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Summary 

The purpose of this study was to develop the laboratory-scale melter (LSM) as a quick and 
inexpensive method to determine the processing rate of various waste glass slurry feeds.  The LSM uses a 
3 or 4 in. diameter-fused quartz crucible with feed and off-gas ports on top.  This LSM setup allows 
cold-cap formation above the molten glass to be directly monitored to obtain a steady-state melting rate of 
the waste glass feeds.  Major modifications to the previous LSM setup were implemented in the present 
study primarily to improve the view of the cold-cap melting progress. 

The melting rate data from extensive scaled-melter tests with Hanford Site high-level wastes 
performed for the Hanford Tank Waste Treatment and Immobilization Plant have been compiled.  
Preliminary empirical model that expresses the melting rate as a function of bubbling rate and glass yield 
was developed from the compiled database.  The two waste glass feeds with most melter run data—for 
AZ-101 and C-106/AY-102 wastes—were selected for detailed evaluation and model development and 
for the LSM tests so the melting rates obtained from LSM tests can be compared with those from 
scaled-melter tests. 

The present LSM results suggest the LSM setup can be used to estimate the appropriate trends in 
glass production rates for the development of new glass compositions or feed makeups that are designed 
to increase the processing rate of the slurry feeds, although it will not give a quantitative data of 
large-scale tests.  The improvements applied to the present LSM setup will also be valuable for 
investigating the formation of separated salt phase during cold-cap melting, which is required to develop 
glass formulations for the waste types of which loading is limited by separated salt formation. 
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1.0 Introduction 

1.1 Background 

The cost and schedule of high-level waste (HLW) treatment is highly dependent on the loading of 
HLW in glass and on the rate of HLW glass production.  Increasing the rate of glass processing in the 
Hanford Tank Waste Treatment and Immobilization Plant (WTP) at the Hanford Site and in the Defense 
Waste Processing Facility (DWPF) at the Savannah River Site will allow shortening the life cycle of 
waste cleanup at each site.  

In a continuous glass melter, the rate of processing is jointly controlled by the rate of heat-transfer 
from molten glass to the cold cap and by the kinetics of various chemical reactions and phase transitions 
within the cold cap (Bickford et al. 1990; Hrma 1990; Hrma et al. 2002).  The cold cap is a mixture of 
low-melting salts, glass forming melts, undissolved refractory solids (sometimes in clusters), and various 
gases.  Figure 1.1 shows a schematic of cold-cap melting in a Joule-heated ceramic melter.  With an 
increasingly effective heat transfer in advanced melters equipped with bubblers, the kinetics of feed-to-
glass conversion reactions within the cold cap becomes more prominent as the rate-controlling process.  
Thus, the glass formulation and makeup of the feed—i.e., the selection and pretreatment of the batch 
materials—becomes more important for melting efficiency. 

 

Figure 1.1.  Schematic of Cold-Cap Melting in Joule Heated Melter (cross-section view) 
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1.2 

Model-based glass formulation tools have been developed so that each melter feed batch is 
formulated to satisfy all glass quality and basic processing requirements with appropriate confidence.  
However, there is currently no tool that can adequately predict the feed melting behavior including the 
rate of melting as a function of melter feed composition.  Therefore, before defining the glass-forming 
chemicals or frit for a specific batch, the melting rate is assessed through experimental studies, which can 
be time consuming and costly.  Having models to predict the melting behavior of the feed would have a 
significant impact on glass formulation developed with respect to not only cost but also schedule. 

Melting rate studies are being performed at Pacific Northwest National Laboratory (PNNL) to 
develop a fundamental understanding of glass conversion reactions—in particular those that strongly 
influence the rate of melting, and tools to predict the impacts of composition and other key parameters on 
the melting rate, which will be used to identify the methods and strategy to increase the throughput of 
HLW feeds.  The initial results of the crucible scale tests of cold-cap processes to express the key 
cold-cap parameters that are important to cold-cap behavior as a function of glass feed composition and 
selected physical properties have been published (Hrma et al. 2009, 2010, 2011a, 2011b; Schweiger et al. 
2009; Henager et al. 2011).  The results of crucible scale tests are being used as model inputs for the 
mathematical cold-cap model.  The model report published by Pokorny and Hrma (2010) summarized the 
recent progress in the development of mathematical model that can, once fully developed, predict melting 
rates based on feed composition and various processing conditions. 

This report describes the development of a laboratory-scale melter (LSM) that can be used to 
determine the rate of melting for various slurry feeds for the vitrification of HLW.  The LSM uses a 3 or 
4 in. diameter-fused quartz crucible with feed and off-gas ports on top.  This LSM setup allows cold-cap 
formation above the molten glass to be directly monitored to obtain a steady-state melting rate of the 
waste glass feeds.  The LSM can also be used as a quick and inexpensive method to evaluate the cold-cap 
melting behavior of a range of newly formulated feeds for various purposes, such as formation of salt 
phase on molten glass surfaces. 

1.2 Objective 

The objective of this study is to establish LSM as a tool to determine the processing rate of waste 
glass feeds that qualitatively mimic those from large-scale melter tests.  LSM tests were performed using 
Hanford Site HLW glass feeds with existing processing rate data from scaled-melter tests so that the 
melting rate determined from the LSM test could be compared with that obtained from scaled-melter 
tests. 

1.3 Quality Assurance 

A graded quality assurance approach was used for the Waste Processing No.4 (WP-4) tasks 
performed under the U.S. Department of Energy EM-31 Technology Development and Deployment 
program.  The work activities performed in the WP-4.2.2 subtask were performed in accordance with the 
quality assurance plan for the EM-31 Support Project (EM-31SP-PQAP) under Quality Level 3.  This 
work was conducted in accordance with best laboratory practices (NQA-1-2000-based) as implemented 
through PNNL’s standards-based management system (How-Do-I [HDI]) work flows and subject areas. 

 



 

2.1 

 

2.0 Melting Rate Data from Melter Tests 

The results of extensive scaled-melter tests with Hanford Site HLWs performed at Vitreous State 
Laboratory (VSL) of the Catholic University of America for the WTP project (Matlack et al. 2000, 2001, 
2003a, 2003b, 2003c, 2004a, 2004b, 2004c, 2005a, 2005b, 2005c, 2006, and 2007) have been compiled.  
This database was used to select simulated HLW glass and feed compositions for the LSM tests.  
Chapman (2004) and Perez et al. (2005) used the similar set of data to develop a mechanistic model that 
expressed the melting rate as a function of various parameters related to bubbling without considering the 
effect of feed variations.  The present evaluation focused on a preliminary empirical model for melting 
rate as a function of bubbling rate and glass yield for different feed compositions.  Table 2.1 and Table 
2.2 summarize the melting rate data for given normalized bubbling rate and glass yield from 
DM1000/1200 (Table 2.1) and DM100 (Table 2.2) tests. 

Table 2.1.  Glass Production Rate for Melter Feeds with Simulated AZ-101 and C-106/AY-102 Wastes 
from DM1000 and DM1200 Tests  

Target Waste Glass ID Reference 

Bubbling 
Rate(a), 

L/(m2min) 

Target Glass 
Yield, 

g/L 

Melting 
Rate(b), 

kg/(m2d) 

AZ-101 

HLW98-31 

Matlack et al. 2000 
0 300 180 
0 570 260 

Matlack et al. 2001 
47.2 350 705 
3.1 570 265 

47.2 570 759 
Matlack et al. 2003a 3.3 570 272 

HLW98-77  
Matlack et al. 2004a 

57.5 300 477 
6.7 300 235 

33.3 300 471 
54.2 300 672 
0.8 400 177 
6.7 400 271 

33.3 400 481 
54.2 400 709 
6.3 530 406 

21.7 530 627 
35.8 530 797 
54.2 530 986 
60.8 530 941 
6.7 530 412 

33.3 530 648 
54.2 530 875 

Matlack et al. 2004c 54.2 530 1038 

C-106/ 
AY-102 

HLW98-34 Matlack et al. 2000 
0 510 160 

79.2 510 810 

HLW98-86 
Matlack et al. 2003b 

6.7 518 329 
33.3 518 484 
54.2 518 894 

Matlack et al. 2004b 
54.2 550 926 
54.2 550 777 

(a)Normalized to melter surface area.  For tests given with bubbling range, the middle value was used. 
(b)Calculated based on average feed rate. 



 

2.2 

Table 2.2.  Glass Production Rate for Melter Feeds with Simulated AZ-101 and C-106/AY-102 Wastes 
from DM100 Tests 

Target 
Waste Glass ID Reference 

Bubbling 
Rate(a), 

L/(m2min) 

Target 
Glass Yield, 

g/L 

Melting 
Rate(b), 

kg/(m2d) 

AZ-101 HLW98-31 Matlack et al. 2003c 

52.4 350 873 
0.9 410 349 
0.9 514 398 
0.9 555 414 
8.7 555 643 

21.8 555 811 
52.4 555 1233 

C-106/ 
AY-102 

HLW98-86  Matlack et al. 2007 
83.3 534 827 
83.3 533 882 

HLW04-09 
Matlack et al. 2005c 

82.4 423 1117 
84.3 500 1183 

Matlack et al. 2005a 104.6 420 1356 
(a)Normalized to melter surface area.  For tests given with bubbling range, the middle value was used. 
(b)Calculated based on average feed rate. 

Only the tests with simulated AZ-101 and C-106/AY1-02 had sufficient number of data for 
evaluation of the effect of feed composition.  Table 2.1 and Table 2.2  include only the tests that have all 
other test variables constant, except the bubbling rate and glass yield; i.e., the data from following tests 
were excluded: 

 tests with modified operation conditions, e.g., modified bubbler configuration, nominal processing 
temperature other than 1150°C, and use of plenum heating 

 tests with modified feeds, e.g., addition of sucrose, use of glass frit, and adjusted feed rheology 

 tests that resulted in abnormal conditions, e.g., vigorous foaming and steady state not obtained  

 tests with outlying operation conditions, e.g., extremely high bubbling rate compared to the rest of the 
tests 

 tests that used bubbling but did not report the bubbling rate. 

Initially, the modeling effort in this study was performed on data from DM1000/1200 tests only.  It 
was found that the glass production rate fits well to the function shown in Equation (1): 

 , (1 )m n
G DM1200 B B G Gr c r c y   (1) 

where    rG,DM1200 = glass production rate [kg/(m2d)] from DM1000/1200 tests 
 rB = bubbling rate per unit melter surface area [L/(m2min)] 
 yG = glass yield per unit volume of slurry feed (g(glass)/L(feed)) 
 cB and cG = coefficients dependent on melter feed 
 m and n = coefficients independent of melter feed 

Table 2.3 shows the model coefficients calculated for the melter feeds for the simulated AZ-101 
wastes (Matlack et al. 2000, 2001, 2003a, 2004a, 2004c) and for the simulated C-106/AY-102 wastes 
(Matlack et al. 2000, 2003b, 2004b).  All six coefficients were obtained from a least-square regression for 
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2.6 

Figure 2.3 shows that the DM100 results with AZ-101 feed fit Equation (2) exceptionally well but 
those with C-106/AY-102 feeds showed large scatter.  For the C-106/AY-102 feeds, there was a clear 
difference in production rate between two glass compositions (HLW04-09 glass melted significantly 
faster than HLW98-86 under similar bubbling rate and glass yield).  In addition, the variations for 
bubbling rate and glass yield for C-106/AY-102 feeds were very narrow, i.e., these variations are not 
good data sets for the model and therefore the resulting coefficient (f100 = 1.38) is not adequate for 
comparison with test data. 
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3.2 

The initial LSM tests in this study were performed after applying following modifications (shown in 
Figure 3.2): 

 The off-gas system used to collect off-gas samples was removed and replaced by a simple vent 
system that sends the off gas to the hood and is designed to prevent the condensed water from flowing 
back into the crucible. 

 The crucible position relative to the furnace was raised so that the melt is primarily heated from the 
bottom of the crucible (see Figure 3.2). 

The preliminary LSM results provided information on the structure (morphology) of cold cap 
valuable to the development of the mathematical cold-cap model (Pokorny and Hrma 2010).  However, 
the LSM setup was not sensitive enough for quantitative determination of melting rate for this study.  The 
preliminary LSM tests identified several issues that made it difficult to obtain the steady state melting 
rate.  Based on these initial experiences, the following improvements were implemented: 

 Increased diameter of quartz crucible to allow more room for a cold cap to grow before it touches the 
crucible wall to avoid “bridging” of the cold cap, which, once formed, is very difficult to recover 
back to normal operation (see Figure 3.3). 

 New lift apparatus to allow fine control and precise monitoring of crucible height so that the 
temperature at the interface between cold cap and molten glass can be kept reasonably constant 
during tests. 

 Redesign of slurry feeding system to use water-cooled line outside the feeding tube so the feed nozzle 
can be brought closer to the cold cap without clogging the feed line caused by dried feed.  The reason 
to bring the feed nozzle closer to the cold cap is to avoid splashing the slurry feed material to the top 
of the crucible that causes severe interference of view. 

 Placement of thermocouple bundle for measurement of temperatures of the molten glass and plenum 
space (using the additional port added to new fused quartz crucible; see Figure 3.3).  This port can 
also be used to insert the bubbler. 

One of the key factors for successful operation was to keep the cold-cap coverage relatively low at 
about 40% so the steady state cold-cap coverage can be maintained without causing bridging. 
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4.1 

 

4.0 Glass and Feed Compositions 

Based on existing melting rate data from scaled-melter tests discussed in Section 2.0, the two glasses 
were selected for the LSM tests— HLW98-77 for AZ-101 and HLW98-86 for C-106/AY-102.  The 
compositions of these two glasses are provided in Table 4.1.  The two glasses had in general similar 
compositions except for two components that had the most noticeable difference: ZrO2 was higher in 
HLW98-77 for AZ-101 (3.8 wt% compared to 0.26 wt%) but MnO was higher in HLW98-86 glass for 
C-106/AY-102 (4 wt% compared to 0.17 wt%).  These two glasses had similar viscosity at 1150C, 
5.2 Pa·s for HLW98-77 and 4.4 Pa∙s for HLW98-86. 

Table 4.1.  Composition of Glasses Formulated for Simulated AZ-101 and C-106/AY-102 Wastes  
Selected for LSM Tests (in mass fraction, from Matlack et al. 2004a and 2003b) 

Waste AZ-101 C-106/AY-102 
Glass ID HLW98-77 HLW98-86 

Al2O3 0.0519 0.0529 
As2O5 - 0.0022 
B2O3 0.1190 0.0939 
BaO 0.0002 - 
CaO 0.0028 0.0030 
CdO 0.0006 - 
Cl - 0.0011 

Cr2O3 - 0.0008 
Cs2O <0.0001 0.0005 
CuO 0.0003 0.0004 

F 0.0004 - 
Fe2O3 0.1221 0.1258 

I 0.0010 0.0010 
K2O 0.0003 - 

La2O3 0.0041 0.0024 
Li2O 0.0352 0.0301 
MgO 0.0011 0.0117 
MnO 0.0017 0.0400 
Na2O 0.1165 0.1183 
Nd2O3 0.0031 0.0015 
NiO 0.0061 0.0017 
P2O5 - 0.0009 
PbO 0.0003 0.0014 
SO3 0.0007 - 

Sb2O3 - 0.0025 
SeO2 - 0.0037 
SiO2 0.4740 0.4704 
SrO 0.0003 0.0092 
TiO2 - 0.0014 
ZnO 0.0201 0.0207 
ZrO2 0.0380 0.0026 



 

4.2 

The composition of HLW98-77 glass feed with AZ-101 is provided in Table 4.2 and that of 
HLW98-86 glass feed for C-106/AY-102 is in Table 4.3.  These data were obtained by modifying the 
recipes given in Matlack et al. (2004a, 2003b) based on specific materials available at PNNL.  These 
recipes are for the feeds with a glass yield of 500 g/L. 

Table 4.2.  Composition of AZ-101 Waste Glass Feeds Selected for LSM Tests (in g per kg glass, at 
500 g/L for HLW98-77 glass [modified(a) from Matlack et al. 2004a]) 

Materials (for Simulated Waste) Target, g Materials (for additives) Target, g 

Al(OH)3 79.75 

H3BO3 2.61 Na2B4O7·10H2O 321.89 

Ba(OH)2·8H2O 0.371 

Ca(OH)2 3.75 

CdO 0.638 

CsOH·H2O (90%) 0.033 

CuO 0.304 

NaF 0.846 

Fe(OH)3 (13% slurry) 1257.45 

NaI 1.19 

KNO3 0.710 

La(OH)3 4.74 

Li2CO3 0.505 Li2CO3 87.42 

Mg(OH)2 1.550 

MnO2 2.08 

NaOH 8.92 Na2CO3 91.03 

Nd2O3 3.08 

Ni(OH)2 (62.2% Ni) 7.75 

PbO 0.329 

SiO2 () 4.05 SiO2 470.94 

Na2SO4 1.35 

Sr(OH)2·8H2O 0.886 

ZnO 0.152 ZnO 20.00 

Zr(OH)4·xH2O (~38% Zr) 73.51 

NaNO2 1.60 

NaNO3 7.19 

H2C2O4·2H2O 1.23 

Subtotal (no water) 1466.58 

Water (estimated)(b) 286.50 Subtotal 991.29 
(a)La(OH)3 is used instead of La(OH)3·3H2O. 
(b)Water is estimated and for information only. 
Shaded empty cells represent no data. 

Total (no water) 2457.87 

Total (estimated with water) 2744.37 

Target Volume of Slurry Feed, mL 2000 

 



 

4.3 

Table 4.3.  Composition of C-106/AY-102 Waste Glass Feeds Selected for LSM Tests (in g per kg glass, 
at 500 g/L, for HLW98-86 glass, modified(a) from Matlack et al. 2003b) 

Materials (for simulated waste) Target, g Materials (for additives) Target, g 

Al(OH)3 54.43 Al2O3 17.51 

As2O3 1.92 

H3BO3 2.42 Na2B4O7·10H2O 253.40 

CaCO3 5.43 

NaCl 1.78 

Cr2O3 0.781 

CsOH·H2O (90%) 0.661 

CuO 0.445 

Fe(OH)3 (~13% slurry) 1284.61 

NaI 1.18 

La(OH)3 2.82 

Li2CO3 0.139 Li2CO3 74.93 

Mg(OH)2 17.07 

MnO2 49.15 

Na2CO3 6.14 Na2CO3 123.21 

Nd2O3 1.50 

Ni(OH)2 (62.2% Ni) 2.17 

FePO4·xH2O (80%) 2.52 

PbO 1.44 

Sb2O3 2.56 

SeO2 3.74 

SiO2 20.44 SiO2 450.90 

SrCO3 13.22 

TiO2 1.42 

ZnO 0.694 ZnO 20.00 

Zr(OH)4·xH2O (~38% Zr) 4.99 

NaNO2 0.051 

NaNO3 3.00 

H2C2O4·2H2O 0.379 

Subtotal (no water) 1487.10 

Water (estimated)(b) 233.500 Subtotal 939.96 
(a)La(OH)3 is used instead of La(OH)3·3H2O. 
(b)Water is estimated and for information only. 
Shaded empty cells represent no data. 

Total (no water) 2427.05 

Total (estimated with water) 2660.55 

Target Volume of Slurry Feed, mL 2000 
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5.0 Laboratory-Scale Melter Tests 

5.1 Test Procedure 

The 500 g/L feed was prepared by mixing all ingredients given in Table 4.2 or Table 4.3 in a 
stainless-steel container with a stainless-steel bar for 1 h.  The feeds with 300 or 400 g/L were prepared 
by adding an appropriate amount of water to the 500 g/L feed.  For the preparation of AZ-101 feed, too 
much water was added accidently and resulted in 479 g/L feed instead of the targeted 500 g/L.  Three 
LSM tests were performed with AZ-101 feeds at 300, 400, and 479 g/L and one test was performed with 
C-106/AY-102 feed at 400 g/L.  Density of the feed for each LSM test was measured using a graduated 
cylinder and summarized in Table 5.1. 

Table 5.1.  Measured Density of LSM Feeds 

Feed Density, g/cm3 

AZ-101, 300 g/L 1.178 

AZ-101, 400 g/L 1.274 

AZ-101, 479 g/L 1.396 

C-106/AY-102, 400 g/L 1.281 

 

For each test, the glass cullet of the same glass composition as the test melter feed was loaded into the 
quart crucible for the amount to fill the crucible roughly 2 cm height when melted at ~1150C and heated 
to a predetermined temperature.  Feed was introduced into the crucible via a peristaltic pump that was 
calibrated for the feeding rate before each test from a beaker of the slurry mixture that was stirred on a stir 
plate throughout the test period.  Table 5.2 summarizes the calibrated feeding rates for the slurry feeds 
used in this study. 

Table 5.2.  Calibrated Feeding Rates for LSM Feeds 

Flow Meter 
Reading 

AZ-101 
300 g/L 

AZ-101 
400 g/L 

AZ-101 
479 g/L 

C-106/AY-102 
400 g/L 

Feeding Rate, mL/min 
3 3.4 3.2 3.4 3.4 
3.5 NM NM 3.7 NM 
4 4.5 4.3 4.2 4.1 
5 5.4 5.2 NM 5.3 

NM: Not measured. 
 

5.2 Test Results with Initial Setup 

As mentioned in Section 3.0, the preliminary tests were not successful to obtain the steady state 
melting rate that can be used to compare with the melting rate data from scaled-melter tests.  Figure 5.1 
shows a cold-cap sample taken from the test with AZ-101 feed with 300 g/L glass yield displaying an 



 

extreme e
Because o
coverage,
cold-cap w

Figur
which wa
photo in F
were take
pores and
“Partially 
It was fou
feed, foam
cold cap. 
to build th
report (Po

example of the
of the blocked
 which result
with large cav

Figure 5.1

e 5.2 shows a
as used to exam
Figure 5.2(a) 
n.  Figure 5.2

d of foam laye
reacted feed”

und from eval
m, and glass a
 Further studi
he cold-cap m
okorny and Hr

e cold cap wi
d view discus
ed in feeding 
vities illustrat

.  Cold-Cap S

a cold sample 
mine the cold
shows the are

2(b) and Figur
er with closed
” in Figure 5.
luation of this
are not presen
ies are needed

model structur
rma 2010). 

Unre

th large cavit
sed earlier, it 
too fast for s

ted in Figure 5

Sample Taken

taken from a
d-cap structur
eas that SEM 
re 5.2(c) show

d gas bubbles.
2(b) contain v

s sample and o
nt in distinct la
d to better un
re more realis

eacted feed

Partia
and la

5.2 

ties formed be
was difficult

some tests wit
5.1. 

n from LSM T

another test w
re by scanning
micrographs 

w distinct feat
  The areas F
various unrea
other similar 
ayers, which 
derstand the p
tically than th

ally reacted 
arge cavities

G

etween the un
t to make a go
thout noticing

Test with AZ-

with AZ-101 fe
g electron mic
given in Figu

tures of partia
Figure 5.2(d) c
acted feed ma
cold-cap sam
suggests they
proposed cold
hat discussed 

feed 
s 

Glass 

nreacted feed 
ood estimatio
g the formatio

-101 feed at 3

feed with 300 
croscopy (SE
ure 5.2(b) and
ally reacted fe
confirms the m
aterials, includ
mples that the 
y become inte
d-cap behavio
in the meltin

and glass.  
n of the cold-
on of thick 

 

300 g/L 

g/L glass yie
EM).  The cold
d Figure 5.2(c

feed with open
material mark
ding quartz (S
partially reac

ermixed withi
or, which will

ng rate model 

-cap 

eld, 
d-cap 
c) 
n 
ked as 
SiO2).  
cted 
in the 
l help 



 

Figure 5.

5.3 Te

Figur
during fur
initial stag
thermocou

Figur
glass feed
wall were
the colder
distance n
rise to the
cold-cap g
smaller co

(c) 

(a) 

2.  Example o
with AZ-1
high magn

est Resul

e 5.3 show a 
rnace ramp he
ge of the cold
uple are also 

e 5.5 shows th
ds.  The relativ
e seen (see bri
r surface).  It 
needs to be m
e melt surface
glass samples
ompared to th

of Cold-Cap S
101 feed at 30
nification SEM

lts with Im

sequence of t
eating to a pre
d-cap formatio
shown in this

he example p
vely large bub
ighter circles 
was found tha
aintained betw

e and burst fre
s after the LSM
hose from the 

Sample Analy
00 g/L; (b) an
M micrograph

mproved 

top-view imag
eset temperat
on for tests w
s picture. 

pictures of ste
bbles bursting
around the co
at to achieve 
ween the cold
eely without c
M tests.  As e
initial tests d

5.3 

      

   

yses: (a) pictu
nd (c) SEM m
h of area indi

Setup 

ges that illust
ure before ad

with 300 g/L A

ady-state cold
g at the melt s
old cap forme
a steady-state

d-cap bounda
causing bridgi
expected, the 
discussed in S

(b) 

(d) 

ure of glass-co
micrographs of
icated in (b) w

trate the conv
dding the slurr
AZ-101 glass 

d cap formed 
surface betwe
ed by hotter g
e cold cap me

ary and crucib
ing.  Figure 5
cold-cap thic

Section 5.2. 

old cap samp
f the areas ind
with phases id

version of the 
ry feed.  Figu
feed.  The fee

d in three tests
een the cold c
glass that are b
elting a certai
ble wall so tha
5.6 shows the 
ckness after co

ple from LSM
dicated in (a)
dentified 

AZ-101 glass
ure 5.4 shows 
ed nozzle and

s with AZ-101
cap and crucib
being pushed 
n minimum 
at the bubbles
pictures of 

ooling was m

 

 

M test 
; (d) 

s 
the 

d 

1 
ble 
to 

s can 

much 



 

Figure 5.

Figure 5.

3.  Pictures S
Before Ad

4.  Picture Sh
(300 g/L A

Feed

howing the S
dding the Slur

howing the In
AZ-101 glass

d nozzle 

Sequence of M
rry Feed 

nitial Stage of 
s feed) 

5.4 

Melting the AZ

f Cold-Cap Fo

Z-101 Glass C

ormation Afte

T

Cullet during

er Adding the

Thermocouple

g Ramp Heatin

 

 Slurry Feed

e 

ng 



 

Figure 5.5.  Pictures S
Melt Arou

howing the S
und the Cold 

300

400

479

Steady State C
Cap 

5.5 

 g/L AZ-101

 g/L AZ-101

 g/L AZ-101

Cold-Cap withh Large Bubb

 

 

 

bles Bursting Through Glass 



 

 

Figuree 5.6.  Pictures of Glass Sam
ima

mples with Q
ages are top-v

5.6 

 
300 g/L

 
400 g/L

 
479 g/L

 
400 g/L

Quenched Col
view, right sid

L AZ-101 

L AZ-101 

L AZ-101 

L C-106/AY-

ld-Caps on To
de-images are

-102 

op After LSM
e side-view) 

M Tests (left s

 

 

 

 

ide 



 

The m
slurry fee
kg/(m2d) i
and then d
summariz

Figur
C-106/AY
DM1200 

Figure 5.

melting rate, g
d rate used w
is obtained by
divided by the
zes the steady

Tabl

C-1

e 5.7 shows th
Y-102 glass fe
and DM100 c

7.  Melting R
DM1200 

given as glass
when the stead

y multiplying
e inner cross 
-state feed rat

le 5.3.  Steady

Melter Fee

AZ-101 300 g
AZ-101 400 g
AZ-101 479 g
06/AY-102 4

he measured 
eed tested by 
calculated usi

Rates Measure
and DM100 C

 production r
dy-state cold c
g the steady-st
section area o
tes and result

y-State Feed R

ed 
S

g/L 
g/L 
g/L 

400 g/L 

melting rates
LSM in this s

ing Equations

ed from LSM 
Calculated by

5.7 

rate per unit m
cap melting w
tate feed rate 
of the quartz c
ting melting r

Rate and Mel

Steady-State 
Rate, L/mi

4.43 
4.23 
4.17 
3.32 

 from LSM te
study compar
s (1) and (2) i

Tests Compa
y Equations (1

melt surface ar
was achieved. 

(L/d) by the g
crucible (0.00
rates. 

lting Rate fro

Feed 
in 

M

ests with thre
red with the p
in Section 2.0

ared with Pre
1) and (2) 

area, was calcu
 The glass pr

glass yield (k
0732 m2).  Ta

om LSM Tests

Melting Rate, 
kg/(m2d) 

262 
333 
393 
261 

ee AZ-101 gla
predicted melt
0. 

dicted Meltin

ulated from th
roduction rate
kg glass/L fee
able 5.3 

s 

ass feeds and 
ting rates for 

 

ng Rates for 

he 
e in 
d) 

one 



 

5.8 

Figure 5.7 shows that the melting rates of AZ-101 feeds increase with increasing glass yield as 
expected and as predicted from the scaled-melter test data.  Figure 5.7 also shows the AZ-101 feeds 
process faster than the C-106/AY-102 feeds, which corresponds with the scaled-melter test data. 

Comparison between the results from the LSM and scaled-melter tests is limited to relative evaluation 
only because of major differences in their construction and operation conditions.  However, to obtain a 
rough estimate on the possible effect of melter surface area on the melting rate, the melting rate data from 
DM1200 (Table 2.1), DM100 (Table 2.2), and LSM (Table 5.3) tests with AZ-101 feeds were fitted to 
Equation (3): 

 (1 )m n p
G B B G G Sr c r c y A   (3) 

where    rG = glass production rate per unit melter surface area [kg/(m2d)]  
 rB = bubbling rate per unit melter surface area [L/(m2min)] 
 yG = glass yield per unit volume of slurry feed (g(glass)/L(feed)) 
 AS = melter surface area (m2) 
 cB and cG = coefficients dependent on melter feed 
 m, n and p = coefficients independent of melter feed  

Table 5.4 summarizes the results of two regression options.  The Option 1 used the m, n, cB and cG 
values given in Table 2.3 and obtained the p value from least-square regression while the Option 2 
calculated all five coefficients from regression.  Table 5.4 shows that the two regression options make 
little difference in the model coefficients, especially for m, n, and p, and R2 values.  Figure 5.9 is a plot of 
predicted versus measured production rate and Figure 5.10 shows predicted effects of melter surface area 
on the calculated glass production rate, based on the Option 1 regression.  As mentioned earlier, Figure 
5.10 illustrates a potential trend but is not for quantitative evaluation because of major differences in 
melter construction and operation conditions between the LSM and scaled melters. 

Table 5.4.  Model Coefficients for Glass Production Rate from DM1000/DM1200, DM100,  
and LSM Tests with AZ-101 Feeds 

Coefficient Option 1(1) Option 2(2) 

m 0.70 0.70 

n 0.78 0.78 

p 0.14 0.13 

Bc  0.21 0.18 

Gc  1.54 1.83 

R2 0.947 0.952 
(1)Same m, n, cB and cG values as in Table 2.3 were used 
and only p was obtained from regression 
(2)All five coefficients were obtained from regression 
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6.1 

6.0 Conclusions 

The melting rate data from extensive scaled-melter tests using simulated Hanford Site HLW 
performed for the WTP project have been compiled.  Preliminary empirical model that expresses the 
melting rate as a function of bubbling rate and glass yield was developed from the compiled database for 
two waste glass feeds with most melter run data—AZ-101 and C-106/AY-102 simulated wastes.  These 
two simulated waste melter feeds were also used for the LSM tests in this study so the melting rates 
determined from LSM test can be compared with those from scaled-melter tests. 

The laboratory-scale melter that uses 3 or 4 in. diameter-fused quartz crucible was developed as a 
quick and inexpensive method to determine the processing rate of various waste glass slurry feeds.  Tests 
with the initial setup were not successful to obtain the steady-state melting rate, although the preliminary 
test results provided information on the structure (morphology) of cold cap important for development of 
the mathematical cold-cap model.  Based on these initial experiences, the following improvements were 
implemented: 

 Increased diameter of quartz crucible 

 New lift apparatus to allow fine control and precise monitoring of crucible height relative to the 
furnace 

 Redesign of slurry feeding system to use water-cooled line outside the feeding tube 

 Placement of thermocouple bundle for measurement of temperatures of the molten glass and plenum 
space. 

The results of LSM runs with AZ-101 and C-106/AY-102 simulated HLW melter feeds performed 
after implementing the above improvements corresponded well with the production rates obtained from 
the scaled-melter tests.  The present results suggest the LSM setup can be used to predict the appropriate 
trends in glass production rates for the development of new glass compositions or feed makeups that can 
increase the processing rate of the slurry feeds, although it will not give a quantitative data of large-scale 
tests.  The improvements applied to the present setup will also make it much easier to investigate the 
formation of separated salt phase during cold-cap melting, which is valuable in developing glass 
formulations for the waste types of which loading is limited by separated salt formation. 
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