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SUMMARY 

A modeling scheme developed by the Pacific Northwest Laboratory numeri
cally simulates the behavior of the Liquid-Fed Ceramic Melter (LFCM) during 
liquid feeding. The computer code VECTRA (~orticity ~nergy fode for TRansport 
~nalysis) was used to simulate the LFCM in the idling and liquid feeding modes. 
Results for each simulation include molten glass temperature profiles and iso
therm contour plots, stream function contour plots, heat generation rate con
tour plots, refractory isotherms, and heat balances. 

The results indicated that the model showed no major deviations from real 
LFCM behavior and that high throughput should be attainable. They also indi
cated that reboil was a possibility as a steady liquid feeding state was 
approached, very steep temperature gradients exist in the Monofrax K-3, and 
that phase separation could occur in the bottom corners during liquid feeding 
and over the entire floor while idling. 
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NUMERICAL MODELING OF LIQUID FEEDING 
OF THE LIQUID-FED CERAMIC MELTER 

INTRODUCTION 

This report describes a modeling scheme developed at the Pacific North
west Laboratory (PNL) to numerically simulate the behavior of the Liquid-Fed 
Ceramic Melter (LFCM) while directly feeding simulated liquid high level 
wastes. The LFCM(l) is an integral part of the High Level Waste Immobiliza
tion Process currently under development at PNL for the U.S. Department of 
Energy (DOE). 

The extreme environment in the melter substantially limits observation 
and direct measurement efforts to obtain information about the molten glass 
behavior. In addition, physical changes in the LFCM are costly, thus inhibit
ing direct experimentation with the actual melter. For these reasons, numer
ical modeling can be a valuable adjunct in documenting and explaining the 
physical processes of the molten glass. Further, it can provide operating and 
design information to support the melter development work. 

The PNL-developed computer code VECTRA was used in this study to simulate 
the LFCM in two operating modes. VECTRA is a two-dimensional code that can 
solve the vorticity, stream function, energy, and electric field equations in 
a wide variety of geometries. (2) The code had been used previously to simu
late molten glass flows. (3) Numerical results generated by the code have 
been compared with good agreement to measurements taken on the LFCM physical 
model. (4) For these reasons, VECTRA was used to simulate the LFCM in both 
the idling and liquid feed modes. The objective was to observe and understand 
the similarities and differences in LFCM behavior in both cases. 

This report briefly summarizes how the LFCM operates, to provide the 
background necessary to the feeding and idling model descriptions. Results of 
the idling and feeding simulations are then documented. The final sections 

discuss the simulation results and conclusions. 
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FEEDING AND IDLING MODELS 

As background, LFCM operation is briefly described first in this sec
tion. The models used to simulate the LFCM idling and liquid feeding modes 
are then presented. 

LIQUID-FED CERAMIC MELTER OPERATION 

In the High Level Waste Immobilization process, the waste is mixed with 
glass additives and melted to produce a stable glass product suitable for 
long-term storage in metal canisters. The LFCM heats the molten glass by 
passing an electric current through it. The current is supplied by electrodes 
placed on opposing melter walls. The LFCM has two independent sets of elec
trodes: a lower set along the melter floor and an upper set 4 in. above the 
lower set. Because the two electrode sets are independent, the ratio of the 
power input through the upper set to the power input through the lower set 
(power skew) can be varied. At the LFCM operating temperature, the glass has 
the properties of an electrically conductive fluid. The heat loss through the 
melter sides cools the glass adjacent to the walls, causing it to become 
denser and sink to the bottom. This sinking motion establishes a circulation 
pattern in the glass melter. Thus, the hydrodynamic behavior in the melter is 
coupled to its electric and thermodynamic characteristics. 

The behavior of the LFCM is significantly different during liquid feeding 
than while idling (no feeding). (5,6) While idling, the glass melt is 
entirely molten, with the top of the glass transferring heat by radiation up 
across an air gap to the melter lid. While feeding, cold liquid is poured 
directly onto the hot glass melt. During a steady feeding state, a crust 
(cold cap) exists on top of the glass melt. Above this cold cap is a layer of 
liquid at the liquid boiling temperature (~1500C). Thus, heat transfer by 
radiation at the glass batch top is negligible during liquid feeding. In 
addition, because of throughput during feeding, the required power input is 
much larger than that required to maintain the glass at operating temperature 

(12000C) during idling. 
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FEEDING AND IDLING MODELS 

Because the top of the glass melt changes with operating mode, different 
models are required to simulate the LFCM during idling and during liquid feed
ing. A schematic of the system simulated by VECTRA for the liquid feeding 
case is shown in Figure 1a; that for the idling case is shown in Figure lb. 
Only half of each cross section is shown, because the LFCM is symmetric in 
that plane. However, the entire cross section was simulated by VECTRA. 

The refractory walls surrounding the glass melt, as well as the elec
trodes and the boundary conditions, are the same in both the idling and liquid 
feeding models. Differences exist at the top of the glass melt. For the 
idling case, a radiation boundary at the top of the glass melt transfers heat 
by radiation from the molten glass, across the vapor gap, to the Kaowool insu
lation lid. The Kaowool insulation lid in turn transfers heat by radiation 
and conduction to the ambient atmosphere above it. 

For the liquid feeding case, a uniform batch crust 2 in. thick is estab
lished at the top of the glass melt. The thermal conductivity of this crust 
is assumed to be 0.5 Btu/hr-ft-OF, based on the measured value for glass at 
700 0 C. The bottom of this crust acts as a no-slip boundary for the molten 
glass below. There is little data available on the actual structure or prop
erties of the batch crust in the LFCM. The above assumptions are made based 
on the available information, but it is nearly impossible to validate these 
idealizations required to perform the analysis. The feed into the glass melt 
is assumed to occur at the bottom of the batch crust. The outflow is assumed 
to occur at the center of the melter floor. In the actual LFCM, the outflow 
takes place on a wall outside the plane simulated by VECTRA. To conserve mass 
in the simulation, it is necessary to place the outflow along the melter floor. 
Above the batch crust is a O.S-in. thick liquid layer held at a constant, uni
form temperature of lS0 0C. This temperature is assumed to be the boiling 
temperature of the liquid feed. To account for endothermic reactions that 
take place in the batch crust, a heat sink totalling -2 kW is applied to the 

crust. 
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RESULTS 

The idling and liquid feeding simulations were executed by VECTRA until a 
steady energy state was reached, i.e., until the heat transfer out of the sys-

tern equaled the power input. (As described in Reference 3, the flow field 
never achieves a steady state.) The controlling parameter for each case was 
the electrode temperature. An electrode temperature of 1050 0C was the goal 
becau~e this is the temperature control point in actual operation. For 
idling, the result was 10490C; for liquid feeding, the electrode temperature 
was 10620C. The boundary temperatures for both cases were an ambient tem
perature of 27°C and a cooling jacket temperature of 38 0 C. 

POWER REQUIREMENTS 

The idling simulation of the LFCM required 9.5 kW/ft, or 27 kW total, to 
maintain the electrode temperature at 1050 0C. Because of throughput and the 
isothermal boundary that accounts for heat of vaporization at the cold cap, 
the liquid feeding case required much more power to maintain an electrode tem
perature of 10500C--29 kW/ft, or 82 kW overall. This latter value compares 
very well to the actual prototype power requirements of 90 kW for a similar 
feed rate. The power required for idling, 27 kW, is significantly less than 
that required in the actual LFCM. Two reasons for this difference are 
possible. First, the model assumes that there is no heat transfer in the 
direction perpendicular to the plane modeled. This is a poor but necessary 
assumption in two-dimensional modeling. Second, there is less insulation on 
the lid of the actual LFCM than was used in the model. Thus, the simulation 
assumed a better insulated melter than the actual LFCM. Both cases were run 
with 75% of the power input through the upper electrodes. 

TEMPERATURES IN THE MELTING CAVITY 

Figure 2 illustrates the temperature profile of the central portion of 
the melter from the floor up to the Kaowool lid. In the liquid feeding case 
(Figure 2a), the molten glass temperature is fairly uniform from the floor up 
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to near the crust, where there is a very steep temperature gradient between 
the bulk glass and the crust. The interface temperature is computed to be 
760 0C, which is very close to the actual temperature at which glass begins 
to melt. This implies that the assumptions used to model the top of the mol-
ten glass during feeding work fairly well. The temperature continues to drop 
in the batch crust until the 1500C liquid layer is reached. Above the liq-
uid layer the temperatures decline gradually to the ambient temperature. 

The temperature profile while idling (Figure 2b) is significantly differ
ent from the liquid feeding case. The floor temperature is lower and a larger 
temperature gradient is present in the bottom part of the melter while idling. 
The fluid temperature is generally lower than while feeding. While idling, 
there is no crust above the glass melt, so the temperature peaks 18 in. above 
the floor and then cools slightly at the top of the melt. This surface then 
transfers heat by radiation to the lid. Notice that there is almost no tem
perature drop across the vapor gap. The temperature change between ambient 
and the glass melt top occurs almost entirely in the Kaowool lid insulation. 

Figure 3 illustrates isotherms in the molten glass for the idling and 
feeding cases. Figure 3a, the feeding case, shows that the glass temperature 
is very uniform except in the bottom corners, where there are definite cold 
spots. The temperature drop from the floor center to the corners is about 
80 0C. In the idling case shown in Figure 3b, the isotherms illustrate a 
temperature gradient from the top of the melt to the bottom, but indicate that 
the glass temperature is nearly uniform along a traverse between electrodes. 
Thus, in the idling case, the entire floor is colder, instead of just the cor
ners as in the feeding case. 

FLOW FIELDS 

Figure 4 presents stream function contour plots for the feeding and 
idling cases. The same values of the stream function are plotted for each 
case. The differences between Figure 4a and 4b indicate that the glass veloc
ities in the feeding case are two to three times higher than in the idling 
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case.- The steep temperature gradient at the glass melt top in the feeding 
case cools the glass there more, thus causing it to fall into the warmer glass 
below with greater velocity. Higher velocities for the feeding case lead to a 
better-mixed, more uniform temperature fluid. This helps explain why the 
glass is warmer in the bottom half of the melter during feeding. 

HEAT GENERATION RATES 

Because the power skew is the same for both idling and feeding cases, 
differences in only the temperature field will lead to differences in the heat 
generation field. Figure 5 illustrates the heat generation fields for liquid 
feeding and idling cases. The contours plotted are the local value of heat 
generation rate divided by the average heat generation rate. A comparison 
shows that heat is generated more uniformly in the feeding case because of 
more uniform glass temperatures. This is especially noticeable in the bottom 
center region of the melter. At the melter top, the feeding case heat genera
tion rate drops, due to the steep temperature gradient there. 

HEAT BALANCE 

A heat balance performed for each case yielded the following results: 
for the idling case, 21.6 kW exit through the electrodes and bottom, with 
2.3 kW through the bottom. For the feeding case, 21.8 kW exit through the 
electrodes and bottom, with 2.5 kW through the bottom. In the prototype LFCM, 
it is estimated that 20 kW are lost through the cooling jackets. The simula
tion results are in good agreement. 

TEMPERATURES IN THE REFRACTORY 

Figure 6 shows how the temperatures vary in the refractory surrounding 
the molten glass for the feeding and idling cases. In both cases, most of the 
temperature drop in the side walls occurs in the Monofrax K-3. The cooling 
jackets on the sides enhance cooling there. In the bottom refractory, there 
is a noticeable difference in the isotherms between the two cases--the bottom 
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refractory while feeding is warmer. This is a direct result of the warmer 
glass temperatures along the central floor region during feeding. Near the 
batch crust, there is a large temperature gradient in the Monofrax K-3. The 
peak value of the temperature gradient in the Monofrax K-3 is 573 0C/in. It 
occurs immediately below the batch crust, where the glass temperature gradient 
is steepest. In the idling case, there are no steep vertical temperature 
gradients, because there is no cold cap above the molten glass. 

The temperatures computed in the floor refractory are much warmer than 
those measured in the actual LFCM. One reason for this result is that the 
model neglects heat transfer in the direction perpendicular to the plane 
modeled, i.e., the two-dimensional assumption. Another reason ;s that the 
model neglected the freeze valve(l) in the floor, which acts as a heat sink. 
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DISCUSSION 

The results generated by the numerical simulation of the LFCM in the 
idling and feeding modes aid in understanding the physical processes of the 
molten glass. The findings also point out some potential problem areas in 
LFCM operation. 

When switching from idling to feeding modes in the LFCM, the results 
indicate that the overall glass temperature will increase. This is a good 
indication that high throughputs are attainable. Another indication of high 
throughput possibilities is the high glass velocities observed during liquid 
feeding. High velocities decrease the time required for good mixing, which 
allows the feed rate to be increased. However, the temperature increase 
occuring in the feeding mode can result in reboil, (5,6) a sudden release of 
dissolved gases in the glass, which can turn it into a foam. Reboil can cause 
complete disruption of the cold cap, thus, precautions must be taken to avoid 
reboil. 

The temperature contours in the refractory during liquid feeding indicate 
another potential problem area. Near the cold cap, the glass experiences 
extreme temperature changes in very short distances; large temperature grad
ients in the adjacent Monofrax K-3 result. The peak gradient, 573 0C/in., 
could lead to cracking in the refractory during steady-state, fully flooded 
operation. Temperature measurements should be taken in the prototype LFCM 
refractory to verify this result and determine whether or not corrective 
action is required. 

During liquid feeding, the glass temperatures were fairly uniform, with 
potential cold spots in the bottom corners. With uniform temperatures, there 
is less chance of phase separation in the glass, i.e., crystals forming and 
building up along the floor. During idling, the entire LFCM floor area was 
cold relative to the bulk temperature, indicating a potential phase separation 
problem. The floor area would be warmer if a larger proportion of the total 
power were input through the lower electrodes. Skewing the heat generation 
toward the melter floor increases floor temperature and glass velocities along 
the floor. (3) Both consequences are desirable. 

17 



-The validity of the results rests on the validity of the two major ideal
izations made in the analysis: 1) that the system is two-dimensional, and 
2) that the cold cap can be simplified as was done here. There are obvious 
shortcomings to neglecting three-dimensional effects. Neglecting heat trans
fer in one direction results in less power required than in the prototype LFCM 
to maintain the same temperature. Neglecting wall effects on the fluid flow 
results in a flow field different from the real LFCM. In simulating the cold 
cap, the primary goal was to model the heat transfer properly by simplifying a 
very complex system with several assumptions. The numerical results do not 
exhibit any major deviations from the prototype LFCM behavior. 
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CONCLUSIONS 

The modeling scheme developed to simulate the LFCM during liquid feeding 
has produced results that showed no major deviations from LFCM behavior. The 
results indicated positive operating conditions and pointed out some required 
precautionary measures. Higher fluid velocities and more uniform temperatures 
occur during liquid feeding, increasing homogeneity and capacity and reducing 
the possibility of phase separation. However, when switching to the liquid 
feeding mode from the idling state, glass temperatures will increase and can 
result in reboil. The results also indicate a high temperature gradient in 
the Monofrax K-3. A laboratory test should be performed to verify this result. 
Finally, inputting a larger percentage of power through the lower electrodes 
will raise temperatures along the floor during idling and help eliminate the 
possibility of phase separation. 

It is concluded that the numerical model can predict trends in the LFCM. 

Thus, comparisons between the LFCM idling and liquid feeding modes performed 
in this study are reasonable. 
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