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ABSTRACT

The Hanford Tank Waste Treatment and Immobilization Plant (WTP) will vitrify the
mixed hazardous wastes generated from 45 years of plutonium production. The molten glasses
will be poured into stainless steel containers or canisters and subsequently quenched for storage
and disposal. Such highly energy-consuming processes require precise thermal properties of
materials for appropriate facility design and operations. Key thermal properties (heat capacity,
thermal diffusivity, and thermal conductivity) of representative high-level and low-activity waste
glasses were studied as functions of temperature in the range of 200 to 800°C (relevant to the
cooling process), implementing simultaneous differential scanning calorimetry—thermal
gravimetry (DSC-TGA), Xe-flash diffusivity, pycnometry, and dilatometry. The study showed
that simultaneous DSC-TGA would be a reliable method to obtain the heat capacity of various
glasses in the temperature range of interest. Accurate thermal properties from this study were
shown to provide a more realistic guideline for capacity and time constraints of the heat removal
process, in comparison to the design basis conservative engineering estimates. The estimates,
though useful for design in the absence of measured physical properties, can now be supplanted
and the measured thermal properties can be used in design verification activities.
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INTRODUCTION

The Hanford Site in southeastern Washington State has one of the largest concentrations of
radioactive wastes in the world. The waste is the legacy of 45 years of plutonium production for
nuclear weapons, beginning with the Manhattan project in the 1940s.! Approximately 56 million
gallons of high-level waste (HLW) and low-activity waste (LAW) are stored in 177 underground
tanks near the Columbia River at the Hanford site in Washington State. The Hanford Tank Waste
Treatment and Immobilization Plant (WTP) is being constructed to treat the wastes via
vitrification, and once immobilized in a glass form they will be destined for disposal.2 The WTP
includes a pretreatment facility to separate the wastes into a small volume of HLW containing a
large fraction of the radioactive isotopes of concern and a large volume of LAW fraction.
Subsequent to pretreatment, vitrification takes place in liquid-fed, ceramic-lined, Joule-heated
melters (at ~1150°C).’ During this process, radioactive elements are incorporated into the glass
structure, producing a durable glass form that can isolate the radioactive isotopes from the
environment for hundreds of thousands of years.”

The last step of the WTP vitrification process involves pouring of molten glass, produced in
the melter, into canisters or containers for immobilized HLW/LAW, where it cools. In the WTP,
the canisters/containers are filled and cooled inside a small room, called the pour cave. The
pouring leads to asymmetrical and transient heat transfer inside the pour cave. The heat
contained in the molten glass must be removed from the containers without slowing the plant
process. The total amount of heat to be removed and the heat release rate depend on the thermal
properties of the glass, which will vary as the glass composition changes. Furthermore, the
release rate also depends on the local environment, which includes other hot
canisters/containers.””

While there have been many studies on thermal properties of glasses, very limited studies

have been performed for nuclear waste glasses.® Such limited studies showed significant
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uncertainties in the thermal properties owing to difficulties involved in experimental
measurements.® These properties are crucial inputs for heat load calculations to assess the ability
of the heating, ventilation, and air conditioning (HVAC) system of the WTP to meet the current
facility design basis as to heat load; as a result, the properties can be a basis to affect or modify
the design of the HVAC system of the WTP.’

In this study, we determined the heat capacity and thermal conductivity (through thermal
diffusivity and density) of representative HLW and LAW glasses as functions of temperature, by
using a combination of simultaneous differential scanning calorimetry—thermal gravimetry
(DSC-TGA) (heat capacity), Xe-flash diffusimeter (thermal diffusivity), and
pycnometry/dilatometry (density). As will be clearly shown, the applied techniques help alleviate
the uncertainties involved in the measurements of thermal properties of the HLW and LAW
glasses. In the next section, background information is provided along with a brief discussion of
the experimental methods used in this study. Measured thermal properties are then presented,

followed by a discussion of their impacts on WTP facility design.

BACKGROUND

Numerical models have been developed to predict a temperature distribution within the glass
and heat emitted from the containers/canisters during cooling.” ® The key parameters for
estimating the heat load from cooling glass are the glass heat capacity or specific heat (C,),
thermal conductivity (k), and density (p) as functions of temperature. The specific heat is the heat
required per unit mass of material to increase its temperature by one unit. The thermal
conductivity of a material is defined via the heat flux (a rate of heat transfer per unit area, q)
through the material that is subjected to a temperature gradient (VT): ¢ = —kVT (Fourier’s law),

where T denotes temperature.

Journal of the Amerl?)can Ceramic Society



O©oOoO~NOOOPRWN -

Journal of the American Ceramic Society Page 4 of 32
The thermal diffusivity (@) is a measure of how fast the material can conduct thermal energy,

in comparison to its ability to store thermal energy. It is defined as

a=——--:. (1)

The heat transfer equation in a solid without heat sources or sinks is'°

oT
C,— =—kVT 2
P Py (2)

where ¢ denotes time. Typically, heat capacity and thermal diffusivity have been measured by
steady-state alternating current (AC) calorimetry'" or flash thermal diffusivity.'*'* Thermal
conductivity can be calculated from Eq. (1). The density is generally obtained using pycnometry

and dilatometry.

EXPERIMENTAL
Glass Compositions

Table 1 shows the simulated glass compositions used in this study: LAWB99, LAWA44,
ORPLA20 and ORPLDI1 are simulated LAW glasses, and HLW-Ng-Fe2, HLW-E-Al-27 and
WTP-C106 are simulated HLW glasses. These glasses were formulated and corresponding large-
scale melter tests have been performed at The Catholic University of America.'”"” These seven
glasses were selected from a large database of potential Hanford waste glasses to represent the
range of compositions likely to be produced in either the LAW or HLW vitrification plants:
WTP LAW glasses with high soda (ORPLA20), intermediate soda (LAWA44 and ORPLD1),
and lower soda (LAWB99); HLW glasses with high iron (HLW-Ng-Fe2), high alumina (HLW-
Al-27), and an intermediate composition (WTP-C106). Table 1 also includes compositions of
two Japanese simulated HLW glasses (Sugawara A and B) that were used as reference glasses
because of their well-characterized thermal properties.'® All glasses were batched and melted

1.19

following the glass batching and melting procedure described by Schweiger et al.”” Molten glass

4
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was poured into bars (13 x 13 x 50 mm) that were annealed at each glass transition temperature
for one hour and then cooled to room temperature at 1°C/min. The annealed glass bars were used
to prepare samples for heat capacity, density, and thermal diffusivity measurements. In order to
obtain reliable thermal properties, the aforementioned sample preparation procedure was

maintained to minimize possible variations of the properties.

Specific Heat or Specific Heat Capacity

Simultaneous DSC-TGA (STA 449 F1 Jupiter® with an automatic sample carrier) was used
to measure C,. The system employed for this work was equipped with a silicon carbide furnace.
Helium was used as both a purge and protective gas at a constant flow rate of 35 mL/min. The
specific heat of the glass was determined based on three repeating measurements: baseline,
sapphire (standard), and sample. All these measurements were conducted under constant heating
and cooling rates of 20°C/min using identical crucibles and conditions.

Samples were prepared with a specific procedure to achieve optimum and reliable results.
The annealed bar was placed into an epoxy mold. Using a 0.25 inch (6.35 mm) diamond core-
drilling saw, a cylindrical glass core with a diameter of 0.247 inches (6.27 mm) was removed.
1.2 mm thick disks were cut from the core by a Buehler Isomet low-speed saw with a low-
concentration diamond wafering blade. The disks were flattened and polished to a thickness of
~1.0 mm using a grinder and polisher (LECO SS-200).

In the experiment, the baseline reproducibility was checked by measuring an empty crucible
(platinum crucible, 0.085 ml, NETZSCH NIB005508) three times. The first run was used to burn
off any inpurities and residues from the crucibles, followed by two more runs with an empty
crucible. To check the reproducibility, accuracy, and calibration of the simultaneous DSC-TGA,
two measurements were conducted using a I mm thick saphhire disk (Order No. 6.235.1-91.100,

NETZSCH) and then the sample measurement was performed afterward. All of these six
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measurements were performed using the same crucible. The temperature program sequence
employed for these measurements was as follows:
1. initial isothermal segment of 25 min at 100°C recommended to stabilize the starting
temperature;
2. dynamic segment up to 850°C with a heating rate of 20°C/min to maximize signal and
minimize the influence of small shifts in baseline;
3. isothermal segment of 35 min at 850°C;
4. dynamic segment with a cooling rate of 20°C/min down to 100°C; and

5. isothermal segment of 35 min at 100°C as a final step.

This procedure was repeated for each glass. For better accuracy and reproducibility, the crucibles
were placed at exactly the same position during all the measurements, which was achieved by the

auto sampler.

Density at Ambient Temperature

The densities of glass samples were determined by gas displacement using a helium
pycnometer (AccuPyc II 1340). It measures the displaced volume of helium gas occupied by the
sample. Combining the volume of a solid with its mass allows for an accurate determination of a
material’s true density. After the gas pycnometer’s warm-up period, it was calibrated using a
spherical metal calibrated volume standard. Subsequently, a small glass sample was placed into
the pycnometer chamber. The density was measured according to a technical procedure

. 20,21
described elsewhere.”™”

Thermal Expansion
The linear coefficient of thermal expansion (CTE), defined by the amount of expansion

(AL/L, where L is the initial length and AL is the change in length) for a unit temperature change,
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was measured using a Linseis L75 platinum series single-rod vertical dilatometer configured
with an alumina measuring head. The dilatometer was prepared for measurements by running an
alumina sample three times to determine the average background expansion of the instrument.
The three runs were used to subtract the instrument’s background expansion as a function of
temperature. Subsequently, NBS 732 (borosilicate glass, National Institute of Standards and
Technology standard reference material) was measured to confirm reliable operation of the
dilatometer for CTE over the temperature range of interest. After the verification, the HLW,
LAW, and Sugawara glass Sample A and B bars all cut to ~25 x 3 x 3 mm were heated at
1°C/min from 25°C to the softening point. The software automatically terminated the ramp
heating once the sample exceeded the glass softening point (determined by onset of shrinkage).

The CTE was calculated relative to 25°C for temperatures below glass transition temperature, 7.

Density at Elevated Temperature
The CTE and density at ambient temperature (i.e., 25°C) were used to calculate the density of

each glass as a function of temperature using the following expression:

_ Lo
P 30,1, ~ T)] ©)

where
p. = density at temperature 7;
po = density at 25°C
o, = CTE at temperature 7;
T; = temperature, °C

T, = ambient temperature, 25°C

7
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Note that the numerical factor 3 was used to convert linear expansion CTE to volume expansion

based on the assumption that an initial volume of the sample can be approximated by L°.

Thermal Diffusivity

Measurements of thermal diffusivity were collected with a Xe-flash diffusimeter (Anter
Corporation Flashline 2000). Measurements were performed with a 50°C interval from room
temperature to 400°C, below T, of the glasses. Samples of annealed glass were core-drilled and
machined with diamond impregnated tooling to a diameter of 12.6 mm. Subsequently, the disks
were cut with a diamond impregnated blade. The disks were then ground and polished with a
series of SiC sandpaper grits to a finish of 1200 grit and final thickness between 0.5 and 2 mm.
These samples were coated on top and bottom with ~1200 nm of Au using an e-beam deposition
system. Lastly, graphite (supplied by Anter) was sprayed onto the top and bottom surfaces to
maximize absorption of the xenon flash. The combination of Au and graphite was used to ensure
that the energy from the flash was absorbed at the surface of the sample, and further reduce

reflection of the light/energy or incongruent diffusion of the energy into the bulk of the glass.

Thermal Conductivity
For the one-dimensional situation, where the temperature gradient is (d77/dx), thermal
conductivity is given by:
q = —k (dT/dx) 4)

The k value [W/m-K] was calculated using Eq. (1).

RESULTS AND DISCUSSION
Specific Heat
As described, C, of the sample was determined by conducting three different sets of

measurements (i.e., empty crucible, sapphire, and sample) at a constant heating rate. The first set,
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including three baseline measurements with an empty crucible, were carried out for each glass as
shown in Figure 1(a). The heating and cooling segments of the DSC curves show good
reproducibility with the exception of a small reaction around 100°C in the first measurement, due
to the burn-off of impurities and/or residues of the empty crucible.

The second set of measurements was performed with a standard material (i.e., sapphire)
whose specific heat is known.*? Figure 1(b) shows three different sapphire DSC heating and
cooling curves, which indicates the reproducibility of the DSC-TGA for specific heat
measurements. The specific heat of the sapphire standard was plotted versus measured sapphire
values, as shown in Figure 2. This clearly suggests that the DSC-TGA is a reliable method to
obtain the specific heat of the glass samples.

The C, values of four LAW glass formulations (LAWA44, ORPLA20, ORPLD1, and
LAWB99), three HLW glass formulations (HLW-NG-Fe2, HLW-E-Al-27, and WTP-C106) and
two Japanese simulated HLW glass formulations (Sugawara A and B) were evaluated.'® Each
sample was measured three times. The average C, values of the cooling segment of the LAW,
HLW, and Japanese glasses are shown in Figures 3-5, respectively. Based on all of the data, the
overall trend suggests that C, is nearly constant above ~550°C. The C, was obtained from the
cooling segment because the heating segment displays unreproducible peaks due to
crystallization around the glass transition temperature. This is based on the experimental
observations for the measurements with sapphire, in which the measurement from the cooling
segment shows the lowest uncertainty (0.11% of standard deviation) in comparison to those from
the heating and isothermal segments (0.64% and 0.77% of standard deviation, respectively), as is
shown in Figure 1(b). Values of C, for the LAW glasses between the glass transition temperature
and 800°C range from 1500 J/(kg-K) to 1600 J/(kg-K). This range is comparable to that of the
HLW glasses but is slightly lower than that of the HLW glasses (1580-1650 J/(kg-K)) over the

same temperature range.
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Figure 5 shows the C, values of the two Japanese simulated HLW glasses (Sugawara A
and Sugawara B) from our measurements, along with data from Sugawara et al.'® (Sample A and
Sample B). Note that Sugawara A is the same as Sample A and Sugawara B is the same as
Sample B (i.e., independent measurements for the identical samples). The C, values for
corresponding identical samples (i.e., Sugawara A with Sample A and Sugawara B with Sample
B) are very similar over the temperature range from 200°C to 800°C, which supports the

accuracy of our measurements.

Density

The density, measured by gas pycnometry at ambient temperature, of all the samples
ranged from 2544.1 up to 2739.9 kg/m®, as is shown in Tables 2, 3, and 4. The density as a
function of temperature was calculated using measured linear CTEs and plotted for all the
glasses, as shown in Figure 6. The densities decrease with increasing temperature in a nearly
linear fashion to minima of 2511.2 to 2703.5 kg/m’ near T for the samples. Densities were not
calculated for temperatures above 7,. High temperature densities for LAWA44, ORPLA20,

HLW-E-AI-27, and WTP-C106 are available in Gan et al.”

Thermal Diffusivity

Thermal diffusivities are plotted versus temperature in Figure 7, with specific values given in
Tables 2, 3, and 4, in the range of 25°C to 400°C. Thermal diffusivities of the samples are the
highest at 25°C and decrease as temperature increases in a nearly linear fashion. The thermal
diffusivities of the HLW glasses measured are similar to each other: 4.3-4.6 x 107 m?/s at 25°C
and 3.9 x 10”7 m?/s at 400°C. Sugawara A and B had similar diffusivities: 4.3-4.7 x 10”7 m%s at
25°C and 3.8-4.2 x 107 m?/s at 400°C. For the LAW glasses, thermal diffusivities of ORPLA20

and ORPLDI, ranging from 3.9 x 107 to 4.2 x 10”7 m?%/s, are similar to those of the HLW

0
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glasses. LAWB99 and LAWA44 have higher diffusivities (4.9-5.2 x 10”7 m%/s at 25°C and 4.7—
4.9 x 107 m?/s at 400°C) than other glasses measured at all temperatures. Thermal diffusivities
of all LAW glasses between 100°C and 200°C are not quite as linear as the rest of the data

points. There is no clear physical phenomenon associated with this behavior and data are being

O©oOoO~NOOOPRWN -

10 currently investigated to determine whether this is an experimental artifact. However, this is not
expected to have any impact on the use of these data to support a more rigorous engineering

15 analysis of the HVAC system for each of the vitrification facilities.

20 Thermal Conductivity

22 Thermal conductivities were calculated from 25°C up to 400°C for all the glasses using
measured diffusivities, densities, and specific heats, as shown in Eq. (1) (see Tables 2, 3, and 4
27 for detailed values). All thermal conductivity values are within a range of known thermal

29 conductivities (i.e., 0.8 to 2.18 W/m-K) for common commercial glasses found in previous
studies.”**” Figure 8 shows thermal conductivities of the samples in the range of 25 to 400°C and
34 corresponding linear regressions fit to the data. The linear regressions show strong linear trends
36 (typically, R > 0.94), indicating a good linear relationship between thermal conductivity and
temperature over the range tested. Intercepts (at 0°C) for the fits ranged from 0.93 to 1.20

41 W/m-K and slopes ranged from 4.0 x 10™ to 10.0 x 10 W/m-K. Note that the data at ~400°C for
some samples shows slight deviations from the linear regression because the measured properties
46 (Cp, CTE, and «) are slightly influenced by the glass transition behavior near 7.

48 The thermal conductivities measured in this study (25 to 400°C) are plotted beside existing
51 high temperature (800 to 1150°C) values (labeled “*” in the key) measured by Gan et al.* in

53 Figure 9. Combined, these data cover the temperature ranges of interest.

1
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SUMMARY AND IMPLICATIONS

Key thermal properties of four LAW, three HLW, and two Japanese simulated waste glasses
were determined as a function of temperature by using simultaneous DSC-TGA (heat capacity),
Xe-flash diffusivity (thermal diffusivity), pycnometry (density at ambient temperature), and
dilatometry (thermal expansion).

The simultaneous DSC-TGA was shown to provide a reliable and reasonable C, of various
glasses in the temperature range of interest. The C, values of these nine glasses are relatively
close and follow the same trend; the LAW glasses showed slightly lower C, than the HLW
glasses, and two Japanese simulated HLW glasses (Sugawara A and B) showed higher C, values
than those of LAW and HLW glasses. A combination of p at room temperature and CTE
measurement from 25°C up to 7, enabled us to determine the variation of the glass density as a
function of temperature. The Xe-flash diffusivity measurements gave rise to « values of selected
HLW and LAW glasses from 25°C up to 400°C; « values are inversely proportional to
temperature. Correlating  with C, and p, values of k£ were determined from 25°C up to 400°C
for two HLW and two LAW glasses and one glass from the literature. All the measured & values
were within the expected range for glass.

Accurate thermal properties data is key information for design and operation of heat removal
processes in the WTP. Measured C, values are compared to the bounding values used in previous
plant design activities in Figure 10. It is clear from this comparison that the total heat removed
by cooling LAW melt and glass is significantly less than the conservative estimates across the
entire temperature range. Such difference implies that a more rigorous engineering analysis of
the HVAC system can be performed for each of the vitrification facilities; the analysis will
contribute to projections of operation efficiencies for both HLW and LAW facilities.

Furthermore, the analysis can affect the design and implementation of advanced melters; while

2
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current generation melters are designed to produce 15 MT glass/day, the advanced melters can

produce up to 50 MT glass/day.
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Figure Captions

Figure 1. DSC curves of three empty crucibles (a) and comparison between three sapphire
measurements (b). The dashed curve represents the temperature profile used for the

measurements.
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10 Figure 2. Heat capacity (C,) curves of sapphire (from the heating segment) with the reference

12 sapphire values.

15 Figure 3. Heat capacity (C,) curves of LAW simulated glasses from the cooling segment.

17 Figure 4. Heat capacity (C,) curves of HLW simulated glasses from the cooling segment.

19 Figure 5. Heat capacity (C,) curves of Sugawara glass compositions.

22 Figure 6. Density as a function of temperature up to 400°C.

24 Figure 7. Diffusivity of LAW (a) and HLW (b) glasses as a function of temperature, measured by
26 flash method.

29 Figure 8. Thermal conductivity of LAW (a) and HLW (b) glasses as a function of temperature.
31 Figure 9. Thermal conductivity of LAW (a) and HLW (b) glasses as a function of temperature,
compared with high temperature measurements (800—1150°C) by Gan et al.”* (labeled “*” in the
36 key).

38 Figure 10. Comparison of measured C, values to WTP Conservative LAW Baseline from 200 to

p 800°C.
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1
2 Table 1. Chemical composition (target wt.%) of the glasses used for the current study
3
4 HLW- | HLW-
5 Ng- E-Al- | WTP- | Sugawara | Sugawara
6 Oxides | LAWA44 | ORPLA20 | ORPLD1 | LAWB99 | Fe2 27 | C106 A B
4 ALO; 6.20 6.70 10.16 10.15 558 2397 489 5.10 4.93
g Ag,0 - - - - - - - - 0.01
10 B,O; 8.90 8.80 12.05 11.01 13.81  15.19 1027 1546 14.89
11 BaO . . . - 0.08 005  0.07 0.59 0.35
12 Bi,0; - - - - 115 0.46 - -
13 CaO 1.99 3.34 8.02 10.21 052 608  0.10 3.25 3.02
14 Cdo ; . . - ; 0.02 ; ; -
15 CoO - - - - - - - 0.18 0.23
16 cl 0.65 0.68 0.33 0.01 - - - - -
17 Ce,05 ] ; ; ; 0.11 ; 0.10 175 2.14
13 €10, 0.02 0.50 0.50 0.11 026 052 022 ] ]
20 Cs,0 ; . 0.13 - ; - ; 0.00 0.90
21 F 0.01 - 0.17 0.07 0.67 - - -
22 Fe,0; 6.98 0.30 1.00 1.15 1601 590  14.03 0.92 1.11
23 Gd,0; ; . - . ; - ; 1.66 0.36
24 K,0 0.50 0.54 0.16 0.41 0.14 0.19 0.21
25 La,0; - - - 0.09 0.08 3.12 2.23
26 Li,O - - - 3.54 155 357  2.64 3.76 3.72
27 MgO 1.99 0.93 1.00 1.15 016 0.2  0.14 - -
gg MnO ; ; ; ) 3.23 ; 2.82 0.38 0.53
30 MoO; - - - 4 - - - 0.00 0.05
31 Na,O 20.01 24.00 21.00 10.00 1417 958 1255  10.07 10.49
32 Nd,0; ; . . . ; - ; 0.00 1.81
33 NiO ; . 0.04 - 047 040 041 0.60 0.61
34 P,0;s 0.03 - 0.29 0.03 064 1.05 0.6 - -
35 Pr,0; - - - - 4 - - 0.40 0.57
36 PbO - - 0.01 - 0.62 0.41 0.54 - -
37 Re,0, 0.10 . . ; ;
38 Si0, 44.57 42.51 37.17 43.08  41.05 3050 47.75 4745 46.45
ig Sm,0; 0.00 0.04
41 Sn0, 2.76 0.07 0.06 . .
SO,
jg target 0.10 0.18 0.96 0.75 022 020 0.19 ; ;
44 SO - - - - 0.19 0.17 - -
45 TeO, ; . . . ; ; 0.00 0.02
46 TiO, 1.99 . . . ; 0.01 ; ; ;
47 V,05 - - 1.00 1.24 - - - -
48 Zn0O 2.96 2.76 3.00 3.54 0.03 008  1.03 0.03 0.03
gg 7r0, 2.99 6.00 3.00 3.54 .13 040 098 2.28 2.33
51
52
53
54
55
56
57
58
59
60
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Table 2. Summary of C,, p, o, and k of the HLW glasses. Note that italic-bold values are

extrapolations of C, or diffusivity.

HLW-Ng-Fe2 HLW-E-Al-27 WTP-C106
T| C, P a k C, P a k C, P a k
°C |J/kg'K|kg/m’ | m¥s |W/(mK)|J/kgK|kg/m®| m¥s |W/(mK)|JkgK|kgm®| m¥s |W/(mK)
25 858.6 2719.4 430E-07 1.00  908.1 2544.1 4.60E-07 1.06  868.7 2703.9 4.40E-07 1.03
50 876.5 2717.6 430E-07 1.02  929.4 25424 4.50E-07 1.06  888.0 2701.9 4.30E-07  1.03
75 8945 27158 - - 950.6 25409 - - 907.3 2700.3 - -
100 912.4 2714.1 420E-07 1.04  971.9 2539.3 440E-07 1.09  926.6 2698.7 420E-07 1.05
125 9304 27122 - - 993.1 2537.6 - - 945.9 2696.8 - -
150 948.3 27104 4.00E-07 1.03 10144 25359 4.30E-07 1.11 9652 2694.9 420E-07 1.09
175 966.3 27084 - - 1035.7 25342 - - 984.5 2693.0 -
200 982.7 2706.4 4.10E-07 1.09 10558 2532.3 420E-07 1.12  1003.6 2691.0 3.30E-07 -
225 1003.8 27044 - g 1079.0 2530.5 1024.9 2688.9 - -
250 1023.0 2702.3 4.00E-07 1.11  1100.7 2528.5 4.10E-07 1.14  1045.0 2686.8 4.00E-07  1.12
275 1040.0 27002 - - 1121.8 2526.6 - 1064.1 2684.7 - -
300 1055.4 2698.0 3.90E-07 1.11  1142.8 2524.5 4.00E-07 1.15 1078.7 2682.6 4.00E-07 1.16
325 1070.4 26958 - - 1162.3 2522.5 - - 1094.5 26804 - -
350 1086.9 2693.5 3.90E-07 1.14 1181.4 2520.4 4.00E-07 1.19  1113.7 26782 3.90E-07 1.16
375 1106.8 26912 - - 1202.5 25183 - - 1136.2 26760 - -
400 1135.1 2688.8 3.90E-07 1.19  1231.8 2516.0 3.90E-07 121 1167.6 2674.0 3.90E-07  1.22
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Table 3. Summary of C,, p, o, and k of the LAW glasses. Note that italic-bold values are

extrapolations of C, or diffusivity.

LAWB99 LAWA44 ORPLA20 ORPLDI
T| G P a k C, P a K C, P a k C, P a k
°C |J/kg'K|kgm®| m*s |W/(mK)|[JkgK|kgm®| m*s |W/(mK)|JkgK|kgm®| m¥ |[W/(mK)|IkgK|kgm®| m¥%s |W/(mK)
25 834.7 26744 520E-07 1.16 |853.7 2683.6 4.90E-07 1.12 | 887.6 2706.5 420E-07 101 |864.6 2597.3 420E-07 0.94
50 849.9 2672.6 5.50E-07 125 |870.1 2681.3 490E-07 1.14 |901.3 27042 420E-07 1.02 |889.3 2595.0 430E-07  0.99
75 865.1 26709 - - 886.5 26794 - - 915.1 27020 - - 913.9 2593.1 - -
100 880.3 2669.2 540E-07 127 |902.9 2677.3 490E-07 1.18 |9289 2699.9 4.10E-07 1.03 |938.6 2591.0 430E-07 1.05
125 8955 26673 - - 9193 26752 - - 9427 26975 - - 9633 25889 - -
150 910.7 2665.4 530E-07 129 |935.6 2673.0 4.00E-07 956.4 26952 3.80E-07 - 988.0 2586.7 5.10E-07 -
175 9259 26634 - - 952.0 26708 - - 9702 26928 - - 1012.7 25845 - -
200 940.5 2661.5 5.00E-07 125 |966.0 2668.5 4.30E-07 - 979.2 2690.3 3.80E-07 - 1004.2 2582.2 4.10E-07 -
225 957.6 26594 - s 9847 26662 - - 997.6 26878 - - 1078.8 2580.0 - -
250 974.2 2657.3 5.10E-07 132 |1002.3 2663.8 4.80E-07 128 [1015.4 26853 4.00E-07 1.09 |1100.5 2577.6 420E-07 1.19
275 987.8 2655.1 - - 10193 26614 - - 1027.1 26827 - - 11215 25752 - -
300 1000.2 2653.0 5.00E-07 133 |1035.6 2659.1 4.70E-07 129 [1041.4 2680.2 3.90E-07 1.09 |1142.6 2572.8 420E-07 123
325 1013.6 2650.7 - - 1050.4 2656.6 - - 10532 26775 - - 1162.1 25703 - -
350 1027.9 2648.4 490E-07 133 |1066.2 2654.2 470E-07 133 [1065.8 2675.0 3.90E-07 1.11 |1181.2 2567.9 420E-07 127
375 1045.6 26459 - - 1081.8 2651.6 - - 1079.0 26722 - - 12023 25653 - -
400 1069.1 26435 4.90E-07 138 [1099.3 2649.2 4.70E-07  1.37 |1093.1 2669.7 3.90E-07 1.14 |1231.4 2562.8 420E-07 133

Journal of the American Ceramic Society




O©oOoO~NOOOPRWN -

Journal of the American Ceramic Society

Table 4. Summary of C,, p, o, and k of the Sugawara A and B glasses

Page 22 of 32

Sugawara A Sugawara B

T G, P a K G, Yol a k
°C J/kg K kg/m’ m’/s W/(m-K) | JkgK | kg/m® | m¥%s | W/(mK)
25 886.8 2729.8  4.70E-07 1.14 858.9 2739.9 4.30E-07 1.01
50 905.5 27279  4.60E-07 1.14 878.8 2738.0 4.20E-07 1.01
75 924.1 2726.3 - - 898.6 2736.4 - -
100 942.8 27247  4.50E-07 1.16 918.5 2734.7 4.10E-07 1.03
125 961.5 2722.8 - - 938.4 2732.9 - -
150 980.1 2721.0  4.40E-07 1.17 958.2 2731.0 4.00E-07 1.05
175 998.8 2719.1 - - 978.1 2729.1 - -
200 1014.1 2717.2  4.40E-07 1.21 992.9 2727.1 4.00E-07 1.08
225 1036.2 2715.2 - - 1016.0 2725.1 - -
250 1056.7 2713.2  4.30E-07 1.23 1039.2 2723.1 3.90E-07 1.10
275 1074.2 2711.1 - - 1060.5 2720.9 - -
300 1091.5 2709.0  4.30E-07 1.27 1080.4 2718.8 3.80E-07 1.12
325 1110.8 2706.8 - - 1098.0 2716.5 - -
350 1128.9 2704.7  4.20E-07 1.28 1115.0 2714.3 3.80E-07 1.15
375 1148.3 2702.4 - - 1133.8 2711.9 - -
400 1170.7 2700.1 4.20E-07 1.33 1156.0 2709.6 3.80E-07 1.19

Note: Data are not complete at the time of this report.
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44 Figure 1. DSC curves of three empty crucibles (a) and comparison between three sapphire measurements
(b). The dashed curve represents the temperature profile used for the measurements.
45 159x176mm (300 x 300 DPI)

Journal of the American Ceramic Society



O©oOoO~NOOOPRWN -

Journal of the American Ceramic Society

1200 —
1100 —
N
*07
< 1000 —
=
[oX
(@)
900 —
—— Measured
A Reference

400 500
Temperature, °C
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high temperature measurements (800-1150°C) by Gan et al.23 (labeled “*” in the key).
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