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ABSTRACT 

We measured and modeled near-infrared extinction of nuclear waste glasses from 300◦C to 1150◦C to enable predictive radiation 
heat transfer and thermal conductivity estimates. A composition- and redox-informed model resolved contributions from key 
chromophores (Fe+ 2 -O-Fe+ 3 , V+ 4 , free and bonded ≡ Si-OH groups) and, when present, spinel particles that can cause strong 
scattering. The model reproduced measured absorption from room temperature up to 1150◦C, with minor discrepancies near 
1 µm (likely due to possible trace impurities) and 2.5 µm (linked to uncertainty in hydroxy groups). Spectra showed silicate melts 
were semitransparent mainly in the 0.5–4.0 µm window, responsible for radiation thermal conductivity that generally increases 
with increasing temperature. We quantified the dependence of effective thermal conductivity on dissolved water and provided 
distributions across > 100 LAW/HLW/DFHLW melts at 1150◦C, supporting improved melter heat transfer modeling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

The long-term, safe disposal of radioactive waste from both legacy
nuclear weapons programs and commercial power generation
remains a significant global challenge [ 1–3 ]. The internationally
accepted strategy for immobilizing high-level waste (HLW) and
the baseline for low-activity nuclear waste at Hanford is vitrifi-
cation, a process in which the waste plus additives are vitrified
into a durable borosilicate glass matrix [ 4 ]. This method effec-
tively locks radionuclides within the glass structure, ensuring
long-term stability and minimizing the risk of environmental
contamination [ 5 ]. At sites like the Hanford Waste Treatment
and Immobilization Plant (WTP) in Washington State, USA,
this technology is being deployed on an industrial scale to treat
millions of liters of legacy waste [ 6, 7 ]. 
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial Li
work is properly cited and is not used for commercial purposes. 
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The vitrification process is often carried out in large, continuously
operated, Joule-heated ceramic melters [ 8–12 ]. The operational
success of these melters—including their processing rate, energy 
efficiency, and overall lifespan—is critically dependent on heat 
transfer phenomena. In modern waste vitrification melters where 
convection is enhanced by bubblers, convective heat transfer
dominates in the bulk of the molten glass pool [ 13–15 ]. However,
overall performance is often limited by the rate of heat transfer
within the thermal boundary layers, specifically at the interface
with the reacting batch materials (the “cold cap”) and the
interface with melter walls and electrodes [ 16, 17 ]. In these
regions, heat transfer is both conductive and radiative. Thermal
radiation dominates over phonon conduction at the operating 
temperatures (typically around or exceeding 1150◦C) when the 
glass melt is semi-transparent and free of crystals and bubbles.
cense, which permits use, distribution and reproduction in any medium, provided the original 
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The radiation properties of the glass are therefore critical as they
control the melting rate of the batch and the heat losses to the
melter system [ 18 ]. In the nuclear waste melters, the effect of
thermal conductivity on the melting rate has not been established
because of the lack of reliable thermal conductivity data and
complex conditions below the cold cap [ 19–21 ]. 

The radiation properties of glass melts are complex and depend
on several interconnected factors. The chemical composition of
the glass is paramount, as the absorption of thermal radiation in
the near-infrared (NIR) spectrum is dominated by the presence
of transition metals and other multivalent ions, such as iron,
chromium, nickel, manganese, and vanadium [ 22, 23 ]. The
specific contribution of each element is further complicated by
its redox state; for example, the presence of ferrous ion (Fe2 + )
causes strong absorption of thermal radiation whereas the ferric
ion (Fe3 + ) shows just a long-wavelength tail of its near-UV band
in NIR range [ 24, 25 ]. Consequently, the redox conditions within
the melter, dictated by the reducing and oxidizing potential of
batch components and the gas in which the melt is in contact
with (bubbles and external atmosphere), significantly influence
the overall heat transfer. Furthermore, in order to maximize the
fraction of the nuclear waste in the produced glasses, nuclear
waste glasses are often formulated to their solubility limits and
may contain microscopic inclusions of liquids (molten salts),
gases (primary and secondary bubbles), and solids (dissolving
refractory particles and precipitated crystalline phases, such as
spinel) that attenuate radiation through both absorption and
scattering, adding another layer of complexity [ 26–29 ]. 

Knowledge of the effective thermal conductivity, which combines
the contributions of conduction and radiation, is therefore crit-
ical for simulating and optimizing melter performance through
computational fluid dynamics (CFD) models [ 30 ]. Yet develop-
ing a comprehensive understanding of this property presents
significant challenges. Experimental measurements of high-
temperature radiative properties are costly and require highly
specialized, custom-built spectrophotometers, which are not
widely accessible [ 31–36 ]. The direct measurement of the effective
conductivity is likewise challenging as the sample thickness in
steady state methods or the thermal penetration depth in the
transient methods has to be kept below approximately 200 µm
to suppress the convection [ 37 ] and sealed to avoid volatility.
At these length scales, the radiation heat transfer becomes
complicated as depending on melt composition, the diffusion
approximation is no longer valid, and the concept of effective
thermal conductivity is no longer applicable. These limitations
create a pressing need for robust, validated compositional models
that can evaluate the effective thermal conductivity from the glass
composition and processing conditions. Although Choudhary
and Potter [ 24 ] developed a model for calculating absorption
coefficients for commercial silicate glasses with varying content
of transition metals, their approach has not been tested for
nuclear waste glasses, which often contain the transition metals
in significantly higher concentrations. 

The primary objective of this study was to develop and experi-
mentally validate a comprehensive model that calculates thermal
radiation properties and effective thermal conductivity of nuclear
waste glasses as a function of their composition, temperature,
redox state, and the presence of inclusions. Section 2 details
2 of 14
the theoretical framework for modeling redox equilibria, particle 
size distributions, and radiative properties. Section 3 describes 
experimental methods to fabricate glass samples and characterize 
their properties. In Section 4 , the model predictions are compared
to experimental measurements for a series of waste glass compo-
sitions. Finally, Section 5 discusses implications of these findings
for major classes of Hanford nuclear waste and the practical
operation of vitrification melters. 

2 Theory 

2.1 Redox State 

Nuclear waste glasses are multicomponent boron-silicate systems 
that contain several polyvalent elements such as Fe, Cr, Ni, Mn, V,
U, Ce, etc., the oxidation states of which have unique absorption
coefficients. The oxidation states of elements are affected by the
batch makeup, by the thermal history during melting and cooling
of the glass, and by the composition of the atmosphere under
which the glass is processed. 

Following the work of Schreiber et al. [ 38, 39 ], the local equi-
librium between a metallic oxide and oxygen is a function
of temperature, 𝑇, and the oxygen partial pressure, 𝑝O2 

. The
equilibrium concentration ratio between two specific redox states
of a polyvalent element can be calculated as [ 25 ] 

ln 

( 

𝑤red 

𝑤ox 

) 

= 𝛼 − 𝜎

4 
ln 

(
𝑝O2 

)
− Δ𝐻 

𝑅𝑇 

(1) 

where 𝑤red and 𝑤ox are the mass fractions of reduced and
oxidized states, respectively, 𝑅 is the universal gas constant 
(8 . 314 J mo l− 1 K− 1 ) , 𝜎 is the number of electrons separating the 
reduced and oxidized state, and Δ𝐻 is the reaction enthalpy, and
𝛼 is related to reaction entropy and activity coefficients of oxygen 
and the ions [ 25 ]. Values of 𝜎, 𝛼, and Δ𝐻 are listed in Table 1 for
major redox pairs occurring in nuclear waste glasses. The effect
of Fe2 O3 concentration on parameters 𝛼 and Δ𝐻 was investigated 
in Savannah River 131 frit [ 25, 38, 39 ] but for lack of available data
for other elements, we neglected the parameter dependence on
glass composition. For elements not listed, we assume that they
are present in a predominant oxidation state (see Table 2 for a full
list of components). 

During high-temperature measurements under air atmosphere, 
glass melt gradually changes redox state as it equilibrates with
air through oxygen diffusion. Thus, sample analysis performed 
at elevated temperatures (measurement of extinction spectra 
measurements and oxygen partial pressure) were designed to 
minimize this effect by limiting the time the samples spent at high
temperatures as much as practically possible. 

2.2 Particle Analysis 

To maximize the content of waste in nuclear waste glasses, the
glasses are permitted to contain a small amount of crystalline
particles such as spinel, eskolaite, baddeleyite, nosean, or various
phosphate or other phases [ 28, 40, 41 ] as long as the resulting
Journal of the American Ceramic Society, 2026
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TABLE 1 Redox model parameters collected from literature [ 25, 38, 
39 ]. 

Reaction 𝝈(𝐥𝐧 (𝐏𝐚 ) 
− 𝟏 
) 𝜶 𝚫𝑯 (𝐤𝐉 𝐦𝐨 𝐥− 𝟏 ) 

Mn+ 3 /Mn+ 2 1 9.49 55.6 
Ce+ 4 /Ce+ 3 1 6.59 46.0 
Cr+ 6 /Cr+ 3 3 11.37 41.8 
Cu+ 2 /Cu+ 1 1 16.01 175.7 
U+ 6 /U+ 5 1 14.03 171.5 
V+ 5 /V+ 4 1 12.93 171.5 
Fe+ 3 /Fe+ 2 1 12.60 172.0 
Cr+ 3 /Cr+ 2 1 15.33 242.7 
V+ 4 /V+ 3 1 6.62 154.8 
Eu+ 3 /Eu+ 2 1 7.32 171.5 
Ti+ 4 /Ti+ 3 1 3.52 146.4 
Ni+ 2 /Ni+ 0 2 22.52 343.1 
Fe+ 2 /Fe+ 0 2 18.72 334.7 
S+ 6 /S− 2 8 46.27 786.6 

TABLE 2 Target composition of glass samples in mass%. 

LAWC100 LAWA44 APPS-09 Al-19_MF 

Al2 O3 10.35 6.10 10.55 24.01 
B2 O3 13.94 8.84 4.01 19.22 
Bi2 O3 0.00 0.00 0.00 1.14 
CaO 8.17 1.96 10.00 5.59 
Cl 0.00 1.17 0.13 0.00 
Cr2 O3 0.02 0.02 0.03 0.52 
Cs2 O 0.00 0.15 0.00 0.00 
F 0.19 0.00 1.53 0.67 
Fe2 O3 1.02 6.87 0.62 5.91 
K2 O 0.15 0.44 0.00 0.14 
Li2 O 0.00 0.00 4.51 3.58 
MgO 1.02 1.96 0.00 0.12 
MnO 0.00 0.00 0.04 0.00 
Na2 O 20.38 20.66 13.32 9.60 
NiO 0.03 0.00 0.00 0.40 
P2 O5 0.28 0.00 0.30 1.05 
PbO 0.01 0.00 0.00 0.41 
SiO2 37.31 43.83 49.51 27.05 
SO3 0.00 0.19 1.45 0.20 
TiO2 0.00 1.96 0.00 0.00 
V2 O5 1.02 0.00 4.07 0.00 
ZnO 3.06 2.92 0.00 0.00 
ZrO2 3.06 2.94 0.00 0.39 
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waste form is durable [ 42, 43 ] and particle settling does not disrupt
the melter operation [ 13, 44–46 ]. 

A Python code was developed to quantify the number of particles,
𝑁p , and their areas, 𝐴p , in scanning electron microscope (SEM)
images of glass samples using scikit-image package [ 47 ]. The
script implements several steps—Gaussian filtering to reduce 
noise, Otsu’s thresholding method [ 48 ] for particle segmentation,
filling of small holes and removal of small objects for additional
image cleaning, and labeling and measurement of individual par-
ticles. As the particles analyzed in this work were approximately
equiaxed, they were characterized using an apparent equivalent 
particle diameter defined as 

𝑑app =

√ 

4𝐴p 

𝜋
(2) 

Since 𝑑app determined from cross-section images generally does 
not correspond to the real 3D particle diameter, 𝑑, as they
essentially measure slices of the embedded particles, we used
the Saltykov method [ 49 ] implemented by the GrainSizeTools
package [ 50 ] to infer the probability density function of the
3D particle size distribution, 𝑓, from the 2D distribution of
𝑑app . The total number of particles per unit volume, 𝑁total , is as
follows: 

𝑁total =
𝑉𝑉 

∫∞
0 𝑓

𝜋𝑑3 

6 
d 𝑑 

(3) 

where 𝑉𝑉 is the volume fraction of particles, assumed to be equal
to the area fraction of particles, 𝐴𝐴 . Finally, the number density
distribution of equivalent 3D particle diameters, 𝜌N , is 

𝜌N = 𝑁total 𝑓 (4) 

2.3 Radiation Properties 

The extinction coefficient, 𝛽, which accounts for both absorption
and scattering, represents the attenuation of thermal radiation in
semitransparent media; it is a function of temperature and wave-
length. For glass processing, 𝛽 can be neglected for wavelengths
below 0.5 µm, as high-energy photons are emitted by the glasses
only at much higher temperatures (above ∼ 1450◦C). Thus, heat
is transferred almost entirely at longer wavelengths. Because of
the absorption of the basic silica network, silicate glasses can
be treated as opaque above 4- µm wavelength [ 24 ]. Thus, we are
confined to 0.5–4.0 µm wavelength range. For nuclear waste
glasses, 𝛽 can be expressed as 

𝛽 = 𝜅g + 𝛽p (5) 

where 𝜅g and 𝛽p account for the radiation absorption of the glass
matrix and the extinction by the particles embedded in the glass
matrix. 
3 of 14
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2.3.1 Glass Matrix Absorption Coefficient 

The glass matrix absorption coefficient is given by the relation-
ship: 

𝜅g = ln ( 10 ) 
∑
𝑖 

𝜉𝑖 𝑤𝑖 (6)

where 𝑤𝑖 is the i th species mass fraction and 𝜉𝑖 is the i th
species absorptivity per oxide mass fraction in glass. Equation ( 6 )
is, strictly speaking, not applicable for high 𝑤𝑖 values but still
provides a good approximation for glass technology applications.
Note that 𝜉𝑖 is a function of wavelength and temperature and 𝑤𝑖 

depends on melting temperature, 𝑝O2 
, and glass composition. 

The absorptivity spectra (dependence of 𝜉𝑖 on wavelength) for
transition metals ions and hydroxy groups ranging from room
temperature to 1400◦C were reported by Volf [ 51 ] and Choudhary
and Potter [ 24 ]. In this work, we obtained 𝜉𝑖 values for any
temperature by interpolation from the two nearest available
spectra. Note that in Equation ( 6 ), 𝑤𝑖 is the mass fraction of
the absorbing species, which accounts, by Equation ( 1 ), for the
disproportionation of the polyvalent species into several oxidation
states; here, we consider the following ions; V+ 4 , Cr+ 3 , Cr+ 6 , Mn+ 2 ,
Mn+ 3 , Fe+ 2 , Fe+ 3 , Co+ 2 , Cu+ 2 , Ni+ 2 , Nd+ 3 , and OH− 1 . 

2.3.2 Particle Extinction Coefficient 

Microscopic gaseous, liquid, or solid inclusions, emerging from
batch and/or generated from the melt, scatter and absorb thermal
radiation. Since we are dealing with particles of sizes compara-
ble with the wavelength of the thermal radiation, the particle
extinction coefficient 𝛽p is expressed by Mie theory [ 52, 53 ]: 

𝛽p =
∞

∫
0 

𝜌N 𝑄ext 

𝜋𝑑2 

4 
d 𝑑 (7)

where 𝜌N is the particle number density—the distribution of
diameters is determined by methods outlined in Section 2.2 —and
𝑄ext is the extinction efficiency calculated using the miepython
package [ 54 ]. The value of 𝑄ext depends on the wavelength, 𝜆, the
particle size, 𝑑, the complex refractive index of the particles, 𝑚,
and the refractive index of the surrounding glass matrix, 𝑛, the
value of which is approximated as [ 24 ] 

𝑛 = 1 . 5 − 0 . 04
𝑇 − 298 

1673 − 298 
− 0 . 07

𝜆 − 0 . 59 

4 . 09 − 0 . 59 
(8)

where 𝑇 is in K and 𝜆 is in µm. Mie theory is based on independent
scattering approximation that assumes the near-field interactions
are negligible. The validity of Mie theory depends on the par-
ticle size, refractive index, glass matrix absorption, and particle
spacing, so no universal volume-fraction limit applies [ 55–57 ], but
other studies suggest that it is around 1 vol% [ 58 ]. 

2.4 Thermal Conductivity 

In mathematical models of glass-melting furnaces, the thermal
conductivity of the glass melt is crucial for computing tempera-
4 of 14
ture and velocity fields, heat transfer to the batch, and heat losses
through the walls. The composition and temperature dependence 
of glass melt phonon conductivity, 𝑘c , can be estimated using a
model by Choudhary and Potter [ 24 ]. The two most employed
methods for estimating the radiation thermal conductivity, 𝑘r , are
the discrete ordinate method (DOM) and diffusion (sometimes
referred to as Rosseland) approximation (DA) [ 18 ]. DOM is a more
rigorous method that directly resolves radiation inside the melt,
and can be used for ultra-clear melts [ 18 ]. Its disadvantage is the
increased computational demand over the DA, which converges 
to the same solution for more absorbing melts [ 14, 18, 30 ]. Using
DA, 𝑘r can be estimated as 

𝑘r =
16 𝜎𝑇3 

3𝛽R 
(9) 

where 𝜎 is the Stefan-Boltzmann constant ( 5 . 67 ×
10 

− 8 
W m− 2 K− 4 ) and 𝛽R is the Rosseland mean extinction 

coefficient defined as [ 59 ] 

1 

𝛽R 
=

∞

∫
0 

1 

𝛽

d𝐸b 𝜆

d𝐸b 

d 𝜆 =
𝐶1 𝐶2 

4 𝜎𝑇5 

∞

∫
0 

𝑛2 

𝛽𝜆6 
e𝐶2 ∕𝜆𝑇 

( e𝐶2 ∕𝜆𝑇 − 1 ) 
2 
d 𝜆 (10) 

where 𝐸b 𝜆 is the emission power given by Planck’s law, 𝐸b is
the total emission power over all wavelengths, and 𝐶1 = 3 . 7418 ×
10 

− 16 
W m2 and 𝐶2 = 0 . 014388 K m are radiation constants. In 

this case, the combined phonon conduction and radiation is
accounted for in the effective conductivity: 

𝑘ef f = 𝑘c + 𝑘r (11) 

3 Experimental 

3.1 Sample Preparation 

Table 2 shows compositions of four nuclear waste glasses selected
for analysis to display a wide range of major component fractions
and estimated radiation properties. A duplicate LAWC100 glass, 
in which iron oxide was replaced with stoichiometric equivalent
of iron oxalate in batch formulation was melted under a reducing
N2 atmosphere (labeled with the “_R” suffix) and Al-19 glass was
prepared from a slurry melter feed (labeled with “_MF” suffix). 

Samples LAWC100_R, LAWC100, LAWA44, and APPS-09 were 
prepared by mixing the chemicals listed in Table S1 in an agate
mill for 4 min prior to melting. The Al-19_MF and APPS-09_MF
melter feeds were prepared by adding the chemicals and minerals
listed in Table S2 to deionized water while stirring such that
500 mL of final slurry probes were prepared. All the slurry probes
were then dried at 105◦C overnight and afterwards carefully
crushed and milled to powder in such a fashion as to break up
aggregates but minimized effect on the particle size of minerals
such as quartz. All samples were then heated to 1150◦C, held at
1150◦C for 1 h, air-quenched, heated to 1150◦C for the second time,
held at 1150◦C for 1 h again, cast into blocks with approximate
dimensions of 10 × 5 × 1.2 cm, annealed at 500◦C for 1 h, and
furnace cooled. The sample LAWC100_R was melted at 1150◦C
using a nitrogen atmosphere. 
Journal of the American Ceramic Society, 2026
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Bulk compositional analysis was performed using a JEOL 8530F
electron probe microanalyzer (EPMA) with the operating con-
ditions of 15 kV accelerating voltage, 20 nA probe current, and
50 µm defocused beam. Pieces of glass of ∼ 1 × 1 × 1 mm were
mounted into an aluminum sample holder using epoxy resin.
The samples were polished down to a 1 µm surface finish and
sputtered coated with 2 nm Ir conductive coating. The agreement
with the target composition was very good for most components,
including radiation-absorbing constituents such as Fe2 O3 and
V2 O5 (see Figure S1 ). A notable exception was the measured
content of Cr2 O3 that was slightly higher than the target in
three samples and slightly below the target in Al-19_MF. Since
the Cr2 O3 content was low in all-but-one samples, these small
deviations should not significantly affect the radiative properties.

3.2 Redox state 

To evaluate the glass redox state, high-temperature in-situ mea-
surements of oxygen partial pressure were performed using the
Rapidox system, while the iron redox state in the produced
glasses was analyzed using Mössbauer spectroscopy and X-ray
Absorption Near Edge Structure (XANES). 

GS Rapidox II oxygen analyzer (Glass Service, Czech Republic)
is based on the electrochemical measurement of the equilibrium
voltage between a reference electrode and a measuring electrode.
The measuring electrode consists of an iridium wire, while the
reference electrode is immersed in a Ni/NiO mixture, which
provides a well-defined oxygen partial pressure. The measured
electromotive force ( E , in volts) is then used to calculate the
oxygen partial pressure via the Nernst equation. Measurements
were conducted at temperatures ranging from 1000◦C to 1150◦C
using 10 K/min heating rate, in 50◦C increments. 

Room temperature 57 Fe Mössbauer Spectroscopy was performed
on samples with > 1 wt% Fe2 O3 (LAWA44 and Al-19_MF) using the
decay of a 25 mCi 57 Co source in a Rh matrix to produce 14.4 keV
γ-rays to be absorbed by the sample. The source oscillated at a
constant acceleration by a SeeCo W304 drive unit, and the γ-rays
were detected by a SeeCo 45431 Kr proportional counter operating
with 1.630 kV bias voltage applied to the cathode. Spectra of the
photons transmitted through the sample were collected over the
velocity range of ± 6 mm s− 1 and were calibrated relative to α-Fe
[ 60 ]. Recoil software was used to fit pseudo-Voight doublets to the
collected spectra, and the iron redox state was determined by the
ratio of the peak areas of Fe3 + and Fe2 + sites, assuming a recoil-free
fraction ratio of f (Fe3 + /Fe2 + ) = 1.0 [ 61 ]. 

XANES measurement was performed on the 6 powdered glass
samples at beamline 4-3 at the Stanford Synchrotron Radiation
Light source. The beamline was equipped with a Lytle detector for
fluorescence measurements to collect absorption spectra at the
Fe K-edge and Cr K-edge for the samples and reference materials
FeO (Fe2 + ), Fe2 O3 (Fe3 + ), and Fe3 O4 (Fe2 + /3 + ), and Cr2 O3 (Cr3 + )
and Na2 CrO4 (Cr6 + ). Spectra were collected from 100 eV below to
200 eV above the absorption edge, with an edge step of 0.2 eV over
the pre-edge feature. Repeat measurements were taken for each
sample. To improve signal to noise, the repeats were averaged
and then the spectra normalized. For the Cr K-edge, the pre-
edge was fitted by a linear combination fit of the reference
Journal of the American Ceramic Society, 2026
materials to determine the average chromium oxidation state. For
evaluation of the form of Fe, the pre-edge peak was deconvoluted
and the peak energy and amplitude of the constituent peaks
were compared with reference materials and assessed using a
variogram to determine the oxidation state [ 62 ]. 

3.3 Particle Analysis 

The samples were sectioned and imaged using a JEOL 7001F SEM
to ensure they were free of bubbles and particles. The SEM was
operated at 15 kV accelerating voltage and 13 nA probe current to
analyze the polished sections prepared as described in Section 3.1 .
In cases where particles were found, their chemical composition
was further analyzed using energy dispersive X-ray spectroscopy 
(EDS) mapping with an Oxford Ultim Max detector (area = 100
mm2 ) and processed using Aztec software. 

3.4 Radiation Properties 

The radiation properties were characterized by a custom built
high-temperature spectrophotometer [ 31, 32 ]. It measured the test
specimen thickness dependent optical density caused by absorp-
tion by all chromophores plus scattering by particles having sizes
within wavelength range plus single and multiple reflection from
the glass surfaces using a single narrow monochromatic beam
from a quartz halogen lamp. The radiation attenuation caused by
reflection on holding cell-sample interface was accounted for by
determining the cell constant for each sample, which allowed to
transform the measured optical density to absorption coefficient, 
which is free of losses by reflection [ 32 ]. Optical and electronic
elements were sufficiently distant from the high-temperature 
furnace to ensure their thermal stability. The samples were
analyzed in the spectral range from 0.7 to 3.8 µm and the
temperature range from 300◦C to 1150◦C with the heating rate
of 5 K min− 1 while in the solid state (up to approximately to
glass transition temperature, about 500◦C) and 10 K min− 1 in the
molten state. Individual spectral scans were completed within 60
s using custom made high-speed monochromators. 

4 Results 

4.1 Redox State 

Table 3 lists the oxygen partial pressures determined by Rapidox
method at 1150◦C and Fe2 + /Fetot , V4 + /Vtot and Cr3 + /Crtot values 
obtained from Equation ( 1 ) as well as Fe2 + /Fetot and Cr3 + /Crtot 
values determined by XANES and 𝑝O2 

values calculated from 

Fe redox using Equation ( 1 ). Compared to the Rapidox method,
XANES Fe redox data indicate slightly more reduced conditions
in LAWC100, APPS-09, and APPS-09_MF samples, but still
within the experimental uncertainty. The XANES Cr redox data
suggest more reduced conditions in most of the samples, but
the fits were not as good as with the Fe redox (see Figure S2
and Figure S3 ). This was mostly caused by the weak 1s –
4s transition characteristic for Cr3 + in glass samples. Thus,
samples without detectable 1s – 3d transition characteristic 
for Cr6 + were determined as containing predominantly Cr3 + 
[ 63, 64 ]. The overall trends between the XANES and Rapidox
5 of 14
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TABLE 3 The values of 𝑝O2 
and Fe2 + /Fetot and Cr3 + /Crtot determined using Rapidox and XANES. For comparison, estimated vales of 𝑝O2 

, 
Fe2 + /Fetot , V4 + /Vtot , and Cr3 + /Crtot are also provided. 

Rapidox XANES 

Sample 𝒑𝐎𝟐 
(Pa) Fe2 + /Fetot V4 + /Vtot Cr3 + /Crtot Fe2 + /Fetot Cr3 + /Crtot 𝒑𝐎𝟐 

(Pa) 

LAWC100_R 2.6 × 10− 3 0.422 0.476 0.98 0.49 ± 0.02 1 5.1 × 10− 4 

LAWC100 8.9 × 102 0.029 0.037 0.94 0.10 ± 0.16 1 2.8 × 100 

LAWA44 2.9 × 104 0.013 — 0.53 0.00 ± 0.07 1 1.0 × 105 

APPS-09 9.5 × 102 0.029 0.036 0.94 0.04 ± 0.20 1 1.4 × 102 

APPS-09_MF 1.0 × 105 0.009 0.011 0.30 0.06 ± 0.23 1 2.6 × 101 

Al-19_MF 1.0 × 105 0.009 — 0.31 0.00 ± 0.07 0.78 ± 0.08 1.0 × 105 

FIGURE 1 SEM images of spinel crystals in Al-19_MF glass sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 4 Average sizes, volume fraction, and number density of 
spinel crystals in Al-19_MF sample. 

Parameter Value 

𝒅𝐚𝐩𝐩 ( µm) 1.69 
𝒅 ( µm) 1.87 
𝑽𝑽 0.0072 
𝑵𝐭 𝐨𝐭 𝐚𝐥 (m− 3 ) 1.47 × 10− 15 
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methods are the same. Reducing atmosphere decreased 𝑝O2 

below the atmospheric pressure (0.21 bar) and melter feeds
(containing nitrates and nitrites) produced more oxidized glasses
than oxides precursors. We could not determine vanadium redox
directly, thus only V4 + /Vtot values estimated by Equation ( 1 ) are
available. 

Initial Mössbauer spectroscopy analysis of the reduced iron
content was inconclusive because of the low Fe2 O3 content in four
of the samples (see Table 2 ) and relatively oxidized nature of the
other two samples (LAWA44 and Al-19_MF). 

We opted to use the Rapidox data for further analysis and discuss
potential implications in Section 5.1 . 

4.2 Particle Analysis 

All melted glasses were found to be clear of bubbles and
undissolved batch components by optical microscopy and SEM
analysis. Five samples were fully amorphous. Glass Al-19_MF
contained ∼1 µm particles, some of which clustered into aggre-
gates (see Figure 1 ). SEM-EDS analysis revealed that the particles
were Fe, Cr, Ni, and Mg rich spinel particles (See Figure S4 ). The
presence of spinel particles in HLW glasses is relatively common
and has been extensively studied [ 26, 27, 40, 46, 65–73 ]. The
complex refractive index of the spinel particles was not measured
but was approximated by refractive index of magnetite 𝑚 = 3 . 2 +
1 . 2 𝑖 [ 74 ]. 
6 of 14
The Al-19_MF sample was sectioned at different locations with-
out detecting significant differences in particle sizes or particle
volume fraction. In total, 10 SEM images were analyzed as
described in Section 2.2 and illustrated in Figure S5 . The averaged
results summarized in Table 4 and Figure 2 were used to estimate
particle extinction coefficient 𝛽p . 

4.3 Radiation Properties 

Absorption spectra were measured from 300◦C to 1100◦C with
100◦C increments, and finally at 1150◦C, typical melter operating
temperature. Figure 3 shows the results for selected temperatures.
Sample Al-19_MF was too opaque to obtain quantitative results.
The reduced LAWC100_R sample was the most absorbing, fol-
lowed by the LAWA44 sample, which had significantly higher
iron content compared to the rest of the samples. Compared
Journal of the American Ceramic Society, 2026
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FIGURE 2 Number density distribution of spinel particles in Al- 
19_MF sample. 
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to APPS-09 sample, which was prepared from oxides and car-
bonates, APPS-09_MF sample, which was prepared from the
slurry feed, showed significantly lower absorption around 2.8 µm,
attributed to the hydroxy group. The measured effect of tempera-
ture on the absorption coefficient was relatively small; the largest
effect of increasing temperature was the absorption decrease
around 1 µm in LAWC100_R, related to Fe2 + , and the increase
around 1.5 µm in LAWA44, typical for Cr3 + [ 24 ]. 

Figure 4 shows a reasonable agreement between the measured
and model estimated absorption coefficients, 𝜅, at 1150◦C as well
as the contributions of individual absorbing species for the most
oxidized and the most reduced samples LAWC100_R and APPS-
09_MF. Compared to measured data, the model overestimated
𝜅 of APPS-09 and underestimated 𝜅 of LAWC100 samples. The
𝜅 of LAWA44 sample was underestimated at below 2 µm and
overestimated above 2 µm. Model estimates were calculated
based on target glass composition, measured 𝑝O2 

, and measured
𝜌𝑁 . Iron, vanadium, and all (hydroxy) groups in ≡ Si-OH were
most influential. Chromium and manganese ions were also
important for the absorption of Al-19_MF glass matrix, but it
was completely overshadowed by at least an order of magnitude
higher extinction by the spinel particles. Moreover, the model
was able to capture the effect of 𝑝O2 

on extinction coefficient of
LAWC100. The main discrepancies between the measured and
modeled are the underestimation of 𝜅 around 1 µm wavelength
in LAWA44 sample, which could be caused by Cr2 O3 impurities,
and differences in 𝜅 around 2.5 µm wavelength in LAWC100 and
APPS-09_MF samples, which are likely connected to the content
of hydroxy groups. In this work, the content of ≡ Si-OH content
was not directly measured; by Choudhary and Potter [ 24 ], it can
be estimated at 0.03 wt%. However, as shown in Section 5.2 ,
the thermal conductivity is not very sensitive to hydroxy group
content and thus to absorption coefficient above 2.5 µm. 

Figure 5 shows the calculated Rosseland extinction coefficient,
𝛽R , Equation ( 10 ), as a function of temperature based on glass
composition (and analysis of 𝑝O2 

and 𝜌𝑁 ) and measured NIR
spectra. Silicate glass melts are generally semitransparent for
the thermal radiation within the so-called range of transparency
between 0.5 and 4 µm. As most of the thermal radiation is
Journal of the American Ceramic Society, 2026
emitted above this window at low temperatures, their 𝛽R gen-
erally decreases with increasing temperature. The calculated 
𝛽R from glass composition displays a comparable agreement 
with measured spectra from low to high temperatures. The
largest discrepancy is found in sample LAWA44, in which 𝛽R is
overestimated at low temperatures and underestimated at high 
temperatures. As this sample contains negligible amounts of 
Cr2 O3 and V2 O5 , its absorption is mostly determined by Fe2 + 
and Fe3 + content. Similarly, the discrepancies in LAWC100 and 
APPS-09 samples are linked to V4 + content as the most absorbing
component in those samples. The sensitivity to the redox state
determination is discussed further in Section 5.1 . 

4.4 Thermal Conductivity 

The phonon thermal conductivity is a weak function of glass
melt composition and slightly increases with temperature. It 
is equal to about 1.6 W m− 1 K− 1 at 1150◦C [ 24 ]. On the other
hand, the radiation thermal conductivity depends strongly on the
composition through the absorption coefficient. As can be seen
in Figure 6 , for 𝛽 ≪ 10 cm− 1 , radiation is more important heat
transfer mode, while for 𝛽 ≫ 10 cm− 1 , conduction dominates. 

By Equation ( 9 ), the radiation conductivity, 𝑘ef f , is proportional to
𝑇3 and 𝛽− 1 

R . Since 𝛽R decreases with temperature (Figure 5 ), the
dependence on temperature is even stronger than 𝑇3 . Figure 7
illustrates how significantly the effective conductivity of waste 
glasses differ depending on temperature. The Hanford waste 
melters are operated at 1150◦C. At this temperature, only the
Al-19_MF sample has high enough extinction coefficient to 
practically suppress radiation heat transfer. In the other samples,
the radiation is the dominant heat transfer mode with the
estimated 𝑘ef f reaching up to 30 W m− 1 K− 1 in the APPS-09_MF 
sample. Figure 7 also shows the large effect of the redox state
as LAWC100 and LAWC100_R, and APPS-09 and APPS-09_MF 
pairs practically differed only in their redox. 

The differences between 𝑘ef f estimated from the glass composi- 
tion and measured 𝑝O2 

are largely attributable to the errors in
the determination of 𝛽R (see Figure 5 ). The model systematically
overestimates 𝛽R and thus underestimates 𝑘ef f for the APPS- 
09 sample at all temperatures. The main absorbing species in
this sample is V4 + . However, the model estimates 𝑘ef f of the
APPS-09_MF sample, which has the same composition, quite 
well, highlighting the sensitivity to the glass redox. The model
estimated value 𝑘ef f for Al-19_MF sample, in which thermal 
radiation is mostly suppressed, is 1.73 W m− 1 K− 1 at 1150◦C. 

5 Discussion 

5.1 Redox State Determination 

In this work, 𝑝O2 
values were determined independently by 

Rapidox method. Figure 8 shows that these values correspond
relatively well to 𝑝O2 

values determined by fitting the absorption
spectra calculated from glass composition to measured NIR 

spectra and XANES estimates (Table 3 ). The largest differences
are seen at comparatively low 𝑝O2 

values in APPS-09_MF and
LAWC100 determined by XANES, which leads to overestimation 
7 of 14
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FIGURE 3 NIR absorption coefficients of waste glasses at several temperatures. The shaded areas represent the estimated uncertainty from 

multiple measurements. 

FIGURE 4 Comparison of measured and modeled NIR extinction coefficients of waste glasses (solid lines). The dashed lines represent the 
contribution of individual absorbing species. The shaded areas represent the estimated uncertainty from multiple measurements. 

8 of 14 Journal of the American Ceramic Society, 2026
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FIGURE 5 Calculated Rosseland extinction coefficient as a func- 
tion of temperature based on target composition (solid lines) and 
measured NIR spectra (dashed lines). 

FIGURE 6 Dependence of phonon and radiation thermal conduc- 
tivity determined by Rosseland method on the extinction coefficient. 

FIGURE 7 Effective thermal conductivity, Equation ( 11 ), as a func- 
tion of temperature based on model (solid lines) and measured (dashed 
lines) spectra. 

FIGURE 8 Parity plot between 𝒑𝐎2 
values measured by the Rapidox 

method and estimated values determined from iron redox measured by 
XANES or as best fit to NIR spectra measured at 1150◦C. 

TABLE 5 Estimated partial “water” content from the measured 
spectra. 

Sample 𝒘𝐎𝐇− 𝟏 (wt%) 

LAWC100_R 0.038 
LAWC100 0.039 
LAWA44 0.031 
APPS-09 0.028 
APPS-09_MF 0.012 
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of extinction coefficients in these samples (see Figure 9 ). It was
not possible to obtain the NIR spectrum value for Al-19_MF as
the sample was too absorbing. 

It can be observed that determining redox directly from the NIR
spectra rather than the using an independent measurement yields
better agreement with the measured spectra for LAWC100 and
APPS-09 samples. The 𝑝O2 

value alone cannot explain the discrep-
ancies observed in LAWA44 sample. A possible explanation might 
be that the high iron content either shifts the redox equilibria
listed in expressed by parameters in Table 1 or the literature
Fe2 + and Fe3 + absorptivity spectra are no longer valid at these
concentrations. 

5.2 Role of Hydroxy Group Content 

The content of free hydroxy groups (partial “water” content 
can be used to compare the glasses of similar system) in the
samples was not directly determined but assumed to be equal
to 0.03 wt%. The partial “water” content can be determined
from the absorption band at 2.87 µm [ 75 ]. Table 5 lists the water
content obtained by fitting the water content to the measured
NIR spectra at 1150◦C. Sample APPS-09_MF, which was prepared
from the slurry feed, shows significantly lower water content
than the rest of the samples. However, it should be noted
that the water content is most affected by furnace atmosphere
9 of 14
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FIGURE 9 Extinction spectra of investigated waste glasses. Measured data at 1150◦C and their uncertainty are shown by solid lines and shaded 
areas, respectively. Model estimates with 𝒑𝐎2 

values determined by the Rapidox method, iron redox XANES data, or as best fit to measured NIR spectra 
are shown with dashed, dotted, and dash-dotted lines, respectively. 

FIGURE 10 Calculated dependence of effective thermal conductiv- 
ity on water content. 

 

 

 

 

 

 

FIGURE 11 Probability density distribution of effective thermal 
conductivity at 1150◦C and Fe2 + /Fe3 + = 0.03 for major classes for nuclear 
waste glasses. 
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[ 76 ], batch materials, and thermal history, and thus, the water
content in our samples may not be representative of glass melts
produced in full-scale WTP melters. Figure 10 shows that the
effect of the water content on 𝑘ef f is relatively small for typical
water contents, i.e., above 0.03–0.05 wt% in oxygen-gas fired
furnaces and on average 0.02 wt% in small-scale electric furnaces
[ 77–79 ]. 
10 of 14
5.3 Thermal Conductivity of Different Nuclear 
Waste Glass Classes 

The WTP will process nuclear waste separately as low-activity
waste (LAW) (over 90% waste mass) and HLW (over 95% radioac-
tivity) [ 80, 81 ]. Figure 11 shows the estimated distribution of
effective thermal conductivities, Equation ( 11 ), of over 100 glass
melts formulated for LAW, HLW, and direct-feed HLW (DFHLW),
which accounts for less waste pretreatment [ 82 ]. The values were
Journal of the American Ceramic Society, 2026
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calculated for melt temperature at 1150◦C, redox ratio Fe2 + /Fe3 + 
= 0.03, and assuming no crystals or bubbles. Together with their
lower conversion enthalpy [ 83 ], the higher effective conductivity
of LAW melter feeds contributes to their faster rate of melting,
compared to HLW melter feeds. 

5.4 Limitations of Effective Conductivity in 

Glass Furnace Modeling 

Bubbled Joule-heated melters typically maintain a relatively
homogeneous glass melt temperature field. In such melters, the
effective thermal conductivity of the glass melt primarily affects
the heat transfer between the melt and the batch (and thus glass
production rate of the melter) and the heat transfer between the
melt and the melter walls (and thus thermal efficiency of the
melter system). For very clear glass melts, in which DA is no
longer applicable [ 18 ], the value of the extinction coefficient is
also important for modeling the heat transfer between the melt
and the melter plenum and the temperature distribution of the
melt in the gas-fired furnaces. 

5.5 Role of Inclusions on Heat Transfer 
Modeling 

The glass melt thermal conductivity value is an important param-
eter of CFD melter models. However, as demonstrated in Figure 7 ,
even relatively small number of particles significantly affects
radiation conductivity. In Joule-heated nuclear waste melters, the
bottom of the batch (also known as cold cap) consists of primary
foam. Small air bubbles can be mixed into the glass melt or
nucleated in the melt by redox reactions. Moreover, not all silica
and other refractory particles may be fully dissolved in the cold
cap and can enter the melt together with spinel and other crystal
particles. The quantification of the size and volume fractions of
the particles and bubbles near the cold cap and melter walls thus
should be a subject of future studies to help guide the heat transfer
modeling of vitrification melters. Additionally, self-irradiation of
HLW glasses is known to generate defects [ 84, 85 ], which will
affect the effective thermal conductivity and thus heat transfer
during the cooling of waste canisters [ 86, 87 ]. 

6 Conclusions 

We developed a composition ‑ and redox ‑informed model that
predicts NIR extinction using target glass composition, mea-
sured oxygen partial pressure, and measured size distribution
of inclusions, and validated it against measured spectra from
300◦C to 1150◦C. The model estimates extinction for multiple
HLW/LAW glasses, resolving contributions from Fe, V, OH− ,
and other species. From the measured and modeled spectra, we
computed the Rosseland extinction and the effective thermal
conductivity. Silicate melts are only semitransparent between
∼ 0.5 and 4 µm. In the absence of significant chromium content,
the Rosseland extinction generally decreases with increasing
temperature, yielding a temperature trend in the radiation com-
ponent of the effective thermal conductivity that is captured
by the model. We provided probability density distributions
of effective thermal conductivity at 1150◦C for major nuclear
Journal of the American Ceramic Society, 2026
waste ‑glass classes, enabling direct use in melter heat ‑transfer
models; for very clear melts where the diffusion approximation
fails, the reported extinction coefficients support modeling of 
melt–plenum radiation exchange. 

Several notable differences between the measured and model 
estimated absorption spectra have been observed: (i) for LAWA44,
extinction around 1 µm is underestimated and the Rosse-
land ‑mean extinction is overestimated at low temperature but
underpredicted at high temperature; the discrepancy could be 
caused by high iron content, for which the literature absorptivity
spectra are no longer valid, or by error propagation from redox
state determination, or the presence of trace Cr2 O3 . (ii) For
LAWC100 and APPS ‑09_MF, discrepancies below ∼ 2.5 µm are
likely due to imprecise determination of V4 + content and above
2.5 µm because of the hydroxyl content (OH− estimated at ∼ 0.03
wt%). (iii) In Al ‑19_MF, absorption by Cr and Mn in the matrix is
overwhelmed—by at least an order of magnitude—by extinction 
from spinel particles. 

The work highlights that crystal particles and bubbles originating
in the cold cap or from redox reactions measurably increase
radiation attenuation, thereby modifying the radiation compo- 
nent of effective thermal conductivity; even in minor fractions.
Accurate CFD predictions will therefore benefit from quantifying 
particle size and shape and bubble size and volume fractions
near the cold cap and melter walls. Given the difficulty of
high-temperature measurements and the limited applicability 
of effective-conductivity concepts at small length scales, further
work should refine compositional and processing correlations, 
better constrain inclusion populations, and validate predictions 
under melter-relevant conditions to reduce uncertainty and 
improve model predictiveness for design and operation. 
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