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Abstract
Apredictivemodel ofmelt rate inwaste glass vitrification operations is needed to
inform melter operations during normal and off-normal operations. This paper
describes the development of a model of the cold cap (the reacting melter feed
floating onmolten glass in a glassmelter) that couples heat transferwith the feed-
to-glass conversion kinetics. Themodelwas applied to fourmelter feeds designed
for high-level and low-activity nuclear waste feeds using the material properties,
either measured or estimated, to obtain temperature and conversion distribution
within the cold cap. The cold cap model, when coupled with a computational
fluid dynamics model of a Joule-heated glass melter, allows the prediction of
the glass production rate and power consumption. The results show reasonable
agreement with the melting rates measured during pilot-scale melter tests.

KEYWORDS
batch reactions, heat transfer, modeling, nuclear waste, reaction kinetics

1 INTRODUCTION

Common mathematical representations of glass melters
compute temperature and velocity fields in the molten

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The American Ceramic Society and Wiley Periodicals LLC.

glass and the furnace atmosphere to optimize energy con-
sumption and conditions for producing a homogeneous
glass using production rate as an input and rather than as a
result of the simulation.1–8 This can only be achieved if the
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F IGURE 1 Simplified cold cap structure used for mathematical modeling, where 𝐿 is the thickness of the reaction zone (including
primary foam); 𝑗𝑏 is the mass flux of condensed materials; 𝑄𝐵 , 𝑄𝑇 , and 𝑄𝑈 are the heat fluxes to the bottom of the cold cap, and from the
reaction layer to the core layer, and to the top of the cold cap, respectively; 𝑇𝑈 , 𝑇𝑇 , 𝑇FO, and 𝑇𝐵 , are the temperatures at the top of the cold cap,
the top of the reaction layer, the foam onset, and the bottom of the cold cap, respectively; 𝑇MO is the melter operating temperature.

cold cap, amass of reactingmaterial that floats on the glass
melt surface, is realistically described by a mathematical
model that uses the reaction kinetics to describe the spatial
distribution of feed-to-glass conversion inside the cold cap.
The feed-to-glass conversion process consists of multiple
interdependent, both simultaneous and sequential, reac-
tions that progress within the cold cap over the distance of
a few centimeters and a temperature span of almost a thou-
sand kelvin.9–13 As a detailed description of such complex
processes inside the cold cap is impractical, it is necessary
for cold capmodels tomake simplifying assumptions.9,14–17
In this study, we estimate the rate of melting at the

cold cap bottom, which when integrated over the cold
cap bottom area, governs the glass production rate of an
electric melter. The methodology is also applicable to a
portion of the glass production rate in a combustion-fired
glass furnace as heat from the melt is delivered to reacting
materials by the same mechanism. Figure 1 schemati-
cally depicts the structure of the cold cap in an electric
melter, illustrating a section through the cold cap suffi-
ciently distant from vent holes, cracks, and rims, so that
edge effects are negligible. Within the cold cap, the con-
densedmaterial (a mixture of solid and liquid components
of the reacting melter feed) moves downward, undergoing
multiple reactions and phase transitions as its temperature
increases.
The cold cap structure consists of three layers: the core

layer, the reaction layer, and the primary foam layer. Major
conversion reactions start at the conversion onset temper-
ature, TT, which separates the core layer from the reaction
layer.16 The core layer thickness varies in response to fluc-
tuating material supply from above.16,18 The reaction zone
represented by the cold cap model consists of the reaction
layer where most of the feed-to-glass conversion occurs
and the foam layer that separates the cold cap from the
glass melt below.

Section 2 outlines the mathematical model. Neglecting
the edge effects, the heat and mass transfer is approx-
imated as one-dimensional within the cold cap. The
feed-to-glass conversion degree is defined by the silica dis-
solution extent.19 To facilitate easy implementation into a
CFDmelter model, the formulation of a surrogate cold cap
model is presented.
Section 3 lists data used to estimate properties of the cold

cap: the conversion enthalpy, effective thermal conductiv-
ity, effective heat capacity, mass density, and parameters of
the silica dissolution kinetics.
In Section 4, the cold cap model is applied to four

simulant melter feeds, Al-19, NG-Fe2, AN-105, and AZ-
102, characterized in a previous communication.19 These
feeds represent specific examples formulated for high-level
(HLW) and low-activity (LAW) radioactive wastes to be
vitrified in slurry-fed melters at the Waste Treatment and
Immobilization Plant at the Hanford Site in the U.S. State
of Washington.20 The cold cap model is implemented as a
boundary condition in the three-dimensional CFD model
of a research-scale melter. The profiles of temperature and
conversion degree are displayed as functions of the verti-
cal position in the cold cap. The glass production rate is
then expressed as the average over the cold cap surface
area. Estimated glass production rate and power delivery to
the melter for these four feeds are compared with reported
data.

2 COLD CAPMODEL

2.1 Heat transfer equation

To design a simple, yet realistic, cold cap model, the
following assumptions are used. First, we neglect poten-
tial horizontal flow of molten salts, which, if it occurs,
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F IGURE 2 Cold cap density as a function of temperature
estimated from the feed expansion test (FET) data19

may cause processing problems.21 Further, we assume that
feed components move with the same velocity, v(x), at
any point x within the cold cap, allowing the condensed
phases to be treated as a single material. Thus, phenom-
ena such as molten salt drainage22 are ruled out. Next, we
assume that the gas phase and condensed phase are in local
thermal equilibrium,11 that is, the gas temperature is the
same as the condensed phase temperature at any point x
within the cold cap. Consequently, hot gases produced at
a lower point in the cold cap exchange heat with the con-
densed phase as they rise through open pores. Finally, the
conversion is tracked by the kinetic model described in
Section 2.2.
The cold cap model, presented in the following, deter-

mines the nonlinear temperature history of the feed
material within the cold cap and its effect on the cold
cap bottom temperature, TB, through which the cold cap
model is, as a boundary condition, coupled with the
CFD model of the whole melter. The cold cap model
couples the feed-to-glass conversion kinetics with the
heat transfer in a waste glass melter operating at steady
state.
The temperature and velocity fields are three-

dimensional in the glass melt and the furnace atmosphere
(melter plenum). Inside the cold cap, the horizontal heat
and mass fluxes are negligible; thus, the velocity and
temperature fields are essentially one-dimensional,9,16
and the motion of material within the cold cap is predom-
inantly vertical. The energy balance is represented by the
following one-dimensional equation:

(
𝑗𝑏𝑐𝑝,𝑏 − 𝑗𝑔𝑐𝑝,𝑔

) 𝑑𝑇
𝑑𝑥

=
𝑑

𝑑𝑥

(
𝜆ef f

𝑑𝑇

𝑑𝑥

)
− 𝜌Δ𝐻

𝑑𝛼

𝑑𝑡
(1)

where 𝑗 is the mass flux, 𝑐𝑝 is the heat capacity, 𝜆ef f is
the effective heat conductivity, which accounts for both
conduction and radiation, 𝑥 is the spatial position on the

vertical axis directed upward with origin at the cold cap
bottom, 𝜌 is the density, Δ𝐻 is the feed-to-glass conver-
sion enthalpy, 𝛼 is the conversion degree of gas-evolving
reactions, and the subscripts b and g denote the condensed
phase and the gas phase, respectively.9,11,15

Substitution of 𝑑𝛼
𝑑𝑡
= 𝑣

𝑑𝛼

𝑑𝑇

𝑑𝑇

𝑑𝑥
to Equation (1), leads to a

convenient form

(
𝑗𝑏𝑐

ef f
𝑝,𝑏
− 𝑗𝑔𝑐𝑝,𝑔

) 𝑑𝑇

𝑑𝑥
=
𝑑

𝑑𝑥

(
𝜆ef f

𝑑𝑇

𝑑𝑥

)
(2)

where 𝑐ef f
𝑝,b
= 𝑐𝑝,b + Δ𝐻

d𝛼

d𝑇
is the effective heat capacity

that includes both reaction and sensible heat.
In Equation (2), the mass flux of the gas phase is

𝑗𝑔 = 𝛼(𝑗𝑓 − 𝑗), where 𝑗𝑓 is the mass flux of the dry feed
entering the cold cap, and 𝑗 is the mass flux of the non-
volatile portion of the feed. The condensed phasemass flux
is 𝑗𝑏 = 𝑗𝑓 − (𝑗𝑓 − 𝑗)𝛼; thus, 𝛼 = (𝑗𝑓 − 𝑗𝑏)∕(𝑗𝑓 − 𝑗). The
nonvolatile portion of the feed, 𝑗, equals the glass produc-
tion rate (the melting rate) per area and is related to the
conversion enthalpy as

𝑗 = (𝑄𝐵 + 𝑄𝑈)∕Δ𝐻 (3)

where 𝑄𝑈 and 𝑄𝐵 are the heat fluxes delivered to the cold
cap top and bottom (Figure 1). The difference 𝑗𝑓 − 𝑗 equals
the gas production rate per area.Although 𝑗 is independent
of temperature and vertical position, it depends on the hor-
izontal position in the cold cap. The fluxes 𝑗𝑏 and 𝑗𝑔 depend
on temperature and thus on vertical position in the cold
cap through 𝛼.

2.2 Conversion kinetics

In this work, we consider two conversion degrees—
conversion degree of gas-evolving reactions, 𝛼, based
on thermogravimetric analysis data23 and the conversion
degree identified as the dissolution extent (undissolved sil-
ica fraction), 𝑓, based on X-ray diffraction (XRD) data.24
The conversion kinetics model is developed for the sil-
ica dissolution19 and serves to define boundary between
the cold cap and the melt (see Section 2.3). The conver-
sion rate is represented by a series of the Šesták–Berggren
equations25,26

𝑑𝑓𝑖
𝑑𝑡

= 𝐴𝑖 𝑓
𝑚𝑖
𝑖 (1 − 𝑓𝑖)

𝑛𝑖 exp

(
−
𝐸𝑖
𝑅𝑇

)
(4)

where fi is the ith subprocess conversion degree, 𝑡 is the
time, 𝑅 is the universal gas constant, and𝐴𝑖 , 𝐸𝑖 ,𝑚𝑖 , and 𝑛𝑖
are the ith subprocess adjustable parameters. The overall
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(A) (B)

F IGURE 3 Profiles of (A) temperature and (B) fraction of dissolved silica in the cold cap for the four feeds under study;
𝑄𝑈 = 6 kW m−2 , 𝑄𝐵 = 60 kW m−2, and 𝑇𝑇 = 200◦C. The dashed lines indicate the reaction layer below 𝑇FO. The estimated cold cap
bottom temperature is at 𝑥 = 0. (x increases upward through the cold cap.)

conversion rate is

𝑑𝑓

𝑑𝑡
=

𝑁∑
𝑖=1

𝑐𝑖
𝑑𝑓𝑖
𝑑𝑡

(5)

where 𝑐𝑖 is an adjustable parameter, and 𝑁 is the number
of terms necessary to fit the silica dissolution data.
The solution of Equation (2) is the temperature profile

within the cold cap. Thus, to couple conversion kinetics
with Equation (2), the temporal function f = f(t) must be
transformed to the spatial distribution function f = f(x):

𝑑𝑓

𝑑𝑥
= −

𝜌

𝑗𝑏

𝑑𝑓

𝑑𝑡
(6)

Note that in Equation (6), 𝜌, 𝑗𝑏, and 𝑑𝑓∕𝑑𝑡 depend on
temperature and, thus, on vertical position in the cold cap.
Experimental studies performed for four feeds show that

the feed-to-glass conversion for feeds NG-Fe2 and AN-105
covering the temperature interval from 300 to 1100◦C and
the heating rate from 2 to 30 K min−1 can be described as
a single subprocess, that is, i can be dropped from Equa-
tion (4). However, two subprocesses are needed for feeds
Al-19 and AZ-102 (i ≡ 1, 2).19

2.3 Boundary conditions

Equations (2) and (6) constitute a system of coupled
differential equations that would typically require three
boundary conditions:

𝑇|𝑥 = 𝐿 = 𝑇𝑇 (7)

−𝜆eff
𝑑𝑇

𝑑𝑥
|𝑥 = 0 = 𝑄𝐵 (8)

𝑓|𝑥 = 0 = 𝑓𝐵 (9)

As the thickness of the reaction layer,𝐿, is unknown, one
additional condition is needed:

−𝜆eff
𝑑𝑇

𝑑𝑥
|𝑥 = 𝐿 = 𝑄𝑇 = 𝑄𝑈 + 𝑗𝑏

𝑇𝑇
∫
𝑇𝑈

𝑐ef f
𝑝,𝑏
𝑑𝑇 (10)

The glass production rate is linked to the heat fluxes 𝑄𝑈
and 𝑄𝐵 through the overall heat balance of the cold cap
given by Equation (3).

2.4 CFDmelter model

The key parts of the melter relevant to this discussion
are the refractory-lined walls, melt pool, cold cap, and
plenum. The CFD model computes temperature, velocity,
and electric fields using the transport equations for mass,
momentum, and thermal and electric energy:

∇ ⋅ (𝜌𝐯) = 0 (11)

𝜌
𝐷𝐯

𝐷𝑡
= −∇𝑝 − ∇ ⋅ 𝛕 + 𝐅𝑏 (12)

𝜌𝑐𝑝
𝐷𝑇

𝐷𝑡
= −∇ ⋅ 𝐪 − ∇ ⋅ 𝐪𝑟 − (𝛕 ∶ ∇𝐯) + 𝑄𝑉 + 𝜎∇𝜙 ⋅ ∇𝜙

(13)

∇ ⋅ (𝜎∇𝜙) = 0 (14)

where 𝐯 is the velocity vector, 𝑝 is the pressure, 𝛕 is the
viscous stress tensor, 𝐅𝑏 is the body force accounting for
buoyancy andmomentum source by forced bubbling,3 𝐪 is
the conductive heat flux, 𝐪𝑟 is the radiative heat flux,𝑄𝑉 is
the heat-sink term accounting for atmosphere cooling due
to air in-leakage, 𝜎 is the electrical conductivity, and 𝜙 is
the electric potential.
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322 FERKL et al.

F IGURE 4 Temperature of the cold cap bottom, TB, as a function of QB and QU. The red dots show the TB estimated by the cold cap
model. The surfaces display the TB(QB, QU) second-order polynomial, Equation (5).

F IGURE 5 Spatial distribution of (left) heat flux and (right) temperature at the bottom of the Al-19 feed cold cap

Pressure–velocity coupling is solved using the Rhie–
Chow implementation in the SIMPLE algorithm.27 Dis-
crete ordinates method was used for thermal radiation.28
The volume of fluid method was used to track the melt–
atmosphere interface.29 Simulations with resolved bub-
bling were performed to determine the buoyancy momen-
tum source30 and volume fraction of air bubbles that build
up underneath the cold cap, approximately 𝜀 = 0.75.31 To
account for the effect of these bubbles on the heat transfer
to the cold cap, the thermal conductivity below the cold cap
was calculated as 𝜆 = 𝜀𝜆𝑎 + (1 − 𝜀)𝜆𝑔 , where 𝜆𝑎 and 𝜆𝑔
are the thermal conductivities of air and glass, respectively.

The values of electric potential on the electrodes are
specified such that the average temperature in the bulk
melt oscillates around 1150◦C. Heat conduction through
the refractory walls to the ambient environments was
approximated using standard Nusselt number correla-
tions. Details about cold cap boundary conditions can be
found in Section 2.5.
The model was implemented in the STAR-CCM+ com-

putational fluid dynamics software.32 It required 30 000
iterations to reach steady state. Further details on model
implementation can be found in Refs.30,33,34 The local
melting rate was estimated using Equation (3), which,
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FERKL et al. 323

when averaged over cold cap surface, provides the glass
production rate.

2.5 Implementation of cold cap model
into CFDmelter model

The CFDmodel approximates the cold cap as a solid struc-
ture with temperature boundary conditions for its top and
bottom surfaces and conjugates heat transfer on the sides
and vent hole.35 As the top surface is mostly covered by
boiling slurry, the top temperature 𝑇𝑈 = 100◦C. The con-
version kineticswithin the cold cap depends on the heating
rate within the cold cap and, thus, on the heat fluxes from
above 𝑄𝑈 and below 𝑄𝐵 to the cold cap. This interdepen-
dence between 𝑇𝐵,𝑄𝑈 , and𝑄𝐵 links feed composition and
melter operating conditions with the rate of melting,36–38
affecting the driving force for heat transfer from the melt
into the cold cap.37,38
Directly implementing the full mathematical model of

the cold cap into theCFDmeltermodelwould be computa-
tionally prohibitive because it would entail solving coupled
differential equations at each cold cap boundary cell face
at each time step. The process was simplified by taking
advantage of Equations (2)–(10), which determine the tem-
perature and conversion degree profiles, and hence the 𝑇𝐵
values, as functions of the heat fluxes𝑄𝑈 and𝑄𝐵, thus cre-
ating a surrogate cold cap model. With enough iterations
to reach a steady state, the surrogate model provides the
values of 𝑇𝐵, 𝑄𝑈 , and 𝑄𝐵, where 𝑄𝑈 and 𝑄𝐵 are calculated
from the temperature gradients at cold cap boundaries. As
𝑄𝑈 and 𝑄𝐵 depend on the horizontal position in the CFD
model, so does the 𝑇𝐵.

3 MATERIAL PROPERTIES

The incorporation of silica into glass-formingmelt involves
multiple processes, such as reactions with molten salts
and physical dissolution in the glass-forming melt, each of
which can be represented by a kineticmodel.However, this
was not necessary because fitting Equations (4)–(6) to XRD
data revealed that two subprocesses sufficed for Al-19 and
AZ-102 feeds, representing the initial reaction-controlled
stage and the later diffusion-controlled stage with two sets
of four adjustable parameters 𝐴𝑖 , 𝐸𝑖 ,𝑚𝑖 , and 𝑛𝑖 . XRD data
of NG-Fe2 and AN-105 feeds allowed fitting Equations (4)–
(6) as a single undifferentiated process.19 Table 1 lists the
adjustable parameters of the kinetic model and the asso-
ciated fraction of dissolved silica at the cold cap bottom,
𝑓𝐵.19
Table 1 also lists the total conversion enthalpy, which

is a sum of the water evaporation heat, the feed reaction

TABLE 1 Fitted parameters of Equations (4)–(6)19 and other
material properties19,36,38,42–45

HLW LAW
Al-19 NG-Fe2 AN-105 AZ-102

𝑐1 .727 1.0 1.0 .790
𝐴1 (s−1) 9.51 × 1016 3.67× 1022 1.02× 1010 1.38 × 1019

𝐸1 (J mol−1) 3.44 × 106 5.05 × 106 2.46 × 106 4.06 × 106

𝑚1 −2.75 −10.9 −4.66 −5.41
𝑛1 1.58 2.79 1.69 2.07
𝑐2 0.273 0.0 0.0 0.210
𝐴2 (s−1) 1.88 × 1010 – – 1.18 × 108

𝐸2 (J mol−1) 3.00 × 106 – – 2.55 × 106

𝑚2 −4.35 – – −2.44
𝑛2 1.68 – – 1.39
fB 0.913 0.934 0.999 0.928
Δ𝐻 (J g−1) 5919 5076 2737 3216
𝜌1150 (kg m3) 2163 2430 2485 2485
𝜂1150 (Pa s) 3.33 3.04 5.20 4.20
𝜎1150 (S m−1) 27 33 40 20
𝑐𝑝,1150 (J kg−1 K−1) 1536 1730 1276 1276
𝜆1150 (W m−1 K−1) 1.8 1.3 1.6 1.6

Abbreviations: HLW, high-level wastes; LAW, low-activity wastes.

heat, and the sensible heat. The water evaporation heat
was calculated from the water content and specific heat
of water vaporization. The reaction and sensible heat were
jointly determined by the differential scanning calorime-
try (DSC). The higher conversion enthalpy of HLW feeds
is caused by their higher content of water and lower con-
tent of organics36,38; because of the exothermal reaction of
sucrose with nitrate, the reaction heat is negative for the
LAW AN-105 feed.36
The feed expansion test data19 are used to determine

the cold cap density as a function of temperature, shown
in Figure 2. For the effective heat conductivity, 𝜆ef f , we
used 0.7 W m−1 K −1 for the open-porosity layer39,40 and
1.3 W m−1 K−1 for the primary foam layer.41 Temperature-
dependent density, viscosity, electrical conductivity, heat
capacity, and thermal conductivity of glass melt are listed
in Table 1 at 1150◦C are taken from Refs.42–45

4 RESULTS

4.1 Cold cap profiles

Figure 3 shows temperature and conversion degree (as the
dissolved silica fraction) profiles in the cold cap for repre-
sentative values of 𝑄𝑈 = 6 kW m−2, 𝑄𝐵 = 60 kW m−2,
𝑇𝑈 = 100◦C, and 𝑇𝑇 = 200◦C (note that in the coupled
cold cap-CFD model, neither 𝑄𝑈 nor 𝑄𝐵 are known a
priori; both are obtained, together with glass production
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324 FERKL et al.

(A) (B)

F IGURE 6 Dependence of melting rate of Al-19 feed on a changing (A) melter operating temperature and (B) bubbling rate. The value of
TB was either changing in response to changing heat flux at different operating conditions (Equation (17) with pB = 9.51 × 10−3 K W−1 m2, blue
lines) or retained a constant initial value (Equation 16, orange lines).

F IGURE 7 Distribution of power consumption for AN-105 waste feed in DM100 melter

rate, as the principal simulation results). As Figure 3A
shows, in the 5–9 mm thick open-porosity reaction
layer (dashed lines), the temperature increased from 𝑇𝑇
to 𝑇FO (600–670◦C); in the 6–9 mm thick foam layer
(solid lines), the temperature increases from 𝑇FO to TB
(900–1010◦C). In each layer, the temperature increased
nearly linearly; as 𝜆ef f changed from 0.7 W m−1 K−1
at T < 𝑇FO to 1.3 W m−1 K−1 at T > 𝑇FO (Section 3),
the slope of the temperature profile dropped from ∼60
to ∼50 K mm−1.
As Figure 3B shows, silica starts to dissolve in the reac-

tion layer when the temperature increases above 𝑇𝑇 and
continues to dissolve in the primary foam; a small residual
fraction, fB = f(0) < 1 (see Equation 9 and Table 1), drains
from the cold cap into the melt below.

4.2 Interface between cold cap model
and CFDmodel

The system of Equations (2)–(10) with 𝑇𝑇 = 200◦C,
𝑇𝑈 = 100◦C, and the feed-specific parameters 𝑓𝐵, 𝑐ef f𝑝,b,
𝜆ef f , and 𝜌 for each feed and a set of 48 (𝑄𝑈 , 𝑄𝐵)
pairs, where 𝑄𝑈 ∈ (0, 4, … , 16, 20) kW m−2 and 𝑄𝐵 ∈

(20, 30, … , 90, 100) kW m−2, to obtain 48 values of
TB = F(𝑄𝐵,𝑄𝐵) displayed as red dots in Figure 4. Then, this
function is approximated by a second-order polynomial

𝑇𝐵 = 𝑝0 + 𝑝𝑈𝑄𝑈 + 𝑝𝐵𝑄𝐵 + 𝑝𝑈𝑈𝑄
2
𝑈 + 𝑝𝑈𝐵𝑄𝑈𝑄𝐵

+𝑝𝐵𝐵𝑄
2
𝐵 (15)
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TABLE 2 Polynomial coefficients of the reduced cold cap model, Equation (15), and coefficient of determination, 𝑅2

HLW LAW
Al-19 NG-Fe2 AN-105 AZ-102

𝑝0 (K) 9.04 × 102 1.03 × 103 1.09 × 103 9.30 × 102

𝑝𝑈 (K W−1 m2) 4.07 × 10−3 2.04 × 10−3 3.58 × 10−3 3.22 × 10−3

𝑝𝐵 (K W−1 m2) 9.51 × 10−3 4.35 × 10−3 8.44 × 10−3 9.44 × 10−3

𝑝𝑈𝑈 (K W−2 m4) −8.08 × 10−8 −3.39 × 10−8 −7.91 × 10−8 −7.85 × 10−8

𝑝𝑈𝐵 (K W−2 m4) −5.52 × 10−8 −2.62 × 10−8 −4.43 × 10−8 −3.72 × 10−8

𝑝𝐵𝐵 (K W−2 m4) −3.08 × 10−8 −1.72 × 10−8 −4.65 × 10−8 −2.41 × 10−8

𝑅2 0.991 0.995 0.993 0.999

Abbreviations: HLW, high-level wastes; LAW, low-activity wastes.

where 𝑝0, 𝑝𝑖 , and 𝑝𝑖𝑗 are feed-specific coefficients that
depend on the feed properties 𝑐ef f

𝑝,𝑏
, 𝜆ef f , 𝜌, and the kinetic

parameters (listed in Table 2). The orange surfaces in
Figure 4 represent the polynomial functions. Equation (15),
a third-type boundary condition (also known as the Robin
boundary condition),46 in which both the quantity and
its derivative at the boundary are specified, is a surrogate
model for the complete cold cap model. It is implemented
using an iterative procedure outlined in Section 2.5.
As Figure 4 shows, 𝑇𝐵 increases mostly with 𝑄𝐵 and

somewhat with 𝑄𝑈 . In Joule-heated melters, typically
about 90% of the heat is delivered to the cold cap from
the melt below (𝑄𝐵 ≈ 9𝑄𝑈).11 This result agrees with the
general kinetics of thermally activated processes—with
increased heat flux to the cold cap, the average rate of heat-
ing in the feed increases, shifting the conversion kinetics
(represented here by the dissolution of silica) to higher
temperatures, thus increasing the temperature at the cold
cap bottom, 𝑇𝐵.

4.3 Glass production rate

The coupled cold cap–CFDmodel is used to simulatewaste
glass melting in DM100 pilot-scale melters operated at Vit-
reous State Laboratory (VSL) at the Catholic University
of America. In experiments, simulant wastes feeds were
vitrified in two melters of a similar geometry and 0.108-
m2 melt surface area: HLW in DM100-BL melter with two
sets of electrodes and LAW in DM100-WVmelter with one
set of electrodes.42 The melter operating conditions are
summarized in Table 3.
Figure 5 shows the spatial distribution of heat flux and

temperature at the bottom of the cold cap. Faster melt
circulation near the vent hole leads to enhanced heat
transfer in the cold cap vicinity in response to which the
conversion process shifts to higher temperatures.
The steady-state local heat fluxes to the cold cap are

averaged over the cold cap bottom surface to obtain the
total heat fluxes to cold cap top and bottom surfaces, 𝑄𝑈

TABLE 3 Melter operating conditions

HLW LAW
Al-19 NG-Fe2 AN-105 AZ-102

Reference 42 43 44 45
Melt pool temperature (◦C) 1150 1150 1150 1150
Bubbling rate (l min−1) 9.0 8.9 8.6 9.2
Voltage (V) 41.5 44.4 37.5 65.8

Abbreviations: HLW, high-level wastes; LAW, low-activity wastes.

TABLE 4 Glass production rate (kg m−2 day−1)

HLW LAW
Al-19 NG-Fe2 AN-105 AZ-102

Measured 950 1650 1965 1997
Estimated, CFD 995 1880 1802 1445
Estimated, MRC 910 1760 1745 2605

Abbreviation: HLW, high-level wastes; LAW, low-activity wastes; MRC, melt-
ing rate correlation.

and 𝑄𝐵, and then, by Equation (3), the glass production
rate per unit surface area. Table 4 compares the results
with the time-averaged glass production rates measured
at VSL with the melting rate correlation (MRC) and CFD
estimates.38
The MRC estimate is based on the following equation33:

𝑗 =
𝑄

Δ𝐻
= 𝜉1

(
ℎ𝑢𝐵𝜌

𝜂

)𝛾
𝑇MO − 𝑇𝐵
Δ𝐻

= 𝜉1 𝑅𝑒
𝛾 𝑇MO − 𝑇𝐵

Δ𝐻
(16)

where ℎ is the melt pool depth, 𝑢𝐵 is the (forced convec-
tion inducing) bubbling rate (volumetric flow rate permelt
area), 𝜂 is the melt viscosity, 𝑇MO is the melter operat-
ing temperature, and 𝜉1 and 𝛾 are fitting parameters. The
𝜉1 and 𝛾 values were obtained by fitting Equation (16) to
glass production rate data reported for DM100 melters:
𝜉1 = 336.7 Wm−1 K−1, 𝛾 = 0.479 for HLW and 𝜉1 =

459.3 Wm−1 K−1, 𝛾 = 0.327 for LAW glasses.36 Equa-
tion (16) represents a relatively narrow range of data for
a melter stirred by forced convection air bubbling. The
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situation where j → 0 as Re → 0 is caused by ignoring
buoyancy, which sets in when melt stirring stops.
For both the CFD calculations and MRC estimate, the

agreement with reported values is better for HLW glasses
than for LAW glasses; the slightly larger error for anoma-
lous behavior for AZ-102 melter feed could be connected
to its unusual foaming behavior—relatively small maxi-
mum foam volume but considerable gas evolution to high
temperature.36,45
As stated in Section 2.5 and shown in Section 4.2, the

cold cap bottom temperature is a function of the heat
flow into the cold cap. Assuming that QU « QB, hence, Q
≈ QB, and neglecting second-order terms, Equation (15)
reduces toTB = p0 + pBQ. By Equation (1), j=Q/ΔH. Thus,
TB = p0 + pBjΔH. Using this equation, Equation (16) can
be rearranged as47

𝑗 =
𝑇MO − 𝑝0

Δ𝐻
(
𝜉−11 𝑅𝑒

−𝛾 + 𝑝𝐵
) (17)

The coefficient pB expresses the effect of the feed-to-
glass conversion kinetics on the cold cap bottom temper-
ature. As Table 2 indicates, its value is positive. Hence, TB
increases as j increases. The melting rate can be increased
by increasing the melter operating temperature or the rate
of bubbling. But these measures also affect TB, which
results in a smaller increase in j than one would expect
providing that TB were not affected. This is illustrated
in Figure 6. Indeed, by Equation (17), the derivatives
𝑑𝑗∕𝑑𝑇MO and 𝑑𝑗∕𝑑𝑢𝐵 decrease with increasing pB.

4.4 Macroscopic balance of the melter

The power consumption by the melter, 𝑃, which is con-
trolled to keep a constant melter operating temperature,
converts the slurry feed charged to the melter to glass (𝑃𝑐),
compensates for heat losses through the walls (𝑃𝑤), and
heats the injected (bubbling) and in-leaked air (𝑃𝑎):

𝑃 = 𝑃𝑐 + 𝑃𝑤 + 𝑃𝑎 (18)

Table 5 lists the measured and calculated power con-
sumption as well as heat losses calculated by the CFD
model and estimated based on measured melting rate and
feed properties. The calculated power consumption rea-
sonably well agrees with the measured values for all feeds.
The power for feed conversion was calculated as 𝑃𝑐 =
𝐴𝑗Δ𝐻, where 𝐴 = 0.108 m2 is the melt surface area, and
𝑗 is taken from Table 4. It accounts for the evaporation of
water, reaction heat, and heating of condensed products
to melt temperature and evolved gases to 100◦C. The wall
heat losses, 𝑃𝑤, were calculated in the CFD model. The
larger heat losses in HLW feeds are mostly caused by the

TABLE 5 Heat balance of the melter

HLW LAW

Al-19 NG-Fe2
AN-
105 AZ-102

𝑌 (kgglass kgfeed−1) 0.347 0.390 0.485 0.490
𝑗 (kg m−2 day−1) 950 1650 1965 1997
𝑗𝑎 (kg m−2 day−1) 15652 16304 10806 12109
Δ𝐻 (kJ kg−1) 5919 5076 2737 3216
𝑤 0.94 0.97 0.79 0.92
𝑃𝑐,𝐸 (kW) 7.0 10.5 6.7 8.0
𝑃𝑐,CFD (kW) 7.4 11.9 6.2 5.8
𝑃𝑤,CFD (kW) 6.8 6.6 4.4 4.3
𝑃𝑎,𝐸 (kW) 9.8 10.2 9.3 10.2
𝑃𝑀 (kW) 18.8 25.7 22.8 22.9
𝑃CFD (kW) 19.8 24.9 19.3 20.9

Note:Subscripts M, E, and CFD denote values measured, estimated, and
calculated by the CFD model, respectively.
Abbreviations: HLW, high-level wastes; LAW, low-activity wastes.

deeper 74 cm glass pool depth of DM100-BL as opposed to
48 cm glass pool depth of DM100-WV. Finally, the heating
of plenum gases can be estimated as

𝑃𝑎 = 𝑗𝐴

(
1

𝑌
− 1

)[
𝑤𝑐𝑝,𝑤Δ𝑇 + (1 − 𝑤) 𝑐𝑝,𝑔Δ𝑇

]
+𝐴𝑗𝑎𝑐𝑝,𝑎Δ𝑇𝑎 (19)

where 𝑌 is the glass yield (mass of glass per mass of feed),
𝑤 is the mass fraction of water in the gases evolved from
slurry feed, Δ𝑇 is the temperature increase from 100◦C to
melter plenum temperature, 𝑗𝑎 is the air mass flux, Δ𝑇𝑎
is the air temperature increase, and 𝑐𝑝,𝑤, 𝑐𝑝,𝑔, and 𝑐𝑝,𝑎 are
the heat capacities of water vapor, dry feed gases, and air,
respectively.
As nuclear waste vitrification melters are designed to

operate under negative pressure, surrounding air from
outside of the melter can ingress into the plenum through
small leak paths in the walls and lid. Therefore, the air in
melter plenum consists of bubbling air, in-leaked air, and
gases evolved from the cold cap. For the purposes of the
heat balance, the flux of bubbling air is negligible. The
DM100 is rated for 𝑗𝑎 = 9067 kg m−2 day−1 of in-leaked
air48; however, based on the melter test data,42–45 the
actual amount of in-leaked air was 20%–60% higher. The
estimates of plenum space heat losses were then estimated
using this higher value of 𝑗𝑎.
Figure 7 graphically shows the distribution of power

consumption for an AN-105 feed. It demonstrates that only
about 10%of the supplied power is used for dry feed conver-
sion. The rest is consumed by water evaporation, in-leaked
air heating, and heat losses through walls.
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CONCLUSIONS

A CFD model of a glass melter can predict the glass pro-
duction rate of a specific melter feed when augmented by
a cold cap model that combines the heat transfer with the
feed-to-glass conversion kinetics.
The approximate functions representing the mate-

rial properties of a melter feed are designed based
on experimental data from DSC, EGA, and volumetric
measurements performed on feed samples heated at var-
ious heating rates. Conversion extent is based on a kinetic
model based on XRD silica dissolution data.
The cold cap model resolves the spatial distribution of

temperature and conversion degree within the cold cap.
Therefore, it estimates the profiles of material properties,
the condensed phase velocity, and the heating rate, as well
as the cold cap thickness. In its simplest form, the temper-
ature field is one-dimensional, only the reaction layer of
the cold cap is considered, and the top and bottom bound-
aries of the reaction zone are determined by the extent of
conversion.
The temperature and heat fluxes at the boundaries

depend on the interaction between the cold cap and its
environment. At steady state, a relationship exists between
the cold cap bottom temperature and the heat fluxes to
the cold cap. This enables the development of a surrogate
cold capmodel that facilitates the integrated cold cap–CFD
model methodology.
The model was applied for melting of two HLW and

two LAW simulant melter feeds with considerably dif-
ferent properties and predicts glass production rates that
are in reasonable agreement with the reported values
for a pilot-scale, Joule-heated melter. Minor discrepan-
cies observed for moderately foaming feeds indicate that
refining the experimental evaluation of cold cap prop-
erties may further improve agreement with pilot-scale
data.
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