives Slurry feed componentsa

Al(NO3)3�9H2O 76.81 1.22 Al(OH)3 367.50

H3BO3 0.09 � H3BO3 269.83

Ca(NO3)2�4H2O 1.27 � CaO 60.80

Na2CrO4�4H2O 2.41 2.42 Na2CrO4 11.13

KOH 6.44 6.43 KNO3 3.03

NaOH 46.17 2.21 NaOH 99.53

NiO 0.08 0.08 NiCO3 6.33

PbO 0.08 0.08 Pb(NO3)2 6.17

SiO2 0.09 0.26

NaCl 3.25 3.25

NaF 1.72 1.72 NaF 14.73

Na3PO4�12H2O 6.60 6.56 Fe(H2PO2)3 12.43

Na2SO4 10.54 14.20 Na2SO4 3.57

NaNO2 56.58 24.81 NaNO2 3.40

NaNO3 82.64 6.76

Na2CO3 42.97 28.62

Sodium formate (NaHCO2) 21.74 �
Sodium oxalate (Na2C2O4) 1.26 � Na2C2O4�3H2O 1.30

Glycolate (C2H4O3) 26.72 �
Citric acid (C6H8O7) 7.84 �
Oxalic acid (C2H2O4�2H2O) – 2.24

Re2O7 0.01 0.01

Bi(OH)3 12.80

Additives

Kyanite (Al2SiO5) 86.20 104.59

H3BO3 175.13 176.73

Wollanstonite (CaSiO3) 135.78 150.49

Hematite (Fe2O3) 51.92 50.10 Fe(OH)3 73.83

Li2CO3 78.47 105.44 Li2CO3 88.30

Olivine (Mg2SiO4) 31.03 61.23 Mg(OH)2 1.70

Na2CO3 23.77

Quartz (SiO2) 316.35 329.94 SiO2 305.03

Rutile (TiO2) 13.29 13.15

Zincite (ZnO) 34.60 34.80 Zn(NO3)2�4H2O 2.67

Zircon (ZrSiO4) 44.38 44.83 Zr(OH)4�0.654H2O 5.50

Total dry feed massb (g) 1362.46 1195.94 1349.60

Target glass mass (g) 1000.00 1000.00 1000.00

Calculated mass lossc 26.6% 16.4% 25.9%

“�” indicates zero value.
aThe A0 feed has been simplified based on the original composition30,31; the chemical forms of the HLW components have been modified; and the additives (with
~0.45 waste loading) consist of H3BO3, CaO, Li2CO3, NaOH, and SiO2.
bSum of all simulated waste chemicals plus additives excluding water added to make the slurry.
cA difference between the total dry mass of feed components and target glass mass divided by the total dry mass of feed components.
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recent work,35 and subsequently the bulk density was simply
calculated by qbðTÞ ¼ mðTÞ=VðTÞ, where m is the sample
mass at temperature T as measured by the quantitative XRD
(Section 3.2).

3.4 | Viscosity of reacting feeds

Figure 2 provides a schematic diagram of the experimen-
tal setup for the viscosity measurement. Approximately
125 g samples of powder feed were poured into a

platinum crucible containing the viscometer spindle set at
0.5 cm from the bottom of the crucible inside the fur-
nace. The sample was then heated at 5°C�min�1 from
room temperature to 1100°C. The measurement started
when the instrument thermocouple reached between
700°C and 750°C (when the viscosity decreased to lower
than approximately 104 Pa�s, which is the physical limit
of spindle rotation). The spindle was rotated with an
increasing speed as temperature increased, typically up to
~160 rpm at 1100°C. Torques were converted into vis-
cosities via spindle factor as described in the previous
work.22 For each feed, the temperature-viscosity curve
was averaged by three measurements under the same
conditions.

The possible shear rate in our study was limited by
foaming and torque limit. In the lower temperature region
(i.e., ~800°C-900°C), the shear rate was limited due to the
maximum torque allowed for the measurements. Measure-
ments at different shear rates (up to ~2.7 s�1) indicated that
the variation in viscosity was not appreciable in the mea-
surements with such limitations.

Slip conditions in a fluid with high undissolved solid
content cause an issue when performing rheological mea-
surements using a rotating spindle. This is due to the dis-
placement of suspending particles/bubbles away from the
smooth wall potentially causing a solvent-rich layer to
develop near the rotating inner cylinder.36 However, rough
surfaces for both the crucible and spindle used in our mea-
surements were expected to reduce the slip appreciably, as
previously reported,37 though it cannot be completely
eliminated.

4 | RESULTS

As shown in Figure 2, the melter feed during the feed-
to-glass conversion consists of three different phases, the
transient melt, undissolved solids (assuming the different
undissolved solids as one phase because they are indistin-
guishable in the viscosity model), and gas phase (bubbles),
which are listed in Table 3. In order to develop the

TABLE 2 Glass Compositions of AN-102, AZ-102, and A03,22

Component (mass fraction) AN-102 AZ-102 A0

Al2O3 0.0602 0.0607 0.2407

B2O3 0.0986 0.0994 0.1522

Bi2O3 � � 0.0115

CaO 0.0631 0.0696 0.0609

Cr2O3 0.0008 0.0008 0.0052

Fe2O3 0.0543 0.0548 0.0592

K2O 0.0054 0.0054 0.0014

Li2O 0.0317 0.0426 0.0358

MgO 0.0149 0.0294 0.0012

Na2O 0.1352 0.0572 0.0961

NiO 0.0001 0.0001 0.0040

PbO 0.0001 0.0001 0.0041

SiO2 0.4472 0.4889 0.3057

TiO2 0.0138 0.0139 �
ZnO 0.0346 0.0348 0.0008

ZrO2 0.0296 0.0299 0.0040

Cl 0.0020 0.0020 �
F 0.0008 0.0008 0.0067

P2O5 0.0012 0.0012 0.0106

SO3 0.0065 0.0086 �
SUM 1.0000 1.0000 1.0000

Waste loadinga 0.1622 0.0620 ~0.45

“�” indicates zero value.
aWaste loading is the mass fraction of oxides and halogens contributed by the
waste to the glass.

Temperature

Dried feed Reacting feed (with bubbles) Glass melt

FIGURE 1 Schematic drawings of the
volume expansion test

JIN ET AL. | 5



viscosity model (based on Equation (1) in Section 2), the
volume fraction and viscosity of each individual phase was
measured as described in Section 3.

Table 3 summarizes the methods used to obtain parame-
ters of each phase for the viscosity model. Viscosities and
volume fractions of each phase were obtained by measure-
ments, calculations, or reasonable approximations for the
model. The viscosity of the transient melt phase, gMðTÞ, is
obtained from a glass composition-viscosity empirical model
(Sections 4.1 and 4.4). The volume fractions of different
phases can be obtained by combining the composition analy-
sis (i.e., quantitative XRD), the density measurement, and
the volume expansion measurement (Sections 4.1-4.3).
Finally, the directly measured viscosity of the reacting feed
will be shown in Section 4.5.

4.1 | Composition analysis

Compositions of the transient melt and undissolved solids
were measured to obtain the volume fractions of each.
Quantitative XRD analysis gave the mass fractions of

detected crystal phases (Table 4). Accordingly, the mass
fraction of the transient melt (wM), i.e., the amorphous
phase in the analyzed sample was calculated by
wM ¼ 1�P9

j¼ 1 wj, where wj is the j-th crystal mass frac-
tion and subscript M stands for melt. As shown in
Table 4, nine original crystalline phases have been identi-
fied in the temperature range of interest, ≥750°C: quartz,
rutile, hematite, zircon, kyanite, wollastonite, olivine, zin-
cite, and diopside. Most of these were crystal phases in
the original batch and dissolved into the transient melt
during the heating. Diopside, CaMgSi2O6, was an inter-
mediate phase formed between 800°C and 1000°C,38-41

which was not one of the original crystal phases. Beside
these phases, other identifiable phases were sodium
nitrate, nosean, and lithium silicate. However, those
phases did not remain solid in the temperature range of
interest.

Compositions of the transient melts (Table 5) were
calculated using the formula:

Fi;M ¼ Fi �
PN¼ 9

j¼ 1 Fijwj

wM
(3)

where Fi,M is the i-th component mass fraction (j =
Al2O3, B2O3, CaO, Fe2O3, K2O, Li2O, MgO, Na2O,
SiO2, TiO2, ZnO, ZrO2, and SO3) in transient melt, Fi is
the i-th component mass fraction in the glass (Table 2),
and Fij is the i-th component mass fraction in the j-th
crystal phase.

4.2 | Volume fraction of transient melt and
undissolved solids

Volume fractions of the amorphous phase (i.e., the transient
melt), u0

M , and crystal phases (i.e., undissolved solids), u0
s,

were calculated based on the mass fractions and densities
listed in Table 4 using the formulas:

u0
M ¼ 1� qc

XN¼ 9

j¼ 1

wj

qj
(4)

1.2 cm

1.6 cm

0.5 cm

Spindle

Crucible Transient 
melt

11 cm

5 cm

Undissolved 
Solids

Gas Phase

FIGURE 2 Schematic drawings of the viscosity measurement of
the reacting feeds

TABLE 3 Methods to obtain the parameters associated with each phase in a reacting feed

Phase Composition Fi(T) Density qa Viscosity g(T) Volume fraction φ(T)

Undissolved solids
(subscript s)

Known compositions
of mineral additives

Literature density of
the mineral additives

+∞ as a reasonable
approximation

Calculated by density and mass
fraction measured by
quantitative XRD

Transient melt
(subscript M)

Calculated by target
glass composition and
quantitative XRD results
of mineral additives

Calculated by material
density (measured)
and densities of mineral
additives (literature)

Calculated by an empirical
composition-viscosity model

Calculated by density and mass
fraction measured by
quantitative XRD

Gas (bubbles)
(subscript g)

Not needed Neglected as a reasonable
approximation

Neglected as a reasonable
approximation

Measured by volume
expansion test

aDensities of the mineral additives are considered as constants with negligible thermal expansion with elevated temperature.
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u0
s ¼ 1� u0

M (5)

where wj is the j-th crystal mass fraction, qj is the j-th
phase density, and qc is the material density (Section 3.3).
Note that u0

M and u0
s are volume fractions in total con-

densed phases (transient melt and undissolved solids, i.e.,
u0
s þ u0

M ¼ 1). Hence, u0
s is different from the us in Equa-

tion (1). The spatial volume fractions (including gas phase)
should satisfy us þ uM þ ug ¼ 1 and thus are given by:

uM ¼ u0
Mð1� ugÞ (6)

us ¼ u0
sð1� ugÞ (7)

The density values were used without considering
thermal expansion. The density of the transient melt, qM,
was calculated as:

qM ¼ wM
1
qc
�PN¼ 9

j¼ 1
wj

qj

(8)

Figure 3 shows the volume fractions of undissolved
solids for the three feeds, along with cubic-interpolated
data between the measurement intervals of 100°C. The

TABLE 4 Densities (qj) and mass fractions of the crystal phases and the amorphous phase (wj)

Phase name
Density, qj
(g�cm�3)38-41

AN-102, wj AZ-102, wj

700°C 800°C 900°C 1000°C 1100°C 700°C 800°C 900°C 1000°C 1100°C

Quartz (SiO2) 2.65 0.0387 0.0113 � � � 0.155 0.0529 0.0143 � �
Rutile (TiO2) 4.26 0.002 � � � � 0.007 0.0074 0.0041 � �
Hematite (Fe2O3) 5.18 � � � � � 0.018 � � � �
Zircon (ZrSiO4) 4.6 0.0248 0.0169 0.0056 0.0015 � 0.0295 0.0244 0.02 0.0105 0.0038

Kyanite (Al2SiO5) 3.25 0.03 0.0153 � � � 0.0668 0.0246 � � �
Wollanstonite (CaSiO3) 2.9 0.0375 0.0288 � � � 0.0644 0.0228 0.0129 0.0089 �
Olivine (Mg2SiO4) 3.58 0.0012 � � � � 0.0328 0.0107 0.005 � �
Zincite (ZnO) 5.67 � � � � � 0.0014 � � � �
Diopside (CaMgSi2O6) 3.31 � � � � � � 0.1196 0.0684 0.0065 -

Amorphous qM(T)
a 0.8659 0.9276 0.9944 0.9985 1.0000 0.6251 0.7376 0.8753 0.9741 0.9962

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

“�” indicates zero value.
aqM(T) is temperature dependent, calculated by Equation (8) in Section 4.2.

TABLE 5 Compositions (mass fraction, xi)
a of the amorphous phases vs temperature

AN-102 AZ-102

700°C 800°C 900°C 1000°C 1100°C 700°C 800°C 900°C 1000°C 1100°C

Al2O3 0.080 0.051 0.056 0.056 0.056 0.042 0.064 0.069 0.063 0.062

B2O3 0.070 0.103 0.095 0.095 0.094 0.161 0.133 0.112 0.101 0.097

CaO 0.056 0.052 0.061 0.062 0.062 0.065 0.034 0.052 0.066 0.071

Fe2O3 0.072 0.059 0.055 0.056 0.055 0.056 0.082 0.067 0.061 0.058

K2O 0.005 0.006 0.006 0.005 0.006 0.009 0.007 0.006 0.005 0.005

Li2O 0.028 0.034 0.032 0.031 0.032 0.071 0.060 0.052 0.045 0.044

MgO 0.021 0.018 0.017 0.016 0.016 0.001 0.000 0.015 0.031 0.032

Na2O 0.108 0.148 0.139 0.135 0.138 0.097 0.080 0.071 0.061 0.060

SiO2 0.472 0.457 0.462 0.464 0.461 0.399 0.454 0.478 0.488 0.489

SO3 0.001 0.005 0.005 0.005 0.006 0.009 0.009 0.008 0.007 0.007

TiO2 0.021 0.014 0.013 0.013 0.013 0.018 0.013 0.013 0.014 0.014

ZnO 0.046 0.038 0.036 0.035 0.035 0.059 0.050 0.041 0.037 0.036

ZrO2 0.019 0.016 0.024 0.027 0.028 0.012 0.015 0.016 0.021 0.025

aThe mass fraction xi represents the oxide component mass fraction in the amorphous phase.
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undissolved solid phase consists of only quartz in the A0
HLW feed but several minerals in the AN-102 and AZ-102
LAW feeds, as listed in Table 4. The quartz in A0 HLW
feed (15% at 800°C) gradually dissolves with a fraction of
a percent remaining at 1100°C. In AZ-102 feed, the 20%
undissolved solids at 800°C, the highest content of the
three feeds, drops to less than 5% at 1000°C, nearly the
same as quartz in A0 feed. In contrast, AN-102 feed has
only ~5% undissolved solids at 800°C, which are com-
pletely dissolved by 900°C.

4.3 | Volume fraction of evolved gasses

Figure 4A shows volume changes of volume expansion
tests with temperature. The A0 feed started to shrink
slightly at 700°C-900°C and slightly expanded over 900°C
due to foaming.22 In contrast, LAW feeds showed signifi-
cant volume expansion. This is due to a large amount of
evolved gases in the transient melt that connects at 600°C-
700°C. The evolved gases were mainly from carbonates in
the feed (with contributions from nitrates and nitrites). The
maximum volumes of AN-102 and AZ-102 feeds became
~8 times and ~3 times of their original volumes, respec-
tively. Significant foaming of the two LAW feeds occurred
between 600°C and 900°C followed by a minor expansion
above 900°C.

The volume fraction of evolved gas, or porosity, can be
obtained from a combination of the volume expansion test
and density measurement as described by the following
relation:

ugðTÞ ¼
qcðTÞ � qbðTÞ
qcðTÞ � qgðTÞ

ffi 1� qbðTÞ
qcðTÞ

¼1� mðTÞ
m0

� �
V0

VðTÞ
� �

qb;0
qcðTÞ

(9)

where qg is the gas density, qb is the bulk density, and qc
is the material density defined in Section 3.3. Note that
qg � qc is used as a reasonable approximation in

Equation (9). Here, m(T) is the sample mass at a given
temperature T, V(T) is the sample volume at T, and sub-
script 0 indicates room temperature.

Figure 4B shows ug at T > 800°C. At temperatures
below 800°C, the transient melts of HLW and LAW
feeds were not continuously connected and the viscosity
could not be measured. Therefore, as mentioned before,
the model was fit to data at temperatures >800°C. The
volume fraction of gas phase in the A0 HLW feed gradu-
ally increased from 0.15 at 800°C to 0.5 at 930°C and
then began to decrease. The volume fractions of gas
phase of the AN-102 and AZ-102 feeds were ~0.75 at
800°C and decreased to about 0.2 at 1100°C. The gas
volume fraction of AZ-102 decreased to a minimum value
of ~0.1 at 1000°C and increased to ~0.2 from 1000°C to
1100°C. The volume expansion data over 1000°C of the
HLW A0 feed is not shown because the model fitting for
this feed did not include temperature range over
1000°C.22 For the LAW feeds, the temperature was
expanded to 1100°C.

4.4 | Viscosity of transient melt

The viscosity of transient melt (gM) was obtained via mod-
eling. The model used an Arrhenius equation to define the
relationship between viscosity and temperature:
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FIGURE 3 Volume fractions of the undissolved solid phase
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lng ¼ Aþ 1
T

XN

i ¼ 1
Bixi (10)

where A is a composition-independent pre-exponential fac-
tor, T (°C) is the temperature of the transient melt or glass
melt, N is the total number of components in the glass, Bi

is the i-th component coefficient, and xi is the i-th oxide
component mass fraction. The Bi values can be found in
Hrma et al17.

The composition of the transient melt from 700°C to
1100°C was determined as described in Section 3.1 and
listed in Table 5. The calculated viscosities of transient
melts and final glass melts using Equation (10) are plotted
in Figure 5. The formulated composition of glass (Table 2)
was used. The transient melts have lower viscosities for
both feeds because they contain higher fractions of Na2O
and B2O3. For AN-102, the two viscosity curves reach a
similar value over 900°C when the minerals are nearly dis-
solved, which can be indicated by nearly zero mass frac-
tions of crystalline phases. The two viscosity curves of
AZ-102 are almost identical at a higher temperature (i.e.,
around 1000°C), which can be similarly understood. Note
that for HLW A0, the transient melt viscosity and the glass
viscosity became identical at about 1100°C.22

4.5 | Viscosity of reacting feeds

Figure 6 shows measured viscosities of the feeds by the
viscometer. The viscosity of the HLW A0 melter feed has
been reported previously.22 The viscosity measurements are
reproducible considering uncertainties and unavoidable
inhomogeneity of the sample during conversion from feeds
to glass; uncertainties of the measurements (three replicates
for each sample) were less than 10%. As mentioned, the
aim of this work was to develop a model based on Equa-
tion (1) which correlates the viscosity-temperature func-
tions to key variables such as the composition-dependent

transient melt viscosity (gM) and the volume fractions of
undissolved solids and bubbles (us and ug). In the temper-
ature range of 800°C-1100°C, the feed viscosity (gF) of
the HLW A0 feed drops from 103.1 to 100.9 Pa�s, for
AZ-102 feed from 103.4 to 100.9 Pa�s, and for AZ-102 from
102.8 to 100.5 Pa�s.

5 | DISCUSSION

5.1 | Comparison of different viscosities

Figure 7 compares the temperature-viscosity curves of the
feed, the transient melt, and the final glass. As expected,
feed viscosity is higher than that of the transient melt. The
effects of the bubbles and the undissolved solids are major
factors to be quantified and discussed in the next section.
The transient melt viscosity and the final glass viscosity
match at high temperatures, but this is not necessarily the
case for the feed viscosity even though the composition is
the same as the final glass composition. The three curves
all match at ~1000°C for AN-102 but the feed viscosity of
AZ-102 has a higher viscosity in the final glass. Although
uncertainties associated with the experiments (e.g., non-
uniform temperature distribution22 and other experimental
errors) and the empirical model for the transient melt/glass
viscosity could be responsible, the silica-rich inhomogene-
ity is the likely cause due to the significant effect of silica
on viscosity, especially considering the late disappearance
of solids in AZ-102 (Figure 7).

5.2 | Feed viscosity model: effects of the
undissolved solid phase and gas bubbles

Table 6 lists the model coefficients obtained by fitting
Equation (1) to the data, i.e., the volume fractions of the
undissolved solid and the gas phases (us(T ) and ug(T))
(Sections 3.2 and 3.3) and the viscosities of the transient
melt and the feed ðgMðTÞ and gFðTÞÞ, using the least
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FIGURE 5 Viscosities of the transient melt and the final glass
melt of the AN-102 and AZ-102 LAW feeds
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squares method. Figure 8 presents the relative feed viscos-
ity as a function of temperature ðgMðTÞ and gFðTÞÞ.

For A0, the volume fractions of the reacting feed, us(T )
/ ug(T ), were correlated, and the fs and fg coefficients could
not be determined independently. Instead of Equation (1),
the relationship logðgF=gMÞ ¼ f0 þ fsgus was fitted to data
obtaining f0 and fsg values for two temperature ranges at
T ≤ 980°C and T > 980°C. This is based on an assumption
that the silica-rich layers around dissolving quartz grains
exist at T ≤ 980°C but become connected to form a high-
viscosity network of silica-rich inhomogeneity at
T > 980°C22 resulting in the negative f0 (less viscous) and
positive f0 (more viscous) values, respectively. As shown
previously,42,43 SiO2 diffusing into the melt from dissolv-
ing quartz grains was initially accumulated in the diffusion
layers at the solid-melt interfaces. As a result, viscosity of
the transient melt remained low until the diffusion layers
impinged on each other while the SiO2 concentration in the
melt became gradually uniform. This explains the transition
from the negative f0 at T ≤ 980°C to positive values at
T > 980°C in the A0 feed.22

No such correlation occurred in the two LAW feeds.
The dissolving solids in AN-102 and AZ-102 feeds con-
sisted of quartz (SiO2), zircon (ZrSiO4), kyanite (Al2SiO5),
wollastonite (CaSiO3), and other minerals listed in Table 4.
The negative f0 coefficients indicate the presence of a

connected low-viscosity network in the transient melts
while the viscosity increasing components (SiO2, Al2O3,
and ZrO2) remained concentrated in the diffusion layers
around the dissolving particles.

As indicated by the coefficients, the effect of the undis-
solved solid phase ( fs) would be more significant than that
of the gas phase ( fg), although the effect of the evolved
gas phase would still be appreciable. As shown in Fig-
ures 7 and 8, the AN-102 feed (i.e., high volume of gas
and low volume of undissolved solids) has a low relative
feed viscosity (gF / gM). Although fractions of undissolved
solids and bubbles for the two LAW feeds and HLW are
very different, the difference in a normalized or relative
feed viscosity (gF / gM) is insignificant.

Previous studies44,45 indicated that an effective viscosity
of bubble suspensions varied with the volume fraction of
gas. At a small capillary number (Ca) (i.e., (Ca � 1), the
effective viscosity increases with the volume fraction, but it
decreases with the volume fraction at large Ca (i.e., Ca �
1). Here, the capillary number is defined by:

Ca ¼ gMr c
�

C
(11)

where gM is the viscosity of transient melt, r is the radius
of the undeformed bubble, _c is the shear rate, and C is the
surface tension.44

During the feed-to-glass transition process, the bubble
size (in radius, r) could be estimated as smaller than
0.004 m based on X-ray tomography46 and the surface ten-
sion could be estimated as 0.3 N�m�1.47 Using the shear
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TABLE 6 Model fitting coefficients

A0 (T ≤ 980°C) A0 (T > 980°C) AN-102 AZ-102

f0 �0.058 0.068 f0 �0.1084 �0.0957

fsg 8.822 3.141 fg 0.5716 1.5782

fs 45.0120 5.1140

FIGURE 8 Relative feed viscosity gF=gM
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rate calculated based on our experimental set up (max.
2.7 s�1) and viscosity of the transient melt (as shown in
Figure 5), a maximum capillary number would be ~0.1
which implies that bubbles are not deformable and thus the
effective viscosity increases with the volume fraction. This
would be qualitatively consistent with the positive fg values
in our study.

Modeling of the feed rheological behavior is an essential
part of the on-going work to develop a comprehensive
model of the cold cap to predict the melting rate as a func-
tion of feed properties and melter conditions. Furthermore,
this approach can be used to explore a correlation between
the effects of different types of additives48 and the viscosity
model fitting coefficients.

6 | CONCLUSIONS

A combination of various measurements, such as pellet
expansion tests, pycnometry, and XRD analysis, are neces-
sary to obtain the melter feed viscosity as a function of the
feed-to-melt conversion process. In spite of complexities
such as dispersed dissolving solids and gas bubbles, on-
going compositional changes, and continuously increasing
temperature, the melter feed viscosity can be described by
a simple model.

Generally, for all studied HLW and LAW feeds, the
undissolved solid phase in the glass-forming melt strongly
increases the feed viscosity while the evolved gas phase
has a moderate increasing effect. The LAW feeds, release a
large amount of evolved gas compared to HLW feeds.
Therefore, foaming influences the LAW feed viscosity,
especially at temperatures <900°C. A comparative study
using the LAW and HLW melter feeds performed in this
work provide a key element for the development of the
cold-cap model applicable for feeds with different composi-
tions and foaming behaviors.
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