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SUMMARY 

The Glass Melter Physical Modeling investigation was initiated to support 

Pacific Northwest Laboratory (PNL) Hanford Waste Vitrification Program. Speci
fically, results discussed herein are those of the modeled B-Plant Immobili
zation Pilot Plant (BIPP) and Pilot Scale Ceramic Melter (PSCM) designs. The 
purpose of this study was to evaluate various melter design features using 
laboratory scale models. Hydrodynamic, thermal, and electrical similarity 
between the modeling fluid and the molten glass were primary objectives. 
Stroboscopic velocity measurements (flow visualization), temperature measure
ments, and electrical potential measurements were used to investigate the 
molten glass behavior. Results from this effort are to provide input to melter 
design and proposed operation in addition to providing a data base for verify

ing numerical models. 

The approach used in the current glass melter modeling investigation was 
to obtain similarity parameters by nondimensionalizing the governing differen
tial equations (i.e., mass, momentum, and energy equations) and the correspond

ing boundary conditions. Similarity of the four dimensionless groups: Peclet 
number, Pe, Raleigh number, Ra, Nusselt number, Nu, and the Power number, ¢s 
was required. For the convenience of determining scaling factors, Ra was 

regrouped into two dimensionless groups, ~6T and GaPr. Model to prototype 
scaling factors were then derived from the relevant dimensionless groups. 
Determination of scaling factors was required because they provide a systematic 
method of determining modeling fluid properties and model operating conditions 
that correspond to the desired prototype operating conditions. 

A modeling fluid was desired that could simultaneously be scaled to the 
glass kinematic viscosity and electrical resistivity for a given melter opera
ting configuration. Model fluid criteria was satisfied by Glycerin-Lithium 
Chloride mixtures which were prepared using an iterative procedure. The 1/3 
scale PSCM model was fabricated from plexiglass, while a 1/4 scale BIPP model 
was fabricated from glass. Plexiglass® cooling jackets for both models were 

® Rohm & Hass Co. 
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constructed on all sides of the models to maintain the proper wall tempera

tures, however, heat loss from the bottom occurred by natural convection. 

\~ater cooled plate electrodes were fabricated from copper to simulate the PSCf·l 

prototype Inconel® electrodes. The BIPP water cooled electrode configuration, 

an upper and lower copper plate electrode pair simulated the BIPP Inconel® 

electrode configuration. Power was supplied to the electrodes, in both con

figurations by phase angle forced SCR-power controllers. Lastly, a molten 

crust or "cold cap" which exists at the surface of the molten glass was simu

lated with a water cooled "cold cap." 

An Argon ion laser was the source of a 1/8" thick vertical light sheet 

which was required for the stroboscopic velocity measurements. Neutrally 

buoyant glassy carbon particles which were developed at PNL were used as flow 

tracers/light scatters for flow visualization. Data was collected using the 

Integrated System for Automated Acquisition and Control, ISAAC, which provided 

data with 12 bit binary resolution to an Apple IIE PC. Temperature r:1easure 

ments were taken of the model walls, bottom & too and modeling fluid. Cooling 

jacket temperatures and flows as well as electrode, power current, voltage, and 

temperature were also monitored and recorded. f1easurement and result 

accuracies were determined using the Kline and fkClintock uncertainty 1Jethod. 

The objectives of both the BIPP and PSCf>'l studies were to minimize glass 

temperature gradients and increase fluid velocities by promoting stable convec

tive cells in the fluid which increase fluid mixing. Fluid regions with low 

velocities promote particle settling. Large temperature gradients within the 

glass are undesirable because large variations of both viscosity and electrical 

conductivity occur. Large electrical conductivity variations produce nonuni

form current densities which could result in excess electrode corrosion due to 

high local current densities. Nonuniform electrical conductivity in the BIPP 

melter could also lead to crossfiring of the electrodes. Cooler regions in the 

melter can also provide regions of crystallization due to the tendency of the 

glass to devitrify at lower temperatures [11]. High viscosity in cooler 

regions also promotes settling of nonsoluble particles which creates nucleation 

®Carborundum Co. 
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sites for crystallization formation. The sludge formation could potentially 

lead to blockage of the throat or riser over longer periods of operation [11]. 

In addition, the formation of a conductive sludge could lead to shorting of 

electrodes. 

Specific objectives of the BIPP model investigation were to measure the 

effects of electrode spacing and upper/lower Electrode Power Ratio (U/L EPR) on 

model operating performance. Preliminary BIPP tests at U/L EPR's of 1.0:0.0, 

0.5:0.5, and 0.26:0.74 were completed, although no effects of electrode spacing 

were examined. Additional BIPP model testing is scheduled to address 

botn objectives in greater detail. Preliminary testing revealed that fluid is 

divided into two flow regions for operation at a U/l EPR of 1.0:0.0. Fluid 

velocities are faster and fluid temperatures warmer in the upper half of the 

model and between the powered upper electrodes, relative to the fluid in the 

lower portion of the melter. A more uniform temperature was obtained for a U/l 

EPR of 0.5:0.5 as compared to 1.0:0.0 U/l EPR. Well defined convective cells 

were observed to penetrate through roughly the full fluid depth for a U/L EPR 

of 0.26:0.74. During U/l EPR 1.0:0.0 testing, unstable convective cells were 

observed in the upper portion of the model while no convective cells appeared 

in the lower fluid regions. 

During PSCf~ testing, large temperature gradients existed in the vertical 

direction and across the horizontal length of the model when bubbler induced 

mixing was not provided. The temperature differential in the model was reduced 

from l2°C to 2°C (55°C to 9°C in the melter) by implementation of bubblers. 

Less mixing occurred near the electrodes where the temperature profiles were 

also increasingly stratified. During bubbler mixing, two counter rotating 

eddies. symmetric about the melter center were observed. Bubblers increased 

the speed at which these eddies rotated and also induced secondary eddies near 

the electrodes. Fluid velocities in the laminar flow regions near boundaries 

were also increased by bubbler induced mixing • 

In all BIPP and PSCM test runs, large temperature gradients existed in the 

immediate region of the cold cap. The flow field was symmetric about the 

melter center with the top completely cooled. However, cooling only an offset 

portion (60%} of the top resulted in a distorted or nonsymmetrical flow-field 

vii 



about the melter center. The flow field was skewed in the direction of the 

cold cap. Cold cap orientation, bubbler flow rates, and number of bubblers 

produced no observable change in potential field. 

BIPP testing suggests that varying the power density of fluid layers i? a 

viable means of enhancing fluid mixing, however, these preliminary results are 

not sufficient to recommend an electrode operating configuration. As expected, 

a U/L EPR of 1.0:0.0 was a poor operating configuration. The U/L EPR of 
0.26:0.74 provided better overall mixing and may be a possible operating con

figuration. The effects of upper to lower electrode spacing need to be con

sidered in addition to the possibility of electrode crossfiring. 

Use of bubblers in the PSCM model enhances mixing which results in a more 

uniform temperature. Bubblers not only provide greater mixing in the center of 

the melter but also increase fluid velocities in laminar flow regions near the 

model floor. The smaller temperature variations and higher fluid velocities 

are believed to minimize the opportunity for crystallization and particle 

settling in the melter. Scaling criteria were not sufficiently developed to 
provide relative bubbler sizes and bubbler gas flow rates for the operating 

mel ter. These sealing criteria should be de vel oped for present PSC~l modeling 

results and future modeling efforts. Installation of bubblers in the PSOl 
should be considered to improve fluid mixing. 
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1.0 INTRODUCTION 

The Glass Melter Physical t1odeling task 11as initiated in June 1983 to 

provide support to PNL's Hanford \·Jaste Vitrification PrograJTI (H\JVP). The work 

was a continuation of previous physical modeling of glass melters done at PNL 

prior to 1980 (see PNL-2809; Physical Modeling of ,Joule Heated Ceramic Glass 

ftelters for High Level \.Jaste lfllmobilization). The purpose of this task was to 

use laboratory scale physical models to evaluate various glass melter design 

features and parameters. Temperature distributions, potential distributions, 

and flow patterns of the glass were modeled to accomplish the intended purpose. 

The two systens that were modeled in this investigation are the 8-Plant 

Ir;Jmobilization Pilot Plant (RIPP) t~elter and the Pilot Scale Cerar1ic 1·1elter 

(PSCt1). The PSCf1 is an experimental rr1elter having a r1elt surface area of 

0.75 m2. It is operated to provide developmental support to various Department 

of Energy (DOE) \~aste Managerr1ent programs. including H\~VP. The HHVP is a pro

';)rarn providing ceramic melter technology for use in vitrification of various 

high-level waste streams at Hanford, ~JA. The BIPP is a pilot plant which 1vas 

proposed to demonstrate vitrification of Hanford hiyh-level wastes. 

Objectives of the H\~VP modeling were to measure the effects of electrode 

positioning. and electrode power skewing. The PSCt1 rr1odeling objectives were to 

measure the effects of using nitrogen bubblers as flo1v stabilizers and measure 

the effect of cold cap size and location. Results obtained from both PSCI1 and 

BIPP r1odel testinlJ would also serve in verification of nur1erical r~odels • 
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2.0 GLASS ~U TER SCALING f•IETHOOOLOGY 

The approach used in the current glass melter modeling investigation was 

to obtain similarity variables by nondimensionalizing the governing differen

tial equations, (i.e., mass, momemtum and energy equations), and the corre

sponding boundary conditions. This approach was also adopted by Quigley and 

Kreid(l} for the previous PNL glass melter physical modeling study. The 

general conservation equations may be written as: 

Conservation of Mass 

Qp -
1lt-

+ -piV·UI 

Conservation of Momentum 

+ 
+ + oU _ 

0 Dt - -?P + og - 7 • c 

Conservation of Energy 

+ 
DE • P Ot = - V~ - PIV 

+ + + 
•UI-"=U+¢

5 

I 1 I 

I 2 I 

I 3 I 

For the present study, the following assumptions are considered valid and are 

used to reduce the governing equations to a simpler form: 

• steady state processes 

• constant properties 

• incompressible flow 

• Boussinesq approximation is valid. 

The boundary conditions are satisfied by Equation 4 which equates the convec
tive heat losses to the fluid power dissipated • 
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Boundary Condition 

Q. = hA. IT - T ) = 6. MV 
1 1 w "" 1 

14) 

Oi is the fractional fluid power dissipated at a given surface i. 

Similarity parameters are obtained by nondimensionalizing Equations (1, 2, 

3, and 4). The nondimensionalization of the governing equations and boundary 

conditions is well documented and can be found in most heat transfer or fluid 

flow text books [2,3,4,5]. Reference [1] also devotes a detailed discussion to 

the nondimensionalization procedure as it applies to glass melter modeling. 

The resulting reduced and nondimensionalized governing equations and boundary 

conditions of Equations (1, 2, 3, and 4) are given by Equations (5, 6, 7, 

and 8). The superscripted asterisk,*, denotes a nondimensionalized parameter. 

Nondimensionalized and Reduced Governing Equations 

V* 

• ReU* 

PeU • 7*T* = 7*2T* + EcPr ~v + > s 

Nondimensionalized Boundary Condition 

Is l 

I 6 l 

17) 

Is l 

Equations {5, 6, 7 and 8) indicate that for proper scaling to hold, similarity 

is required of the following dimensionless groups: Re, Pe, Ra, ~Ju, Ec, Pr, 

and ~s. The relatively small velocities occurring in the melter result in 

small Reynolds numbers, Re and Eckert numbers, Ec. Therefore, tllese numbers 

and their associated terms drop out of Equations (6 and 7) respectively. The 

remaining dimensionless groups, Pe, Ra, Nu, and ~s require similarity. The 

definitions of dimensionless groups relevant to this study are provided in 

Table 2.1. The choice of dimensionless groups used in the governing equations 
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N 
0 

w 

" 

Parameter Name 

Prandtl No. 

Reynolds No. 

Peclet No. 

Grashof No. 

Rayleigh No. 

Galileo No. 

Nusselt No. 

Eckert No. 

Bri nk.rnan No. 

Power No.(a) 

TABLE 2.1. Dimensionless Similarity Groups 

Units --

Pr 

Re 

Pe 

Gr 

Ra 

Ga 

Nu 

Ec 

Br 

•s 

Interpretation 

= momentum diffusivity 
thermal diffus1vity 

= inertial forces 
viscous forces 

= convection energy 
conduction energy 

=buoyancy forces (inertial forces) 

(viscous forces) 

= buoyant transport of energy 
conduct1on of energy 

= buoyancy forces 
viscous forces 

= convection neat flux 
conduction heat flux 

= viscous energy dissipation 
convection energy flux 

= heat production by viscous 
dissipation 
heat transport by conduction 

= source heat flux 
conductive heat flux 

Equivalent Forms 

= ~ = ~ K a 

= pUL = UL 

" v 
C UL 

- p p UL 
--K- = -- = 

= g~L 3oT 
v2 

= g~L3AT = 
av 

a 

= gL 3 
-2- = 
v 

Gr 
~AT 

- hl 
-K 

u2 
CpoT 

= "(U/L)
2 

KAT/L2 

o L2 
s 

" KOT 

GrPr 

RePr 

(a) No commonly accepted name has been assigned to this parameter. 



is partially dependent on the pheno~ena being modeled and in part, to the 

author's preference. For the convenience of scaling the dimensional quantities 

or properties which comprise the Rayleigh number, Ra is reyrouped as: 

Ra = A 6T Ga Pr 

Substitution of the two dimensionless quantities 3~T and GaPr results in the 

similarity of five dimensionless groups needed to accurately model the hydro

dynamics and thermal phenomena of the Joule heated glass melter prototype. 

These five dimensionless yroups in terms of their dimensional quantities are: 

Bm liT " BP liT m p 19 I 

LJ LJ g m 2_p_ --= 
v a v a m m p p 

I 1 o I 

U L UPLP m m 
--= 

" a m p 
I 11 I 

L2 L2 
¢sm m •sp p 

" k liT k liT I 12 I 
m m p p 

h L h L m m -f-2--k-= I 13 I 
m p 

2.1 SCALING CRITERIA 

After determining the relevant dimensionless quantities required for 

modeling of the prototype, scaling factors (c;) of the dimensional quantities 

must be determined. The purpose of the scaling factors is to provide a sys

tematic method of determining modeling fluid properties and model operating 
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conditions that correspond to desired prototype operating conditions and glass 
properties, (i.e., choose model properties and operating conditions that sat

isfy similarity criteria, Equations (9-13) for specific operating conditions of 
the prototypes). The scaling factors are derived from Equations (9-13) where 

the scaling factor, ci, is defined as t:; = im/ip. The variable, i, is the 

dimensional quantity or property being scaled, while the subscript, m, corres

ponds to model properties, and subscript p corresponds to prototype properties. 

For example, a relationship for the scaling factors, EL• Ev• Et"X can be 
determined by rewriting Equation (10) as: 

The gravity term drops out, yielding the following scaling factor relationship: 

Likewise Equation (11) can be written in terms of scaling factors: Eu = Ea 

eL1 As indicated in Table 2.2, scaling factor relationships can be manip
ulated and defined in a number of ways. 

2.2 MODEL FLUID SCALING 

Glycerine/Lithium Chloride mixtures were chosen to model the candidate 
vitrification glass. Advantages of LiCl/Glycerine mixtures include: trans
parency {for flow visualization techniques), chemical stability, and nonvola
tility at model operating temperatures. Stanek [2] devotes a reasonably 
comprehensive discussion to the topics of ~odel fluid selection and evaluation. 

Thermophysical properties and electrical properties for various LiCL/Glycerine 
mixtures are provided for comparison in both Quigley and Kreid [1] and Stanek 

[2]. Additional discussion concerning the effects of preparation method on 

mixture properties is presented in Section 3.3 of this report. Prior to model 
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TABLE 2.2. Scaling Relationships Derived from Similarity Criteria 

Parameter Units Symbol Criterion Modeling Equation(s) 

A. Temperature •c T ~6T 
-1 

ET = £!3 

B. Length em L Ra £ = £ 1/3£ 1/3 
L a v 

C. Viscosity cm2/s Ra 3 -1 v E = £ £ v L a 

D. Velocity cm/s u Pe -1 2/3 -1/3 
£=££ =£ E 

U al a v 

E. Time s Pe -1 -1/3 2/3 
' E=EE=£ £ 

't" u L a v 

F. Power Density watts cm- 3 
<I> •s 

-2 
N £$ = ETEKEL = . 
"' 

-2/3 -2/3 -
£T£K£a Ev -

1/3 -2/3 -3 
E£ £ £ =t: £ 
TCrx v LP 

p 

G. Power watts p 
•s 

£ = £ E J = E £ E 1/J£ 1/J = £ £ £ 4/J£ 1/J 
P 4>L TKo: v TCil v 

p 

H. Voltage volts v •s 
£ = £ 1/2£ 1/2£ = £ 1/2£ 1/2£ 1/2 
V<i>crLTo K 

I. Resistivity ohm-em •s 
2 -1 

0 £ = Ev e:LEP 0 

• • 
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fluid preparation, property values for these ~ixtures were taken from Refer

ences [1] and [2] to determine which LiCl/Glycerine mixtures if any, were 

acceptable for modeling the candidate molten waste glass. In addition to 

similarity requirements, the following criteria were also applied to determine 

the accePtability of a modeling fluid: 

• The modeling fluid must be compatible with the desired length scale, 

£L, as determined by Equation B, Table 2.2. 

• The modeling fluid temperature must not exceed the model thermal 

1 imit. This 1 imit was designated as the maxiMum service temperature 

of the model (acrylic plastic) plexiglass® and was 82°C. 

Simultaneous scaling of all modeling fluid properties with respect to 

molten glass properties, and at melter operating temperature is generally not 

possible. Because kinematic viscosity, J.l., and electrical resistivity, o, are 

much more temperature dependent than other glass or modeling fluid physical 

properties, modeling fluid preparation was subject to the concurrent scaling of 

J.l. and o. The modeling fluid temperature, where coincidental scaling of the 
glass viscosity and electrical resistivity occur, was designated the operating 

modeling fluid temperature. CoMputation of the BIPP and PSCM scale factors is 

discussed in Section 2.2.1 and 2.2.2 respectively. Te~perature scaling is 

discussed in section 2.2.3. 

2.2.1 B!PP Hodel Fluid Scaling 

A BIPP melter to model length scale factor of 1/4 was considered since it 

provided a convenient laboratory working model. Preliminary compatibility of 

LiCl/Glycerine mixtures with an £L of 1/4 was verified through application of 

Equation B from Table 2.2. Glass properties from Table 2.3 were used in Equa

tion B while the LiCL/Glycerine properties were obtained from References [1] 
and (2]. 

Computation of the model kinematic viscosity is performed using Equation C 

of Table 2.2. Since the £L term of Equation C was chosen as l/4, only £~ hence 

ap and OCm need be determined. Glass properties at a BIPP operating glass tem

perature of 1150°C- which are summarized in Table 2.4 were used to calculate an 

ap of 4.61 x 10-3 cm2;s. Table 2.4 properties are interpolated or curve fit 
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TABLE 2.3. CAW-83 Proposed Glass Properties 

T r(3) " ( 1) a ( 1) c ( 2) K (2) !avl 113 Pr 
" v 

! •c l (gm/cm3) ( gm/cm- s) (o-cml (ca9;gm•c) (1o- 3 cal/cm·s·•c) (Xl0- 3 cm2/s) (cm2/s) Xl03 -
800 2.76 1012.5 15.9 .359 2.87 2.90 366.8 1.020 126 

900 2.74 436.5 5.01 .385 3.54 3.36 159.3 0.812 47.5 

1000 2.72 225.0 2.99 .413 4.37 3.89 82.7 0.685 21.2 

1100 2. 71 100.45 2.13 .449 5.33 4.38 37.1 0.546 8.47 

1200 2.69 47.86 1.65 .483 6.26 4.81 17.8 0.441 3.69 

1300 2.67 22.57 1.35 .516 7.22 5.24 8.45 0.354 1.61 

N ,,c 

"' 
Pr = ~ = ~ 

K " 

K "0-
rCP 

(1) CAH-83-1 measured properties. 
(2) Properties obtained from SRL Comp-411 [8]. 
(3) Estimated property based on molten glass composition comparisons [8,9,10] . 
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TABLE 2.4. Glass (CAW-83) Properties at Operating Bulk Glass Temperature 

BIPP PSCI~ 
Property ( 115o•c l ( noo•c l 

Pp(g/cm3l 2.70 2.71 

op(g/cm• s) 66.2 100.45 

"p(cm2/s) 24.5 37.1 

Cpp(J/g•K) 0.466 0.449 

K (cal/cm·s·•c) 5.80 X 10-3 5.33 X 10-3 
p 

X 10-3 X 10-3 ap(cm2;s) 4.61 4.38 
crp(Q•cm) 1.89 2.13 

0P(•cl-1 6.22 X 10-5 9.07 X 10-5 

values from the glass properties of Table 2.3. It should be noted that ~p and 

crp were the only measured properties of the CAW-83 glass while other properties 

had to be inferred from comparison with other similar glasses [8,9,10]. In 
addition variation of waste glass composition among batches compounds the dif

ficulty of accurate representation of glass properties [1]. 

Properties to calculate the model fluid thermal diffusivity, am were not 

available in Stanek [2]. However, measured properties, Pm• Km, and CPm for 
different LiCl/Glycerine mixtures did exist in Reference [1]. Quigley and 

Kreid also noted that these properties show little variation for different 
LiCl/Glycerine mixtures [1]. For a temperature variation of 30°C to 80°C, •lm 

of these mixtures varied from 1.10 x 10-3 cm2/s to 0.98 x 10-3 cm2/s or a 10% 
change in 11m. 

variation for 
Therefore, making the assumptions that am would show little 

different LiCl mixture, as indicated by the Quigley and Kreid 

data, and that the desired viscosity, vm• could be obtained within the 30°C to 
80°C temperature range, am was estimated as 1.05 x 10-3 cm2/s. These assump
tions were supported (after the fact) by comparison of the measured modeling 

fluid diffusivity shown in Figure 3.10 with am values given in Reference [1] . 
Substituting the aforementioned values of cl, am and ap in Equation C 
(Table 2.2) results in an£" of 0.0685. The required BIPP modeling fluid 

kinematic viscosity, vm, is 1.68 cm2/s which corresponds to the vp of 
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24.5 cm2/s shown in Table 2.4. Following the scaling of the modeling fluid 

electrical resistivity, vm and crm were used to determine modeling fluid 

composition and model operating temperature. 

Scaling of ~lectrical resistivity is determined from the dimensionless 

group denoted as the Power number, ~s' given in Table 2.1. 
tion in determining a scaling relationship for Ea is again, 

A major considera

to obtain the 

scaling factor in terms of known or approximately known scaling factors. The 
computational procedure used in this investigation was to sequentially solve • 

Equations 16 through 19. These equations are scale factor relationships shown 

in Table 2.2. 

ET = ( ,,J-1 ( 16) 

'• 
-2 (Ill = ET EK El 

3 ( 13) Ep = Ecj> El 

Ei ~L -1 (19) ' = 'p cr 

Values for Kp• ~· 0p• and Sm were required before applying these equations. 
Values for Kp and Sp were obtained from the proposed glass properties given in 
Table 2.3. Thermal conductivity at 60°C was used to estimate Km while Bm was 

obtained from r1odeling Fluid C of Quigley and Kreid. Values for Km and Bm are 

given in Table 2.5. The scaling factors, which were determined from Equa

tions 16, 17 and 18, ET• Eel>' Ep were .168, .1g6, and 7.24 x 10- 3 respectively. 

Prior to solving for Ecr' a voltage scaling factor, Ey was needed. How

ever, the determination of the voltage scaling factor was not straight forward 

and is discussed herein. The melter voltage was estimated using a nominal 

operating power of 200 kW for the BIPP melter and the following assumptions: 
• uniform glass temperature of 1150°C 

• single pair of plate electrodes with spacing L 

Voltage, .V, can be expressed by Equation (20) 

(20) 
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P = power watts 

::r = fluid electrical resistivity 

D = depth (fluid height) 

W = width, dimension in horizontal plane 

L = distance between electrodes, perpendicular to cross-sectional area. 

VP = 85.8 Vac was determined from Equation (19) using the following values: 

pp = 2DD X 103 w 
0 = 1.89 0-cm p 
L = 152.4 em p 
W = 111.8 em p 

D = 70 .Q em p 

The BIPP model voltage can be adjusted with reasonable ease within the range 

50 ~ Vm ~ 200 Vac. Therefore, sv should be in the range 0.581 ~ sv ~ 2.33 sub

ject to the modeling fluid resistivity. Substituting the values for sL• sp, 

and sv into Equation (19), the resistivity scaling factor range is 21.7 

.;; s,-:r <> 350. For crp = 1.89 Q-cm at a prototype bulk fluid operating temperature 

of 1150°C, an acceptable modeling fluid resistivity range was calculated as 

41.0 < 0 < 661 Q-cm. m -

Simultaneous scaling of the BIPP glass kinematic viscosity and electrical 

resistivity for a glass temperature of 1150°C occurs when the modeling fluid 

kinematic viscosity is 1.68 cm2/s and the electrical resistivity is concur

rently in the range 41.0 Q-cm <om,;; 661 <l-cm. BIPP melter to model scale fac

tors are summarized in Table 2.5. The modeling fluid thermophysical properties 

determined from the scaling relationships and waste glass properties are given 

in Table 2.6. 

2.2.2 PSCM Model Fluid Scaling 

The PSC~1 melting cavity dimensions are similar to the dimensions of an 

earlier melter design, the CFCM, which was modeled by Quigley and Kreid. While 

operating conditions and glass composition of the two melters is different, the 

1/3 CFC~1 melter was judged suitable for the PSCt'l investigation. Therefore, 

model fluid scaling was performed subject to an sl of 1/3. The scaling factors 
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TABLE 2.5. Scaling Parameters 

Scale Factor BIPP PSCH 

'L 0.25 0.333 

'v 0.0685 0.155 

'a 0.228 0.240 
0 /l T 0.168 0.168 

e~ 5.g5 5.95 

Ep 3.88 x ro-3 7.24 X 10-3 

'V 0.581<ev<2.33 o. 71<ev 2.91 

'cr 21.7 < e
0 

<350 23.<ev<391 

TABLE 2.6. Scaled Modeling Fluid Properties 

BIPP PSCM 
Pro2erty r 115o•c 1 ( uoo•c 1 

Pm(g/cm31 1.27(1,21 1.27(1,21 

"m( g/cm• sl 2.13 7.33 

vm(cm2/sl 1.68( 31 5.73(31 

Km(W/m•KI 0.002837(41 0.002837( 41 

•m(cm2/sl 1.05 X 10-3(!1 1.05 X 10-3(11 

crm(Q•cml 41.0<crm<661 (31 49 .4<cr<833 ( 31 

~m("c-11 5.34 X 10-4(!1 5.34 X 10-4(11 

(II Estimated from Quigley and Kreid [I] 
(21 Estimated from Stanek [2] 
(3) Determined from Similarity Analysis 
(41 Determined from Holman [12] 

derived in Section 2.1 and shown in Table 2.2 were also applicable to PSCM 

modeling. The same waste glass, CAW-83, used in the BIPP scaling was used for 
PSCM glass scaling. However, the PSCM glass properties which are shown in 

Table 2.4 are those for a melter operating temperature of 1100°C. 

Using the same approach outlined in Section 2.2.1, ev was computed from 
Equation C of Table 2.2. For the following values: 
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'L = 1/3 

a 
m = 1.05 X 10-3 cm 2ts 

4.38 X 10-3 2 a = em /s, 
p 

an sv of 0.155 was obtained. The resulting model fluid viscosity, vm of 

5.73 cm2/s corresponded to the glass vp of 37.1 cm2;s. A PSCM modeling fluid 

electrical resistivity range of 49.4 Q-cm < crm < 833 Q-cm was obtained from 

Equation 19 using PSC~l scale factors from Table 2.5 and for a crp of 2.13 Q-cm. 

Property criteria for the PSCM modeling fluid is therefore: 

• vm = 5.73 cm2/s 

• 49.4 Q-cm < crm < 833 Q-cm concurrently with vrn 

• model fluid temperature between 50°C and 80°C 

PSCt,1 scaling factors as well as BIPP scaling factors are shown in Table 2.5 

while the scaled modeling fluid properties are given in Table 2.6. 

2.2.3 Temperature Scaling 

The melter to model scaling factor for glass temperature gradients and 

melter boundary temperature differentials are determined from the ratio of the 

modeling fluid to waste glass thermal expansion coefficients, 3m and 9p· The 

temperature differentials, ~Tp and 6Tm which were determined from Equation 2 of 

Table 2.2, are referenced with respect to the glass operating temperature, Tpo• 

and modeling fluid operating temperature, Tmo· Tpo• shown in Table 2.7 as 

Tglass• is 1150°C and 1100°C for BIPP and PSCM operation, respectively. Tmo is 
taken as the modeling fluid temperature corresponding to the simultaneously 

occurring vm and am as discussed in Sections 2.2.1 and 2.2.2. 

LiCl/Glycerine mixture densities from Reference [8] were used to calculate 

Sm for both BIPP and PSCM modeling fluids. For the BIPP study, RP was based on 

density changes from a waste glass designated as BNW 76-68 [9]. The PSCM waste 

glass BP shown in Table 2.7 was determined from Reference [8] results of a 

waste glass denoted as SRL-411. The waste glass densities for both BIPP and 

PSCM modeling were taken from BNW 76-68 data. Proposed melter operating 

boundary temperatures for the BIPP and PSCf~ are shown in Tab 1 e 2. 7, while the 
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scaled model operating boundary temperatures are given in Table 2.8. Model 

fluid boundary temperatures were predicted from model fluid operating tempera

tures determined from property results of Section 3.5. 

TABLE 2.7. Proposed Melter Operating Conditions 

Operating 
Condition BIPP PSC~I 

Glass CAW-83 CAW-83 

Tglassl•cl ll50 llOO 

Telectrode(•c) 1050 998 

Twallsl•cl 1100 1065 

Tcold capi.Cl 700-800 700 

Power (KW) ~300 90 
(max feed) 

Power (KW) 35 
(idling) 

TABLE 2.8. Scaled r.,odel Operating Conditions 

Operating BIPP PSCI~ 
Condition (Modell (Modell 

Tfluid(.C) 72.0 56.0 

Telectrode(oC) 64.5 32.7 

Twallsi•Cl 64.5 47.3 

Tcold capi.Cl 15.1 -26.411) 

Power (W) ~300W ~165 

( 1) PSCI~ model cooling capability 5°C. 
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3.0 DESCRIPTION OF EXPERIMENTAL APPARATUS AND PROCEDURE; 

MODEL FLUID PREPARATION AND PROPERTIES RESULTS 

A description of the melter models is given in the ensuing subsections. 

The experimental apparatus and procedures are also summarized including a 
description of measurement locations, techniques, and measurement uncertain

ties. In addition, modeling fluid preparation and its impact on fluid proper
ties are discussed. Lastly, model fluid properties measurements are also 

presented. 

3.1 PHYSICAL MODELS 

Two melter designs the PSCM and BIPP were modeled during this study. A 

description of these two model configurations follows. 

3.1.1 BIPP Model 

The 1/4 scale BIPP model is shown in Figure 3.1. The inner model dimen
sions corresponding to the coordinate specifications given in Figure 3.2 are 
38.10 em in X by 27.94 em in Y by 36.83 em in Z (15" x 11" x 14 1/2"). The 

model bottom has a 5°C slope downward from both electrodes, to the melter cen
ter where a 2.54 em (1") deep trough is located. These details are shown in 
Figure 3.2. The actual melt dimension for the model are also bounded by 
modeling fluid height. For BIPP model investigation, modeling fluid was main
tained at a height of 13.34 em (5 1/4") as depicted in Figure 3.2. A cold cap 
at the fluid glass upper surface was simulated using a 60% offset water cooled 
top. Boundary temperatures of the front and back walls, electrodes, and cold 
cap were maintained using four independently controlled cooling jacket subsys
tems. Heat loss from the bottom occurred from natural convection to the air. 

Power for two independently controlled pair of copper electrodes, the 
upper and lower pairs, was supplied by two Silicone Controlled Rectifiers (SCR) 
power controllers. The area of each upper electrode face is 10.16 em high X 
27.61 em wide (4" x 10 7/8") while the dimensions of each lower electrode face 
is 3.81 em high X 27.61 em wide (1 1/2" x 10 7/8"). The electrode spacing 
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FIGURE 3.1. B-Plant Immobilization Pilot Plant t~odel Configuration 
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FIGURE 3.2. BIPP tv1odel Fluid Temperature and Potential t-1easurement Locations in Y Plane 
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between the upper and lower pairs of electrodes was adjustable wit~ the follow

ing spacings available; 2. 5 em , 3.92 em, 5. 40 eM, and 6.35 en (1", 1 3/8", 

2 1/8" , 2 1/2") . 

TeMperature and potential measurements were always taken in a Y- plane as 

defined in Figure 3. 1. The measurement locations for a given Y- plane are shown 

in Figure 3. 2. 

3 . 1. 2 P SCM t1ode 1 

The 1/3 scale PSCM mode l configu ration is shown in Figure 3. 3. The PSCM 

model body was original ly constructed to model a previous Me l ter design, the 

CFCM [1]. The detailed desc ription of this model given in Quigley and 

Kreid [1] is briefly summarized herein . The inner Model diMensions correspond

ing to the coordinate system defined in Figure 3. 3 are, 35 . 5n eM in X by 
23.81 em in Y by 25 .4 em in Z (14" x 9 3/8" x 10") . ~1odel fluid height of 

12 . 70 em (5") was maintained during PSCt1 testing. 

A 60% offset water cooled top was used to simulate the upper temperature 

boundary due to the molten crust on the surface of the nolten glass. The top 

was adjusted to be in c9ntact with the upper surface of the Modeling fluid . 

The cooled top also facilitated the use of bubblers along the top center 
(parallel to the Y axis) . Specific bubbler locations are given in Section 4.0 

in terms of dimensionless coo rdinates . 

Power was app l ied to a single pair of copper plate electrodes by a phase 

angle fired SCR power cont rolle r. Electrode surface dimensions are 22 .86 en 
wide by 20 . 32 em high (9" x 8") . 

Temperature and potential MeasureMent locations for a given Y- plane are 
shown in Figure 3. 4. 

3.2 INSTRUMENTATION AND DATA AOUISITION 

A total of fifty readings and forty-seven readings were taken per scan 

during the BIPP and PSCM testing , respectively. TherMocouple measurements 
performed during a single scan were : three readings at the front wall , seven 

readings at the back wall, nine readings on the nodel bottoM, six modeling 

fluid readings , three readings per electrode , and one anbient reading . Eight 
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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 also recorded and monitored. An additional three power sup

ply readings were taken during the BIPP testing due to the additional electrode 

pair. Operating conditions were typically monitored and recorded every ten 

minutes during testing. 

• In Figure 3.5, the thermocouple extension wire are observed above and to 

the left of the BIPP model. The thermocouple extension wires connect to a data 

logger which is located to the left of the model. Power supply signals, as 

well as temperature and flow signals were directed to the Integrated System for 

Automated Aquisition and Control (ISAAC) module where the 0 to 5 volt analog 

signals were converted to digital signals. The digitized signals were then 

assigned a 12 bit binary values which were read by the data acquisition mini
computer (Apple liE). Further processing of the signal was then user 

directed. The ISAAC 91A is shown in Figure 3.5 on the desk and to the right of 

the Apple personal computer. The electrode power supply is located to the 

right of ISAAC module in Figure 3.5. Run conditions were displayed on a 

terminal, stored on disk and/or simultaneously printed during model operation. 

3.3 TEST MEASUREMENT PROCEDURES 

Modeling fluid temperature measurements were performed using six 

1/16 11 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 fluid depth (level) of a given Y-plane during a set of measurement read

ings. Readings were recorded after 15 thermocouple time constants elapsed or 
approximately 1 1/2 min~tes. The procedure was then repeated at the next fluid 

level of the measuring plane. 

Electrical potential measurements were accomplished using a probe cut from 

1/16 11 diameter aluminum stock. The probe was electrically insulated with the 
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FIGURE 3. 5. InstruMentation and Data Acquisition for BIPP Model 

exception of a small area at the probe tip . t1easurements were read fro~ a true 

RMS voltmeter. One lead was attached to the probe while the other was grounded 

to an electrode . 

The modeling fluid local flow patterns were characterized by taking time 
exposed photographs of light scattering particles following the flow. A light 

sheet, produced by a coherent light source (Argon ion laser), and optical con
figuration consisting of mirrors, beam expanders, and lenses is finally 

reflected upward into the vertical plane of the model . so~e of the light from 
particles in the light sheet are reflected towards the camera . Qualitative 

flow streak photographs are taken by leaving the ca~era shutter open over a 

suitable time interval . Stroboscopic velocity measurements were made by 

strobing the shutter at a constant time interval. A five seconct strobe inter

val with a one second exposure time over a 2 1/2 minutes was typical for the 

BIPP and PSCM stroboscopic velocity photographs. 
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The optics configuration and laser used to produce the flow visualization 
light sheet are shown in Figure 3. 6. The Argon ion laser was operated at a 

0 

wavelength of 5145 A (angstrom), green line, during all testing . A 0. 318 em 

(1/8 in . ) thick light sheet in the vertical plane of the fluid was used for 

flow visualization . A faint light sheet is observed in Figure 3. 6 just beyond 

the Fresnel lens at center of the photograph . ~leutrally buoyant glassy carbon 

particles produced at PNL were used as the light scatterers/flow tracers . 

3.4 MODELING FLUID PREPARAT ION 

The modeling fluid preparation procedure used to obtain the coinc i dental 

vm and ~ discussed in Sections 2. 2.1 and 2.2 .2 is discussed below. Recause 

modeling fluid preparation is an iterative procedure, the following discussion 

may help to avoid unnecessary iterations in future investigations • 

FIGURE 3.6. Argon Laser and Optics Configuration for 
Flow Visualization Light Source 
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Modeling fluid preparation was initiated after the modeling fluid proper

ties were determined from the scaling factor relationships. The initial model
ing fluid sample was Fluid 20 of Stanek's recipes [2]. This solution most 

nearly matched the desired kinematic viscosities and electrical resistivities 

indicated in Sections 2.2.1 and 2.2.2. Measured properties of the initial 

fluid sample were not in good agreement with those properties predicted in 

Table 2.6. Therefore, new sample mixtures, based on the previous mixture pro

perties were processed until the scaled kinematic viscosity and electrical 

resistivity were obtained near a desired operating model temperature of 

approximately 75°C. 

Observations from BIPP and PSCM fluid preparation are briefly summarized 

since the preparation equipment and procedure used are believed to influence 

LiCl/Glycerine mixture properties in addition to LiCl concentration, bake time, 

and bake temperature. During the addition of LiCl, an exothermic reaction 

occurred which resulted in a 25°C to 30°C rise in solution temperature. The 

temperature rise resulting from the exothermic reaction remained above the pro

posed bake temperature for the duration of the bake time. Since the mixture 

was heated in well insulated heating mantels, the heat generated during the 

LiCl/Glycerine reaction dissipated slowly which resulted in prolonged exposure 

of the mixture to increased temperatures. An exothermic reaction during fluid 
preparation was noted during previous work [1], however, the magnitude of tem

perature rise or duration of prolonged exposure at excessively high tempera

tures was not indicated. Mixture properties' differences were also observed 
from using different batches of Technical Grade Glycerine. The time and cost 
in obtaining desired mixture properties is dependent on the above influences. 

It should be emphasized that property measurements were performed after a 

modeling fluid was prepared, hence final modeling fluid property accuracies 
were unaffected by the preparation variations discussed above. 

3.5 MODELING FLUID PROPERTIES 

Modeling fluids denoted as MF-K and MF-0 were used for BIPP modeling and 

PSCM modeling, respectively. MF-K was a 12% LiCL mixture by weight heated at 

165°C for 40 minutes, while MF-0 was a 13% mixture by weight heated at 180°C 
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for 90 minutes. Viscosity and electrical conductivity measurements were per
formed at PNL while density, thermal conductivity, and specific heat measure
ments were made by the Thermophysical Properties Research Laboratory at the 
University of Purdue. Results of the property measurements of MF-K and MF-0 

are shown in Figures 3.7 through 3~10. 

Model operating temperatures were determined from the viscosity and elec
trical resistivity scaling criteria specified in Sections 2.2.1 and 2.2.2. The 
property data were curve fit as functions of modeling fluid temperatures. The 
kinematic viscosity and electrical resistivity empirical relationships were 
then solved for model fluid operating temperatures. BIPP and PSCM model 
operating temperatures of 72.1°C and 55°C, respectively, were calculated. 
Model fluid properties for these operating conditions are shown in Table 3.1. 

Temperature dependence of scale factors is shown in Figures 3.11 and 3.12 
for BIPP and PSCM modeling respectively. Modeling fluid and glass temperature 
correspondence was determined from the temperature scaling criteria outlined in 

Section 2.2.3. Scale factor curves were then generated by computing scale fac
tors at the corresponding melter/model temperatures as: Ei = i(Tm)/i(TP). 

Scale factors in general, show little variation with temperature. Previ
ous melter operations indicate that the temperature gradients within the mel
ters cover only a small portion of the temperature ranges shown in Figures 3.11 
and 3.12. Therefore, scale factors were assumed independent of temperature 
with the exception of E

0
• Equations 21 and 22 were used to compute E0 as func

tions of model temperature for MF-K and MF-0 respectively. A consequence of 

4 -1.72 
E

0 
= 1.73 x 10 Tm 

6 -2.51 
E

0 
= 8.24 x 10 Tm 

(MF-K) 

(MF-0) 

Temperature Range: 50°C < Tm < 80°C 

(21) 

(22) 

the E0 temperature dependence is that a similarity error occurs for the Power 

number, ~where the model temperature deviates from Tmo· The relative 
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TABLE 3.1. Model Fluid Properties at Model Operating Temperature, Tmo 

Property BIPP PSCM 
Tm (oC) 72.1 56 
Pm?g/cm3) 1.27 1.28 
1-Lm(g/cm•s) 2.15 7.41 
vm( cm2 Is) 1.68 5.76 
K10 (W/<::m•K) 3.53 X 10-3 ·3.23 X 10-3 

Cpm(J/gm•K) 2.50 2.44 
a:m( cm2 Is) 1.11 X 10-3 1.03 X 10-3 
crm(Q•cm) 216 785 
Sm(oc-1) 4.38 X 10-4 3.78 X 10-4 

deviation of model Power number to the intended melter Power number can be 

determined from (am -(eax ap))/am. Actual melter operating data are needed to 
examine the effects of estimated to actual glass properties error, Power number 

deviations, and other possible similarity incongruities. 

3.6 ACCURACY OF RESULTS 

An uncertainty analysis using the Kline and McClintock uncertainty method 

as outlined by Schenck [6], is presented in Appendix E. The accuracies of the 
power supply measurements; voltage, current, and power as well as cooling 

jacket flow rates were calculated in this analysis. Errors and uncertainties 

in the measurements and computation of results in addition to those determined 

in Appendix E, are summarized below. Modeling fluid temperature measurements 
were made using ungrounded copper/Constantan thermocouples with an accuracy of 

t0.5°C. The accurac.Y of the thermocouples embedded in the model walls, model 
bottom, and electrodes was ±l.2°C at 21°C. Accuracy of the embedded thermo

couples was determined from a one point calibration against a NBSI calibrated 

type T thermocouple at a room temperature of 21°C. The percent uncertainty of 
the RTo•s which were used to measure the cooling jacket temperatures was 0.2%. 

Viscosity and electrical conductivity measurements were accurate within 

1.0%. The MF-K and MF-0 thermophysical properties uncertainties of k, CP' and 
p were 3.0%, 3.0%, and 0.1% respectively. Measurement devices with the 

exception of thermocouples embedded in the PSCM model were calibrated against 

instruments traceable to the National Bureau of Standards. 
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4.0 RESULT AND DISCUSSION 

Results from the B-Plant Immobilization Pilot Plant (BIPP) model and the 
Pilot Scale Ceramic Melter (PSCM) model tests are presented in this section. 
The objectives of both studies were to minimize glass temperature gradients and 
increase fluid velocities by promoting stable convective cells in the fluid. 
Fluid regions with low velocities are more susceptible to particle settling. 
Large temperature gradients within the glass are undesirable because large 
variations of both viscosity and electrical conductivity occur . Large electri

cal conductivity variations produce nonuniform current densities which could 
result in excess electrode corrosion due to high local current densities. Non
uniform electrical conductivity in the BIPP melter could also lead to cross
fi ring of the electrode. Cooler regions in the melter can also provide regions 
of crystallization due to the tendency of the glass to devitrify at lower tem

peratures [11]. The high viscosity in cooler regions also promotes settling of 
nonsoluble particles which creates nucleation sites for crystallization forma
ti on. This crystallization sludge formation could potentially lead to blockage 
of the throat or riser over longer periods of operation [11]. In addition, the 
formation of a conductive sludge could lead to shorting of electrodes. 

The influences of different electrode spacings and different upper/ lower 
electrode power ratios (skews) were to be examined during BIPP testing. How
ever, only preliminary BIPP results were obtained prior to a change in program 
direction. Additional BIPP testing is anticipated to complete the intended 
test objectives. Preliminary temperature results are presented from test runs 
BRUN-3 and BRUN-4 for upper/ lower electrode power ratios (U/L EPR) of 100%/0% 
and 50%/50% respectively. Preliminary flow results of test BRUN-1, BRUN-2, and 
BRUN-3, are given for U/ L EPR of 100%/0%, 100%/0%, and 33%/66% respectively. 
These results were obtained at an electrode spacing of 3.49 em (1 3/ 8"). 

The primary purpose of the PSCM model testing was to evaluate the use of 
bubblers to promote stable fluid mixing. Specifically, location, number and 
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rate of unreactive bubbling were investigated. ~preliminary and qualitative 
comparison of cold cap location and orientation is also provided for the PSCM 
model study. 

Heat losses through the cold cap were to be calculated, however, the tem
perature differential across the tops of both models during test was too small 
to provide reliable heat rate results. This was due to an excessive cooling 
jacket flow rate. Heat loss calculations shown in Appendix F indicate less 

than 4% of the heat generated in the modeling fluid was dissipated from the 
noncooled surfaces of the PSCM model. 

Fluid temperature measurements, electrical potential measurements, and 

streaked/strobed photography were performed at selected locations in the model s 
to investigate the influences of the various model(s) operating configurations 
on the fluid temperature profile, electric field, and flow field. Measurement 
locations are shown in Figures 3.2 and 3.4 while tabulated results are pre
sented in terms of dimensionless coordinates X*, Y*, and Z* in Appendices B, C, 
and D. A 60% offset cold cap was used during all PSCM and BIPP testing. The 

cooled portions of the BIPP and PSCM model cold caps in contact with upper 
fluid surface, occupied the areas defined by: 

BIPP 
0.000 ~ X* ~ 0.600 
0.000 ~ Y* ~ 1.000 
Z* = 1.000 

PSCM 
0.400 ~ X* ~ 1.000 
0.000 ~ Y* ~ 1.000 
Z* = 1.000 

During PSCM testing, the bubble (nitrogen gas flow) rate was defined and 
measured as the overall volumetric flow to all bubbler tubes. The 0.476 em 
(3/16 11

) I.D. glass tubes (bubblers) were installed 1.27 em (1/2") from the 
model bottom, Z* = 0.10. The tubes were inserted into the fluid through model 

top drywells located at X* = 0.500. The tubes• Y* locations were 0.263, 0.500 , 
and 0.737 for the three bubbler tests and 0.263, 0.421, 0.579, and 0.737 for 

the four bubbler tests. Nitrogen flow rate tests were performed using three 
bubblers at flow rates of O.OSCFH, 0.2SCFH, 0.5SCFH, and 1.0SCFH . Tests using 
zero, three, and four bubbler tubes were made to examine the effects of bubble 
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number. Melter to model scaling was not sufficiently developed to predict 

corresponding bubbler flow rates in the melter. 

4.1 BIPP TEMPERATURE RESULTS 

Model fluid temperature results from two of the preliminary BIPP test 
runs, BPRUN-4 and BPRUN-5 are presented and briefly discussed in this sub
section. BPRUN-4 and BPRUN-5 tests were performed at upper/lower (U/L) elec

trode power ratios (EPR) of 1.0:0.0 and 0.5:0.5 respectively. Model fluid 
temperature profiles in the X* direction are shown for BPRUN-4 and BPRUN-5 in 

Figures 4.1 and 4.2. Each curve in these figures correspond to the horizontal 
(X*) temperature profile at a constant fluid depth (Z*-direction). The tem
perature data for these two runs are tabulated in Appendix 8.1. 

BPRUN-4 results in Figure 4.1 show much greater temperature stratification 
relative to the BPRUN-5 results of Figure 4.2. Model fluid temperature dif
ferentials calculated using average temperatures at Z* = 0.05 and Z* = 0.81 
were 23°C and 9.1°C respectively for BPRUN-4 and BPRUN-5 results. These model 
temperature differentials scale to 150°C and 64.1°C glass temperature dif
ferential between the corresponding glass depths. The large temperature gradi
ents during the BPRUN-4 testing are undesirable due to the possible crystal
lization and electrode wear complications mentioned in Section 4.0. A 64.1°C 
glass temperature differential is considered sufficiently small to avoid these 
problems [9,10,11]. 

With only the upper electrode pair in operation, as in the BPRUN-4 test, 
less Joule heating occurs in the cooler, denser, and more electrically resis
tive fluid beneath these electrodes. Therefore, as expected, mixing between 
the fluid in the upper and lower regions is deterred and results in large tem
perature stratification of these fluid layers. When the lower electrode pair 
is also in operation, additional heat is generated in the lower fluid regions 
which increase the buoyancy induced mixing of these regions. Hence, operation 
of both electrode pairs provide greater mixing which reduces temperature 
stratification • 

4.3 



u 
0 

E 
1-

.,.,.· 

30 
0 

,&-·~·-a-·-<>· ~·-6 

0 ... -o--<>--<>-v-o 

\}.. ~ .JV--9-~.,;.;:; 

-o- Z* = 0 81 

····0···· Z* = 0.62 

·~· Z* = 0.43 
--o-- Z* = 0.24 
-v- Z* = 0 05 

0.25 0.50 0 75 

X* 

1136 

1066 
G 
0 

Q. 
1-

995 

925 

1.00 939 

FIGURE 4.1. Horizontal Temperature Profile at t1elter Center- BIPP t1odel 

I"' Cooled 
80 1206 

70 

60 1066 u u 0 
0 -
E 995 Q. 

1-
1-

50 
-o- Z* = 0.81 

····0···· z· = 0.62 925 
·-6-· Z* = 0.43 

40 --o-- Z* = 0.24 
- -v- - Z* = 0.05 

30 939 
0 0.25 0.50 075 1.00 

X* 

FIGURE 4. 2. Horizontal Temperature Profile at t·1e 1 ter Center - BIPP 

4. 4 

, 

f 

... 



• 

The ability of the BIPP two electrode pair configuration to vary the upper 

to lower fluid layer heat addition, provides additional control over fluid mix

ing and temperature stratification not possible with a single electrode pair. 
Electrode spacing and U/L EPR need to be considered in more detail to determin

ing the optimum operating configuration as well as investigate the possible 

complications of electrode crossfiring. 

4.2 PSCM TEMPERATURE RESULTS 

Fluid temperature profiles in the vertical direction of four different 

bubbling flow rates are shown in Figures 4. 3 through 4.14 at selected X* and Y* 

locations . Figures 4. 3 through 4. 5 and Figures 4. 12 through 4.14 show the 

vertical temperature profiles near the front and back wall respectively . Fig

ure 4.8 and Figures 4.9 through 4. 11 are temperature profiles at the center 
vertical plane of the melter and at Y* = 0. 263, respectively. Fluid below the 

uncooled portions of the cold cap at X* <0.34 , exhibited smaller vertical tem
perature gradients with increasing bubbler flow rates. Figures 4.3, 4. 6, 4.9 

and 4.12 show temperature profiles at X* = 0. 338. Stratified temperatures 
typical of buoyancy induced flows are observed for the no bubbler runs beneath 

the uncooled portion of the cold cap . The resulting vertical temperature dif

ferences for the no bubbler case is 12°C in the model which corresponds to 55°C 

in the prototype . Temperature differences of ~Tm = 4°C (~Tp = 18°C) were 
obtained for a nitrogen flow rate of 0. 2 SCFH at X* <0.34. Temperature dif

ferences for nitrogen flow rates of 0. 5 SCFH and 1. 0 SCFH at X* <0 . 35 are 
approximately 2°C and 9°C for model and prototype respectively. 

The vertical temperature profiles for X* <0.400 are shown in Figures 4.4, 
4.5, 4. 7, 4.8, 4.10, 4.11, 4.13 and 4.14. Maximum temperature differences for 

the bubbler runs in the region of the cold cap are 20°C to 24°C in the model, 
which scale to prototype temperatures between 92°C and 110°C . The largest 

temperature gradients occur directly beneath the cooled portion of the cold 

cap, in the region Z* >0.75 . The vertical temperature differences also 

increase in the X* direction, moving towards the electrodes from the center of 
the model . As shown in the flow field photographs, Figures 4.21 through 4. 25, 
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the bubbler induced mixing becomes less pronounced in X*-direction as the elec

trodes are approached from the model center. Therefore, with less ~ixing 
occurring near the electrodes, the temperature profile becomes increasingly 

stratified . 

Te~perature profiles shown in Figures 4.3 through 4. 5 and 4.12 through 

4. 14 are profiles near the front wall (Y* = 0.967) and the back wall 

(Y* = 0.33) , respectively. The profiles near the front and back walls appear 
to have smaller temperature gradients approaching the cold cap relative to the 

temperature profiles in the Y*- planes towards the model center. However, 

measurements near the front and back walls were not measured at the same Z* 

locations as the measurements taken in other Y*- planes . Temperature mea

surements near the wall were taken at Z* of 0.85 , 0.65, 0.45, 0. 25 and 0.05, 

while measurements in other Y*- planes were made at fluid depths of Z* = 0.95, 

0.75, 0.55, 0. 35, 0. 15. The vertical temperature gradient decreases a small 

region from the cold cap , Z* = 0. 25. Temperature measurements near the walls 

were not taken at the upper Z* locations which are needed to accurately repre

sent the temperature profile in the cold cap region . 

Figures 4. 15 through 4.20 show fluid temperature profiles in the X* direc

tion, which is between and perpendicular to the electrodes. The temperature 

profiles shown in these figures are from the same test run (i .e . , bubbler flow 

rate), but at different Z* positions. Figures 4. 15 and 4.18 show temperature 

profiles for the no bubbler runs at the model center, Y* = 0. 500 and near the 
back, Y* = 0.033 respectively. The temperature variations observed at differ
ent Z* values illustrate the well defined stratification in the vertical direc

tion for Z* <0 . 75. The temperature profile at Z* = 0.95 is strongly influenced 
by the cold cap for the bubbler runs as well as the no bubbler runs . \lith 

exception of Z* = 0.95, uniform temperature profiles exist in the X* direction 
for all runs. The temperature profiles for the bubbler runs shown in Fig-

ures 4. 16, 4. 17, 4.19 and 4. 20 also indicate relatively uniform temperature 

profiles in the vertical direction. The greatest influence of the cold cap 

occurred in the region immediately beneath the cooled portion of top, for the 

no bubbler tests. In the bubbler runs however, the fluid is cooled such that 
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fluid temperatures beneath the noncooled portion of the top are colder than 

temperatures near the melter bottom. 

In summary, well defined temperature stratification occurs in the vertical 

direction with no bubbling, while mixing induced by bubblers produces a more 
uniform temperature profile in the Z* direction for Z* (0.75. Little benefit 

was gained (in the model) in terms of a more uniform temperature profile by 

increasing the nitrogen flow rate bey~nd 0.5 SCFH. In addition, the increased 
flow rates would probably increase convective heat losses to the model /melter j 

boundaries. In both bubbler and no bubbler cases, a region near the cold cap 

Z* >0.75 exists where a large temperature gradient occurs as a result of heat 

transfer to the cold cap. A nonuniform temperature profile exists in the X* 
direction where model fluid temperature below the uncooled top area (X* <0.400) 

were 10°C to 15°C higher than temperatures below the cooled top area 

(X* >0 .400) . Uniform temperatures in all runs, were observed in the X*, direc

tion for Z* <0 . 75. Based on the results of this subsection, use of bubblers in 

the melter should be considered as a viable method of obtaining a more unifor~ 

ylass temperature. Additional scaling criteria needs to be developed to pro

vide quantitative bubbler flow rates and tube diameters within the melter. 

4.2.1 BIPP Flow and Velocity Measurements 

Preliminary flow field results from these BIPP model test runs designated 

as BPRUN-1, BPRUN-2, and BPRUN-3 are presented and discussed in this subsec

tion . The data presented from these test runs we re intended to provide pre
liminary results to improve the stroboscopic photographic procedure and to 

develop digitizing and flow field plotting techniques. Detailed testing is 

planned to investigate operation and performance of the BIPP electrode config
uration, therefore discussion of these preliminary results is brief. Strobo
scopic velocity photographs and corresponding vect or plots from these test runs 

are shown in Figure 4.21 through 4.23 BPRUN-1 and BPRUN-2 are tests at an U/L 

EPR of 1.0:0 .0 while the U/L EPR for BPRUN-3 was 0.26:0.74. 

· rwo major conclusions regarding the 1:0 U/L EPR runs can be drawn from 

Figures 4.21 and 4.22. First, the vector plots indicate significantly larger 
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f 

FIGURE 4. 23 . BPRUN-3 Flow Field, U/R EPR = 0.26:74 
Y* = 0.423 

flow velocities in the region Z* > 0. 5 relative to Z* < 0. 5. Secondly, two 

independent circulation cells, one in the upper fluid and one in the lower 

fluid are indicated by the vector plots. These observations suggest little 

interaction between the upper/warmer fluid and lower/cooler fluid which results 
in temperature stratification as discussed in subsection 2. 1.1 The low fluid 

velocities in the lower region of the model as well as the large fluid tempera

ture variation increase the possibility crystallization and/or particle 

settling. Thus, the electrode operating configuration of BPRUN-1 and BPRUN-2 
is unsuitable for BIPP melter operation. 

Results of BPRUN- 3 indicate that U/L EPR of 0. 26 :0.74 is a more desirable 

electrode operating configuration than the configuration of BPRlJN-1 and 

BPRUN-2 . Figure 4.23 shows increased mixing which penetrates further into Z* 
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fluid layers. Larger and more stable convective cells are observed developing 

near the model center. A vector plot is not provided for Figure 4.23 because 
of the difficulty in identifying the flow direction for this particular flow 
photograph. 

The ability to independently supply power to upper and lower fluid regions 
provides additional control of fluid mixing which i s not possible with single 
pair of plate electrodes. Increased mixing and minimal fluid temperature 

variations are desired to minimize particle settling and crystallization. Suf
ficient fluid mixing for successful BIPP melter operation is believed to be 
achievable for an appropriate electrode operating configuration. Additional 
BIPP modeling is scheduled to evaluate in greater detail various electrode 
operating configurations. 

4.2.2 PSCM Flow and Velocity Measurements 

The flow field results from PSCM model testing are presented and discussed 
in this subsection. Figures 4.24 and 4.26 through 4.30 are flow photographs 
that were taken in the vertical plane near the melter center while flow fields 

in vertical planes nearer the walls are shown in Fi gures 4.30 through 4.33. 
Flow field photographs from the bubbler testing are shown in Figures 4.24a 
through 4.24d. Figures 4.26, 4.27, and 4.28 are photographs taken at 0.2, 0.5 . 
and 1.0 SCFH, respectively, using three bubblers . Results from testing with 
four bubblers are shown in Figure 4.29. 

Quantitative velocity measurements from photographs of bubbler induced 
mixing were generally not possible near the model center due to the presence of 
excess light scattering particles in this region . Velocity measurements which 
were obtained from some of the flow photographs are presented in vectoral flow 
fielq graphs. Test conditions for each photograph are provided below the 
respective figure and in Appendix c. 

Principal features visible in the flow field photographs include reflec
tions or shadows of the thermocouples inserted through the model top into the 
fluid, the overflow port in the lower center region of the model and thermocou
ples embedded in the Plexiglass® floor. Refraction scattering at the fluid/ 

~ Rohm & Hass Co. 
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FIGURE 4.24. Bubbler Flow Rate = O.OSCFH; Strobed Photographs, t = 1.0 sec, 6t = 5.0 sec, 
Y* = 0.518; Boundary Temperatures: Tele = 39°C, Twalls = 43°C, Ttop = 39°C 
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FIGURE 4.26. Bubbler Flow Rate = 0.2 SCFH; Strobed Photograph, t = 1.0 sec, 
~t = 5.0 sec; Y* = 0.600; Three Bubblers 

FIGURE 4.27. Bubble Flow Rate= 0.5 SCFH; Strobe Photograph, t = 1.0 sec, 
~t = 5.0 sec; Y* = 0.600; Three Bubblers 

4.25 



FIGURE 4. 28. Bubbler Flow Rate 1.0 SCFH; Strobed Photograph, t = 1.0 sec, 
6t = 5.0 sec; Y* = 0.600; Three Bubblers 

FIGURE 4. 29 . Bubbler Flow Rate 0 . 5 SCFH; Strobed Photograph, t = 1. 0 sec , 
6t = 5.0 sec ; Y* = 0.600 ; Four Bubblers 
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FIGURE 4.30. Bubbler Flow Rate = 0.2 SCFH; Three Bubblers; t = 1.0 sec, 
6t = 5.~ sec;

0
Y* = 0.2:6; Po~er = 190 W; Ttop = 9.0°C, 

Twalls- 41.0 C, Tele- 37.0 C 

FIGURE 4.31. Bubbler Flow Rate = 0.2 SCFH; Three Bubblers; t = 1.0 sec, 
6t = 5.~ sec;

0
Y* = 0.1:1; ~ower= 195 W, Ttop = 9.0°C, 

Twalls - 41.0 C, Tele - 37 C 
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FIGURE 4.33. Bubbler Flow Rate = 1.0 SCFH; Three Bubblers; t = 1.0 sec, 
6t = 5.~ se~; .Y* = 0.~76; 0Power = 171 W; Ttop = 8.0°C, 
Twalls - 46 C, Telec - 38 C 

plexiglass interfaces produces horizontal light streaks at top and bottom model 
surfaces. Two shadows extending from top to bottom are located near the model 
center. The actual distance between the two shadows, which is two inches, 
serves as a reference distance in the light-sheet plane for photo enlargement 

and reduction to the desired size. Glass tubes (bubblers) appear in the 
bubbler photos as faint graph projections extending vertically between the 

reference shadows and behind the light sheet. The nitrogen gas flow in Fig
ure 4.27 is clearly visible as a light streak exiting from the bubbler one-half 
inch above the model floor and extending to the fluid surface. Photographs 
with no bubbling in Figures 4.24a through 4.24d, show a uniform flow moving 
downward along the electrode faces and then moving along the model bottom 
towards the center. The fluid approaching from both electrodes meets near the 
center where the warm fluid rises to the left of center. 

The plate electrode study [1] which was performed with a 100% cooled top 

shows a symmetrical flow in the Y* plane about the model center. The flows in 
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the 100% cooled top study move along the model bottom from both electrodes, 

meet at the model center, and then rise in the Z* direction towards the cold 

cap. However, the 60% offset cold cap used in the current investigation dis

torts the symmetry noted by Quigley and Kreid [1]. A large flow cell (eddy) 
rotating clockwise observed in the no bubbling photographs is bounded in the 

vertical direction by the cold cap and the model bottom and in the horizontal 

direction by the right electrode and X* = 0.18. A smaller circulating cell 

rotating counter-clockwise is bounded in horizontal direction by the left elec

trode and X*= 0.18 and also extends from the cold cap to the bottom in the 

vertical direction. A region of chaotic flow was observed inside the right 
eddy where the flow patterns were not discernible. The distortion of flow in 

the 60% offset cold cap study, relative to the 100% cold cap study [1] is also 

observed in the upwelling of warm fluid from the model bottom. Tne fluid 

upwelling in the 100% cooled top study occurred with fluid rising in only the 

Y* direction in the 60% offset cold cap study, flu i d does not rise perpendicu

lar to the model floor, but is inclined towards the left electrode (X*= 0). 

The motion of the upwelling fluid towards the left electrode as the fluid rises 

appears to result from an increasing temperature gradient in the X* direction. 

Near the top the flows separate and move toward the electrodes where the cooled 

flow again descends along the electrode faces. 

The vectorially plotted flow field shown in Fi gures 25a through 25d corre

spond to the no bubbler tests of Figures 24a through 24d. The distorted flow 

direction previously described for the 60% offset cold cap is clearly shown in 
these figures. The vector plots are useful since relative velocity magnitudes 
can be determined in addition to flow direction. For example the low fluid 

velocities near the model bottom increase as the f l ow rises and then moves 
along the top towards the electrode. Average flow velocities were calculated 

for fluid near the floor since this region, 0.00 ~ Z* ~ 0.20, was observed to 
have stable flow. Average velocities were 5.2 x 10-3 cm/s, 3.5 x 10-3 cm/s, 
4.2 x 10-3 cm/s, and 4.2 x 10-3 cm/s for Figures 20a through 20d respectively. 

The corresponding prototype velocities predicted from scaling are: 
3.9 x 10-3 cm/s, 2.6 x 10-3 cm/s, 3.2 x 10-3 cm/s, and 3.2 x 10-3 cm/s. For 

comparison with the no-bubbler results, quantitative measurements from the 

0.5 SCFH bubbler run are shown in Figure 4.32b which correspond to the flow 
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photograph, Figure 4.32a. An average velocity for fl01'1 along the nodel flow at 

0.0 < Z* < 0.2. was 1.9 x 10-2 cm/s corresponding to a glass velocity of 1.4 x 

1u-2 cmjs, These prelir1inary quantitative results suggest that bubble induced 

mixing increases fluid velocities near the boundaries as well as the fluid 

velocities at the melter center • 

Because of the difficulties in obtaining quantitative velocity measure

ments in the higher velocity regions of the bubble photographs, these results 

are discussed qualitatively. The bubbler photographs, Figures 4.26 through 

4.29, show tv10 principal counter rotating cells with higher model fluid veloci

ties near the model center. Similar to the no bubble photoyraphs, uniform fl01·1 

is observed moving downward along the electrode faces and along the nodel 

The bubbler induced floor 

fluid 

away 

flow 

from the electrodes and towards the center. 

is symmetric about the melter center. \Jpwelling of warm fluld 

occurs only in vertical, Z* direction as opposed to the inclined upwelling 

observed in the no bubbler photographs. Secondary eddies are located bet1'1een 

an electrode and a primary circulating eddy and counter-rotate 1'1ith respect to 

the adjacent prir:1ary eddy. At a nitrogen flow rate of 0.~ SCFH, seconrlary 

eddies were not well defined and occasionally appeared to breakdown into 

re:.~ions of instability. Secondary eddies are nuch More apparent in the 0,5 and 

1.0 SCFH photographs. The primary eddies at the r~odel center appear to pene

trate further into the fluid in the X* direction with increasing bubble fl01·1 

rate. The eddy size in the X* direction for the prir1ary eddies are 0.161 S6X* 

;;0.214, 0.250 ::;6X* ::;0.236 and an 6X* of approximately 0.321 for bubbler rate of 

0.2, 0.5 and 1.0 SCFH respectively. 

The flow field in the no bubbling case is distorted in the Y* plane due to 

use of a 60% offset cold cap. Relative sizes of the right and left counter 

rotating circulating cells and upwelling of warM fluid are affected by the cold 

cap location and size. Bubbling induced principal or primary eddies which are 

symmetrical about the model center, X* = 0.500. Secondary eddies as v1ell as 

the pri,ncipal eddies are responsible for fluid mixing which results in a more 

unHorfl1 ter1perature in both the vertical and horizontal directions. Bubbler 

induced mixing appear to promote increased fluid velocities in the lower velo

city region along the bottom. Therefore, particle settling could also be 

deterred in these regions. 
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4. 3 PSCII POTENTIAL fiEASUREIIEfiTS 

Tabulated results of the electrical potential traverses are provided in 

Appendix D. Fluid potential measurements were ~ade with respect to the nega-

tive electrode. r1easurernents 1-1ere nondir1ensionalized 1-1ith respect to the 

voltage applied across the electrodes. Identical nondimensionalized linear 

profiles were observed in the X* direction independent of bubbler nu~ber or 

• 

bubble flow rate. No variation in potential was detected at locations near the ~ 

wall. Only periodic measure1~ents were made during 1.0 SCFH bubbling and the 

four bubbler testing. The periodic measurements were consistent with those 
provided in Appendix D. 

• 
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5.0 CONCLUSIONS ANO RECO~I~IENOAT!ONS 

Two glass melters, the PSCt1 and BIPP were tested during the 1984 glass 

melter modeling effort. A preliminary investigation of the upper to l011er 

electrode power ratio was performed for the BIPP melter. Investigation of 

electrode spacing and additional electrode power ratio testing are intended as 

part of a future modeling effort. Effects of bubble flow rate, bubbler number, 
and cold cap size and location were investigated using the PSCt1. Other param

eters which will affect melter design, therefore requiring investigation 

include: bubbler size, bubbler location, conductive sludge formation, and 

electrode separation distances. All PSCI~ testing was perfomed with the simu

lated 60% offset cold cap. The influences of cold cap size and location were 

considered by comparing the 60% offset cold cap results with 100% sinulated 

cold cap/plate electrode results performed by Quigley and Kreid [1]. 

5.1.1 Conclusions- BIPP Testing 

The following conclusions are based on the preli~inary RIPP results pre

sented in Section 4. A uniform temperature existed in the horizontal plane of 

the melter except near the boundaries in all test runs, Large te111perature 

stratification of 150°C is predicted in the vertical plane of the melter for a 

U/l EPR of 1.0:0.0. The temperature variation predicted in the vertical melter 

plane was reduced to 64.1°C for a \J/L EPR of 0.5:0.5, The cold cap provided 

only a slight influence on fluid temperatures at a measurement depth of Z* = 

n.81. No cold cap influence on temperature was observed at greater depths. 

A large variation in fluid velocity between the upper and lo~>ler fluid 

regions existed for a U/l EPR of 1.0:0.n. Higher fluid velocities (approxi

mately 0.02 cm/s to 0.05 cm/s) were obtained for Z* > 0.5, relative to the 

small flow velocities (less than 0.01 cm/s) for Z* < 0.4. Larger overall 

velocities and greater penetration of mixing were obtained for BPRIJN-3, U/L EPR 

of 0.26:0.74. Difficulty in asserting flow direction precluded presenting 

these data in vector plot form • 

Preliminary conclusions from BIPP test results indicate that an upper to 

lower electrode power ratio of 1.0:0.0 is a poor operating configuration 

because large glass temperature variations and inadequate mixing exist. An 
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upper to lower electrode power ratio of 0.26:0.74 is an iQproved operating con

figuration because larger and more developed convection cells occur in the 

model. Supplying joule heating using two independently fired electrode pairs, 

pro vi des the abi 1 i ty to vary the power density ratio of the upper and 1 ower 

fluid regions, which is not possible with a single electrode pair. 

5.1.2 Conclusions- PSCM Testing 

Well defined temperature stratification was observed in both the 60% off

set cold cap and 100% cold cap studies with no bubbling. However, in the 60~~ 

offset cold cap study a temperature gradient also existed in the X* direction 

as well as in the Z* (vertical) direction. Unifonn temperatures 'Here observed 

in the X* direction in 100% cold cap study. While the flow field was symmetric 

about X* = 0.500 in the 100% cold cap study, a distorted or nonsym~netrical flow 

field about X* = 0.500 occurred during the 60% offset testing. Testing with 

the 60% centered cold cap was not performed, but based on the above results, 

one might expect a symmetric flow field about X* = 0.500 and temperature 

gradient (nonuniform temperatures) in the X* direction for Z* > 0.500. 

Use of bubblers enhanced fluid mixing which resulted in a more uniform 

temperature throughout the PSCt~ model. A r11ore uniform temperature provides 

less regions in the melter conducive to crystallization. As indicated in sub

section 4.0, melter to model scaling of bubble flow rates was not performed. 

Bubble flow rate scaling can and should be performed to provide some indication 

of tube size and flow rate within the melter. Temperature traverses indicate 

that sufficient mixing occurs to obtain uniform modeling fluid/glass tempera

tures using three bubblers. Improvement in mixing was not observed using four 

bubblers in the model which suggests no benefit is gained using a four bubbler 

system in place of a three bubbler system. Stratification was apparent for a 

nitrogen flow rate of 0.2 SCFH while a nitrogen flow rates of 0.5 SCFH provided 

sufficient mixing to obtain unifom temperatures (excl'uding the region near the 

cold cap) in the melter model. No additional benefit was gained, in the model 

(in terms of mixing) increasing the nitrogen flow rate from 0.5 SCFH to 

1.0 SCFH. Higher fluid velocities were bubbler induced in the laminar flow 

region near the melter bottom. Preliminary results indicated that fluid 
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velocities for a bubbling flow rate of 0.5 SCFH near the floor were over four 

times lar~er than fluid velocities during model operation without bubblers. 

Increased fluid velocity can possibly deter particle setting. 

Bubbling rate and bubbler numbers had no observable effect on the poten

tial field. Nondimensionalizing the potential measurements with respect to the 

applied electrode voltage provides the identical linear potential profile for 

all runs. Comparison of potential results with the results of Quigley and 

Kreid, also suggest that cold cap orientation also produces no observable 

change in the potential field, 

5. 2 RECOMf\ENDAT!ONS 

The fo 11 01·1i ng actions and investigations are recommended based on the pre

liminary evaluation of these results and comparison with the previous physical 

modelin~ study [1]. 

• Bubbler installation for the PSCM should be considered to improve 

overall fluid mixing. 

• Preliminary BIPP model results indicated that the t~~o independently 

fired electrodes, had a definite influence on fluid mixing. Results 

were insufficient to propose a best electrode operating configura

tion. However, results indicate that: 

a U/L EPR of 1.0:0.0 is an undesirable electrode operating 

configuration which should be avoided to deter particle settling 

and crystallization. 

a U/L EPR of 0.26:0.74 provides better overall mixing and may 

be a suitable operating configuration. 

upper to lower electrode crossfiring is a possible complication 

that should be investigated in greater detail • 
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• Thermophysical properties such as thermal conductivity, k, and speci

fic heat, cp, of proposed glasses should be measured in addition to 
the currently measured glass viscosity and electrical conductivity. 
These property measurements are required to assess the validity of 
both the nuMerical and physical models. 

• r~elter system operating data such as actual operating power, boundary 

temperatures, fluid temperatures, and heat losses should be provided 
when available for model verification. 

• Scaling criteria can and should be developed to relate model/rnelter 
bubble mixing effects. 

• Instrumentation to measure cold cap heat losses should be implemented 

in future physical modeling studies. This information would provide 
a data base for comparison to empirical correlations which may be 
suitable for estimating the actual melter cold cap heat losses. 

• Time varying flow phenomena should be investigated to determine over

all eddy variation and examine periodices that may exist. Because of 
the unstable nature of the glass flow, 11 flow movies 11 would assist in 
evaluating flow mixing. This would also provide a data base for pro
totype operation and numerical modeling. 
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APPENDIX A 

NOMENCLATURE 

A = area 

cp = specific heat 

D = fluid depth 

Br = Brinkman number 

Ec = Eckert number 

EPR = Electrode power ratio 

Ga = Galileo number 

Gr = Grashof number = 

H = volumetric heat generation rate 

K = thermal conductivity 

L = a length or dimension 

Nu = Nusselt number= ~ 

P = pressure or power 

Pe = Peclet number= RePr = 

Pr = Prandtl number = 

Q = Heat transfer rate 

Ra = Raleigh number = GrPr = 

Re = Reynolds number= UL -v 

UL -a 

A.l 



RHS =Right hand side 

SCFH = Standard cubic feet per hour 

T = temperature 

T0 = reference temperature 

U* = dimensionless velocity 

U0 = reference velocity 

= velocity, general u 

U/L 

v 

= Upper electrode to lower electrode 

=applied voltage or volume 

w = width 

X = hori zonta 1 coordinate perpendicular to electrodes 

X* = dimensionless X coordinate = 
X - X . m1n 

y = horizontal coordinate parallel to electrodes 

Y* = dimensionless Y coordinate = 

Z = vertical coordinate 

Z* = dimensionless Z coordinate = 

f = friction factor 

g = gravitation vector + = gn 

g = gravitation constant 

y -

- y . 
m1n 

z - zmin 
2max - 2min 

h = convective heat transfer coefficient 

= unit vector 

q = heat transfer rate per unit area 

t = time 

6t0 = reference time increment 
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Greek Symbols 

a = thermal diffusivity = ~ 
pep 

~ = volume expansion coefficient 

6; = fraction of total heat loss through surface 11 i 11 

~ = denotes the difference in successive values of a variable 

e; = scale factor for 11 i 11 parameter (see Table 3-4) 

el = scale factor for length 

0 = dimensionless temperature difference 

11 = dynamic viscosity 

v = kinematic viscosity = 11/P 

' = Pi = 3.1416 

p = density 

cr = electrical resistivity 

= dimensionless time 

= dimensionless source, power number = 

= volumetric heat source due to chemical reaction/nuclear 
decay/electrical dissipation 

~v = dimensionless heat source due to viscous dissipation 

v = gradient operator 

V = dimensionless gradient operator 

Subscripts 

; =element "i" of a set 

L = length (scale) 

m = model property 

o = reference condition or operating value 
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p = prototype property 

sp = source term in the prototype 

s = heat source 

v = viscous source 
• 

X = horizontal coordinate perpendicular to electrodes 

y = horizontal coordinate parallel to electrodes 
• 

z = vertical coordinate 

• 
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Z ( i n I 
( 1. oo I 
(2.00) 
(3.00) 
(4.00) 
( 5. oo 1 

X* = 

• 

X( em) 
Z(cm) 

2.54 
5.08 
7.62 

10.16 
12.70 

APPENDIX B 

B!PP ~10DEL FLUID TE~1PERAT~IRE DATA 

TABLE 8.1-1. Temperature Field f1easurements 
Y* = 0.500; Fluid TeMperature (°C) 

0.880 

68.4 

62.4 

Electrodes 
\·Ia ll s 
Top 

T = 40'C 
T = 45°C 
T = 8.5°C 

11/L EPR: 
Upper 100% 
Lower 0% 

Electrode Characteristics 

Upper Electrode: Lower Electrode: 
Voltage 119 VAC Voltage 21. VAC 
Current 2.23 A Current <0.15 A 
Power 264. \I Power II 

9.14 13. 27 17.40 21.53 25.66 

71.8 72.6 7 2. 4 71.2 73.2 
70.0 70.6 70.8 70.8 70.4 
65.8 65.2 65.2 66.4 6 5. 4 
58.8 57.4 57.8 57.6 57.4 
51.8 51.2 51.4 50.8 50.6 

29.79 

73.6 
70.6 
65.6 
57.8 
51.2 

0.023 0.240 0.348 0.457 0.565 0.674 0.782 

X(in) (0.188) (3.60) (5.22) (6.85) (8.48) (10.10) (11.73) 

8 .1 

Z* 

0.184 
0.381 
o. 571 
0.762 
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TABLE 8.1-2. Temperature Field r1easurenents 
Y* o 0.500; Fluid TeMperature (°C) 

Electrodes T = 38°C Power Skew: 
lla 11 s T o 45°C Upper 50% 
Top T o 86°C lower 50% 

Electrode Characteristics • 

Upper Electrode Lower Electrode 
Voltage 79.5 VAC Voltage 87 VAC 
Current 1.19 A Current 1.03 A • 
Power 94.6 1• Power 89,6 II 

X( em I 0.880 9.14 13.27 17.40 21.53 <5.66 29.76 38.05 
(in I Z( em I 

(!.DOl 2.54 58.4 62.4 63.6 63.6 63.< 64.4 64.8 60.0 
I 2. oo I 5.08 62.0 62.8 60.6 63.2 62.6 62.6 
(3.001 7.62 57.2 61.2 61.6 61. 6 61.0 60.8 61.8 60.4 
( 4. oo I 10.16 59 .n 58.6 58.6 58.4 59.0 59.4 
(5.001 12.70 57.4 56.0 54.4 54.4 54.0 54.2 54.4 56.6 

X* "' 0.023 0.240 0.348 0.457 0.565 0.674 0.782 0.999 

x ( i n I (0.1881 (3.601 (5.221 (6.851 (:3.481 (10.101 (11.721 (14.93) 

• 
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APPENDIX B.2 

PSCM MODEL FLUID TEMPERATURE DATA 

TABLE B.2-1. Temperature Field Measurements Bubbler Flow Rate 0.0 SCFH; 
Y* = 0.500 Fluid Temperatures ('C) 

Electrodes T = 39°C 
Walls T = 46'C 

• Top T = 19'C 

Electrode Power = 132 w 

X(cm) 8.095 11.91 15.72 19.53 23.34 27.15 Z* 
Z(cm) Z (in) 

12.07 (4.75) 61.6 63.8 48.8 53.5 50.6 49.4 0.950 
9.53 (3.75) 64.4 64.6 63.6 63.0 62.0 62.1 0.750 
6.99 (2.75) 59.8 60.6 60.3 60.4 60.6 60.7 0.550 
4.85 (1.75) 56.6 57.1 56.5 55.6 54.7 54.5 0.350 
1.91 (0.75) 51.6 52.5 52.4 51.8 51.2 51.3 0.150 

-0.08 (-0.031) 40 42 40 

X* = 0.230 0.338 0.446 0.554 0.662 0. 770 

X (in) (3.187) (4.688) (6.188) (7.688) (9.188) (10.688) 

• 
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TABLE 6.2-2. Temperature Field Measurements Bubbler Flow Rate 0.2 SCFH; 
Y* = 0.500 Fluid Temperatures ('C) 

Electrodes T = 37'C 

Walls T = 43'C 

Top T = 6.5'C 

Electrode Power = 187 w 

X(cm) 8.095 11.91 15.72 19.53 23.34 27.15 Z* 
Z(cm) Z (in) • 
12.07 (4.75) 59.6 59.3 48.2 45.3 45.8 41.7 0.950 
9.53 (3.75) 62.4 63.0 57.9 59.9 59.9 57.9 0.750 
6.99 (2.75) 62.5 57.5 59.6 61.2 61.5 60.8 0.550 
4.45 (1.75) 60.7 58.8 59.5 60.4 60.9 60.3 0.350 
1.91 (0.75) 57.9 58.6 56.8 59.2 58.9 57.9 0.150 

-0.079 (-0.031) 39 44 42 

X* = 0.230 0.338 0.446 0.556 0.662 0.770 

X (in) (3.187) (4.688) (6.188) (7.688) (9.188) (10.688) 

TABLE 8.2-3. Temperature Field Measurements Bubbler Flow Rate 0.5 SCFH; 
Y* = 0.500 Fluid Temperatures ('C) 

Electrodes T = 36'C 

Walls T = 43'C 

Top T = 8.5'C 

Electrode Power = 164 w 

X(cm) 8.095 11.91 15.72 19.53 23.34 27.15 Z* 
Z(cm) Z (in) 

12.07 (4.75) 55.2 51.3 49.0 43.6 36.8 36.9 0.95 
9.53 (3.75) 60.3 56.5 55.4 57.6 56.5 58.5 0. 750 
6.99 (2.75) 58.9 56.1 55.7 58.6 56.9 58.4 0.550 
4.45 (1.75) 56.7 57.1 56.7 58.0 57.5 58.9 0.350 
1.95 (0.75) 55.5 56.5 55.3 57.3 56.6 55.9 0.150 

-0.079 (-0.031) 39 44 40 

X* = 0.230 0.338 0.446 0.556 0.662 0. 770 • 
X (in) (3.187) (4.688) (6.188) (7.688) (9.188) (10.688) 
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TABLE B.2-4. Temperature Field Measurements Bubbler Flow Rate 1.0 SCFH; 
Y* = 0.500 Fluid Temperatures (°C) 

Electrodes T = 37°C 

Walls T = 45•c 

Top T = 9.o•c 

Electrode Power = 171 w 

X(cm) 8.095 11.91 15.72 19.53 23.34 27 .15 Z* 
• Z(cm) Z(in) 

12.07 (4.75) 53.1 55.6 50.6 44.4 35.4 38.8 0.950 
9.53 (3.75) 58.1 59.1 58.6 58.3 55.4 60.1 0.750 
6.99 (2.75) 58.4 60.8 58.8 60.3 58.1 59.7 0.550 
4.45 (1.75) 58.3 59.5 58.5 60.0 60.1 59.2 0.350 
1.95 (0.75) 58.1 58.8 58.2 57.5 57.8 57.3 0.150 

-0.079 (-0.031) 40 45 42 

X* = 0.230 0.338 0.446 0.554 0.662 0. 770 

X (in l (3.187) (4.688) (6.188) (7.688) (9.188) (10.688) 

• 

• 
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APPENDIX C 

BIPP BOUNDARY CONDITIONS - FOR STROBOSCOPIC PHOTOGRAPHS 

TABLE C .1. BPRUfJ-1 Boundary Conditions 

Boundary Temperatures (°C) 
Top 
Back Wall 
Front Wall 
Electrode 

16.7 
58.0 
5g.1 
4g,1 

Electrode Power Ratio 

Upper 1.0 
lower 0.0 

Bottom* T1 3g,4 T5 30.2 Tg 42.4 
T2 30.0 T6 42.6 
T3 42.1 T7 42.8 
T4 40.0 T8 

Power Supply l~easurements 

Upper Electrode: 
Voltage (VAC) 71 
Current (A) 2.53 
Power (W) 180 

Lower Electrode: 
Voltage (VAC) 46 
Current (A) 0.16 
Power ( W) 7.4 

* Bottom temperatures, Tl through T8 are at locations shown in 
Figure C.l. 

TABLE C.2. BPRUN-2 Boundary Conditions 

Top 
Back Wall 
Front Wall 
Electrode 

16.4 
57.5 
5g,2 
46.1 

Electrode Power Ratio 
Upper 1.0 
Lower 0.0 

Boundary Temperatures {°C) 

Bottom* T1 3g .6 
T2 30.2 
T3 42.1 
T4 40.3 

T5 30.4 
T6 43.0 
T7 43.3 
T8 

Tg 42.8 

Power Supply Measurements 

Upper Electrode: 
Voltage (VAC) 74 
Current (A) 2.52 
Power ( W) 187 

Lower Electrode: 
Voltage 4g 
Current 0.17 
Power 8.3 

* Bottom temperatures, Tl through T8 are at locations shown in 
Figure C.l. 
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TABLE C.3. BPRUN-3 Boundary Conditions 

Top 
Back Wall 
Front Wall 
Electrode 

10.3 
48.4 
50.0 
46.0 

Electrode Power Ratio 
Upper 0.26 
Lower 0.74 

Boundary Temperatures (°C) 
Bottom* T1 46.7 T5 36.7 T9 50.0 

T2 36.0 T6 50.0 
T3 49.6 T7 50.2 
T4 48.0 T8 --

Power Supply Measurements 

Upper Electrode: 
Voltage (VAC) 60 
Current (A) 0.73 
Power (WI 44 

Lower Electrode: 
Voltage (VAC) 82 
Current (AI 1.55 
Power (WI 127 

* Bottom temperatures, Tl through T8 are at locations shown in 
Figure C.l. 
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APPENDIX D 

MODEL FLUID ELECTRICAL POTENTIAL DATA 

TABLE D-1. Potential Field Measurements Bubbler Flow Rate 0.0 SCFH; 
Y* =·0.500 Fluid Potential Traverses IVacl 

' Electrodes T = 39'C 

Walls T = 44'C 

• Top T = 13.5'C 

Electrode Power = 131 w 

X I in l 3.187 4.688 6.188 7.688 9.188 10.688 
Z I in l Z* 
4.75 29.6 42.4 56.2 70.1 83.8 98.9 0.950 
3.75 29.6 42.8 56.7 70.1 84.0 98.9 0.750 
2.75 29.6 43.2 56.9 70.0 84.1 98.9 0. 550 
1.75 29.5 43.3 57 .1 70.3 84.2 98.9 0.350 
0.75 29.7 43.6 57.4 70.4 84.0 98.8 0.150 

X* = 0.230 0.338 0.446 0.554 0.662 o. 770 

• 
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TABLE D-2. Potential Field Measurements Bubbler Flow Rate 0.2 SCFH; 
Y* = 0.500 Fluid Potential Traverses (Vacl 

Electrodes T = 37•c 

Walls T = 43•c 

Top T = 9.5•c 

Electrode Power = 189 w ) 

X( in) 3.187 4.688 6.188 7.688 9.188 10.688 
Z (in) Z* 
4.75 30.2 43.3 58.4 74.8 89.6 103.7 0.950 • 
3.75 30.2 43.3 58.8 74.4 89.7 104.9 0. 750 
2.75 31.1 44.7 58.8 74.3 89.8 103.4 0.550 

1. 75 31.7 45.2 59.4 74.4 88.7 103.6 0.350 
0.75 30.8 45.6 59.6 75.2 89.6 103.8 0.150 

X* = 0.230 0.338 0.446 0.554 0.662 0. 770 

TABLE D-3. Potential Field Measurements Bubbler Flow Rate 0.5 SCFH; 
Y* = 0.500 Fluid Potential Traverses (Vac) 

Electrodes T = 36°C 
Walls T = 34 •c 

Top T = 8.8•c 

Electrode Power = 168 w 

X (in) 3.187 4.688 6.188 7.688 9.188 10.688 
z (in) Z* 
4.75 30.1 44.2 59.0 74.9 90.3 105.2 0.950 
3.75 30.7 45.2 59.1 74.7 90.2 105.8 0. 750 
2.75 31.8 45.6 59.3 74.8 89.3 105.6 0.550 
1. 75 31.8 45.8 59.7 74.6 90.1 105.5 0.350 

0.75 32.3 46.0 59.9 74.8 89.9 105.5 0.150 • 

X* = 0.230 0.338 0.446 0.554 0.662 0. 770 
I 

0.2 



• APPENDIX E 

UNCERTAINTY ANALYSIS 

• 

• 



j 

• 

• 

' 

APPENDIX E 

UNCERTAINTY ANALYSIS 

The accuracy of the modeling results were deter~ined using Kline and 

~1cClintock's uncertainty method as described in Schenck [6]. A function, R, 

and its deviation, r, can be written in terms of two ~easurable variables as 

given in Equation E.l. 

IE .1) 

If R is continuous and differentiable, and X and Y are independent vari

ables it has been shown( 6) that R lies between an uncertainty interval, Wr, 

with a 95% confidence level. The general equation for calculating the uncer

tainty interval, llr using three independent variables is given by Equation E.2. 

IE. 2) 

Using the Kline and McClintock uncertainty method, Quigley and Kreid [1] 

derived uncertainty relationships for strobographic velocity measure~ents, 

cooling jacket flows, and power supply readings. These same relationships are 

used in a modified fashion to account for analog to digital conversion error. 

Cooling Jacket Flow 
• 

The relationship used to determine the cooling jacket flow, ()was: 

where: c 
K 

• 
0 = 

= flm'>'meter frequency to voltage conversion 

= flowmeter constant 
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v = analog val tage recorded 

Kad = analog to digital conversion ratio 

2 VK 2 
CKad 

2 2 
wZ 

-CVK 3 d 
w2 + (~) w2 + w2 + ( £!. l w2 = ( 2 l r_K_J 

Q K K K c v K ad 

Nominal Values: K = 4953. ± 25 counts/1 iter 

Kad = 1.000 ± .0003 

c = 405 ± 2.0 Hz/V 

v = 1 ± .001 V ac 

Or = 4.92 I/m 
• 405 X 1 X 1 Dr = 4953 X 

60 = 4.92 ~/m 

w0 = 0.035 ~/m 

(Wq/0~) X 100 = 0.71% 

Power Supply Readings 

The uncertainties in the power supply voltage, current, and power mea

surements are evaluated below. 

Voltage 

The power supply voltage, Vr• was determined from: 

Vr = V x TRy x TD X Kad 

where: v = power transducer analog, val tage output 

TO = power transducer conversion ratio 

TRv = sensing transformer ratio 

Kad = analog to digital conversion ratio 

E.2 
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• 

Nominal values: Vr = 105 VAC 

TRv = 1.80 ± 0.036 

TO = 24.0 ± 0.24 

Kad = 1.00 ± 0.0003 

v = 2.41 ± 0.1 VDC 

Wvr = 4.91 VAC 
(Wvr!Vrl X 100% = 4.67% 

Current 

The relationship to calculate the power supply current Ir was: 

where: v = Power transducer analog voltage output 

TD = Power transducer conversion 

TR1 = Sensing transformer ratio 

Kad = Analog to digital conversion 

= I TRI X TO X w~ + IV 

+ (V X TRI 

Nominal values: 

WI = 0.118A 
r 

V = I ± 0.05 VDC 
TR 1 = 2 ± .06 

TD = 1 ± 0.01 

Kad = 1.0 ± 0.0003 

IR = 2 A 

IW 1 /lrl X 100% = 5.92% 
r 

E .3 
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Power 

Power supply power, Pr, was determined from the following relationship, 

P = V X TRV X TR1 X TD X Kad 
Nominal values: Pr = 274 W 

TRV = 1.8 ± 0.036 
TR 1 = 120 ± 0.060 

TD = 120 ± 1.2 

Kad = 1.0 ± 0.0003 

+ IV x TRv x TR 1 x To) 2 w2 
Kad 

Wp = 13.05 W 
r 

IWp /Pr) X 100% = 4.8% 
r 

Stroboscopic Velocity Measurements 

The procedure and equipment used to obtain the stroboscopic velocity pho
tographs were the same used during the physical modeling effort described in 

[1]. However, during the present modeling effort, velocity measurements were 
obtained from the photographs using a digitizing technique. This allowed 

improvement in local resolution in velocity measurements and a faster method of 
obtaining velocities. The uncertainty procedure used to evaluate the 

stroboscopic velocity measurements is taken directly from Quigley and Kreid 

[1]. Nominal values differ as a result of the differing measurement techniques 
and lower velocities obtained.-
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1 

The velocity u of a light-scattering particle suspended in the modeling 

fluid was calculated from the relationship 

where t = 

1\ = 

Mp = 

M= 

, ... !CIT u = M M M 
p c 

length of the image string on the photograph 

camera magnification 

photograph enlargement 
total exposure time. 

The photograph enlargement was known to within ±0.1% and the magnification of 

the camera could be determined consistently to +0.8%. The exposure time was 

assumed to be at least as accurate as 1 part in 60 or ± 0.017 sec. The image 

string length was measured to within± 0.125 rrnn. Nominal values for this study 

were: 

u = 0 • 30 lllll/ sec 

i = 6.0 mm ±0.125 

l~p = 4 

Me = 0.5 
6t = 30.0 

w2 
u 

= 

= 

sec 

±0.004 

±0.004 

±0.017 

~Ao~ 
2 

+ ~p~:M~ 
1 

(4.0 X 0.5 

2 f' ~ 2 2 f' f 2 
wj_ + MP 2Mc.6t WMP + MPM}M 

WI~ 

2 2 
WM 

2 
{0.125) 2 -3.0 2 

x5) + (16.0 X 0.5 x s) 

( 
-3.0 ) 

+ "4 '· o"'x::,o;:_c,z""5 ""'x"'5 
2 

{0.004) 2 
+ (4.0 -3.0 

X 0.5 X 25) 

E.5 

c 

{0.004) 2 

2 
{0.017) 2 



= 1.563(10-4) + 9.000(10-8) + 5.760(10-6) + 1.040(10-6) 

= 1.632( 10-4) 

Wu = ±0.013 mm/sec 

Wu/u = ±4.26%. 

The uncertainty in the absolute location of images in the photographs was 

deter~ined from repeated measurements as ± 1.59 mm. 
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APPENDIX F 

PSCM MODEL HEAT LOSS ANALYSIS (Worst Case - Maximum Heat Loss) 

• Uncooled portion of the model top 

• r~ode 1 bottom 

Heat losses form "noncooled 11 surface (model bottom and uncooled portion of 

• the top) were assumed to be small. These assumptions were based on the heat 

loss estimates determined in this Appendix. 

• 

• 

F.l Maximum Heat Loss from Uncooled Portion of Model Top 

Q 

Tmf' hmf 

L1 o::0.142m d1 =0.00159m 6 =0.00318 m 

L2 o:o0.238m d2 =0.127m 

FIGURE F.!. Uncooled Portion of Hodel Top 

Heat transfer through the uncooled portion of the top shown in Figure F.l 
is given by Equation F.l~ The regions, one and two are sheets of plexiglass 

on either side of an air gap. 

where Tmf = Modeling fluid bulk temperature 
T~ = Environmental temperature 
A = Surface area from which heat is lost {into the plane for 

Figure F.!) 
U - Overall heat transfer coefficient 

F.l 
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The overall heat transfer coefficient, U, is given by Equation F .2. 

where d1 and d2 =characteristic lengths as defined in Figure F.l 

K1 and K2 = thermal conductivity of plexiglass, Kplx 
d1 = 1.59 x 10"3 m 

d2 = 1.27 x 10·2 m 
K1 = K2 = 0.187 w;m•c 

Therefore the 2nd and 4th RHS terms of Equation F.2, are: 

(F. 2) 

h1 was determined using a correlation, Equation F.3, proposed by Holman [12] 
for convection in an enclosed space. 

(F.3) 

valid for Gr0 Pr < 1700 

where Kgap is the thermal conductivity of the air in the gap 
0 is the gap characteristic length shown in Figure F.1. 

h2 was determined by assuming the upper surface of body two in Figure F .1 
to be a heated horizontal plate facing upward. The natural convection 
correlation which was obtained from Reference [13] is shown in Equations F.4a 

and F.4b 

Nu = 0.56 (Ra)1/4 (F.4a) 

F .2 
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IF.4b) 

IF .4c I 

valid for: 10
4 

' Ra ' 10
8 

Equation F.4 is a reasonable approximation for predicting hmf during PSCM 

testing without bubbles [12]. However as indicated in Section 4, flow velocity 

magnitudes were not obtained near the top during bubbler testing. Due to the 

modeling fluid flow complexities, heat generation, within the fluid, and velo

city uncertainty during bubble testing, it was assumed, t1mt »1. Therefore, 

the first term in Equation F .2 can be neglected, and the equation values to 

Equation F.S. 

IF .51 

The actual heat loss from the uncool ed portion of the top will be less than the 

heat loss calculated from Equation F.5 

The convective heat transfer coefficient, h1 was calculated using the air 

gap temperatures and properties shown in Table F.l. 

Gr0 = 

Gr0 = 

TABLE F.!. Air Gap Properties (maximum heat loss estimate) 

Tmf = T1gap = 60'C 

T. = T2gap = 20'C 

Tf = 40°C 

"gap = 0.003191Kl-1 

6 = 0.00318 m 

g = 9.81 m/s2 

Pgapg 8gap 1T1gap - T2gap) 
2 v 
gap 

157 • 

63 

Pgap = 1.131 Kg/m3 

Cpgap = 1.0066 x 103 J /kg'C 

Pgap = 2.007 x to- 5 kg/m-s 

v = 1.70 x 10-5 m2;s gap 
Kgap = 0.0272 W/m'C 

Pr 
"gap cpgap 

= 
Kgap 

Pr = 0.744 

F.3 



Gr0 Pr = 117. 

Therefore, Gr6 Pr < 1700 satisfies the criteria required to use Equa
tion F.3. Applying Equation F.3 and solving for h1 gives 

The convective heat transfer coefficient, hz was determined using nominal 
temperatures and air properties given in Table F.2. 

TABLE F.2. Temperature and 

Ts1 = 40'C 

Property Values Used to Determine hz 

Pa = 1.167 Kg/m2 

T = 20'C 00 

Tf = 30'C 
cpa= 1.0059 x 103 J/Kg•'C 
"a = 1.99 x 10-5 Kg/m•s 

~ = 0.0033(K)-1 
a v = 1.60 x 10-5 m2/s a 

g = 9.81 Ka = 0.0265 W/m•'C 

Lc = 1/21L1 + Lzl = 0.190 m 

Pr = "a Cpa 
Ka 

Pr = 0.755 

Ra = GrPr = 1.53 x 107 

Since 104' Ra' 108 is satisfied, Equation F.4 can be used to estimate 
h2. The Nusselt number~ Nu, was first determined from Equation F.4a: 

Nu = 0.56 (1.53 X 107)114 

Nu = 35.0 

Using Equation F.4b, hz = 4.88 W/m2'C was calculated. Substituting the values 

for h1, h2, K1!d1, and Kz/dz into Equation F.5 and solving for the overall heat 
transfer coefficient resulted in: 

F.4 
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~ 2 1 J-1 
U = ~.50 X 10- + S.SS + 0.679 + ~ 

or 

Finally, the maximum heat loss was determined from Equation F.l and using the 
following nominal values • 

Nominal Values: u = 0.919 W/m2.oc 

A = 3.39 x 1o-2m2 

Tmf = 60°C 

TCD = 20°C 

Q = 1.24 w 
The large temperature differentials, property values and assumption, 

hmf >>1 were chosen to provide a predicted heat loss larger than the actual 
heat loss, such that an upper bound or maximum heat loss was predicted. There
fore, at a nominal PSC1~ operating power of 175 W, the maximum fractional heat 
dissipated from the noncooled portion of the top is 0.71% . 

The PSCt4 model bottom is a sheet of plexiglass exposed to the heated 

modeling fluid on its upper surface and to ambient air on its power surface as 

F.2 Maximum Heat Loss from PSCM Model Bottom 

L3 = 0.238 m d3 = 0.0127 m 
L4 = 0.330 m 

FIGURE F.2. PSCM Model Bottom 

F.5 



shown in Figure F.2. Equation F.1 was again used to estimate the maximum heat 
transferred from the modeling fluid through the plexiglass bottom. The overal l 
heat transfer coefficient is determined from Equation F.6. 

(F.6) 

where hmfb is the heat transfer coefficient of the modeling fluid at the upper 
surface of the model bottom 

d3 is the characteristic length for the RHS 2nd term of F.6 
K3 is the thermal conductivity of plexiglass 
h4 is the convective heat transfer coefficient at lower surface of the 

model bottom. 

Due to the flow complexities mentioned in subsection F.1, hmfb >>1 was 
assumed. The result of this assumption is a conservative predicted heat loss 
through the model bottom larger than the actual heat loss. 

d3 = 0.0127m 

Therefore the 2nd RHS term of Equation F.6 is 

d3 2 
K: = 0.0679 m •0c;w . 

3 

h3 was determined assuming the lower surface of 3 to be a heated horizontal 
plate facing downward. For this type of orientation, Holman [12] suggests the 
relationship given by Equation F.7a 

1/5 
Nu = 0. 58 { Ra) 

h = 

F.6 

(F.7a} 

(F.7b} 
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IF. 7c) 

Valid for: 105 < Ra • loll 

As discussed in subsection F.l, a larger than actual temperature differ

ential was used to determine the maximum or upper bound heat loss from the 

bottom. T~mperature and property values used to determine h1 are given in 
Table F.3 • 

Gr = 

Gr = 

TABLE F.3. Temperature and Property Values Used to Determine h3 

Tmf = 60"C 
T. = 20"C 

Tf = 40"C 

~a3 = 0.00319 "K-l 
g = 9.81 m/s2 

Lc = l/2(L3 + L4l = 0.284 m 

0 a3 96 a3 1Tmf - T )L 3 
• c 

Pr = 
va3 

Pr = 
1.12 X 108 

Ra = GrPr 

Pa = 1.131 Kg/m3 
3 

cP = 1.0066 x 103 J/Kg"c 
a3 

"a = 2.007 x 10- 5 Kg/m·s 
3 

v = 1.70 x 10-5 m2/s 
a3 

Ka
3 

= 0.0272 W/m·"C 

"a3 cpa3 
Ka3 

0.743 

= 8.33 X 107 

The criteria, 105 < Ra < 10ll is satisfied hence, Equation F.7 can be applied 

to determine h3• Substituting the Raleigh number, Ra, which was determined 
from the properties in Table F.3, into Equation F.?, the tJusselt number, Nu, 

and subsequently h3 were calculated as 22.1 and 2.12 W/m2,oc, respectively. 

The overall heat transfer coefficient, U, was solved from Equation F.6 

using the known values of hmf• h3 , and K3/d3 

u = [o + o.o679 +2\ 2 ] -l 

u = 1.85 W/m2·°C 

F. 7 
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