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ABSTRACT

In the present work electric resistivity of the Synroc melt was determined using a
comparison of calculated and experimental energy characteristics of the induction furnaces such as
inductive melters with the cold crucible (IMCC). An inductor power coefficient (1PC) cog hes
been chosen as amelt energy condition criterion. An experimental value of cosj was found from
electric parameters of a high frequency generator (HFG). Then the dependence of IPC from electric
conductivity was calculated and an equation describing electric resistivity — temperature ratio for
the Synroc melt was found: r = 81.627exp(-0.0028X"). Accelerated method for determination of
electric resistivity of “short” and high temperature melts may be applied to the optimization of the
cold crucible geometry calculations and IMCC process optimization.

INTRODUCTION

Electric resistivity is one of the most important properties of melts necessary to calculate for
electric melters, including cold crucibles, in the production of vitreous and crystalline materials
including glassy and ceramic high level waste (HLW) forms [1]. The existing desire to increase
melter productivity requires optimization of melter geometry, full heating of a molten central zone,
and current frequency reduction while simultaneously maintaining the furnace energy
characteristics. Another problem is the measurement of the specific electric resistivity of high-
temperature “ short” melts with very low viscosity even near the melting point of the materials.
“Short” melts are formed by most of the oxide melts, including complex non-silicate melts. In the
waste conditioning technologies, the most important among such melts are titanate-zirconate and
alumino-titanate based melts with zirconolite, perovskite, hollandite, pyrochlore, and murataite
formulations, or complex melts of polymineral ceramics like Synroc (zirconolite- perovskite-
hollandite-rutile assemblage) [2].

The inductive melting in the cold crucible (IMCC) was successfully applied to produce
various Synroc -type materials [3-7]. However, computation of an optimum crucible geometry and
capacity was impossible because a reliable procedure for determination of the electrotechnol ogical
properties of the meltsis absent.

Since experimental investigations are costly and require significant time, mathematical
modeling and computer simulation of the processes in the melters including cold crucibles are
preferable. Therefore, electric resistivity — temperature dependence has to be determined for the
computations. Thiswork is targeted to develop a procedure for melt electric resistivity
determination based on the analysis of high frequency generator (HFG) operational parameters.

EXPERIMENT
To determine electric resistivity of the Synroc melt r , calculated and experimental

characteristics of the IMCC furnace were compared [1]. Chemical composition of the Synroc-C was
asfollows[2] (wt.%): TiO,— 57.0, ZrO,— 5.4, ALO3— 4.3, BaO— 4.4, CaO — 8.9, HLW oxides
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surrogate — 20.0. Waste calcine surrogate from spent fuel reprocessing plart of PA “Mayak” was
used [8]. An IMCC furnace with a small space factor of awindow of the inductor was investigated
(Figure 1). Inductor power coefficient cosj 1 as an energy criterion of melting conditions has been
chosen. Substantiation of such a choice for furnaces of this type was given in work [9].

Fig. 1. Experimental IMCC unit.

The IMCC furnace studied used a cold crucible of cylindrical cross-section. It was surrounded by
copper inductor. The main characteristics were as follows:

Inductor material Copper
Inductor inside diameter, D1, m 0.16
Inductor height, a;, m 0.085
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Number of inductor coins, w 4

Inductor pipe diameter, di, m 0.012

Crucible material Stainless stedl 12X18H10T
Crucible inside diameter, D2, m 0.108

Gaps between the crucible pipes, 12, m 0.002

Crucible pipes outside diameter, dm, m 0.012

Molten zone depth, az, m 0.085

Electric resistivity range, r 2, Wi 0.0004...0.08

Frequency, f, MHz 1.76

Experiments were conducted so to reach the best conditions for computations using a
substitution schemes procedure. These conditions are as follows:

Cylindrical cross-section of the crucible (melting zone);
ap=ay
Coincidence of the inductor and melt bath butt ends.

Experimental cosj 1 value was determined from eg. (1) using data measured in the
experiment on IMCC of Synroc-C:

U . - Pzzl.e
h,cos j,, (Ea.1)

Where U1 is voltage on the current leads of the inductor, V; P2>— heat losses power from the melt to
the crucible, W; z5e is full equivalert resistance of the inductor, W, h1 is efficiency.

Taking into account that inductor efficiency is

P, (Ea. 2

Where P, isthe active input power to inductor. The equivalent active resistance of the inductor rie
is significantly lower than the reactive resistance (rie << X1¢) a IMCC with oxides with small space
factor of awindow of the inductor and therefore low cog 1e.Full equivalent resistance of the

inductor ze » X3eand at the parallel scheme of aload contour with resonance frequency may be
calculated from formula:

1 (Eq. 3)

Wherew isthe frequency of acurrent, Hz and C; is the capacitance of a capacitor bank.

If it is assumed that the reactance of individual coils of the inductor are many times less than
the total reactance of the inductor, then the expression (1) can be written as.

P (Eq. 4)
TR

cosjlqz

During the melting runs the following parameters were measured by calorimetry:
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Total electric losses in the crucible and heat losses from the melt to the crucible, Q¢
Electric losses in the inductor, Qj;

Radiation heat losses from the melt surface and convective heat transfer losses Qy;
Input power to inductor, Pi.

P, =Q + Qrc + Qi (Eq. 5)

During the experiment current frequency f, voltage on the inductor U1, capacitance of
the capacitor bank Ci, and melt temperature Tm were measured.

Computational relation of a power coefficient of the inductor to electrical conductivity
of the mdt cosj 1 = f (k) isshown on Figure 2. Since cosj ; = f (k) relation has maximum, two k»
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Fig. 2. The cosj 1 - f (k) relation (top) and variation in co§ 1 within the temperature range 1450
1650 °C (bottom).

values correspond to one cosj ; value. To exclude duplicity in determination of the melt electric
conductivity Figure 2 also illustrates variationsin cog 1 value obtained within the temperature
range between 1450 °C and 1650 °C. The increase of the cog ; values shows that the IMCC process

is below optimum range of the cosj ; values (before maximum). This conclusion excludes duplicity
of the results and the real range of cog ; value variations only may be considered.

Figure 3 illustrates specific electric resistivity to temperature relation for the Synroc ceramic
melt, which has exponentia character, described by eq. (8):

r =81,627 ¢ "% T (Ea. 8)

with approximating veracity value — R = 0.9827, where R? is confidence interval meaning that
experimental data described by eqg. (8) are correct with probability equal to 98.27%.
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Fig. 3. The electric resistivity — temperature relation for the Synroc melt.

At the IMCC process each cog ; value corresponds to their own Uj, C1, and h; values
(Figure 4). These vaues were determined by computation of the inductor with the full magnetic
substitution method using the power P; values obtained from the experiments by calorimetry. The
cog 1 value obtained for the given process case of the IMCC of the Synroc was determined using
the Uzeand C1e values measured by electric devices. The hie value was computed from calorimetric
data. Thus, there is a possibility to compare the U;, C;, and h1 values computed for whole range of
ther , consideration using the full magnetic substitution procedure with the U 4, C1e, and h1e values
obtained experimentally having the bath of the melt with specified melt temperature T, specific
melt electric resistivity r 2, and relative diameter my. Curves DU1e, DC1e, and Dh e plotted on Figure
4 demonstrate distribution of deviation of the U, C1e, and hie values from computed theoretically
required values being characteristic of the process at the given cosj ; vaue confirming or refuting
correctness of the cosj 1 determination.

Deviation of the DU i, DC1¢, and Dh1e values was calculated by eg. (9):

A—{Xl ~ %1% 100%

where x; isthe investigated parameter Uye, Cie, OF h 2o

Dx,, =
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Fig. 4. Distribution of the deviation D of the U1e, Cie, and h 1e Values obtained at the melt
temperature 1650 °C, cog 1= 0.156.

In all the points investigated these deviations were as follows:

U;—09-5.5%;
C1—-04-8.6%;
h1—36—-54%.

These deviations did not exceed 9% demonstrating good accuracy in determination of the IMCC
parameters of the Synroc.

The proposed express-method for determination of the molten ceramics electric resistivity
differs from that realized under real IMCC conditions. It is based on an adjustment of the anaytical
solutions with experimental data for quick comparison and an estimation of the results obtained. It
increases measurement reliability and accuracy and broadens the range of possibilitiesin
investigating the properties of high temperature melts.

CONCLUSION

The electric resistivity — temperature relation of the Synroc melt is established. It ensures
reasonable selection and computation of the equipment for the IMCC of the Synroc-type ceramics.

REFERENCES

1 Y.B.PETROV. Inductive Melting of Oxides (Russ.), M. Energoatomizdat, 1983, 104 p.

2 A.E. RINGWOOD, SE. KESSON, K.D. REEVE, D.M. LEVINS, E.J. RAMM, “SYNROC" in
Radioactive Waste Forms for the Future, eds. W. Lutze and R.C. Ewing. Elsevier Science



WM’01 Conference, February 25-March 1, 2001, Tucson, AZ

3

Publishers B.V. (1988) 233.

F.A. LIFANOV, |I.A. SOBOLEV, SV. STEFANOVSKY, D.B. LOPUKH, “Production of
Synroc through Mélting in “Cold Cricible” in Proc. Fifth Int. Conf. On Radioactive Waste
Management and Environmental Remediation ICEM’95. September 3-7, 1995, Berlin,
Germany, eds. S. Slate, F. Feizollahi, and J. Creer. ASME, New Y ork (1995) 419.

I.A. SOBOLEV, S\V. STEFANOVSKY, F.A. LIFANOV, “Synthetic melted Rock-Type
Wasteforms,” in Mat. Res. Soc. Symp. Proc. 353 (1995) 833.

O.A. KNYAZEV, B.S. NIKONOV, B.l. OMELIANENKO, SV. STEFANOVSKY, SV.
IOUDINTSEV, R.A. DAY, E.R. VANCE, “Preparation and Characterization of Inductively -
Melted Synroc”, in SPECTRUM’96 Proc. Int. Top. Meet. On Nuclear and Hazardous Waste
Management. August 18-23, 1996, Seattle, WA. P. 2130-2137.

[.LA. SOBOLEV, S\V. STEFANOVSKY, O.A. KNYAZEV, T.N. LASHTCHENOVA, V.I.
VLASOQV, D.B. LOPUKH, “Application of the Cold Crucible Mélting for Production of Rock-
Type Wasteforms’, in Proc. Sixth Int. Conf. On Radioactive Waste Management and
Environmental Remediation ICEM’97, eds. R. Baker, S. Slate, and G. Benda. October 12-16,
1997. Singapore. ASME (1997) 265.

S.V. STEFANOVSKY, O.A. KNYAZEV, D.B. LOPUKH, S.V. IOUDINTSEV, “The Cold
Crucible Melting of Synroc”, in IT3 Conf. Int. Conf. On Incineration & Thermal Treatment
Technologies. May 11-15, 1998. Salt Lake City (1998) 155.

Feasibility Study and the Substantiation of Expediency of Application of the Mineratlike
Matrices for High Level Waste Immobilization, Report: 30-97-037/04-97-006. ? .: Greenlawn
Co., 1997. 125 p.

D.B. LOPUKH, A.Y. PECHENKOQV, “Ciriterion for the Estimation of the Inductive melting of
Oxide Materias in the Cold Crucible” (Russ.) in Investigation of the Electrothermal Processes
and Plants, Tcheboksary (1987).



