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\~JI~MARY 

The Joule-heated ceramic-lined melter is an integral part of the high 

level waste immobilization process under development by the U.S. Department of 

Energy. Scaleup and design of this waste glass melting furnace requires an 

understanding of the relationships between melting cavity design parameters and 

the furnace performance characteristics such as mixing, heat transfer, and 
electrical requirements. Developing empirical models of these relationships 

through actual melter testing with numerous designs would be a very costly and 
time consuming task. 

Additionally, the Pacific Northwest Laboratory (PNL) has been developing 

numerica·l models that simulate a Joule-heated melter for analyzing melter 

performance. This report documents the method used and results of this 

modeling effort. Numerical modeling results are compared with the more 

conventional, physical modeling results to validate the approach. Also 

included are the results of numerically simulating an operating research melter 

at PNL. 

Several programs supported by the U.S. Department of Energy led to the 

development of numerical models to simulate coupled fluid, heat, and 

electrically conducting materials. These models were included in a special 

version of the TEMPEST computer code, which was modified to implement the 

models necessary for simulating Joule-heated melters. Modeled solutions 

included current- or power-controlled electrodes in either single or dual 

pairs. 

Physical Joule-heated melters modeling results used for qualifying the 

simulation capabilities of the melter code included: 1) a melter with a single 

pair of electrodes and 2) a melter with a dual pair (two pairs) of 

electrodes. The physical model of the me1ter having two electrode pairs 

utilized a configuration with primary and secondary electrodes. The principal 

melter parameters (the ratio of power applied to each electrode pair, modeling 

fluid depth, electrode spacing) were varied in nine tests of the physical model 

during FY85. Code predictions were made for five of these tests. Voltage 

; i i 



drops, temperature field data, and electric field data varied in their 

agreement with the physical modeling results, but in general were judged 

acceptable. 

Detailed conclusions regarding all the physical modeling and numerical 

simulation results can be found in the Conclusions and Recommendations section 

of this report. The recommendations concern future experimental work, the 

melter version of TEMPEST, physical melter simulation, and simulation of 

operating melters and melter designs. 
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PHYSICAL AND NUMERICAL MODELING OF JOULE-HEATED MELTERS 

1.0 INTRODUCTION 

Commercial and military applications of nuclear technology in the U.S. and 

the rest of the world have produced 1 arge amounts of hi gh-1 evel nuclear waste 

(HLW). This waste is currently being stored in temporary storage systems to 

isolate it from the environment. However, a more permanent and environmentally 

acceptab 1 e method of fi na 1 storage of HLW is required. 

The vitrification process is the process chosen within the U.S. and much 

of the world to best satisfy the above criteria. In the U.S. vitrification 

process, HLW is blended with glass-forming constituents and fed to a Joule 

(electrically) heated melter as a slurry. The solids react to form a durable 

borosilicate glass product. The molten glass is then transferred into metal 

canisters, allowed to solidify, and ultimately stored in stable geological 

formations. The final product of this process is a stable, solid form which 

has excellent resistance to leaching, dissipates waste heat effectively, and 

resists radioactive damage. 

The Pacific Northwest Laboratory (PNL) has conducted research in HLW 

vitrification for the U.S. Department of Energy (and its predecessors) since 

the mid 1960s. Because of the expense and time required to test different 

prototype designs, physical and numerical modeling techniques are used to study 

various options to help optimize the melter configuration and estimated 

generalized design correlations. A computer model (TEMPEST) capable of 

accurately predicting performance of waste vitrification melters was 

developed. Qualification and validation of the computer model for Joule-heated 

melters is important to provide future vitrification plant designers with the 
necessary melter analysis tools. For that reason, physical melter model 

experiments have been conducted to provide a data base for evaluation of 

numerical solution procedures and prediction results. To put the present work 

in perspective, the following is a brief historical overview of physical melter 

modeling at PNL. 

1.1 



Physical melter modeling has been employed at PNL as a method to 

investigate design alternatives and operational processes of various Joule­

heated, ceramic glass melter concepts since lq78. The goal of this earlier 

modeling program was to develop suitable fluids, modeling facilities, and 

measurement techniques to study the fundamental phys i ca 1 phenomena ; n the glass 

melting process. In addition, results from those experiments were to serve as 

a data base for numerical code comparison and evaluation. 

Two PNL test melters, the Calcine Fed ~eramic Melter (CFCM) and the Liquid 

Fed Ceramic Melter (LFCM), were physically modeled. Operating configurations 

of the LFCM included various feed coverage (cold cap) orientations and upper­

to-lower electrode power ratios {11/L FPR). In adrlition, LFCM operating 

performance was compared with the performance of the CFCM single-pair, plate­

electrode configuration. Measurement techniques and modeling criteria 

established during this study were heavily relied upon in subsequent PNL 

physical modeling efforts. Results of this effort are summarized by Quigley 

and Kreid (1979). 

A 1983 glass melter physical modeling task was initiated to provide direct 

support to the Hanford Waste Vitrification Plant (HWVP) (Gurley and Minor 

1985). The two systems that were modeled in this investigation were the 

B-Plant Immobilization Pilot Plant (BIPP) Melter and the Pilot Scale Ceramic 

Melter (PSCM). The PSCM is an operating, pilot-scale research melter having a 

melt surface area of 0.73 m?:. Its operation supports various nepartment of 

Energy {DOE) Waste Management programs. The 8IPP melter was part of a proposed 

conceptual design used for early design studies associated with the HWVP. 

Objectives of the RIPP modeling were to measure the effects of electrode 

positioning and electrode power skewing. PSCM modeling ohjectiv~s were to 
measure the effects of using nitrogen hubblers as flow stabilizers and measure 

the effect of colrl cap (top surface) size and location. During this 

investigation, modeling fluids were developed using established similarity 

criteria. Results obtained from both PSCM and BIPP model testing were also to 

serve in the verification of nu~erical models. Several successful tests were 

performed using the PSCM model; however, only preliminary testing of the RIPP 

1.2 
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model was performed. Results of this effort are summarized by Skarda, Hauser, 
and Fort (1985). 

The current physical modeling effort is a continuation of the 1983 work. 

The emphasis of this study is to provide a data base for numerical computer 

code verification using the BlPP model. A modeling fluid, designated as MF-0, 

was used for BIPP model testing. While MF-0 was originally scaled for use in 

the PSCM model based on a prototypic glass (Skarda, Hauser, and Fort 1985), 

MF-0 was used in this investigation because of its availability and emphasis of 

the present work on numerical code evaluation. In addition, initial scaling of 

MF-0 to Savannah River Laboratory (SRL) waste glasses SRL 131 and SRL 165 

indicated that use of MF-0 in the BIPP model will adequately model the 

hydrodynamic and thermal phenomena of current waste glasses. 

Various BIPP electrode operating configurations were investigated in this 

study. Specifically, tests were performed at two different electrode spacings 

and three U/L EPRs. Experimental test results are contained in Section 3.0 of 

this report. These tests model a melter design in which a dual pair of 

electrodes is present. Each electrode pair may be operated at a controlled 

power level. Test results are obtained for several power splits between 

electrode pairs in two modeled melter aspect ratios (model fluid depth-to-width 

ratios of 0.47 and 0.38). 

In Section 4.0, the theoretical and numerical basis for the melter version 

of the TEMPEST computer code is described, including the theoretical basis and 

modifications for the solution of electric fields in melter designs using 

single and dual electrode pairs. The code uses finite-difference 

approximations of time-dependent equations governing conservation of mass, 

momentum, energy, and electric potentials in three-dimensional geometries. 

Code predictions are compared to test data in Section 5.0 of this report. For 
qualification, comparisons are made to data in several configurations. 

Included are: a model of a one-armed, electrically conducting body; physical 

melter model results utilizing a single electrode pair (Quigley and Kreid 

1979); and data acquired in this work utilizing a physical melter model with 

two individually controlled electrode pairs. 

1.3 



Additionally, simulation results computed in FY84 before the present 
numerical model qualification work with dual pairs of electrodes are included 

in Section 6.0. These include simulation results computed for a numerical 
model of the Pilot Scale Ceramic Melter (PSCM). Certain limited data are 

available from the operating PSCM for comparison to predictions. 
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2.0 CONCLUSIONS AND RECOMMENDATIONS 

The objective of this work is to document recent melter modeling results 
at PNL. Included here are experimental results of physical melter modeling, 

the theoretical basis for modeling Joule-heated (electric field) melters with 
single and dual electrode-pair and simulation results of numerical models of 

~hysical melter model experiments and the operating Pilot Scale Ceramic 

Melter. Data presented lead to the following conclusions and 

recommendations. 

2.1 CONCLUSIONS 

Physical melter modeling using a dual-electrode-pair configuration 
provides a means of testing electrode spacing and ratio of power to each 
pair. It also provides a data base for testing numerical models. Experimental 
results obtained in the present work led to the following observations and 
conclusions: 

• The dual-electrode-pair system provides additional control of mixing in 

the molten glass not available in a single-electrode-pair system. 

• An upper-to-lower electrode power ratio (U/L EPR) of 1.0:0.0 is a poor 
operating configuration because temperature stratification occurs between 
upper and lower fluid regions, which inhibits mixing. 

• Results of using an U/L EPR of 0.0:1.0 indicated very high local 
temperatures directly in front of the powered electrode pair. This may 
indicate excessive crossfiring between pairs, which could shorten 
electrode 1 ife. 

• Only moderate crossfiring and thermal stratification occurred for cases in 
which the U/L EPR was 0.5:0.5. 

• The largest temperature variations with time occur in central regions of 

the fluid. This results because of the enhanced cooling of the modeled 
(top surface) cold cap. 
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o (Inadvertent) common grounding of one side of both electrode pairs 

resulted in grossly asymmetric temperature and electric field measurements 

in two tests. 

4 Flow visualization results are inconclusive. 

Conclusions drawn from numerical simulation results presented are broken 

into categories. For theory and numerical basis, conclusions are: 

• Operational modes and solution procedures used in the melter version of 

TE~P£ST are working correctly for the test applications evaluated. 

• In a test of the electric field solution, the predicted current in a one­

arm body model is 3.3~ ~J.A. Measured data was 1.13 + 0.1 !lA. Surface 

enhancement is predicted to be ~.56 compared to a measured value of 2.6 + 

0.1. 

From simulation of physical melter model experiments with a single electrode 

pair, conclusions include: 

• Voltage drop agreements varying from 3 to 20% underprediction are found 

with bulk temperatures agreeing within + l°C. 

• Accurate results are obtainable when two-dimensional simulation of 

physical melter model experiments is used with sufficient noding 

resolution. Three-dimensional models of three-dimensional tests, however, 

are found to be generally more consistent. 

• Flow-field predictions qualitatively follow ohservations, as indicated by 

viewing a computer-generated video movie. 

From simulation of physical melter model {e.g., RIPP} experiments with a dual 

electrode pair, conclusions include: 

• Predicted voltage drop results for tests with an 11/L EPR of n.n:l.O, 

1.0:0.0, and 0.5:0.5 vary in agreement from an underprediction of 30% to 
11 exact 11 agreement for two-dimensional models. 

• Particular attention to thermal boundary condition is required because of 

strong dependence of electrical conductivity on temperature. 
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• Temperature field data in the modeling fluid is typically at + l0°C 

variance with data for two-dimensional models. 

• Agreement of overall voltage drop and temperature field data is 

significantly improved in a three-dimensional model of a 0.5:0.5 power­

split test. This results because of more correct acc0unting of heat 

transfer through front and back walls. 

• Electric field data and predictions are in good qualitative agreement when 

normalized to corresponding overall voltage drops. local deviations are 

directly attributable to differences in local temperature because of 

temperature-dependent electric conductivity. 

• Comparison of local electric field data in power-split ratios other than 

0.0:1.0 or l.O:n.n cannot currently he made with TEMPEST. 

From simulation of the idling and feeding operation modes of the Pilot Scale 

Ceramic Melter. conclusions include: 

• Attaining thermal equilibrium or quasi-steady conditions is a prerequisite 

for correct predictions. This requires that special attention be given to 

thermal boundary conditions. 

• Accurate thermal properties of melter glass are required to improve 

confidence in predictions. 

• Additional investigation of prescribed thermal boundary conditions. time­

step dependence. and noding resolution are required to improve confidence 

in predicting melter operation. 

2.2 RECOMMENDATIONS 

Several recommendations can he made based on present experimental work. 

These include: 

• Flow visualization should be an integral part of the physical melter model 

experiments. Visual observations can not only he used for obtaining 

velocity data. hut can also aid in interpretation of other data obtained 

dur;ng experiments. Additional work is required to determine the best 

tracer particles in modeling fluids. 
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• Accurate overall heat balance dat~ should be obtained. This could he done 

by sufficiently instrumenting cooling channels and would assist in the 

evaluation and specification of t~ermal boundary conditions for numeric~l 
models. 

• Prolonged operation at an IJ/L FPR of Ln:n.n should he avoided, as 

extensive stratification can result from this powered configur~tion and 
inhibit mixing. 

• Power controller configuration should be set up to eliminate the 

possibility of crossfiring between electrode pairs. 

Concerning the melter version of TEMPEST, recommendations include: 

• Operational modes and use of the melter version of the TEMPEST computer 

code should be documented in the form of a users• manual. 

• Dual-electrode-pair (combined) electric field output should be made 

available to the user. This requires a modification to the code. 

• Difficulties are encountered in electric field solution convergence at 

start up. An automated (numerically considered) methodology should be 

developed to adjust power levels, etc., in response to ill-defined initial 
conditions. 

• Bulk fluid temperature determination should he included as part of the 

computation. 

• The electric field solution procedure and operational ~odes should he 

upgraded to he compatible with ·nost current TEMPEST developments in other 
programs. 

• A standard set of inputs for electric field and melter test problems 

should be developed and a quality assurance program commenced for 

maintaining and qualifying future code evaluation and model development. 

Concerning physical melter simulation, recommendations include: 

• Further investigation and development of a methodology for qualifying the 

attainment of equilibrium or quasi-steady conditions should be 

addressed. 
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o Two-dimensional modeling advantages and limitations need to be better 
defined, as this approach represents a means of significantly improved 

computational efficiency for parameter testing of melter design and 

analysis. 

• Flow visualization experimental data should be obtained in the dual­
electrode-pair physical melter model to allow qualification of predictions 

of basic fluid flow characteristics (flow direction, magnitude, etc.). 

For simulation of operating melters and melter designs, recommendations 
include: 

o The Pilot Scale Ceramic Melter model and simulation results need to be re­
evaluated in more detail; in particular, specification of thermal boundary 
conditions and detern1ination of fluid properties need to be better 

addressed. 

• Thermal radiation modeling in TEMPEST needs to be improved to provide 
better physical definition of heat transfer within the glass melt and at 

the cold cap surface. 
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3.0 BJPP PHYSICAL MELTER MODEL AND EXPERIMENTAL RESULTS 

Experimentally measured temperatures and electric potential are reported 
for nine tests run in the BIPP physical melter model. The objective in 

obtaining this data is to provide a data base to which numerical simulation 
predictions can be compared, thus providing a means of qualifying the 

prediction tool. In this section, the experimental apparatus, measurement 
procedures, data acquisition, and measured results are presented. Present 

experimental results are compared to numerical predictions in Section 5.0 of 
this report. 

3.1 TEST PLAN SUMMARY 

The test plan for this work included running experiments in the BIPP 
physical melter model to satisfy specific test objectives. These included 

studying the effects of electrode spacing and electrode power skew in a dual­
electrode-pair melter configuration with each electrode pair being 
independently powered. Modeling fluid and melter model parameters were 
determined by physical scaling laws to simulate proposed operating conditions 

in the BIPP melter. Specific details of determination of the scaled parameters 
are presented by Skarda, Hauser, and Fort (1985). 

Six tests were originally planned using two electrode spacings and three 
power skews as listed in Table 3.1. Planned data to be acquired included: 

• fluid temperatures 
• electric potential 
o flow velocity 

o wall heat flux, 

thus providing a rather complete set of data for evaluating numerical 
predictions. Temperatures were to be measured at selected locations in the 

modeling fluid, as well as in the cooling jackets, to provide thermal boundary 
conditions. Electric potentials were also to be measured at selected points in 
the modeling fluid and across each electrode pair. Flow velocities were to be 
obtained from digitized flow visualization data. Wall heat fluxes were to be 
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TABLE 3.1. Test Plan Summary 

Electrode 
Run No. Power Skew 

BRUN-1 100% Top 
0% Bottom 

BRUN-2 0% Top 
100% Bottom 

BRIJN-3 50% Top 
50% Rottom 

BRIIN-4 100% Top 
0% Rottom 

BRUN-5 0% Top 
100% Bottom 

Model Electrode* 
Spacing 

6. 35 em 

n.35 em 

fi.15 ern 

~.54 em 

2.54 em 

BRUN-6 50', Top 2.54 em 
50% Bottom 

**BRUN-7 50% Top 6.35 em 
50% Bottom 

**BRUN-8 75% Top 6.35 em 
25% Bottom 

**BRUN-9 50°/, Top 6. 35 em 
50% Bottom 

*BIPP spacing is 4x model spacing. 

t~ode 1 i ng 
__ Fl_u_i_d _Lev"-e 1:___ 

17.94 em 

14.fil em 

14.h1 em 

14.61 em 

17.94 em 

17.94 em 

**Additional tests performed for flow visualization 

Electrode 
Potential Reference 

Floating ground 

Floating ground 

Floating ground 

Floating ground 

Floating ground 

Floating ground 

Absolute ground 

Absolute ground 

Floating ground 

determined from cooling jacket temperature rise and selectively placed 

thermocouples l0cated in walls. 

Planned tests are identified herein as test runs BRUN-1 through RRUN-

6(a). nuring these tests. only temperature and electric potentinl ~ata were 

(a) Test run identification is as follows. RRlJN identifies a test run for the 
RIPP melter. Appended numbers refer to run number, e.g. -3. In data 
tabulation in appendices, individual data sets are further indicated by -T 
for temperature and -E for electric potential. 
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acquired. Subsequently, test run BRUN-7 was performed at the same conditions 
as BRUN-3 with the objective of acquiring requisite flow visualization data. 
BRUN-8 was also performed with a similar objective but at a different power 
skew than used in previous tests. As discussed subsequently, difficulties 
were encountered which precluded the use of this latter data for numerical 
simulation evaluation of predicted flow characteristics. 

The following sections give a brief description of the experimental 
apparatus used and the method of operation. Additional discussion concerning 
apparatus and procedure, as well as modeling fluid characterization, can be 
fo und in Quigley and Kreid (1979) and Skarda, Hauser, and Fort (1985). A 
summary of the data acquisition procedure and the locations at which data were 
taken is al so included. 

3.2 PHYSICAL MELTER MODEL DESCRIPTION AND EXPERIMENTAL PROCEDURES 

The melter model is depicted in Figure 3.1. The model consists primarily 
of an inner vessel into which the modeling fluid was placed and an outer 
vessel through which coolant (water) was pumped to maintain required boundary 
t emperatures. Electrodes were placed in the modeling fluid at either end of 
the inner vessel. A water-cooled top simulated the molten crust of the cold 
cap which forms at the molten glass surface in the melter. The centrally 
located area which was cooled represents 66% of the top fluid surface area. 
Cooling water temperatures and flow rates of the cooling jackets (front, back, 
electrode, and top) were independently controlled. 

The physical dimensions of the internal melter model cavity were 38.10 em 
between electrodes and 27.94 em from front to back. Fluid depth was varied, 
depending upon the spacing used between electrodes (see Table 3.1). 
The origin for the reference coordinate axis was taken to be the back, lower 
left junction between the electrode face and the melter bottom as shown in 
Figure 3.1. The melter bottom sloped 5° downward from each electrode into a 
2.54-cm trough located at the center. A glycerine-lithium chloride mixture 
denoted as MF-0 was used as the modeling fluid during this investigation. 
MF-0 modeling fluid properties are provided in Appendix c. 
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FIGURE 3.1. B-Plant Immobilization Pilot Plant Model Configuration 

Power was supplied to each electrode pair using two independently 
controlled Silicon Controlled Rectifiers (SCRs). These power controllers were 
phase angle fired. 

Thermocouple and electric potential probes were inserted through isolated 
holes (drywells) in the top cooling jacket to measure local values throughout 
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the modeling fluid region. Neutrally bouyant glassy carbon particles were 
used as flow tracers during stroboscopic photography. An Argon ion laser 
provided the light source for flow photography. The light from the laser w~s 
spread into a sheet so that the two-dimensional flow at a given y-plane could 
be analyzed from the photographic record as discussed in Quigley and Kreid 
(1979) and Skarda et al. (1985). Figure 3.2 shows the laser illumination 

configuration. 

3.2.1 Data Acquisition and Instrumentation 

The data acquisition system recorded 50 readings per scan during the 
testing; a scan was commenced at 30-second intervals. Thermocouple 
measurements performed during a single scan were: three readings at the front 
wall, seven readings at the back wall, nine readings on the model bottom, six 
modeling fluid readings, three readings per electrode, and one ambient 
reading. Eight resistance temperature devices (RTDs) were used to take 
temperature readings at the inlet and outlet of each cooling jacket. Cooling 
jacket flow readings from four flow turbine meters were taken during each 
scan. Current, voltage, and power from the electrode power supply were 
monitored and recorded. Operating conditions were typically monitored and 
recorded every 5 minutes during testing. 

The experimental setup is depicted in Figure 3.3. Several components of 
the setup are evident. The thermocouple extension wires are above and to the 
left of the model. The thermocouple extension wires connect to a data logger 
which is located to the left of the model. The electrode power supply is 
shown between the desk and tables and against the wall. Power supply signals, 
as wel l as temperature and flow signals, were directed to the Integrated 
System for Automated Acquisition and Control (ISAAC) module. This system 
converted the 0- to 5-volt analog signals to digital signals. The digitized 
signals were then assigned 12-bit binary values which were read by the data 
acquisition computer (Apple II). Further processing of the signal was then 
user directed. The ISAAC 31A is shown on the desk and to the right of the 
Apple personal computer. The electrode power supply is located to the right 
of ISAAC module. Run conditions were displayed on a terminal, stored on disk, 
and simultaneously printed during model operation. 
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FIGURE 3.2. Argon Laser Configuration for Flow Field Visualization 

FIGURE 3.3. Instrumentation and Data Acquisition for BIPP Model 
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3.2.2 Experimental Measurement Procedure 

Modeling fluid temperature measurements were performed using six 

1/16-in.-diameter, sheathed, ungrounded Type T thermocouples. The 
thermocouples were inserted into the modeling fluid through the drywells of 
the simulated cold cap (model top). The six thermocouples were simultaneously 

placed at the same depth and at the same distance between front and back walls 
during a measurement scan. Readings were recorded at 30-second intervals for 
approximately 5 minutes . This procedure was then repeated at the next depth 
in the measuring plane. Longer recordings of about 15 minutes were sometimes 
made at a given level to record the trans i ent nature of the temperatures. 
Temperature measurement locations are given in Figures 3.4 and 3.5 for the 
various test runs. Temperature data acquired during testing is tabulated in 
Appendix A. Tabulated temperatures are averages of the data taken over the 5-
minute data acquisition intervals . Boundary conditions given are taken from 
the data acquisition output at an arbitrary point in time during which the 
temperature traverse measurements were being taken. Wall temperatures are 
averages of the various thermocouples placed in the given wall. 

Electric potential measurements were accomplished using a probe cut from 
1/16-in . -diameter aluminum stock. The probe was electrically insulated with 
the exception of a small area at the probe tip. Measurements were recorded 
from a true RMS voltmeter. One lead was attached to the probe, while the 
other was grounded to an electrode. The locations at which the potentials 
were measured are shown in Figures 3.6 and 3.7 for the various test runs. 
Tabulations of the measured potentials are included in Appendix B. As in the 
case of the temperature traverses, the boundary conditions are obtained at an 
arbitrary point in time during the measurement of the potential traverse, and 
the values for the wall temperatures are averages for the various 
thermocouples in the indicated wall. 
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3.2.3 Flow Field Data and Digitization Procedure 

Flow field data was obtained by taking stroboscopic photographs of the 
light scattered by glassy carbon particles illuminated by the laser. The 
photographs were taken by strobing the shutter at 10-second intervals for 
approximately 4.5 minutes. Exposure times were about 1.1 seconds, except for 
the last exposure, which was about 30 seconds. This final exposure produced a 
streak of the particle which enabled determination of the direction of 
motion. 

Enlarged photographs provided a means of obtaining the two-dimensional 
velocity field in the plane illuminated by the laser. A convenient grid was 
superimposed upon the photograph to provide reference points. Digitizing 
hardware and software were used to provide locations (relative to the 
arbitrary grid overlaid on the photograph} of the carbon particles as they 
moved with the flow. This data was then converted to actual locations in the 
melter by considering the magnification factor of the photograph and any 
necessary translations or rotations. The difference in positions was then 
converted to a velocity by dividing by the time interval of the strobe. 

The main advantage to using this digitizing technique to determine 
velocities as opposed to direct measurement of distances on the photograph is 
the economy of time and effort associated with a given quantity of data. 
Digitizing in this manner also results in a consistency which cannot be 
matched by strictly manual measurement techniques. The large quantity of data 
obtainable gives a statistically better measurement of the flow fields. 
Finally, digitizing produces data which can be easily manipulated graphically 
or statistically. 

3.3 EXPERIMENTAL RESULTS AND DISCUSSION 

The effects of upper-to-lower electrode spacing and upper-to-lower 
electrode power ratio (U/L EPR} on fluid temperature profiles, electrical 
potential field, and flow field were investigated. The electrode operating 
configuration for each of the test runs, designated as BRUN-1 through BRUN-9, 
is summarized in Table 3.1. The tests were performed at four different U/L 
EPR 1 s and at two different electrode spacings. Tests BRUN-7 and BRUN-8 were 
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made to provide flow visualization results, to model at a more realistic U/L 
EPR, and to obtain power supply firing characteristics . Temperature and flow 
results from these two test runs were inconsistent with tests BRUN-1 through 
BRUN-6. Discrepancies encountered in test runs BRUN-7 and BRUN-8 are 
discussed subsequently apart from the other test results. An additional test 
run, BRUN-9, was performed to confirm the repeatability of the earlier test 
resu lts (specifically BRUN-3) after correcting for the cause of the 
inconsistency. 

Fluid temperature measurements, electrical potential measurements, and 
streaked/strobed photography were performed at selected locations in the model 
to investigate the influences of the various model operating configurations on 
the fluid temperature profile, electric field, and flow field . Temperature 
measurement locations are shown in Figures 3. 4 and 1. 5, while potential 
measurement locations are shown in Figures 1.n and 3.7. Tabulated temperature 
and potential results are presented in Appendices A and R, respectively . 

Photographs of the time-dependent voltage signal for the SCR power supply 
were taken to examine the interaction of the electrode pairs. Graphical 
representation of results are given with respect to the dimensionless coordi­
nates, X*, Y*, and Z*, defined as X/Xc, Y/Yc, and Z/Zc, respectively. The 
cha racteristic lengths, Xc, Yc, and Zc are the dimensions of the interior of 
the test apparatus. The characteristic length, Zc, was measured with its 
origin at the model bottom adjacent to a side wall (or electrode) . Because 
t he BIPP model has a bottom which is sloped downward from the electrodes , Z 
(and Z*) coordinates along the model bottom may be negative. 

A centered cold cap spanning 66% of the top surface area , as depicted in 
Figure 3.1, was used during the BIPP test series . The cooled portion of the 
cold cap in contact with the upper fluid surface occupied the area defined by: 

0.17 < X* < O.R3 

0.00 < Y* < 1.00 

~ Boundary temperatures, which were to he maintained during all test runs 
according to appropriate BIPP- to-model scaling, are given in Table 1.?. A 
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variation of approximately ±2°C in boundary conditions occurred among test 
runs. However, boundary temperatures varied less than ±1/2°C during a test 
run . Nominal power input during testing was )?.S ~ . While some variation in 
total average power existed between test runs, power variation ~uring all test 
runs, except RRtiN-2 , remained invariant . Roundary temperatures and power 
supply voltage, current , and power values for each test are su~marized in 
Table 3.1. 

TABLE 3. ?. . RIPP Model No~inal Boundary Temperatures 

Modeling Fluid Temperature 
Wall Temperature 
Top Temperature 
Electrode Temperature 

3.3.1 Temperature Results 

70°C 
60°C 
9.5°C 
50°C 

Temperature results presented graphically in Figure 3.R through 3. 14 are 

time-averaged values as tabulated in Appendix A. Results presented are 
temperature profiles with respect to horizontal direction which is 
perpendicular to the electrode faces. Temperature profiles shown in each fig­
ure are from the same test run hut at different depths (or Z*) positions . 

Temperature stratification is observed in the vertical direction . 
However , a large cooling effect for temperature profiles at Z* = 0.93 is also 
apparent in these figures . Little temperature variation in the horizontal 
fluid layers is observed, with exception of regions near the electrodes . The 
near electrode temperature field, at X*~ 0.04 and X*~ 0.96, exhibited large 
fluid temperature gradients . In general, fluid temperatures increased upon 
approaching electrodes . 
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TABLE 3.3. Sull111ary of BRUN Test Series Operating Conditions 

Upp~r Electrode LMr Electrode Electrode 
Total coa"?a 

~ U/L £PR Power (W)(a) Power (W! (a) Volts (AC! Current (A! (b) Power jW)(a) VoiB (AC! Current !A!(b) Wall(c) Jacket l Wall (e) J;~;~~'(f) J~~~~(d) ~u1d(g) 

BRUN-I 100\ 321.0 321.0 104.4 2. 79 -- 6$.9 . ~1.1 ~1.7 S<l . 3 55.3 9.6 70.1 
0\ (291.3) (291.3) 

BRUN-2 0\ 128-300(h) -- 31.5 . 128- 300( h) H0.2 1.32 ~4 .4 49 . !l ~9.1 56.7 9.2 6<1 .1 
100\ ( 105.9) ( 105 .9) 

B11Uh-3 SOl 337 .o 168.5 83 .1 1.71 168.~ 102.9 1.45 5~.5 49.9 s~.u 56.0 9.4 7l.S 
50\ (299 .9) {150 . 1) ( 149.2) 

8RU~-4 100\ 321.0 321.0 105.5 2.75 -- 74 .3 . !>1!.6 51.7 Sd.9 ss.2 ~.l 12.6 
0\ (290.1) (290 . 1) 

BRUN-S 01. 292.9 -- 60.6 . 292.9 114.9 2.26 S<l.2 S2.2 bl.2 SIL4 ~.u 13.3 
1001. (259.7) ( 259. 7) 

BRUN- 6 501. 329.0 164.5 87.5 1.60 164.5 101.2 1.31 ~1!.1 51.<1 bU.2 Sl.l 16.7 73.0 
501. (278.6) ( 140.0) ( 138.6) 

8RUN-7A 501. 329.0 164.5 116.0 1.75 164.5 94.4 !.55 S6.1 49.8 s8.2 s5.4 9.S 70.2 
501. (296.8) (150.5) (146.3) 

BRUN- 78 50\ 329.0 164.5 88.6 1.64 164.5 98.1 1.46 SS.J 49.8 56.6 54.0 9.1 67.6 

w 
501. ( 2118.5) (145 .3 ) ( 143.2) . 

BRUN-8 75\ 321.9 240.7 93.4 2.33 80.2 83.3 0.7S 56.3 50 .5 59.0 56.5 9.4 6<1.2 
~ 

(.11 251 (280.1) ( 217 .6) (62.5) 

BRUN-9 50S 337 .0 168.5 1!1.2 1.84 168.5 93.8 !.53 57 .o 50.6 60.4 57 .ll 9.3 71.3 
501. (292.9) ( 149 .4) ( 143.5) 

(a) - - denotes no applied power. F lrSt nu..t>er denotes power ootter ~ad! ng, second nu..t>er (In parenthes 1 s) 1 s RIIS voltage t u•>es RHS current. 
(b) • denotes current <0.15 A. 
(c) Average of 2 left wall and 3 right wall thel'fiOcouples at z• • 0.32 for all runs except B11UN-4, 5, 6 1n which case z• • 0.39. 
(d) Average or cooling flow inlet and outlet. 
(e) Average or 3 front and 1 back thereocOIJples at z• = 0.45 except B11UN-4, 5, 6 1n which case z• = o.ss. 
(f) Average of cooling flow Inlets and one for both front and back coo ling. 
(g) Average of all ter.1peratures In given y• plane excluding t""'peratures at x• • 0.01 and x• • 0.99 (see Appendix A) . 
(h) Power was not stable during run. Temperature traverse taken as power dropped to 130 w. 



o - o z· 0 93 
o --- o z·- o 79 
6. - 6. z· = o 65 
<> --- <> z· 0 50 
0 0 z· 0 36 
o --- o z· = o 22 
<> - <> z· - o os 

lEI z· 002 
+ z· = o 01 

u XK z· - 006 ~ 

~ y· 0 58 ::;) 

C1) 

Qi 
a. 
E 
(I) 

1-

+ 

n II 

0 0 20 040 060 080 1 00 

x· 

FIGURE 3 . R. Horizontal Temperature Profile for Test Run f\RIIN-1 

120 

110 

100 

G 
~ 

~ 90 
2 
C1) 

Qi 
a. 80 E 
(I) 

1-

70 

60 

50 

0 

o - oz· 0 .93 
o ---o z· = o .79 
6. - f:l.z• 065 
<>-- -<> z· = o 5o 
o - oz· =036 
o--- oz· -022 
<> - <>z· -o 08 

111 z· o.o2 
+ z· 0.01 
xxz· -o.o6 

y• - 0 58 

------

11 XK-----------------0 0 

0 20 040 0 60 0 .80 

x· 
100 

FIGURE 3.Q. Horizontal Temperature Profile for Test Run RRU~-? 

3.1n 

.. 



G 
e._ 
Q) .... 
::::l -C'O .... 
Q) 
a. 
E 
Q) 
1-

• 

0 0.20 040 0.60 080 1.00 

x· 

FIGURE 3. 10. Hori zonta 1 Temperature Profile for Test Run BRIJN- 3 

100 ~-------------------------------------------------. 

70 

0 

0 0 Z"=091 0 --- 0 
0 --- 0 Z* = 074 
D. D. Z* = 0 57 
0 --- 0 Z* = 0 .39 
0 0 Z* = 0 .22 

z· - o 04 

y • = 0.58 

b------ -o---- _- - o 
_____ {)'- __ _ 

0.20 040 0.60 0 .80 

X* 

FIGURE 3. 11. Horizontal Temperature Profile for Test Run BRUN-4 

3.17 

1.00 



120 o - o z· = o 91 
o --- o z· = o 74 

0 6. - 6. z· = 0.57 
110 o --- o z· = 0 .39 

o - o z· = 0 .22 
o --- o z· = o 04 

100 y· = 0 58 ' • 
' I 

G ' 
~ 90 ' 
~ .. 
:I 

~ 
80 Q) 

a. 
E !@euz :g ______ Q) ..... 

.__, --------70 

0 0 

60 

50 

0 0 20 040 0 60 0 80 100 

x· 

FIGURE 3.12. Ho ri zonta 1 Temperature Profile for Test Run BRUN- 5 

100 
0 0 Z* - 0 91 o --- o z· - o 04 

90 
0 --- o z· = o 74 
~ ~ z· - o 57 y• = 0 58 

u 
·~ 

o --- o Z* = 0 .39 
0 0 Z* 0.22 

Cll .... 
:l -(1) .... 
Cll 70 0. 
E 
Cll ..... 

60 

50 

0 0 20 040 0.60 0.80 1.00 
x· 

FIGURE 3. 13. Horizontal Temperature Profile for Test Run BRUN-6 

3. 1A 



• 

• 

120 o-o z· = o 93 
o--- o z· = o 79 
6-6 z· = o 65 

1 10 0 ---<> z· = o 50 
o-o z· = o 36 
o---o z·- o 22 

100 <> - <> z· = o os 
EB z· = o 02 
-t z· 0 .0 1 

G 
~ 90 l!X z· = -0.06 

Q) ... y• = 0 58 
2 
~ 80 Q) 
a. 
E ... ~. 
Q) 
f-

0 020 040 0 60 080 1 00 

x· 

FIGURE 3.14. Horizontal Temperature Profile for Test Run BRUN-9 

Aside from "near-electrode" temperature gradients, the 1 argest temperature 
stratification occurred during test runs BRUN-1 and BRUN-4 when total power was 
applied to the upper electrodes. With only the upper electrode pair in opera­
t ion, less Joule heating occurs in the cooler, denser, and more electrically 
resistive fluid beneath these electrodes. Mixing of the fluid in the upper and 
l ower fluid layers is deterred and results in temperature stratification in the 
vertical direction, as depicted in Figures 3.8 and 3.11. These results are 
consistent with preliminary BIPP model results (Skarda et al. 1985). 

When power is supplied to only the lower electrodes, fluid in lower model 
regions is Joule heated, which promotes buoyancy-induced mixing. Fluid rises 
as a result of the density decrease from being heated between the lower 
electrodes. Approaching the cold cap, the fluid once again cools and sinks. 
Again aside from near-electrode effects, results from BRUN-2 and BRUN-S, shown 
i n Figures 3.9 and 3.12, indicate smaller temperature variation relative to the 
BRUN-1 and BRUN-4 test results. However, with little Joule heating in the 
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upper fluid region , a cold cap influence on fluid temperatures was still 
evident. The coldest fluid temperatures were obtained at Z* = 0.93 and X* = 
~ . 91 for BRUN- 2 and RRUN- 5, respectively. 

The electrode power ratio which provided the smallest temperature gradient 
at either electrode spacing was the IJ/L EPR of 0.5:0 .5. Results from BRliN-3, 
BRUN- 6, and BRUN-9 are shown in Figures 3.10, 3. 13, and 3.14, respectively. 
Vertical temperature profiles near the melter center for BRUN- 1 through BRUN-6 
are shown in Figure 3. 15. These profiles indicate that more unifor~ 

temperature~ were obtained for an U/L EPR of 0.5:0 .5. Providing heat 
generation to both the upper and lower fluid regions appears to minimize the 
cooling impact of the cold cap on the fluid as well as reduce the 
stratification between the upper and lower fluid regions . 

z· 

100~----------------------------------------------, 

50 

o, 0 
....... , \ 

60 

'"" \ b 
I 
I 
6 
I 
I 

0 

70 80 90 
Temperature (° C) 

0 0 BRUN -T1A 
0 - - - 0 BRUN-T2A 
6 6 BRUN-T3A 
0 --- 0 BRUN-T4A 
0 0 BRUN -T5A 
0 --- 0 BRUN-T6A 

y· 0 58 

100 110 120 

FIGURE 3 . 1~. Vertical Temperature Profile at Model Center 

3.2() 

• 



.. 

• 

Average temperatures, Tavg' standard deviations, T0 , maximum temperature, 
Tmax' and minimum temperature, Tmin' were determined from tabulated temperature 
values in Appendix ~for a given y-plane. These quantities were then used to 
estimate bulk (volume-averaged) fluid temperature and provioe a measure of 
temperature variation in each run. Recause the temperature gradient, aside 
from near-electrode effects, is largest in the vertical direction, these values 

should provide a measure of the buoyancy-related temperature stratification. 
Large temperature gradients in the small fluid volume very near the electrode 
faces are not thought to be sufficient to provide a great error in plane­
averaged values and bulk temperature. Therefore, fluid temperature averages 
and temperature variation quantities were determined based on 11 including near 
electrode values 11 (INEV) and 11 excluding near electrode values .. (ENEV). Small 

variations between ENEVs and INEVs, with the exception of BRUN-5 results, are 
observed in Table 3.4 which supports the above statement. A 4.1% and 7~~ 

deviation occurred in Tavg and T0 , respectively, for ENEVs and INEVs of 
BRUN-5. The localized high temperatures exceeding 120°C were responsible for 

the ENEV and INEV discrepancies in BRUN-5. 

The temperature differential, ~T0 , determined from Tmax and Tmin ENEVs for 
each test run is shown in Table 3.4. Near-electrode values were excluded to 

more accurately represent buoyancy-induced stratifications. These temperature 
differences correspond to the following melter temperature differences: 
114.8°C, 120.1°C, 72.5°C, 77.1°, 95.7°C, fi4.4°C, and fi7.9°C for BRUN-1 through 
BRUN-6, and RRUN-9, respectively. The large temperature differences during 
BRUN-1 and BRUN-2 may be undesirable because of the possibility of 
crystallization and excess electrode cross firing. Although the maximum 
permissible glass temperature differential is strongly dependent on the 
proposed glass operating temperature and the glass composition, the predicted 
glass ENEV temperature differences of 77.1°C and smaller are considered 
sufficiently small to avoid these problems (Chick et al. 1984, and Mendel 
1977) . 

Figures 3.8 through 3.10 depict temperature profiles for the large elec­

trode spacing of n.35 em, while results in Figure 3.11 through 3.13 correspond 
to a small electrode spacing of ?.~q em. Effects from changing electrode 
spacing are not readily observable from these figures. However, a comparison 
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TABLE 3.4. Plane-Averaged Bulk Fluid Temperature Characterization 

Da t.a Tavg(oc) T a( o C) Tmax( oc) Tmin ( oC) 

Test Table( a) ENEV(b) INEV(c) ENEv(b) INEV(c) ENEv(b) INEV(c) ENEv(b) INEV(c) 
--

BRUN-1 A.1 70 .1 71.5 5.9 5.9 76 . 5 82.0 56.7 56.7 

BRUN-2 A. 2 o8 .1 69 . 4 4.4 6. 1 75 .0 87 .8 54.3 54.3 

BRUN- 3 A.4 71 .5 71.8 3.3 4.0 75 .7 81.8 63 . 2 63 . 2 

BRUN-4 A.6 72.6 73 .1 3.8 3.n 77 . 5 80 . 2 o4 . ?. n4.?. 

BRUN- 5 A. 7 73 . 3 76 .4 3. 5 12.5 8?..1 122.0 fl') . 6 n5.6 

w 13RllN-6 A. l3 73.0 71 .1 ? .o 3.4 76.0 83 . 0 n4 . Q n4 . 9 
N BRUN- 7 A.9 70.2 70.8 3. 4 4. 7 7o . 1 93.9 n? .o o2.o N 

BRUN-8 A. lO fi8.? 68.7 1.4 ?..7 73 . 1 80 . 3 59 .9 '19.9 

BRUN-9 A.l~ 71.3 7? .o 3.1 3.4 74.4 81.0 n?.7 6?..7 

(a)Y-plane values correspond to temperaturP. profile tabulations in Table A.8 . 
(b)ENEV - excluding near-electrode values--measurements at X*<O.Ol and X*>O.Q0 

(c) INEV- including near-electrode values 
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of the y-plane(s) temperature field standard deviations, T0 , maximum 

temperature, Tmax' and minimum temperature, Tmin' in Table 3.4 suggest that a 

greater temperature variation occurs for larger electrode spacings. Increasing 
electrode spacing for these test runs also increases the aspect ratio (model 

depth-to-width ratio), which is a governing parameter for buoyancy-induced 

flow. Thus greater tem~erature stratification would be expected. 

3.3.2 Temperature Results (Near Electrode Region) 

The vertical temperature profiles shown in Figures 3.16 and 3.17 are near 

the left and right electrode, respectively. All test runs show an increase in 

temperature at approximately Z* of 0.22. This location is just above the top 

of the lower electrode. The interaction of the following factors are believed 

to be responsible for the temperature profile near the electrode: 

• cooling effect near the electrodes as a result of electrodes being 

water cooled 

• crossfiring between upper and lower electrode on a respective model 

side 

• thermal conductivity ratio between copper electrode and acrylic sheet 

spacer of 2000:1 

• possible cooling fin effect from the top portion of the top electrode 

in contact with air. 

The cooling effect of electrodes is observed in Figures 3.R through 3.13 at Z* 

> 0.36. Additional cooling may also occur because of convective heat loss from 

the upper portion of the upper electrodes, which is in contact with the air. 
Potential measurements, as well as temperatures profiles, in Figures 3.16 and 

3.17 suggest that current flow or electrode crossfiring occurs between the 

upper and lower electrodes. The highest fluid temperatures occur in front of 

the acrylic sheet spacer between the electrodes. Temperature increase is most 

probably the result of current flow between the upper and lower plates on a 

respective side. However, the low thermal conductivity of the acrylic sheet 

may also contribute to higher temperatures in this regi on hec:ause of the 
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inability of the fluid in front of the acrylic sheet to dissipate the heat 
generated relative to fluid in front of the electrode plates. 

The highest local temperatures occurred when power was applied to only t~e 
lower electrodes. Since a larger potential difference between the upper and 

lower plate occurs for a U/L EPR of 1.0:0.0 or 0.0:1.0 than for an U/L EPR of 

0.5:0.5, higher temperatures would he expected. As noted previously, when 
power is applied to only the upper electrodes, the colder, more resistive fluid 
resides beneath the lower electrodes. Therefore less current flows between the 

upper and lower electrodes in RRIIN-1 and BRUN-4 because of the higher 

resistance between upper and lower electrode plates. In adrlition, the much 
higher temperatures of BRUN-5, as compared with RRIJN-2, are attributed to the 

smaller electrode spacing used in BRUN-5, which provides a shorter or less 
resistive current path between electrodes. 

Time series results are shown in Figures 3.18 through 3.23. The largest 
temperature variations typically occur over the central region of the model, 
while temporal temperature measurements near the electrodes had the smallest 

variation. This generalization did not always hold, as is the case in 
Figure 3.20. Some periodicities appear to exist in most of the times series• 
shown. Times series analysis, such as autocorrelations and/or spectral 
analysis, of these data could be used to determine and characterize the 

existence of periodicities, but this was not done as part of this work. 

3.3.3 Electrical Potential Results 

Electrical potential data are presented in graphical form in Figures 3.24 

through 3.31 and are tabulated in Appendix B. The figures all represent the 
floating ground case of BRUN-I through BRUN-n, and RRUN-9. Figure 3.24 is a 
plot of potential variation in the X* or horizontal direction for BRUN-3, 
whereas Figures 1.2S through 3.31 are plots of potential profiles in the 
vertical or Z* direction for each run individually. 

Figure 3.24 is representative of all plots showing the potential in the 

horizontal or X* direction. At all depths within the melter, the potential 

variation with respect to horizontal position is essentially linear with the 
exception of the regions very near the electrodes. 
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The vertical potential profiles in Figures 3.25 through 3.31 indicate that 
the potential is essentially constant near the center of the melter. However, 
a potential gradient exists in the vertical direction in the regions near the 
electrodes. This potential difference establishes a current path between the 

upper and lower electrodes on a given side in addition to the current paths 
which are established between the upper electrode pair and the lower electrode 

pair. As a result, crossfiring occurs between the electrodes on a given side, 
which gives rise to additional heat generation in the fluid near the 

electrodes. 

A simplified schematic of the model and possible current paths which 

illustrate this situation are shown in Figure 3.32. The two desired current 

paths which existed during model operation are represented by Su-111-110 and 
SL-L1-L0• A third current path leading to electrode cross firing is 
represented by Su-u1-L1-sl-L0-L1• This latter path appears to allow a current 

path and, hence, localized Joule heating, which would correspond to local 

perturbations observed in the measured temperature field. 

Figures 3.25 and 3.28 show that for an U/L EPR of 1.0:0.0, the upper 

electrode pair to which the power was supplied had the larger potential 
difference. Similarly, with an U/L EPR of 0.0:1.0, a larger potential 
difference existed between the lower electrode pair, as shown in Figures 3.26 
and 3.29. In the case of the U/L EPR of 0.5:0.5, as shown in Figure 3.26, 

where the reference ground was taken as one of the lower electrode plates, the 
larger potential difference was between the lower electrodes. An U/L EPR of 

0.5:0.5 was used for the runs shown in Figures 3.30 and 3.11, but in these 
cases the reference ground was taken as the upper electrode plate. Because an 

rms voltmeter was used for making the potential measurements and hecause this 
type of rms voltmeter registers only the absolute value of an AC potential, it 

is postulated that choosing the lower electrode as the reference ground would 
have produced potential for these runs consistent with the plot shown in 

Figure 3.27 • 

The difference in potentials between electrodes on a given side was much 

greater when power was applied to only one electrode pair than when power was 
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FIGURE 3.32. Schemati c of SCR Power Supply Configuration 

applied to both pairs of electrodes. Crossfiring between electrodes therefore 
occurred more readily with large power skews than when power was distributed 
more equally between the upper and lower electrode pairs. Increased crossfir­

ing results in more localized heating near the electrodes, whereas decreased 
crossfiring promotes a more uniform heat generation throughout the entire fluid 
volume. 

3. 4 ELECTROOE POWER SUPPLY SIGNAL ANALYSIS 

The voltage signals of the upper and lower electrode pair were 

investigated to characterize the interaction between the electrode pairs, 

provide peak voltages for numerical modeling input, and evaluate voltage wave 

shape . Appropriate modeling of the voltage signals of the upper and lower 
electrode pair is necessary to accurately predict the fluid/glass electric 

field and subsequent power density of the fluid . In this section, firing 
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characteristics of the power supply are reviewed, results from the dual 
electrode investigation are presented, and a comparison of the calculated rms 

voltages based on the signal wave shape and measured rms voltages is 

provided. 

Power is supplied to the modeling fluid by two independently controlled 

(SCR) power controllers which are phase-angle fired. A typical time-dependent 
voltage wave shape for a single SCR is shown in Figure 3.33. At full power, 
the wave shape is a full AC voltage sinusoidal shape. Average power and root 

mean square voltage, Vrms' are decreased by 11 Chopping 11 the SCR input voltage 
signal. That is, the SCR can allow current to flow at any starting time during 

the line voltage half cycle. For the voltage wave shape in Figure 3.33, Vrms 
is determined as 

(3.1) 

Given that the wave shape is sinusoidal, the peak voltage, VP' can be 
determined from Equation 3.1 using known or measured values of the firing time 

and rms voltage, or from the relation 

( 3. 2) 

and using an oscilloscope to determine ta and V(ta). 
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FIGURE 3.33. SCR Power Supply Voltage Signal (Phase-Angle Fired) 

However, Equation 3.1 is inadequate to calculate the rms voltage for an 
electrode pair that is subjected to both an induced and applied voltage as 

shown in Figure 3.34. The induced voltage occurs from the applied voltage 

across the other electrode pair, which initiated firing at ti. At ta, voltage 
is applied across the electrode from its own power supply. If both the induced 
portion and applied portion of the voltage signal are assumed to be sinusoidal, 
the rms voltage can be expressed as 

(3.3) 

Evaluating Equation 3.3 results in 
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Because both induced and applied voltages were assumed sinusoidal, Vpa and Vpi 
• can be determined from Equation 3.2. Values of V(ta), V(ti) , ta, and ti must 

still be known . 

~ Electrode pair voltage signals from four tests designated as ETEST1 
through ETEST4 are shown in Figures 3.35 through 3.38. These figures are 
photographs of the time-dependent voltage wave forms from the upper and lower 
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FIGURE 3.3~. Wave Form U/L EPR = 
1.0:0.0 ETESTl 

FIGURE 3. 37 . Wave Form U/L EPR = 
0. 5:0.5 ETEST3 

FIGURE 3.36 . Wave Form U/L EPR = 
0.5:0.5 ETEST2 

FIGURE 3. 38. Wave Form U/L EPR = 
0.75:0 . 25 ETEST4 
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electrode pairs. Peak voltages and firing times were measured from these 
photographs and used to characterize the upper/lower electrode pair interac­

tion. Two of the tests, ETEST3 and ETEST4, were performed to investigate 
signal interaction at intermediate SCR power levels which were at typical model 
operating conditions. ETEST2 was intended to investigate voltage wave shape 
interaction when both SCRs were at full power, while ETESTl was made with 
maximum power supplied by one SCR and no power supplied using the other SCR. 
Peak voltages, firing times, measured rms voltages, calculated rms voltages, 

and the error between measured and calculated rms voltages for the ETEST series 
are tabulated in Table 3.5. 

Voltage signals in the photographs are given as 50 volts/division along 
the vertical axis. Time is given as 2 ms/division along the horizontal axis. 
The reference or zero-volt axes are the first and second divisions up from the 
bottom line for the lower and upper electrode pair, respectively. 

In ETESTl, a voltage was applied across the upper electrode pair at full 
SCR power, while no power was supplied to the lower electrode pair. An induced 
voltage across the lower electrodes, which is in phase with the applied voltage 
across the upper electrodes, is observed in Figure 3.35. From Table 3.5, the 

measured-to-calculated Vrms errors (evs) were 0.79% and 2.5% for the upper and 
lower electrodes, respectively. These small errors suggest that the voltage 
signals can adequately be described as sine functions. Some distortion in 
applied signal is seen near the peak voltage. This distortion is probably the 
result of imperfect isolation transforms as well as SCR noise. Nonuniform 
fluid resistances in addition to transformer signal distortion and SCR noise 
are believed to be responsible for the additional "waviness" observed in the 
induced voltage signal. The larger 2.5% of the lower electrode pair may 
be due to the additional degradation of the induced voltage signal. 
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TABLE 3.5. Summary of Upper & Lower Electrode Pair Voltage Signal Measurements 

Vnn~ v v v . ta ti 
t~easured (V C) Calc. (f"l~c) (V AE' (V ~~) (ms) (ms) 

ETESTl 
Upper elec. pair 203.4 205 290 0 
Lower elec. pair 123.9 127 180 0 

ETEST2 
Upper elec. pair 204.1 205 290 0 
Lower elec. pair 205.2 205 290 0 

ETEST3 
Upper elec. pair 88.7 88.1 291 212 5.73 5.53 
Lower elec. pair 97.7 92.2 291.9 5.53 

ETEST4 
Upper elec. pair 95.6 95.2 276 5.33 
Lower elec. pair 88.0 88.1 280 221 5.95 5.33 

vnns - vnns 

€ = calc measured x100 
nns 

measured 

SubscriEts 
nns = root mean square 

p = peak 
a = applied 
i = induced 

For ETEST2, an applied voltage was supplied at full SCR power to each 
electrode pair. Peak voltages for both electrode pairs were measured at 

€¥ 

0.79 
2.50 

0.034 
0.034 

0.68 
5.63 

0.42 
0.14 

290 V AC. A 0.5% variation occurred between calculated and measured rms 
voltages as given in Table 3.5. Two independent true rms voltage meters were 

used to measure the voltage applied across each electrode pair, which accounts 

for the slight variation in measured Vnns values across each pair. Line nns 
voltage was measured at 204.2 V AC, which confirms proper operation of the SCR 
power controller. That is, the SCR voltage signal is identical to the line 
voltage at full power. It is also illustrated in Figure 3.36 that the applied 
voltage signal of one electrode pair does not distort the applied voltage 

signal of the other electrode pair in this mode. As in ETESTl, some distortion 
of signal is observed near the peak voltage. 
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Tests ETEST3 and ETEST4 were performed as part of test runs BRUN-7 and 
BRUN-8, respectively, which are runs typical of model operating power and 
conditions. The lower electrode power supply is believed to fire earlier than 
the upper electrode power supply in ETEST3. However, overlapping of the upper 

and lower voltage signals in Figure 3.37 makes it difficult to determine for 
sure. The larger Vrms of the lower electrode pair supports the earlier 
conclusion. In ETEST4, the upper electrode power supply fires prior to the 
lower electrode power supply. The electrode pair which fired first in 
Figures 3.37 and 3.38 show, at most, slight discontinuity when the second 
electrode pair fires. The rms voltages calculated using Equation 3.4 are in 
good agreement with measured values in Table 3.5. 

Two characteristic peaks are observed in the voltage signal of the latter 

fi ring electrode pair. The first peak appears to be an induced voltage result­
i ng from the applied voltage across the first electrode pair. A second peak 
occurs when the electrode's own power supply initiates firing as illustrated in 
Figure 3.34. Both the induced voltage and applied voltage signal were assumed 
t o be of sinusoidal shape. Equation 3.3 was used to calculate the rms voltage 
of the electrode pair experiencing both an induced and applied voltage signal. 
The rms voltages were calculated from Equation 3.1 for the electrode pair with 
only an applied voltage signal. The maximum error in measured and calculated 

rms voltages from Equation 3.4 was 0.68% while 5.6% maximum error occurred 
between calculated and measured rms voltages for the electrode pair which 
initiated firing in the half cycle . 

Additional observations show a slight overshoot, to a maximum of 10 V AC 
at the end of each half cycle. The peak voltage of ETEST4 was approximately 5% 
lower than the peak voltages of the other three tests. This is believed to be 
the result of testing during a high electrical power demand time (late after­
noon} during which the line voltage was actually pulled down or reduced. Some 
argument might be made from Figure 3.37 that firing of the second electrode 

pair during a half cycle might contribute to the voltage signal and increase 
t he rms voltage of the first electrode. However, comparison of Figures 3.35 
and 3.36 clearly show that an induced voltage across an electrode pair to full 
applied power across the same electrode pair had no measurable effect on the 
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appli·ed voltage signal of the other electrode pair. Results from these tests 
suggest that: 

• applied voltage of one electrode pair is not measurably effected by 
the firing of another electrode pair 

• during a time that a voltage is applied across one electrode pair and 
not the other, an induced voltage occurs across the latter 

• both induced and applied voltage signals can be approximated as 
sinusoidal waves 

• both upper and lower voltage signals are in phase. 

3.5 COMMON GROUNDED ELECTRODE EXPERIMENTAL RESULTS 

The test plan for this work included obtaining flow visualization data 
from which velocity and flow direction data were to be obtained. The two test 
runs performed to acquire this data were BRUN-7 and BRUN-8. These tests used 
U/L EPRs of 0.5:0.5 and 0.75:0.25, respectively. During these tests, a dual­
trace oscilloscope was connected to each electrode pair to perform the signal 
analysis discussed in the previous section. Post-test analysis of the flow, 
temperature, and electric potential data reveal some peculiar characteristics 
not evident in previous test runs. 

Measured temperature results are presented in Figures 3.39 through 3.41. 
Flow photographs are in Figures 3.42 through 3.44. (Conditions for runs 
BRUN-7A and BRUN-78 are the same, but data were taken with power leads reversed 
for the latter half of the run.) The foremost characteristic observed is the 
strong asymmetry occurring in both the measured temperature field and the 
observed flow field. 

The only difference in procedure for these two runs, BRUN-7 and BRUN-8, 
was that time-dependent voltage signals from the upper and lower electrode 

pairs were simultaneously monitored on an oscilloscope which led to the 
asymmetric results. It was believed that an input lead from each electrode 
pair had been grounded through the oscilloscope. Follow-up diagnostic testing 
of the electrode system was performed to determine if grounding through the 
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FIGURE 3.42. Flow Field Stroboscopic Photograph for BRUN-7A (Y* = 0.51) 
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FIGURE 3.43. Flow Field Stroboscopic Photograph for BRUN-7A (Y* = 0.66) 

• 

• 

FIGURE 3.44. Flow Field Stroboscopic Photograph for BRUN-8 (Y* = 0.65) 
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scope had occurred. For BRUN-7A and BRUN-8 tests, an rms voltage was measured 
across the upper and lower electrode plate at side 1, while zero potential 
difference was measured across the upper and lower electrode plates at side 
o. Potential difference measurements from side 0 to reference or absolute 
ground were also zero. In addition, potential differences were measured across 
the upper and lower electrode at each side with the scope disconnected. These 
potential differences agreed within ±0.4 V AC, which suggested that a floating 
ground was obtained after removing the oscilloscope from the system. 

Connecting the oscilloscope to the electrode system effectively shorted 
the upper and lower electrodes to ground. Because both electrodes are grounded 
to the same potential, crossfiring does not occur, and current flow between the 
electrodes at side 0 is zero. However, a potential difference between upper 
and lower plates still exists at side 1, such that current flows between the 
electrode plates u1 and L1 (see Figure 3.45). This results in more heat 
generation occurring in the vicinity of side 1 but not at side 0. The 
difference in heat generation rates induces an asymmetric temperature profile 
with locally higher temperatures directly in front of the electrode at side 1, 
the side at which a crossfire current flow occurs. 

Figures 3.46 and 3.47 present electric potential results. These are for 
tests BRUN-78 and BRUN-8, respectively. (Note that power supply leads are 
reversed for these two tests.) For the former case, the vertical distribution 
near the high potential (side 1) is more asymmetric than for the common 
grounded side 0. The same is true for the latter case. In comparison of 
temperature distributions for the tests BRUN-7 and BRUN-8 (Figures 3.39 through 
3.41), little difference in results occurs. Locally high temperatures occur, 
however, directly in front of the electrodes on the high potential (ungrounded) 
side, thus supporting the hypothesis of crossfire current flow causing locally 
high heat generation. 

Temperature time series results for tests BRUN-7A and 78 are presented in 
Figures 3.48 to 3.50. Rather large ±9°C temperature oscillations are evident, 
especially near the model cold cap top. Relatively quiescent fluid occurs in 
the middle fluid region. 
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Numerical modeling of these grounded cases could help to explain the 
localized and nonsymmetrical fluid heating. Code simulation might also serve 
as a check for modeling off-normal operating conditions of a melter. 
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4.0 THEORETICAL BASIS FOR NUMERICAL MODELING OF ,JOIJLE-HFATED MELTERS 

The physical behavior of waste glass processing in a ._loule-heated :nelting 

furnace involves rather complex interaction between fluid flow, heat transfer, 

and electrical current. Generally, the physical processes will exhibit a 

three-dimensional and transitory behavior depending un the melter operation 

conditions and design parameters. Matters are further complicated in that the 

transport properties associated with the flow of material, hen.t, and 

electricity are highly temperature dependent and can vary over several orders 

of magnitude within the melter during operation. 

As complex as these processes are, they can nevertheless he accurately 

described using well-known mathematical formulations hasej on fundamental 

physical laws and the principles of continuum mechanics. nhtaining solutions 

to the resulting highly nonlinear partial differential equations is 

accomplished using numerical methods with the aid of a high-spP.ed digital 

computer. 

In this section, background information is provided which provides the 

basis for the ~lectric field solution methodology used in TEMPEST. Included is 

a discussion of governing equations and solution procedure for the coupled 

flow, heat, and electric field prohlems. Special attention is given to 

describing the assumptions and basis for treating dual-electrode-pair melter 

configurations in which each pair can be separately and individually power 

controlled. 

4.1 GOVERNING EQUATIONS 

The governing partial differential equations (expressed in vector form for 

simplicity) required for melter simulations are as follows (Bird et al. 1900): 
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Continuity 

v • u = 0 (4.1) 

Momentum 

P
0 
[; + ( • • uu) l = - W + pg - v • , ( 4. 2) 

Energy 

v • rkvn +a. - v • q 
J r 

( 4. 3) 

Electric Field 

v • J = 0. (4.4) 

The glass is assumed to be an incompressible, Newtonian fluid having variable 

transport coefficients. Further assumptions are: 1) the Boussinesq 
approximation holds (i.e., I£~PI/p0 « 1), 2) viscous dissipation is small, and 

3) the electric field is stationary. Ancillary relationships are required such 
as an equation of state, p = p(T), and the expression for current flux, 

J = - oV¢. Additionally, the stress tensor, "• is assumed be expressed in 
terms of the Stokes viscosity relationships for a Newtonian fluid. 

Symbols are defined as follows: 
v gradient operator 
~ Laplace operator 
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t time 
u velocity vector 

P pressure 
T temperature 
4J electrical field potential 
p density 

p
0 

reference density 
k thermal conductivity 

a electrical conductivity 
~ viscous stress tensor 

(defined by Stokes viscosity relationships) 

Cp specific heat 
g gravitional vector 

aj Joule heat source 

qr radiative heat flux 

An alternative way of expressing the continuity and momentum equations 
given by Equations 4.1 and 4.2 is to use a vector potential representation 
(Batchelor, 1967). This is achieved by defining a vector potential q. as 

U::: V X <J. ( 4. 5) 

and vorticity Q as 

Q :: V X U. (4 .6) 

A Poisson equation for the vector potential can be derived by taking the curl 
of Equation 4.5 with subsequent application of Equations 4.1 and 4.6 to obtain 
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2 v ~ = - 0 

By taking the vector curl of the momentum Equation 4.2, one obtains the 

vorticity equation 

v x B - v x 1v • •I 

where Q is the vector vorticity and B = pg. 

I 4. 7) 

I4.R) 

In two dimensions, the vector Equations 4.7 and 4.8 are dramatically 

simplified to scalar form for the ordinary stream function,~. and 

t
. . I a I vor 1c1ty, w , or 

- w 

ow 
p
0 

[5f + V • uwl "' V x R - V x (V • 'T) 14.10) 

where the velocity vector is defined as 

14.11) 

(a) The variahle, w, is used here for vorticity and should not he confused 
with use of w elsewhere in this report as frequency. 
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4.2 SOLUTION APPROACH 
The governing equations discussed above indicate a choice of equation sets 

that can be solved numerically to obtain the molten glass velocity field . 

Equations 4.1 and 4.2 are referred to as the velocity-pressure (V-P) set, and 

Equations 4.7 and 4.8 are referred to as the vorticity-vector potential 
{Q-'f) set or vorticity-stream function (w-4-o) set for two-dimensional flows 

(Equations 4.9 and 4.10). Both approaches have been used for simulation of the 

velocity in Joule-heated melters at PNL (Donovan and Hjelm 1979). 

For two-dimensional flow fields, the vorticity-stream function approach is 

attract1ve because pressure is eliminated from the analysis. Additionally, the 

equation set is quite simple, if viscosity is assumed to be constant, involving 
only two differential equations: one having elliptic form and the other having 

parabolic form. In both cases, the boundary conditions are easily handled for 

melter geometries. A wealth of information in the literature is related to the 

numerical solution of thew-(~ equation set and is directly applicable to Joule­
heated melters. The equation for vorticity does become somewhat complicated, 

however, if viscosity is treated as temperature dependent with resulting 
spatial variations. The velocity-pressure method, on the other hand, requires 

the solution of three equations in two-dimensional flows. This is an elliptic 

equation for continuity/pressure and a parabolic equation for each of the two 

velocity components. One of the major considerations with the V-P method is 

that mass must be rigorously conserved using an iterative process, whereas in 

the ~u approach mass is conserved by definition of the stream function. 
Additionally, boundary conditions for the elliptic equation describing mass 

continuity are in slope form (Neumann type), which requires special numerical 
consideration to obtain a reasonable convergence rate. 

The simplicity of the vorticity-stream function approach is completely 
lost, however, when three-dimensional flow fields are considered. In this 

case, the vorticity-vector potential set must be dealt with, which introduces 

the need to solve six differential equations, and possibly seven, if flow 
boundaries are considered. The complexity of the viscous stress terms 

increases significantly, and boundary conditions become more complex. 

:ypically, viscosity is assumed constant to avoid handling the many terms 

··equired of temperature dependence. 
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On the other hand, the velocity-pressure method 
only one additional equation (for the third velocity 

requires the 
component). 

solution of 
Additional 

terms are required in each equation, but they are few and easily·treated 
numerically. Temperature-dependent viscosity does not require a great deal of 

additional computation. The V-P method is also much more flexible, since flow 
and internal boundaries are easily handled and various forcing functions and 

drag forces can be easily incorporated. 

From an engineering applications perspective, a single software package 
should be capable of simulating a wide variety of design configurations and 
operating conditions without special considerations. In this case, design 
analysts need to be familiar with only one computer program, and either two or 
three-dimensional simulations can be conducted using the same numerical 
procedures. A major benefit is that the relative importance of three­

dimensional behavior can be established by investigating a limited number of 
three-dimensional and two-dimensional comparisons. If three-dimensional 
effects are found to be of minor importance, virtually the same input data file 

can be used to conduct detailed analysis in two dimensions. 

Because of the above considerations, the '.0- 4.> approach is no longer in 
use at PNL. In spite of the relative simplicity of the two-dimensional 
vorticity-stream function formulation, we have found that the V-P formulation 
is considerably more flexible, is easier to use, and, in general, is the 
superior approach. To achieve the required three-dimensional simulation 
capability, an existing three-dimensional hydrothermal computer code named 
TEMPEST (Trent et al. 1983), was modified to accommodate the special 
considerations needed for glass melter simulations. 

The TEMPEST computer code was developed by PNL to simulate a wide variety 
of multidimensional, transient fluid flow and heat transfer phenomena in 

reactor systems. The Joule-heated melter version of the code solves 
Equations 4.1 through 4.5 in either two or three dimensions using a combination 

of implicit and explicit finite-difference procedures. Simulations are 
completely controlled by input, which is convenient for modeling various 

geometric configurations and operating conditons. TEMPEST has the capability 
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of modeling multiple electric fields and electrode configurations. 
Additionally, turbulent flow can be modeled using a two-equation turbulence 

model, and the capability exists for modeling transport (with settling) of up 

to nine chemical species. 

A companion software package named SEQUEL has been developed to 
postprocess TEMPEST output and is used to create velocity and current vector 

maps and contours of temperature, electrical potential, and Joule heating. A 
second companion software package uses the TEMPEST output to create movies that 

illustrate the time-varying flow and temperature fields in any two-dimensional 
plane through the melter. This latter software package is very useful in 

interpreting complex flow phenomena, especially in three-dimensional models. 

The base version of the TEMPEST code was modified to address special 
considerations in modeling the fluid dynamic and thermal behavior of Joule­
heated glass melter operations. Specifically, new algorithms were implemented 
to handle the high-viscosity flow and the electric field simulation. To meet 
computational requirements for highly viscous fluids, viscous terms in the 
1nomentum equations are approximated using implicit procedures that are not 
limited in time step by momentum diffusivity numerical stability criteria. A 
Courant number criterion is used to control the time integration step size. 
The Courant number restriction limits the time step size to the time required 

for a fluid particle to traverse the width of the most restrictive 
computational cell. This limitation is consistent with the time step size 
needed to achive accurate simulation of transitory behavior and is not overly 
restrict1ve from a computation time view point. 

In TEMPEST, the electric field solution is based on stationary field 
theory and can accommodate multiple electrode configurations. The solution 
procedure is also designed so that a variety of operating conditions can be 
accommodated, including independent or simultaneous electrode firing. Because 
melters may be current controlled or power controlled, either electrode current 
density or power level may be the input data used to drive the electric field 
solution. The electric field is simulated throughout the melter, including the 

process glass, refractory, electrodes, and sludge deposit, if present. Once 
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the electric potential and current flux are computed throughout the melter, the 
local Joule, or resistive, heating is calculated using 

QJ = - JJ <iJ • ndA 

for each computational cell. The symbol A is area and n is an outward-directed 

nonnal unit vector. 

As in the case of the electric field solution, TEMPEST computes the 
temperature distribution throughout the melter, including both solid and fluid 
regions. An implicit procedure is used in this matter so that time-step size 
is not limited by numerical stability considerations. Since the Hanford glass 
is optically thick, radiative considerations within the media can be simplified 
using a diffusion theory approach (Siegel and Howell, 1972). That is 

(4.12) 

A method that will allow the TEMPEST code to handle the radiation component in 
more general participating media is currently being developed under a separate 
activity. 

The TEMPEST code is designed to be controlled entirely by user input and 
does not require internal coding changes to address different problems. For 
instance, geometric configurations for both Cartesian and cylindrical geometry 
are constructed by specifying computational cell types and material types. 

Drag coefficients and forcing functions can be specified in several ways, 
including use of temperature-dependent input tables for material properties. 

Two-dimensional simulations are set up by specifying a single cell depth in the 
third dimension or by specifying all cells in a three-dimensional input file to 
be null except for the two-dimensional plane of interest. A single input 
parameter will activate the turbulence model if the flow field is expected to 

be generally or locally turbulent. 
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A number of available user controls include control for line printer, 
postprocessing, and movie output files. The code can be stopped and restarted 

at any specified time and can be run in a variable or fixed time-step mode. 
Operation in a heat-transfer-only mode is also possible with both transient and 

steady-state procedures available by input selection • 

Flexibility of the TEMPEST code makes it particularly well suited for 
melter design analysis. Special considerations such as the effect of bubbles, 

cold cap formation, and sludge buildup can be modeled by input. The code is 

under continued development, and work is continuing on improving the numerical 
algorithms, modeling, preprocessing, and formal radiation modeling. 

TEMPEST was designed to run on a CDC-7600 computer. The base version will 

also run on smaller machines such as a DEC VAX 11/780 or CDC 180/830 and on 
larger machines such as a CRAY 1 or CRAY X-MP. Although two-dimensional 

simulations can be effectively executed on smaller machines, large three­

dimensional simulations should be executed on a CRAY-class supercomputer. The 

Joule-heated melter version 1n current use at PNL is designed for use on a 

CRAY IS computer. 

The base version of the TEMPEST computer code has an extensive accuracy 
verification and assessment history (Eyler, Trent and Budden 1983). This 

assessment history has covered comparisons with analytical solutions and 
experimental data for a variety of flow and heat transfer conditions. 

Application of the code to Joule-heated melter analysis and modification of the 
code to accommodate high-viscosity fluids and electric fields required further 

assessment and verification. To this end, experimental data obtained by PNL 
from physical models of melter designs and electric field studies are used. 

These results are addressed in Section 5.0 of this report. 

4.3 CONSIDERATIONS AND BASIS FOR DUAL-ELECTRIC-FIELD CASES 

If capacitive effects within the melters are small and the computational 

time step is much larger than the period of electrical signal, the single 
electric field solution can be obtained as a direct current (DC) problem using 

root mean square (rms) current density as input. However, plans for the 
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Hanford Waste Vitrification Program (HWVP) call for a melter with an electrical 
system consisting of two pairs of electrodes powered with separate AC power 

sources. Because of the interactions in both time and space betWeen the 
electric fields produced by both pairs of electrodes, it becomes no longer 

possible to treat the electrical solution in a strictly DC manner. This 
section will discuss the treatment of the dual-electric-field solution and the 
TEMPEST option which allows the user to specify the desired electrical power 
level in each electrode pair instead of the current to each electrode. 

4.3.1 Theoretical Basis 

Calculation of the mean Joule heating rate in a melter having two pairs of 

electrodes includes time-dependent emfs [(Electro Motive Force(s)] EA(t) and 
EB(t) applied to electrode pairs A and B, respectively. Because capacitive 
effects are small, it can be assumed that the currents and voltages are in 
phase. The condition assuring that capacitive effects are small is that 

0 )) E:W 

where a is electrical conductivity, E is dielectric permittivity, and w is the 

angular frequency of the signal. This condition must be satisfied at all 
points along at least one significantly broad path leading from each electrode 

to its opposite driven electrode. 

The instantaneous total power being delivered to the melter by power 
supplies A and B is 

(4.13) 

where the instantaneous power of each electrode pair is 

(4.14) 

(4.15) 
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The above expressions follow from the principle that the work done by a cell is 
the product of the charge flowing through it and the work per unit charge 

(potential difference). 

Even though capacitive effects are neglected and hence any phase 
difference between current and voltage, there is a significant departure from a 
strictly DC analysis. Namely, during the time that one of the emfs has been 
turned off, it is effectively removed from the circuit and does not provide a 
path for current generated by the other emf source. However, it is still 
possible to do a DC-like analysis, if each of the on-off combinations are 
treated separately. 

Figure 4.1 shows the configuration and an "equivalent•• circuit of 
resistors for 2 of 4 possible on-off combinations. The four on-off 
combinations for the melter with two electrode pairs are: 

Condition (a): Power to Pair A on, Power to Pair B off, then 

VA(t) = EA(t) 

lA(t) = EA(t)/RAA 

where 

Vs(t) = kaEA(t) 
r8(t) = o 

ka and RAA are determined by resistivities 

4.11 
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~--------~------~ 

condition a 

condition b 

FIGURE 4. 1. Two of the Four on-off Conditions for Voltage Sources EA(t) and 
E8(t) 
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condition (b): Power to Pair A on, Power to Pair Bon, then: 

VA(t) = EA(t) v8(t) = E8(t) 

IA(t) = kAAEA(t) + kAsEs(t) I8(t) = ksAEA(t) + k88E8(t) 

Condition (c): Power to Pair A off, Power to Pair B on, then: 

where 

VA(t) = KbEs(t) 
IA(t) = 0 

v8(t) = E8(t) 

Is(t) = E8(t)/R88 

kb and Rss are determined by resistivities 

Condition (d): Power to Pair A off, Power to Pair B off, then: 

Is = o 

(4.17) 

(4.18) 

(4.19) 

Determination of the coefficients ka, kb, kAA• kAB• ksA and k88 is discussed 
subsequently. That the voltage V8(t) is nonzero for condition (a) despite the 
off position for Es(t) is evident in Figure 4.1a, particularly from the 
equivalent circuit. The linear relationship between v8(t) and EA(t) can also 
be seen in the equivalent circuit. During melter operation, resistances 
pictured in the equivalent circuits would be different and strongly dependent 

on the instantaneous temperature distribution. 

In condition (b) (both emfs on), the currents IA(t) and Is(t) are linear 
combinations of the emfs EA(t) and Es(t). This can be determined by setting up 
equations for the six currents in the circuit (IA(t), Is(t), and four loop 
currents). The rms voltage in terms of the emfs during period T can be written 

as : 

1/2 
VA,rms = [ f E2A(t)dt + f E2A(t)dt] + f k2 E2(t)dt] /T1/2 

(a) (b) (c) b B 
(4.20) 
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rJ k2E2(t)dt + J E~(t)dt + f ? 1n 
/T1/2 v ::: ER(t)dtl (4 .?.1 ) B,rrns (a) a A 

(b) (c) 

C0rrespondingly, t~e rms current can he determined as: 

1A,rms [f 
EA(t) 2 

+ J rk E (t) + k E (t)]2 dt] 1/ 2/T1/?. ::: [R--J dt 
(a) AA (b) AA A AB B 

(4.22) 

k88E8(t)]2dt + f 
E 

1B,rms 
::: [f [kBAEA(t) + (--B-)2dt]l/2/T1/2 

(b) {c) RBB 

(4.23) 

In the above equation the symbol, J(a) refers to an integral over time for 
which condition (a) applies, for example. 

To calculate the electric field using TEMPEST, a nc current source or sink 
can be specified for each electrode; the potential field is then solved over 
the calculation domain. From two such calculations for a given set of 
resistivity conditions (temperature distribution), it is possible to determine 

the variables ka, kh, kAA' kAR' kRA' k88 , RAA' and R88 • 

As an example, for condition {b) relations (Equation 4.17), the 
coefficients kAA' kAB' kRA' and kRB can be determined from TEt~PEST information 
as follows. Take a pair of current values (I!, I~) as source/sink terms in 
electrode pairs A and B. Use TEMPEST to solve for the corresponding 
emfs (El, El). Take another, linearly independent, pair of current 
sources (Ii, I~) and find the corresponding enfs (E~ , E~). The coefficients 

kAA' kAB' kBA' k88 can then be found by solving: 
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(4.24) 

Condition (a) is just a special case of condition (b) obtained by setting 

Is = o. Similary, condition (c) is a special case of (b) obtained by setting 

IA = 0. 

It is convenient to choose the two independent cases that determine the 
coefficients to be exactly conditions (a) and (c). From the potential 
differences El and E~ resulting from the TEMPEST simulation of condition (a) 

the variables RAA and ka are calculated as: 

(4.25) 

Similarly, TEMPEST simulation of condition (c) allows the calculation of Rss 
and kb as: 

(4.26) 
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Since conditions (a) and (c) are special cases of condition (b), Equations 4.25 
and 4.26 can be substituted into Equation 4.24 to yield the following 

expressions for kAA, kAB, kBA' kss: 

k = 1 . kAB = - kbkAA AA (1 - k k ) RAA ' a b 

(4.27) 

kBB = 
1 

kBA = - kakBB 
. 

(1 - k k ) RBB ' a b 

So far no assumptions have been made about the time-dependent nature of 
the applied emfs (EA(t), E8(t)). The analysis will now be specialized for the 
voltage supplies that are proposed for NWTP. The power sources consist of two 
in-phase, 60-Hz power sources controlled by silicon-controlled rectifiers 
(SCRs). The resulting time-dependent shapes of the voltage sources are shown 
in Figure 4.2. The source voltages are: 

=~~ 
0 <t< t 

EA ( t) a 
sin ( wt) t <t< T/2 a-

(4.28) 

EB(t) =~o 0 ~t< tb 

EB sin ( wt) tb ~t< T/2 

where T is the period of the cycle defined as T = 2n/w and E~ and E~ are peak 
voltages. Substituting Equation 4.28 into Equations 4.20 through 4.23 gives: 
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FIGURE 4.2. Dual Electrode Pair Time-Dependent Voltage Shape 

= { (k E0 >2 [ t t h (sin (2 w'1,) - sin (2wta))J 
B, rms a A b a .ll 

2 
t 1 . ( 2 wt ) ] } 1 /2 /T 1/2 + E~ [T /2 b + 2w s1n b 

E0 2 
t -}w(sin A (2 w'1,) - sin (2 wta))] = {(R) [tb -A,rms AA 
a w 

0 0 2 1 . (2wt )) }112;rl/2 + (kAA EA + kABEB) (T /2 tb + 2w s1n b 
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(4.30) 
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(4.32) 

Once the quantities ka, RAA' kAA, kAB' ksA' kss vA,rms' Vs,rms' IA,rms' and 
Is,rma are determined, then Equations 4.29 through 4.32 can be solved for ta, 
tb, EA, and E~. If E~ and E~ (the peak line voltages} are known, then only two 
of the Equations 4.29 through 4.32 are required to determine ta and ~· 

Once the quantities ka, kb, kAA, kAB' ksA, k88 , RAA' and Rss have been 
determined from the two TEMPEST simulations described above, total power can be 

determined. For driving emfs like those pictured in Figure 4.2, the average 
power ~A delivered by electrode pair A satisfies: 

PAT= f IA(t) EA(t)dt + f IA(t} EA(t)dt 
(a) (b) 

E0 2 
= ( A ) f sin2

(wt) dt + (kAA E~ + kABE08 )E~ j sin2(wt) dt 
RAA (a} (b) 

(4.33) 

Similarly the average power ~B from electrode satisfies 

(4.34) 

The average total power is the sum: 

(4.35) 
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There is a contribution to the heat generation from each one of the conditions 
{a), {b), and {c) during a cycle. The electric field patterns for cases {a) 

and {c) have already been calculated with an arbitrary current source in the 
course of finding ka, kb, etc. Having saved these solutions, they can be used 

to calculate the contributions from conditions (a) and (c) for the correct 

current amplitudes of: 

0 
I A, a = 0 

EA/RAA from condition {a) 

0 0 from condition (c) Is ,c = Es/RBB 

For condition (b) the correct current amplitudes can be found from 

Equation 4.17 as: 

(4.36) 

{4 .37) 

Note that the ratio IAfls is constant during condition (b) for the in-phase 
emfs of Figure 4.2. TEMPEST could be used again with current sources/sinks 

of I~,b and Ig,b in electrode pairs A and B, respectively. This would solve 
for the potential pattern for condition (b) with its amplitude multiplied by 

sin (wt). The solution to the potential problem with sources I~,b and Ig,b is 

designated as $As· But it is possible to avoid calculating a new potential 
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solution by recalling that the potential function is linear. Because of this, 
superposition of the two previous TEMPEST simulation can be used to 

calculate $AB' to within an additive constant, as follows: 

$1 + 
A 

(4.38) 

where $1 and ~ are the potential solutions for current sources in only one 

electrode pair, namely 11 in pair A for $~, and I~ in pair B for ~· 

The instantaneous Joule-heating power density is given by: 

(4.39) 

From the previous discussion it can be seen that for the given system the 
average power density is 

l'" T = {f sin2(wt)dt) 
v (a) 

(4.40) 

4.3.2 TEMPEST Solution Procedure 

TEMPEST is currently set up to solve the dual-electric-field problem in 
two ways, depending on type of input data available. One mode is based on 
knowing (or assuming) current and time-split data. The other mode, referred to 
as the power-split mode, is based on knowing (or assuming) power levels applied 
to each electrode pair. 
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In the current input mode it is necessary to know the amount of current 
supplied to each electrode pair during both of the time conditions (a) and 

(b). To calculate this , I~ , a, I~ , b' I~ , b' ta, and tb must be known. The 
solution procedure is similar to that used for a single-electrode-pair case . 
The current density is specified as a source or sink in each electrode; TEMPEST 

then calculates ~~with current source I~ , a only; then ~AB with current 
sources I~ b and I~ b; and finally , the power densities are calculated using , , 
Equation 4. 40 . 

The power-split mode has heen added to TEMPEST to help in the design of 
the NWTP melter. The only input that is required is peak line voltages for 
each power source (E~, E~) and the desired power dissipation for each electrode 
pair (PA, PB) . To solve this problem TEMPEST first solves for~~,~~, and the 
related constants ka , kh, etc ., assuming arbitrary currents . Then the 
nonlinear Equations 4.33 and 4. 14 are solved fo r ta and tb , which sat i sfy the 
power split. Once all these quantities are known, the potential 
solutions ~~and ~~are multiplied by the proper time and current amplitude 
factors. Finally, the average power densities are computed using 
Equation 4.40. 

One deficiency of the code as it currently stands is that the 

potential ~AB is determined locally and not saved for output . As such, 
comparison to locally measured electric potential data for cases of both 

electrodes firing cannot currently be made , as discussed in Section 5. 4. 

Table 4.1 compares the computational speeds of the current- i nput mode and 
the power-split mode of TEMPEST operation. The results show that specifying 
only the power split between the two pairs of electrodes increases the computer 
time needed to solve the electric fiel d prohlem by typically 10~ . This 
increase in computational time is expected because of the less detailed input 
data provided. 

4. 21 



TABLE 4.1. Computational Time Comparision for Code Operational Modes 

TEMPEST Electric 
Solution Electrical Field Solution 

Test No. Mode Conductivity msec/Time Step-Cell " 

1 Current Constant 0.0514 

2 Power-Split Constant 0.0557 

3 Current Variable 0.1625 

4 Power-Split Variable 0.1674 
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5.0 ELECTRIC FIELD SOLUTION AND NUMERICAL MELTER MODELING 

This section describes simulations used to test the logic and verify the 
numerics of the TEMPEST electric field solution and numerical modeling of 

Joule-heated melters. Verification and model testing fall into several 
categories. Included herein are results of simulations of electric field 
solution and simulation of melter models in which coupling occurs between 
electric field and thermal hydraulics. Limited data on the sensitivity of 

melter predictions to changes in input parameters are also presented. 

5.1 ELECTRIC FIELD SOLUTION VERIFICATION 

The process of modifying the base version of TEMPEST to perform electric 

field calculations required incorporation of additional subroutines. One 
subroutine solves the finite-difference approximated form of Equation 4.4 for 

the electric field potential using the definition J = - aV$. More minor 
modifications were made to couple Joule heating through the heat generation 

source term in the energy equation, and to provide appropriate input, output, 
and changes necessary for internal bookkeeping. Facilitating these latter 

changes required that they be checked to assure that correct data was available 
for internal computation to the code, that boundary conditions were treated 
correctly, and that numerical control parameters were correctly decisioning 
l ogic flow path. This checking was done continually as an integral part of the 

modification process through the use of hand calculations, logic flow tracing, 
and good engineering judgement in ascertaining that computed output actually 
corresponded to input for simple test cases. 

Electric field solution is accomplished in the subroutine EFIELD using the 

same numerical solution procedure as for the energy equation in the well-tested 
base version. The electric potential equation is very similar in form to the 
energy equation without the time derivative and convection terms. The 
principal difference is that thermal conductivity is the physical property in 

the energy equation, and electrical conductivity is the physical property in 
t he electric potential equation. Testing the coding, finite-differencing, and 

numerical solution procedure was done using simpler one- and two-dimensional 
problems amenable to certain hand calculations. 
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As a validation of the overall electric field solution, TEMPEST was used 
to calculate the electric field in a simulated one-armed animal. This work was 
in support of a related project in which electric fields and induced currents 
occur in homogenous bodies because of imposed external electric fields. This 
particular geometry was chosen as a test because it is environmentally 
significant, has been difficult to accurately model with other codes, and leads 
to laboratory verification . 

Figure 5.1 shows the physical dimensions used for the TEMPEST 

representation of a one-dimensional animal body. The boundary conditions 
were: 1) the normal current density at the top electrode was constant, 2) the 
lower grounded boundary was modeled by the image method, and 3) the normal 
components of the current density at the side walls were zero . The electrical 
conductances used in the simulations were 0.1 (Q-m) -1 for the body and 
3.3 x 10-9 (Q-m)-1 for the surrounding air . 

A laboratory model with the cross-sectional shape shown in Figure 5.1 was 
made from lumber and covered with copper foil . The central 0.303 m of the 
1.980-m long model was electrically isolated to allow measurement of the 
induced current. The model was placed on a grounded electrode and exposed to a 
3.45-kV/m electric field . 

The TEMPEST prediction for the induced current in the body was 
3.32 ~A, which is in excellent agreement with the measured value of 
3.33 ± 0.10 ~A. The surface electric field at the midpoint of the top of the 
model was measured to be 8.8 kV/m . This corresponds to a surface enhancement 
factor of 2.6 + 0.1. The TEMPEST prediction of the surface enhancement value 
was 2.56, again in excellent agreement with the experimental results . 

Figures 5. 2 and 5.3 show the calculated current densities and 
equipotential surfaces for this simulation. It is important to note 
that the predicted current in the arm flows in the opposite direction to the 

current in the body . This experimentally observed phenomena has not been 
predicted by other computer codes . 
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5.2 PHYSICAL MELTER MODEL SIMULATION - SINGLE ELECTRODE PAIR 

During the past several years, physical melter model experiments have been 
conducted at PNL. Quigley and Kreid (1979) reported results in which a 
glycerin-base modeling fluid was used. Their tests were small-scale, low­
temperature tests in a clear acrylic facility. Temperature, electric field, 
and flow visualization data obtained in well-controlled laboratory conditions 
provided a basis for evaluating TEMPEST prediction of electric field and 
coupled Joule-heated hydrodynamics. 

Figure 5.4 presents a schematic of the test apparatus and a vertical 
cross-sectional plane of the TEMPEST model. Boundary conditions were chosen to 

simulate physical model run number 15. In this test, water cooling jackets 
maintained boundary temperatures constant on the exterior of the test 
container. In the numerical analysis, temperature drop through the walls was 
neglected and constant-temperature boundary conditions were set at the interior 

surface of the modeling fluid container. Current density was input to a 
computational region with copper properties which simulated the electrode 
pair. Physical properties used for the numerical simulations were taken as 
those reported by Quigley and Kreid. Five numerical simulation cases were run 
as listed in Table 5.1. Results of overall voltage drop and bulk temperatures 
predicted by TEMPEST and measured during experiments are compared in 
Table 5.2. Agreement, in general, is very good with (two-dimensional) best 
results obtained for Case 4 using an expanding grid and the smallest cell next 
to the electrode. Predicted voltage drop is within 3% of data and bulk 
temperature within 1% for this case. The fact that best results are obtained 
for the case of the smallest cell next to the electrode plate is not 
surprising. In this region, temperature gradients are large. Electrical 
conductivity, being a strongly temperature-dependent property, requires 
adequate resolution • 
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TABLE 5.1. TEMPEST Representations of Quigley and Kreid Run #15 

Case t>iode 1 Cell Thickness 
No. Type Grid Type at Electrode Face, em 

.. 
1 2-0 35x10 constant 1.025 

2 2-0 70x20 constant 0.512 

3 2-0 35x10 expanding 0.525 

4 2-0 35x10 expanding 0.250 

5 3-0 26x8x13 expanding 0.423 

TABLE 5.2. Grid Refinement Study Results 

Case Overall Voltage Oro~ 2 Bulk Tem~erature, °C 
No. T~MPEST Ex~erimental TtRPE~T Ex~erimental 

1 140.6 172.3 56.7 55.8 

2 150.3 172.3 55.8 55.8 

3 148.5 172.3 55.9 55.8 

4 167.4 172.3 55.2 55.8 

5 165.5 172.3 56.4 55.8 

.. 

5.7 



Case 5, a three-dimensional numerical 

three-dimensional effects are significant. 
voltage drop and bulk temperature for this 

model, was run to ascertain if 
Based on comparison of predicted 

experiment, they do nqt seem to be 

significant. This observation is consistent with design of the experimental 
apparatus, which was to minimize three-dimensional effects. 

Comparison of Case 3 to Case 4, in which the total number of nodes is the 
same but the spacing near the electrode is different, points to the fact that 
proper noding consideration is important to obtain accurate predictions. 
Unfortunately, there is no exact method for a priori determination of noding. 
There are, however, certain considerations which can be taken in to account as 

discussed subsequently in Section 6.1. 

Other aspects of these results are worth noting. Experimental observation 
indicated that quasi-periodic flow chacteristics occurred. These were of the 
nature of rising and falling columns of fluid which were neither steady nor 

completely chaotic. TEMPEST predicted results of a very similar character 
which are best viewed in a computer-generated movie. Figure 5.5 presents a 

"snapshot" of veloci~ vectors and temperature contours at one point in time. 
These give an indication of the circulation patterns and show the 

rising/falling character of the flow. 

5.3 PHYSICAL MELTER MODEL SIMULATION - DUAL ELECTRODE PAIR 

The basis for predicting electric potential and power densities in a 
melter with two independently powered electrode pairs is presented in 
Section 4.3. This modeling capability allows prediction of melter operation in 
which two pairs of electrodes are used. For testing purposes, experiments were 
conducted to provide a data base for code evaluation. These data are reported 
in Section 3.0 of this report. Comparisons of the dual-electrode-field 
capability or power-split model in TEMPEST with experimental data are made 

here. 
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5.3.1 Numerical Model Description and Analysis Approach 

Based on results presented in Section 5.2, principally noding 
considerations, two-dimensional numerical models of experimental test runs 

BRUN-1 to BRUN-5 described in Section 3.0 were set up and run. Figure 5.6 
presents a schematic of the vertical cross section of the numerical model. 
Included are a total of 175 computational cells in the fluid region in a 
typically 18 by 8 arrangement. A stairstepped bottom accounts for the sloped 

floor of the experimental apparatus (see Figure 3.1). Node size adjacent to 
the electrode plates is 0.25 em. Surrounding the modeling fluid region is 
thermally conducting material with properties of cast acrylic sheet. These 

include: 
Thermal Conductivity: 
Density: 
Specific Heat: 

Electrical Conductivity: 

k = 0.25 W/m-°C 
p = 1300 kg/m3 

cp = 1674 j/kg°C 
o = 1x1o-5 ( ')..m) -1 

These properties are typical values and are taken from a buyer's guide for 

commercially available cast acrylic plastic, with the exception of electrical 
conductivity. Electrical conductivity of the acrylic is arbitrarily assumed as 
a small value relative to that of the modeling fluid and copper electrode at 
normal temperatures. Thickness of the acrylic sheets are included in real 
scale, with exception of the bottom surfaces. In the experiment, there was no 
particular control of the bottom boundary condition. There was no cooling 
channel to cool it. Thus it was assumed in the numerical model that heat flow 
out the bottom was minimal and that the larger thickness of (modeled) acrylic 
would be inconsequential to predictions. 

The copper electrode properties are assumed as follows: 

Thermal Conductivity: k = 400 W/m-°C 
Density: = 8910 kg/m3 

Specific Heat: Cp = 385 j/kg-°C 
Electrical Conductivity: o = 882 ( '?-m)-1 

These values are from Weast (1973). 
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In the experiment, water cooling jackets maintain nearly constant boundary 

temperature conditions. nata for cooling jacket temperatures are used as 
constant temperature boundary conditions to the exterior surfaces of the 

numerical model. The cold cap cooling region is included also. Thickness of 
the top surface acrylic sheet is set at 0.16 em, the thickness in the 

experiment between the cold cap cooling channel and the modeling fluid. On 
either side of this central cooling region, the thickness is less than actual, 
but this is deemed to be only a minor deficiency to the numerical model. 
Ambient external conditions in the experiment over this region are unknown. 

For tests BRUN-1 to BRUN-3 the distance between electrodes on a wall is 

6.35 em, whereas for runs 4 and 5 it is 2.54 em. For the former cases, 
modeling fluid depth is 17.q em, whereas it is 14.n em for the latter cases. 
Test BRUN-6 was not simulated in being deferred to doing BR\J"l-7 and RRUN-R. 

Asymmetric results of tests RRlJN-7 and RRIJN-8 were caused by a common grounding 
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problem which could not he treated by the numerical model without modification 
to the solution procedure , and thus were deferrerl to future work . 

5. 3. 2 Analysis Approach 

The approach used to analyze the dual -electrode-pair expP.riments reported 
in Section 3. 3 of this report were developed based on past code usage 
experience and numerous discussions with the experimenter. This allowed for 
reasonably good understanding of the data, procedures used in acquiring the 
data , and experimental observations. Even so, it became nece~sary to make 
certain assumptions in setting up the numerical model and performing the 
analysis. 

To this end , test number BRUN- 2 was chosen as the first case to simulate 
because this was the first data set made available by the experimente r . Nading 
structure was determined, boundary conditions set, and computations 
commenced . A series of (sequentially restarted) runs were made for this 
case. At the outset it was concluded that correct water jacket thermal 
boundary conditions were required to obtain good agreement with experimental 
data for predicted voltage drop across electrodes and temperature field data i n 

the modeling flu id. 

Once reasonably good agreement and confidence in the model had been 
obtained, simulation of test run RRIIN-< was computed for an hour of real time 
over a time span from 2RO to 340 minutes . At the end of this time , results , 
presented in subsequent sections, indicate excellent agreement with data . 
However, rather large variations in field temperatures and electrode voltage 
drop over the simulated time span occur. 

Upon completion of simulating BRUN-2 , test run BRUN- 3 was simulated hy 
restarting at a t ime of 280 minutes and ramping power applied to each electrode 
pair to the appropriate experimental value. Once full power (or zero) to each 
pair was attained over a period of 30 minutes, the simulation was carried out 
for an additional hour. Runs BRUN- 1, R~UN-4, and RRUN-5 were correspondingly 
restarted from time t=30 of BRUN-3 , ramping to appropriate power levels over a 

20-minute time span, and computing to 1 hour of simulation time. Table 5.3 
presents the summary of the interrelationships of the simulation runs. 
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TABLE 5.3. Sequential Simulation Summary and Interrelationship of 
Numerical Model Runs 

Case 

BRUN-2 

BRUN-3 

BRUN-1 

BRUN-4 
and 

BRUN-5 

Time Span 

0 - 280 min 

280 - 340 min 

0 - 30 min 

0 - 60 min 

0 - 60 min 

0 - 60 min 

Comments 

Startup and model testing. 

Final results reported after 1 h of simulated 
operation. 

Restart at time = 280 min of BRUN-2; reset initial 
simulation time to t=O min; adjust boundary 
conditions 

Ramped power to experimental values for each 
electrode pair. t=30 min is used as beginning of 
all subsequent runs. 

Restart from t = 30 min of BRUN-3; reset initial 
simulation time to t=O min. 

Final results reported after 1 h of simulated 
operation. 

Adjust boundary conditions and electrode power; 
restart from time t=30 of BRUN-3; reset initial 
simulation time to t=O. 

Final results reported after 1 h of simulated 
operation. 

Adjust grid for electrode spacing; set 
boundary conditions and power levels; 

Restart from time t=30 min of BRUN-3. 
Reset initial simulation time to t=O min. 

Final results reported after 1 h of simulated 
operation • 
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5.3.3 Numerical_M~~~! Model Results (Two-Dimenisonal} 

A comparison is made in Table 5.4 of the predicted voltage drop across 

electrode pairs for each of the five experimental test runs simulated. These 

are results at the end of 1 hour of simulated operation at specified power 
level conditions as summarized in Table 5.3. Predicted voltage drop results 

vary in agreement from nearly exact for the lower electrode pair in RRUN-2 to 

an underprediction of approximately 41% for the (unpowered) lower electrode in 
test BRUN-1. Correspondingly, predicted currents between pairs are 
overpredicted by similar percentages, as might be expected because of a P=EI 

type relationship with power P fixed. 

Note that for 1.0:0.0 and o.n:1.n (upper/lower) power-split cases, power 
applied in the numerical model to the 11 0ff11 electrode pair is specified at a 

factor of 0.01 of the 100-percent-powered electrode pair. This is done because 
of a difficulty in obtaining a solution with the power-split model in TEMPEST 
when P2 < 0.01 P1• This is an aspect of the model which requires further 

investigation. 

As discussed in the previous section, test run BRUN-2 was computed 

first. This is the case for which best results are obtained at the end of 
1 hour at simulated operating conditions. Even for this case, however, 

considerable variability occurred during the simulation. Figure 5.7 shows the 
time-dependent temperature results at four positions in the melter located on a 

line between the upper electrode faces. It is apparent that significant 
variation in temperature occurs in time. This results from Joule heating in 
the modeling fluid and the cooling effect of the cold cap, which leads to an 
unstable thermal condition in the model melter. This, in turn, leads to the 

quasi-periodic flow and thermal oscillations in the model melter. ~ecause the 
modeling fluid is very viscous (relative to water, for example), the mixing and 
thermal oscillations in the fluid are very slow. As a result of these very 
slowly changing, thermally induced effects, it is difficult to determine when 

quasi-steady conditions are reached in the numerical simulations. ~ 

Predicted voltage drop between electrode pairs is sensitive to 

temperatures through the temperature dependence of electrical conditivity. As 
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TABLE 5.4. Two-Oimensional Numerical Hodel Voltage nrop Results After 1 Hour 
at Simulated Operating Conditions 

u~~er Electrode Lower 

Test Run Time Variable Oata(a) TEMPEST( b) DATA(a) 

BRUN-1 60 min power (W) = 291.3/297.4 295.0 ** 
voltage ( V) = 104.4/106.6 64.6 65.9/58.5 
current (A) = 2.79/2.79 4.57 * 

BRUN-2 340 min power ( W) = ** 1.14 105.9/113.0 
voltage ( V) = 31.6/39.5 24.8 80.2/84.3 
current (A) = * 0.15 1. 32/1.34 

BRUN-3 60 min power (W) = 150.7/155.0 151.9 149.2/151.4 
voltage ( V) = 88.1/89.6 61.1 102.9/104.4 
current (A) = 1.71/1.73 2.55 1.45/1.45 

BR\JN-4 60 min power ( W) = 290.1/293.2 2Q5.0 ** 
voltage ( V) = 105.5/lOn.o 82.9 74.3/74.3 
current (A) = 2.75/2.7'5 3.56 * 

BRUN-5 60 min power {W) = ** 2.61 2SQ. 7 /(fil.O 
voltage ( V) = f>O.fi/60.6 45.9 114.9/115.5 
current (A) = * 0.2S 2.26/2.26 

(a) low/high for successive experimental runs; * indicates I < 0.15 A; 
** indicates power-off condition 

{b) power specified; voltage and current computed. 
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Electrode 

TEMPEST( b) 

2.96 
34.0 
0.27 

113.0 
82.3 
1.38 

152.0 
78.5 
1.99 

~.96 
57.0 
0.21 

260.0 
94.0 
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an example, for the temperature results in Figure 5.7, predicted voltage drops 
vary correspondingly as presented in Table 5.5. It is apparent from this table 
that agreement of predicted results and experimental data may be falsely 
interpreted if quasi-steady conditions are concluded when in reality they have 
not been reached. In this regard, additional work needs to be done to 
ascertain when quasi-steady results are obtai ned. Alternatively, time­
dependent experimental data acquired over a longer period of time may be 
useful. 
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TABLE 5.5. Time-Dependent Voltage Drop Across Lower Electrode for Test Run 
BRUN-2 

Time, min Voltage Oro~, v 

280 58.3 
290 64.9 
300 66.3 
310 68.6 
320 70.8 
320 72.4 
330 77.8 
340 82.3 

Transient temperature results of other tests are included in Figures 5.8 
to 5.11. Corresponding predicted voltage drops are presented in Table 5.6 for 
several points in time. For test run BRUN-1, a 100% upper/0% lower power split 
test, temperatures are slowly increasing with time. Correspondingly, predicted 
voltage drops are slowly decreasing in time. BRUN-4 is also a 100% upper/0% 
lower test but with a lesser distance between electrodes. Temperature results 
(Figure 5.10) show a generally increasing trend with a corresponding voltage 
drop (Table 5.6). However, just prior to 60 minutes, a strong perturbation to 
the flow and, hence, thermal field, develops as an unstable buoyancy effect 
induces a large turnover. Test runs BRUN-2 and BRUN-S, which are 0% upper/100% 
lower tests, show more agitation or oscillatory behavior near the walls. Test 
run BRUN-3, on the other hand, is reasonably quiescent over the time from 15 to 
45 minutes, whereafter it also experiences a buoyancy-induced perturbation • 
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TABLE 5. 6. Time- Dependent Voltage Drop Results 

Time BRUN-1(a) BRUN- 3(b) -

0 min 75.3 v 58 . 1/66.1 
10 75 .8 58 .8/71.0 

20 75 . 3 59.3/7?..5 
30 74 .8 59 .8/72 .R 
40 74.3 h0.3/7?. .q 

50 73 . 7 60.f)/73 . 1 
60 73.1 61.3/78 . 5 

(a) across upper electrode 
(b) across lower electrode 
(c) across upper/lower el ectrode 

BRU~-4(a) BRUN- 5(c) 

v 83 . 3 v 90 . 1 v 
83 .R 89.9 
83.0 88 .6 
R2.5 q4.?. 

81.4 q4 . 1 
80 .1 q4.1) 

82.q q4 . 11 

The predicted transient temperature results only give a partial picture of 

the complexity of the coupled Joule-heating and hydrodynamics . Transient 

measured temperature data for runs BRUN- 1 and BRUN-S (see Section 3. 3) are not 
over long enough periods of t ime to make di rect comparison with these 
predictions . For the 1 atter test run, BRUN- S, it is useful to note that a 
temperature oscillation of as much as 7°C occurred over a 5-minute time span at 
one measurement location (see Figure 3. 13) . Oscillations which are predicted 
show temperature changes of 5 to l5°C over a similar time scale of 5 minutes . 
In particular , in Figure 5.11 , several osciallatory occurrences appear, each 
with typically a 4-6 minute peak- to-peak time. 

In evaluating temperature f ield resolution , results after 60 minutes at 

operating conditions (t=340 mi nutes) for BRUN- 2 are eval uated f i rst . Vertical 

temperature profile data and predictions are included in Figure 5. 12 . In the 
figure, data from both runs BRUN-T2A and - T2B (Table A. ?. and A. 3) are included 
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for the six positions across the horizontal direction. In the central region, 
0.40 ~X*~ 0.60, very good agreement is found over the whole vertical 1 ine. 
The cold cap cooling very near the top wall is evident in both data and 
predictions at these locations. Nearer the walls where the electrodes are, 
predictions are typically 10°C colder than data over the upper two-thirds of 
the region. Note that, for several locations, data deviation between runs -T2A 
and -T2B are as much as between data and predictions. 

For this 100% lower/0% upper case, data show considerably warmer fluid 
very near the lower (powered) electrode pair faces. This trend, also apparent 
in several other runs presented subsequently, is not predicted in these 
calculations. The reason for not predicting such a locally warmer fluid has 
not been confirmed. Several causes have been postulated. It is possible that 
too much heat is being removed through the walls directly behind the 
electrodes. In one test case where thermal conductivity of acrylic sheet was 
decreased arbitrarily by a factor of 5, relative temperatures increased by 10°C 
to 15°C throughout the modeling fluid, but no locally high temperatures 
directly in front of the powered electrode faces were predicted. 

The side walls removing too much heat may also be an artifice of the two­
dimensional model. Without front and back walls, over one-third of the 
effective heat transfer area is not present. Thus, proportionally more heat 
has to flow out through the top, bottom, and side walls. Insufficient data are 
available from cooling flow channels to adequately determine relative 
percentages of heat being removed through each wall. If such a ratio could be 
determined, further numerical evaluations could be made to determine if heat 
flow path or other effects were causal. If a thermocouple were actually buried 
i n each electrode, then actual electrode temperatures could be set in a 
numerical model and other effects evaluated • 
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One very significant effect may result from not accurately predicting the 
locally higher temperatures directly in front of the electrode face. Hotter 
fluid there would lead to a more positive buoyancy force along a side wall and 
thus induce a stronger upflow. This, in turn, should induce enhanced 
circulation throughout the model melter. The higher temperature would also 
have an effect on predicted voltage drop through temperature-dependent 
electrical conductivity. 

Vertical temperature distribution comparisons for test runs BRUN-1 , -3, 
-4, and -5 are included in Figures 5.13 to 5.15, respectively. Figure 5.13 is 

for test run BRUN-T1A, a case of 100% upper/0% lower power split. For this 
test, predictions are typically 10°C higher than data in the central region. 
Adjacent to each powered electrode face, temperatures are overpredicted, 
whereas they are underpredicted for near the lower, unpowered electrode. It is 
interesting to note that, for this test, there is not an 
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occurrence of locally higher temperatures adjacent to each powered electrode 
face as observed in test run BRUN-2. The upper electrode face exposed to 
modeling fluid measures 7.8 em, whereas the lower electrode face in test run 
BRUN-2 is 3.8 em, nearly a factor of two different. Correspondingly, power 
level applied, and, hence, resulting current for the upper pair, in this test 
is twice the lower pair; thus the current density which leads to Joule heating 
should be about the same directly in front of the electrode face. 

There is a physical configuration difference which may also account for an 
added heat loss path for the upper electrodes which is not contiguous to the 
lower electrodes. The actual upper electrode is 10.2 em high, but only 7.8 em 

is in contact with the modeling fluid. Depending upon what this electrode is 
in contact with, the high copper thermal conductivity might result in a 
significant heat loss, thus keeping this electrode much cooler than in the 100~ 

powered lower pair cases. This possible enhanced heat flow path was not 
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included explicitly in the numerical model, hut in fact may have ncc11rred 
because of noding configuration ann specification of external amhient 
condition. 

Results for test run RRIJN-3, a 100% upper/100% lower power-split test, are 

included in Figure 5.14. Predictions are in good agreement with data in 
certain regions and at variance hy l0°C to 12°C in other regions. As in 
simulation of test run RRUN-2, predictions do not show locally higher 
temperatures directly in front of the lower electrode faces. 

Results in Figure 5.15 are for test run BRUN-4. This is a 100% upper/0% 

lower power-split test, similar to BRUN-1, but with a modeling fluid depth of 
14.6 em and a 2.54 em (vertical) spacing between electrodes. Comparison of 
data and predictions are in reasonably good agreement throughout the modeling 
fluid, with some temperatures underpredicted and others overpredicted. 

Test run BRUN-5 results in Figure 5.16 (note the temperature axis scale 
change from previous figures) show an even more pronounced local heating effect 
in front of the lower electrode pair. Local temperatures reach as high as 

122°C. As in the previous 0% upper/100% lower simulation, predicted results do 
not agree well with the locally higher values of temperature. 

Experimental data were not obtained for tests RRIJN-1 to ARUN-5, to which 
predicted flow fields (velocity magnitude ann direction) could be compared. 
Test runs BRUN-7 and BRIJN-R were designed for this purpose, hut as discussed in 

Section 3.5, an electrode grounding problem developed. This is unfortunate, 
because flow data would be useful to qualify statements concerning buoyancy­

induced effects, flow direction along electrode faces, and quasi-periodic 
oscillatory behavior. These are effects significant to actual melter design 
considerations for mixing, material residence time, and potential stagnation 
regions. 

Comparison of measured electric potential measurements in the modeling 

fluid is made in Figures 5.17 to 5.20. Presented are vertical distributions at 
normalized horizontal positions of X* = 0.04, 0.40, 0.60, and o.q6. Electric 
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potential is normalized to the total voltage drop measured across an electrode 

pair, or E/EP where EP is listed for each run in Table 5.3. Data are 

normalized to Ep,meas' and predictions are normalized to Ep,pred· Comparison 
made in this manner, instead of actual electric potential (in volts), removes 

discrepancies between Ep,pred and Ep,meas from tl1e comparison and allows 
evaluation of the general character of the electric potential field. 

Test run BRUN-1 (Figure 5.17) is a 100% upper/0% lower power-split test. 
In the central region (0.40 < X*< 0.60), agreement of the results is very 
good. Experimental data are more asymmetric (i.e., shifted) than are the 

predictions. Nearer each powered electrode face, normalized electric potential 

is in good agreement also. In the lower corners, while predictions demonstrate 
the same characteristics as data, there is signficant discrepancy in local 

values. 

Similar observations apply to test run BRUN-2 results (Figure 5.B). 
Predictions show much steeper gradients of electric potential tha~ do data, 

both in the line between electrode plates and in the vertical direction 
directly in front of the electrodes. To a large degree, this trend can be 

related through temperature-dependent electrical conductivity and to 
discrepancies between temperature field data (see Figure 5.12). 

In Figure 5.1Q, data for test run BRUN-4 in the central region show a more 

uniform vertical distribution than do predictions. This observation is 

consistent with discrepancies in temperature distribution for the same 
locations (see Figure 5.15). Temperature data showed only a small gradient 

top-to-bottom, whereas predictions showed a 10°C to 15°C temperature 
differential top-to-bottom, with colder results at the top. Colder 
temperatures lead to lowered electrical conductivity which, in turn, leads to 
increased voltaye drop or potential gradient prediction, as results in 

Figure 5.18 show. An explanation for the discrepancy near the right electrode 
(X* = 0.96) is unavailable. For this case, it should be noted that one local 
field result is reported (107.R volts, see Table B.4) which is greater than the 

reported total drop across the electrode plates (106.6 volts). This may 
indicate that the total measured voltage drop may have drifted during the 
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acquisition of local field data. If the total drop were larger than the 

reported 106.6 volts, the normalization of results in Figure 5.19 would show 

better overall agreement with data. 

For test run BRUN-5, good overall agreement is indicated by results in 

Figure 5.20. In this case, as in runs BRUN-1 and BRUN-4, there is evidence 
indicating that measured data are shifted toward one or the other of the 
electrode plates. This indication, which may or may not be significant, could 
be the result of several factors. An asymmetry in cooling effect of the left 
and right walls, or a drift in overall voltage drop during data acquisition 
caused by slow transient thermal effects, would cause such an indicated 
shift. Without a closer examination of data measurement procedures, 
experimental apparatus, and cooling jacket flow and temperature data, a 
confirmed explanation for the observed shift is unavailable. 

Comparison of electrical potential data and predictions has only been made 
for the tests in which a 1.0:0.0 or a 0.0:1.0 power split is present. For 
other combinations, an additional computation is required in TEMPEST during 
solution of the power-split mode. This computation, as described in 
Section 4.3.2, must be incorporated to provide required information to code 
users. 

5.3.4 Numerical Melter Model Results (Three-Dimensional) 

Upon recognizing that results obtained using a two-dimensional numerical 
model of the flow system showed certain discrepancies which could not be 
rectified, a three-dimensional simulation model was set up and run. This model 
used the same grid structure, noding, and materials in the vertical plane (x-z) 
as was used in the two-dimensional model. In the depth (y) direction, 18 
computational grids were added between the front and back. Constant­
temperature boundaries exterior to a 1/4-in.-thick acrylic sheet were used. 
Total spacing distance between the front and back walls is 27.9 em, as in the 
experiment. 

For this simulation, test run BRUN-3 was chosen for comparison. This run 
was chosen because it is a test where both electrode pairs are powered. 
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Table 5.7 presents a comparison of overall voltage drops across electrode 
pairs at a time of 90 minutes. In relation to the two-dimensional results 
(Table 5.4) these represent significant improvements. Deviation of predicted 
voltage drop is typically only 5% from data. Voltage drop at selected 10-
minute time intervals are included in Table 5.8. Little variation occurs over 
time relative, for example, to two-dimensional BRUN-2 results (Table 5.5). 

Transient temperature results at four locations are included in 
Figure 5.21. These results are computed out to 150 minutes in real time, with 
the first 30 minutes being a transient startup as power applied to each pin is 
ramped up to full power. Temperatures appear to be reasonably steady over the 
time in the figure, particularly for the locations nearest the wall (curves 1, 
2, and 3). In the central region, the effect of cold cap cooling is evident, 
as indicated by the transient decrease in temperatures. 

Figure 5.22 presents vertical temperature distributions at a time of 
90 minutes. TEMPEST predictions are at horizontal locations where data were 
measured. Agreement for this three-dimensional case is excellent. With the 
exception of the locally high temperatures measured directly in front of the 
l ower electrode plates, deviation of data and predictions is typically less 
than 1 to 2°C. This result confirms observations made concerning insufficiency 
of the two-dimensional model (see Figure 5.14) to correctly account for all the 
possible heat flow paths. 

TABLE 5.7. Three-Dimensional 
(Test Run BRUN-3) 

Numerical Model Voltage Drop Results 

Time variable Data(a) TEMPEST(b) Data(a) TEMPEST(b) 

86 min Power (W) = 150.7/155.0 152.0 149.2/151.4 149.2 
Voltage (V) = 88.1/80.6 86.1 102.9/104.4 98.6 
Current (A) = 1.71/1.73 1.78 1.45/1.45 1.53 

(a) low/ high for successive runs 
• (b) power specified; voltage and current computed 
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While the three-dimensional numerical simulation results are in quite good 
agreement with all the data, including total voltage drop, electrode current, 
and temperature data, there is one disadvantage. That is the amount of 
computer time required. For the two-dimensional models described in 
Section 5.3.3, computation of 1 hour of (simulated) real time required 

typically 3 CPU minutes of computer time on a CRAY-1S computer. The three­
dimensional model used here, which contained 2436 computational fluid cells and 
additional 1628 computational heat transfer and electrically conducting solid 
cells, required slightly over 1 minute of CPU time to compute 1 minute of 

(simulated) real time. Thus, while three-dimensional modeling results in 
significantly improved results, it is computationally very expensive. Thus, it 

would be advantageous to further analyze two-dimensional modeling assumptions 
to qualify applicable limitations • 
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6.0 SIMULATIONS OF THE PILOT SCALE CERAMIC MELTER (PSCM) 

The melter version of TEMPEST was used during FY84 to simulate both idle 
and feed modes of PSCM operation. These simulations were conducted subsequent 
t o code evaluation simulations and noding studies contained in Sections 5.1 and 
5.2 of this report, but prior to the validation and evaluation comparisons to 
data contained in the physical melter modeling experiments for the dual­
electrode power split included in Section 5.3 of this report. 

Initial analysis of the PSCM simulation results and comparison to a very 
limited experimental data base led to conclusions that the results were in very 
good agreement. However, subsequent re-evaluation conducted as part of the 
current FY85 work identified certain discrepancies. The reason for these 
discrepancies has not been fully resolved. A much more detailed evaluation of 
the numerical model and simulation results needs to be conducted. In light of 
present work conducted with the power-split mode of code operation, these areas 
need to be addressed in more detail in any subsequent analysis. These 
include: glass properties, thermal boundary conditions, and numerical model 
noding resolution. 

6.1 GLASS PROPERTIES 

The glass properties as a function of glass temperature used in the PSCM 
s imulations were compiled from a number of sources because properties of the 
glass actually used in the PSCM test runs were not measured. As such, 
properties used in the simulations represent a best-available estimate of the 
temperature-dependent properties of the actual glass. 

The thermal conductivity and specific heat were taken from data measured 
for SRL-411 glass at the Purdue University Thermophysical Properties Research 
Laboratory (Taylor et al. 1979). The electrical conductivity and viscosity 
were taken from data collected on WV-131S glass by G. Mellinger of PNL. The 
density was synthesized by adding the difference between the room temperature 
density of WV-131S and SRL-411 glasses to the SRL-411 density-versus­
t emperature relationship. 
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Before the PSCM simulations were performed with synthesized glass 

properties, the sensitivity of the predictions to variations in thermal 
conductivity and specific heat of the glass was determined. These two physical 

properties were chosen for variation because they are the two glass properties 
which are not measured by the Material Science Group at PNL. The other 
requisite properties, viscosity, density, and electric conductivity, are 

generally measured as part of glass analysis for the melter development 
program. So that a consistent set of properties was used for the sensitivity 

study, BNW-6832 glass was assumed for these sensitivity studies. 

The sensitivity of predictions to variations in thermal conductivity and 
specific heat was estimated in a simplified two-dimensional model with 
characteristic internal dimensions of the PSCM melter. A single pair of plate 
electrodes were used on either end of the glass region. The electrode 
temperatures were specified as constant. This geometry and electrode plate 

configuration provided a model in which property sensitivity could be 
determined without unnecessary geometric complexity. 

Results of the physical property sensitivity study are listed in 
Table 6.1. Variation in thermal conductivity results in variation in predicted 
voltage drop. This results from the temperature dependence of electrical 
conductivity. As thermal conductivity is decreased, voltage drop decreases 

because electrical conductivity for BNW-6832 glass decreases with decreasing 
temperature. The alternate occurs for an increase in thermal conductivity. 

Variation in specific heat has no effect on predicted results, at least in 
this test. This result is because specific heat, a measure of the heat 
capacity of the glass, has a principal effect on time rate of heatup or 
cooldown and would be most significant in a transient situation. 

Results in Table 6.1 indicate that overall voltage drop varies almost 

linearly with glass thermal conductivity. An explanation for this trend is 

based on a simplified thermal boundary layer model (Figure 6.1). Consider heat 
transfer at the surface of the electrode. 
expressed as 
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The surface heat flux, q~, can be 
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TABLE 6.1. Glass Property Sensitivity Results 

Variation in Thermal Conductivity 

Thermal 
Conductivity 

-10 percent 
nominal 
+5 percent 
+10 percent 

Thermal 
Conductivity 

nominal 
nominal 

Electrode 

Overall 
Specific Voltage 

Heat Drop, V 

nominal 102.5 
nominal 110.2 
nominal 112.6 
nominal 115.5 

Variation in SEecific Heat 

Overall 
Specific Voltage 

Heat Orop,V 

nominal 110.2 
+10 percent 110.2 

Thermal 
Boundary 

Layer 
b.h 

Bulk 
Tem2erature, 

1215 
1208 
1205 
1202 

Bulk 
Temperature, 

1208 
1208 

Bulk Glass 

Too 

oc 

oc 

FIGURE 6.1. Simplified Thermal Boundary Represenation 
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qll = dT k ( 6 .1) -k ax "' - 6Jl (T - T ) w X . :n W 

where 
k = effective thermal conductivity 

&I = thermal boundary layer thickness 

Tw = electrode surface temperature 
T = bulk glass temperature. 

CD 

For a constant current between electrodes and at equilibrium conditions, the 

total power (P = EI) should equal the total heat loss (Q = ~A). Thus, it is 
reasonable to assume a change in voltage drop, tf, would be proportional to a 

change in heat flux, 6q~. Predictions show that 

(6.2) 

and that 

(T CD - T w) .. constant (6.3) 

Thus, to satisfy Equation 6.1, it is necessary for the thermal boundary layer 
thickness, ~' to increase. Because electrical conductivity decreases (e.g., 
electrical resistivity increases) dramatically with temperature decrease, the 
total electrical resistance through the boundary layer would increase, causing 

a corresponding change in voltage drop. Thus, accurately resolving the 
temperature drop and hence voltage drop through the boundary layer is of 

tantamount importance. 

Because composition, and hence properties, of glass melters containing 

nuclear wastes vary widely, it is very beneficial to melter design to be able 
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to predict performance of an operating melter subjected to different glass 
compositions. The sensitivity of voltage drop to changes in thermal 
conductivity is but one of many possihle parameter dependencies. Additional 
parametrization may he useful to future analysis. 

6.?. PILOT SCALE CERAMIC MELTER 

Operation of the PSCM is in either one or the other of two modes. In the 
idling mode, the melter is just that--idling. No solid or molten material is 
being added or removed from the melter. Powered electrodes maintain the melter 
in a hot standby as molten glass material is heating up or being maintained in 
preparation for a pour. In the feeding mode, solid material is being slowly 
added to the melt. This material tends to spread out over the surface while it 
heats up to melting temperature. During the time the solid material is present 
on the surface, thermal radiation heat transfer from the surface is reduced, 
producing a surface condition referred to as a cold cap. Each of these two 
modes of PSCM operation has been modeled with the melter version of TEMPEST. 

6.2.1 Idling Mode Operation 

The idling mode of the PSCM was simulated with both two-dimensional and 
three-dimensional models. Thermal boundary conditions for these models were 
taken from PSCM run 11. Figure ~.? presents a cross sectional schematic of the 
two-dimensional model. Interior dimensions of the melter is 117 em hetween 
electrorles, 1~.5 em in depth of molten glass, and 61 em from front to back. 
Refractory layers of K-3, ALFRAX, and Zirmul were included in the morlel using 
thermal and electrical properties from manufacturers• specification data. The 
top surface was assumed to thermally radiate to a constant sink temperature of 
834°C. Water cooling jacket temperatures are set as constant-temperature 
boundaries per data for the run. 

The purpose of the two-dimensional model was to validate the material 
properties, as they were obtained rather obtusely from several sources. 
Previous work (see Section 5.2) had indicated that two-dimensional modeling 
could yield accurate voltage drop results at considerable computational time 
savings over three-dimensional modeling. Thus obtaining correct results in 
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this model is the basis for 11 Calibrating 11 certain unknowns prior to proceeding 
to the three-dimensional operational mode simulations. 

Initial simulation results produced overall voltage drop results typically 
40% higher than measured for the PSCM melter, while bulk temperatures were 
about correct. It has been shown (Section 6.1) that varying thermal 
conductivity had a significant effect on predicted voltage drop, and that 
previous physical model melter simulation (Section 5.2) with a single electrode 
pair typically tended to underpredict voltage drops. Thus, to facilitate 
correct physical properties, the property which has the greatest direct effect 
on voltage drop was chosen to be 11 Calibrated 11

• To this end, temperature­

dependent electrical conductivity was scaled by a constant factor over the 
whole temperature range until the appropriate factor resulted in both correct 
voltage drop and approximately correct bulk temperature. In the absence of 

actual glass properties, this was deemed the best method of obtaining the most 
overall correct results. 
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Once Hcorrect'' properties had been obtained, a three-dimensional model of 
the PSCM in the idling mode was developed. A schematic showing top and side 
views of the model is given in Figure 6.3. A freeze valve and discharge region 
were included. The freeze valve is included as a plate of Inconel. Thermal 
boundary conditions for water jacket cooling were set as constant-temperature 
boundaries including an asymmetric cooling effect on the cooling jacket 
discharge side. Rather arbitrary boundary conditions were chosen for the 
freeze valve and discharge regions because of a lack of experimental 
measurements in these regions. 

nevelopment of the three-dimensional model required upwarrls of nOOO total 
cells to maintain noding resolution similar to the two-dimensional model. To 
simplify the model to a certain degree, K-3 insulation surrounding the molten 
glass is inclurled directly as a thermally conducting, electrically insulating 
material. The layers of ALFRAX and Zirmul (see Figure 6.2) however were 
modeled as contact resistances. This procedure was used to determine an 
equivalent contact coefficient, he, such that the temperature drop and 
corresponding heat flux was equivalent. This involved determining 

where 
ki is the material thermal conductivity 

6x. is the material thickness, and 
1 

he is the equivalent contact coefficient. 

(6.4) 

The consistency of this procedure can be seen from one-dimensional heat 
transfer analysis (Bird et al. lq6o) where heat flux, qH, is determine as 

qH - - kdT=h (T2-Tl). dx e 
(6.5) 
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Thus, if Equation 6.4 is satisfied, then the temperature drop across a layer of 
material of thickness ~i is equal to the temperature drop across a contact 

coefficient (thermal resistance) given as he· 

The idling PSCM model was computed to a total time of 3.6 hours at 
operating conditions. Table 6.2 presents a comparison of predicted voltage 
drop and glass temperature. In analyzing the idling model results, the Inconel 

plate at the freeze in the bottom of the melter was found to cause an 
interesting result. Figure 6.4 presents contours of Joule-heating power 
densities in a vertical plane containing the Inconel plate and one further 
away. The high (electrical) conductivity of Inconel, relative to the molten 
glass, induces a locally high current density, and hence, locally high power 
densities. This effect results in locally higher temperatures which affect 
overall convection patterns and hence mixing. 

6.2.2 Feeding Mode Operation 

The feeding mode of PSCM operation was modeled using the three-dimensional 
representation. Thermal boundary conditions were taken at hour 55 of PSCM 
run 11. This model differs from the idling model only in that a cold cap was 
considered. 

A cold cap is formed on the top of the hot glass melt when cold waste feed 
sl urry is poured in. Vi sual observation of this cold cap during PSCM feeding 
operation indicates that a solid crust of material forms an oblong shape over 
typically 70% of the molten glass surface. Physical properties of this crust 
and its thickness are unknown. Violent boiling of the water component of the 
slurry occurs in a puddle 20 to 30 em in diameter immediately under the feed 
nozzle and on top of the cold cap. 

Because of the lack of experimental data concerning the cold cap, visual 
observations of PSCM operation by engineers and physical model judgements are 
the only basis for treatment of the cold cap in the numerical model. As such, 
three cold cap models were tested. These included: 
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Model 1 - The cold cap was treated as a solid layer of heat-conducting 
material covering the whole glass melter. Thermal conductivity was 

arbitrarily assumed to be rather low relative to molten gass 
value. The layer was assumed to thermally radiate to the top of the 

melter with an emissivity of 0.75. Feed entering the melter was 
assumed to flow in at a central location in molten form at a low 

temperature. Vaporization of water was treated as a (negative) heat 
sink over a small region surrounding the feed. 

Model 2 - This model assumed the cold cap to be formed by a cold molten glass 
layer (T = 700°C) flowing slowly into the top of the melter 
cavity. The flow region is assumed to be oblong, covering 
approximately 70% of the molten glass surface, and was not in 
contact with side walls. Vaporization was treated as in model 1 as 
a (negative) heat sink. The remaining 30% of glass melter surface 
was assumed to be a free surface thermally radiating to a constant­

temperature sink. 

Model 3 - This model assumed that the cold cap was the same shape as in model 

2, but was a thin layer of (poorly) heat-conducting solid 
material. Feed was treated as a mass source in the numerical model 

entering the top layer of glass melt. 

Each of these models has certain advantages and disadvantages. Model 1 

was concluded to be the least representative because thermal conductivity of 
the solid cold cap layer was largely unknown and because feed was too 
localized. Models 2 and 3 resulted in very similar computed results for melter 
flow and thermal conditions, and Model 2 was more computationally efficient. 
The model also more typically represents observations of melt surface during 
operation. Thus results from cold cap Model 2 are reported hereafter • 

Table 6.3 presents a comparison of results. The computed results were 
obtained after simulation of 1.8 hours of melter feeding operation at 
prescribed thermal boundary conditions. Based on transient temperatures 

monitored throughout this time, the melter simulation results were assumed to 
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be at reasonably steady conditions. Conclusions reached as part of FY84 wor~ 
indicated that hoth the nu~erical model and TEMPEST were capable of accurate 
prediction of the PSCM operation . 

TARLE 6.1. Preliminary PSCM Feeding Mode Results ~omparision 

Heig~ Experimental TEMPEST ---
Voltage Orop 82.4 volts R4.2 volts 

Te,nperature 7.6 em 1178°C 1198°C 
15.2 1179 1215 
22 .9 1176 1216 
30.5 uno 1208 

Subsequently, additional questions concerning certain characteristics of 
the predictions were raised. To answer them, the model, as previously 

computed, was rerun. Initially, computations were recomputed starting from a 

time of 1.2 hours and computed for 2 hours of simulation time. These results 
led to the conclusion that earlier simulation results (listed in Table 6.3) 

were probably not at thermal equilibrium. For further confirmation, 
results were computed for another 2 hours at operating conditions. 

Two changes were made to the model for this latter ?-hour run . Monitor 

cells, locations where time-dependent variables are monitored during the 

simulation, were changed. This was done to obtain data to answer questions 
that originally led to rerunning the simulation. This change in the model hao 
no effect on computed results. The second change made was to run the 
simulation using a fixed time step equal to one-half the value that was used 

over the first 2 hours of the (rerun) simulation. This change did have an 
effect and led to the conclusion that additional work needs to be done. 

Figure 6.5 presents time-dependent temperatures for the rerun results at 

four locations in the glass. In this figure, results from 0 to 2 hour were 

computed using a fixed time step of 3 seconds (the same as used previously), 

whereas results from 2 to 4 hour were computed using a time step of 1.5 
seconds. (Overl~p of the two simulations between 2 and 2.4 hour result because 
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FIGURE 6.5. PSCM Feeding Time-Dependent Temperatures 

a restart file dump occurred at 2 hours, but not at 2.4 hours. In the figure, 
the time scale is shifted relative to previously computed FY84 results. The 
time of 0 in Figure 6.5 corresponds to 1.2 hours of FY84 simulation time, where 

a restart file was available. Thus, results contained in Table 6.3 correspond 
to a time of 0.6 hours in the figure.) 

Several observations are made from the results. Previous conclusions that 
equilibrium conditions had been reached are incorrect. In fact, temperatures 
appear to continue increasing almost linearly out to 4 hours. Other monitor 
locations showed similar trends, with some temperatures increasing linearly 
with time while others decreased. Also note the discontinuity in slope at 
t=2 hours. This occurs as a result of using a reduced time step and leads to 

the conclusion that further analysis of the relation of ~t and accuracy needs 
to be investigated. 
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The perturbation present at time near 3. 2 hours is an indication of a 
chug-type process in the flow. Temperatures near the top (curves 3 and 4) show 
an increase in temperature that is due to the perturbation, while temperatures 
near the bottom show a decrease. ~ndlysis of temperatures at other locations 
in the flow showed similar, and sometimes more marked, perturbations . These 
occJrrences are due to the cotnplex interaction of Joule-heating buoyancy-driven 
flow phenomena in a thermally unstable configuration. 

At 4 hours, the predicted voltage drop across the electrodes for the rerun 
case is R3.1 volts, not significantly different from previous results of R4 . ? 
volts . This occurs because bulk temperature in the model case is not changing 
drastically. Even though local temperatures in portions of the melt are 
increasing, others are decreasing . 

The identified inconsistencies support a recommendation that additional 

work is needed to improve confidence in these predictions . Th i s includes both 
numerical approximation {effect of computation time step) and physical 
conditions (thermal boundaries). A comparison of numerical resu l ts with small ­
scale, melter physical model results was found to be in good gene ral agreement, 
especially for the dual -electrode- pair experiments . It was also determined 
that paying particular attention to thermal boundary conditions is important . 
With these experiences in mind, accurate pred iction of operating melter 
characteristics is quite feasible. 
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APPENDIX A 

TABULATION OF MEASURED TEMPERATURE DATA 

Temperature data reported in Section 5.3 of this report are tabulated in 

this appendix. Included are results for tests BRUN-1 to BRUN-9 inclusive. 

Test run identification throughout the report is given as BRUN-1 for example. 

In the tabulations, -Tl refers to BRUN-1 where temperatures were measured. An 

A orB is appended {e.g., -TlA) where multiple data sets were recorded for the 

same run. Thermocouple positions are identified as Tl6, for example, and 

correspond to position listed in Figures 3.2 and 3.3. 

A.l 



TABLE A.l 

TEI.JPERATURE PROFILE TABULATION 

BIPP Physical ~~odel 

Run BRUN-TIA 

Power Supply ~leasurements 

Upper Electrode: Voltage 104.4 Lmver Electrode: Voltage 65.9 

curre1tl 2.79 Curre?t) 
Po1'1er a 321.0 (291.3) Power a --

Power Skew Upper 100% Lm~e r 0% 

Ter:1peratures ( 0 C) 

Tl ll.JL T2 73.3 T3 62.7 T4 64.5 T5 73.6 T6 71.0 

T7 lU_ TB 75.6 T9 73.7 TID 76.5 Tl1 75.2 Tl2 70.4 
~~ 

Tl3n.JL Tl4 75.0 Tl5 74.0 Tl6 75.7 Tl7 74.7 ns69.1 

Tl9.llil...l... T20 76.3 T21 72.3 T22 74.2 T23 75.6 T24 77.8 

T 2 5 .B.LJi__ T26 76.0 T2769.9 T28 71.6 T29 75.2 no 77 .s 

T31..82....J]_ T32 73.2 T33 66.0 T34 67.2 T35 72.0 T36 78.7 
~~ 

T37.25.....!l_ T38 67.0 T39 61.8 T40 62.9 T41 66.5 T42 71.6 

T43 Ji.<L1L T44 63.1 T45 !jL1_ T46 57.4 T4762.7 T48 67.3 
~~ 

Boundary Te~peratures (°C) 

Front wall (FW) 59.0 Front Cooling Jacket (FCJ) 55.3 

Back Wall (BW) 58,0 Back Cooling Jacket (BCJ) 55.2 

Electrode Wall, Right (EWR) 56.4 Top Cooling Jacket (TCJ) _ _c9:..:·.::6_ 

Electrode Wall, Left (EWL) 58, I Electrode Cooling Jacket (ECJ) 51.7 

Y* = 0.58 

*Current< 0.15 A 

(a) First number denoL~.s power meter value, second number (in parenthesis) 
is RMS voltage timt:s RMS current. 

A. 2 



TABLE A.2 

TEHPERATURE PROFILE TABULATION 

BIPP Physical Model 

Power Su~ElY ~1easurements 

Upper Electrode: Voltage 
Current 
Power( a) 

Power Skew Upper 

Ter.lEeratures 1°CI 

T1 64.9 T2 65.4 

T7 68.9 T8 70.6 

T13 69.2 T14 70.2 

T19 69.4 T20 70.1 

T25 70.8 T26 71.0 

T31 76.6 T32 73.8 

T37 82.6 T38 75.0 

T43 71.4 T44 65.9 

Boundary Temperatures (°C) 

Front Wall (FWI 

Back Wall IBWI 

59.7 

58.8 

Run 

31.6 

* 

m; 

T3 54.3 

T9 66.4 

n5 68.7 

T21 68.9 

T27 68.2 

T33 67.7 

T39 65.6 

T45 61.2 

Electrode Wall, Right (EWRI 54.2 

Electrode Wall, Left IEWL) 54.9 

Y* = 0.58 

*Current< 0.15 A 

BRUN-T2A 

Lower Electrode: Voltage 80.2 

currert1 1. 32 
Power a 128.0 (105.9) 

Lower lQQ% 

T4 58.4 T5 65.9 T6 65.2 

no 71.0 T11 70.2 Tl2 65.3 

T16 69.9 T17 69.9 n 8 63.5 

T22 70.1 T23 69.9 T24 64.4 

T28 70.2 T29 71.0 no 64.9 

T34 69.1 T35 73.4 T36 86.8 

T40 66.8 T4I 72.1 T42 87.8 

T46 62.1 T47 65.8 T48 79.2 

Front Cooling Jacket (FCJ 1 _56_._5_ 

Back Cooling Jacket (BCJI 56.9 

Top Cooling Jacket ITCJI __ 9_.2_ 

Electrode Cooling Jacket (ECJI 49.8 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.3 

TH1PERATURE PROFILE TABULATION 

Power Supply Heasurements 

Upper Electrode: Voltage 
Curre7tl 
Power a 

Power Ske~t Upper 

Temperatures (DC) 

T1 60.0 T2 61.5 

T7 65.0 T8 67.4 

T13 64.5 T14 67.3 

T19 64.8 T20 67.5 

T25 66,5 T26 69.4 

T31 77.8 T32 73. g 

T37 83.9 T38 73.0 

T43 72,J T44 65.1 

Boundary Temperatures ( 0el 

Front Wall (FW) 59,Q 

Back Wall (BW) 58.8 

B!PP Physical Model 

Run 

37.3 

* 

0% 

T3 51.9 

T9 67.1 

n5 66.0 

T21 66.0 

T27 65,8 

T33 66.0 

T39 64.2 

T45 60,1 

BRUN-T2B 

Lower Electrode: Voltage 82.3 
currert) 
Power a 

1.32 
128.0 

Lo~ter 100% 

T4 55.3 T5 63.5 T6 61.4 

no 68.4 Tll 67.1 T12 64.3 

T16 67.8 T17 67.3 T18 64.9 

T22 67.2 T23 67.7 T24 65 6 

T28 67,9 T29 69,2 T30 67,4 

T34 67.0 T35 74 1 T36 76.8 

T40 65.4 T41 73,9 T42 78,5 

T46 6Q.9 T47 67.5 T48 ZO.l 

Front Cooling Jacket (FCJ) 56 2 

Back Cooling Jacket (BCJ) 56.g 

(108.6) 

Electrode Wall, Right (EWR) 

Electrode Wall, Left ( EWL) 

53.7 

54.4 

Top Cooling Jacket (TCJ) 9.4 

Electrode Cooling Jacket (ECJ) 4g.8 

Y* = 0.42 

* Current< 0.15 A 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.4 

TEI·1PERATURE PROFILE TABULATION 

BIPP Physical f~odel 

Run BRUN - T3A 

Power Supply r·leasurements 

Upper Electrode: Voltage 88.1 Lower Electrode: 

Power Skew 

Ter.1peratures (oC) 

Tl 70.1 T2 

T7 71.2 T8 

Tl3 69.0 Tl4 

Tl9 71.5 T20 

T25 ~ T26 

T31 81.2 T32 

T37 81.8 T38 

T43 69.2_ T44 

Current 1.71 
Power(a)J6B.5 (150.7) 

Upper 50% Lm·1er 

71.3 T3 65.9 T4 --
73.6 T9 72.3 TlO --

73.3 Tl5 71.5 Tl6 

73.5 T21 72.3 T22 

74.1 T27 71.9 T28 

75.2 T33 71.1 T34 --
72.5 T39 68.5 T40 

66.8 T45 63.2 T4G 

Boundary Temperatures (°C} 

50% 

64.6 T5 --
72.9 Tll 

73.9 Tl7 

74.2 T23 

73.6 T29 

72.8 T35 --
69.9 T41 

64.0 T47 

Voltage 102.9 
Current 1.45 
Powerla) 168.5 (149.2) 

70.9 T6 66.8 -- --

73.3 Tl2 66.3 -- --
73.0 TIS 67.6 -- --

73.2 T24 70.0 
--

73.6 no 70.7 -- --

75.7 T36 81.5 -- --
74.5 T42 78.3 
-- --
69.4 T48 70.3 
-- --

Front Wall (FW) 59.4 Front Cooling Jacket (FCJ) 55.7 

Back Hall (BW) 58.9 Back Cooling Jacket (BCJ) 56.3 

Electrode \Ia ll , Right (EIIR) 55.0 Top Cooling Jacket (TCJ) 9.4 

Electrode wall, Left (Efll) 56.2 Electrode Cooling Jacket (ECJ)49.9 --
Y* ~ 0.58 

* Current < 0.15 A 

I a) First number denotes ~ower meter value, second number (in parenthesis) 
is RMS voltage times MS current. 
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TABLE A.5 

TE~IPERATURE PROFILE TABULATION 

BIPP Physical Model 

Run BRUN-T3B 

Power Supply ~1easurements 

Upper Electrode: Voltage 88.1 Lower Electrode: Voltage 103.3 
Current 1.71 
Power (a)l68.5 ( 150.7 I 

Curre{t 1. 45 
Power aiJ68.5 j149.8l 

Power Skew Upper 

Ter:1peratures 1°CI 

Tl 68.6 T2 70.2 

T7 70.3 T8 73.5 

Tl3 69.1 Tl4 73.0 ·--

Tl9 70.7 T20 73.7 

T25 73.3 T26 74.3 

T31 83.6 T32 75.6 

T37 85.0 T38 72.2 

T43 73.1 T44 67.3 

Boundary Temperatures (°C) 

Front Wall IFWI 59.5 

Back Wall IBW) 58.9 

50% 

T3 61.7 

T9 72.5 

Tl5 71.9 

T21 72.3 

T27 71.4 --

T33 70.9 

T39 68.6 

T45 62.5 

Electrode Wall, Right IE\JR) 54.8 

Electrode Wall, Left I EviL I -~5,u,6c,_ . ._1 

Y* ~ 0.42 

* Current< 0.15 A 

Lat1er 50% 

T4 65.1 T5 70.9 T6 68.4 -- --
no 74.8 Tll 73.3 Tl2 66.7 

Tl6 74.5 Tl7 72.9 TlB 64.4 --
T22 73.1 T23 73.1 T24 67.8 --
T28 73.6 T29 72.0 no 69.6 

T34 72.8 T35 80.0 T36 80.9 -- --

T40 69.9 T41 77.5 T42 77.4 --

T46 63.5 T47 69.9 T48 69.6 --

Front Cooling Jacket IFCJI 55.7 

Back Cooling Jacket IBCJI 56.3 

Top Cooling Jacket (TCJI ---"-9,_,.7_ 

Electrode Cooling Jacket IECJ) 49.5 

(a I First number denotes power meter value. second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.6 

TEI•IPERATURE PROFILE TABULATION 

BIPP Physical r~odel 

Run BRUN-T4A 

Power Supply t·1easurements 

Upper Electrode: Voltage 105.5 Lower Electrode: Voltage _7c.,4~. ::_3 _ 
Currer)t '-"-*--CurreQt 2.75 

Po.,er \a 132J":"o( 290 .1) Power\3' ___ _ 

Power Skew Upper 100% 

Te!ilperatures (oC) 

Tl 74.0 T2 74.5 T3 69.5 

T7 _lLi.. TS 76.0 T9 75.3 

Tl3 74.0 Tl4 .li..1.. Tl5 74.8 

Tl9_l5_.3_ T20 74.9 T21 73.3 

T 2 5 ..llil...2_ T26 _]J....3.. T27 1i.2...L 

T31 _ILL T32JiLD. T33 64.2 

T37 -- T38 - ng-
-- --

T43 -- T44 - T45-
-- --

Boundilry Temperatures (°C) 

Front Wall (FW) 59.3 

Back Hall (BW) 58.7 

Electrode Wall, Right (EWRI 58.5 

Electrode Wall, Left !Efill --'5"8"."'8-

Y* "' 0.58 

* Current< 0.15 A 

Lo11er 0% 

T4 71.6 T5 74.5 T6 72.4 
--

no 77.5 Tl1 75.8 Tl2 71.9 
--

Tl6 76.4 Tl774.9 TlB 70.7 --

T22 75.3 T23 74.9 T24 75.5 --

T28 70.6 T2g 73.0 no 7g.3 --

T34 65.4 T35 66.3 T36 69.1 --

T40 T41- T42 --

T46 - T47- T48 --

Front Cooling Jacket (FCJ) 55.0 

Gack Cooling Jacket IBCJI 55.4 

Top Cooling Jacket (TCJI _ __c_9:::.3_ 

Electrode Cooling Jacket (ECJ) 51.7 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.? 

TEI•IPERATURE PROFILE TABULATION 

BIPP Physical Model 

Run BRUN-T5A 

Power Supply Measurements 

Upper Electrode: Voltage 60.6 Lotter Electrode: Voltage 114. g 
Curren(t * Current 2.26 
Pm·1er a Power (a) 2g2 _g (25g.)) 

Power Sket~ Upper 0% Lot1er 100% 

Te~1peratures 1°C I 

Tl 6g.6 T2 71.5 T3 65.6 T4 67.3 T5 70.4 T6 67.5 
-- --

T7 70.4 TB 73.1 Tg 73.1 no 74.8 Tll 72.7 Tl2 68.9 
-- --

Tl3 68.7 Tl4 73.1 Tl572.1 Tl6 74.6 Tl772.8 Tl868.4 
--

ng 70.8 TZO 76.5 T2!72.9 T22 74.5 T23 75.5 T24 74.9 --

TZ5 114.1 T26 82.1 T2771.3 T28 72.7 Tzg 78.4 T30122.0 -- --

T31 g5.0 T32 78.1 T33 70.0 T34 71.7 T35 74.2 T36102.g 
-- --

T37- T38- ng T40 T4l- T42-

T43- T44- 1'.5 T4G T47- T48---

Boundary Temperatures 1°CI 

Front Wall (FWI 61.8 Front Cooling Jacket (FCJ) 58.2 

Back ~!a 11 (BWI 60.0 Back Cooling Jacket IBCJI 58.5 

Electrode Wa 11 , Right (EWRI 58.2 Top Cooling Jacket ITCJI g_o 

Electrode Wa 11 , Left I EI/L I 58.3 Electrode Cooling Jacket (ECJI 52.2 

Y* = 0.58 

*Current< 0.15 A 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.S 

TEI·1PERATURE PROFILE TABULA Tl ON 

BIPP Physical Model 

Run BRUN- T6A 

Power Supply f·1easurements 

Voltage 87.5 Lmver Electrode: 
Curre}lt 1. 60 

Upper Electrode: 101.2 Voltage 
currert1~~-Po>Jer\a) 164_,5 (140.0) Power a 164.5 (138.6) 

Power Skelt Upper 50% 

Ter.1peratures (°C I 

Tl 70.5 T2 71.9 T3 64.9 
~~ ~~ 

T7 72.1 TS 74.7 T9 73.9 
~- ~~ 

Tl3 71.5 T14 74.4 T15 73.3 
~~ 

T19ll_.1__ T20 74.8 T21 72.8 

T25 lllJL_ T26 76.0 T27 72.6 

T3! l.Q...2_ T32 ll.,l T33 69.4 
~~ 

T37 ~. T38 T39-
~~ 

T43 ~· T44 T45-
~~ ~~ 

Boundary Te~peratures (°C I 

Front Wall (FW) 60.7 

Back i'Ja 11 (BWI 60.0 

Electrode Wall , Right (EWR) 58.4 

Electrode Wall, Left I EfiL I 57.6 

Y* = 0.58 

* Current< 0.15 A 

T4 69.4 T5 71.0 T6 69.1 
~~ 

no 75.0 T11 74.2 T12 69.5 
~~ 

Tl6 76.0 T17 74.0 T18 69.7 

T22 74.7 T23 74.2 T24 70.0 

T28 74.4 T29 75.1 no 82.5 

T34 70.9 T35 71.1 T36 75.4 
~~ 

T40 T41 - T42 
~~ 

T4G T47- T48 
~~ 

Front Cooling Jacket (FCJ 1 _5_6_·_9~ 
Back Cooling Jacket (BCJ) __ 5_7_._3_ 

Top Cooling Jacket (TCJI -~1_6_.7_ 

Electrode Cooling Jacket (ECJ) 51 · 8 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.9 

TEI•IPERATURE PROFILE TABULATION 

Power Supply ~teasurements 

Upper Electrode: Voltage 
Curref)t 
POI'Jerta) 

BIPP Physical l'lodel 

Run BRUN-T/A 

86.0 
I. 75 

164.5 

Lm<~er Electrode: 

(150.5) 

Voltage 94.4 
Current I. 55 
Power (a)l64 5 

Power Ske~" Upper 50% L011€r 50% 

TI 69.0 

T7 69.1 

TI3 69.1 

TI9 72.5 

T25 73.2 

T31 7!.4 

T37 68.9 

T43 65.1 

T1 70.8 

TS 71.1 

TI4 7!.9 

T20 71.2 

T26 71.7 

T31 70.2 

T38 67.3 

T44 64.1 

Boundary Teraperatures ( °C) 

Front Wall (FWI 58.7 

Sack flall IBWI 58.0 

T3 65.0 

T9 70.1 

Tl5 7!.4 

T11 70.8 

T27 70.4 

T33 69.6 

T39 66.9 

Tt,5 62.0 

T4 65.1 

TID 72.7 

TI6 73.4 

T22 72.9 

T28 72.5 

T34 7!. 5 

T40 68.6 

T4G 63.8 

T5 7!. 3 

TI1 71.4 

TI7 73.0 

T23 73.9 

T29 74.6 

T35 76.1 

T41 69.7 

T47 69.0 

T6 68.3 

TI1 68.1 

TIS 68.2 

T24 70. 2 

no 71.3 

T36 93.9 

T41 79.0 

T48 74.6 

Front Cooling Jacket (FCJ} 55.3 

Back Cooling Jacket (BCJI 55.5 

(146.3) 

Electrode Wall, Right (EfiRI 56.2 Top Cooling Jacket (TCJI _____ 9~·~5~ 

Electrode Wall , Left I EWL I 

Y* ~ 0.58 

*Current< 0.15 A 

56.0 Electrode Cooling Jacket (ECJ I 49.8 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A .10 

TEI·IPERATURE PROFILE TABULATION 

BIPP Physical t~odel 

Run BRUN-T7B 

Power Supply t·leasurements 

Upper Electrode: Voltage 88.6 Lmver Electrode: 
Current 1.64 

Vo I ta ge -'9'-T8-'i.1rr--
C u r re J1 t , ~-1::·:..:4c:b_ 
Power\a) 164.5 (143.2) Po>~er( a I --:J-c64~5'- ( 145. 3) 

Power Skew Upper 50% 

Ter.1peratures (°C) 

T1 _QQ,l_ 

T7 _QL§_ 

T13~ 

T19_ZQ_,_§_ 

T25 .l.L.l_ 

T31~ 

T37.1L.1__ 

T43 Ll_.j_ 

T2 _§Qd_ 

T8 70.4 

T14 70.1 

T20 70.3 

T26 71.0 

T32R,_L 

T38 70.0 

T44 67.3 

Boundary Te~peratures (°C) 

Front Wall (FW) 56.9 

Back Wall (BW) 56.3 

T3 62.8 

T9 69.5 

T15 68.9 

T21 69.0 

T27 68.4 

T33 67.5 

T39 65.0 

T'-"r5 60.0 

Electrode Wall, Right IEIJRI -~5'-"5~.~1-

El ectrode fia I I , Left I EfJL I _ __.,5.,5..J, 5.,_ 

Y* = 0.58 

* Current< 0.15 A 

L011er 50% 

T4 65.9 

TlO 70.6 

T16 70.7 

T22 70.2 

T28 70.0 

T34 69.0 

T40 66.2 

T46 60.5 

T5 68.9 

Tll 70.5 

T17 68.3 

T23 69.0 

T29 67.6 

T35 60.2 

T41 63.7 

T47 61.9 

T6 66.4 

T12 65.4 

T18 65.2 

T24 67.5 

no 67.9 

T36 66.3 

T42 63.8 

T48 61.9 

Front Cooling Jacket (FCJ) 53.9 

Back Cooling Jacket (BCJ) 54.1 

Top Cooling Jacket ITCJ) __ :~.9~ . ._1 

Electrode Cooling Jacket (ECJ) 49.8 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.ll 

TEI•IPERATURE PROFILE TABULATION 

BIPP Physical t1odel 

Run BRUN- TBA 

Power Supply Measurements 

Upper Electrode: Voltage 
Currel'}t 
Power\a) 

93.4 Lower Electrode: Voltage B3.3 
2.33 Curren-t; 0. 75 

240.7 (217.6) Powe~a) M:T]62.5) 

Power Ske\~ Upper 75% Lmter 25% 

Tl 67.1 TZ 69.0 T3 59.8 T4 65.5 T5 69.6 T6 67.5 -- --

T7 67.3 TB 70.7 T9 70.0 no 70.1 Tll 69.6 Tl2 66.5 

Tl3 67.3 Tl4 70.2 TIS 69.0 Tl6 71.3 Tl7 71.5 TIS 66.2 -- --

Tl9 69.5 T20 70.2 T21 69.1 T22 71.2 T23 71.9 T24 73.4 --

T25 70.5 T26 69.5 T27 68.5 T28 70.3 T29 73.3 T30 75.1 -- --

T31 ....§lh2 T32 68.3 T33 67.7 T34 69.4 T35 72.1 T36 80.3 --

T37 67.6 T38 65.9 T39 65.3 T40 66.4 T41 68.3 T42 73.0 

T43 ...M..,2 T44 63.9 Tl',S 60.4 T46 60.3 T47 64.6 T48 67.6 

Boundary Temperatures {°C) 

Front Wall (FW) 59.3 Front Cooling Jacket (FCJ) 56.3 

Back ~Jal1 (BW) 58.8 Back Cooling Jacket (BCJ) _5_6_._6_ 

Electrode Wall, Right (EIJR) 56.5 Top Cooling Jacket (TCJ) 9.4 

Electrode Wall , Left I EfiL l 56.1 Electrode Cooling Jacket (ECJ) 50.5 

Y* = 0.58 

* Current < 0.15 A 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE A.12 

TEI·IPERATURE PROFILE TABULATION 

BIPP Physical f~odel 

Run BRUN-T9A 

Power Supply ~leasurements 

Upper Electrode: Voltage 81.2 Lm~er Electrode: 
Current 1.84 
Power(aiJ68.5 I 149.4 I 

volt a g e _9"-13:-'-. i.'c8 ,....... 
C u r r e n t ~~1._,. 5'-'3'-.,. 
Power 168.5 {143.5) 

Power Skew Upper --"5"'0%'-' _ 

Ter.1peratures ( °C) 

T1 ..l.Q.,_l 

T7 ..1.1.~ 

T13 71.3 

Tl9 74.2 

T25 75.5 

T31 80.0 

T37...li.,l_ 

T43 ..ll.JL 

T2 ..1.Q.JL 

TB 73.3 

T14..1L2. 

T20 .1J.,1_ 

T26 73.6 

T32..n.JL 

T38 71.7 

T44 69.3 

Boundar.{ Ter.1peratures (°C) 

Front Woll (FW) 60.6 

Back flail (BWI 60.3 

T3 62.7 

T9 72.3 

Tl5 72.8 

T21 72.2 

T27 71.6 

T33z.L.l.. 

T39 68.8 

T'.5 63.3 

Electrode \Jall, Right IEWRI 56.8 

Electrode Wall, Left (niL) 57.2 

Y* = 0.58 

* Current< 0.15 A 

Lm1e r _5'-"0'!'% __ 

T4 §]_,]_ 

TID 73.2 

Tl6 74.4 

T22 74.3 

T28 73.7 

T34 72.9 

T40 70.3 

T46 64.5 

T5 70.5 

Tl1 73.3 

Tl7 72.6 

T23 Zl,_L 

T29 1.!-.Q_ 

T35 74.1 

T41 71.4 

T47 .lill....L 

T6 70.0 

Tl2 70.3 

TIS 69.3 

T24 71.2 

no 72.8 

T36 81.0 

T42 75.5 

T48 70.7 

Front Cooling Jacket (FCJ) 57,6 

Back Cooling Jacket IBCJ) 58.0 

Top Cooling Jacket ITCJI 9.3 

Electrode Cooling Jacket (ECJ) so 6 

(a) First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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APPENDIX B 
TABULATION OF MEASURED ELECTRIC FIELD DATA 

Electric potential data reported in Section 5.3 of this report are 
tabulated in this appendix. Included are results for tests BRUN-1 to BRUN-9 
inclusive. Test run identification throughout the report is given as BRUN-1 
for example. In the tabulations, -El refers to BRUN-1 where electric potential 
data were measured. An A orB is appended (e.g., -ElA) where multiple data 
sets were recorded for the same run. Probe positions are identified as El6, 

for example, and correspond to position listed in Figures 3.4 and 3.5. 
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TABLE 8.1 

POTENTIAL PROFILE TABULATION 

Power Supply ~1easurements 

Upper Electrode: 

Power Skew 

Potential (VACI 

E1 106.7 E2 

E7 JOJ.O EB 

E13 ...9.3...9. E14 

E 19 --'l.O....l E20 

E25 ....9ll...L E26 

Voltage 
Current 
Power( a) 

Upper 

102.4 

98.3 

91.6 

88.3 

89.8 

Boundary Te~peratures 1°C 1 

Front Wall IFWI 58.9 

Back Wall (BI-ll 58 5 

BIPP Physical ~lodel 

Run BRUN-ElB 

106.6 Lower Electrode: Voltage 58.5 
2.79 

321.0 (297 .4 I 
Current * 
Power! a)'_;:_~ 

100% 

E3 63.6 

E9 63.4 

E15 62.9 

E21 62.8 

E27 62.2 

Lower _.::.0%,_. __ 

E4 45.2 --
E!D 45.8 

E16 46.3 

E22 47.0 

E28 ~6,9 

E5 6.6 

Ell10.1 

E1716.4 

E2318.9 

E29 llh2__ 

E6 3.4 

E12 6.8 

El813.9 

E2416.4 

E30 17.4 

Front Cooling Jacket (FCJ I 54.8 

Back Cooling Jacket IBCJI 55,8 

Electrode. Wall, Right (EWRI 56.5 Top Cooling Jacket (TCJ) 9.6 

Electrode Wall, Left (EWLI 58 8 Electrode Cooling Jacket (ECJ) 51.9 

Ground Upper negative electrode 

Y* = 0.42 

* Current< 0.15 A 

I a I First number denotes power meter value, second number (in parenthesis) 
is RMS voltage times RMS current. 
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TABLE B.2 

POTENTIAL PROFILE TABULATION 

BIPP Physical Model 

Run BRUN-EZB 

Power Supply ~leasurements 

Upper Electrode: 

Power Skew 

Potential (VAC) 

Voltage 3g,s 
Curren(t, \--'-*-­
Power a ---'c:._-

Upper _.!.Olb.%_ 

lower Electrode: 

Lower 100% 

Voltage 84.3 
Current l. 34 
Power( a) 128.0 {113.0) 

(a) First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current . 
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TABLE 8.3 

POTENTIAL PROFILE TABULATION 

BIPP Physical Model 

Run BRUN-E3B 

Power Supply ~1easurements 

Upper Electrode: Voltage 89.6 Lower Electrode: Voltage 104.4 

Curre~t )-~10'. 7c'3-
Power\• 168.5 (155.0) 

Curre~t) 1.45 
Power\• 168.5 (151.4) 

Power Skew Upper 50% 

Potential (VAC) 

E1 94.9 E2 92.6 

E7 g4.3 E8 91.9 

E13 92.6 E14 90.3 

E19 97.0 E20 93.9 

E25 98.8 E26 95.3 

Boundary Te~peratures (°C) 

Front Wall (FW) 59.7 

Back Wall (BII) 58.9 

E3 60.9 

E9 61.0 

E15 61.1 

E2I 61.2 

E27 61.0 

Electrode Wall, Right (EWR) 55.1 --'---

Electrode Wall, Left (EWL) 56.3 

Ground Lower negative electrode. 

Y* = 0.42 

*Current< 0.15 A 

Lower 50% 

E4 43.9 E5 17.2 E6 16.3 

ElO 43.8 E1116.9 E1216.2 . 
E16 44.4 0715.3 E1814.6 

E22 44.0 E2310.8 E248.2 

E28 44.9 E2910.2 E30 7. 9 

Front Cooling Jacket (FCJ) 55.8 

Back Cooling Jacket (BCJ) 56.3 

Top Cooling Jacket (TCJI __ 9_.6_ 

Electrode Cooling Jacket (ECJ) 49.9 

I a) First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current. 
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TABLE B.4 

POTENTIAL PROFILE TABULATION 

Power Supply ~1easurernents 

Upper Electrode: Voltage 
Current 
Powerlal 

BIPP Physical ~lodel 

Run BRUN-E4B 

106.6 
2.75 

321.0 

Lower Electrode: 

(293.21 

Power Skew Upper 100% Lower _ _::Oc;::%_ 

Potential (VACI 

E1 107.8 

E7 106.4 

EI3 98.3 

EI9 97.9 

E25-

E2 104.4 

EB 102.4 

El4 97.4 

E20 96.5 

E26-

Boundary Te~peratures (°C) 

E3 65.2 

E9 65.1 

El5 64.8 

E21 64.7 

E27 __ 

E4 

ElO 

El6 

E22 

E28 

45.6 E5 --

45.8 Ell 

46.2 Ell 

46.5 E23 

E29 

Voltage 74.3 
Currel')t 

1
_:_• __ 

Power\ a .I _ _::-_::-__ 

5.8 E6 2.2 
--

8.5 El2 3.5 

13.3 ElB ll.9 --
13.4 E24 11.4 
--

E30 -- --

Front Wall (FWI 59.5 Front Cooling Jacket (FCJI 55.1 

Back Wall (BI-ll 58.3 Back Cooling Jacket (BCJI 55.0 

Electrode Wall, Right (EWRI 58.7 Top Cooling Jacket (TCJ I ___ 9_.8_ 

Electrode Wall, Left I EWL I 59.1 _ _:o..:.c:_ Electrode Cooling Jacket (ECJ) 52.1 

Ground Upper negative electrode 

Y* = 0.42 

~ Current < 0.15 A 

I a) First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current . 
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TABLE 8.5 

POTENTIAL PROFILE TABULATION 

BIPP Physical ~lodel 

Run BRUN-E5B 

Power Supply ~1easurements 

Upper Electrode: Voltage 60.6 
Current * 
P01-1er (a_..=_ 

Upper O% 

Potential (VAC) 

El ~ 

E 7 __2_12,_1 

El3 106.3 

El9 107.1 

E25 -

E2 88.8 

E8 90.9 

El4 101.7 

E20 102.9 

E26 --

Boundary Te~peratures (°C) 

Front Wall (Ffl) 61.5 

Back Wall (BI-1) 60.6 

E3 66.2 

E9 66.4 

El5 66.5 

E21 67.0 

E27 __ 

Electrode Wall. Right (EIJR) 58.6 

Electrode Wall, Left (EWL) 58.4 

Ground Lower negative electrode 

Y* "' 0.42 

* Current < 0.15 A 

Lower Electrode: Voltage 115.5 
Current 2. 26 
Power(a) 292.9 (261.0) 

Lower 100% 

[4 51.4 E5 27.9 E6 27.0 

ElD 51.4 Ell 24.9 El2 25.2 
--

El6 51.4 El7 16.4 El8 12.4 
--

E22 52.2 E23 15.4 E24 11.1 --

E28- E29- E30 -- --

Front Cooling Jacket (FCJ) 58.0 

Back Cooling Jacket (BCJ) 58.1 

Top Cooling Jacket (TCJ) __ ..:.9..:.._4 

Electrode Cooling Jacket (ECJ) 52.5 

(a) First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current. 
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TABLE 8.6 

POTENTIAL PROFILE TABULATION 

BIPP Physical ~lodel 

Run BRUN-E6B 

Power Supply Measurements 

Upper Electrode: Voltage 87.0 Lower Electrode: 
Current 1.62 
Power (a)"l64.5 (140.9) 

Por1er Ske\·1 Upper 50% Lower 50% 

Potential (VAC I 

El 89.2 E2 87.0 E3 54.4 E4 36.8 ES --
E7 89.3 E8 87.1 E9 54.5 ElO 37.0 Ell --
El3 _2U E!4 88.9 El5 54.3 E!6 37.2 E17 -- --
El9 ...R..§. E20 89.4 E21 54.0 E22 37.7 E23 

E25 -· E26 E27 E28 E29 -- -- --

Boundary Te~peratures (°C) 

Voltage 102.3 
Current 1.39 
P011er(a) 164.5 _{142.2) 

4.1 E6 1.5 

4.6 El2 2.2 
--

6.8 EIB 7.9 

7.5 E24 8.9 --
EJO --

Front Wall (FWI 60.9 Front Cooling Jacket (FCJI 56.9 

Gack Wall I BI-ll 60.1 

El ectrooe wall , Right (EIIR) 58.4 

Electrode wa 11 , Left (BILl 57.9 

Ground Upper negative electrode 

Y* = 0.42 

* Current < 0.15 A 

Back Cooling Jacket (BCJI 57.3 

Top Cooling Jacket I TCJ I 16.6 

Electrode Cooling Jacket (ECJ I 51.8 

(a) First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current . 

8.7 



TABLE B.? 

POTENTIAL PROFILE TABULATION 

BIPP Physical ~lodel 

Run BRUN-E/A 

Power Supply ~1easurePients 

Upper Electrode: Voltage 85.4 Lower Electrode: Voltage 93.8 
Current 1.73 
Powerla)J64.5 1147.7) 

Current l. 55 
Po11erla I -.16<\~_5 _I 145.4) 

Upper -~5~0%~, _ Lm~er 50% 
-~~ 

Potential (VAC} 

E1 E2 4.8 E3 37.0 E4 58.6 E5 85.0 E6 84.9 --

E? ES 6.4 E9 36.9 -- ElO 53.4 Ell 83.7 E12 83.5 -- --

E13 E14___1_.fi E15 37.1 -- E16 ~ Ell 83.6 EI8 83.6 --

El9 E20 5.9 E2l 37.1 -- E22 53.2 E23 86.4 "' E24 86.2 -- --

E25 E26 E27 37.5 -- E28 _5l.l E29 E30 

Boundary Te~peratures I 0 CI 

Front Wa 11 I Ffl) 

Back Wall (Bi-1) 

58,6 

58,) 

Front Cooling Jacket (FCJ) 55.1 

Back Cooling Jacket (BCJ) 55.6 

Electrode Wa II , Right (EIIR) 56,6 

Electrode Wa 11 , Left (EviL) 56.5 

Ground: Upper negative electrode 

Y* = 0.42 

* Current < 0.15 A 

Top Cooling Jacket (TCJ) 9.5 

Electrode Cooling Jacket (ECJ) 50.3 

I a) First number denotes power meter ~alue, second number 
(in parenthesis} is RMS voltage t1mes RMS current. 
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Power Supply ~1easuref11ents 

TABLE B.8 

POTENTIAL PROFILE TABULATION 

BIPP Physical ~lode] 

Run BRUN-E7B 

Upper Electrode: Voltage 88.6 Lower Electrode: 97.6 
1.46 Current 1.64 

Power( a) _J.6.4..5__( 145. 3) 

Voltage 
Current 
Power( a) 164.5- (142.5) 

Power Ske\'1 Up per _ _;;5"'0%._ Lower -~5,0%.__ 

Potential (VAC} 

El 90.8 E2 88.3 E3 56. l E4 39.1 ES 5.0 E6 1.7 

E7 89.3 E8 86.8 E9 56.0 ElO 39.3 Ell 6.5 El2 4.4 

El3 88.6 El4 87.0 El5 55.9 EI6 39. 1 Ell 8.2 E!B 6.5 
--· 

El9 92.8 E20 90.5 E2! 55.9 E22 39.6 E23 6.9 E24 4. l 

E25 93.4 E26 91.1 E27 56.2 E28 39.7 E29 6.9 E30 4. 1 
-- --

Boundary Te~peratures (°C) 

Front Wall (FW} 56.7 Front Cooling Jacket (FCJ} 53.7 

Back Wall (B\-1} 56.2 Back Cooling Jacket IBCJ} 53.9 

Electrode Wall, Right (EWR} 55.0 Top Cooling Jacket (TCJ} 9.4 

Electrode Wall, Left I EWL} 55.6 Electrode Cooling Jacket (ECJ} 49.7 

Ground : Upper negative electrode 

Y* = 0.42 

*Current< 0.15 A 

I a) First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current . 
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TABLE 8.9 

POTEfiT!AL PROFILE TABULATION 

BIPP Physical ~1odel 

Run BRUN-ESA 

Power Supply ~1easurements 

Upper Electrode: Voltage 93.4 Lower Electrode: Voltage 83.3 

Current 2.37 Current 0. 77 
Power(al_z40.7 (221.41 POIIer( ar 80.2\64.1 I 

---

Po~<-Jer Skew Upper 75% Lower 25% 

Potential IVACI 

El E2 4.8 E3 37.5 E4 54.8 E5 92.0 EG 95.7 
-- -- --

E7 E8 5.7 E9 37.4 ElO 54.4 Ell 88.3 El2 91.6 

Ell El4 8.3 El5 37.3 El6 53.8 Ell 85.0 El8 86.6 
-- --

El9 E20 5.8 E21 37.3 E22 53.3 E23 84.6 E24 87.5 
-- -- --

[25 E26 7.0 E27 37.4 E28 E29 EJO --

Boundary Te~peratures 1°c 1 

Front Wa 11 I Ffil 58.8 Front Cooling Jacket (FCJ) 55.6 

Back Wall I Bfl) 58.0 Back Cooling Jacket IBCJ) 55.7 

Electrode Wall, Right IEWRI 55.9 Top Cooling Jacket (TCJ) 10.1 

Electrode Wall, Left IEfJL I 55.3 Electrode Cooling Jacket IECJI 49.3 

Ground Top Electrode 

Y* o 0.41 

* Current < 0.15 A 

(a I First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current. 
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TABLE B.lO 

POTENTIAL PROFILE TABULATION 

BIPP Physical 1'1odel 

Run BRUN-E9A 

Power Supply ~1easurel'lents 

Upper Electrode: Voltage 81.7 Lower Electrode: 
Current 1.82 
Po01er (a)l68.5 (148.7) 

Po~o1er Ske~1 Upper 50% Lower _ __,5":0:0%'--

Potential (VAC) 

El 83.4 E2 80.6 E3 50.3 E4 34.7 E5 

E7 82.3 EB 79.4 E9 50.0 ElO 34.8 Ell --
El3 78.9 El4 77.8 El5 49.8 El6 34.9 Ell -- --
El9 84.8 E20 80.7 E21 49.5 E22 34.6 E23 

E25 87. 1 E26 83.5 E27 49.0 E28 34.9 E29 --

Boundary Te~peratures (°C) 

V o lt a g e _ _;9?'3'-;·c!3-
C u r re n t , -~1'-'."5'-'5_ 
Powerla) 168.5 (144.6) 

4.2 E6 2.3 

5. 1 El2 2.5 

7.8 ElB 7.5 --
8. 1 E24 9.7 

9.6 E30 10.7 

Front Wa 11 (FW) 60.6 Front Cooling Jacket (FCJI 57.7 

Back Wall IBWI 60.3 Back Cooling Jacket (BCJ) 58.1 

Electrode Wall, Right (EWR) 56.8 Top Cooling Jacket (TCJ) g.s 

Electrode Wall, Left (EfJL) 57. 1 Electrode Cooling Jacket (ECJ) 50.5 

Ground : Upper negative electrode 

Y* = 0.42 

* Current < 0.15 A 

{a)· First number denotes power meter value, second number 
(in parenthesis) is RMS voltage times RMS current . 
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APPENDIX C 
MODELING FLUID MF-0 PROPERTIES 

Modeling fluid properties of fluid MF-0, used in test BRUN-1 to BRUN-9 
inclusive are presented this appendix. Figures C.l to C.4 present data 
graphically and Table C.l presents regression fitted expressions to the data • 
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TABLE C.l 

MODEL FLUID PROPERTIES 

~~del Fluid MF-0 

o = -4.818 x 1o-4T + 1.315 (g/c,.3 l 

cp = 3.943 x 1o-3 T + 2.224 <Jig.Kl 

" = 5.11 x 108 r-3.365 (centipoise) 

K = 8. 97 x 10-l T + 3.18 x 10- 3 ( W/ em. K) 

x = 5.636 x 10-10 r3 •634 Ul- cml-1 

where: T = Modeling Fluid Temperature (°C) 

P = Density 

Cp = Specific heat 

)I = Dynamic Viscosity 

K = Thermal conductivity 

X = Electrical conductivity 

C.5 
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