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Executive Summary

This report discusses the development of an experimental design for the initial phase of the
Hanford low-activity waste (LAW) enhanced glass study. This report is based on a manuscript
written for an applied statistics journal. Appendices A, B, and E include additional information
relevant to the LAW enhanced glass experimental design that is not included in the journal
manuscript.

The glass composition experimental region is defined by single-component constraints
(SCCs), linear multiple-component constraints (MCCs), and a nonlinear MCC involving 15
LAW glass components. Traditional methods and software for designing constrained mixture
experiments with SCCs and linear MCCs are not directly applicable because of the nonlinear
MCC. A modification of existing methodology to account for the nonlinear MCC was
developed and is described in this report.

One of the glass components, SOs, has a solubility limit in glass that depends on the
composition of the balance of the glass. A goal was to design the experiment so that SO; would
not exceed its predicted solubility limit for any of the experimental glasses. The SO; solubility
limit had previously been modeled by a partial quadratic mixture model expressed in the relative
proportions of the 14 other components. The partial quadratic mixture model was used to
construct a nonlinear MCC in terms of all 15 components. In addition, there were SCCs and
linear MCCs.

This report describes how a layered design was generated to (i) account for the SCCs, linear
MCCs, and nonlinear MCC and (ii) meet the goals of the study. A layered design consists of
points on an outer layer, and inner layer, and a center point. There were 18 outer-layer glasses
chosen using optimal experimental design software to augment 147 existing glass compositions
that were within the LAW glass composition experimental region. Then 13 inner-layer glasses
were chosen with the software to augment the existing and outer-layer glasses. The experimental
design was completed by a center-point glass, a Vitreous State Laboratory glass, and replicates
of the center point and Vitreous State Laboratory glasses.
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1.0 Introduction

Existing statistical algorithms and software provide for designing mixture experiments when
the experimental region is defined by (i) lower and/or upper bounds on each component, referred
to as single-component constraints (SCCs), and (ii) lower and/or upper bounds on linear
combinations of components, referred to as linear multiple-component constraints (MCCs).
Existing algorithms and software do not allow nonlinear MCCs, which may occur in practice.
This report uses a case study involving a 15-component nuclear waste glass example with a
nonlinear MCC (in addition to SCCs and linear MCCs) to discuss and illustrate how a layered
experimental design was generated to account for all of the constraints.

Layered designs (LDs) were first introduced by Piepel et al. (1993) and have subsequently
been used many times to investigate waste glass composition regions (e.g., Cooley et al. 2003,
Piepel et al. 2005, and the study discussed in this report). LDs consist of design points on two or
more layers of an experimental region. LDs are useful when the goal is to boldly explore a
larger outer layer, but also more conservatively explore points on the interior of the experimental
region (using one or more inner layers plus a center point). Layers may be defined by (i)
separate sets of SCCs and MCCs, or (ii) specifying an outer layer defined by one set of SCCs
and MCCs and shrinking it to form one or more inner layers. See Piepel et al. (1993) for more
discussion of LDs. In this report, we discuss a LD with points on an outer layer, an inner layer,
and a center point, where the outer and inner layers are defined by separate sets of SCCs and
MCCs.

Section 2 discusses the 15-component nuclear waste glass example in more detail, and
presents the separate sets of SCCs, linear MCCs, and nonlinear MCC used to define the outer
and inner layers. Section 3 presents and discusses the linear and nonlinear MCCs. Section 4
describes how an existing algorithm for generating vertices of a constrained mixture region was
modified to account for a nonlinear MCC. Section 5 describes how the LD was constructed for
the 15-component waste glass example using optimal experimental design methods and software.
Finally, Section 6 summarizes the approach used this report to account for one nonlinear MCC
and discusses possible approaches to account for two or more nonlinear SCCs and/or MCCs.

The work described in this document was performed under the Quality Assurance program of
the Enhanced Waste Glass project, which implements the requirements of ASME NQA-1-2008,
Quality Assurance Requirements for Nuclear Facility Applications, and NQA-1a-2009, Addenda
to ASME NQA-1-2008, Quality Assurance Requirements for Nuclear Facility Applications,
graded on the approach presented in NQA-1-2008, Part IV, Subpart 4.2.
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2.0 Fifteen-Component Nuclear Waste Glass Example

The Hanford site near Richland, WA 1is storing approximately 56 million gallons of
radioactive chemical waste from the defense mission of the site (which ended years ago) that is
stored in 177 underground tanks. The Hanford Tank Waste Treatment and Immobilization Plant
(WTP) is being constructed to separate the tank waste into high-level waste (HLW) and
low-activity waste (LAW) and separately immobilize the HLW and LAW in borosilicate waste
glasses contained in canisters for disposal. The majority of the work so far to develop glass
property-composition databases, models, and acceptable glass formulations has focused on the
HLW and LAW glasses for the initial few years of WTP operation. Those glasses focus on
immobilizing a fraction of the tank waste at relatively low waste loadings. Other work,
including the work discussed in this report, is focused on developing glass formulations and
property-composition models for the balance of the WTP mission. This other work involves
broader regions of HLW and LAW compositions and corresponding glass compositions that will
be produced by the WTP at higher waste loadings than for the initial WTP production period.

In this section, we discuss the initial portion of the work to select new LAW glass
compositions using a LD with one outer layer, one inner layer, a center point, and two replicates.
Specifically, this section focuses on the LAW glass components, as well as the SCCs and MCCs
that define the composition regions for the outer and inner layers. The details of how the LD
was constructed using the SCCs and MCCs that define the outer and inner layers are discussed in
the following section.

Based on estimates of LAW compositions that may result from processing wastes in the
Hanford underground tanks, as well as estimates of LAW glass compositions that might be made
from those LAW compositions, glass scientists (the third and fourth authors) selected 15 LAW
glass components (see Table 2.1) to vary in the experimental design. These components were
ones that were known or believed to possibly affect one or more of the several glass properties of
interest (e.g., glass durability, viscosity, sulfate solubility). The 15" component, “Others1,”
comprises the mixture of components shown in Table 2.2. Actual LAW glasses will have many
more chemical and radionuclide components with very small mass fractions, but none of those
components are expected to affect LAW glass properties. Hence, nonradioactive glasses with a
simplified Others] component can be tested in the laboratory and the resulting data can be used
to (1) develop property-composition models, (ii) identify the region of acceptable LAW glass
compositions, and (iii) develop acceptable LAW glass formulations. Table 2.2 lists the mass
fractions of the Others1 components used to construct the experimental design, as well as the
mass fractions (to fewer decimal places) actually used to make the glasses.
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Table 2.1. Lower and Upper Bounds of Single-Component Constraints for the Outer and Inner
Layers of a 15-Component Low-Activity Waste Glass Composition Region

Outer Layer Inner Layer
Component Lower Bound Upper Bound Lower Bound Upper Bound Center Point
Al,O4 0.035 0.1385 0.0625 0.1150 0.09
B,0; 0.06 0.1375 0.08 0.1175 0.10
CaO 0 0.1224 0.0275 0.09 0.055
Fe, 05 0 0.015 0.0050 0.0125 0.01
K,0 0 0.015 0.002 0.01 0.004
Li,O 0 0.05 0.01 0.035 0.02
MgO 0 0.035 0.005 0.025 0.015
Na,O 0.10 0.26 0.15 0.23 0.19
SiO, 0.34 0.47 0.3675 0.4325 0.3955
SO; 0.001 0.02 0.004 0.013 0.007
SnO, 0 0.05 0.01 0.035 0.02
V,0s 0 0.04 0.005 0.03 0.02
ZnO 0.01 0.05 0.02 0.04 0.03
ZrO, 0 0.065 0.015 0.0475 0.03
Others1 0.004 0.03 0.075 0.02 0.0135

(a) The lower and upper bounds of the SCCs are in terms of mass fractions of the components, such that the mass
fractions of all 15 components must sum to 1.0000.

Table 2.2. Mass Fractions of Components Comprising the Others1 Component for the
Experimental Design and for Making the Glasses

Mass Fraction
Experimental Making the

Component Design Glasses
Cl 0.155315 0.156
Cr)05 0.104383 0.104
F 0.235786 0.236
P,05 0.504516 0.504
Sum 1.000000 1.000

Table 2.1 lists the 15 LAW glass components, as well as lower and upper bounds for the
SCC:s for the outer and inner layers of LAW glass compositions. The SCC lower and upper
bounds for the outer layer were chosen to include a broad range of LAW glass compositions.
The lower and upper bounds for the inner-layer SCCs were selected to be in the middles of the
component ranges between the center-point values and the lower and upper bounds for the
outer-layer SCCs. Additional discussion of how the SCCs for both the outer and inner layers
were developed is in Appendix A. For both the outer and inner layers, SCCs alone may allow
glass compositions that might be very undesirable, so it was necessary to exclude such glass
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compositions using the four MCCs shown in Table 2.3. The four MCCs are discussed in detail
in the following section.

Table 2.3. Lower and Upper Bounds of Multiple-Component Constraints for the Outer and
Inner Layers of a 15-Component Low-Activity Waste Glass Composition Region

Outer Layer Inner Layer
Expression (units)® Lower Bound Upper Bound Lower Bound Upper Bound
Nalk (mf) 0.15 0.265 0.195 0.2515
ZrO,+Sn0; (mf) 0.03 0.11 0.04 0.08
Miso (poise) 10 100 30 70
SO; Solubility (wt%) - Solubility Limit®™ - Solubility Limit®

(a) mf=mass fraction, wt% = weight percent.
(b) The SOj; solubility limit is expressed as a partial quadratic mixture model, as discussed subsequently
in the text.
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3.0 Multiple-Component Constraints for the 15-Component
LAW Glass Example

The first MCC in Table 2.3 (Nalk) involves a normalized alkali-oxide expression
ENak = 8Nayo T 0.66 8x,0 T 2gLi209 (1)

where g, represents the mass fraction of the i™ LAW glass component. Too small a value of
2 var 11 a LAW glass is undesirable because it represents too low a waste loading to be of

practical interest for the WTP. Too large a value is undesirable because it will have such poor
Vapor Hydration Test (VHT) response (a measure of glass durability) that a numerical value
cannot be measured. Table 2.3 lists the lower and upper bounds of the g, MCCs for the outer

and inner layers.

The second MCC in Table 2.3 involves g 20, T €500, which includes the two components

most effective at reducing the VHT response of the experimental glasses. Too small a value in a
LAW glass is undesirable because the VHT response will become unmeasurable, while too large
a value is undesirable because these components will not fully dissolve in the glass. Table 2.3

lists the lower and upper bounds of the g, 0, T &0, MCC:s for the outer and inner layers.

The third MCC in Table 2.3 involves the viscosity of a LAW glass at 1150°C, which is
denoted 7,,5,. This MCC was implemented using the linear mixture model

In(7y150) = 19.4927(g 41,0,) —8.7644(g5.0,) —2.4344(gc,0) —5.8891(g e 0,)

~6.6993(gx.,0) —35.8273(2,,0) —4.7596(Z)100) —6.2100(g y,0)

(2)
+6.9686(g 50, ) +4.2472(g 50, ) +32.8921(g 5,0, ) + 58.1746(g 0, )

- 07173(an0) + 185684(g2r02 ) -1 1'9363(g0thersl)

that was fitted to In(#, 5, ) values for 281 LAW glasses from previous studies (see Appendix B).

The model has R? = 0.984, which is the fraction of variation in the dependent variable accounted
for by the model. Using a linear mixture model allows the associated MCC to be linear, while
the R” value is large enough for the MCC based on the model to serve its purpose. Having 7, s,

a little outside its outer-layer lower and upper limits for some test glasses as a result of model
uncertainty is acceptable. Because the model in Equation (2) is for In(#,,5, ), the natural

logarithms of the lower and upper bounds on 7,5, in Table 2.3 were used in implementing the
outer- and inner-layer constraints. Glasses with 7,,, outside the range of 10 to 100 P cannot be

efficiently processed in the WTP and therefore those values were used as the bounds for the
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outer layer. The target WTP operating viscosity is 50 P at 1150°C, so the inner-layer bounds
were set to the target value £20 P. Finally, note that the In(#, 5, ) model was subsequently

modified slightly as documented in Appendix B, but the version in Equation (2) is the one that
was used to specify the outer- and inner-layer MCCs on 7,5, -

The fourth MCC in Table 2.3 (SOs Solubility) requires that the mass fraction of the SO3
component ( gg, ) of every glass in the LAW glass composition region (and experimental

design) be no greater than a model-predicted SO; solubility limit. It is understood that model
prediction uncertainty will cause some of the glasses to have a separated sulfate salt on the melt
surface. However, this is useful information, and adjustments can be made for this separated salt
by further analyses. The SOj solubility limit for a given glass composition was predicted using
the following model from Vienna et al. (2014):

SLgo, =—2.091901(x 4,0, ) +3.0440748(x 5., ) + 4.4422886(x ¢, ) — 22.65353(x(;)

~1314139(x¢,,0, ) + 0.615785(xy ) +2.4739255(x ) + 2.8972089(x y, )

3)
+4.606083(x 0, ) +0.2407285(x 5, ) — LT75325(x 5,0, ) + 7.5345478(xy., )

—-1.87191 6(er02 ) - 0‘280272(x0ther52 ) + 260'20302(xu20 )2

where SLg, denotes the predicted SOs solubility limit in weight percent (wt%) and X; denotes

components in that mixture other than SO;. The X; can be expressed as the mass fraction of the

h

i"" component in the LAW glass relative to the total mass fraction of all other components:

X; = gi = &i , i# SO3 (4)
28 1-8s0,
[#SO3

where g, (i = AL,Os, ..., Othersl) are the mass fractions of the 15 LAW glass components listed
in Table 2.1 (including SO;). Hence, the fourth MCC in Table 2.3 is expressed as

SLyo,
100

()

gS03 -
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Appendix C shows the derivation of the final form of the MCC after substituting Equations (3)
and (4) into Equation (5) and rewriting the expression in terms of the mass fractions of the 15
components in Table 2.1 (see Appendix C). The final form of the nonlinear MCC can be written
as

2
8Li,0

— 850,

15
Zcigﬁb[l J+lOO(g§O3)ZO > (0)
=1

where the ¢; (=1, 2, ..., 15) and b are the coefficients listed in Equation (C.5) of Appendix C.
It is seen in Equation (6) that the fourth MCC is not a linear function of the components listed in
Table 2.1, because of having squared terms involving g, , and g, -
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4.0 Modifying an Existing Algorithm to Account for a
Nonlinear Multiple-Component Constraint

The details of how the LD was constructed for the LAW glass example are discussed in the
subsequent section. It is sufficient at this point to say that an optimal experimental design
approach that used a point-exchange algorithm with a set of candidate points was used to
construct the design (Atkinson et al. 2007). Existing commercial software packages can do this,
but require that MCCs be written as linear combinations of the mixture components. Hence,
existing software could not be used because of the two nonlinear (i.e., squared) terms in the
fourth MCC, as seen in Equations (6) and (C.5).

To address this problem, the MCCVRT algorithm in the MIXSOFT software (Piepel 2014)
was modified to calculate the vertices of the outer- and inner-layer mixture regions defined by
the one nonlinear MCC and three linear MCCs in Table 2.3, as well as the SCCs in Table 2.1.
The MCCVRT algorithm (which is based on the CONVRT algorithm discussed by Piepel 1988)
starts with a mixture simplex and applies each SCC and linear MCC in turn. As each new
constraint is applied (Step ), the vertices from Step i — 1 that are eliminated by the new
constraint are identified. For each eliminated vertex (denoted A), other vertices (denoted B) still
satisfying the new constraint are found such that the A and B vertices form an edge of the
constrained mixture experiment region at Step i — 1. Then, the intersection of the new constraint
in Step i with each such edge is calculated. Hence, each eliminated vertex at Step 7 has the
opportunity to be “replaced” by one or more new vertices that satisfy all of the constraints
applied up to Step i. At the end of Step i, all of the vertices for the constraints applied through
that step are obtained. This process continues in the MCCVRT routine until all of the SCCs and
linear MCCs have been processed. In the modified MCCVRT, the nonlinear MCC was treated
as the last MCC.

The calculation to find the mixture for which the new constraint at Step i intersects with an
edge (as described above) is very simple when constraints (SCC or MCC) are linear
combinations of the mixture components. However, the calculation is more complicated for a
MCC of the form in Equations (6) and (A.5), since the nonlinear MCC is a nonlinear surface
whereas a linear MCC is a hyperplane. The calculations would be still more complicated if there
were more than one nonlinear MCC. However, the LAW glass example involves only one
nonlinear MCC, so MCCVRT was modified to address that situation. To simplify matters, the
nonlinear MCC in Equation (C.5) was applied as the last MCC, after applying all SCCs and all
linear MCCs.

The formula for an edge connecting a vertex A outside the nonlinear MCC
[9a =(&41-8 42,8 4,)] t0 a vertex B inside the nonlinear MCC [gg =(gp1,8 525+ &p,)] 18

given by

gi=agut(-a)gp =a(gy —8p)+t &8s - (7)
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The equation for the intersection between an edge expressed via Equation (7) and the nonlinear
MCC represented by Equations (6) and (C.5) is derived in Appendix D, and is listed as Equation
(D.4). The intersection for a given g, and gg (which determines a new vertex at Step i) is

obtained by solving Equation (D.4) for the corresponding value of a. Note that Equation (D.4) is
a quadratic equation in & except for the last term associated with the (LiO)” term in the model
for SLg,, . Hence, a could not be solved for explicitly and it was necessary to use a “root
finding” algorithm. After the solution o was obtained in this way for a given pair of g, and gg,
the values of o, g, , and gg were substituted into (7) to calculate the corresponding new vertex
at Step i.
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5.0 Constructing the Layered Design

Considering the experimental budget and goals of the work, the coauthors (statisticians and
materials scientists) concluded that the LD should consist of 18 outer-layer glasses, 13 inner-
layer glasses, a glass of interest tested by the Vitreous State Laboratory (VSL) at the Catholic
University of America, and one center glass. There were 147 existing glasses with experimental
data for the glass properties of interest that fell within the LAW glass composition experimental
region defined by the outer-layer SCCs in Table 2.1 and the MCCs in Table 2.3. Table E.1 in
Appendix E lists the 147 LAW glass compositions in terms of the mass fractions of the 15 LAW
glass components in Table 2.1. Table E.2 lists the names of the glasses, for which there was not
room in Table E.1. It was decided to select the outer-layer and inner-layer glasses of the LD to
augment the 147 existing glasses, because both the existing and new data will be used in the
future to develop glass property-composition models. Finally, it was decided to replicate the
VSL and center glasses. Typically, a few additional glasses would be replicated as well, but the
set of existing glasses includes several replicates. Also, additional stages of the study in
subsequent years will include replicates of the center point and other points. The steps used in
generating the LD are described following.

Step 1. Select the 18 Outer-Layer Points: The modified MCCVRT routine was run to
generate the 148,630 vertices on the outer layer of the LAW glass region defined by the SCCs,
linear MCCs, and nonlinear MCC given in Tables 2.1 and 2.3. It is interesting that of these
outer-layer vertices, ~50% lie on the nonlinear MCC (SOj solubility constraint) for the outer
layer. Next, a point-exchange, optimal-design algorithm in the ACED software (Welch 1984,
1987) was run to augment the 147 existing glasses with 18 outer-layer points from the candidate
set of 148,630 outer-layer vertices. A linear mixture experiment model

s
E(y)=>pB;x; (i=Al,0,,...,0thersl) (8)
i1

was used as the basis for selecting the outer-layer (and subsequently the inner-layer) points,
which has been found to work well when LDs are used. ACED was used to complete 20 “tries”
of selecting 18 outer-layer points using each of the D-, G-, and I-optimality criteria (although
Welch uses different abbreviations for these criteria), so that 60 sets of 18 outer-layer points
were generated. All 60 sets of 18 outer-layer points were unique. Measures of D-, G-, I-, and
A-efficiencies of the designs (147 existing plus 18 outer-layer points) included in the ACED
output were assessed to identify four sets of 18 outer-layer points that had optimal or near-
optimal values of all four efficiencies. As a basis for choosing one of the four sets of 18
outer-layer points, the distributions of the values of the (i) 15 LAW glass components and (ii)
predicted values of several properties (obtained using models developed during previous work)
were assessed graphically. Such plots are illustrated subsequently in Step 2. The chosen set of
18 outer-layer glasses is listed in Table 5.1.
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Step 2, Select the 13 Inner-Layer Points: The modified MCCVRT routine was run to
generate the 174,242 vertices on the inner layer of the LAW glass region defined by the SCCs,
linear MCCs, and nonlinear MCC given in Tables 2.1 and 2.3. It is interesting that of these
inner-layer vertices, ~46% lie on the nonlinear MCC (SOj solubility constraint) for the inner
layer. Next, the ACED software (Welch 1984, 1987) was run to augment the 147 existing
glasses plus 18 outer-layer points (selected in Step 1) with 13 inner-layer points from the
candidate set of 174,242 inner-layer vertices. ACED was used to complete 20 “tries” of
selecting 13 inner-layer points using each of the D-, G-, and [-optimality criteria, so that 60 sets
of 13 inner-layer points were generated (although not all sets were unique). Measures of D-, G-,
I-, and A-efficiencies of the designs (147 existing + 18 outer-layer + 13 inner-layer points)
included in the ACED output were assessed to identify four sets of 13 inner-layer points that had
optimal or near-optimal values of all four efficiencies. As a basis for choosing one of the four
sets of 13 inner-layer points, the distributions of the values of the (i) 15 LAW glass components
and (ii) predicted values of several properties (obtained using models developed during previous
work) were assessed graphically. Figure 5.1 illustrates these types of plots for Na,O (the major
component of LAW) and a glass durability property (referred to as PCT-Li release). The y-axis
(Index) is used to spread out the values for the four sets of glasses so they can be differentiated.
Although not illustrated here, other plots were used to assess the distributions of components and
predicted property values for the four sets of 13 inner-layer points relative to the distributions of
the values for the existing 147 LAW glasses, the 18 outer-layer glasses selected in Step 1, and
the other two glasses listed in Table 5.1. The chosen set of 13 inner-layer glasses is listed in
Table 5.1.
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Figure 5.1. Distributions of Values for (a) Na,O and (b) PCT-Li Release for Four Possible Sets
(the four plotting symbols) of the 13 Inner-Layer LAW Glass Compositions. The
triangles represent the chosen set.

5.2



Table 5.1. Compositions of the Layered Design for LAW Glasses

LAW Glass Component

# Point® ALO; B,0O; CaO Fe,0; K,O Li,0O MgO NaO SiO, SO; SnO, V,0s5 2ZnO ZrO, Othersl
1 OL-01 0.1240 0.1375 0.1224 0.0000 0.0150 0.0201 0.0350 0.1000 0.3400 0.0010 0.0000 0.0000 0.0100 0.0650 0.0300
2 OL-02 0.1385 0.0600 0.0004 0.0150 0.0150 0.0201 0.0350 0.1000 0.4700 0.0010 0.0000 0.0000 0.0500 0.0650 0.0300
3 OL-03 0.0350 0.0615 0.1224 0.0000 0.0150 0.0500 0.0350 0.1551 0.3400 0.0010 0.0000 0.0400 0.0500 0.0650 0.0300
4 OL-04 0.0350 0.0600 0.1224 0.0000 0.0150 0.0000 0.0350 0.2551 0.3925 0.0010 0.0300 0.0400 0.0100 0.0000 0.0040
5 OL-05 0.0350 0.1375 0.0165 0.0150 0.0000 0.0500 0.0000 0.1650 0.4700 0.0010 0.0300 0.0400 0.0100 0.0000 0.0300
6 OL-06 0.1385 0.0600 0.1224 0.0150 0.0000 0.0500 0.0000 0.1140 0.3400 0.0010 0.0500 0.0291 0.0500 0.0000 0.0300
7 OL-07 0.0350 0.0600 0.1117 0.0150 0.0000 0.0000 0.0350 0.1500 0.4700 0.0010 0.0500 0.0183 0.0500 0.0000 0.0040
8§ OL-08 0.0350 0.1375 0.0298 0.0000 0.0150 0.0000 0.0000 0.1401 0.4700 0.0010 0.0000 0.0400 0.0500 0.0516 0.0300
9 OL-09 0.0350 0.1375 0.1224 0.0150 0.0150 0.0000 0.0000 0.1401 0.3400 0.0010 0.0450 0.0266 0.0500 0.0650 0.0074
10 OL-10  0.1385 0.0890 0.1224 0.0000 0.0000 0.0250 0.0350 0.1000 0.3400 0.0010 0.0441 0.0000 0.0100 0.0650 0.0300
11 OL-11  0.1385 0.1305 0.0000 0.0000 0.0000 0.0500 0.0350 0.1650 0.3400 0.0010 0.0500 0.0360 0.0500 0.0000 0.0040
12 OL-12  0.0350 0.1375 0.0000 0.0150 0.0150 0.0500 0.0350 0.1510 0.3400 0.0175 0.0450 0.0400 0.0500 0.0650 0.0040
13 OL-13  0.1385 0.1375 0.0000 0.0000 0.0150 0.0500 0.0350 0.1551 0.3425 0.0164 0.0300 0.0400 0.0100 0.0000 0.0300
14 OL-14  0.0350 0.0600 0.0189 0.0000 0.0000 0.0000 0.0350 0.2600 0.4700 0.0091 0.0320 0.0000 0.0500 0.0000 0.0300
15 OL-15 0.1195 0.0600 0.1000 0.0150 0.0150 0.0500 0.0000 0.1551 0.3400 0.0154 0.0500 0.0000 0.0500 0.0000 0.0300
16 OL-16 0.0350 0.0600 0.1224 0.0150 0.0000 0.0500 0.0350 0.1619 0.3400 0.0182 0.0450 0.0125 0.0100 0.0650 0.0300
17 OL-17  0.0350 0.0600 0.1224 0.0150 0.0150 0.0000 0.0000 0.1860 0.4417 0.0149 0.0300 0.0400 0.0100 0.0000 0.0300
18 OL-18 0.1344 0.1375 0.0030 0.0150 0.0150 0.0201 0.0350 0.1000 0.4700 0.0060 0.0500 0.0000 0.0100 0.0000 0.0040
19 IL-01  0.0625 0.0800 0.0900 0.0125 0.0020 0.0350 0.0250 0.1500 0.4315 0.0040 0.0350 0.0300 0.0200 0.0150 0.0075
20 IL-02  0.0625 0.1175 0.0275 0.0125 0.0100 0.0350 0.0050 0.1645 0.4325 0.0130 0.0350 0.0300 0.0200 0.0150 0.0200
21 IL-03  0.0625 0.1175 0.0275 0.0125 0.0020 0.0350 0.0250 0.1500 0.3975 0.0130 0.0350 0.0300 0.0400 0.0450 0.0075
22 IL-04  0.0625 0.1175 0.0275 0.0125 0.0020 0.0350 0.0250 0.1800 0.3675 0.0130 0.0350 0.0300 0.0400 0.0450 0.0075
23 IL-05  0.0625 0.1175 0.0275 0.0125 0.0020 0.0350 0.0250 0.1748 0.4242 0.0040 0.0100 0.0300 0.0200 0.0475 0.0075
24 IL-06  0.0625 0.0800 0.0900 0.0125 0.0100 0.0100 0.0250 0.2023 0.3872 0.0130 0.0350 0.0300 0.0200 0.0150 0.0075
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Table 5.1. Compositions of the Layered Design for LAW Glasses (contd)

LAW Glass Components

# Point® Al,O; B,0O; CaO Fe0O3; K,O LiO MgO NaO SiO, SO; SnO, V,0s ZnO ZrO, Othersl
25 IL-07  0.1150 0.0800 0.0900 0.0125 0.0100 0.0350 0.0050 0.1749 0.3741 0.0040 0.0270 0.0300 0.0200 0.0150 0.0075
26  1L-08 0.1150 0.1175 0.0275 0.0125 0.0100 0.0350 0.0050 0.1512 0.4325 0.0113 0.0350 0.0050 0.0200 0.0150 0.0075
27  1IL-09 0.1150 0.0800 0.0353 0.0125 0.0020 0.0350 0.0250 0.1500 0.4325 0.0102 0.0350 0.0050 0.0400 0.0150 0.0075
28 IL-10 0.0625 0.0800 0.0275 0.0125 0.0100 0.0100 0.0250 0.2249 0.4184 0.0117 0.0250 0.0300 0.0400 0.0150 0.0075
29 IL-11 0.0625 0.0974 0.0900 0.0125 0.0020 0.0100 0.0250 0.1737 0.3939 0.0130 0.0350 0.0300 0.0200 0.0150 0.0200
30 IL-12 0.1125 0.1022 0.0275 0.0125 0.0100 0.0350 0.0050 0.1749 0.3675 0.0129 0.0350 0.0300 0.0400 0.0150 0.0200
31 IL-13  0.1150 0.0931 0.0275 0.0050 0.0020 0.0350 0.0250 0.1802 0.3675 0.0127 0.0320 0.0300 0.0400 0.0150 0.0200
32 Center 0.0900 0.1000 0.0550 0.0100 0.0040 0.0200 0.0150 0.1900 0.3955 0.0070 0.0200 0.0200 0.0300 0.0300 0.0135
33 Other Lab 0.1015 0.1204 0.0801 0.0100 0.0016 0.0000 0.0100 0.2098 0.3714 0.0106 0.0000 0.0100 0.0300 0.0300 0.0146®
34 Rep#32 0.0900 0.1000 0.0550 0.0100 0.0040 0.0200 0.0150 0.1900 0.3955 0.0070 0.0200 0.0200 0.0300 0.0300 0.0135
35 Rep#34 0.1015 0.1204 0.0801 0.0100 0.0016 0.0000 0.0100 0.2098 0.3714 0.0106 0.0000 0.0100 0.0300 0.0300 0.0146®

(a) OL = outer layer, IL = inner layer
(b) This glass has a different number and mixture of Other components than Others1 shown in Table 2.2.

54



Step 3. Select Other Design Points: As noted previously, the LD also contained a
center-point glass composition, a glass tested at VSL, and a replicate of each of these two
glasses. The center point was selected to be near the middle of both the outer- and inner-layer

regions. The only exception was to select g, , = 0.02 even though the average points of the

outer- and inner-layer regions have g;; , = 0.025 and 0.0225, respectively. The 0.02

concentration moved the center point closer to the median value for the experimental glasses
used to determine the Li,O range and to the expected distribution of glasses from plant operation.
The center-point and VSL glasses are listed in Table 5.1.

Figure 5.2 displays a scatterplot matrix of the 147 existing, 18 outer-layer, 13 inner-layer,
center-point, and VSL glasses. This figure shows that the new glasses in the LD, along with the
147 existing glass compositions, cover reasonably well the boundary and interior of the
constrained LAW glass composition region defined by the outer-layer SCCs and MCCs in
Tables 2.1 and 2.3. The Na,O-SOs plot, and to a lesser extent the SiO,-SO; plot, show no new
glasses in the upper right portions of the plots, which occurs because of the SO3-solubility
constraint.

5.5



(=5 o gl o T ) [ T el [TeTs T Ton] WEIEa A=K A= Eab=013 [ e b o
3EY NEE 3B B OOF R BE =2
ATy CIECETIC KT [ T [T o] = =] [T Tl (5 w T Tow]
-..._.__.._ _u__.mn.__l_H___._ ._..__.__. .___._. ..C___.-__Hm_.n_ln ] ._r_.r__..._.__...n_. 1] __..._.._I_u_m_n_._”_
m.m_.&n ﬁ.aﬂ n__mﬁ?n_ Al ||| a4 p,_._rm_a_..ﬂ mua_;
= ! ey |, . -] [ = [ EIDO
i an E ..h a fdw] ..ﬂn_‘.m.H uﬁ L -ﬂ_...ﬁﬂ B ' m.mu.. ] FO0' 0
m—-.r_D E Lr‘- ﬂ_ t,l l-' F . '—- ) . ﬂ_ TIr F i - 5 I_I b l -1 ﬂ_ck r - - T l--.
evon o 2] Pt | | 0 (g Al HE UW f |3 P T o |
ZEn uﬁ _ﬁm. %._ .ﬂ L41%4 4.%. 7 ﬁu of uﬂh. AN wum
B o B M o B e R R | R R R R = R IR (G| N B R | e T B S e
ooon o dm Am b dhb db ndh i oo d limend b b i b i B
o 1] k= I q qF L= F k= Fr g U4 L= k= T qF a1, 3
.m._.lfn___n_ <33 ! .A_.fn_ G| | R e N Al R e s R “W 4, [ (4.4 o .n..n_*.n_ A4l semn
= k 3 #- - L - 5 T L E b n - - ‘ A
| [ Y| L2 | B [l | ) | | 0 || S | | A oo
ot b bhah® ®mhb" .db " h "&b bo od bm bt B db . 9 0100
nqn D m ) IH Er M L' U L= % T H [T
iz A H lmaibadia g st 9.4 ]| 2 m_mn_ an 2
ern | 43 Bet- (B ) .m 2k %0 | b | e S|P EdBE b 26
aoo o I.W.._. P h ._.,..“_.I Ad bl f = ELTd by Fd b 3
AFZIE RE T 3 = = &Z..K.uf.numm“.m
; L
w AR AR b el o [l
En 1.I .._I.n_&.w ﬁ m. Ll | e ._.n_ H._” ._iI i A b -..... b H“_H |A_- h .._IMI ooo o
0Z00 4= O T = oiE g X x O
mw w H 3 4k H e
ElD0 m it H I L
. <] k| =1 ] | <] . k|
1oo'o 3 ) L L .
—p o 7 Fogp qp 7 070
i w ] i 3 m i ] 4 1 u.m L2k 0
] b 5 i1 AL p Al Abk oFeE D
oazo 5 5 0 r 1M z —
— [ ! 3
L0E0 E : M m 1 -_% .
£sl 0 —4- ; =2 Lk
00b'0 —Bed™ b b 14 R dE ider AR 4R
= ny ] g o g g T g L LT Fr g L= 3 mmn-n
2" | [<dada | [ Al ]| O || ||| | ||t |2 Ao ||| 2= oo
NI r el =0 o wll wl| = . |- ; :
A= : L ._ﬂ. ll"l s - k00
e ‘%& @w m Dm0 by ...n_uﬂ__ rut .n__. ._ﬂ._ﬁu..w_l ooo o
£EMD | <pwd | |38 o ||k 24| | g | ara] |8 w| |<pat | [ 2| |2 A
aoo o | b g SR # (| o' p | tedlF «8| #0p % P % dF o4
. =1 =K — [ || < ||l | [dd.d [ | (<A [ 4.4
ooo'o dom 1] [h w ke b iy il - |
m—p T o T oo PO o P g gp o 5100
<4 1| =k A || | [ | [ etk | ] | S < =1 =1 || 4 0o
o (|- |- R I T A e
A= | el ] Ly L% [ < ] b [0 (g
G000 — P T T ] —Op qp
moo 15| (2] [ 18 2 Pl 4] A ]
o0 4% | e[| 4 14 ] Al (a5 g |l (a4
ooo'o .1._-... -H.- H- i -.I'M..-... .l._!.J..“ L e b A a uﬁ“_- Adb JW
T HF _n_m : m iy m O - 2240
.mﬂ : Ef | P M | Lol I pa.._mu 80D
|l . . {] N | e
ot .w.m_m % Nm_._ . .Dﬁ Rk ..ﬁ..—ﬂ mntmm w_.n_n_m_. ooo o
ol |uT...- - ] = =T] [N =i - _w.r_ = 1] m v N 0 w =
TR . 5 4 > :
BEOD N i i b H | -
0900 —bo o A Ful f .:J_-.-J:- ul i dhk i
r=a- = = | = —aF BELD
S | e R T e
3 T4 || e M A||a @ 0400
.____. b salul b b« - SE0D
(S TR T ] T P= 1 A= WEDE I
Gt oHER  &Res RS
AT RIS XK RTINS

Composition Region. The plotting symbols are “-” for the 147 existing glasses, “®” for the centroid composition, “+ for
5.6

Figure 5.2. Scatterplot Matrix Display of How Well the Layered Design and Existing Glass Compositions Cover the LAW Glass
the VSL glass, “o” for the 18 outer-layer glasses, and “A” for the 13 inner-layer glasses.



6.0 Summary and Discussion

This report discusses the construction of a LD for a 15-component mixture experiment
problem involving immobilizing LAW in glass. A LD was constructed to obtain glass
compositions on a “bold” outer layer and “reasonable” inner layer. This approach was chosen to
support developing glass property-composition models and ultimately identify the subregion of
glasses containing as much LAW as possible that meets all requirements after accounting for
model and other uncertainties. The outer and inner layers were specified using SCCs, linear
MCCs, and one nonlinear MCC. Existing algorithms and software for designing experiments for
a constrained region involving mixture components (and/or non-mixture variables) do not allow
for nonlinear MCCs, so modifications were necessary.

To generate the LD, first the vertices of the outer and inner layers of the LAW glass
experimental region were generated using a modified MCCVRT algorithm to account for the
nonlinear MCC in addition to the SCCs and linear MCCs. Then, the ACED software (Welch
1984, 1987) was used to augment 147 existing glass compositions (in the outer-layer constrained
region) with 18 outer-layer glasses and 13 inner-layer glasses. A center glass and a glass from
another lab were also included in the experimental design. ACED was used to generate 20
possible sets of 18 outer-layer glasses, and subsequently 20 possible sets of 13 inner-layer
glasses for each of three optimality criteria (D-, I-, and G-optimality). Efficiency values
corresponding to these optimality criteria were considered simultaneously to select four of the
possible 60 sets for each of 18 outer-layer and 13 inner-layer glasses. Then, graphical and
analytical methods were used to compare the four sets of outer-layer glasses, and subsequently
the four sets of inner-layer glasses, by assessing the distributions of values of the 15 LAW glass
components and several glass properties predicted using models available from previous studies.
Glass scientists and statisticians collaborated to choose one of the four sets of 18 outer-layer
glasses and one of the four sets of 13 inner-layer glasses for the final experimental design.

It is unfortunate that most commercial optimal-design software only generates a single
experimental design at a time. Some software will generate different designs if the software is
rerun additional times (because of different random starts). However, such software provides no
easy way to compare the optimality statistics for the multiple resulting designs. We used the
ACED software because it (i) can generate D-, I-, and G-optimal designs for as many “tries” as
desired and (i1) outputs summary tables of several optimality statistics that provide for easily
comparing optimality statistics over all the “tries.” Over many years we have found it very
useful to down-select many possible optimal or near-optimal mixture experiment designs to a
small number (2 to 4), with statisticians and discipline scientists then comparing the small
number of candidate designs in other ways to select the final design.

Finally, the question arises about what to do if there are two or more nonlinear SCCs or
MCCs. Modifying the MCCVRT algorithm to account for that situation would require deriving
much more complicated equations and more complicated computational methods to generate the
vertices of a constrained region (e.g., outer layer or inner layer) involving mixture components
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(and/or non-mixture variables). Rather than doing that and using the point-exchange algorithm
(Atkinson et al. 2007), it would be preferable to modify existing software to enable specifying
one or more nonlinear SCCs and/or MCCs in addition to any linear SCCs and MCCs, and then
use a coordinate-exchange algorithm (Meyer and Nachtsheim 1995; Piepel et al. 2005; Atkinson
et al. 2007). Coordinate-exchange algorithms do not require first generating candidate points to
construct an optimal experimental design. However, having nonlinear SCCs and/or MCCs will
likely require modifications to existing coordinate-exchange algorithms. Such modifications
may be less complicated than those required for the MCCVRT algorithm.

The LD approach to constructing an experimental design could still be used with a
coordinate-exchange algorithm that accounts for nonlinear SCCs and/or MCCs. A space-filling
design (SFD) or uniform design (UD) is an alternative to a LD that would include points
throughout the constrained experimental region. However, existing algorithms for SFDs or UDs
will likely need modifications to account for nonlinear SCCs and/or MCCs in addition to linear
SCCs and MCCs. Also, depending on the specifics of a problem, algorithms for SFDs and UDs
over irregular constrained regions can place most if not all design points on or near the boundary
of the experimental region as the number of design variables increases. This can occur even with
as few as five or six design variables (Borkowski and Piepel 2009). This is a larger problem than
whether SCCs and MCCs are linear or nonlinear, and hence needs future research.

In conclusion, the approach proposed in this article is a good one when the experimental
region is specified by one nonlinear MCC in addition to linear SCCs and MCCs and it is desired
to have some points on the boundary of the region and some on the interior. We recommend
using the described methods to down-select many possible optimal or near-optimal designs to a
few, and then comparing the few designs to select the final design. Additional research is needed
to address problems with two or more nonlinear SCCs and/or MCCs.
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Appendix A

Development of the Single-Component Constraints

This appendix describes the processes used to select the single-component constraints
(SCCs) for the outer and inner layers of the low-activity waste (LAW) glass composition
experimental region used to construct a layered design.

A set of experiments was performed to determine the maximum waste loading of a series of
representative LAW compositions in borosilicate glasses while still meeting a set of minimum
property requirements (Muller et al. 2012). The data from the experimental program were
analyzed to determine the key variables that limit waste loading. The key variables were the
alkali content of the waste (W 4, x = Wy,,0 +0.66 wy ) and the sulfur trioxide concentration

(Wso, ), where w; represents the mass fraction of the i™ oxide (or oxide group) in the waste. The

initial set of SCC bounds was based on the ranges of component concentrations from the
experimental glasses used to define the maximum waste loading as a function of w ;- and wyg,

including glasses that (i) met all property requirements and (ii) failed one or more requirements.

A few changes were made to the preliminary outer-layer SCCs based on the experimental
results and revisions to the Hanford Tank Waste Treatment and Immobilization Plant (WTP)

operating strategy.” Fourteen percent of the experimental glasses contained g Fey0, > 0.015, but
the WTP no longer plans to add Fe;Os as a glass former. Hence, the g, o, limits of 0 to 0.015

were selected to span the range of Fe,Os that may come from waste. High K,O concentration
glasses were investigated (0.015 < g4, <0.0575) but less than 5% of the waste will generate

glasses with K,O concentrations that high. Further, such waste is currently planned to be
processed by the WTP in the first year of operation. Hence, the g , limits of 0 to 0.015 were
used. All glasses tested with g, > 0.035 and g, o > 0.15 failed to meet an important glass
durability constraint (Vapor Hydration Test response). Because MgO is a controllable additive,
it can be limited to a maximum of 0.035. Less than 5% of the test glasses contained g,,o >
0.10 and concentrations that high are sufficiently far from the glasses of interest at Hanford that
they need not be considered. Hence, a limit of g, , <0.10 was set. Fourteen percent of the

experimental glasses contained TiO,, but WTP no longer plans to add TiO, as an additive and it
is not in LAW in measureable concentrations. Hence, TiO; was not included as a component to
be varied in the experimental design. The outer-layer SCCs after these changes are listed in
Table 2.1.

@ In the discussion that follows, g, represents the mass fraction of the ™ LAW glass component.

Al



The lower and upper bounds for the inner-layer SCCs were taken to be in the middle of the
ranges between the center point and the lower and upper bounds for the outer-layer SCCs (with
rounding of mass fractions to 0.0025 for minor components and 0.005 for major components).
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Appendix B

Data and Linear Mixture Model for Viscosity at 1150°C
of Low-Activity Waste Glasses

Section B.1 discusses the glass compositions and viscosity property data used to develop a
linear mixture model for viscosity at 1150°C. Section B.2 presents an updated linear mixture
model for viscosity at 1150°C that was developed subsequent to the generation of the
experimental design discussed in this report.

B.1 Data Used to Develop the Linear Mixture Model for Viscosity
at 1150°C of Low-Activity Waste Glasses

Table B.1 lists for each of the 281 glasses used to develop the viscosity model the (i) names
of the glasses, (ii) the names of the studies in which the glasses were tested, and (iii) references
for the studies. Table B.2 lists the oxide compositions of the glasses. Table B.3 lists the
viscosity at 1150°C values as well as the first seven (when that many exist) temperature-
viscosity pairs (7;,7;, i =1, 2, ..., 7) obtained from experimentally measuring viscosity at various
temperatures. Table B.4 lists the remaining temperature-viscosity pairs (75,7, i =8, 9, 10, 11)
when that many pairs exist.

The viscosity at 1150°C value (7,5, ) for each of the 281 LAW glasses was obtained as

follows. First, all of the (7},#;) pairs for the i glass (i=1, 2, ..., 281) were used to fit the
Vogel-Fulcher-Tammann equation

log(n)=A+ (B.1)

T-T,

where 7' is temperature in K, and 4, B, and T are the fitted coefficients using ordinary least
squares regression. Then, 7= 1423.15 K corresponding to 1150°C was substituted into each
fitted equation to calculate the log(n,,5,) and hence 7,5, values for each LAW glass.

B.2 Updated Linear Mixture Model for Viscosity at 1150°C of
Low-Activity Waste Glasses

Subsequent to the use of the linear mixture model for viscosity of low-activity waste glasses
at 1150°C listed in Equation (2) to develop the experimental design, a minor error in the model
fitting process was found and corrected. The revised coefficients
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In(71150) =19.4941(g 41,0,) —8.7662(g,0,) —2.4337(8ca0) —5-8848(& Fey0;)

—6.6987(gK20) —35.8198(ng-20) —4.7447(gMg0) —6.2078(gNa20)
(B.2)

+6.9677(2510,) +42701(g 50, ) +32.8907(25,0, ) + 58.1617(gy0, )
—0.7274(g 7,0 ) +18.5704(g 7,0, ) = 11.9474(8 others1 )

are only slightly different from the coefficients of the model in Equation (2). The above model
has R* = 0.984. Predictions of 7,5, for the glass compositions in the experimental design in

Table 5.1 were compared using both Equations (2) and (B.2), and the largest relative difference
was a very small fraction of a percent. Hence, it was concluded there was no substantive impact
from using Equation (2) to implement the multiple-component constraints on 7,,5, compared to

using Equation (B.2).
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Table B.1. Glass Names, Study Names, and References for the 281 Glasses Used to Develop a
Model for Viscosity at 1150°C

Row#  Glass Name Glass Study Reference

1 LAWAI171 ORP Advanced Glass Formulation Muller et al. 2012

2 LAWAI172 ORP Advanced Glass Formulation Muller et al. 2012

3 LAWAI173 ORP Advanced Glass Formulation Muller et al. 2012

4 LAWA174 ORP Advanced Glass Formulation Muller et al. 2012

5 LAWAL175 ORP Advanced Glass Formulation Muller et al. 2012

6 LAWAI176 ORP Advanced Glass Formulation Muller et al. 2012

7 LAWA179 ORP Advanced Glass Formulation Muller et al. 2012

8 LAWA180 ORP Advanced Glass Formulation Muller et al. 2012

9 LAWAI183 ORP Advanced Glass Formulation Muller et al. 2012
10 LAWAI184 ORP Advanced Glass Formulation Muller et al. 2012
11 LAWAIS85 ORP Advanced Glass Formulation Muller et al. 2012
12 LAWAI186 ORP Advanced Glass Formulation Muller et al. 2012
13 LAWA187 ORP Advanced Glass Formulation Muller et al. 2012
14 LAWAI188 ORP Advanced Glass Formulation Muller et al. 2012
15 LAWAI189 ORP Advanced Glass Formulation Muller et al. 2012
16 LAWAI190 ORP Advanced Glass Formulation Muller et al. 2012
17 LAWAI191 ORP Advanced Glass Formulation Muller et al. 2012
18 LAWA192 ORP Advanced Glass Formulation Muller et al. 2012
19 LAWAI193 ORP Advanced Glass Formulation Muller et al. 2012
20 LAWA19%4 ORP Advanced Glass Formulation Muller et al. 2012
21 LAWAI195 ORP Advanced Glass Formulation Muller et al. 2012
22 LAWA196 ORP Advanced Glass Formulation Muller et al. 2012
23 LAWA197 ORP Advanced Glass Formulation Muller et al. 2012
24 LAWBI00 ORP Advanced Glass Formulation Muller et al. 2012
25 LAWBI101 ORP Advanced Glass Formulation Muller et al. 2012
26 LAWBI102 ORP Advanced Glass Formulation Muller et al. 2012
27 LAWBI103 ORP Advanced Glass Formulation Muller et al. 2012
28 LAWBI105 ORP Advanced Glass Formulation Muller et al. 2012
29 LAWB97 ORP Advanced Glass Formulation Muller et al. 2012
30 LAWB98 ORP Advanced Glass Formulation Muller et al. 2012
31 LAWB99 ORP Advanced Glass Formulation Muller et al. 2012
32 LAWCIOOR1 ORP Advanced Glass Formulation Muller et al. 2012
33 LAWCI101 ORP Advanced Glass Formulation Muller et al. 2012
34 LAWCI102 ORP Advanced Glass Formulation Muller et al. 2012
35 LAWCI103 ORP Advanced Glass Formulation Muller et al. 2012
36 ORPLA1 ORP Advanced Glass Formulation Muller et al. 2012
37 ORPLA2 ORP Advanced Glass Formulation Muller et al. 2012

B.3



Table B.1. Glass Names, Study Names, and References for the 281 Glasses Used to Develop a Model
for Viscosity at 1150°C (contd)

Row#  Glass Name Glass Study Reference
38 ORPLA3 ORP Advanced Glass Formulation Muller et al. 2012
39 ORPLAS ORP Advanced Glass Formulation Muller et al. 2012
40 ORPLAG6 ORP Advanced Glass Formulation Muller et al. 2012
41 ORPLA7 ORP Advanced Glass Formulation Muller et al. 2012
42 ORPLA9 ORP Advanced Glass Formulation Muller et al. 2012
43 ORPLAI10 ORP Advanced Glass Formulation Muller et al. 2012
44 ORPLAL11 ORP Advanced Glass Formulation Muller et al. 2012
45 ORPLA12 ORP Advanced Glass Formulation Muller et al. 2012
46 ORPLA13 ORP Advanced Glass Formulation Muller et al. 2012
47 ORPLA14 ORP Advanced Glass Formulation Muller et al. 2012
48 ORPLAL1S ORP Advanced Glass Formulation Muller et al. 2012
49 ORPLAI16 ORP Advanced Glass Formulation Muller et al. 2012
50 ORPLA17 ORP Advanced Glass Formulation Muller et al. 2012
51 ORPLA18 ORP Advanced Glass Formulation Muller et al. 2012
52 ORPLA19 ORP Advanced Glass Formulation Muller et al. 2012
53 ORPLA20 ORP Advanced Glass Formulation Muller et al. 2012
54 ORPLA33-1 ORP Advanced Glass Formulation Muller et al. 2012
55 ORPLA38-1 ORP Advanced Glass Formulation Muller et al. 2012
56 ORPLBI1 ORP Advanced Glass Formulation Muller et al. 2012
57 ORPLB2 ORP Advanced Glass Formulation Muller et al. 2012
58 ORPLB3 ORP Advanced Glass Formulation Muller et al. 2012
59 ORPLB4 ORP Advanced Glass Formulation Muller et al. 2012
60 ORPLC2 ORP Advanced Glass Formulation Muller et al. 2012
61 ORPLC5 ORP Advanced Glass Formulation Muller et al. 2012
62 ORPLDI1 ORP Advanced Glass Formulation Muller et al. 2012
63 ORPLD4 ORP Advanced Glass Formulation Muller et al. 2012
64 ORPLD5 ORP Advanced Glass Formulation Muller et al. 2012
65 ORPLD6 ORP Advanced Glass Formulation Muller et al. 2012
66 ORPLD7 ORP Advanced Glass Formulation Muller et al. 2012
67 ORPLDS ORP Advanced Glass Formulation Muller et al. 2012
68 ORPLDY ORP Advanced Glass Formulation Muller et al. 2012
69 ORPLEI1 ORP Advanced Glass Formulation Muller et al. 2012
70 ORPLE2 ORP Advanced Glass Formulation Muller et al. 2012
71 ORPLE3 ORP Advanced Glass Formulation Muller et al. 2012
72 ORPLE4 ORP Advanced Glass Formulation Muller et al. 2012
73 ORPLES ORP Advanced Glass Formulation Muller et al. 2012
74 ORPLEG6 ORP Advanced Glass Formulation Muller et al. 2012
75 ORPLE7 ORP Advanced Glass Formulation Muller et al. 2012
76 ORPLES ORP Advanced Glass Formulation Muller et al. 2012
77 ORPLE9 ORP Advanced Glass Formulation Muller et al. 2012
78 ORPLEI10 ORP Advanced Glass Formulation Muller et al. 2012
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Table B.1. Glass Names, Study Names, and References for the 281 Glasses Used to Develop a Model

for Viscosity at 1150°C (contd)

Row#  Glass Name Glass Study Reference
79 ORPLEL11 ORP Advanced Glass Formulation Muller et al. 2012
80 ORPLE12 ORP Advanced Glass Formulation Muller et al. 2012
81 ORPLF1 ORP Advanced Glass Formulation Muller et al. 2012
82 ORPLF2 ORP Advanced Glass Formulation Muller et al. 2012
83 ORPLF3 ORP Advanced Glass Formulation Muller et al. 2012
84 ORPLF4 ORP Advanced Glass Formulation Muller et al. 2012
85 ORPLF7 ORP Advanced Glass Formulation Muller et al. 2012
86 ORPLF9 ORP Advanced Glass Formulation Muller et al. 2012
87 ORPLF10 ORP Advanced Glass Formulation Muller et al. 2012
88 ORPLF13 ORP Advanced Glass Formulation Muller et al. 2012
89 ORPLF14 ORP Advanced Glass Formulation Muller et al. 2012
90 WVY-G-95A-1 ORP Advanced Glass Formulation Muller et al. 2012
91 L4-615 Hanford LLW Glass Formulation Feng et al. 1996
92 L4-96 Hanford LLW Glass Formulation Feng et al. 1996
93 L4-912 Hanford LLW Glass Formulation Feng et al. 1996
94 L4-129 Hanford LLW Glass Formulation Feng et al. 1996
95 L4-1215 Hanford LLW Glass Formulation Feng et al. 1996
96 L5-96 Hanford LLW Glass Formulation Feng et al. 1996
97 L5-129 Hanford LLW Glass Formulation Feng et al. 1996
98 L5-1215 Hanford LLW Glass Formulation Feng et al. 1996
99 L6-3312 Hanford LLW Glass Formulation Feng et al. 1996
100 L6-546 Hanford LLW Glass Formulation Feng et al. 1996
101 L6-549 Hanford LLW Glass Formulation Feng et al. 1996
102 L6-5412 Hanford LLW Glass Formulation Feng et al. 1996
103 L6-5415 Hanford LLW Glass Formulation Feng et al. 1996
104 L6-669 Hanford LLW Glass Formulation Feng et al. 1996
105 L6-6612 Hanford LLW Glass Formulation Feng et al. 1996
106 L7-15 Hanford LLW Glass Formulation Feng et al. 1996
107 L7-25 Hanford LLW Glass Formulation Feng et al. 1996
108 L7-35 Hanford LLW Glass Formulation Feng et al. 1996
109 L8-1 Hanford LLW Glass Formulation Feng et al. 1996
110 L8-2 Hanford LLW Glass Formulation Feng et al. 1996
111 L8-3 Hanford LLW Glass Formulation Feng et al. 1996
112 L8-4 Hanford LLW Glass Formulation Feng et al. 1996
113 L8-5 Hanford LLW Glass Formulation Feng et al. 1996
114 L8-6 Hanford LLW Glass Formulation Feng et al. 1996
115 L8-7 Hanford LLW Glass Formulation Feng et al. 1996
116 L8-8 Hanford LLW Glass Formulation Feng et al. 1996
117 LD4-912 Hanford LLW Glass Formulation Feng et al. 1996
118 LD5-912 Hanford LLW Glass Formulation Feng et al. 1996
119 LD6-5314 Hanford LLW Glass Formulation Feng et al. 1996
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Table B.1. Glass Names, Study Names, and References for the 281 Glasses Used to Develop a Model

for Viscosity at 1150°C (contd)

Row#  Glass Name Glass Study Reference

120 LD6-5412 Hanford LLW Glass Formulation Feng et al. 1996

121 LD6-5510 Hanford LLW Glass Formulation Feng et al. 1996

122 LDM-912 Hanford LLW Glass Formulation Feng et al. 1996

123 LDM-1 Hanford LLW Glass Formulation Feng et al. 1996

124 LDM-2 Hanford LLW Glass Formulation Feng et al. 1996

125 LDM-3 Hanford LLW Glass Formulation Feng et al. 1996

126 LDM-4 Hanford LLW Glass Formulation Feng et al. 1996

127 LDM-5412 Hanford LLW Glass Formulation Feng et al. 1996

128 LDMS-1 Hanford LLW Glass Formulation Feng et al. 1996

129 LRM-912 Hanford LLW Glass Formulation Feng et al. 1996

130 LRM-1 Hanford LLW Glass Formulation Feng et al. 1996

131 LRM-2 Hanford LLW Glass Formulation Feng et al. 1996

132 LRM-3 Hanford LLW Glass Formulation Feng et al. 1996

133 LRM-4 Hanford LLW Glass Formulation Feng et al. 1996

134 LRM-5412 Hanford LLW Glass Formulation Feng et al. 1996

135 LRMS-1 Hanford LLW Glass Formulation Feng et al. 1996

136 SSHTM-3 Hanford LLW Glass Formulation Feng et al. 1996

137 Duratek Hanford LLW Glass Formulation Feng et al. 1996

138 PEI Hanford LLW Glass Formulation Feng et al. 1996

139 Vectra Hanford LLW Glass Formulation Feng et al. 1996

140 WSTC Hanford LLW Glass Formulation Feng et al. 1996

141 LAWB61 WTP LAW Muller and Pegg 2003a
142 LAWBS7 WTP LAW Muller and Pegg 2003a
143 LAWB93R1 WTP LAW Muller and Pegg 2003a
144 LAWC31R1 WTP LAW Muller and Pegg 2003a
145 Al1CI-1 WTP LAW Muller and Pegg 2003b
146 Al1CI1-2 WTP LAW Muller and Pegg 2003b
147 A2BI-1 WTP LAW Muller and Pegg 2003b
148 A2BI1-2 WTP LAW Muller and Pegg 2003b
149 A2BI1-3 WTP LAW Muller and Pegg 2003b
150 A3C2-1 WTP LAW Muller and Pegg 2003b
151 A3C2-2 WTP LAW Muller and Pegg 2003b
152 A3C2-3 WTP LAW Muller and Pegg 2003b
153 A2-AP101 WTP LAW Rielley et al. 2004

154 A3-AN104 WTP LAW Rielley et al. 2004

155 A88Si+15 WTP LAW Rielley et al. 2004

156 A88Si-15 WTP LAW Rielley et al. 2004

157 B1-AZ101 WTP LAW Rielley et al. 2004

158 C100-G-136B WTP LAW Rielley et al. 2004

159 C1-AN107 WTP LAW Rielley et al. 2004

160 C22AN107 WTP LAW Rielley et al. 2004
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Table B.1. Glass Names, Study Names, and References for the 281 Glasses Used to Develop a Model
for Viscosity at 1150°C (contd)

Row#  Glass Name Glass Study Reference

161 C22Si+15 WTP LAW Rielley et al. 2004
162 C22Si-15 WTP LAW Rielley et al. 2004
163 C2-AN102C35 WTP LAW Rielley et al. 2004
164 LAWAI102R1 WTP LAW Rielley et al. 2004
165 LAWAI126 WTP LAW Rielley et al. 2004
166 LAWAI128R1 WTP LAW Rielley et al. 2004
167 LAWA130 WTP LAW Rielley et al. 2004
168 LAWA134 WTP LAW Rielley et al. 2004
169 LAWAI135 WTP LAW Rielley et al. 2004
170 LAWA136 WTP LAW Rielley et al. 2004
171 LAWAA44R10 WTP LAW Rielley et al. 2004
172 LAWB60 WTP LAW Rielley et al. 2004
173 LAWB62 WTP LAW Rielley et al. 2004
174 LAWBG63 WTP LAW Rielley et al. 2004
175 LAWB64 WTP LAW Rielley et al. 2004
176 LAWBG65 WTP LAW Rielley et al. 2004
177 LAWBG66 WTP LAW Rielley et al. 2004
178 LAWB67 WTP LAW Rielley et al. 2004
179 LAWB68 WTP LAW Rielley et al. 2004
180 LAWBG69 WTP LAW Rielley et al. 2004
181 LAWB70 WTP LAW Rielley et al. 2004
182 LAWB71 WTP LAW Rielley et al. 2004
183 LAWB72 WTP LAW Rielley et al. 2004
184 LAWB73 WTP LAW Rielley et al. 2004
185 LAWB74 WTP LAW Rielley et al. 2004
186 LAWBT75 WTP LAW Rielley et al. 2004
187 LAWB76 WTP LAW Rielley et al. 2004
188 LAWB77 WTP LAW Rielley et al. 2004
189 LAWB78 WTP LAW Rielley et al. 2004
190 LAWBT79 WTP LAW Rielley et al. 2004
191 LAWBS0 WTP LAW Rielley et al. 2004
192 LAWBSI WTP LAW Rielley et al. 2004
193 LAWBS2 WTP LAW Rielley et al. 2004
194 LAWBS83 WTP LAW Rielley et al. 2004
195 LAWBSg4 WTP LAW Rielley et al. 2004
196 LAWBS85 WTP LAW Rielley et al. 2004
197 LAWBS6 WTP LAW Rielley et al. 2004
198 LAWBS89 WTP LAW Rielley et al. 2004
199 LAWB90 WTP LAW Rielley et al. 2004
200 LAWB92 WTP LAW Rielley et al. 2004
201 LAWBY94 WTP LAW Rielley et al. 2004
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Table B.1. Glass Names, Study Names, and References for the 281 Glasses Used to Develop a Model
for Viscosity at 1150°C (contd)

Row#  Glass Name Glass Study Reference

202 LAWBO95 WTP LAW Rielley et al. 2004
203 LAWC27 WTP LAW Rielley et al. 2004
204 LAWC29 WTP LAW Rielley et al. 2004
205 LAWC30 WTP LAW Rielley et al. 2004
206 LAWC32 WTP LAW Rielley et al. 2004
207 LAWMO1 WTP LAW Rielley et al. 2004
208 LAWMI0 WTP LAW Rielley et al. 2004
209 LAWMI1 WTP LAW Rielley et al. 2004
210 LAWMI13 WTP LAW Rielley et al. 2004
211 LAWMI14 WTP LAW Rielley et al. 2004
212 LAWMIS WTP LAW Rielley et al. 2004
213 LAWMI16 WTP LAW Rielley et al. 2004
214 LAWMI17 WTP LAW Rielley et al. 2004
215 LAWMIS WTP LAW Rielley et al. 2004
216 LAWMI9 WTP LAW Rielley et al. 2004
217 LAWMO02 WTP LAW Rielley et al. 2004
218 LAWM20 WTP LAW Rielley et al. 2004
219 LAWM21 WTP LAW Rielley et al. 2004
220 LAWM22 WTP LAW Rielley et al. 2004
221 LAWM?23 WTP LAW Rielley et al. 2004
222 LAWM24 WTP LAW Rielley et al. 2004
223 LAWM25R1 WTP LAW Rielley et al. 2004
224 LAWM26 WTP LAW Rielley et al. 2004
225 LAWM27 WTP LAW Rielley et al. 2004
226 LAWM28 WTP LAW Rielley et al. 2004
227 LAWM29 WTP LAW Rielley et al. 2004
228 LAWMO3 WTP LAW Rielley et al. 2004
229 LAWM30 WTP LAW Rielley et al. 2004
230 LAWM31 WTP LAW Rielley et al. 2004
231 LAWM32 WTP LAW Rielley et al. 2004
232 LAWMB33R1 WTP LAW Rielley et al. 2004
233 LAWM34 WTP LAW Rielley et al. 2004
234 LAWMS35 WTP LAW Rielley et al. 2004
235 LAWM36 WTP LAW Rielley et al. 2004
236 LAWM37 WTP LAW Rielley et al. 2004
237 LAWM38 WTP LAW Rielley et al. 2004
238 LAWM39 WTP LAW Rielley et al. 2004
239 LAWMO4 WTP LAW Rielley et al. 2004
240 LAWM40 WTP LAW Rielley et al. 2004
241 LAWM41 WTP LAW Rielley et al. 2004
242 LAWM42 WTP LAW Rielley et al. 2004
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Table B.1. Glass Names, Study Names, and References for the 281 Glasses Used to Develop a Model

for Viscosity at 1150°C (contd)

Row#  Glass Name Glass Study Reference

243 LAWMA43 WTP LAW Rielley et al. 2004
244 LAWMA44 WTP LAW Rielley et al. 2004
245 LAWMA45 WTP LAW Rielley et al. 2004
246 LAWM46 WTP LAW Rielley et al. 2004
247 LAWMA47 WTP LAW Rielley et al. 2004
248 LAWMA48 WTP LAW Rielley et al. 2004
249 LAWMA49 WTP LAW Rielley et al. 2004
250 LAWMOS WTP LAW Rielley et al. 2004
251 LAWMS0 WTP LAW Rielley et al. 2004
252 LAWMS1 WTP LAW Rielley et al. 2004
253 LAWMS2 WTP LAW Rielley et al. 2004
254 LAWMS3 WTP LAW Rielley et al. 2004
255 LAWMS4R1 WTP LAW Rielley et al. 2004
256 LAWMSS WTP LAW Rielley et al. 2004
257 LAWMS6 WTP LAW Rielley et al. 2004
258 LAWMO06 WTP LAW Rielley et al. 2004
259 LAWMO7 WTP LAW Rielley et al. 2004
260 LAWMOS8 WTP LAW Rielley et al. 2004
261 LAWMO09 WTP LAW Rielley et al. 2004
262 A1-ANI105R2 WTP LAW Muller et al. 2005, Piepel et al. 2007
263 LAWBS8 WTP LAW Comparison Muller et al. 2005, Piepel et al. 2007
264 LAWC21rev2 WTP LAW Comparison Muller et al. 2005, Piepel et al. 2007
265 LAWAI127R1 WTP LAW Correlation Piepel et al. 2007
266 LAWEI10H WTP LAW Correlation Piepel et al. 2007
267 LAWEI11 WTP LAW Correlation Piepel et al. 2007
268 LAWEI12 WTP LAW Correlation Piepel et al. 2007
269 LAWEI13 WTP LAW Correlation Piepel et al. 2007
270 LAWEI16 WTP LAW Correlation Piepel et al. 2007
271 LAWE2H WTP LAW Correlation Piepel et al. 2007
272 LAWES3 WTP LAW Correlation Piepel et al. 2007
273 LAWE3H WTP LAW Correlation Piepel et al. 2007
274 LAWE4 WTP LAW Correlation Piepel et al. 2007
275 LAWE4H WTP LAW Correlation Piepel et al. 2007
276 LAWES WTP LAW Correlation Piepel et al. 2007
277 LAWESH WTP LAW Correlation Piepel et al. 2007
278 LAWE7 WTP LAW Correlation Piepel et al. 2007
279 LAWETH WTP LAW Correlation Piepel et al. 2007
280 LAWE9H WTP LAW Correlation Piepel et al. 2007
281 LAWAI129R1 WTP LAW Correlation Piepel et al. 2007
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at 1150°C

Row Component

#”  AlLO; B,0; CaO Fe0; K, O LibO MgO NaO SiO, SO; SnO, V,0s ZnO  ZrO, Othersl
1 01017 0.1369 0.0565 0.0100 0.0051 0.0000 0.0100 0.2302 0.3661 0.0067 0.0000 0.0100 0.0300 0.0300 0.0067
2 0.1066 0.1280 0.0799 0.0091 0.0051 0.0000 0.0091 0.2301 0.3488 0.0068 0.0000 0.0098 0.0300 0.0300 0.0067
3 0.1066 0.1130 0.0800 0.0091 0.0051 0.0000 0.0091 0.2302 0.3488 0.0066 0.0000 0.0098 0.0300 0.0450 0.0067
4 0.1065 0.0979 0.0799 0.0091 0.0051 0.0000 0.0091 0.2301 0.3487 0.0069 0.0000 0.0098 0.0300 0.0600 0.0067
5 0.215 0.1129 0.0799 0.0091 0.0051 0.0000 0.0091 0.2300 0.3487 0.0071 0.0000 0.0098 0.0300 0.0300 0.0067
6 0.1366 0.0980 0.0799 0.0091 0.0051 0.0000 0.0091 0.2301 0.3488 0.0067 0.0000 0.0098 0.0300 0.0300 0.0067
7 0.1086 0.0926 0.0798 0.0091 0.0056 0.0000 0.0091 02501 0.3534 0.0069 0.0000 0.0094 0.0235 0.0445 0.0073
8 0.1085 0.0776 0.0798 0.0091 0.0056 0.0000 0.0091 02501 0.3533 0.0070 0.0000 0.0094 0.0235 0.0595 0.0073
9 0.1066 0.0980 0.0800 0.0091 0.0051 0.0000 0.0091 0.2302 0.3436 0.0066 0.0000 0.0150 0.0300 0.0600 0.0067
10 0.1064 0.0941 0.0765 0.0091 0.0051 0.0000 0.0091 0.2298 0.3655 0.0083 0.0000 0.0150 0.0145 0.0599 0.0067
11 0.1215 0.0979 0.0799 0.0091 0.0051 0.0000 0.0091 02301 0.3689 0.0070 0.0000 0.0150 0.0195 0.0300 0.0067
12 0.1164 0.0930 0.0799 0.0091 0.0051 0.0000 0.0091 0.2300 0.3687 0.0076 0.0000 0.0150 0.0145 0.0450 0.0067
13 0.1066 0.1281 0.0649 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0062 0.0100 0.0098 0.0300 0.0300 0.0117
14 0.1066 0.1281 0.0549 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0061 0.0201 0.0098 0.0300 0.0300 0.0117
15 0.1066 0.1130 0.0750 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0061 0.0000 0.0098 0.0300 0.0451 0.0117
16 0.1217 0.1131 0.0599 0.0091 0.0051 0.0000 0.0091 0.2303 0.3491 0.0059 0.0000 0.0098 0.0300 0.0451 0.0117
17 0.1216 0.1130 0.0750 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0061 0.0000 0.0098 0.0300 0.0300 0.0117
18  0.1216 0.1130 0.0598 0.0091 0.0051 0.0000 0.0091 02301 0.3588 0.0068 0.0000 0.0098 0.0300 0.0400 0.0067
19  0.1216 0.1130 0.0549 0.0091 0.0051 0.0000 0.0091 0.2303 0.3590 0.0062 0.0000 0.0098 0.0300 0.0400 0.0117
20 0.1087 0.0777 0.0699 0.0091 0.0056 0.0000 0.0091 02504 0.3538 0.0058 0.0100 0.0094 0.0235 0.0596 0.0073
21 0.1087 0.0777 0.0649 0.0091 0.0056 0.0000 0.0091 02504 0.3537 0.0058 0.0100 0.0094 0.0235 0.0596 0.0124
22 0.1186 0.0777 0.0599 0.0091 0.0056 0.0000 0.0091 0.2503 0.3636 0.0062 0.0000 0.0094 0.0235 0.0596 0.0073
23 0.1187 0.0777 0.0549 0.0091 0.0056 0.0000 0.0091 02504 0.3637 0.0059 0.0000 0.0094 0.0235 0.0596 0.0124
24 0.0916 0.1153 0.1072 0.0115 0.0041 0.0354 0.0115 0.1001 04310 0.0069 0.0000 0.0124 0.0354 0.0354 0.0022
25 0.1017 0.1003 0.1123 0.0115 0.0041 0.0355 0.0115 0.1002 0.4316 0.0057 0.0000 0.0124 0.0355 0.0355 0.0022
26 0.0917 0.1004 0.1224 0.0115 0.0041 0.0355 0.0115 0.1003 04319 0.0051 0.0000 0.0124 0.0355 0.0355 0.0022
27 0.0916 0.1003 0.0921 0.0115 0.0041 0.0405 0.0115 0.1002 0.4566 0.0061 0.0000 0.0124 0.0355 0.0355 0.0022
28 0.0616 0.1305 0.0922 0.0115 0.0041 0.0355 0.0115 0.1002 0.4618 0.0055 0.0000 0.0124 0.0355 0.0355 0.0022
29 0.0916 0.1002 0.0921 0.0115 0.0041 0.0354 0.0115 0.1001 0.4615 0.0063 0.0000 0.0124 0.0354 0.0354 0.0022
30 0.1017 0.1103 0.0922 0.0115 0.0041 0.0355 0.0115 0.1002 0.4416 0.0058 0.0000 0.0124 0.0355 0.0355 0.0022
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
31 0.1016 0.1102 0.1022 0.0115 0.0041 0.0354 0.0115 0.1001 0.4313 0.0064 0.0000 0.0124 0.0354 0.0354 0.0022
32 0.1019 0.1372 0.0804 0.0100 0.0015 0.0000 0.0100 0.2005 0.3672 0.0094 0.0000 0.0100 0.0301 0.0301 0.0117
33 0.1019 0.1304 0.0805 0.0100 0.0015 0.0000 0.0100 0.2006 0.3673 0.0089 0.0000 0.0100 0.0301 0.0369 0.0117
34 0.0866 0.1371 0.0804 0.0100 0.0015 0.0000 0.0100 0.2004 0.3669 0.0100 0.0000 0.0100 0.0301 0.0453 0.0117
35 0.0714 0.1373 0.0805 0.0100 0.0015 0.0000 0.0100 0.2007 0.3674 0.0087 0.0000 0.0100 0.0301 0.0606 0.0117
36 0.1000 0.0900 0.0350 0.0101 0.0056 0.0000 0.0135 0.2500 0.4131 0.0019 0.0000 0.0000 0.0236 0.0480  0.0092
37 0.1000 0.0900 0.0250 0.0101 0.0056 0.0000 0.0135 0.2500 0.4131 0.0019 0.0100 0.0000 0.0236 0.0480  0.0092
38 0.1000 0.0900 0.0304 0.0101 0.0056 0.0000 0.0135 0.2500 0.4131 0.0019 0.0000 0.0000 0.0236 0.0480 0.0139
39 0.1000 0.0700 0.0100 0.0101 0.0056 0.0000 0.0135 0.2501 0.4332 0.0020 0.0100 0.0000 0.0336 0.0480 0.0139
40 0.1088 0.0778 0.0100 0.0094 0.0056 0.0000 0.0091 02500 0.4192 0.0019 0.0100 0.0000 0.0236 0.0607 0.0139
41 0.1088 0.0778 0.0147 0.0094 0.0056 0.0000 0.0091 02500 0.4050 0.0020 0.0100 0.0094 0.0236 0.0607 0.0139
42 0.1090 0.0780 0.0652 0.0091 0.0056 0.0000 0.0091 02501 0.3552 0.0018 0.0200 0.0094 0.0236 0.0500 0.0139
43 0.1090 0.0780 0.0652 0.0091 0.0056 0.0000 0.0091 0.2500 0.3578 0.0019 0.0268 0.0000 0.0236 0.0500 0.0139
44 0.1090 0.0700 0.0200 0.0091 0.0056 0.0000 0.0091 02500 0.4015 0.0019 0.0270 0.0000 0.0236 0.0594 0.0139
45 0.1077 0.0713 0.0203 0.0093 0.0054 0.0000 0.0093 0.2400 0.4100 0.0017 0.0275 0.0000 0.0245 0.0595 0.0136
46  0.1083 0.0707 0.0201 0.0092 0.0055 0.0000 0.0092 0.2450 0.4061 0.0019 0.0272 0.0000 0.0242 0.0589 0.0136
47 0.1070 0.0720 0.0205 0.0094 0.0053 0.0000 0.0094 0.2350 0.4138 0.0017 0.0278 0.0000 0.0247 0.0600 0.0133
48 0.0946 0.0865 0.0334 0.0093 0.0054 0.0000 0.0093 0.2400 0.3950 0.0018 0.0275 0.0000 0.0245 0.0595 0.0133
49 0.0987 0.0778 0.0147 0.0094 0.0056 0.0000 0.0091 02501 0.4159 0.0017 0.0100 0.0094 0.0236 0.0600 0.0139
50 0.0989 0.0878 0.0299 0.0094 0.0054 0.0000 0.0091 0.2400 0.4003 0.0018 0.0100 0.0098 0.0236 0.0607 0.0133
51 0.0970 0.0880 0.0334 0.0030 0.0054 0.0000 0.0093 0.2400 0.3952 0.0017 0.0276 0.0000 0.0276 0.0600 0.0118
52 0.0970 0.0880 0.0334 0.0030 0.0054 0.0000 0.0093 0.2400 0.3952 0.0017 0.0483 0.0000 0.0276 0.0393 0.0118
53 0.0670 0.0880 0.0334 0.0030 0.0054 0.0000 0.0093 0.2400 0.4252 0.0016 0.0276 0.0000 0.0276 0.0600 0.0118
54 0.0674 0.0891 0.0318 0.0026 0.0051 0.0000 0.0100 0.2303 0.4229 0.0081 0.0246 0.0093 0.0286 0.0587 0.0114
55 0.0695 0.0822 0.0313 0.0026 0.0053 0.0000 0.0098 0.2404 0.4150 0.0083 0.0266 0.0091 0.0280 0.0601 0.0116
56 0.1201 0.0730 0.0110 0.0110 0.0012 0.0000 0.0110 0.2501 0.3800 0.0048 0.0108 0.0200 0.0365 0.0544 0.0160
57 0.1001 0.0730 0.0110 0.0110 0.0012 0.0000 0.0110 0.2501 0.4000 0.0048 0.0108 0.0200 0.0365 0.0544 0.0160
58 0.0989 0.0858 0.0300 0.0096 0.0011 0.0000 0.0093 0.2402 0.4010 0.0047 0.0100 0.0100 0.0237 0.0605 0.0151
59 0.1004 0.0853 0.0190 0.0096 0.0011 0.0000 0.0093 0.2403 0.4011 0.0045 0.0100 0.0200 0.0237 0.0605 0.0151
60 0.1067 0.1167 0.0642 0.0090 0.0054 0.0000 0.0090 0.2351 0.3453 0.0049 0.0099 0.0147 0.0297 0.0346 0.0146
61 0.1004 0.0852 0.0191 0.0097 0.0054 0.0000 0.0093 0.2358 0.4012 0.0048 0.0100 0.0200 0.0237 0.0604 0.0149



Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
62 0.1015 0.1204 0.0801 0.0100 0.0016 0.0000 0.0100 02098 0.3714 0.0106 0.0000 0.0100 0.0300 0.0300 0.0147
63 0.1019 0.1209 0.0804 0.0030 0.0016 0.0000 0.0100 02103 0.3797 0.0085 0.0000 0.0100 0.0301 0.0301 0.0134
64 0.1020 0.1005 0.0804 0.0030 0.0016 0.0000 0.0100 02103 0.3798 0.0083 0.0000 0.0200 0.0301 0.0406 0.0134
65 0.1014 0.0989 0.0792 0.0030 0.0017 0.0000 0.0099 0.2204 0.3740 0.0082 0.0000 0.0197 0.0298 0.0400 0.0138
66 0.1009 0.0988 0.0792 0.0030 0.0017 0.0000 0.0099 0.2203 0.3738 0.0087 0.0100 0.0100 0.0297 0.0400 0.0138
67 0.1001 0.0948 0.0734 0.0029 0.0018 0.0000 0.0097 02296 0.3668 0.0121 0.0100 0.0146 0.0299 0.0401 0.0142
68 0.0858 0.0951 0.0735 0.0029 0.0018 0.0000 0.0097 02301 03676 0.0099 0.0100 0.0292 0.0299 0.0402 0.0142
69 0.0761 0.0986 0.1047 0.0024 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0354 0.0059
70 01003 0.1148 0.0805 0.0024 0.0055 0.0300 0.0105 0.1603 0.3986 0.0109 0.0000 0.0125 0.0323 0.0355  0.0059
71 01002 0.1148 0.1047 0.0024 0.0055 0.0300 0.0105 0.1602 0.3744 0.0111 0.0000 0.0125 0.0322 0.0354  0.0059
72 0.0765 0.0983 0.1045 0.0023 0.0061 0.0210 0.0105 0.1803 0.4041 0.0108 0.0000 0.0121 0.0314 0.0354 0.0066
73 0.0761 0.0962 0.1025 0.0023 0.0068 0.0110 0.0099 0.2002 0.3999 0.0115 0.0000 0.0118 0.0296 0.0351 0.0071
74 0.0761 0.0986 0.0998 0.0024 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0362  0.0099
75 0.0761 0.0986 0.1047 0.0024 0.0055 0.0260 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0354  0.0099
76 0.0761 0.0946 0.1006 0.0105 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0354  0.0059
77 0.0761 0.0906 0.0966 0.0105 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0394  0.0099
78  0.0879 0.1045 0.0924 0.0024 0.0055 0.0300 0.0105 0.1599 0.4077 0.0133 0.0000 0.0125 0.0322 0.0354  0.0059
79 0.0761 0.0986 0.1047 0.0024 0.0055 0.0250 0.0105 0.1602 0.4146 0.0111 0.0000 0.0175 0.0322 0.0354  0.0059
80 0.0762 0.0987 0.1007 0.0024 0.0055 0.0251 0.0105 0.1603 0.4149 0.0105 0.0000 0.0175 0.0323 0.0355  0.0099
81 0.1010 0.0982 0.1007 0.0031 0.0041 0.0378 0.0102 0.1007 0.4365 0.0092 0.0089 0.0126 0.0302 0.0403  0.0066
82 0.0995 0.0967 0.0992 0.0030 0.0045 0.0372 0.0100 0.1107 0.4302 0.0115 0.0087 0.0125 0.0298 0.0397 0.0067
83 0.0986 0.0958 0.0982 0.0030 0.0051 0.0369 0.0099 0.1212 0.4257 0.0093 0.0086 0.0123 0.0294 0.0392 0.0070
84  0.0867 0.0958 0.0980 0.0030 0.0050 0.0353 0.0099 0.1210 0.4250 0.0110 0.0086 0.0252 0.0293 0.0391 0.0070
85  0.0865 0.0956 0.0978 0.0030 0.0050 0.0438 0.0099 0.1207 0.4240 0.0132 0.0000 0.0252 0.0293 0.0390 0.0069
86 0.0764 0.0890 0.0977 0.0030 0.0050 0.0352 0.0099 0.1206 0.4204 0.0143 0.0085 0.0251 0.0293 0.0390 0.0266
87 0.0866 0.0957 0.1064 0.0030 0.0050 0.0352 0.0099 0.1208 0.4244 0.0124 0.0000 0.0252 0.0293 0.0391 0.0069
88  0.0860 0.0950 0.1056 0.0000 0.0050 0.0350 0.0000 0.1199 0.4212 0.0197 0.0100 0.0272 0.0291 0.0395 0.0069
89  0.0860 0.0950 0.1057 0.0000 0.0050 0.0371 0.0000 0.1200 0.4213 0.0196 0.0100 0.0250 0.0291 0.0395 0.0069
90 0.1017 0.1369 0.0803 0.0100 0.0015 0.0000 0.0100 0.2002 0.3665 0.0102 0.0000 0.0100 0.0300 0.0300 0.0127
91  0.1500 0.0600 0.0000 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
92 0.0600 0.0900 0.0000 0.0000 0.0033 0.0000 0.0000 0.2000 0.6278 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
93 0.1200 0.0900 0.0000 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
94 0.0900 0.1200 0.0000 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
95  0.1500 0.1200 0.0000 0.0000 0.0033 0.0000 0.0000 0.2000 0.5078 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
96  0.0600 0.0000 0.0900 0.0000 0.0033 0.0000 0.0000 0.2000 0.6278 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
97  0.0900 0.0000 0.1200 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
98  0.1500 0.0000 0.1200 0.0000 0.0033 0.0000 0.0000 0.2000 0.5078 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
99  0.1200 0.0300 0.0300 0.0000 0.0033 0.0000 0.0000 0.2000 0.5978 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
100 0.0600 0.0500 0.0400 0.0000 0.0033 0.0000 0.0000 0.2000 0.6278 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
101 0.0900 0.0500 0.0400 0.0000 0.0033 0.0000 0.0000 0.2000 0.5978 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
102 0.1200 0.0500 0.0400 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
103 0.1500 0.0500 0.0400 0.0000 0.0033 0.0000 0.0000 0.2000 0.5378 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
104 0.0900 0.0600 0.0600 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
105 0.1200 0.0600 0.0600 0.0000 0.0033 0.0000 0.0000 0.2000 0.5378 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
106  0.1245 0.0539 0.0431 0.0000 0.0025 0.0000 0.0000 0.1500 0.6119 0.0024 0.0000 0.0000 0.0000 0.0000 0.0117
107 0.1155 0.0461 0.0369 0.0000 0.0041 0.0000 0.0000 0.2500 0.5238 0.0040 0.0000 0.0000 0.0000 0.0001 0.0195
108 0.1065 0.0384 0.0307 0.0001 0.0057 0.0000 0.0000 0.3500 0.4357 0.0056 0.0000 0.0000 0.0000 0.0001 0.0273
109 0.0900 0.0600 0.0000 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0600 0.0157
110 0.0900 0.0000 0.0600 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0600 0.0157
111 0.0900 0.0300 0.0300 0.0000 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0600 0.0157
112 0.0900 0.0600 0.0000 0.0600 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
113 0.0900 0.0000 0.0600 0.0600 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
114 0.0900 0.0300 0.0300 0.0600 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0000 0.0157
115 0.0900 0.0600 0.0000 0.0300 0.0033 0.0000 0.0000 0.2000 0.5678 0.0032 0.0000 0.0000 0.0000 0.0300 0.0157
116  0.0900 0.0500 0.0000 0.0000 0.0033 0.0000 0.0400 0.2000 0.5979 0.0032 0.0000 0.0000 0.0000 0.0000 0.0156
117 0.1200 0.0900 0.0000 0.0000 0.0146 0.0000 0.0000 0.2000 0.5591 0.0022 0.0000 0.0000 0.0000 0.0000 0.0141
118 0.1200 0.0000 0.0900 0.0000 0.0146 0.0000 0.0000 0.2000 0.5591 0.0022 0.0000 0.0000 0.0000 0.0000 0.0141
119 0.1400 0.0500 0.0300 0.0000 0.0146 0.0000 0.0000 0.2000 0.5491 0.0022 0.0000 0.0000 0.0000 0.0000 0.0141
120 0.1200 0.0500 0.0400 0.0000 0.0146 0.0000 0.0000 0.2000 0.5591 0.0022 0.0000 0.0000 0.0000 0.0000 0.0141
121 0.1000 0.0500 0.0500 0.0000 0.0146 0.0000 0.0000 0.2000 0.5691 0.0022 0.0000 0.0000 0.0000 0.0000 0.0141
122 0.1200 0.0000 0.0900 0.0000 0.0143 0.0000 0.0000 0.2000 0.5514 0.0021 0.0000 0.0000 0.0000 0.0000 0.0222
123 0.1200 0.0200 0.0200 0.0600 0.0143 0.0000 0.0000 0.2000 0.5014 0.0021 0.0000 0.0000 0.0000 0.0400 0.0222
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
124 0.1200 0.0000 0.0600 0.0600 0.0143 0.0000 0.0000 0.2000 0.5214 0.0021 0.0000 0.0000 0.0000 0.0000 0.0222
125 0.1200 0.0600 0.0000 0.0000 0.0143 0.0000 0.0000 0.2000 0.5214 0.0021 0.0000 0.0000 0.0000 0.0600 0.0222
126 0.1000 0.0600 0.0600 0.0600 0.0143 0.0000 0.0000 0.2000 0.4414 0.0021 0.0000 0.0000 0.0000 0.0400 0.0222
127 0.1200 0.0500 0.0400 0.0000 0.0143 0.0000 0.0000 0.2000 0.5514 0.0021 0.0000 0.0000 0.0000 0.0000 0.0222
128 0.1200 0.0200 0.0200 0.0600 0.0143 0.0000 0.0000 0.2000 0.5014 0.0021 0.0000 0.0000 0.0000 0.0400 0.0222
129 0.1200 0.0000 0.0900 0.0000 0.0003 0.0000 0.0000 0.2000 0.5454 0.0101 0.0000 0.0000 0.0000 0.0000 0.0342
130 0.1200 0.0200 0.0200 0.0600 0.0003 0.0100 0.0000 0.2000 0.4854 0.0101 0.0000 0.0000 0.0000 0.0400 0.0342
131 0.1200 0.0000 0.0600 0.0600 0.0003 0.0000 0.0000 0.2000 0.5154 0.0101 0.0000 0.0000 0.0000 0.0000 0.0342
132 0.1200 0.0600 0.0000 0.0000 0.0003 0.0000 0.0000 0.2000 0.5154 0.0101 0.0000 0.0000 0.0000 0.0600 0.0342
133 0.1000 0.0600 0.0600 0.0600 0.0003 0.0050 0.0000 0.2000 0.4304 0.0101 0.0000 0.0000 0.0000 0.0400 0.0342
134 0.1200 0.0500 0.0400 0.0000 0.0003 0.0000 0.0000 0.2000 0.5454 0.0101 0.0000 0.0000 0.0000 0.0000 0.0342
135 0.1200 0.0200 0.0200 0.0600 0.0003 0.0100 0.0000 0.2000 0.4854 0.0101 0.0000 0.0000 0.0000 0.0400 0.0342
136 0.1200 0.0500 0.0400 0.0000 0.0146 0.0000 0.0000 0.2000 0.5591 0.0022 0.0000 0.0000 0.0000 0.0000 0.0141
137 0.0614 0.0615 0.0780 0.0750 0.0368 0.0000 0.0000 0.1882 0.4223 0.0020 0.0000 0.0000 0.0000 0.0509 0.0238
138 0.0600 0.0000 0.0973 0.0100 0.0150 0.0000 0.0013 0.1882 0.5922 0.0021 0.0000 0.0000 0.0000 0.0200 0.0139
139 0.1000 0.0800 0.0290 0.0100 0.0146 0.0000 0.0210 0.2000 0.5290 0.0022 0.0000 0.0000 0.0000 0.0000 0.0142
140  0.1822 0.0945 0.0465 0.0000 0.0144 0.0083 0.0000 0.1882 0.4290 0.0022 0.0000 0.0000 0.0000 0.0210 0.0137
141 0.0620 0.0997 0.0671 0.0531 0.0026 0.0582 0.0298 0.0550 0.4862 0.0128 0.0000 0.0000 0.0317 0.0317 0.0101
142 0.0649 0.1301 0.0611 0.0503 0.0020 0.0470 0.0141 0.0501 0.4916 0.0081 0.0000 0.0000 0.0489 0.0319  0.0000
143 0.0619 0.1004 0.0679 0.0530 0.0019 0.0467 0.0297 0.0479 0.4900 0.0065 0.0000 0.0000 0.0485 0.0316 0.0141
144 0.0612 0.1005 0.0741 0.0443 0.0014 0.0273 0.0150 0.1196 0.4675 0.0048 0.0000 0.0000 0.0402 0.0302 0.0137
145 0.0609 0.0913 0.0274 0.0650 0.0035 0.0062 0.0185 0.1917 0.4448 0.0024 0.0000 0.0000 0.0295 0.0296 0.0293
146 0.0607 0.0942 0.0352 0.0613 0.0025 0.0125 0.0173 0.1767 0.4514 0.0028 0.0000 0.0000 0.0298 0.0297  0.0257
147 0.0576 0.0988 0.0318 0.0548 0.0290 0.0107 0.0185 0.1523 0.4518 0.0046 0.0000 0.0000 0.0341 0.0301 0.0257
148 0.0590 0.0992 0.0437 0.0540 0.0200 0.0215 0.0223 0.1198 0.4629 0.0052 0.0000 0.0000 0.0389 0.0306 0.0227
149 0.0604 0.0997 0.0558 0.0535 0.0109 0.0322 0.0260 0.0873 0.4743 0.0059 0.0000 0.0000 0.0436 0.0311 0.0192
150  0.0606 0.0980 0.0561 0.0492 0.0027 0.0267 0.0148 0.1398 0.4641 0.0043 0.0000 0.0000 0.0328 0.0300 0.0208
151  0.0607 0.0968 0.0620 0.0448 0.0021 0.0286 0.0148 0.1332 0.4671 0.0050 0.0000 0.0000 0.0351 0.0300 0.0197
152 0.0606 0.0955 0.0677 0.0404 0.0015 0.0306 0.0149 0.1265 0.4698 0.0057 0.0000 0.0000 0.0375 0.0300 0.0191
153 0.0562 0.0982 0.0199 0.0553 0.0381 0.0000 0.0148 0.1847 0.4401 0.0040 0.0000 0.0000 0.0294 0.0296 0.0296
154 0.0605 0.0992 0.0503 0.0537 0.0033 0.0248 0.0148 0.1464 0.4609 0.0037 0.0000 0.0000 0.0304 0.0300 0.0219
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
155 0.0614 0.0948 0.0193 0.0535 0.0237 0.0000 0.0143 02218 0.4255 0.0031 0.0000 0.0000 0.0285 0.0289 0.0251
156 0.0605 0.1022 0.0207 0.0576 0.0188 0.0000 0.0154 0.1767 0.4587 0.0025 0.0000 0.0000 0.0307 0.0311 0.0249
157 0.0618 0.1003 0.0677 0.0528 0.0018 0.0431 0.0298 0.0548 0.4858 0.0065 0.0000 0.0000 0.0485 0.0317 0.0155
158  0.0613 0.1009 0.0641 0.0648 0.0015 0.0273 0.0151 0.1187 0.4673 0.0063 0.0000 0.0000 0.0301 0.0302 0.0123
159 0.0607 0.1003 0.0510 0.0542 0.0007 0.0251 0.0151 0.1447 0.4664 0.0038 0.0000 0.0000 0.0306 0.0302 0.0174
160 0.0611 0.1008 0.0511 0.0559 0.0009 0.0251 0.0151 0.1443 0.4661 0.0031 0.0000 0.0000 0.0306 0.0302 0.0156
161  0.0604 0.0984 0.0499 0.0536 0.0010 0.0246 0.0148 0.1620 0.4558 0.0034 0.0000 0.0000 0.0300 0.0296 0.0165
162 0.0616 0.1029 0.0522 0.0555 0.0008 0.0257 0.0155 0.1281 0.4768 0.0027 0.0000 0.0000 0.0314 0.0310 0.0158
163 0.0607 0.0943 0.0736 0.0360 0.0009 0.0325 0.0149 0.1198 0.4728 0.0063 0.0000 0.0000 0.0399 0.0300 0.0182
164 0.0604 0.0996 0.0504 0.0538 0.0026 0.0249 0.0148 0.1449 0.4631 0.0250 0.0000 0.0000 0.0305 0.0301  0.0000
165 0.0564 0.0982 0.0199 0.0554 0.0388 0.0000 0.0148 0.1845 0.4410 0.0035 0.0000 0.0000 0.0296 0.0299 0.0282
166  0.0603 0.0707 0.0208 0.0579 0.0388 0.0000 0.0118 0.1845 0.4606 0.0035 0.0000 0.0000 0.0309 0.0313 0.0292
167  0.0603 0.0894 0.0208 0.0286 0.0388 0.0000 0.0118 0.1845 0.4605 0.0035 0.0000 0.0000 0.0414 0.0313  0.0293
168  0.0565 0.0996 0.0202 0.0563 0.0373 0.0000 0.0150 0.1773 0.4475 0.0033 0.0000 0.0000 0.0300 0.0304 0.0267
169  0.0566 0.1009 0.0205 0.0570 0.0358 0.0000 0.0152 0.1702 0.4530 0.0032 0.0000 0.0000 0.0304 0.0308 0.0266
170 0.0566 0.1009 0.0305 0.0570 0.0358 0.0000 0.0152 0.1702 0.4430 0.0032 0.0000 0.0000 0.0304 0.0308 0.0266
171  0.0620 0.0890 0.0199 0.0698 0.0050 0.0000 0.0199 02001 0.4456 0.0010 0.0000 0.0000 0.0297 0.0299 0.0280
172 0.0614 0.1237 0.1191 0.0000 0.0026 0.0463 0.0298 0.0651 0.4796 0.0085 0.0000 0.0000 0.0316 0.0316 0.0008
173 0.0619 0.0995 0.1200 0.0000 0.0026 0.0581 0.0297 0.0549 0.4854 0.0128 0.0000 0.0000 0.0316 0.0316 0.0119
174 0.0658 0.0995 0.0935 0.0000 0.0026 0.0505 0.0297 0.0549 0.4894 0.0128 0.0000 0.0000 0.0582 0.0316 0.0114
175  0.0621 0.0997 0.0671 0.0330 0.0026 0.0582 0.0298 0.0550 0.4864 0.0128 0.0000 0.0000 0.0518 0.0317  0.0098
176 0.0619 0.0994 0.0669 0.0530 0.0026 0.0430 0.0297 0.0548 0.4849 0.0128 0.0000 0.0000 0.0466 0.0316 0.0128
177 0.0620 0.0996 0.0821 0.0531 0.0026 0.0431 0.0298 0.0549 0.4861 0.0128 0.0000 0.0000 0.0317 0.0317 0.0105
178  0.0619 0.0994 0.0519 0.0530 0.0026 0.0430 0.0297 0.0549 0.4850 0.0128 0.0000 0.0000 0.0316 0.0316 0.0427
179  0.0619 0.0844 0.0820 0.0530 0.0026 0.0431 0.0297 0.0548 0.4852 0.0128 0.0000 0.0000 0.0467 0.0316 0.0123
180  0.0615 0.1233 0.1046 0.0000 0.0023 0.0461 0.0297 0.0662 0.4796 0.0078 0.0000 0.0000 0.0457 0.0315 0.0016
181 0.0616 0.1235 0.0663 0.0325 0.0023 0.0462 0.0297 0.0663 0.4802 0.0078 0.0000 0.0000 0.0516 0.0315 0.0005
182 0.0616 0.1080 0.0663 0.0326 0.0023 0.0462 0.0298 0.0663 0.4805 0.0078 0.0000 0.0000 0.0516 0.0316 0.0154
183 0.0615 0.1234 0.0713 0.0325 0.0023 0.0411 0.0297 0.0662 0.4798 0.0078 0.0000 0.0000 0.0515 0.0315 0.0012
184 0.0619 0.0995 0.0934 0.0191 0.0026 0.0505 0.0297 0.0549 0.4853 0.0128 0.0000 0.0000 0.0467 0.0316 0.0120
185 0.0622 0.1011 0.0873 0.0191 0.0026 0.0533 0.0298 0.0551 0.4873 0.0128 0.0000 0.0000 0.0469 0.0317 0.0107
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
186 0.0619 0.1179 0.0868 0.0191 0.0026 0.0530 0.0150 0.0548 0.4848 0.0128 0.0000 0.0000 0.0466 0.0316 0.0129
187 0.0618 0.1178 0.0868 0.0190 0.0026 0.0580 0.0150 0.0548 0.4933 0.0128 0.0000 0.0000 0.0466 0.0316  0.0000
188  0.0616 0.1235 0.0663 0.0220 0.0023 0.0412 0.0297 0.0663 0.4803 0.0078 0.0000 0.0000 0.0516 0.0316 0.0158
189  0.0616 0.1235 0.0713 0.0326 0.0023 0.0306 0.0298 0.0980 0.4708 0.0078 0.0000 0.0000 0.0401 0.0316 0.0002
190 0.0616 0.1234 0.0713 0.0325 0.0023 0.0351 0.0297 0.0863 0.4775 0.0078 0.0000 0.0000 0.0400 0.0315 0.0009
191  0.0616 0.1234 0.0713 0.0325 0.0199 0.0351 0.0297 0.0663 0.4799 0.0078 0.0000 0.0000 0.0400 0.0315  0.0009
192 0.0615 0.1234 0.0713 0.0325 0.0023 0.0426 0.0297 0.0663 0.4799 0.0078 0.0000 0.0000 0.0500 0.0315 0.0011
193 0.0616 0.1010 0.0713 0.0952 0.0023 0.0427 0.0148 0.0663 0.4553 0.0078 0.0000 0.0000 0.0501 0.0316 0.0000
194 0.0618 0.1004 0.0678 0.0529 0.0019 0.0431 0.0297 0.0547 0.4862 0.0065 0.0000 0.0000 0.0484 0.0316 0.0148
195  0.0619 0.1004 0.0669 0.0530 0.0019 0.0440 0.0297 0.0548 0.4865 0.0065 0.0000 0.0000 0.0485 0.0316 0.0143
196 0.0618 0.1153 0.0528 0.0529 0.0019 0.0431 0.0297 0.0547 0.4863 0.0065 0.0000 0.0000 0.0484 0.0316 0.0148
197  0.0619 0.1243 0.0574 0.0530 0.0019 0.0436 0.0297 0.0548 0.4866 0.0065 0.0000 0.0000 0.0485 0.0316 0.0003
198  0.0619 0.1004 0.0679 0.0530 0.0019 0.0501 0.0297 0.0408 0.4935 0.0065 0.0000 0.0000 0.0484 0.0316 0.0143
199  0.0619 0.1005 0.0679 0.0530 0.0019 0.0362 0.0298 0.0688 0.4800 0.0065 0.0000 0.0000 0.0485 0.0317 0.0133
200 0.0619 0.1004 0.0679 0.0530 0.0019 0.0222 0.0297 0.1012 0.4610 0.0065 0.0000 0.0000 0.0485 0.0316 0.0142
201 0.0619 0.1003 0.0678 0.0529 0.0019 0.0536 0.0297 0.0338 0.4966 0.0065 0.0000 0.0000 0.0484 0.0316 0.0149
202 0.0619 0.1003 0.0678 0.0530 0.0019 0.0576 0.0297 0.0246 0.5021 0.0065 0.0000 0.0000 0.0484 0.0316 0.0145
203 0.0612 0.1218 0.0854 0.0001 0.0014 0.0273 0.0150 0.1195 0.4887 0.0048 0.0000 0.0000 0.0302 0.0302 0.0144
204 0.0655 0.1005 0.0962 0.0001 0.0014 0.0273 0.0150 0.1196 0.4718 0.0048 0.0000 0.0000 0.0537 0.0302 0.0140
205 0.0612 0.1005 0.0641 0.0410 0.0014 0.0273 0.0150 0.1196 0.4675 0.0048 0.0000 0.0000 0.0535 0.0302 0.0137
206 0.0649 0.1005 0.0904 0.0242 0.0014 0.0273 0.0150 0.1196 0.4674 0.0048 0.0000 0.0000 0.0402 0.0302 0.0141
207  0.0904 0.0603 0.1005 0.0804 0.0402 0.0452 0.0000 0.0502 0.4467 0.0100 0.0000 0.0000 0.0502 0.0000 0.0258
208  0.0901 0.1301 0.1001 0.0000 0.0000 0.0450 0.0000 0.1307 0.4017 0.0029 0.0000 0.0000 0.0100 0.0400 0.0494
209  0.0350 0.1301 0.0941 0.0531 0.0400 0.0450 0.0000 0.1148 0.4678 0.0100 0.0000 0.0000 0.0100 0.0000 0.0000
210 0.0350 0.0600 0.1000 0.0800 0.0379 0.0000 0.0000 0.2201 0.4001 0.0052 0.0000 0.0000 0.0216 0.0000 0.0401
211 0.0350 0.0600 0.0205 0.0000 0.0000 0.0088 0.0500 0.2200 0.5200 0.0052 0.0000 0.0000 0.0500 0.0000 0.0306
212 0.0900 0.0936 0.0000 0.0628 0.0000 0.0000 0.0372 0.2200 0.4347 0.0016 0.0000 0.0000 0.0100 0.0000 0.0501
213 0.0801 0.1201 0.0801 0.0650 0.0010 0.0300 0.0100 0.1001 0.4248 0.0040 0.0000 0.0000 0.0500 0.0100 0.0248
214 0.0500 0.1200 0.0222 0.0650 0.0200 0.0050 0.0350 0.1701 0.4202 0.0024 0.0000 0.0000 0.0500 0.0350 0.0051
215 0.0800 0.1201 0.0800 0.0650 0.0010 0.0300 0.0100 0.1001 0.4203 0.0040 0.0000 0.0000 0.0200 0.0250 0.0444
216  0.0800 0.1200 0.0800 0.0200 0.0200 0.0050 0.0100 0.1317 0.4199 0.0033 0.0000 0.0000 0.0500 0.0350 0.0253
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
217  0.0351 0.0602 0.1003 0.0803 0.0000 0.0452 0.0502 0.0502 0.4716 0.0100 0.0000 0.0000 0.0502 0.0000 0.0469
218 0.0500 0.0700 0.0800 0.0200 0.0200 0.0226 0.0350 0.1700 0.4201 0.0024 0.0000 0.0000 0.0500 0.0350  0.0247
219 0.0501 0.1090 0.0801 0.0651 0.0200 0.0300 0.0100 0.1001 0.4204 0.0056 0.0000 0.0000 0.0501 0.0350 0.0245
220 0.0799 0.0699 0.0200 0.0649 0.0200 0.0050 0.0350 0.1698 0.4195 0.0033 0.0000 0.0000 0.0499 0.0350 0.0279
221 0.0501 0.0702 0.0802 0.0200 0.0200 0.0301 0.0100 0.1002 0.4855 0.0056 0.0000 0.0000 0.0501 0.0351 0.0429
222 0.0800 0.1200 0.0200 0.0650 0.0200 0.0064 0.0100 0.1700 0.4708 0.0024 0.0000 0.0000 0.0200 0.0100 0.0054
223 0.0801 0.1202 0.0200 0.0368 0.0200 0.0300 0.0350 0.1001 0.4999 0.0040 0.0000 0.0000 0.0200 0.0100 0.0236
224 0.0801 0.1201 0.0497 0.0200 0.0010 0.0300 0.0100 0.1001 0.4991 0.0056 0.0000 0.0000 0.0500 0.0100 0.0243
225 0.0801 0.0700 0.0801 0.0650 0.0200 0.0050 0.0350 0.1338 0.4203 0.0032 0.0000 0.0000 0.0331 0.0100 0.0443
226 0.0501 0.1202 0.0802 0.0651 0.0070 0.0069 0.0100 0.1002 0.5010 0.0056 0.0000 0.0000 0.0200 0.0100 0.0236
227 0.0756 0.0701 0.0200 0.0651 0.0200 0.0300 0.0350 0.1001 0.4689 0.0040 0.0000 0.0000 0.0500 0.0350 0.0260
228 0.0900 0.0600 0.1001 0.0800 0.0000 0.0447 0.0500 0.1149 0.4002 0.0100 0.0000 0.0000 0.0100 0.0400  0.0000
229 0.0800 0.1200 0.0200 0.0650 0.0010 0.0202 0.0100 0.1701 0.4202 0.0024 0.0000 0.0000 0.0500 0.0350  0.0060
230 0.0500 0.0700 0.0800 0.0650 0.0010 0.0300 0.0100 0.1676 0.4233 0.0034 0.0000 0.0000 0.0200 0.0350 0.0446
231 0.0515 0.0700 0.0200 0.0200 0.0200 0.0300 0.0350 0.1651 0.5001 0.0035 0.0000 0.0000 0.0500 0.0100 0.0247
232 0.0500 0.1200 0.0800 0.0650 0.0172 0.0090 0.0100 0.1701 0.4202 0.0033 0.0000 0.0000 0.0200 0.0100 0.0251
233 0.0500 0.0836 0.0800 0.0629 0.0200 0.0300 0.0100 0.1701 0.4201 0.0033 0.0000 0.0000 0.0200 0.0350 0.0149
234 0.0500 0.1201 0.0618 0.0441 0.0010 0.0050 0.0350 0.1701 0.4202 0.0024 0.0000 0.0000 0.0200 0.0258  0.0444
235 0.0700 0.1100 0.0700 0.0500 0.0030 0.0250 0.0150 0.1200 0.4502 0.0040 0.0000 0.0000 0.0350 0.0200 0.0277
236 0.0675 0.1101 0.0701 0.0500 0.0030 0.0250 0.0250 0.1201 0.4504 0.0040 0.0000 0.0000 0.0350 0.0300 0.0097
237 0.0700 0.0800 0.0700 0.0300 0.0015 0.0250 0.0150 0.1400 0.4799 0.0035 0.0000 0.0000 0.0350 0.0200 0.0302
238 0.0701 0.0906 0.0500 0.0300 0.0010 0.0250 0.0250 0.1401 0.4805 0.0035 0.0000 0.0000 0.0350 0.0200 0.0290
239 0.0352 0.1306 0.1004 0.0556 0.0402 0.0452 0.0000 0.0502 0.4160 0.0100 0.0000 0.0000 0.0502 0.0402 0.0262
240 0.0600 0.1101 0.0500 0.0500 0.0010 0.0100 0.0150 0.1401 0.4803 0.0037 0.0000 0.0000 0.0350 0.0300 0.0148
241 0.0700 0.0800 0.0700 0.0500 0.0030 0.0100 0.0250 0.1400 0.4501 0.0037 0.0000 0.0000 0.0460 0.0223  0.0297
242 0.0600 0.0801 0.0500 0.0404 0.0010 0.0250 0.0150 0.1401 0.4803 0.0037 0.0000 0.0000 0.0350 0.0300 0.0393
243 0.0700 0.0868 0.0500 0.0500 0.0030 0.0250 0.0250 0.1200 0.4502 0.0042 0.0000 0.0000 0.0460 0.0300 0.0397
244 0.0632 0.1004 0.0701 0.0501 0.0010 0.0100 0.0150 0.1201 0.4806 0.0040 0.0000 0.0000 0.0461 0.0200 0.0194
245 0.0700 0.0800 0.0578 0.0500 0.0030 0.0142 0.0150 0.1401 0.4802 0.0035 0.0000 0.0000 0.0460 0.0200 0.0201
246 0.0601 0.1102 0.0652 0.0501 0.0010 0.0100 0.0251 0.1202 0.4803 0.0040 0.0000 0.0000 0.0351 0.0301  0.0085
247 0.0620 0.0800 0.0700 0.0500 0.0010 0.0100 0.0250 0.1401 0.4802 0.0035 0.0000 0.0000 0.0350 0.0300 0.0132
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Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)

Row Component

#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
248  0.0623 0.1102 0.0528 0.0501 0.0010 0.0100 0.0150 0.1202 0.4807 0.0040 0.0000 0.0000 0.0351 0.0200 0.0387
249 0.0700 0.1091 0.0500 0.0300 0.0010 0.0100 0.0150 0.1400 0.4754 0.0037 0.0000 0.0000 0.0460 0.0200 0.0298
250 0.0904 0.0603 0.0579 0.0804 0.0402 0.0452 0.0000 0.0502 0.4890 0.0100 0.0000 0.0000 0.0100 0.0402 0.0261
251 0.0653 0.0970 0.0611 0.0411 0.0020 0.0167 0.0203 0.1309 0.4698 0.0038 0.0000 0.0000 0.0410 0.0253  0.0255
252 0.0653 0.0970 0.0611 0.0411 0.0020 0.0167 0.0203 0.1309 0.4697 0.0038 0.0000 0.0000 0.0410 0.0253  0.0258
253 0.0609 0.0971 0.0199 0.0554 0.0259 0.0000 0.0148 0.2003 0.4405 0.0021 0.0000 0.0000 0.0295 0.0299 0.0237
254 0.0903 0.0602 0.1003 0.0803 0.0401 0.0452 0.0000 0.0502 0.4460 0.0100 0.0000 0.0000 0.0502 0.0000 0.0272
255 0.0350 0.0601 0.1001 0.0801 0.0401 0.0239 0.0000 0.0501 0.4978 0.0040 0.0000 0.0000 0.0501 0.0401 0.0186
256 0.0350 0.1300 0.0000 0.0231 0.0400 0.0450 0.0197 0.1426 0.4221 0.0027 0.0000 0.0000 0.0500 0.0400 0.0497
257 0.0499 0.1198 0.0617 0.0440 0.0010 0.0050 0.0349 0.1697 0.4191 0.0024 0.0000 0.0000 0.0200 0.0257  0.0469
258 0.0900 0.1061 0.1000 0.0800 0.0400 0.0000 0.0500 0.0900 0.4001 0.0034 0.0000 0.0000 0.0100 0.0000 0.0303
259 0.0544 0.0697 0.1003 0.0802 0.0000 0.0259 0.0501 0.0501 0.5215 0.0100 0.0000 0.0000 0.0100 0.0000 0.0278
260 0.0903 0.1304 0.0645 0.0000 0.0000 0.0209 0.0502 0.0502 0.4463 0.0100 0.0000 0.0000 0.0502 0.0401 0.0472
261 0.0351 0.0601 0.1002 0.0801 0.0401 0.0239 0.0000 0.0501 0.4979 0.0040 0.0000 0.0000 0.0501 0.0401 0.0184
262 0.0610 0.0884 0.0196 0.0687 0.0044 0.0000 0.0196 0.2066 0.4382 0.0019 0.0000 0.0000 0.0292 0.0294 0.0329
263 0.0649 0.1301 0.0799 0.0220 0.0020 0.0470 0.0141 0.0501 0.5010 0.0081 0.0000 0.0000 0.0489 0.0319  0.0001
264 0.0612 0.1006 0.0642 0.0644 0.0014 0.0273 0.0150 0.1197 0.4678 0.0048 0.0000 0.0000 0.0302 0.0302 0.0132
265 0.0565 0.1021 0.0207 0.0576 0.0343 0.0000 0.0154 0.1631 0.4583 0.0031 0.0000 0.0000 0.0307 0.0311 0.0272
266 0.0609 0.0998 0.0698 0.0550 0.0054 0.0427 0.0295 0.0573 0.4905 0.0080 0.0000 0.0000 0.0349 0.0300 0.0162
267 0.0611 0.1001 0.0232 0.0551 0.0475 0.0000 0.0148 0.1738 0.4378 0.0035 0.0000 0.0000 0.0350 0.0300 0.0180
268  0.0695 0.0875 0.0197 0.0436 0.0541 0.0000 0.0144 0.1975 0.4185 0.0035 0.0000 0.0000 0.0341 0.0392 0.0183
269  0.0695 0.0975 0.0197 0.0536 0.0541 0.0000 0.0044 0.1975 0.4185 0.0035 0.0000 0.0000 0.0341 0.0392 0.0083
270 0.0593 0.0824 0.0147 0.0536 0.0540 0.0000 0.0094 0.1972 0.4280 0.0035 0.0000 0.0000 0.0341 0.0442 0.0197
271 0.0595 0.0975 0.0197 0.0536 0.0379 0.0000 0.0144 02078 0.4244 0.0032 0.0000 0.0000 0.0341 0.0293 0.0185
272 0.0610 0.1000 0.0202 0.0550 0.0499 0.0000 0.0148 0.1822 0.4296 0.0035 0.0000 0.0000 0.0350 0.0300 0.0187
273 0.0594 0.0974 0.0197 0.0537 0.0541 0.0000 0.0144 0.1975 0.4186 0.0037 0.0000 0.0000 0.0341 0.0292 0.0182
274 0.0611 0.1001 0.0252 0.0551 0.0050 0.0000 0.0148 0.1966 0.4553 0.0038 0.0000 0.0000 0.0350 0.0300 0.0178
275 0.0597 0.0980 0.0246 0.0538 0.0054 0.0000 0.0145 0.2128 0.4453 0.0041 0.0000 0.0000 0.0343 0.0294 0.0180
276  0.0611 0.1001 0.0368 0.0550 0.0050 0.0051 0.0148 0.1754 0.4592 0.0043 0.0000 0.0000 0.0350 0.0300 0.0181
277 0.0600 0.0982 0.0361 0.0541 0.0054 0.0049 0.0145 0.1899 0.4510 0.0046 0.0000 0.0000 0.0343 0.0294 0.0175
278  0.0611 0.1002 0.0640 0.0551 0.0050 0.0323 0.0151 0.1252 0.4541 0.0055 0.0000 0.0000 0.0351 0.0301 0.0173

B.18



Table B.2. Glass Oxide Compositions (mass fractions)® for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C (contd)
Row Component
#”  AlLO, B,0; CaO Fe,0; K,O Li,O MgO NaO SiO, SO; SnO, V,05 ZnO ZrO, Othersl
279 0.0603 0.0988 0.0632 0.0544 0.0054 0.0317 0.0149 0.1355 0.4481 0.0059 0.0000 0.0000 0.0346 0.0296 0.0175
280  0.0607 0.0995 0.0688 0.0547 0.0054 0.0409 0.0237 0.0895 0.4692 0.0069 0.0000 0.0000 0.0348 0.0298 0.0162
281 0.0747 0.0851 0.0353 0.0000 0.0388 0.0000 0.0118 0.1845 0.4751 0.0035 0.0000 0.0000 0.0309 0.0313 0.0291

(a) The mass fractions were rounded to four decimal places for display in this table. Hence, the 15 values in a row may not sum exactly to 1.0000.
The mass fractions of the glass components to more decimal places were used when fitting the viscosity at 1150°C model, and hence the results of
fitting the model using the rounded compositions in this table may not yield exactly the same results.

(b) The glass names corresponding to the row numbers are listed in Table B.1.
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop a Model
for Viscosity at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

4 ms5® T \Val T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7
1 2116 951 167.77 1049 5259 1147 2179 1246 10.60 NA NA NA NA NA NA
2 1889 950 148.95 1048 4680 1146  19.66 1245 961 NA NA NA NA NA NA
3 238 951 219.54 1049 62.58 1146 2471 1245 11.71  NA NA NA NA NA NA
4 3151 949 35506 1047 92.19 1145 3259 1244 1488  NA NA NA NA NA NA
5 2552 951 20721 1050 6290 1150 2580 1250 1240  NA NA NA NA NA NA
6 3536 952 340.68 1050 97.93 1147 3594 1246 1622 NA NA NA NA NA NA
7 2638 947 24746 1047 6939 1147 2723 1246 1299  NA NA NA NA NA NA
8 3283 946  403.76 1046  101.52 1145 3427 1244 1449  NA NA NA NA NA NA
9 4323 949 56533 1047  136.62 1145 4495 1244 19.06  NA NA NA NA NA NA

10 5174 950 700.63 1047  169.15 1143 5400 1241 2328 NA NA NA NA NA NA

11 4959 945 601.70 1043 15545 1140 5421 1238 2353 NA NA NA NA NA NA

12 5802 947 78120 1044  188.08 1141  62.67 1239 2710 NA NA NA NA NA NA

13 2096 952 176.51 1052 5213 1151 2092 1252 982 NA NA NA NA NA NA

14 2493 951 22236 1050 62.83 1149 2522 1248 1247 NA NA NA NA NA NA

15 2618 949 26198 1047 71.03 1146  27.03 1245 13.01  NA NA NA NA NA NA

16 3387 950 33838 1049 90.45 1148 3421 1248 16.56  NA NA NA NA NA NA

17 2771 949  249.60 1049 70.56 1150  27.96 1251 1335 NA NA NA NA NA NA

18 3795 948 375.17 1047  106.03 1145 3934 1245 1795 NA NA NA NA NA NA

19 3547 953 339.79 1052 94.06 1151 3506 1251 16.13  NA NA NA NA NA NA

20 3731 949  488.72 1047 11743 1144 3893 1242 1701  NA NA NA NA NA NA

21 3666 950  471.67 1050  111.09 1149 3636 1250 1578  NA NA NA NA NA NA

22 4907 948 642.08 1045 15830 1143 5226 1241 2202 NA NA NA NA NA NA

23 5055 952 668.13 1051 15405 1150 5035 1250  21.06 NA NA NA NA NA NA

24 2681 949  257.62 1049 7243 1148 2728 1247 1249  NA NA NA NA NA NA

25 3598 947  363.80 1047 10047 1146  36.68 1245 1733 NA NA NA NA NA NA

26 3070 947 289.58 1047 79.90 1146  31.00 1245 1626  NA NA NA NA NA NA

27 396 952 356.80 1053  102.11 1153  37.90 1253 1732 NA NA NA NA NA NA

28 2892 951 259.68 1051 7458 1150 2887 1249 13.70  NA NA NA NA NA NA

29 4708 949 47841 1048 13197 1147 4773 1245 2233 NA NA NA NA NA NA

30 38.09 949 37213 1050  103.67 1149  37.80 1249 1758  NA NA NA NA NA NA
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

4@ 150" T Vi T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7

31 35.12 949 344.08 1049 96.38 1149 3531 1248 16.03 NA NA NA NA NA NA
32 24.88 946 250.25 1044 7021 1142 26.60 1241 1239 NA NA NA NA NA NA
33 29.09 946 29691 1044 80.24 1142 30.65 1241 1535 NA NA NA NA NA NA
34 21.78 947 226.42 1045 6143 1144 23.12 1243 10.56 NA NA NA NA NA NA
35 2220 948 246.22 1046 63.85 1145 23.13 1249 1033 NA NA NA NA NA NA
36 56.77 971 499.59 1063 14139 1160 5221 1256 2340 NA NA NA NA NA NA
37 66.90 960 694.28 1058 18237 1157 62.27 1255 26.63 NA NA NA NA NA NA
38 6142 952 77152 1042 19897 1129 75.73 1219 33.99 NA NA NA NA NA NA
39 12789 954 1898.86 1056  402.50 1158 116.41 1260 43.62 NA NA NA NA NA NA
40 12397 959 151079 1061  352.12 1162 108.94 1264 41.17 NA NA NA NA NA NA
41 10139 961 1619.00 1061  302.04 1160 94.18 1260 33.79 NA NA NA NA NA NA
42 4375 962 500.75 1062 11477 1162 38.61 1262 17.63 NA NA NA NA NA NA
43 46.68 974 439.77 1071 114.80 1167 38.84 1264 16.54 NA NA NA NA NA NA
44 11040 975 111882 1075 26747 1175 84.48 1274 3342 NA NA NA NA NA NA
45 128.01 976 1411.66 1073  313.54 1170 107.89 1267 40.04 NA NA NA NA NA NA
46 11979 964 154294 1063 33438 1161 109.82 1260 40.18 NA NA NA NA NA NA
47  144.65 968 1828.14 1066  382.11 1164 13245 1262 4719 NA NA NA NA NA NA
48 65.18 952 877.79 1052  201.81 1152 63.78 1252 2537 NA NA NA NA NA NA
49 95.18 953  1388.50 1051  303.10 1150 96.34 1248 38.00 NA NA NA NA NA NA
50 71.41 959 933.36 1055 21932 1150 70.86 1245 2938 NA NA NA NA NA NA
51 60.29 96l 787.65 1061 174.15 1160 53.59 1260 21.73 NA NA NA NA NA NA
52 56.59 958 791.73 1059  168.63 1159 51.00 1260 20.16 NA NA NA NA NA NA
53 5422 959 739.50 1060  157.21 1160 48.53 1261 19.62 NA NA NA NA NA NA
54 58.03 951 932.11 1053  184.85 1157 54.08 1259 21.04 NA NA NA NA NA NA
55 55.79 953 858.47 1055 173.41 1159 50.90 1261 19.73 NA NA NA NA NA NA
56 82.74 957 102958 1060  231.27 1163 72.57 1266 28.65 NA NA NA NA NA NA
57 76.72 965 825.39 1065 197.34 1164 67.15 1264 2786 NA NA NA NA NA NA
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

4@ n®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7

58 65.25 951 808.51 1052 19522 1153 63.30 1254 2539 NA NA NA NA NA NA
59 7478 956 931.52 1052  231.41 1149 7443 1245 3158 NA NA NA NA NA NA
60 26.72 957 221.74 1056 64.02 1156 25.84 1255 1225 NA NA NA NA NA NA
61 7432 966 864.61 1066  193.68 1166 63.50 1266 2649 NA NA NA NA NA NA
62 33.63 956 295.59 1056 83.92 1155 32.10 1255 1510 NA NA NA NA NA NA
63 27.84 960 242.79 1060 66.51 1160 25.74 1260 12.13  NA NA NA NA NA NA
64 35.60 955 361.31 1057 92.36 1158 32.63 1260 1522 NA NA NA NA NA NA
65 29.83 956 27571 1058 74.61 1159 2726 1261 12.74 NA NA NA NA NA NA
66 30.84 956 33224 1058 81.50 1159 28.38 1261 1227 NA NA NA NA NA NA
67 29.02 959 285.51 1059 74.30 1160 26.45 1260 11.97 NA NA NA NA NA NA
68 23.23 962 202.46 1064 55.00 1165 2036 1267 9.12 NA NA NA NA NA NA
69 19.60 985 97.94 1082 3527 1179 15.68 1276 793 NA NA NA NA NA NA
70 22.07 959 158.43 1057 50.69 1155 21.34 1254 1045 NA NA NA NA NA NA
71 16.99 962 104.97 1061 35.53 1160 1588 1260 828 NA NA NA NA NA NA
72 19.31 959 139.79 1059 43.81 1159 18.02 1260 876 NA NA NA NA NA NA
73 23.05 963 158.79 1062 4930 1161 21.23 1261 1122 NA NA NA NA NA NA

74 17.07 958 143.45 1052 43.28 1148 17.52 1243 8.48 NA NA NA NA NA NA
75 17.39 978 122.05 1068 37.08 1158 16.75 1248 850 NA NA NA NA NA NA
76 17.25 969 93.10 1062 35.58 1157 16.52 1251 8.63 NA NA NA NA NA NA

77 21.51 992 104.09 1088 36.82 1184 16.64 1280 828 NA NA NA NA NA NA
78 19.59 964 127.03 1058 4557 1153 19.04 1248 9.19 NA NA NA NA NA NA
79 21.84 986 106.21 1077 39.70 1169 19.27 1260 10.54 NA NA NA NA NA NA
80 21.54 977 144.46 1073 4489 1169 18.29 1265 9.19 NA NA NA NA NA NA
81 40.04 957 386.23 1057 103.68 1158 36.09 1260 17.69 NA NA NA NA NA NA
82 33.61 957 325.44 1057 87.22 1158 31.23 1260 13.77  NA NA NA NA NA NA
83 32.57 956 30891 1057 83.22 1157 3046 1257 1395 NA NA NA NA NA NA
84 27.50 958 25492 1058 69.00 1158 25.82 1259 11.51 NA NA NA NA NA NA
85 20.78 957 159.47 1057 4820 1158 19.25 1259 997 NA NA NA NA NA NA
86 28.83 954 28276 1054 73.95 1156 27.34 1257 13.07 NA NA NA NA NA NA
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

4@ n®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7

87 2447 955 222.67 1057 60.62 1160 22.56 1262 1030 NA NA NA NA NA NA
88 2637 957 243.00 1058 64.77 1160 2435 1261 1135 NA NA NA NA NA NA
89 26.33 955 247.18 1057 64.56 1159 2445 1261 11.68 NA NA NA NA NA NA
90 25.23 946 247.81 1044 69.08 1142 2694 1241 13.01 NA NA NA NA NA NA
91 175.66 1214 79.10 1264 50.10 1314 3290 1363 1890 1412 13.90 1413 13.50 1462 9.50
92 37.19 1139 40.80 1189 25.50 1239 16.40 1288 9.50 1337 6.80 1337 6.90 1387 4.80
93 61.40 1140 66.50 1189 40.60 1239 26.40 1289 1430 1338  10.20 1338 10.40 1388 7.20
94 21.61 1089 41.60 1139 2490 1189 15.80 1238 9.50 1287 6.60 1287 6.70 1336 4.70
95 40.62 1140 4390 1189 27.60 1239 18.40 1288 10.50 1337 7.30 1338 7.60 1387 5.20
96 65.48 1139 74.50 1189 43.00 1238 26.00 1287 16.50 1287  16.60 1336 1120 1337 11.20
97 50.47 1089 108.80 1139 58.00 1189 32.00 1238 19.50 1238  19.70 1287 12.80 1287 12.90
98 73.72 1139 8520 1189 46.60 1238 27.10 1287 16.50 1287  16.50 1336 10.80 1337 10.80
99 14226 1188 86.90 1238 53.20 1287 29.80 1336 19.90 1336  20.30 1386 13.60 1386 14.40
100 38.64 1089 78.60 1138 45.10 1188 25.60 1237 16.70 1238  16.40 1286 11.50 1287 11.00
101 45.80 1089 95.20 1138 55.00 1187 29.50 1236 19.60 1237  19.00 1286 12.80 1286 13.60
102 63.22 1139 71.30 1188 43.10 1238 24.60 1287 16.00 1287  16.50 1337 1090 1337 11.70
103 78.42 1138 89.40 1188 53.20 1237 31.70 1287 20.50 1287  21.00 1336 13.60 1336 14.50
104 26.02 1090 50.70 1140 2940 1189 1720 1239 11.50 1239  11.60 1288 7.70 1288 8.00
105 31.76 1089 62.80 1138 36.20 1188 2130 1238 1420 1238  14.30 1287 940 1287 9.70
106 24241 1188 15450 1237 91.30 1287 56.30 1336 3580 1386  23.60 1386  25.00 1436 15.70
107 19.93 1089 3640 1138 22.60 1188 13.80 1237 940 1237 9.50 1286 6.40 1286 6.60
108 4.05 891 63.70 941 3240 991 18.30 1040 11.00 1089 6.80 1089 6.80 1139 4.40
109 13421 1189 72.50 1239 42.10 1288 26.10 1338 1440 1388  10.00 1389 9.70 1438 6.90
110 17898 1186 108.90 1236 60.10 1286 32.60 1336 19.80 1336  20.00 1386 1290 1386 12.90
111 14529 1189 83.10 1239 4770 1288 26.70 1338 16.50 1338  17.00 1388 10.50 1388 11.30
112 36.94 1094 77.30 1145 39.70 1194 21.80 1244 13.30 1244 1340 1294 8.10 1294 8.40
113 70.99 1091 14330 1141 78.60 1191 45.60 1241 2820 1291 17.80 1341 12.00 1391 8.20
114 5493 1142 60.00 1192 35.80 1242 2190 1292 1490 1292  14.60 1342 10.00 1342 10.40
115 69.30 1141 76.30 1191 4530 1240 2410 1290 1570 1290  15.90 1340 10.60 1340 11.20
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

4@ n®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7

116 93.69 1190 54.50 1239 33.10 1289 19.60 1339 13.30 1339 1340 1388 930 1389 9.00
117 4424 1045 153.40 1144 48.50 1243 19.40 1342 740 1343 9.20 1392 580 1442 4.40
118 89.30 1095 17990 1145 94.60 1244 3220 1343 12.30 1343  12.60 1393 820 1443 5.80
119 77.02 1070 19830 1119 109.40 1220 39.60 1318 1440 1319  16.90 1368 10.60 1418 8.10
120 47.14 1046 161.00 1145 49.70 1244 19.10 1342 870 NA NA NA NA NA NA
121 37.44 997 24420 1096 69.40 1195 23.70 1294 9.60 1294  10.30 1344 7.10 NA NA
122 64.55 1138 76.80 1186 40.90 1236 2480 1236 2590 1285  15.60 1285 16.50 1286 17.10
123 83.40 1092 17930 1142 96.10 1191 50.80 1241 29.80 1241  31.10 1290 1790 1290 19.30
124 61.91 1091 13350 1141 72.70 1190 38.60 1239 2470 1240  23.70 1289 1570 1290 14.90
125 9548 1138 111.10 1187 62.80 1236 31.80 1286 20.00 1286  20.80 1336 12.50 1336 13.90
126 11.03 941 158.70 992 72.60 1041 3590 1090 20.10 1091  20.10 1140 1220 1141 11.90
127 3551 1088 7870 1138 40.00 1187 2490 1187 2590 1236  15.80 1237 17.00 1237 18.80
128 9943 1143 108.10 1193 60.30 1243 30.10 1292 19.90 1293  18.80 1342 1220 1342 13.40
129 91.92 1187 59.90 1237 35.30 1286 21.80 1336 14.00 1336 14.20 1386 9.60 1386 9.70
130 61.16 1142 67.30 1192 38.30 1242 22.60 1291 1420 1292  14.00 1341 920 1341 9.50
131 83.18 1191 54.90 1241 33.00 1291 2090 1291 21.00 1340 13.70 1340 13.90 1342 13.60
132 15236 1187 90.30 1237 51.90 1286 31.30 1336 1790 1386 11.70 1386 1220 1435 7.60
133 11.61 940 203.90 990 89.40 1040 4190 1089 22.40 1090  21.30 1139 1270 1140 12.80
134 64.71 1188 40.80 1237 23.60 1286 15.80 1287 1530 1336  10.30 1336 11.10 1337 11.90
135 61.35 1142 67.30 1192 38.50 1243 2250 1292 14.10 1293  14.00 1341 940 1342 9.60
136 89.69 1195 46.90 1245 2240 1294 1420 1295 13.70 1344 8.60 1345 9.10 1345 9.00
137 560 941 76.50 992 35.00 1041 17.30 1091 9.80 1091 9.90 1140 6.00 1141 5.90
138 55.09 1090 116.80 1140 64.70 1188 35.00 1238 2130 1238 2140 1287 13.60 1287 13.70
139 18.44 1090 3340 1144 20.60 1190 12.60 1240 8.40 1240 8.40 1289 590 1290 6.00
140 17.30 1040 54.70 1090 30.80 1090 31.30 1139 18.60 1139  18.80 1140  20.10 1188 12.10

141 3.62 1230 1.84 1155 344 1058 9.28 958 3325 NA NA NA NA NA NA
142 6.43 1235 3.07 1139 7.25 1043 20.09 948 76.08 NA NA NA NA NA NA
143 4.88 1250 2.07 1152 476 1053 14.07 955 5543 NA NA NA NA NA NA
144 4.09 1261 1.63 1161 3.65 1061 10.39 961 37.85 NA NA NA NA NA NA
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

# n50®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7
145 579 1251 243 1152 566 1052 1642 953 61.55 NA NA NA NA NA NA
146 485 1253 2.18 1153 464 1051 1298 950 4586 NA NA NA NA NA NA
147 6.15 1251 258 1152 6.00 1052 1730 952 63.80 NA NA NA NA NA NA
148 541 1241 255 1139 6.09 1037 1720 935 70.87 NA NA NA NA NA NA
149 524 1225 262 1128 6.64 1031 2051 935 90.16 NA NA NA NA NA NA
150 407 1220 233 1125 507 1031 1328 936 46.18 NA NA NA NA NA NA
151 347 1241 172 1144 3.64 1047 941 950 31.88 NA NA NA NA NA NA
152 332 1239 1.66 1141 3.57 1043 9.55 945 3339  NA NA NA NA NA NA
153 595 1251 251 1153 578 1053 1651 955 59.60 NA NA NA NA NA NA
154 345 1244 1.66 1146 3.57 1048 925 950 30.95 NA NA NA NA NA NA
155 418 1251 1.92 1151 405 1051 1121 951 39.04 NA NA NA NA NA NA
156 934 1262 335 1162 8.10 1062 2621 962  111.50 NA NA NA NA NA NA
157 522 1247 230 1149 528 1051  15.13 953 60.78 NA NA NA NA NA NA
158 558 1271 2.14 1169 463 1067  13.02 965 4638 NA NA NA NA NA NA
159 455 1220 258 1126 569 1032 1515 938 5585 NA NA NA NA NA NA
160 436 1253 1.93 1153 416 1053 1156 953 39.63  NA NA NA NA NA NA
161 351 1192 244 1143 3.81 1044 9.58 944 3143 NA NA NA NA NA NA
162 544 1189 3.90 1085 10.16 985 3320 935 67.79 NA NA NA NA NA NA
163 347 1249 1.62 1150 3.49 1051 9.08 952 3229 NA NA NA NA NA NA
164 508 1241 242 1145 528 1050 1425 954 5151 NA NA NA NA NA NA
165 6.27 1261 241 1161 558 1061  16.18 960 59.86 NA NA NA NA NA NA
166 9.40 1261 343 1161 831 1061 2589 961 10493 NA NA NA NA NA NA
167 7.09 1228 3.54 1126 9.13 1023 2813 921  124.17 NA NA NA NA NA NA
168 6.57 1239 3.06 1143 7.12 1046  19.82 950 77.16 NA NA NA NA NA NA
169 7.79 1233 371 1138 872 1042 2576 948 9630 NA NA NA NA NA NA
170 549 1230 2.69 1133 6.65 1034 1929 936 82.63 NA NA NA NA NA NA
171 7.12 1233 3.49 1134 831 1034 2472 935  100.18 NA NA NA NA NA NA
172 2.86 1258 120 1159 2.68 1056 723 956 2579 NA NA NA NA NA NA
173 271 1225 145 1131 332 1038 839 945 3020 NA NA NA NA NA NA
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

# n50®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7
174 408 1243 193 1143 436 1043 1233 943 4974  NA NA NA NA NA NA
175 3.46 1257 1.51 1156 333 1056 8.81 957 3456 NA NA NA NA NA NA
176 534 1264 196 1164 461 1064 1379 964 53.09 NA NA NA NA NA NA
177 448 1265 170 1162 3.95 1060 1192 959 4733 NA NA NA NA NA NA
178 7.65 1266 273 1166 6.48 1066 1971 967 80.52 NA NA NA NA NA NA
179 577 1264 211 1164 497 1064 1508 964 59.94 NA NA NA NA NA NA
180 3.67 1247 1.66 1147 3.81 1047 1028 947 3735 NA NA NA NA NA NA
181 3.75 1239 1.76 1141 413 1043 1142 946 4216 NA NA NA NA NA NA
182 3.89 1238 1.91 1140 431 1042 1135 945 4052 NA NA NA NA NA NA
183 420 1250 1.94 1150 411 1050 11.60 950 4220 NA NA NA NA NA NA
184 3.55 1246 1.54 1146 3.75 1046 1075 947 4305 NA NA NA NA NA NA
185 334 1257 135 1159 3.06 1059 8.66 958 3224 NA NA NA NA NA NA
186 324 1261 138 1159 3.00 1057 8.15 956 30.66 NA NA NA NA NA NA
187 336 1270 134 1168 2.87 1066 755 963 2599 NA NA NA NA NA NA
188 6.35 1252 329 1152 6.01 1052 1691 967 5725 NA NA NA NA NA NA
189 417 1256 1.83 1156 401 1056 1098 971 3749 NA NA NA NA NA NA
190 3.99 1241 1.89 1141 446 1041 1226 951 4568 NA NA NA NA NA NA
191 543 1252 228 1152 530 1052 1555 952 6141 NA NA NA NA NA NA
192 3.88 1253 1.65 1153 370 1053 1070 946 4259 NA NA NA NA NA NA
193 329 1269 126 1169 2.75 1069 745 969 2543  NA NA NA NA NA NA
194 535 1253 221 1155 499 1058 1490 962 5630 NA NA NA NA NA NA
195 512 1268 1.87 1168 425 1068 1247 968 4707 NA NA NA NA NA NA
196 546 1255 225 1155 518 1055 1494 957 5527 NA NA NA NA NA NA
197 478 1250 2.15 1149 504 1049  13.58 968 4782 NA NA NA NA NA NA
198 473 1256 1.89 1156 443 1055 1327 955 5227 NA NA NA NA NA NA
199 538 1244 236 1144 589 1043  16.68 943 7038 NA NA NA NA NA NA
200 543 1227 285 1131 6.47 1036  18.73 941 7571 NA NA NA NA NA NA
201 480 1245 220 1146 501 1047 1412 948 5781 NA NA NA NA NA NA
202 549 1244 248 1144 587 1043 1723 942 7400 NA NA NA NA NA NA

B.26



Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

# n50®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7
203 5.15 1246 236 1146 541 1046 1457 946 5435 NA NA NA NA NA NA
204 3.93 1243 1.84 1143 420 1043  11.65 943 4372 NA NA NA NA NA NA
205 428 1258 1.77 1159 3.89 1059  11.00 959 4005 NA NA NA NA NA NA
206 3.89 1255 154 1162 3.49 1062 9.68 963 33.16 NA NA NA NA NA NA
207 3.58 1252 1.69 1152 3.50 1053 941 953 3770 NA NA NA NA NA NA
208 1.40 1238 0.72 1143 1.50 1047 3.63 952 1149 NA NA NA NA NA NA
209 130 1239 0.75 1142 137 1045 291 948 734 NA NA NA NA NA NA
210 1.44 1246 0.76 1148 147 1051 324 954 9.14 NA NA NA NA NA NA
211 473 1234 251 1138 519 1042  13.19 945 43.06 NA NA NA NA NA NA
212 6.58 1245 3.08 1148 6.76 1051  17.63 955 6240 NA NA NA NA NA NA
213 257 1247 125 1150 2.58 1052 6.46 955 2149 NA NA NA NA NA NA
214 3.29 1237 1.58 1143 351 1049 942 955 3320 NA NA NA NA NA NA
215 291 1243 1.44 1141 3.13 1039 8.53 939 30.65 NA NA NA NA NA NA
216 743 1243 3.07 1146 7.17 1049 2719 952 11467 NA NA NA NA NA NA
217 2.08 1244 096 1147 2.14 1051 599 953 2532 NA NA NA NA NA NA
218 2.11 1240 1.05 1142 225 1045 584 948 19.60 NA NA NA NA NA NA
219 2.14 1242 1.06 1145 223 1048 582 952 19.89 NA NA NA NA NA NA
220 9.89 1245 401 1144 1063 1043 3533 943  169.66 NA NA NA NA NA NA
221 579 1238 273 1139 6.44 1040  19.16 942 79.79  NA NA NA NA NA NA
222 7.87 1238 4.00 1142 842 1046  21.82 951 7512  NA NA NA NA NA NA
223 8.63 1240 4.08 1142 927 1044 2556 947 89.10 NA NA NA NA NA NA
224 771 1236 3.78 1139 829 1043 2391 946 83.61 NA NA NA NA NA NA
225 3.55 1243 1.81 1147 3.61 1051 9.03 957 2000 NA NA NA NA NA NA
226 920 1241 433 1143 1033 1044 3093 945  213.07 NA NA NA NA NA NA
227 7.90 1248 3.42 1150 781 1052 2285 955 86.02 NA NA NA NA NA NA
228 1.79 1249 0.83 1152 1.79 1053 455 956 1621 NA NA NA NA NA NA
229 346 1246 173 1149 342 1052 872 955 2772 NA NA NA NA NA NA
230 212 1247 1.01 1149 2.01 1050 569 952 1589 NA NA NA NA NA NA
231 419 1248 2.04 1149 422 1050 1058 951 3456 NA NA NA NA NA NA
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

# n50®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7
232 1.89 1245 097 1148 1.92 1051 457 954 13.96 NA NA NA NA NA NA
233 1.61 1244 0.87 1147 1.67 1050 3.65 954 1049 NA NA NA NA NA NA
234 246 1249 112 1149 2.50 1050 6.83 950 2699 NA NA NA NA NA NA
235 3.69 1237 1.90 1140 3.98 1044 1065 947 3851 NA NA NA NA NA NA
236 3.20 1237 1.58 1142 3.44 1047 9.05 951 31.80 NA NA NA NA NA NA
237 542 1234 2.66 1138 6.05 1042  16.68 945 59.66 NA NA NA NA NA NA
238 492 1230 253 1135 561 1041 1519 946 53.19  NA NA NA NA NA NA
239 132 1254 0.60 1154 130 1054 321 954 11.06 NA NA NA NA NA NA
240 724 1236 3.43 1140 793 1044 2316 947 9295 NA NA NA NA NA NA
241 6.69 1241 287 1143 730 1046 2226 948  102.19 NA NA NA NA NA NA
242 549 1233 275 1134 632 1036 1833 937 72.12  NA NA NA NA NA NA
243 443 1244 1.98 1147 455 1051  12.67 954 4671 NA NA NA NA NA NA
244 734 1246 3.15 1149 749 1052 2175 956 90.11 NA NA NA NA NA NA
245 6.62 1240 3.01 1146 6.90 1052 1932 959 71.78 NA NA NA NA NA NA
246 7.62 1243 328 1144 8.09 1045 2545 945 11599 NA NA NA NA NA NA
247 7.06 1235 320 1143 758 1051 2276 960 9411 NA NA NA NA NA NA
248 8.65 1249 3.66 1151 8.62 1053 2573 956 11431 NA NA NA NA NA NA
249 747 1249 324 1149 751 1048 2220 948 87.94 NA NA NA NA NA NA
250 1227 1246 521 1149 1270 1052 3638 956 15623 NA NA NA NA NA NA
251 581 1243 2.68 1146 6.04 1049 1739 953 7210 NA NA NA NA NA NA
252 6.24 1248 261 1154 590 1060 17.10 966 6245 NA NA NA NA NA NA
253 511 1246 242 1149 515 1052 1387 955 53.15 NA NA NA NA NA NA
254 4.04 1248 1.68 1150 400 1056 1051 958 3143  NA NA NA NA NA NA
255 11.16 1254 414 1155 1059 1056 3474 957 16599 NA NA NA NA NA NA
256 1.19 1259 0.60 1158 1.12 1057 245 956 6.59 NA NA NA NA NA NA
257 254 1245 1.18 1148 2.58 1052 7.00 956 2627 NA NA NA NA NA NA
258 494 1244 211 1144 525 1044 1731 944 8721 NA NA NA NA NA NA
259 1164 1252 419 1152 1139 1052 3868 1002 8942 952 199.67  NA NA NA NA
260 740 1225 352 1128 940 1030  32.84 932  162.66 NA NA NA NA NA NA
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Table B.3. Viscosity at 1150°C Values and Temperature-Viscosity Pairs One to Seven for the 281 Glasses Used to Develop
a Model for Viscosity at 1150°C (contd)

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

# n50®  T1 V1 T2 V2 T3 V3 T4 V4 T5 V5 T6 V6 T7 V7
261 1265 1252 438 1150  12.64 1048 4624 946 23290 NA NA NA NA NA NA
262 7.01 1250 294 1151 6.89 1051 2090 952 84.53 NA NA NA NA NA NA
263 5.19 1255 2.19 1155 487 1056  14.03 956 5252 NA NA NA NA NA NA
264 489 1251 2.19 1151 474 1052 1340 953 4789 NA NA NA NA NA NA
265 842 1256 328 1156 785 1056 2451 957  103.15 NA NA NA NA NA NA
266 416 1248 1.84 1153 395 1057 1056 951 3576  NA NA NA NA NA NA
267 594 1251 261 1150 595 1049 1678 949 63.66 NA NA NA NA NA NA
268 475 1260 1.99 1158 439 1057 1196 956 4127 NA NA NA NA NA NA
269 510 1258 2.16 1157 479 1057 1275 957 4394 NA NA NA NA NA NA
270 595 1260 245 1159 546 1058 1512 956 5548 NA NA NA NA NA NA
271 3.18 1242 1.63 1142 341 1040 848 939 27.18 NA NA NA NA NA NA
272 525 1249 237 1149 528 1051 1437 952 5258 NA NA NA NA NA NA
273 331 1211 2.13 1109 461 1006  12.04 903 4192 NA NA NA NA NA NA
274 535 1255 227 1159 494 1062  13.07 966 4515 NA NA NA NA NA NA
275 443 1255 1.94 1159 410 1062 1038 965 33.60 NA NA NA NA NA NA
276 585 1253 2.60 1158 539 1062 1415 967 4706 NA NA NA NA NA NA
277 3.90 1252 1.71 1157 3.66 1062 925 966 2952 NA NA NA NA NA NA
278 235 1226 139 1124 2.86 1021 707 917 2229 NA NA NA NA NA NA
279 2.14 1245 1.13 1145 222 1045 518 944 1542 NA NA NA NA NA NA
280 253 1243 127 1147 2.59 1051 6.28 954 1948 NA NA NA NA NA NA
281  10.77 1248 445 1148  11.13 1048  33.04 948  137.07 NA NA NA NA NA NA

(a) The glass names corresponding to the row numbers are listed in Table B.1.
(b) The 7,5, and the Vi values were rounded to two decimal places.

(c) This temperature-viscosity pair was judged to be an outlier and was not used to determine the 77,,5, value for this glass.
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity at

1150°C
Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)
#@ T8 V8 T9 V9 T10 V10 T11 V11
1 NA NA NA NA NA NA NA NA

2 NA NA NA NA NA NA NA NA

3 NA NA NA NA NA NA NA NA

4 NA NA NA NA NA NA NA NA

5 NA NA NA NA NA NA NA NA

6 NA NA NA NA NA NA NA NA

7 NA NA NA NA NA NA NA NA

8 NA NA NA NA NA NA NA NA

9 NA NA NA NA NA NA NA NA
10 NA NA NA NA NA NA NA NA
11 NA NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA NA
14 NA NA NA NA NA NA NA NA
15 NA NA NA NA NA NA NA NA
16 NA NA NA NA NA NA NA NA
17 NA NA NA NA NA NA NA NA
18 NA NA NA NA NA NA NA NA
19 NA NA NA NA NA NA NA NA
20 NA NA NA NA NA NA NA NA
21 NA NA NA NA NA NA NA NA
22 NA NA NA NA NA NA NA NA
23 NA NA NA NA NA NA NA NA
24 NA NA NA NA NA NA NA NA
25 NA NA NA NA NA NA NA NA
26 NA NA NA NA NA NA NA NA
27 NA NA NA NA NA NA NA NA
28 NA NA NA NA NA NA NA NA
29 NA NA NA NA NA NA NA NA
30 NA NA NA NA NA NA NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#@ T8 V8 T9 V9 T10 V10 T11 V11

31 NA NA NA NA NA NA NA NA
32 NA NA NA NA NA NA NA NA
33 NA NA NA NA NA NA NA NA
34 NA NA NA NA NA NA NA NA
35 NA NA NA NA NA NA NA NA
36 NA NA NA NA NA NA NA NA
37 NA NA NA NA NA NA NA NA
38 NA NA NA NA NA NA NA NA
39 NA NA NA NA NA NA NA NA
40 NA NA NA NA NA NA NA NA
41 NA NA NA NA NA NA NA NA
42 NA NA NA NA NA NA NA NA
43 NA NA NA NA NA NA NA NA
44 NA NA NA NA NA NA NA NA
45 NA NA NA NA NA NA NA NA
46 NA NA NA NA NA NA NA NA
47 NA NA NA NA NA NA NA NA
48 NA NA NA NA NA NA NA NA
49 NA NA NA NA NA NA NA NA
50 NA NA NA NA NA NA NA NA
51 NA NA NA NA NA NA NA NA
52 NA NA NA NA NA NA NA NA
53 NA NA NA NA NA NA NA NA
54 NA NA NA NA NA NA NA NA
55 NA NA NA NA NA NA NA NA
56 NA NA NA NA NA NA NA NA
57 NA NA NA NA NA NA NA NA
58 NA NA NA NA NA NA NA NA
59 NA NA NA NA NA NA NA NA
60 NA NA NA NA NA NA NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

61 NA NA NA NA NA NA NA NA
62 NA NA NA NA NA NA NA NA
63 NA NA NA NA NA NA NA NA
64 NA NA NA NA NA NA NA NA
65 NA NA NA NA NA NA NA NA
66 NA NA NA NA NA NA NA NA
67 NA NA NA NA NA NA NA NA
68 NA NA NA NA NA NA NA NA
69 NA NA NA NA NA NA NA NA
70 NA NA NA NA NA NA NA NA
71 NA NA NA NA NA NA NA NA
72 NA NA NA NA NA NA NA NA
73 NA NA NA NA NA NA NA NA
74 NA NA NA NA NA NA NA NA
75 NA NA NA NA NA NA NA NA
76 NA NA NA NA NA NA NA NA
77 NA NA NA NA NA NA NA NA
78 NA NA NA NA NA NA NA NA
79 NA NA NA NA NA NA NA NA
80 NA NA NA NA NA NA NA NA
81 NA NA NA NA NA NA NA NA
82 NA NA NA NA NA NA NA NA
83 NA NA NA NA NA NA NA NA
84 NA NA NA NA NA NA NA NA
85 NA NA NA NA NA NA NA NA
86 NA NA NA NA NA NA NA NA
87 NA NA NA NA NA NA NA NA
88 NA NA NA NA NA NA NA NA
89 NA NA NA NA NA NA NA NA
90 NA NA NA NA NA NA NA NA
91 1462 10.10 1464 11.10  1516® 9.70® NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

92 1387 5.00 1388 5.60 1437 3.70 1488 2.90

93 1388 7.60 1388 8.90 1438 6.00 1489 5.00

94 1337 4.90 1338 5.30 1387 3.70 1437 2.90

95 1388 5.80 1388 6.60 1437 4.40 1488 3.50

96 1338 11.40 1387 7.60 1437 5.50 1487 3.90

97 1288  12.90 1337 8.40 1387 5.80 1438 4.00

98 1338 10.80 1387 7.30 1437 4.90 1487 3.30

99 1388  15.50 1436  10.10 1487 7.40 1538 5.60
100 1287  12.20 1337 8.00 1387 5.90 1437 4.30
101 1287  14.80 1336 9.40 1386 6.90 1436 5.10
102 1337 12.60 1387 8.40 1437 6.20 NA NA
103 1337 15.00 1386  10.00 1437 7.30 NA NA
104 1289 8.30 1338 5.60 1388 4.10 NA NA
105 1287 9.90 1337 6.90 1387 4.90 NA NA
106 1436  17.70 1436  16.70 NA NA NA NA
107 1287 6.70 1336 4.60 1387 3.30 NA NA
108 1139 4.40 1140 4.40 1189 3.00 NA NA
109 1438 7.50 1438 7.70 1488 5.70 NA NA
110 1386  13.10 1436 8.40 1486 5.70 1536 4.00
111 1388  11.90 1438 7.80 1488 5.50 NA NA
112 1294 8.50 1344 5.40 1344 5.70 NA NA
113 NA NA NA NA NA NA NA NA
114 1343 10.70 1392 7.30 1443 5.50 NA NA
115 1341 12.40 1390 7.90 1442 6.00 NA NA
116 1390 10.20 1439 7.10 1489 5.40 NA NA
117 1492 3.70 NA NA NA NA NA NA
118 NA NA NA NA NA NA NA NA
119 NA NA NA NA NA NA NA NA
120 NA NA NA NA NA NA NA NA
121 NA NA NA NA NA NA NA NA
122 1336  11.20 1385 7.60 1436 5.30 NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

123 1292 19.80 1343 13.00 1392 8.60 NA NA

124 1290  16.10 1340  10.80 1392 7.80 NA NA
125 1336  15.00 1386 9.70 1436 6.90 NA NA
126 1141 12.40 1190 7.50 1240 5.20 NA NA
127 1286  12.00 1336 8.60 1386 6.30 NA NA
128 1344 1440 1393 8.80 1444 6.30 NA NA
129 1386 9.70 1436 6.60 1487 4.70 NA NA
130 1342 9.50 1392 6.30 1442 4.30 NA NA
131 1392 9.40 1441 6.20 1492 4.30 NA NA
132 1436 8.20 1436 8.50 1485 6.00 NA NA
133 1140  13.10 1189 7.90 1240 5.40 NA NA
134 1386 8.00 1437 5.90 1488 4.80 NA NA
135 1343 9.80 1392 6.60 1443 4.60 NA NA
136 1395 5.80 1446 3.90 NA NA NA NA
137 1141 6.20 1190 3.90 1241 2.90 NA NA
138 1288  13.90 1337 9.10 1387 6.30 1438 4.40
139 1291 6.40 1344 4.40 1390 3.20 NA NA
140 1237 8.20 1238 8.60 1287 5.80 1337 4.10
141 NA NA NA NA NA NA NA NA
142 NA NA NA NA NA NA NA NA
143 NA NA NA NA NA NA NA NA
144 NA NA NA NA NA NA NA NA
145 NA NA NA NA NA NA NA NA
146 NA NA NA NA NA NA NA NA
147 NA NA NA NA NA NA NA NA
148 NA NA NA NA NA NA NA NA
149 NA NA NA NA NA NA NA NA
150 NA NA NA NA NA NA NA NA
151 NA NA NA NA NA NA NA NA
152 NA NA NA NA NA NA NA NA
153 NA NA NA NA NA NA NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

154 NA NA NA NA NA NA NA NA
155 NA NA NA NA NA NA NA NA
156 NA NA NA NA NA NA NA NA
157 NA NA NA NA NA NA NA NA
158 NA NA NA NA NA NA NA NA
159 NA NA NA NA NA NA NA NA
160 NA NA NA NA NA NA NA NA
161 NA NA NA NA NA NA NA NA
162 NA NA NA NA NA NA NA NA
163 NA NA NA NA NA NA NA NA
164 NA NA NA NA NA NA NA NA
165 NA NA NA NA NA NA NA NA
166 NA NA NA NA NA NA NA NA
167 NA NA NA NA NA NA NA NA
168 NA NA NA NA NA NA NA NA
169 NA NA NA NA NA NA NA NA
170 NA NA NA NA NA NA NA NA
171 NA NA NA NA NA NA NA NA
172 NA NA NA NA NA NA NA NA
173 NA NA NA NA NA NA NA NA
174 NA NA NA NA NA NA NA NA
175 NA NA NA NA NA NA NA NA
176 NA NA NA NA NA NA NA NA
177 NA NA NA NA NA NA NA NA
178 NA NA NA NA NA NA NA NA
179 NA NA NA NA NA NA NA NA
180 NA NA NA NA NA NA NA NA
181 NA NA NA NA NA NA NA NA
182 NA NA NA NA NA NA NA NA
183 NA NA NA NA NA NA NA NA
184 NA NA NA NA NA NA NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

185 NA NA NA NA NA NA NA NA
186 NA NA NA NA NA NA NA NA
187 NA NA NA NA NA NA NA NA
188 NA NA NA NA NA NA NA NA
189 NA NA NA NA NA NA NA NA
190 NA NA NA NA NA NA NA NA
191 NA NA NA NA NA NA NA NA
192 NA NA NA NA NA NA NA NA
193 NA NA NA NA NA NA NA NA
194 NA NA NA NA NA NA NA NA
195 NA NA NA NA NA NA NA NA
196 NA NA NA NA NA NA NA NA
197 NA NA NA NA NA NA NA NA
198 NA NA NA NA NA NA NA NA
199 NA NA NA NA NA NA NA NA
200 NA NA NA NA NA NA NA NA
201 NA NA NA NA NA NA NA NA
202 NA NA NA NA NA NA NA NA
203 NA NA NA NA NA NA NA NA
204 NA NA NA NA NA NA NA NA
205 NA NA NA NA NA NA NA NA
206 NA NA NA NA NA NA NA NA
207 NA NA NA NA NA NA NA NA
208 NA NA NA NA NA NA NA NA
209 NA NA NA NA NA NA NA NA
210 NA NA NA NA NA NA NA NA
211 NA NA NA NA NA NA NA NA
212 NA NA NA NA NA NA NA NA
213 NA NA NA NA NA NA NA NA
214 NA NA NA NA NA NA NA NA
215 NA NA NA NA NA NA NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

216 NA NA NA NA NA NA NA NA
217 NA NA NA NA NA NA NA NA
218 NA NA NA NA NA NA NA NA
219 NA NA NA NA NA NA NA NA
220 NA NA NA NA NA NA NA NA
221 NA NA NA NA NA NA NA NA
222 NA NA NA NA NA NA NA NA
223 NA NA NA NA NA NA NA NA
224 NA NA NA NA NA NA NA NA
225 NA NA NA NA NA NA NA NA
226 NA NA NA NA NA NA NA NA
227 NA NA NA NA NA NA NA NA
228 NA NA NA NA NA NA NA NA
229 NA NA NA NA NA NA NA NA
230 NA NA NA NA NA NA NA NA
231 NA NA NA NA NA NA NA NA
232 NA NA NA NA NA NA NA NA
233 NA NA NA NA NA NA NA NA
234 NA NA NA NA NA NA NA NA
235 NA NA NA NA NA NA NA NA
236 NA NA NA NA NA NA NA NA
237 NA NA NA NA NA NA NA NA
238 NA NA NA NA NA NA NA NA
239 NA NA NA NA NA NA NA NA
240 NA NA NA NA NA NA NA NA
241 NA NA NA NA NA NA NA NA
242 NA NA NA NA NA NA NA NA
243 NA NA NA NA NA NA NA NA
244 NA NA NA NA NA NA NA NA
245 NA NA NA NA NA NA NA NA
246 NA NA NA NA NA NA NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

247 NA NA NA NA NA NA NA NA
248 NA NA NA NA NA NA NA NA
249 NA NA NA NA NA NA NA NA
250 NA NA NA NA NA NA NA NA
251 NA NA NA NA NA NA NA NA
252 NA NA NA NA NA NA NA NA
253 NA NA NA NA NA NA NA NA
254 NA NA NA NA NA NA NA NA
255 NA NA NA NA NA NA NA NA
256 NA NA NA NA NA NA NA NA
257 NA NA NA NA NA NA NA NA
258 NA NA NA NA NA NA NA NA
259 NA NA NA NA NA NA NA NA
260 NA NA NA NA NA NA NA NA
261 NA NA NA NA NA NA NA NA
262 NA NA NA NA NA NA NA NA
263 NA NA NA NA NA NA NA NA
264 NA NA NA NA NA NA NA NA
265 NA NA NA NA NA NA NA NA
266 NA NA NA NA NA NA NA NA
267 NA NA NA NA NA NA NA NA
268 NA NA NA NA NA NA NA NA
269 NA NA NA NA NA NA NA NA
270 NA NA NA NA NA NA NA NA
271 NA NA NA NA NA NA NA NA
272 NA NA NA NA NA NA NA NA
273 NA NA NA NA NA NA NA NA
274 NA NA NA NA NA NA NA NA
275 NA NA NA NA NA NA NA NA
276 NA NA NA NA NA NA NA NA
277 NA NA NA NA NA NA NA NA
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Table B.4. Temperature-Viscosity Pairs Eight to Eleven for the 281 Glasses Used to Develop a Model for Viscosity
at 1150°C

Row Temperature (°C) and Viscosity (Poise) Pairs (Ti, Vi)

#® T8 V8 T9 V9 T10 V10 T11 V11l

278 NA NA NA NA NA NA NA NA
279 NA NA NA NA NA NA NA NA
280 NA NA NA NA NA NA NA NA
281 NA NA NA NA NA NA NA NA

(a) The glass names corresponding to the row numbers are listed in Table B.1.
(b) This temperature-viscosity pair was judged to be an outlier and was not used to determine the 77,5, value for this glass.
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Appendix C

Derivation of the Nonlinear Multiple-Component Constraint
Involving SO3 Solubility

This appendix derives the final mathematical form of the multiple-component constraint
(MCC) for SO; solubility. We begin by substituting into the SO; solubility constraint in
Equation (5) a general formula representing the expression for SLg,, in Equation (3):

SL

_2hsoy 1 14 5
= <— a.x. +b(x,, C.1
505 =100~ 100 L%oy i+ i0) €D

where the a; and b coefficient values are listed in Equation (3). All notation in this appendix is

as defined in the main body of this report. Then, using Equation (4) to write the X;s in terms of

the g, s yields

2
1 14 g 8 1i,0
<—| % q) =S |+p 212 C2
505 =700/ .50, [1—gSOJ {l—gs%J ©2)

Multiplying both sides of Equation (C.2) by 100(1- g, ) and collecting all terms on one side
yields

2
81,0

i¢S03

J—100<ggo3)+100(g§03) >0 (C.3)
— &0,

14
248 +b(1

Now, expanding the first term using the low-activity waste (LAW) glass component names and
the coefficient values yields

—~2.091901(g 41,0, ) +3.0440748(g 5., ) +4.4422886(g ¢,0) — 22.65353(g ;)
~13.14139(g 0, ) +0.615785(g . o) +2.4739255(g ;. 0) +2.8972089(g y,.0)

+4.606083(g 0, ) +0.2407285(g 510, ) ~1.775325(g 5,0, ) +7.5345478(g 0, ) (C.4)

~1.871916(2 0, ) — 0.280272(8 s ) + 260.20302((g 11,0)” /(1 - € 50, )]

~100(g50,) +100(g50,)* >0

C.1



Note that Equation (C.4) contains terms for three components not listed in Table 2.1, namely Cl,
Cr,03, and P,Os. These are three of the four components making up Others1, with only F not

represented. Also, there are three components listed in Table 2.1 that do not appear in Equation
(C.4), namely Fe,O3, MgO, and ZnO. Hence, goyers2 =& + & re,0; + &mgo + &zno- Based on

Table 2.2, we have the relationships g, = 0.155315 (g pyhers1)» &0y = 0-104383(& operst )»

g5 =0.235786 (g pyuers 1 )> AN gp,o, =0.504516(g oyper1 ) - Substituting all of these relationships

into Equation (C.4) and collecting like terms produces the final form of the SO;-solubility MCC
expressed in terms of the mass fractions of the 15 LAW glass components in Table 2.1:

—2.091901(g 41,0, ) +3.0440748(g 5., ) +4.4422886(g 1) — 0.280272 (g i 0, )

+0.615785(g o) + 2.4739255(g ;. 0) — 0.280272 (g 1150 + 2.8972089(g yyr0)
+0.2407285(g 510, ) ~ 100(g 50, ) — 1.775325(g 5,0, ) + 7.5345478(g5.,) (C.5)
—~0.280272(g 7,0) ~ 1.871916(g 1,0, ) ~ 2.632412(8 pyperer)

+260.20302[(g ,,0)” /(1 - g50,)]+100(g 5, )* 2 0.

This inequality can be written in the condensed form given by Equation (6), where the ¢; (i = 1,
2, ..., 15) and b in that equation are the coefficients listed in Equation (C.5).
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Appendix D

Derivation of the Intersection of a Nonlinear Multiple-
Component Constraint and an Edge that Connects Two
Vertices Outside and Inside the Constraint

The intersection of the edge connecting two vertices A and B given by

gi=agu+t(l-a)gp =a(gy —gp)+ &8s (D.1)

with the nonlinear surface

2
15 ;
g +b| S0 +100(g35,) =0 (D.2)
i=l 1 - gSO3
associated with the nonlinear multiple-component constraint in Equation (6) in the main text is
derived in this appendix. Substituting Equation (D.1) into Equation (D.2) yields

15
Eci[a(gA,i _gB,i)+gB,i]+b{

2
[2(& 4 Li0, — &B,1i0,) + &8 1i0, ]
1-[a(g 450, —&nso,) + &r.s0,]

(D.3)

+100([a(g 4,50, —&5.50;) + &850, *)=0.

Multiplying out the squared expression in the last term and collecting terms by powers of
yields

15
[100<gA,So3 ~ 550, >2]a2 + [;ci (8.4; = &54)+200(2 4 50, — & 5.50, (& 550, >} a

(D.4)
[a(8 4 Li0, = &5.1i0,) + &5.Li0, I’ } 0

1-[a(g 450, —&8s0,) + XB50,]

15
+ |:lecig3,i +100(g 3 50, )2} + b(
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Appendix E

The 147 Existing Low-Activity Waste Glass Compositions

Table E.1 lists the 147 existing low-activity waste (LAW) glass compositions within the
outer-layer single-component constraints (SCCs) and multiple-component constraints (MCCs)
that were augmented when selecting the 18 outer-layer and 13 inner-layer points for the layered
design. Table E.2 lists the glass names that correspond to the row numbers in Table E.1.
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Table E. 1. The 147 Existing LAW Glass Compositions (mass fractions) Within the Outer-Layer Region SCCs and MCCs Given in
Tables 2.1 and 2.3

Row Component
A|203 B,0O; CaO Fe, O, K,O Li,O MgO Na,O Sio, SO, SnO, V,05 Zn0O ZrO, Othersl

**®
g

1 0.1017 0.1369 0.0565 0.0100 0.0051 0.0000 0.0100 0.2302 0.3661 0.0067 0.0000 0.0100 0.0300 0.0300 0.0067
2 0.1066 0.1280 0.0799 0.0091 0.0051 0.0000 0.0091 0.2301 0.3488 0.0068 0.0000 0.0098 0.0300 0.0300 0.0067
3 0.1066 0.1130 0.0800 0.0091 0.0051 0.0000 0.0091 0.2302 0.3488 0.0066 0.0000 0.0098 0.0300 0.0450 0.0067
4 0.1065 0.0979 0.0799 0.0091 0.0051 0.0000 0.0091 0.2301 0.3487 0.0069 0.0000 0.0098 0.0300 0.0600 0.0067
5 0.1215 0.1129 0.0799 0.0091 0.0051 0.0000 0.0091 0.2300 0.3487 0.0071 0.0000 0.0098 0.0300 0.0300 0.0067
6 0.1366 0.0980 0.0799 0.0091 0.0051 0.0000 0.0091 0.2301 0.3488 0.0067 0.0000 0.0098 0.0300 0.0300 0.0067
7 0.1086 0.0926 0.0798 0.0091 0.0056 0.0000 0.0091 0.2501 0.3534 0.0069 0.0000 0.0094 0.0235 0.0445 0.0073
& 0.1085 0.0776 0.0798 0.0091 0.0056 0.0000 0.0091 0.2501 0.3533 0.0070 0.0000 0.0094 0.0235 0.0595 0.0073
9 0.1066 0.0980 0.0800 0.0091 0.0051 0.0000 0.0091 0.2302 0.3436 0.0066 0.0000 0.0150 0.0300 0.0600 0.0067
10 0.1064 0.0941 0.0765 0.0091 0.0051 0.0000 0.0091 0.2298 0.3655 0.0083 0.0000 0.0150 0.0145 0.0599 0.0067
11 0.1215 0.0979 0.0799 0.0091 0.0051 0.0000 0.0091 0.2301 0.3689 0.0070 0.0000 0.0150 0.0195 0.0300 0.0067
12 0.1164 0.0930 0.0799 0.0091 0.0051 0.0000 0.0091 0.2300 0.3687 0.0076 0.0000 0.0150 0.0145 0.0450 0.0067
13 0.1066 0.1281 0.0649 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0062 0.0100 0.0098 0.0300 0.0300 0.0117
14 0.1066 0.1281 0.0649 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0062 0.0100 0.0098 0.0300 0.0300 0.0117
15 0.1066 0.1281 0.0649 0.0091 0.0051 0.0000 0.0091 0.2303 0.3491 0.0061 0.0100 0.0098 0.0300 0.0300 0.0117
16 0.1066 0.1281 0.0549 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0061 0.0201 0.0098 0.0300 0.0300 0.0117
17 0.1066 0.1130 0.0750 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0061 0.0000 0.0098 0.0300 0.0451 0.0117
18 0.1217 0.1131 0.0599 0.0091 0.0051 0.0000 0.0091 0.2303 0.3491 0.0059 0.0000 0.0098 0.0300 0.0451 0.0117
19 0.1216 0.1130 0.0750 0.0091 0.0051 0.0000 0.0091 0.2303 0.3490 0.0061 0.0000 0.0098 0.0300 0.0300 0.0117
20  0.1216 0.1130 0.0598 0.0091 0.0051 0.0000 0.0091 0.2301 0.3588 0.0068 0.0000 0.0098 0.0300 0.0400 0.0067
21 0.1216 0.1130 0.0549 0.0091 0.0051 0.0000 0.0091 0.2303 0.3590 0.0062 0.0000 0.0098 0.0300 0.0400 0.0117
22 0.1087 0.0777 0.0699 0.0091 0.0056 0.0000 0.0091 0.2504 0.3538 0.0058 0.0100 0.0094 0.0235 0.0596 0.0073
23 0.1087 0.0777 0.0649 0.0091 0.0056 0.0000 0.0091 0.2504 0.3537 0.0058 0.0100 0.0094 0.0235 0.0596 0.0124
24 0.1186 0.0777 0.0599 0.0091 0.0056 0.0000 0.0091 0.2503 0.3636 0.0062 0.0000 0.0094 0.0235 0.0596 0.0073
25 0.1187 0.0777 0.0549 0.0091 0.0056 0.0000 0.0091 0.2504 0.3637 0.0059 0.0000 0.0094 0.0235 0.0596 0.0124
26 0.1019 0.1372 0.0804 0.0100 0.0015 0.0000 0.0100 0.2005 0.3672 0.0094 0.0000 0.0100 0.0301 0.0301 0.0117
27 0.1019 0.1304 0.0805 0.0100 0.0015 0.0000 0.0100 0.2006 0.3673 0.0089 0.0000 0.0100 0.0301 0.0369 0.0117
28 0.0866 0.1371 0.0804 0.0100 0.0015 0.0000 0.0100 0.2004 0.3669 0.0100 0.0000 0.0100 0.0301 0.0453 0.0117
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Table E.1. The 147 Existing LAW Glass Compositions (mass fractions) Within the Outer-Layer Region SCCs and MCCs
Given in Tables 2.1 and 2.3 (contd)

Row Component
#(a) A|203 B,0O; CaO Fe, O, K,0O Li,O MgO Na,O SiO, SO, SnO, V,05 Zn0O ZrO, Othersl
29 0.0714 0.1373 0.0805 0.0100 0.0015 0.0000 0.0100 0.2007 0.3674 0.0087 0.0000 0.0100 0.0301 0.0606 0.0117
30  0.1000 0.0900 0.0350 0.0101 0.0056 0.0000 0.0135 0.2500 0.4131 0.0019 0.0000 0.0000 0.0236 0.0480 0.0092
31 0.1000 0.0900 0.0250 0.0101 0.0056 0.0000 0.0135 0.2500 0.4131 0.0019 0.0100 0.0000 0.0236 0.0480 0.0092
32 0.1000 0.0900 0.0304 0.0101 0.0056 0.0000 0.0135 0.2500 0.4131 0.0019 0.0000 0.0000 0.0236 0.0480 0.0139
33  0.1000 0.0700 0.0100 0.0101 0.0056 0.0000 0.0135 0.2501 0.4332 0.0020 0.0100 0.0000 0.0336 0.0480 0.0139
34 0.1088 0.0778 0.0100 0.0094 0.0056 0.0000 0.0091 0.2500 0.4192 0.0019 0.0100 0.0000 0.0236 0.0607 0.0139
35 0.1088 0.0778 0.0147 0.0094 0.0056 0.0000 0.0091 0.2500 0.4050 0.0020 0.0100 0.0094 0.0236 0.0607 0.0139
36 0.1090 0.0780 0.0652 0.0091 0.0056 0.0000 0.0091 0.2501 0.3552 0.0018 0.0200 0.0094 0.0236 0.0500 0.0139
37 0.1090 0.0780 0.0652 0.0091 0.0056 0.0000 0.0091 0.2500 0.3578 0.0019 0.0268 0.0000 0.0236 0.0500 0.0139
38 0.1090 0.0700 0.0200 0.0091 0.0056 0.0000 0.0091 0.2500 0.4015 0.0019 0.0270 0.0000 0.0236 0.0594 0.0139
39  0.1077 0.0713 0.0203 0.0093 0.0054 0.0000 0.0093 0.2400 0.4100 0.0017 0.0275 0.0000 0.0245 0.0595 0.0136
40 0.1083 0.0707 0.0201 0.0092 0.0055 0.0000 0.0092 0.2450 0.4061 0.0019 0.0272 0.0000 0.0242 0.0589 0.0136
41 0.1070 0.0720 0.0205 0.0094 0.0053 0.0000 0.0094 0.2350 0.4138 0.0017 0.0278 0.0000 0.0247 0.0600 0.0133
42  0.0946 0.0865 0.0334 0.0093 0.0054 0.0000 0.0093 0.2400 0.3950 0.0018 0.0275 0.0000 0.0245 0.0595 0.0133
43 0.0987 0.0778 0.0147 0.0094 0.0056 0.0000 0.0091 0.2501 0.4159 0.0017 0.0100 0.0094 0.0236 0.0600 0.0139
44 0.0989 0.0878 0.0299 0.0094 0.0054 0.0000 0.0091 0.2400 0.4003 0.0018 0.0100 0.0098 0.0236 0.0607 0.0133
45 0.0970 0.0880 0.0334 0.0030 0.0054 0.0000 0.0093 0.2400 0.3952 0.0017 0.0276 0.0000 0.0276 0.0600 0.0118
46 0.0970 0.0880 0.0334 0.0030 0.0054 0.0000 0.0093 0.2400 0.3952 0.0017 0.0483 0.0000 0.0276 0.0393 0.0118
47 0.0670 0.0880 0.0334 0.0030 0.0054 0.0000 0.0093 0.2400 0.4252 0.0016 0.0276 0.0000 0.0276 0.0600 0.0118
48 0.0691 0.0864 0.0328 0.0029 0.0056 0.0000 0.0091 0.2500 0.4172 0.0018 0.0271 0.0000 0.0271 0.0588 0.0121
49 0.0946 0.0880 0.0355 0.0000 0.0054 0.0000 0.0000 0.2400 0.4029 0.0017 0.0300 0.0000 0.0300 0.0600 0.0118
50 0.0946 0.0880 0.0355 0.0000 0.0054 0.0000 0.0000 0.2400 0.4029 0.0017 0.0500 0.0000 0.0300 0.0400 0.0118
51  0.0934 0.0855 0.0352 0.0000 0.0056 0.0000 0.0000 0.2500 0.3970 0.0017 0.0300 0.0000 0.0294 0.0600 0.0121
52 0.0917 0.0839 0.0345 0.0000 0.0058 0.0000 0.0000 0.2601 0.3911 0.0018 0.0300 0.0000 0.0289 0.0600 0.0122
53  0.1058 0.1279 0.0648 0.0090 0.0051 0.0000 0.0090 0.2303 0.3485 0.0083 0.0100 0.0097 0.0299 0.0299 0.0116
54 0.0617 0.0896 0.0320 0.0026 0.0051 0.0000 0.0101 0.2318 0.4255 0.0082 0.0247 0.0094 0.0287 0.0590 0.0114
55 0.0674 0.0891 0.0318 0.0026 0.0051 0.0000 0.0100 0.2303 0.4229 0.0081 0.0246 0.0093 0.0286 0.0587 0.0114
56 0.0727 0.1008 0.0422 0.0047 0.0051 0.0000 0.0201 0.2320 0.3958 0.0082 0.0197 0.0094 0.0288 0.0490 0.0114
57 0.0838 0.1120 0.0523 0.0067 0.0051 0.0000 0.0303 0.2320 0.3656 0.0088 0.0147 0.0094 0.0288 0.0389 0.0115
58 0.0636 0.0879 0.0315 0.0026 0.0053 0.0000 0.0099 0.2419 0.4176 0.0085 0.0242 0.0092 0.0282 0.0579 0.0116
59 0.0636 0.0827 0.0314 0.0026 0.0053 0.0000 0.0198 0.2418 0.4128 0.0087 0.0242 0.0092 0.0282 0.0579 0.0116
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Table E.1. The 147 Existing LAW Glass Compositions (mass fractions) Within the Outer-Layer Region SCCs and MCCs
Given in Tables 2.1 and 2.3 (contd)

Row Component
#(a) A|203 B,0O; CaO Fe, O, K,0O Li,O MgO Na,O SiO, SO, SnO, V,05 Zn0O ZrO, Othersl
60 0.0636 0.0827 0.0314 0.0026 0.0053 0.0000 0.0099 0.2418 0.4175 0.0088 0.0268 0.0092 0.0282 0.0605 0.0116
61 0.0695 0.0822 0.0313 0.0026 0.0053 0.0000 0.0098 0.2404 0.4150 0.0083 0.0266 0.0091 0.0280 0.0601 0.0116
62  0.0997 0.0897 0.0349 0.0101 0.0056 0.0000 0.0135 0.2493 0.4119 0.0048 0.0000 0.0000 0.0235 0.0479 0.0092
63 0.0998 0.0898 0.0249 0.0101 0.0056 0.0000 0.0135 0.2494 0.4121 0.0042 0.0100 0.0000 0.0235 0.0479 0.0092
64 0.0998 0.0898 0.0303 0.0101 0.0056 0.0000 0.0135 0.2494 0.4121 0.0041 0.0000 0.0000 0.0235 0.0479 0.0139
65 0.0999 0.0699 0.0100 0.0101 0.0056 0.0000 0.0135 0.2497 0.4326 0.0034 0.0100 0.0000 0.0336 0.0479 0.0139
66 0.1086 0.0777 0.0100 0.0094 0.0056 0.0000 0.0091 0.2496 0.4186 0.0033 0.0100 0.0000 0.0236 0.0606 0.0139
67 0.1087 0.0777 0.0147 0.0094 0.0056 0.0000 0.0091 0.2498 0.4047 0.0028 0.0100 0.0094 0.0236 0.0607 0.0139
68 0.1086 0.0777 0.0650 0.0091 0.0056 0.0000 0.0091 0.2491 0.3539 0.0055 0.0199 0.0094 0.0235 0.0498 0.0139
69 0.1087 0.0778 0.0650 0.0091 0.0056 0.0000 0.0091 0.2492 0.3567 0.0049 0.0267 0.0000 0.0235 0.0498 0.0139
70 0.1089 0.0699 0.0200 0.0091 0.0056 0.0000 0.0091 0.2497 0.4011 0.0029 0.0270 0.0000 0.0236 0.0593 0.0139
71 0.1076 0.0712 0.0203 0.0093 0.0054 0.0000 0.0093 0.2397 0.4095 0.0027 0.0275 0.0000 0.0245 0.0594 0.0136
72 0.1082 0.0706 0.0201 0.0092 0.0055 0.0000 0.0092 0.2448 0.4057 0.0030 0.0272 0.0000 0.0242 0.0588 0.0136
73 0.1069 0.0719 0.0205 0.0094 0.0053 0.0000 0.0094 0.2348 0.4134 0.0028 0.0278 0.0000 0.0247 0.0599 0.0133
74 0.0945 0.0864 0.0334 0.0093 0.0054 0.0000 0.0093 0.2398 0.3946 0.0027 0.0275 0.0000 0.0245 0.0594 0.0133
75  0.0986 0.0777 0.0147 0.0094 0.0056 0.0000 0.0091 0.2497 0.4153 0.0031 0.0100 0.0094 0.0236 0.0599 0.0139
76  0.0988 0.0877 0.0299 0.0094 0.0054 0.0000 0.0091 0.2397 0.3998 0.0030 0.0100 0.0098 0.0236 0.0606 0.0133
77 0.1201 0.0730 0.0110 0.0110 0.0012 0.0000 0.0110 0.2501 0.3800 0.0048 0.0108 0.0200 0.0365 0.0544 0.0160
78 0.1001 0.0730 0.0110 0.0110 0.0012 0.0000 0.0110 0.2501 0.4000 0.0048 0.0108 0.0200 0.0365 0.0544 0.0160
79  0.0989 0.0858 0.0300 0.0096 0.0011 0.0000 0.0093 0.2402 0.4010 0.0047 0.0100 0.0100 0.0237 0.0605 0.0151
80 0.1004 0.0853 0.0190 0.0096 0.0011 0.0000 0.0093 0.2403 0.4011 0.0045 0.0100 0.0200 0.0237 0.0605 0.0151
81 0.1200 0.0730 0.0110 0.0110 0.0012 0.0000 0.0110 0.2499 0.3797 0.0056 0.0108 0.0200 0.0365 0.0544 0.0160
82 0.0999 0.0730 0.0110 0.0110 0.0012 0.0000 0.0110 0.2499 0.3996 0.0058 0.0108 0.0200 0.0365 0.0544 0.0160
83 0.0988 0.0857 0.0300 0.0096 0.0011 0.0000 0.0093 0.2399 0.4005 0.0054 0.0100 0.0100 0.0237 0.0604 0.0157
84 0.1003 0.0852 0.0190 0.0096 0.0011 0.0000 0.0093 0.2400 0.4006 0.0052 0.0100 0.0200 0.0237 0.0604 0.0157
85 0.1067 0.1167 0.0642 0.0090 0.0054 0.0000 0.0090 0.2351 0.3453 0.0049 0.0099 0.0147 0.0297 0.0346 0.0146
86 0.1065 0.1119 0.0647 0.0091 0.0054 0.0000 0.0091 0.2350 0.3487 0.0051 0.0100 0.0148 0.0300 0.0350 0.0146
87 0.1004 0.0852 0.0191 0.0097 0.0054 0.0000 0.0093 0.2358 0.4012 0.0048 0.0100 0.0200 0.0237 0.0604 0.0149
88 0.1065 0.1165 0.0641 0.0090 0.0054 0.0000 0.0090 0.2346 0.3447 0.0068 0.0099 0.0147 0.0297 0.0345 0.0146
89 0.1063 0.1117 0.0646 0.0091 0.0054 0.0000 0.0091 0.2346 0.3480 0.0070 0.0100 0.0148 0.0299 0.0349 0.0146
90 0.1004 0.0852 0.0191 0.0097 0.0054 0.0000 0.0093 0.2356 0.4009 0.0056 0.0100 0.0200 0.0237 0.0604 0.0148
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Table E.1. The 147 Existing LAW Glass Compositions (mass fractions) Within the Outer-Layer Region SCCs and MCCs
Given in Tables 2.1 and 2.3 (contd)

Row Component
#(a) A|203 B,0O; CaO Fe, O, K,0O Li,O MgO Na,O SiO, SO, SnO, V,05 Zn0O ZrO, Othersl
91 0.1015 0.1204 0.0801 0.0100 0.0016 0.0000 0.0100 0.2098 0.3714 0.0106 0.0000 0.0100 0.0300 0.0300 0.0147
92  0.0913 0.0762 0.0804 0.0075 0.0016 0.0075 0.0100 0.2104 0.3948 0.0077 0.0100 0.0100 0.0251 0.0527 0.0147
93 0.0812 0.0862 0.1003 0.0075 0.0016 0.0075 0.0100 0.2103 0.3945 0.0084 0.0000 0.0100 0.0251 0.0427 0.0147
94  0.1019 0.1209 0.0804 0.0030 0.0016 0.0000 0.0100 0.2103 0.3797 0.0085 0.0000 0.0100 0.0301 0.0301 0.0134
95 0.1020 0.1005 0.0804 0.0030 0.0016 0.0000 0.0100 0.2103 0.3798 0.0083 0.0000 0.0200 0.0301 0.0406 0.0134
96 0.1014 0.0989 0.0792 0.0030 0.0017 0.0000 0.0099 0.2204 0.3740 0.0082 0.0000 0.0197 0.0298 0.0400 0.0138
97 0.1009 0.0988 0.0792 0.0030 0.0017 0.0000 0.0099 0.2203 0.3738 0.0087 0.0100 0.0100 0.0297 0.0400 0.0138
98 0.1001 0.0948 0.0734 0.0029 0.0018 0.0000 0.0097 0.2296 0.3668 0.0121 0.0100 0.0146 0.0299 0.0401 0.0142
99 0.0858 0.0951 0.0735 0.0029 0.0018 0.0000 0.0097 0.2301 0.3676 0.0099 0.0100 0.0292 0.0299 0.0402 0.0142
100  0.1019 0.1208 0.0804 0.0100 0.0016 0.0000 0.0100 0.2106 0.3727 0.0070 0.0000 0.0100 0.0301 0.0301 0.0147
101 0.0912 0.0762 0.0803 0.0075 0.0016 0.0075 0.0100 0.2103 0.3946 0.0082 0.0100 0.0100 0.0251 0.0527 0.0147
102 0.0812 0.0862 0.1003 0.0075 0.0016 0.0075 0.0100 0.2102 0.3943 0.0089 0.0000 0.0100 0.0251 0.0426 0.0147
103 0.0761 0.0986 0.1047 0.0024 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0354 0.0059
104  0.1003 0.1148 0.0805 0.0024 0.0055 0.0300 0.0105 0.1603 0.3986 0.0109 0.0000 0.0125 0.0323 0.0355 0.0059
105 0.1002 0.1148 0.1047 0.0024 0.0055 0.0300 0.0105 0.1602 0.3744 0.0111 0.0000 0.0125 0.0322 0.0354 0.0059
106 0.0765 0.0983 0.1045 0.0023 0.0061 0.0210 0.0105 0.1803 0.4041 0.0108 0.0000 0.0121 0.0314 0.0354 0.0066
107 0.0761 0.0962 0.1025 0.0023 0.0068 0.0110 0.0099 0.2002 0.3999 0.0115 0.0000 0.0118 0.0296 0.0351 0.0071
108  0.0761 0.0986 0.0998 0.0024 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0362 0.0099
109  0.0761 0.0986 0.1047 0.0024 0.0055 0.0260 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0354 0.0099
110  0.0761 0.0946 0.1006 0.0105 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0354 0.0059
111 0.0761 0.0906 0.0966 0.0105 0.0055 0.0300 0.0105 0.1602 0.4146 0.0113 0.0000 0.0125 0.0322 0.0394 0.0099
112 0.0879 0.1045 0.0924 0.0024 0.0055 0.0300 0.0105 0.1599 0.4077 0.0133 0.0000 0.0125 0.0322 0.0354 0.0059
113 0.0761 0.0986 0.1047 0.0024 0.0055 0.0250 0.0105 0.1602 0.4146 0.0111 0.0000 0.0175 0.0322 0.0354 0.0059
114 0.0762 0.0987 0.1007 0.0024 0.0055 0.0251 0.0105 0.1603 0.4149 0.0105 0.0000 0.0175 0.0323 0.0355 0.0099
115  0.1010 0.0982 0.1007 0.0031 0.0041 0.0378 0.0102 0.1007 0.4365 0.0092 0.0089 0.0126 0.0302 0.0403 0.0066
116 0.0995 0.0967 0.0992 0.0030 0.0045 0.0372 0.0100 0.1107 0.4302 0.0115 0.0087 0.0125 0.0298 0.0397 0.0067
117 0.0986 0.0958 0.0982 0.0030 0.0051 0.0369 0.0099 0.1212 0.4257 0.0093 0.0086 0.0123 0.0294 0.0392 0.0070
118  0.0867 0.0958 0.0980 0.0030 0.0050 0.0353 0.0099 0.1210 0.4250 0.0110 0.0086 0.0252 0.0293 0.0391 0.0070
119 0.0972 0.0944 0.0968 0.0029 0.0055 0.0363 0.0098 0.1313 0.4197 0.0108 0.0085 0.0121 0.0290 0.0387 0.0071
120  0.0856 0.0945 0.0967 0.0029 0.0055 0.0348 0.0098 0.1313 0.4194 0.0113 0.0085 0.0249 0.0290 0.0387 0.0071
121 0.0865 0.0956 0.0978 0.0030 0.0050 0.0438 0.0099 0.1207 0.4240 0.0132 0.0000 0.0252 0.0293 0.0390 0.0069

E.5



Table E.1. The 147 Existing LAW Glass Compositions (mass fractions) Within the Outer-Layer Region SCCs and MCCs

Given in Tables 2.1 and 2.3 (contd)

Row Component

#(a) A|203 B,0O; CaO Fe, O, K,0O Li,O MgO Na,O SiO, SO, SnO, V,05 Zn0O ZrO, Othersl
122 0.0764 0.0890 0.0977 0.0030 0.0050 0.0352 0.0099 0.1206 0.4204 0.0143 0.0085 0.0251 0.0293 0.0390 0.0266
123 0.0866 0.0957 0.1064 0.0030 0.0050 0.0352 0.0099 0.1208 0.4244 0.0124 0.0000 0.0252 0.0293 0.0391 0.0069
124 0.0867 0.0957 0.0980 0.0030 0.0050 0.0353 0.0099 0.1209 0.4247 0.0116 0.0060 0.0277 0.0293 0.0391 0.0070
125  0.0860 0.0950 0.1056 0.0000 0.0050 0.0350 0.0000 0.1199 0.4212 0.0197 0.0100 0.0272 0.0291 0.0395 0.0069
126 0.0860 0.0950 0.1057 0.0000 0.0050 0.0371 0.0000 0.1200 0.4213 0.0196 0.0100 0.0250 0.0291 0.0395 0.0069
127 0.1008 0.0984 0.0788 0.0028 0.0017 0.0000 0.0100 0.2201 0.3720 0.0125 0.0000 0.0196 0.0296 0.0398 0.0138
128  0.1064 0.1277 0.0648 0.0090 0.0051 0.0000 0.0090 0.2296 0.3480 0.0080 0.0100 0.0097 0.0299 0.0299 0.0127
129 0.1064 0.1277 0.0648 0.0090 0.0051 0.0000 0.0090 0.2296 0.3480 0.0080 0.0100 0.0097 0.0299 0.0299 0.0127
130  0.1064 0.1278 0.0648 0.0090 0.0051 0.0000 0.0090 0.2297 0.3482 0.0077 0.0100 0.0097 0.0299 0.0299 0.0128
131  0.1064 0.1278 0.0648 0.0090 0.0051 0.0000 0.0090 0.2297 0.3482 0.0077 0.0100 0.0097 0.0299 0.0299 0.0128
132 0.1063 0.1277 0.0647 0.0090 0.0051 0.0000 0.0090 0.2296 0.3480 0.0083 0.0100 0.0097 0.0299 0.0299 0.0128
133 0.0695 0.0822 0.0313 0.0026 0.0052 0.0000 0.0098 0.2401 0.4157 0.0076 0.0267 0.0092 0.0282 0.0603 0.0115
134 0.0758 0.0983 0.1004 0.0024 0.0054 0.0249 0.0104 0.1602 0.4134 0.0138 0.0000 0.0174 0.0321 0.0354 0.0099
135 0.0946 0.0861 0.0332 0.0092 0.0054 0.0000 0.0092 0.2403 0.3929 0.0051 0.0273 0.0000 0.0243 0.0592 0.0131
136 0.1003 0.0851 0.0191 0.0097 0.0054 0.0000 0.0093 0.2359 0.4004 0.0061 0.0100 0.0200 0.0236 0.0603 0.0148
137 0.0998 0.0848 0.0189 0.0096 0.0011 0.0000 0.0093 0.2401 0.3990 0.0081 0.0100 0.0199 0.0236 0.0601 0.0156
138 0.1017 0.1204 0.0803 0.0100 0.0016 0.0000 0.0100 0.2104 0.3719 0.0089 0.0000 0.0100 0.0301 0.0301 0.0146
139  0.1017 0.1369 0.0803 0.0100 0.0015 0.0000 0.0100 0.2002 0.3665 0.0102 0.0000 0.0100 0.0300 0.0300 0.0127
140  0.1017 0.1369 0.0803 0.0100 0.0015 0.0000 0.0100 0.2002 0.3665 0.0102 0.0000 0.0100 0.0300 0.0300 0.0127
141 0.1017 0.1369 0.0803 0.0100 0.0015 0.0000 0.0100 0.2002 0.3665 0.0102 0.0000 0.0100 0.0300 0.0300 0.0127
142 0.1017 0.1369 0.0803 0.0100 0.0015 0.0000 0.0100 0.2002 0.3665 0.0102 0.0000 0.0100 0.0300 0.0300 0.0127
143 0.0666 0.0875 0.0332 0.0019 0.0053 0.0000 0.0092 0.2402 0.4237 0.0061 0.0274 0.0000 0.0274 0.0597 0.0117
144 0.0873 0.0964 0.0987 0.0023 0.0050 0.0441 0.0099 0.1201 0.4276 0.0076 0.0000 0.0253 0.0295 0.0393 0.0070
145  0.0866 0.0957 0.0979 0.0023 0.0050 0.0439 0.0099 0.1202 0.4245 0.0135 0.0000 0.0251 0.0293 0.0391 0.0069
146 0.1008 0.0984 0.0789 0.0028 0.0017 0.0000 0.0100 0.2199 0.3722 0.0126 0.0000 0.0196 0.0296 0.0398 0.0138
147 0.0350 0.1373 0.0000 0.0030 0.0011 0.0500 0.0000 0.1431 0.4514 0.0010 0.0500 0.0400 0.0100 0.0600 0.0181

(a) The glass names corresponding to the row numbers are listed in Table E.2.
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Table E.2. Glass Names Corresponding to the Row Numbers of the 147 Existing LAW Glass Compositions in Table E.1

Row # Glass Name Row # Glass Name Row#  Glass Name Row # Glass Name Row#  Glass Name

1 LAWA171 31 ORPLA2 61 ORPLA38-1 91 ORPLD1 121 ORPLF7

2 LAWAI172 32 ORPLA3 62 ORPLA1S4 92 ORPLD2 122 ORPLF9

3 LAWAI173 33 ORPLAS 63 ORPLA2S4 93 ORPLD3 123 ORPLF10

4 LAWA174 34 ORPLAG6 64 ORPLA3S4 94 ORPLD4 124 ORPLF11

5 LAWAL175 35 ORPLA7 65 ORPLAS5S4 95 ORPLD5 125 ORPLF13

6 LAWAL176 36 ORPLA9 66 ORPLA6S4 96 ORPLD6 126 ORPLF14

7 LAWAILT9 37 ORPLAI10 67 ORPLA7S4 97  ORPLD7 127 10A-G-53C

8 LAWAISR0 38 ORPLAL11 68 ORPLA9S4 98  ORPLDS8 128 EWV89BCCC

9 LAWAI183 39 ORPLA12 69 ORPLA10S4 99 ORPLD9 129 EWV-G-89B
10 LAWA184 40 ORPLA13 70 ORPLA11S4 100 ORPLD1S4 130 EWV-G-93B
11 LAWAI185 41 ORPLA14 71 ORPLA12S4 101 ORPLD2S4 131 EWV93BCCC
12 LAWA186 42 ORPLA15 72 ORPLA13S4 102 ORPLD3S4 132 EWV-G-108B
13 LAWAI187.1 43 ORPLA16 73 ORPLA14S4 103 ORPLE1 133 J10-G-24B
14 LAWAI187.2 44 ORPLA17 74 ORPLA1554 104 ORPLE2 134 Q10-G-134A
15 LAWAI187CCC 45 ORPLA18 75 ORPLA1654 105 ORPLE3 135 R10-G-155A
16 LAWAI188 46 ORPLA19 76 ORPLA17S4 106 ORPLE4 136 S10-G-101B
17 LAWA189 47 ORPLA20 77 ORPLBI1 107 ORPLES 137 S10-G-45A
18 LAWA190 48 ORPLA21 78 ORPLB2 108 ORPLE6 138 T10-G-16A
19 LAWAI191 49 ORPLA22 79 ORPLB3 109 ORPLE7 139 WVY-G-95A-1
20 LAWAI192 50 ORPLA23 80 ORPLB4 110 ORPLES 140 WVY-G-95A-2
21 LAWA193 51 ORPLA24 81 ORPLB1S4 111 ORPLE9 141 WVY-G-95A-3
22 LAWA194 52 ORPLA25 82 ORPLB2S4 112 ORPLEI10 142 WVY-G-95A-4
23 LAWAI195 53 ORPLA26 83 ORPLB3S4 113 ORPLEI11 143 Y10-G-146C
24 LAWA196 54 ORPLA33 84 ORPLB4S4 114 ORPLE12 144 Z10-G-122B
25 LAWA197 55 ORPLA33-1 85 ORPLC2 115 ORPLF1 145 710-G-153B
26 LAWCIOO0R1 56 ORPLA34 86 ORPLC4 116 ORPLF2 146 Z10-G-60C
27  LAWCI101 57 ORPLA35 87 ORPLC5 117  ORPLF3 147 S2-07
28 LAWC102 58 ORPLA36 88 ORPLC2S4 118 ORPLF4
29 LAWCI03 59 ORPLA37 89 ORPLC4S84 119 ORPLF5
30 ORPLA1 60 ORPLA38 90 ORPLC554 120 ORPLF6
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