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SUMMARY

The Joule-heated ceramic-T1ined 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
etectrical 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
numerical models that simulate a Joule-heated melter for analyzing melter
performance. This report documents the method used and results of this
modeting 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
medels 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 melter having two electrode pairs
utilized a confiquration 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



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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PHYSTCAL AND NUMERICAL MODELING OF JOULE-HEATED MELTERS

1.0 INTRODUCTION

Commercial and military appiications of nuclear technology in the U,S. and
the rest of the world have produced large amounts of high-level 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
acceptable method of final storage of HLW is reguired.

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 radipactive 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.
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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 1978, The goal of this earlier
modeling program was to develop suitable fluids, modeling facilities, and
measurement techniques toc study the fundamental physical phenomena in 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 fCeramic 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 etectrode power ratios (/L FPR). In addition, 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 meiter 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 m2. Its operation supports various Department of
Energy (DOE) Waste Management programs, The BIPP melter was part of a proposed

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

Objectives of the BIPP modeling were to measure the effects of electrode
positioning and electrode power skewing. PSCM modeling objectives were to
measure the effects of using nitrogen hubblers as flow stabilizers and measure
the effect of cold 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 numerical models. Several successful tests were
performed using the PSCM model; however, only preliminary testing of the BIPP
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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 BIPP model. A modeling fluid, designated as MF-0,
was used for BIPP mode! 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. 1In 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

3

two individually controlled electrode pairs.
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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 CONMCLUSIONS 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
physical 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.

o 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.

o 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 life,

¢ 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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(Inadvertent) common grounding of one side of both electrode pairs
resulted in grossly asymmetric temperature and electric field measurements
in two tests.

Flow visualization results are inconclusive.

Conclusions drawn from numerical simulation results presented are broken

categories, For theory and numerical bhasis, conclusions are:

(Jperational modes and solution procedures used in the melter version of

TEMPEST 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 3.32 pA, Measured data was 3.33 + 0.1 pA, Surface
enhancement is predicted to be 2.56 compared to a measured value of 2.6 +
0.]-.

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 + 1°C.

Accurate results are obtainabie when two-dimensional simulation of
physical melter model experiments is used with sufficient noding
resolution, Threa-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., BIPP) experiments with a dual

electrode pair, conclusions include:

Predicted voltage drop results for tests with an 1l/L EPR of 0,0:1.0,
1.0:0,0, and 0.5:0,5 vary in agreement from an underprediction of 30% to

“exact" agreement for two-dimensional models,

Particular attention to thermal boundary condition is required because of

strong dependence of electrical conductivity on temperature,



Temperature field data in the modeling fluid is typically at + 10°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 accounting 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 etectric field data in power-split ratios other than
0.0:1.0 or 1.0:0.0 cannot currently he made with TEMPEST,

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

Ceramic Melter, conclusions include:

2.2

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,

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 be used for obtaining
velocity data, but can also aid in interpretation of other data ohtained
during experiments., Additional work is required to determine the best
tracer particles in modeting fluids.
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Accurate overall heat balance data should be obtained. This could be done
by sufficiently instrumenting cooling channels and would assist in the
evaluation and specification of thermal houndary conditions for numerical
models,

Prolonged operation at an 1l/L FPR of 1,0:N.N should he avoided, as
extensive stratification can result from this powered configuration and
inhibit mixing.

Power controtler 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
avatlable 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 be included as part of the
computation.

The electric field solution procedure and operational modes should be
upgraded to he compatible with most 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 methodolagy for qualifying the
attainment of equilibrium or guasi-steady conditions should be
addressed.

2.4



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:

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 determination 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 BIPP 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. 1In 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 inciuded 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:

o fluid temperatures
e 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 Model Electrode* Modeling Electrode

Run No, Power Skew  3pacing Fluid Level Potentfal Reference

RRUN-1 100% Top 6.35 cm 17.94 cm Floating ground
0% Bottom

BRUN-2 0% Top h.35 cm 17.94 cm Floating ground
100% Bottom

BRUN-3 50% Top £.35 cm 17.94 ¢m Floating ground
50% Bottom

BRUN-4 100% Top 2,54 cm 14,61 cm Floating ground
0% Bottom

BRUN-5 N% Top 2.54 cm 14,61 cm Floating ground
100% Bottom

BRUN-6 h0% Top 2.54 cm 14,61 cm Floating ground
50% Bottom

**BRUN-7 50% Top £.35 cm 17.94 cm Absolute ground
50% Bottom

**BRUN-8 75% Top £.35 cm 17.94 cm Absolute ground
25% Bottom

**BRUN-9 50% Top 6.35 cm 17.94 cm Floating ground
50% Bottom

*RIPP spacing is 4x model spacing.
**Additional tests performed for flow visualization

determined from cooling jacket temperature rise and selectively placed
thermocouptes 1ncated in walils.

Pianned tests are identified herein as test runs BRUN-1 through BRUN-

B(a). Nuring these tests, only temperature and electric potential data were

(a) Test run identification is as follows. BRUN 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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4.0 THEORETICAL BASIS FOR NUMERICAL MODELING OF JOULE~HEATED MELTERS

The physical behavior of waste glass processing in a Joule-heated melting
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 on the melter operation
conditions and design parameters. Matters are further complicated in that the
transport properties associated with the flow of material, heat, 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 based on fundamental
physical laws and the principles of continuum mechanics. 0Ohtaining solutions
to the resulting highly nonlinear partial differential equations is
accomplished using numerical methods with the aid of a high-speed digital

computer,

In this section, background information is provided which provides the
basis for the electric field solution methodology used in TEMPEST, Included is
a2 discussion of governing equations and solution procedure for the coupled
flow, heat, and electric field problems., 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

cantrolled.

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. 1960):
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Continuity

Veu=0 ' (4.1)

Momentum

DO[%%+(V'UH)]=-VP+pg-?-1 (4.2)
Energy
aT -» - - - -
;hcp [Ef + ¥V o uT] = v « {k¥T) + dj Veq, (4.3)
Electric Field
v ed=0. (4.4)

The glass is assumed to be an incompressible, Newtonian fluid having variable
transport coefficients., Further assumptions are: 1) the Boussinesg
approximation holds (i.e., |&p[fpo << 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, 1, is assumed be expressed in
terms of the Stokes viscosity relationships for a Newtonian fluid.

Symbols are defined as follows:
v gradient operator
7 Laplace operator
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time

velocity vector

pressure

temperature

electrical field potential
density

reference density

o o = = e = B — R

thermal conductivity

g electrical conductivity

T viscous stress tensor

{defined by Stokes viscosity relationships)
specific heat

q gravitional vector

d. 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 patential representation
(Batchelor, 1967}, This is achieved by defining a vector potential ¢ as

u= vx ¢ {4.5)

and vorticity @ as

Q = VX 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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Vg = - Q (4.7)

By taking the vector curl of the momentum Fquation 4,2, one obtains the
vorticity equation

o [SE+ Ve ul-0cW)=VxB-Vx (V-1 (4.8)

where @ is the vector vorticity and B = pg.

In two dimensions, the vector Equations 4.7 and 4.8 are dramatically
simplified to scalar form for the ordinary stream function, ¢, and

(a)

vorticity, w ', or
Vg = - w (4«q}
b, foe+ Vouwl=VxB-Vx(V+ (4.10)
where the velocity vector is defined as

u=- Vi (4,11}

(a) The variable, 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 moiten 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

{a-¥) set or vorticity-stream function (w-¢) 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
attractive 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
parabotic form, In both cases, the boundary conditions are easily handled for
melter geometries. A wealth of information in the l{terature is related to the
numerical solution of the w-¢ 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 o ¢ approach mass is conserved by definition of the stream function,
Additionally, boundary conditions for the elliptic equation describing mass
continuity are in siope form (Neumann type), which requires special numerical
consideration to obtain a reasonable convergence rate.

The simplicity of the vorticity-stream function approach is completely
1ost, however, when three-dimensional fiow 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.
Typically, 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 requires the solution of
only one additional equation (for the third velocity component). 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 » - ¢ approach is no longer in
use at PNL. 1In 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
comptetely 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 settiing) 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
momentum equations are approximated using implticit procedures that are not
Vimited 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 1imits 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
restrictive 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 controllied or power controlled, either electrode current
density or power level may be the input data used to drive the electric field
sotution, 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
tocal Joule, or resistive, heating is calculated using

Qy = - /f@ + nda

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

Q.= - k. vT. (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 COC 180/830 and on
Jarger 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 in current use at PNL is designed for use on a
CRAY 1S 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 metter 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)] Eplt) and
Ep(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

g PPEW

where o is etectrical conductivity, e is dielectric permittivity, and o is the
angular frequency of the signal. This condition must be satisfied at all
points along at Teast 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

P(t) =P (1) +P.(t) (4.13)

where the instantaneous power of each electrode pair is

Palt) = 1,(£)E, (1) (4.14)

PD(t) IB(t)EB(t) {4.15)
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APPENDIX A

TABULATION OF MEASURED TEMPERATURE DATA



APPENDIX A
TABULATION DF MEASURED TEMPERATURE DATA

Temperature data reported in Section 5.3 of this report are tabulated in
this appendix. 1Included 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, -T1 refers to BRUN-1 where temperatures were measured. An
A or B is appended {e.g., -TIA) where multiple data sets were recorded for the
same run, Thermocouple positions are identified as T16, for example, and
correspond to position listed in Figures 3.2 and 3.3.
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TABLE A.1
TEWMPERATURE PROFILE TABULATION
BIPP Physical Model
Run  BRUN-TI1A

Power Supply Measurements

Boundary Temperatures (°C)

Front Wall {FW) g9 ¢

Back Wall (BW) 58.0
Electrode Wall, Right (EWR) 56,4

Electrode Wall, Left {EWL) 58,1

Y* = 0.58

* Current < 0.15 A

Front Cooling Jacket {FCJ)

Back Cooling Jacket (BCJ)

Top Cooling Jacket (TCJ)

Upper Electrode: Voltage 104.4 Lower Electrode: Voltage 65.9
Current 2.79 Current
Pover(3) 321.0  (291.3) Power\8) ==
Power Skew Upper 100% Lower 0%
Temperatures (°C)
L 72.8 T2 73.3 T3 627 T4 645 75 73.6 716 /1.0
T7 73,7 18 75,6  T9 73.7  T0 76.5  T1175.2  T1270.4
T13 72.0 T4 75.0  T1574.0  T16 75.7  T1774.7  T11869.1
T19 go,7  T20 76.3  T2172,3  Te2 74.2  T2375.6  72477.8
T25 g1.6. 126 76,0 127 69.9 728 71.6 129 75.2 T30 77.8
131 go g T32 73,2 T3366.0 T34 67.2 T3572.0 T36 &Z_
137 75 9 T38 7.0 T3961.8 T40 62.9 T41 66.5 T42 Zlﬂé_
T43 gq. 4 T44 63,1 T45 56,7 T46 57.4 T47 62.7 T48 67.3

55.3
55.2

9.6

Electrode Cooling Jacket (ECJ} 51.7

(a) First number denot:s power meter value, second number (in parenthesis)
is RMS voltage times RMS current.
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TABLE A.2
TEMPERATURE PROFILE TABULATION
BIPP Physical Model

Run BRUN-TZA

Power Supply Measurements

Upper Electrode: Voltage 31.6 Lower Electrode: Voltage 80.2

Current * Curre t) 1.32

Powertd) — __ Power' 2/128.0 (105.9)

Power Skew Upper Lower 100%

Temperatures (°C)

1 64.9 T2 65.4 13 54.3 14 58.4 15 65.9 g 65.2

—— s —— ———
—

77 68.9 T8 70.6 1o .66.4 710 70.0 111 70.2 117 65-3

— e
—_— T ——

T19 69.4 120 70.1  T21 68.9 122 70.1  17369.9 124 64.4

T25 70.8  T26 71.0  T27 68.2 T2 70.2 7129 71.0 130 64.9

—

131 76.6  T32 73.8 7133 67.7 7134 69.1  73573.4 136 86.8

737 82.6  T38 75.0 739 65.6  T40 66.8 7141 72.1 147 87.8

T43 71.4 T44 65.9 T45 61.2 146 62.1 147 65.8 148 79.2

Boundary Temperatures (°C)

Front Wall (FW) 59.7 Front Cooling Jacket (FcJ) 265
Back Wall (BW)  58.8 Back Cooling Jacket (BCJ) 96.9
Electrode Wall, Right (EWR)} 54.2 Top Cooling Jacket (TCJ} 9.2
Electrode Wall, Left (EWL)  54.9 Electrode Cooling Jacket (ECJ) 49-8
Y* = 0.58

* Current < 0.15% A

(a) First number denotes Bower meter value, second number {in parenthesis)
is RMS voltage times RMS current.

A3



TABLE A.3

TEMPERATURE PROFILE TABULATION
BIPP Physical Model
Run BRUN-TZ8

Power Supply Measurements

Upper Electrode: VYoltage 37.3 Lower Electrode: VYoltage 82,3

Current * Current 1.32

Power (&) Power!(d) 128.0 (108.6)
Power Skew Upper 0% Lower 100%

Temperatures {°C)

Tl 60.0 T2 61.5 T3 51.9 T4 55.3 T5 63.

—— — e E . e

L
hn
—
o
E
—

T7 65.0 T8 67.4 9 67.1 T10 68.4 T11

h
e
—
—
—
o

T13 64.5 T14 67.3 T15 66.0 Ti6 67,8 T17 g7 TI8 4.9
T19 4.8 T20 67.5 T2l 66,0 T22 67,2 T23g7.7 T4 grg
Te5 ¢6,5 T26 9.4 Te7 g5.8 T8 §7.9 T29gg.p T30 g7.4
731 77.8  T32 73.9 T33 66.0 T34 7.0 T3574.1  T36 76.8

T37 83.9 T38 73.0 T39 64.2 T40 65.4 T4l 73.9 T42 78.5
T43 72,3 T44 5,1 T45 60,1 T46 60,9 T47 g7.9 T48 70 1

Boundary Temperatures (°C)

Front Wall (FW)} 590 Front Cooling Jacket (FCJ) &g »
Back wall {BW) 58.8 Back Cooling Jacket {BCJ} 56.9
Electrode Wall, Right (EWR) 53.7 Top Cooling Jacket (TCJ) 9.4
Electrode Wall, Left {EWL} _ 54.4 Electrode Cooling Jacket (ECJ) 49.8
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
TEMPERATURE PROFILE TABULATIOCN

BIPP Physical Model
Run BRUN - T3A

Power Supply Measurements

Upper Electrode: Voltage 88.1 Lower Electrode: Voltage 102.9
Current 1.71 Current 1.45
Power{a)1gg 5 (150.7) Power (8] 168.5  (149.7)
Power Skew Upper 50% Lower 50%

Temperatures {°C)

T1 70.1 T2 71.3 T3 65.9 T4 64.6 75 70.9 Te 66.8

T7 /1.2 T8 73.6 Tg 72.3 Tio 72.9 T11 73.3 T1? 66.3

T13 69.0 T4 73.3 T15 71.5 T16 73.9 T17 73.0 T8 67.6

719 71.5 T20 73.5 T21 72.3 T22 74.2 T23 73.2 124 70.0

T2b 73.6 T26 74.1 T27 71.9 T28 73.6 T29 73.6 T30 70.7

131 81.2 T32 75.2 T33 71.1 T34 72.8 T35 75.7 136 8l.5

T37 81.8 T38 72.5 T39 68.5 T40 69.9 T41 74.5 T42 78.3
T43 69.2 T44 66.8 T45 63.2 T46 64.0 T47 69.4 T48 70.3

Boundary Temperatures (°C}

Front Wall {FW) 59.4 Front Cooling Jacket {FCJ) 565.7
Back Wall {BW) 58.9 Back Cooling Jacket (BCJ) 56.3
Eiectrode Wall, Right (EWR}  55.0 Top Cooling Jacket {TCJ) 9.4
Electrode Wall, Left {(EWL) £6.2 Electrode Cooling Jacket {ECJ} 49.9
Y* = 0.58

* Current < 0.15 A

(a) First number denotes Eower meter value, second number {in parenthesis)
is RMS voltage times RMS current.
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TABLE A.5
TEMPERATURE PROFILE TABULATION
BIPP Physical Model

Run  BRUN-T3B

Power Supply Measurements

Upper Electrode: Voltage 88,1 Lower Electrode: Voltage 103.3
Current 1.71 Curre?t 1.45
Power (a)7g8.5_(150.7) Power(2)T8.5 1149.8)

Power Skew Upper 50% Lower 50%

Temperatures (9C)

T1 68.6 T2 70.2 T3 6l1.7 T4 65.1 TS5 70.9 T6 68.4

7 70.3 T8 73.5 T9 72.5 Ti0 74.8 Ti1 73.3 T2 66.7

T13 69.1 T14 73.0 T15 71.9 Tl6 74.5 TL7 72.9 T18 64.4

T19 70.7 T20 73.7 T21 72.3 T22 73.1 T23 73.1 T24 67.8

T25 73.3 T26 74.3 T27 71.4 128 73.6 T29 72.0 T30 69.6

T31 83.6 T32 75.6 T33 70.9 T34 72.8 T35 80.0 T36 80.9

T37 85.0 T38 72.2 T39 68.6 T40 69.9 T4l 77.5 T42 77.4

T43 73.1 T44 67.3 T45 62.5 T46 63.5 T47 69.9 T43 69.6

Boundary Temperatures {°C)

Front Wall {FW} 59.5 Front Cooling Jacket (FCJ) 55.7
Back Wali (BW} 58.9 Back Cooling Jacket (BCJ)  56.3
Electrode Wall, Right (EWR) 54.8 Top Cooling Jacket {TCJ) 9.7
Electrode Wall, Left (EWL) 56.1 Electrode Cocling Jacket (ECJ) 49.5
™ =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.6

TEMPERATURE PROFILE TABULATION

BIPP Physical Model

Power Supply Measurements

Upper Electrode: Voltage 105.5 Lower Electrode:

Current Z2.75

Power a)§§jf1f‘”(290.1) Power
Power Skew Upper 100% Lower 0%
Temperatures {°C)
T 749 T2 74.5 T3 9.5 T4 716 T5 74.5
17 74,4 18 76.0 T9 75.3 T10 77.5 T1l ZE;E&.
T13 749 T14 75,2 Tis74.8 T16 76.4  T1774.9
T19 753 T20 74,9  Tel73,3 T2z 75.3  T2374.9
T25 pn»  T26 73,3 T2769.1  T28 70.6 129 73.0
T31 707 132 g7.0  T33ga2 T3 5.4 T3566.3
37 — T8 — T T T Tal T
T43 — T44 — T&5 T46 — T47

Boundary Temperatures (°C)

Front Wall (FW} 59.3

Back Wall (BW) 58.7

Electrode Wall, Right (EWR) 58.5
Electrode Wall, Left (EWL) 58.8
Y* = 0.58

* Current < 0.15 A

Top Cooling Jacket {TCJ)

Yoltage /4.3
Current, =

Ay

Te 72.4
T12 71.9
T18 /0.7

T24 75.5

T30 79.3

T36 69.1

T42

T48

Front Cocling Jacket {FCJ) 55.0

Back Cooling Jacket (BCJ) 55.4

9.3

Electrode Cooling Jacket (ECJ) 51.7

(a) First number denoctes power meter value, second number (in parenthesis)

is RMS voltage times RMS current.
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TABLE A.7
TEMPERATURE PROFILE TABULATION
BIPP Physical Model

Run BRUN-T5A

Power Supply Measurements

Upper Electrode: Voltage 60.6 Lower Electrode: VYoltage 114.9
Eﬁggi”(taa— gg:gin(taﬁ (259.7)
Power Skew Upper 0% Lower 100%
Temperatures (°C)
T1 69.6 T2 71.5 13 65.6 T4 67.3 75 70.4  T6 67.5
17 70.4 8 73.1 19 /3.1 110 74.8  T1172.7 T1268.9
T13 68.7 T14 73.1 T15672.1 Tl6 /4.6 T1772.8 T1868.4
T19 70.8 T20 76.5 T2172.9 722 74.5 T2375.5 T2474.9
T25 114.1 126 82.1  T2771.3  T28 72.7  T2978.4  730122.0
T31 95.0 T32 78.1 T3370.0 T34 71.7 T3574.2 736102.9
737 — T8 —  T39 —  T40 —  T4l— T4
T43 —  T44 —  T45 — T46 —  T4J—  T4B—
Boundary Temperatures (°C)
Front Wall) (FW)] g1.8 Front Cooling Jacket (FCJ) 58.2
Back ¥Wall {BW) 60.0 Back Cooling Jacket (BCJ) 58.5
Electrode Wall, Right (EWR) 58.27 Top Cooling Jacket {TCJ) 9.0
Electrode Wall, Left (EWL) 58.3 Electrode Cooling Jacket (ECJ)}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.

A.8



TABLE A.8
TEMPERATURE PROFILE TABULATION

BIPP Physical Model

Electrode Wall, Left (EWL)

¥ * 0.58

* Current < 0.15 A
(a)

First number denctes power meter value,
is RMS voltage times RMS current.

A.9

Electrode Cooling Jacket {ECJ

Run  BRUN-T6A
Power Supply Heasurements
Upper Electrode: Voltage 87.5 Lower Electrode: VYoltage 101.2
EEEZiFJ)—Iaa%;-114o.O) 53523F5>*r6z%5—~1138.6)
Power Skew Upper 50% Lower 50%
Temperatures (°C)
T1 70,5 T2 71.9 T3 64.9 T4 69.4 75 71.0 76 69.1
T7 721 T8 74.7 T9 73.9  TI0 75.0 Tl 74.2  Ti2 69.5
T13 71.5 T4 74.4  T15 73.3  Tl6 76.0  Ti7 74.0  TI8 69.7
T19 72.2  Te0 74,8 T2l 72.8 T2z 74.7  T23 74.2 T4 70.0
T25 @2.9  T26 76.0.  T27 72.6  Te8 74.4  T29 75.1 T30 82.5
T31 76,5 732 72.3  T33 9.4 T34 70.9 T35 71.1  T36 75.4
T37 ——  T38 —  T39 —  T40 — T4 —  T42 —
T3 . T4 — TS —  TA6 ——  T4] — T4 —
Boundary Temperatures {°C)
Front Wall (FW) 60.7 Front Cooling Jacket {FCJ) °6.9
Back Wall (BW) 60.0 Back Cooling Jacket (BCJ)  °7-3
Electrode Wall, Right (EWR)  98-4 Top Cooling Jacket (Tcd) 167
57.6

) 51.8

second number (in parenthesis)



TABLE A.9
TEMPERATURE PROFILE TABULATION
BIPP Physical Model

Run BRUN-T7A

Power Supply Measurements

Upper Electrode: Voltage 86.0 Lower Electrode: Voltage 94 4
Curreqt 1.75 Current . 1.55
Power 154 5_(150.5) Power(a}}ﬁg 5 {146.3)
Power Skew Upper 50% Lower  50%

Tenperatures {°C)

T1 89.0 T2 70,8 T3 65.0 T4 65.1 T5  71.3 T6  68.3

T7  69.1 8 72.1 T9 70.2 TI0 72.7 Ti1 /2.4 T12 68.1

T13 69.1 T4 71.9 Ti5 71.4  T16 73.4  TI17 73.0  Ti8 68.2
T19 72.5 T20 72.2 T2l 70.8 Y22 72.9  T23 73.9  T24 70.2
Te5 73.2 T26 71,7 Te7 70.4 T8 72.5 129 74.6 T30 71.3
T31 71.4 T32 70.2 733 69.6 T34 71.5 T35 76.1  T36 93.9

T37 68.9 T38 67.3 T39 66.9 T40 68.6 T4l £9.7 T42 79.0
T43 B5.2 T44 64.1 T45 62.0 T46 63.8 T47 69.0 T48 74.6

Boundary Temperatures (°C)

Front Wall {FW) 58.7 Front Cooling Jacket (FCJ} 55.3
Back Wall (BW) 58.0 Back Cooling Jacket {BCJ} 55.5
Electrode Wall, Right (EWR} 56.2 Top Cooling Jacket (TCJ) 9.5
Electrode Wall, Left (EWL} 56.0 Electrode Cooling Jacket (ECJ) 49.8
y* = (.58

* Current < 0,15 A

{a} First number denotes power meter value, second number (in parenthesis)
is RMS voltage times RMS current.



TABLE A.10
TEMPERATURE PROFILE TABULATION
BIPP Physical Model

Run  BRUN-T/B

Power Supply Measurements

Upper Electrode: VYoltage 88.6 Lower Electrode: Voltage 98.1

Current 1.6 Currept .

Powerld) 1645 {145.3) Povertd) 164,.5 (143.2)
Power Skew Upper  50% Lower  50%

Tenperatures {°C)

T1 66,1 T2 68.3 T3 62.8 T4 65.9 T5 68.9 T6 66.4

17 67.6 T8 70.4 79 69.5 Ti0 70.6 T11 70.5 Tiz 65.4
T13 67.9 T14 70.1 T15 68.9 Ti6 /0.7 T17 68.3 T8 65.2
T19 70.6 120 70.3 T2l 69.0 T22 70.7 123 69.0 T24 67.5

125 72.2 126 71.0 T27 68.4 T28 70.0 T2%8 67.6 T30 67.9

—— ———

T31 78.4 T32 72.1 T33 §7.5 T34 69.0 T35 60.2 T36 66.3

137 72.2 T38 70.0 T39 65.0 TA0 66.2 T4l 63.7 T42 63.8

T43 73.4. T44 67,3 T45 60.0 T46 60.5 T47 1.9 T48 6]1.9

Boundary Temperatures {9C)

Front Wall (FH) s5g.g _ Front Cooling Jacket {FCJ) 53.9
Back Wall (BUW) 56,3 Back Cooling Jacket (BCJ) 541
Etectrode Wall, Right {EWR} 551 Top Cooling Jacket (TCJ) 9.1
Electrode Wall, Left {EWL) 55.6 Electrode Cooling Jacket {ECJ) 49.8
Y* = 0.58

* Current < 0.15 A

(a} First number denotes power meter value, second number (in parenthesis)
is RMS volitage times RMS current.



TABLE A.11
TEMPERATURE PROFILE TABULATION
BIP? Physical Model

Run BRUN-TBA

Power Supply Measurements

Upper Electrode: VYoltage 93.4 Lower Electrode: Voltage 83.3
Current 2.33 Curren 0.75
PowerQa) 200.7  (217.6) PoweKAS'ﬂﬁﬁ.2 (62.5)
Power Skew Upper 75% Lower  25%

Temperatures (°C)

T1  67.1 T2 69.0 T3 59.8 T4 65.5 T5 69.6 T6  67.5
7 _67.3 18 _70.7 19 70.0 T10 70.1 Til 69.6 T12 66.5
Ti3 67.3 T14 70.2  T15 69.0 Ti6 71.3 T17 71.5 T18 66.2
T19 69,5 T20 70.2 T2l §9.1 T22 71.7 723 71.9 T24 73.4
T25 70.5 126 _69.5  T27 £8.5 728 70.3 T29 73.3 T30 75.1
T31 68,9 T32 68.3 T33 67.7 T34 69.4 T35 72.1 736 80.3
T37 _67.6 138 _65.9  T39 §5.3 T40 66.4 T4l 68.3 T42 73.0

T43 _64.5 T44 63.9 145 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 Wall (BW)  °8.8 Back Cooling Jacket {BCJ)  06.6
Electrode Wall, Right (EWR} 56.5 Top Cooling Jacket (TCJ) 9.4
Electrode Wall, Left (EWL) 961 Electrode Cooling Jacket (ECJ) 0.5
y* = 0.58

* Current < 0.15 A

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



TABLE A.12
TEMPERATURE PROFILE TABULATION
BIPP Physical Model

Run _BRUN-T9A

Power Supply Measurements

Upper Electrode: Volitage 81.2 Lower Electrode: Voltage 93.8
Current 1.84 Current  1.53
Power{23}T68.5 (149.4) Power  168.5 (143.5)
Power Skew Upper 50% Lower 50%

Temperatures (9C)

Tl 70.1 T2 70.9 T3 62.7 T4 §7.3 T5 70.5 T6 70.0
7 71.7 78 73.3 19 72.3  Ti073.2  Ti173.3  Ti2 70.3
T13 71.3 T4 72,9  T1572.8  Ti6 74.4  T17 72,6  T18 69.3
TI9 74.2 T20 73,2 T2l jp.2 T2 74.3  T2373.1 T4 71.2
T25 75,5 126 73.6 Y27 71.6  Te8 73.7  T2974.0 T30 _72.8
T31 g80.0 732 73,9 T3371,3  TMg29 T35 74,1  T36 _81.0
137 76.2 T38 _71.7 T39 68.8 740 70.3 T41 71.4 T4z _75.5

T43 73.9 T44 $9.3 T45 3.3 T46 64.5 TA7 68.1 TA8 70.7

Boundary Temperatures {°C)

Front Wali (FW) 60,6 Front Cooling Jacket (FCJ) 576
Back Wall (BMW) 60,3 Back Cooling Jacket (BCJ) 58.0
Electrode Wall, Right (EWR) 56,8 Top Cooling Jacket {TCJ) 9,3
Electrode Wall, Left (EWL) 57.7 Electrode Cooling Jacket (ECJ} 505
Y* = (.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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APPENDIX B
TABULATION DF 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, -E1 refers to BRUN-1 where electric potential
data were measured. An A or B is appended (e.g., -E1A) where multiple data
sets were recorded for the same run. Probe positions are identified as E16,
for examplte, and correspond to position listed in Figures 3.4 and 3.5.

B.1l



TABLE B.1
POTENTIAL PROFILE TABULATION

BIPP Physical Model
Run  BRUN-E1B

Power Supply Measurements

Upper Electrode: Voltage 106.6 Lower Electrode: Voltage 58.5
Current 2.79 Current *
power{a) 321.0 (297.4) Power(a) ==

Power Skew Upper  100% Lower 0%

Potential (VAC)

El 1067 E2 102.4 E3 63.6  E4 45.2  E5 6.6 E6 3.4
E7 1010 E8 98,3 E9 3.4  E10 45,8  E1110.1  EI2 6.8
E13 939 E18 g1 6 EI5 2.9  EL6 4.3  E1716.4  E1813.9
E1S qp.7 E20 g3 €2l gp.8 €22 47,0  £E2318.9  E2416.4
E25 o957 E26 o E?7 g2.2  E28 46,9  E2918,5  E3017.4

Boundary Temperatures {°C)

Front Wall (FK) gg g Front Cooling Jacket (FCJ) 54,8
Back Wall {BW} _&5n ¢ Back Cooling Jacket (BCJ) 55.8
Electrode. Wall, Right {EWR) 6.5 Top Cooling Jacket (TCJ) 9.6
Electrode Wall, Left (EWL) 588 Electrode Cooling Jacket (ECJ)g3,9
Ground

Upper negative electrode

Y = 9,42
* Current < 0.15 A

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

B.2



TABLE B.Z
POTENTIAL PROFILE TABULATION

BIPP Physical Model
BRUN-E2B

Run

Power Supply Measurements

Upper Electrode: Voltage

_39.5
Current
Power (a)'ﬁ_

Power Skew

Upper Q%
Potential {VAC)

E2 E3 47.2

47.3

47.5

————

47.5

E8 E9

El4 E15
E20 E21

E26 E27 47.4

Boundary Temperatures {°C)

Front Wall (FW} 40.4

Back wWall {BW)  58.4

Electrode Wall, Right (EWR)

Electrode Wall, Left (EWL)

56.1

Ground : | gwer negative electrode

0.42

Y*
* Current < 0.15 A

(a)

Lower Electrode:

¥oltage 84.3

Current .
Power(2) T28.0_ (113.0)
Lower 100%
E4 36.8 E5 21;2"_ E6 QE:EL_
£l0 36.5  g112l.8  gyp2l.A
E16 36.2  E1718.0 Els%ng__
Ee2 36.1  [2313.7  g2417.0
E28 36.1  g2912.8  g30 6.6

55.3

First number denotes power meter value,

Front Cooling Jacket (FCJ) 57.7

Back Cooling Jacket (BCJ) 56.5
Top Cooling Jacket (TCJ) 9.3

Electrode Cooling Jacket {ECJ) 51.7

second number

{in parenthesis) is RMS voltage times RMS current.

B.3



TABLE B.3
POTENTIAL PROFILE TABULATION
BIPP Physical Model

Run BRUN-E 3B

Power Supply Measurements

Upper Electrode: Voltage  89.6 Lower Electrode: Voltage +104.4
Current. 1.73 Current 1.45
Power \ &) 7585 (155.0) Power(4)Tg85  (151.4)

Power Skew Upper 50% Lower 50%
Potential (VAC)

El 94.9  E2 92.6  E3 60.9 E4 43.9 E517.2 g6 16.3
E7 94.3 E8 91.9 E9 61.0 E10 43.8 E1116.9 ElZlE;E__
E13 92,6 E14 90.3  E15 61.1  E16 44.4  E1715.3  E1814.6
E19 g7,0  E2093.9  E21 61.2  E22 44.0  E2310.8  [E248.2
E25 98,8  E26 95.3  E27 61.0  E28 44.9  E2910.2 E307.9

Boundary Temperatures (9C)

Front Wall (FW) 59 7 Front Cooling Jacket (FCJ} 55.8
Back Wall (BW)  58.9 Back Cooling Jacket (BCJ) 56.3
Electrode Wall, Right {EWR) 55.1 Top Cooling Jacket (TCJ) 9.6
Electrode Wall, Left (EWL) _ 56.3 Electrode Cooling Jacket (ECJ) 49-9

Ground Lower negative electrode. -
= 0.42

* Current < Q.15 A

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

B.4



TABLE B.4
POTENTIAL PROFILE TABULATION
BIPP Physical Model
Run BRUN-E4B

Power Supply Measurements

Upper Electrode: Voltage 106.6 Lower Electrode: VYoltage 74.3
Current 2.75 _ Current, *
Power{a) 321.0 (293.2) Power\a] -
Power Skew Upper  100% Lower 0%

Potential (VAC)

El j07.8 E2 104.4 E3 65.2  E4 456 g5 5.8  E6 2.2
E7 106.4 EB 102.4 E9 65.1  E10 45.8  El11 8.5 12 3.5
El13 ¢g,3 El4 97.4 E1564.8  E16 46.2  E17 13.3  E18 11.9
E19 g7.9 E20 g6.5  E21 64.7  E22 46.5  E23 13.4  gz4 11.4
E25 ——  E26 —_ E27 ___ E28 ___  E29 ___  E30
Boundary Temperatures (9C)

Front Wall (FK) 59.5 Front Cooling Jacket (FCJ) 5.1
Back Wall (BW) ©58.3 Back Cooling Jacket (Bcg)  9°-0
Electrode Wall, Right (EWR)  58.7 Top Cooling Jacket (TCJ) 9.8
Electrode Wall, Left (EWL} 59.1 Electrode Cooling Jacket (ECJ) %E;}__

Ground  Upper negative electrode
1= 0.42

* Current < 0,15 A

(a} First number denotes power meter value, second number
{in parenthesis) is RMS voltage times RMS current.

B.D



TABLE B.5
POTENTIAL PROFILE TABULATICN

BIPP Physical Model

Run BRUN-E5B

Power Supply Measurements

Upper Electrode: Voltage §0.6 Lower Electrode: Voltage 115.5

Current * Current 2.726

Power (37 Power(a) 2929~ (261.0)
Power Skew Upper gy Lower 100%

Potential (VAC)

El _g89.7 Ez 88.8 E3 66.2 E4 51.4 Es  27.9 E6 27.0

E7 90,9 E8 90.9 E£9 66.4 E10 51.4 F11 24.9 E12 25.2

E13 106.3  E14 101.7 €15 66.5  £16 51.4  E17 16.4  pig 12.4

E19 107.1  E20 102.9 E21 67.0 E22 52.2 E?3 15.4 E2q 11.1

E25 — E26 — E27 — £28 — E29 — B30

Boundary Temperatures {9C)

Front Wall (FW) 41.5 Front Cooling Jacket (FCJ) 58.0
Back Wall (BWM)  §0.6 Back Cooling Jacket {BCJ)  58.1
Electrode Wall, Right (EWR)} 58.6 Top Cooling Jacket (TCJ) 9.4
Electrode Wall, Left (EWL) 58.4 Electrode Cooling Jacket (ECJ) 52.5

Ground | ower negative electrode

Y* = 0,42
* Current < 0,15 A

(a) First number denotes power meter ya]ue, second number
(in parenthesis) is RMS voltage times RMS current.

B.C



TABLE B.6
POTENTIAL PROFILE TABULATION
BIPP Physical Model

Run  BRUN-E6B

Power Supply Measurements

Upper Electrode: Voltage 87.0 Lower Electrode: Voltage 102-3

Current 1.67 Current 1.39

power (Y7645 (140.9) Powerla) 1675 _(142.2)
Power Skew Upper 50% Lower  50%

Potential {VAC})

El 89,7 E2 87.0 E3 5H4.4 g4 36.8 gg 4.1 E6 1.5

E7 89.3 E8 87.1 E9 54.5 £El10 37.0 E11 4.6 F12 2.2

E13 92.3 E14 88.9 El15 54.3 Ele 37.2 F17 6.8 E18 /.9

E1S 92.6 E20 89.4  E21 54,0 E22 37.7 E23 7.5  g24 8.9
E25 —_ E26 __ E27 k28 E29 __  E30
Boundary Temperatures (9C)

Front Wall {FW) 60,9 Front Cooling Jacket {FCJ) 56.9
Back Wall (BW) 60.1 Back Cooling Jacket (BCJ)  57.3
Electrode Wall, Right (EWR) 58.4 Top Cooling Jacket (TCJ) 16.6
Electrode Wall, Left {EWL) 57.9 Electrode Cooling Jacket (ECJ) 51.8

Ground ypper negative electrode

Y% =0.42
* Current < 0.15 A

(a) First number denotes power meter yaTue, second number
(in parenthesis) is RMS voitage times RMS current.

B.7



TABLE B.7/
POTENTIAL PROFILE TABULATION

BIPP Physical Model

Run BRUN-E/A

Power Supply Measurements

Upper Electrode: Voltage 85.4 Lower Electrode: Voltage 93.8
Current 1,73 Current 1.55°
Power(a)_164.5 (147.7) Power(3) 164.5  (145.4)
Power Skew Upper 50% Lower 50%
Potential (VAC)
E1 F2 4.8 E3 37.0 E4 58.6 E5 85.0 E6 B84.9
E7 8 .4 E9 369 EI0 53.4 Ell 83.7 ElZ 83.5
E13 B4 7.8 E15 37,1 Fl16 53.4 El7 83.6 EI8 83.6
El9 - £20 5.9 F21 37,1 E22 53.2 E23 86.4 w E24 86.2
E25  E26 ___ E27 37.5 E?8 53.3 E29 E30
Boundary Temperatures {°C)
Front Wall (FU) 5386 Front Cooling Jacket (FCJ} 55.1
Back Wall (BW) 58,1 Back Cooling Jacket {(BCJ) 55.6
Electrode Wall, Right {EWR) 566 Top Cooling Jacket (TCJ) 9,5
Electrode Wall, Left {EWL) 56.5 Electrode Cocling Jacket (ECJ) 50.3

Ground: Upper negative electrode

Y* = (0,42

* Current < 0,15 A

- 1 d number
a) First number denotes power meter ya]ue, secon
(2) {(in parenthesis}) is RMS voltage times RMS current.

B.8



TARLE B.8
POTENTIAL PROFILE TABULATION
BIPPF Physical Model

Run  BRUN-E7B

- Power Supply Measurements

Upper Electrode; Voitage £8.6 Lower Electrode: Voltage 37.6
Current 1. 64 Current 1.46
Power{a) _164.5 (145.3) power{2) T64.5  (142.5)
Power Skew Upper R0% Lower 50%

Potential (VAC)

l

El 90,8  E2 _8g.3 E3 561 E4 39.1 €5 5.0 E6 .7
E7 89.3  E8 8.8 E9 56.0  f£1039.3  f11 6.5 gl 4.4
£E1388.6  E14 87.0 E1555.9  El639.1  f17 8.2 p18 6.5
El99p,8 €20 90.5 E21 55,9  E2239,6  E23 6.9 E24 4.1
E2593.4  E26 91.1  E27 56.2  E28 39.7  fpp9 6.9 g3 4.1

Boundary Temperatures {°C)

Front Wall (FW) 56.7 Front Cooling Jacket (FCJ)  53.7
Back Wall (BW) _ 56,2 Back Cooling Jacket (BCJ) _ 53.9
Electrode Wall, Right (EWR} 55.0 Top Cooling Jacket {TCJ) 9.4
Electrode Wall, Left (EWL) 55.6 Electrode Cooling Jacket (ECJ) 49.7

Ground : Upper negative electrode

Y = 0.47

* Current < 0.15 A

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

B.9



TABLE B.9

POTENTIAL PROFILE TABULATION
BIPP Physical Model

Run BRUN-EBA

Power Supply Measurements

Upper Electrode: Voltage 93.4 Lower Electroce: Voltage 83.3
Current ~ 2.37 Current ~ 0.77
Power{a)™ 520 7 (221.4) Power(a) 80.271(64.1)
Power Skew Upper 759 Lower 25%
Potential {VAC)
£l B2 4.8 g3 37.5  gg B g5 920 gg 95.7
E7 _ E8 5.7 F9 37.4  E10 54.4  p11 8.3 gy 91.6
E13 _ El4 8.3  E1537.3  E16 53.8  E17 85.0 18 86.6
El$  Ee0 5.8 Eel 37.3  Ee2 53.3 g3 84.6  gpq 87.5
E25  F26 7.0 E2737.4 P28 _ E29 __ F30
Boundary Temperatures (°C)
Front Wall {(F¥) _ 58.8 Front Cooling Jacket (FCJ) 35.6
Back Wall (BM) 58.0 Back Cooling Jacket {BCJ} 55.7
Electrode Wall, Right (EWR}  55.9 Top Cooling Jacket (TCJ)  10.2
Electrode Wall, Left (FuL) 55.3 Electrode Cooling Jacket (ECJ} 49.3

Ground Top Electrode

Y* = (.42
* Current < G.15 A

(a) First number denotes power meter value, second number
{(in parenthesis) is RMS voitage times RMS current.

B.10



TABLE B.10
POTENTIAL PROFILE TABULATION
BIPP Physical Model

Run  BRUN-ESA

"Power Supply Measurements

Upper Electrcde: Voltage 81.7 Lower Electrode: Voltage 93.3
Current 1.82 Current 1.55
Power (aJ7p8.5  (148.7) Power{a) 168.5  (144.6)
Power Skew Upper 50% Lower 50%
Potential (VAC)
El 83,4 €2 g80.6 E3 50.3 E4 34.7 E5 4.2 E6 2.3
E7 82.3 gg 79.4 g9 50.0  gg 34.8 gy 5.1 gy 25
E13 78.9  El4 77.8 El5 49.8  El6 34.9 f17 7.8 p18 7.5
£19 84.8  E20 80.7  E21 49.5  E22 34.6  g23 8.1 ppq 9.7
E25 87.1  E26 83.5  E27 49.0  ges 34.9  pp9 9.6 g3010.7
Boundary Temperatures (°C)
Front Wall (FK) 60.6 Front Cooling Jacket (FCJ) §57.7
Back Wall {BMW) 60.3 Back Cooling Jacket (BCJ) 58.1
Electrode Wall, Right {EWR) 56.8 Top Cooling Jacket {TCJ} 9.5
Electrode Wall, Left {EWL) 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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TABLE C.1
MODEL FLUID PRCPERTIES
Model Fluid MF-0

P=-4,818 x 1074T + 1,315 (g/cmd)
Cp = 3.943 x 1073 T + 2.224  (J/g.K)
W= 5,11 x 108 773365 | (centipoise)
K =8.97 x 1077 +3.18 x 1073 (W/em.K)
X = 5.636 x 10710 713.634 (2~ cm)™t
where: T = Modeling Fluld Temperature (°C)
p = Density
Cp = Specific heat
¥ = Dynamic Viscosity
K = Thermal conductivity
X = Electrical conductivity

C.5
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