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ABSTRACT 

Direct electrical heating has been used by previous investigators 

to measure the thermal conductivity of solid uranium dioxide at high 

temperatures. The technique consists of stacking sintered uranium dioxide 

pellets and pressing them together to form a right circular cylinder. 

The stack is heated by passing an electrical current through it. A radial 

temperature gradient carries the heat to the surface, where it is removed 

by convection and radiation. 

In order to apply the technique to molten UĈ j the current is 

Increased, causing the material to melt along the stack axis. The molten 

material is contained by the cooler solid material. It is shown in this 

thesis that, without information about molten UĈ  which is currently 

unavailable, this technique does not yield the thermal conductivity of 

the molten material. It was found that the electrical conductivity of 

UC>2 drops when the material melts. 

vii 



CHAPTER 1 

INTRODUCTION 

In recent years, the safety of nuclear power reactors has become 

the subject of much public debate. In response, the nuclear industry and 

the government have given safety a high priority in nuclear-related 

research. Some of this safety research is done experimentally. For 

example, the Loss of Flow Test facility has been used to study the response 

of a nuclear steam supply system (NSSS), including the emergency core 

cooling system, to loss-of-coolant accidents of various severities. 

In addition, however, a significant amount of safety research is 

done computationally. Safety research performed on a computer is, in 

general, less expensive than comparable research done experimentally. 

Simulation codes such as RELAP (Ransom, et al. 1979) have been developed 

to accurately calculate the NSSS response to a variety of accident 

scenarios. Such codes require an accurate knowledge of the physical 

properties of the materials that compose the system being simulated. 

For example, properties such as the heat capacity and viscosity of the 

reactor coolant must be known to a reasonable accuracy in order to have 

confidence in the accident simulation. 

Simulation codes are now being developed to study more severe 

"hypothetical" accident scenarios. These relatively low-probability, 

high-consequence scenarios assume that the reactor core is uncovered long 

enough to allow the uranium dioxide fuel to melt. Although there was no 

1 
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significant melting of fuel in the accident at Three Mile Island, it is 

conceivable that an accident could occur which is somewhat more severe 

and does indeed result in significant fuel melting. In order to simulate 

such conditions experimentally, the experiment would be very expensive, 

and would itself be a major safety problem. A computer model of this 

sort of accident would probably simulate interactions between the molten 

fuel and other core materials, as well as possible transport of the 

molten fuel. This kind of modelling clearly requires a knowledge of 

thermal and other physical properties of molten uranium dioxide, as well 

as the structural and coolant materials in the reactor. 

Most of the important properties of molten UÔ , such as heat 

capacity and density, have been accurately measured and well documented. 

(Fink, Chasanov, and Leibowitz, 1981a) However, the thermal conductivity 

is much more difficult to measure and is not as well known. The thermal 

conductivity of a solid material can be measured fairly easily by heating 

the material to establish a temperature gradient centered around the 

temperature of interest. The heat conduction rate is measured, and the 

thermal conductivity is this rate divided by the heat flow area and the 

temperature gradient. 

Because of the fluid nature of molten UĈ , it is not practical 

to use this simple technique to find its thermal conductivity. The best 

value yet found was obtained by Kim et al (1974) using a transient 

method. A sample of UĈ  was melted and allowed to cool. Temperature 

versus time data were taken, and the thermal diffusivity was calculated 

from the rate of cooling. Since the density and heat capacity of UÔ  

had been measured by previous investigators, the thermal conductivity 



could be calculated by 

X = a c p 
P 

where X is the thermal conductivity, a is the thermal diffusivity, c is 
P 

the mass specific heat, and p is the density of molten UĈ . The value 

of X was found to be 11 Watts/meter-kelvin. This result has not been 

verified, so it would be desirable to measure the thermal conductivity 

by some other method. 

The Direct Electrical Heating Technique 

Direct electrical heating is a technique which can be used to 

measure the thermal conductivity of materials at high temperatures. 

Several experimenters (e.g., Freund and Schikarski, 1970) have used the 

technique to measure the thermal conductivity of solid UĈ  near the 

melting point. It is the goal of the present work to apply this tech

nique to the measurement of the thermal conductivity of molten UÔ . 

To perform the experiment, sintered UĈ  fuel pellets are stacked 

and secured to form a right circular cylinder which is significantly 

longer than its diameter. The stack is heated by passing an electrical 

current through it axially. When the experiment is in a steady state, 

the heat deposited in the stack is carried radially by conduction to 

the surface, where it is removed by convection and radiation. The 

surface temperature and the applied voltage and current are recorded. 

The power level is then increased, and more data are taken when the 

experiment again reaches equilibrium. This process is repeated over 

the temperature range of interest. 
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In order to find the thermal conductivity, the heat conduction 

equation must be solved: 

V • (X̂ T) + q1" =0 

where T is the space-dependent temperature, and q,,f is the temperature-

dependent power density. The power density depends on T because 

q1" = E2ct(T) 

where E is the magnitude of the electric field (assumed uniform), and 

CT (T) is the temperature-dependent electrical conductivity. According 

to Bates (1967), the electrical conductivity of solid UĈ  is a sharply 

increasing function of temperature. Thus, the heat conduction equation 

becomes 

(rX(T) ̂  + E2a(T) = 0 

Here it is assumed that heat conduction occurs only in the radial direction, 

since the pellet stack is much longer than its diameter. This equation 

must be solved by computer, since it is nonlinear and cannot be solved 

analytically. The resulting temperature profile may be used to calculate 

an average electrical conductivity, which is compared to the value 

obtained from the measured voltage and current. The difference between 

these is used to adjust parameters in a physical model of the thermal 

conductivity. Thus, the electrical conductivity is used as an "internal 

thermometer." 

This technique has some attractive characteristics for measuring 

the thermal conductivity of molten UĈ . The surface is hot enough to 

incandescence, so the surface temperature may be measured optically. 
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Once the pellet stack is brought to a temperature that is typical for 

measuring the thermal conductivity of solid UÔ j it is a simple matter 

to increase the electrical power to the point where the melts along 

the stack axis. The radial temperature gradient allows the molten 

material to be contained by the cooler solid material. The technique 

does not require knowledge of the centerline temperature, which would be 

difficult to measure because of the molten nature of the material at the 

center. 

Work of Previous Investigators at the University of 
Arizona Direct Electrical Heating Facility 

The University of Arizona Direct Electrical Heating (DEH) 

Facility was originally set up by David Himes (1979) as part of his 

doctoral research. His goal was to demonstrate the feasibility of 

direct electrical heating for the measurement of the thermal conductivity 

of solid UC>2 at high temperatures, i.e., in the range from 1500 K to 

3100 K. The facility includes a power supply, an atmosphere control 

system, and various equipment for preparing UÔ  pellets. The power 

supply, specially designed and constructed for the DEH facility, is 

capable of delivering 160 VDC at low currents, or 100 amperes at low 

voltages. The atmosphere control system is needed because UO2 reacts 

with oxygen at elevated temperatures. Himes originally built the system 

so that the U0£ pellet stack was exposed to an argon atmosphere at 

partial vacuum while being heated. 

In 1979, Britt Bassett (1980) inherited the DEH facility while 

doing work toward his master's degree. His goal was to make changes in 

the technique which would improve the accuracy of the measured thermal 
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conductivity. He also investigated the feasibility of using the technique 

to measure the thermal conductivity of molten UĈ . Bassett changed the 

atmospheric control system so that it could contain argon at a positive 

pressure. This prevented leaks in the system from allowing oxygen to 

enter. Bassett also made several improvements in the MANTRA computer 

code, which processes the experimental data. 

This thesis describes the application of direct electrical heating 

to the measurement of the thermal conductivity of molten uranium dioxide. 

The Theory chapter discusses the stability of temperature variations and 

mathematical descriptions of the molten region. The Experimental 

Equipment and Procedure chapter discusses details of data taking and 

electrical equipment which may be added to the experiment to improve 

stability. The Conclusions and Recommendations chapter discusses possible 

improvements which might be made on the experiment in the future. 



CHAPTER 2 

THEORY 

When the direct electrical heating technique is used to measure 

the thermal conductivity of solid uranium dioxide, a computer code is 

used to process the experimental data. This involves an iterative process 

in which the parameters in a physical model of the thermal conductivity 

are adjusted until the model is consistent with experimental data. 

Himes (1979) and Bassett (1980) used a computer code named MANTRA to 

accomplish this. 

MANTRA begins by solving the heat conduction equation for a 

volumetrically heated solid: 

$ • (A$T) + q" ' = 0 (2.1) 

where T is the temperature, is the thermal conductivity, and q"' is the 

power density. This is done to obtain a radial temperature profile 

which fits a data point consisting of a surface temperature, pellet 

voltage, and total current, all measured while the experiment is in 

equilibrium. (These measurements are made on a "stack" of UOj pellets 

pressed together by springs.) The equation is solved by starting with 

an estimated centerline temperature and integrating numerically toward 

the surface, yielding an estimated surface temperature. This is compared 

to the experimentally measured surface temperature, and the estimated 

centerline temperature is adjusted accordingly. This process is repeated 

until the error in the surface temperature is less than some acceptable value. 

7 
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Since the electrical conductivity is temperature-dependent, the 

resulting temperature distribution implies some stack electrical 

conductance. This, along with the measured voltage, is used to calculate 

an electrical current corresponding to the temperature distribution. 

This calculated current is compared to the measured value. If the error 

is unacceptably large, then one of the parameters in the thermal conduc

tivity model is adjusted, and the heat conduction equation is solved 

again, yielding a new calculated current. When the current error is 

less than some acceptable value, the thermal conductivity is assumed to 

be correct for this data point. The entire process may then be repeated 

for other data points. 

Note that the error in current is the criterion for determining 

whether the thermal conductivity fits the experimental data. A change 

in the thermal conductivity at some temperature would manifest itself 

as a change in the temperature distribution. This would cause a change 

in the electrical conductance. Any internal temperature profile which 

has the correct surface temperature might seem correct. The one which 

is considered to be acceptable is the one which yields the measured 

value of stack current. In this sense, the electrical conductivity 

versus temperature curve acts as an "internal thermometer." 

In order to apply the direct electrical heating technique to 

molten UOg, the electrical power is increased until the pellets melt 

along their axis. Data points consisting of voltage, current, and 

surface temperature are taken, as in the solid case. The analysis of 

the resulting experimental data becomes a two-region problem. In order 

to derive equations describing the molten region, it will be assumed 
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here that all information required to accurately describe the solid 

region is available. (Although it will be seen later that this assumption 

may not be completely valid, it is necessary for this development.) The 

heat conduction equation for the molten region will be solved analytically 

so that qualitative statements may be made about the solution. 

Since the stack is heated electrically, the power density in 

Eq. (2.1) may be expressed as 

q'1' = E2 o  (2.2) 

where E is the voltage gradient (electric field), and a is the temperature-

dependent electrical conductivity. (Equation (2.2) follows directly 

2 from P=V /R.) It will be assumed at this point that the electric field 

is uniform throughout the pellet stack. Since the stack is cylindrical, 

the geometry is radially symmetrical, and Eq. (2.1) may be written as 

(rA(T) |£) + E2a(T) = 0 (2.3) 

where r is the distance from the stack axis. This equation applies to 

both the solid and molten regions. 

Since Eq. (2.3) is second-order, two boundary conditions are 

required for each region. The four known conditions are: 

the pellet surface temperature is measured, 

- in steady state, the electrical power generated in the 

stack must equal the power conducted away from the surface, 

the power leaving the molten region enters the solid region 

at the solid-molten interface, and 

the temperature gradient vanishes at the stack axis. 
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There is also and important fifth condition: the temperature at the 

solid-molten interface is the melting point (approx. 3120 K). However, 

this condition is somewhat difficult to apply, since the position of the 

interface, r , is not known. 
m 

The first two conditions may be used to construct a radial 

temperature profile in the solid region. (This will be discussed in more 

detail in the section describing the REVINT computer code.) This, 

combined with the other boundary conditions, may be used to find two 

important parameters describing the molten region: the position of the 

solid-molten interface, and the power generated in the molten region. 

This decouples the two-region problem into two one-region problems. 

In order to solve Eq. (2.3) in the molten region, models for the 

thermal and electrical conductivities of molten UOg must be selected. 

The physical phenomena controlling these are not well understood. For 

example, it is not clear whether excitation or scattering of electrons 

limits the electrical conductivity. (Young, private communication, 1981) 

Thus, empirical mathematical models will be used for the temperature 

dependences of the molten conductivities. 

The simplest combination is obtained by assuming that the molten 

conductivities are independent of temperature. In fact, this approach 

was incorporated into the MANTRA code by Bassett (1980). Equation (2.3) 

may be solved by multiplying by r and integrating. This gives 

- 1 d(r'A H,)=E2cl r' dr' (2.4) 

* r'=o * o 

Both of these integrals are performed easily. This gives 
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2 2 
. dT Eor 

~ r dr ~ 2 (2.5) 

If this equation is evaluated at the interface, r , and multiplied by 2, 
m 

the result, q'm» is the power deposited in the molten region per unit 

of axial length: 

q» = E I = - 2irr X 4̂  I = irr2 Ê a (2.6) 
TIL M m dr 1 r m m 

where I is the electric current flowing through the molten region. 
m 

Since q̂  and r̂  may be calculated (as described before), Eq. 

(2.6) may be used to calculate the molten electrical conductivity. 

However, since the temperature gradient is not known, the molten thermal 

conductivity cannot be found. This will always be true when the 

electrical conductivity is assumed to be temperature-independent, 

whether the thermal conductivity is or not. Remember that the electrical 

conductivity as a function of temperature acts as an "internal thermometer." 

Assuming a constant electrical conductivity is analogous to filling a 

thermometer with a fluid which does not expand when heated. 

If the electrical conductivity is assumed to have a linear 

relationship to temperature, Eq. (2.3) may still be solved easily. 

(T'n.i solution technique used here is very similar to that used by Himes 

(1979), who applied the model to the problem of a completely solid 

pellet stack.) The molten electrical conductivity may be written as 

0(T) = oq + BT (2.7) 
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where a and 3 are parameters. The heat conduction equation becomes 
o 

2 E2 V T + -r- (a + gT) = 0 (2.8) 
A O 

A linear transformation may be used to simplify Eq. (2.8). In particular, 

the electrical conductivity becomes the dependent variable, thus: 

V2 o = gV2T (2.9) 

+ = ° <2'10) 

To simplify further, Eq. (2.10) may be written as 

V3cr + y2a = 0 (2.11) 

where 

Y = ± E (2.12) 

(The sign here is unimportant; thus, the upper sign is selected.) Since 

cylindrical geometry is involved, Eq. (2.11) becomes 

d o  i 1  da | 2  n  / n  i  n \  —2 + - Y a = 0 (2.13) 
dr 

Equation (2.13) is Bessel's Equation of order zero. It has the 

general solution 

o(r) = A J (yr) + B Y (yr) (2.14) 
o o 

where A and B are constants of integration, and J and Y are Bessel o o 

Functions of the first and second kinds, respectively. The applicable 

boundary conditions are 
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- a(r) is finite at r=0, and 

•r » o 

m 
- 1 = 1  Ea(r) 2irr dr. (2.15) 

m 

The first condition requires that B=0, since Y q(x ) decreases without 

bound as x vanishes. Before the second condition is applied, a change 

of variable may be made, thus: 

a™ H a = A (2.16) m m o m 

where a is the electrical conductivity of iust molten U0_. Since a 
m 2 m 

is also unknown, it merely replaces A, rather than specifying it. Thus, 

Eq. (2.14) becomes 

J (yr) 
°W =° mjV) ( 2- 1 7 )  

Applying Eq. (2.15), 

rrm 

bj J°' 
w o 

27TEC7 • r 

\ = J (yr ̂  > J-̂ r)r dr (2.18) 
o 

or, simplifying, 

/T Jl(Yrm) 

* V. B TTyrT (2'19) o m 

The unknowns in Eq. (2.19) are a , A, and 3. Since X and (3 
m 

always appear in ratio, they behave as a single variable. It is 

convenient to use 

6 = ĝTT (2.20) 

Equation (2.19) may be rearranged into the form 
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I 6 
f(o ,6) = a J.(Efir ) - -~r J (Efir ) = 0 

m m 1 m 2TTT O m 
m 

(2.21) 

Since Eq. (2.21) has two unknowns, it cannot be solved with a single 

combination of the known values E, I , and r . However, the unknowns mm 

may be found it two data points are used to form a system of equations: 

where "A" means the values of E, I , and r are calculated from one data m m 

point, and "B" means the values of the same variables are calculated 

from some other data point. The nonlinear system (2.22) can be solved 

by a two-dimensional Newton-Raphson technique. (See Stark, 1970) 

The procedure outlined above yields all of the parameters needed 

in Eq. (2.17) to determine the electrical conductivity distribution in 

the molten region. However, unless £ is independently determined by 

some other experiment, the temperature distribution cannot be found, 

and the procedure does not yield the molten thermal conductivity. This 

is true because all equations relating A to known boundary conditions 

have A in ratio with $• If A and 3 could somehow be separated, then 

both, as well as oq, could be determined. The additional parameter 

could be accommodated by using a third data point. 

only one possible which has a temperature-dependent electrical conductivity 

and results in a linear differential equation to be solved. If some 

other combination of models is used, it would not be possible to find 

f, (a ,6) = 0 
b m ( 2 . 2 2 )  

The combination of conductivity models just described is the 
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ail analytical solution to the resulting differential equation. The 

equation could be solved numerically, but this would make it difficult, 

if not impossible, to make qualitative statements about the solution. 

However, if another combination of models were selected, and 

the resulting differential equation could be solved, then the calculable 

parameters, or combinations thereof, must of determined. For example, 

in the linear case just discussed, there were two calculable combinations 

of parameters: g/X and a + £T . Two data points were required to find 
o m 

these combinations. This can be generalized in the following way. Each 

data point yields three boundary conditions on the molten region: 

the temperature is at the melting point, T̂ , at a known 

radius, r , 
m 

- the electric current in the molten region, 1̂ , is known, and 

- the temperature gradient vanishes at the stack axis. 

For each data point, two of these conditions are consumed by the second-

order heat conduction equation which must be solved. Thus, each data 

point provides one condition applicable to determining parameters. A 

system of equations may be formed which gives the calculable parameters 

(or combinations thereof), by utilizing an equal number of data points. 

Description of the REVINT Code 

In the previous section, it was indicated that it is possible 

to calculate the position of the solid-molten interface, r , and the 
m 

power deposited in the molten region, q̂ ', from experimentally measured 

quantities. However, the procedure for doing this was not given. The 

REVINT (REVerse INTegrator) computer code was written for this purpose. 
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REVINT Is a very simple program which uses the measured values of surface 

temperature, pellet voltage, and stack current as boundary conditions 

to generate a solid-region temperature profile from which r̂  and q̂ ' are 

calculated. 

This is done by first dividing the pellet stack into N equal-

area regions. Since they have equal areas, the annuli near the surface 

are more closely spaced than those near the center of the pellet. The 

interface between the annuli are at radii r̂ , where 

r± - rs f (2.23) 

and i is an integer from 0 to N, and rg is the radius of the pellet 

stack. 

In order to find the temperature distribution within each 

annulus, it is assumed that its thermal and electrical conductivities 

are constant. The annular temperature distribution is described by 

Eq. (2.4), which is repeated here: 

- r '  -  <  J r'=r Jr 

r' dr' (2.24) 

Integrating, this becomes 

r i  f " V f | = e2° " <2"25> 
ri 

where, in this case, r̂  ̂  <r <r̂ . Rearranging and integrating again, 

Eq. (2.25) becomes 

I(r) . T + (EJJ r 2 dT ln 

UrJ Ai 2A ri + ri dr 
) 

L 
where T̂  is the temperature at radius r̂ . 

ri 
r * i  

(r2-r±2) (2.26) 
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In order to use Wq. (2.26), the value of the temperature gradient 

at r̂  must be known. They may be found easily for i=N. The power 

leaving the surface of the pellet must equal the electrical power 

deposited in the pellet. This gives 

o , dT -2irr A — s dr 
= EI (2.27) 

r s 

The thermal and electrical conductivities for solid UĈ  are assumed here 

to be known. These may be calculated at the measured surface temperature 

and used in Eq. (2.26) to find 

In order to proceed, the temperature gradient at r̂  ̂  must be 

known. Since the electrical conductivity is known, the power conducted 

through the cylinder of radius r̂  ̂  may be found by subtracting the 

power deposited in the outermost annulus from the total electrical power. 

The temperature gradient may be found from 

2 
HT ? 

"2,,rN-l X f - E C  - "5s- E  0 (Ts) (2.28) 
rN-l 

The last term on the right in Eq. (2.28) is the cross-sectional area of 

the outermost annulus multiplied by its power density. The temperature 

gradient given by Eq. (2.28) may be used in Eq. (2.26) to find TN_2* 

It is clear from the above discussion how an iterative process 

may be used to find the solid-region temperature distribution. The power 

used to find the temperature gradient at r̂  ̂  equals that used at r̂  

minus the electrical power generated in annulus i. The temperature T_̂ _̂  

is then given by Eq. (2.26) by setting r=ri_̂ . The required thermal 

and electrical conductivities may be evaluated at T_̂ , or, if more 
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accuracy Is desired, a predictor-corrector technique may be employed to 

find the annular average temperature. Iterations continue until, for 

some i, t. ->T . Interpolation in this annulus is used to find r and i-1 m m 

V-
It is useful to note that Himes (1979) warns against using a 

procedure such as this to find the temperature distribution in a completely 

solid pellet stack. The roundoff error in the electrical power accumu

lates and becomes very pronouned as the center is approached. For this 

reason, the MANTRA code, used by Himes (1979) and Bassett (1980), starts 

at the pellet center and integrates toward the surface. When using the 

REVINT code, better results may be expected wher rm is not too small 

compared to rg. If rm is a significant fraction of rg, the integration 

is cut off before too much roundoff error accumulates. 

The thermal conductivity is calculated from the model developed 

by Weilbacher (1972): 

VT) = + e3T ̂  ("kT> - e5 6X15 ̂  (2-29) 

where e., e„, ..., E, are parameters, T is the local temperature in 
1 / 0 

kelvins, and k is Boltzmann's constant. To Eq. (2.29) is applied a 

porosity correction (Washington 1973): 

X = (1 - (2.5)p) Xq (2.30) 

where 

_ - _ actual pellet density 
P theoretical density 

is the porosoty of the pellet. 
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Stability of Temperature Variations 

The mathematical models used in the preceding sections for the 

calculation and analysis of temperature distributions assume that the 

stack voltage, current density, and temperature are in steady state with 

each varying in only one spatial dimension. For example, it is assumed 

that the voltage varies axially but not in any other dimension, including 

time. Indeed, all data are collected with the experiment as near steady 

state as reasonably possible. 

However, any one-dimensional steady-state model is clearly no 

more than a first approximation of the behavior of the experiment. During 

the course of the experiment, temperature variations may easily be seen 

on the surfaces of the pellets. This observation contradicts the 

assumption that the temperature is a function only of distance from the 

stack axis. Since the electrical power applied to the pellet stack is 

not necessarily equal to the thermal power removed, the experiment is 

a dynamic system for which "steady state" is a special case. 

When a dynamic system is in equilibrium, there are usually 

random fluctuations of some kind which tend to move the system away from 

equilibrium. The behavior of the system in response to these fluctuations, 

called "perturbations" or "noise," depends on the stability of the 

equilibrium. Figure 2.1 depicts a hypothetical system in equilibrium. 

The marble in the dish is "stable" because it will return to equilibrium 

if displaced by some radom perturbation. Figure 2.2 depicts a quite 

different hypothetical system. In this case, the marble will remain in 

equilibrium only until it is disturbed. The equilibrium is "unstable" 



Figure 2.1 Hypothetical Stable Equilibrium 

Figure 2.2 Hypothetical Unstable Equilibrium 
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because a small perturbation will cause the system to leave the 

equilibrium completely. 

Whether or not a dynamic system is stable is determined by the 

effect of "feedback" in the system. Feedback is a kind of "side-effect" 

that either adds to or suppresses a perturbation. For example, in 

the system depicted in Fig. 2.1, a perturbation might cause the marble 

to move to one side. This has the "side-effect" of putting the marble 

on a surface which is sloped down toward the equilibrium position. Since 

the feedback opposes the perturbation, the system is said to have 

"negative feedback," making it stable. By analogy, the system depicted 

in Fig. 2.2 is said to have "positive feedback," making it unstable. 

The pellet stack in the direct electrical heating experiment is 

subject to various types of perturbations. For example, a nearby 

elevator occasionally causes dips in the line voltage. Fluctuations in 

the natural convection of argon past the stack can cause any manner of 

temperature perturbation. Under these kinds of influences, the only 

observable temperature distributions are stable ones. 

The stability of a temperature distribution is determined by 

the difference between the power deposited electrically and the power 

removed by convection. This is more easily understood if the effects 

are considered separately. Imagine that the electrical power density 

distribution is fixed, so that it is a function of position inside the 

pellet stack, but is unchanged if the temperature distribution changes. 

Since the thermal conductivity is a fairly slowly varying function of 

temperature, there is only one stable temperature distribution, given 
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by Eq. (2.1). Any other temperature distribution will decay to the 

stable one. 

In reality, the power density is temperature-dependent via 

Eq. (2.2). Thus, the temperature-stability of the pellet stack depends 

strongly on the temperature dependence of the electrical conductivity. 

Bates et al. (1967) found that, for solid (between 1400 k and 

3000 K), the electrical conductivity is best fit by 

0(T) = exp(9.646 - 2.087xlo4 T-1 + 1.231xl07 T_2 

- 6.484xl09 T~3) (2.32) 

where o(t) has units of mhos/cm, and T is in kelvins. As can be seen 

in Fig. 2.3, CT(T) is sharply increasing function of temperature. 

If the electrical conductivity is a monotonically increasing 

function of temperature, and a random perturbation causes the average 

stack temperature to increase from equilibrium, this perturbation will 

cause the stack electrical conductance to increase. The power supply 

used for this experiment produces more current when the load conductance 

is increased (i.e., when the load resistance is decreased). Although 

the voltage decreases, the net effect is that the power supply delivers 

more power to the pellet stack. The increased power will cause the 

temperature to increase further. This positive feedback effect causes 

the experiment to be inherently unstable. Himes (1979) and Bassett (1980) 

has significant difficulty with this instability. Techniques for 

stabilizing the experiment will be discussed in the next chapter. 

Temperature variations need not be transient in nature. They may 

also be spatial. For example, suppose that a perturbation causes some 
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Figure 2.3 Bates's Electrical Conductivity Model 



axially localized region to be hotter than the rest of the pellet stack. 

(It will be assumed here that the transient instability described earlier 

has been stabilized by some external means.) This situation is analogous 

to a pair of resistors in series. Let one resistor, R̂ > be the resistance 

of the hotter region. Let the other resistor, R , be the total resistance 
DL 

of the rest of the stack. Since the electrical conductivity increases 

with temperature, R̂  is less than Rgt» Since the resistors are in series, 

the same current must pass through each of them. Therefore, the power, 

2 I R, is less for R̂  than for Because of this negative feedback, 

axial temperature variations will damp out before they become visible. 

Suppose that a perturbation causes one side of the pellet stack 

to become hotter than the other. In this case, the two sides behave 

as a pair of resistors in parallel. Here, R̂ g will be the resistance 

of the hotter side, and R will be the resistance of the cooler side, 
cs 

which is greater than Since the resistors are in parallel, the 

2 same voltage is applied to each. The electrical power, V /R, will be 

greater on the hotter side of the pellet stack. Thus, azimuthally 

uniform temperature distributions are unstable. The hotter side will 

become still hotter until a new equilibrium is reached, in which a 

significant part of the heat of the cooler side is by thermal conduction 

from the hotter side. This results in a clearly visible "hot spot." 

It can be seen from the above discussion that, if the electrical 

conductivity is a monotonically increasing function of temperature, hot 

spots may be expected to be azimuthally localized and axially elongated. 

This is indeed observed during the early part of the experiment when 

the temperature is relatively low. Later, however, when the electric 
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current and stack temperature are greater, the hot spots are quite 

different. A single hot spot appears which is axially localized and 

azimuthally uniform. Such a hot spot would clearly be unstable and 

disappear if the electrical conductivity were a monotonically increasing 

function of temperature. However, this kind of hot spot could be explained 

if the electrical conductivity of UÔ  drops significantly upon melting. 

If the drop is large enough, it is possible that an increase in 

temperature could cause an overall decrease in electrical conductance. 

An axially localized region which is hotter than the rest of 

the stack may again be modelled as a pair of resistors in series. This 

time, is greater than Rgt» because the molten radius is larger in 

the hotter region. This positive feedback will cause the hot region to 

increase in temperature until a nonuniform equilibrium is reached, in 

which a significant fraction of the total voltage drop across the stack 

may be attributed to the hot region. If one side of the stack is hotter 

than the other, this may again be modelled as a pair of resistors in 

2 
parallel, but this time R is greater than R . The power, V /R, is cs cs 

greater for the cooler side, so azimuthally uniform temperature profiles 

are stable. 

If the electrical conductance of the stack is a decreasing 

function of temperature, the system is temporally stable. If the stack 

temperature is above that of equilibrium, then the electrical resistance 

is greater than the equilibrium value. This causes the power supply to 

deliver less current to the pellet stack than it would at equilibrium. 

The resulting power density is inadequate to maintain the elevated 

temperature, so the temperature will return to equilibrium. This explains 
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the ability of previous investigators to obtain stable equilibria at 

high power levels despite severe instabilities at lower power levels. 

Transient Effect of Melting on Temperature Profile 

This section is a summary of an argument made by Dr. R. A. Young 

(1981, private communication) concerning the electrical conductivity of 

molten uranium dioxide. Unlike the previous section, which was based on 

the observed shapes of hot spots (of which Young was not aware), this 

argument concerns what happens at the moment that the stack centerline 

melts. It is based on the observation made by Bassett (1980) that, if 

the pellet stack has a molten center, the current may be increased 

without significantly changing the stack voltage or surface temperature. 

Two cases will be considered: in the first, the electrical conductivity 

drops when the material melts; in the second, the conductivity jumps. 

Figure 2.4 shows a hypothetical temperature profile just prior 

to center melting. The pellet stack is in thermal equilibrium and 

completely solid, but the centerline is at the melting point. If the 

electric power is increased slightly, the center will melt to radius r̂ , 

as indicated in Fig. 2.5. It is assumed here that the molten electrical 

conductivity a = 0, so the temperature profile is flat at r . The 
m m 

elevated temperature in the solid region will increase the stack 

electrical conductance. This allows a higher current for the same 

voltage. Although the surface temperature is unchanged, the temperature 

gradient at the surface is greater in the molten case, allowing the 

increased power to be conducted away. 
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Figure 2.4 Solid Temperature Profile with Center 
at Melting Point 
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Figure 2.5 Temperature profile with am = o 
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If the electrical conductivity of molten UĈ  is greater than that 

of solid uranium dioxide, more power will be generated in the molten 

region than the same region would receive if it were solid. This would 

require a greater temperature gradient at the solid-molten interface 

than at the same position in the solid case, as shown in Fig. 2.6. The 

solid-region temperature profile must cross belwo that of the completely 

solid case. The decreased temperature causes the solid region to conduct 

less current and have a lower power density. This decreases the tempera

ture gradient near the surface, making it possible for the new temperature 

profile to have the same surface temperature as in the completely solid 

case, as desired. 

The second case (with am>CTsoii(ĵ  ̂ as a sur̂ ace temperature 

gradient which is less for the molten-center profile than for the completely 

solid one. This is unacceptable, because it is observed that the total 

power increases when the center melts. Thus, this line of logic reaches 

the same conclusion as that of the previous section: that the electrical 

conductivity of molten UĈ  is less than that of solid UC>2 at the melting 

point. 
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before melting 
after melting 

Figure 2.6 Temperature profile with 



CHAPTER 3 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The equipment and procedures used in this work were, for the 

most part, the same as those used by Bassett (1980). Thus, this chapter 

will primarily address the changes that have been made. Bassett (1980) 

used an X-ray diffractometer to determine the stoichiometry of the 

uranium dioxide pellets before and after use in the direct electrical 

heating experiment. He consistently found no significant divergence 

from stoichiometric UÔ  as long as the pellets were heated in an inert 

atmosphere. Thus, this procedure was not repeated for the present work. 

Experimental Equipment 

The instrumentation used for this work included a manual optical 

pyrometer, an analog voltmeter for measuring pellet voltages, and a 

digital voltmeter (DVM) used for measuring the stack current. Bassett 

(1980) compared the current reading from this DVM to a calibrated D.C. 

ammeter and found that, when the stack current was greater than 5 amperes, 

the DVM reported a greater value for the current than did the calibrated 

ammeter. Thus, he proposed a "current correction factor" that would 

adjust the DVM reading to that of the calibrated ammeter. In an attempt 

to verify the correction factor found by Bassett (1980), the DVM was 

again compared with the same calibrated ammeter. It was found that the 

instruments agreed, to within their resolution, up to 35 amperes, with 

the DVM reading slightly higher than the calibrated ammeter above 35 amperes. 

31 
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It is not clear why the result differed from that of Bassett (1980). 

Nevertheless, the current readings were used as read without application 

of the "current correction factor." 

Since the surface temperature is measured optically, corrections 

must be made for the emittance of the pellet surface and the transmittance 

of the glass window through which the pellet stack is observed. The 

optical pyrometer was compared to a calibrated light bulb, resulting in 

a calibration function for the pyrometer. Combining these, 

-1 
T = 
s ((1.04898) TQbs + 229.92)"1 + 22135 (3.1) 

where Tg is the corrected surface temperature in kelvins, Tô g is the 

pyrometer reading in degrees Celsius, e is the emissivity of the 

pellet surface, and x is the transmittance of the window. 

The Power Supply: Improving the Stability of the Experiment 

When the DEH experiment was first tried for this research, it 

was immediately apparent that the system was quite unstable and required 

improvement. As indicated in the previous chapter, the stack electrical 

resistance drops substantially when the pellets begin to heat up. This 

causes more current to be drawn from the power supply, resulting in 

thermal runaway. Since this runaway takes several seconds, it would be 

possible to limit it manually if the power supply responded quickly 

enough to the "power adjust" knob. 

However the power supply, which was originally built for Himes 

(1979), responds very slowly to changes of control knob position. This 

occurs because the main control element is a saturable reactor, a 

magnetic device with two windings, similar to a transformer. To one of 
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the windings a D.C. control current is applied which magnetizes the core 

of the saturable reactor. The degree of magnetization determines the 

inductance of the other (A.C.) winding. Thus, the device acts as a 

variable inductor. Unfortunately, the inductance of the D.C. winding is 

quite large and strongly resists changes of control current. 

In order to avoid the sluggishness of the saturable reactor it 

was temporarily replaced with a triac. A triac is a semiconductor device 

which, like a transistor, can be "turned on" with a small control signal. 

Unlike a transistor, however, a triac can conduct current in either 

direction and, once turned on, stays on until the voltage across it drops 

to zero. Thus, alternating current can be controlled by varing the 

traic duty cycle, as indicated in Fig. 3.1. The control circuit detects 

when the A.C. supply voltage corsses zero, waits an amount of time 

which is set by an manually-adjustable control knob, and triggers the 

triac, which stays "on" until the next zero crossing. 

As expected, use of the traic stabilized the experiment. When 

the current began to increase, the power supply was manually cut back, 

stopping potential thermal runaway. It was found to be a simple matter 

to manually hold the system stable at any desired current output. 

However, a triac seems to be a fairly delicate device. In the process 

of developing and testing the triac control and trigger circuits, several 

triacs were burned out. Thus, it was decided to discontinue use of 

triacs as control elements. 

A silicon controlled rectifier (SCR) is similar to a triac, but 

can only conduct current in one direction. An SCR, which is a four-

layer thyristor, is simpler than a triac, which is a five-layer thyristor. 
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Figure 3.1 Example of a Triac Duty Cycle 



Thus, SCRs are easier to manufacture than triacs and can be made to 

handle more current than the largest available triacs. Two SCRs in 

parallel with opposite polarity could be used in place of a triac, 

providing current conduction in both half-cycles and the high current 

capability of an SCR. This was never actually done for this research, 

but it could be done if futurfi experimenters want to add some kind of 

feedback loop or make the power supply controllable by computer. 

The technique finally settled upon to stabilize the experiment 

was to put a resistor in series with the pellet stack. The resistor 

must be capable of dissipating much power because of the large currents 

involved. A resistor bank which was made to control large three-phase 

electric motors was borrowed from the electrical engineering department. 

It is a bank of three resistors which are electrically separate but 

mechanically connected, so that they may be adjusted from zero to five 

ohms each. Each resistor is rated at 18 amperes, and they may easily 

be connected in parallel to handle higher currents. 

With one of the five-ohm resistors in series with the stack, the 

experiment was run with the saturable reactor as the control element. 

When the UĈ  stack heated up, the stack resistance dropped, so that the 

voltage across the resistor became a significant fraction of the total 

power supply output voltage. Increasing the current to a few amperes 

caused the voltage drop across the resistor to be greater than that 

across the pellet stack. Thus, if the stack temperature were perturbed 

upward from equilibrium, the current was not changed significantly, 

so the stack power would decrease from that at equilibrium. This negative 

feedback made the experiment very stable. 
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Experimental Procedure 

Since the experimental procedure used for this work was, in 

large part, the same as that used by Bassett (1980), it will only be 

outlined here, with emphasis placed on the changes which have been made. 

For each experimental run, three or four pellets are selected 

and their ends are ground smooth. The pellets are stacked in the DEH 

assembly with graphite electrodes at the top and bottom and graphite 

powder in the pellet interfaces. A bolt at the top of the assembly is 

loosened which allows springs to securely compress the stack. Voltage 

probes are inserted at each of the pellet interfaces. (If four pellets 

are used, then three voltages probes are used.) A small mirror is set 

behind the stack so that both sides may be seen through the bell jar 

window. The bell jar is placed over the assembly with the window 

oriented toward the optical pyrometer. 

The vaccum pump is used to pull about 20 inches Hg vacuum in the 

bell jar. With the leaks in the system, this is about the best possible 

vacuum achievable with the available pump. The three clamps holding 

down the bell jar are securely tightened. The pump is turned off, and 

the bell jar is pressurized to about 2 psig with argon. The process of 

pulling a vacuum and pressurizing with argon may be repeated to insure 

argon purity. 

The digital voltmeter is allowed to warm up for at least an 

hour before the experiment is performed. It is set to its most senstive 

voltage mode, and its input is connected to the jack on the fron of the 

power supply. The power supply output is connected to the stack in 

series with one of the high-current 5-ohm resistors. Additional cables 



are made available, so that the other two resistors may be connected in 

parallel to the first one when appropriate. The knob on the resistor 

bank is set to maximum resistance (fully clockwise). 

The power supply control box, which has the "start" and "stop" 

pushbottons and the power adjust knob, is plugged into the socket on the 

front of the power supply. With the power adjust knob set for minimum 

power, the power supply is started. The voltmeter which is used to 

measure stack voltage is connected to the voltage probes, one at a time, 

to test them. This is done at the junction box which is mounted on the 

side of the DEH support frame. The negative voltmeter input is connected 

to the stack ground, and the positive input is connected to the various 

probes by plugging it into banana jacks. Nonzero voltage readings 

verify that the probes have good electrical contact with the stack. 

The voltmeter is then connected to measure the total stack 

voltage. At this point, this voltage is about 90 VDC. The power adjust 

knob is turned up until the stack voltage is about 150 to 160 VDC. 

Heating the pellet stack takes about an hour, depending on the electrical 

resistance of the pellet interfaces. When the stack begins to heat up, 

the voltage begins to drop. After a few seconds, the stack begins to 

glow a dull red. When this happens, the power adjust knob is turned 

down to keep the current from rising too quickly. The system is stabilized 

at a low current, about two to three amperes. It must be verified that 

the DVM shows a negative value for the current. Because of a ground 

mismatch, if the reading is positive, it is inaccurate, and the polarity 

must be reversed. 
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The total stack voltage and the pellet interface voltages are 

measured as before and recorded. Positions along the pellet surface 

are selected for measuring surface temperature. Two or three axially 

distributed positions on each of the central pellet(s) and one on each 

of the end pellets are adequate. With the electrical current held 

constant, the optical pyrometer is used to measure the surface tempera

ture at the selected positions. This is done by placing the tip of the 

filament on the desired position as seen through the pyrometer. The 

rheostat is adjusted until the filament is the same color as the selected 

position on the pellet surface, and the temperature is read from the 

meter and recorded. 

The power adjust knob is turned up, and the system is allowed to 

equilibrate. The total and interface voltages are again recorded, as 

are the temperaures, which are measured at the same positions as before. 

This process is continued, increasing the current by two to four amperes 

each time. When the current rating (18 amperes) of the series resistor 

is approached (or reached), the current is turned down to about 10 amperes, 

and a second resistor is connected in parallel to the first. The current 

is adjusted to the previous value at which data were taken, and voltage 

and temperature data are again taken in order to verify that it is 

reproducible. 

The data-taking process continues until about 34 to 36 amperes 

is reached, at which time the current is turned down to about 20 amperes. 

The third resistor is connected in parallel to the others, and reproduc

ibility is again checked. It is recommended that a floor fan be used to 

provide forced convection cooling to the series resistor(s) at all times 



that the stack current is above about 10 amperes. If a fan is not 

available, the addition of high-current resistors should be performed 

when the connected ones are conducting about 12 to 14 amperes each. If 

a fan is used, a total of 60 maperes may be reached without damaging the 

resistors. (Before this current level is reached, however, the saturable 

reactor may become completely saturated, so that turning the power adjust 

knob cannot further increase the output current. When this happens, the 

current may be further increased by turning the knob on the seris 

resistor.) 

When the data taking is complete, the power adjust knob is turned 

down to the minimum, and then the power supply is turned off. The argon 

atmosphere is maintained for about half an hour to allow the stack to 

cool. The argon flow may then be turned off, and the bell jar removed. 

The uranium dioxide pellets are removed, examined, and put away in marked 



CHAPTER 4 

RESULTS 

The voltage, current, and surface temperature data taken during 

the direct electrical heating experiment are evaluated by the computer 

code REVINT, which was described in chapter 2. (The temperature data 

are first adjusted according to Eq. (3.1).) REVINT integrates the heat 

conduction equation, starting at the surface and stopping when either 

the temperature reaches melting or the stack axis is reached. The code 

then gives the amount of electrical current "left over" from generating 

the temperature profile. If the melting point is reached, the radius of 

the solid-molten interface is also given. 

The main purpose of REVINT is to find the boundary conditions 

for the molten region. However, in order to verify that the code 

produces reasonable results, the program was run with low-temperature 

data. Since, in this case, the pellets are completely solid, the "left 

over" current should be zero. This calculation was done using a model 

of the thermal conductivity recommended by Fink, Chasanov, and Leibowitz 

(1981b). It is of the same form as Eq. (2.29), which is repeated here: 

X(T> " + e3T 'kT̂  -e5 e*P (kTA) M-1) 

where T is in kelvins, and 
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B 5.3805 cm-K/W 

e2 = 0.021504 cm/W 

e3 = 0.0090226 W/cm-K2 

e. » 1.5973 eV 
4 

e5 = 12567 W/cm-K 

eg = 3.29 eV 

k = 8.64144 x 10~5 eV/K 

The first term on the right side of Eq. (4.1) represents the phonon 

contribution to the thermal conductivity; the other two terms represent 

the electronic contribution. Phonon transport is the dominant heat 

transfer mechanism below 2000 K, and electron transport dominates above 

2000 K. 

When REVINT was used to find the temperature distribution in a 

completely solid pellet stack, a large fraction of the total current is 

"left over" when the center is reached. For example, if data collected 

when the total stack current was 20 amperes were input to REVINT, the 

code would report that 17.1 amperes were "left over" after the integration 

was complete. This meant that the temperature distribution generated by 

REVINT implied an electrical conductivity distribution which, for the 

measured voltage, only conducted 2.9 amperes. This was clearly a severe 

inconsistency, indicating that one or more of the input data or parameters 

was incorrect. 

The first value which was thought to be in error was the measured 

surface temperature. It ŵ s not known whether the optical pyrometer had 
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ever been calibrated, making it a strong candidate for the source of the 

error. It was found that an increase in the surface temperature decreased 

the current error (the "left over" current). This happened because the 

temperature distribution generated by REVINT was greater everywhere, 

resulting is a greater electrical conductivity which permitted the pellets 

to conduct more current. However, this required an increase in surface 

temperature of a few hundred degrees. It was found later that the pyro

meter had an error of about 40 degrees. Thus, another source of error 

was sought. 

It was found that the voltage varied by almost a factor of two 

from pellet to pellet. This was attributed to axial temperature varia

tions. As indicated in chapter 2, the electric field inside a hot spot 

may be higher than the pellet average. Thus, a higher voltage than that 

tried earlier was input to REVINT. This improved the current error in 

two ways. First, the higher voltage put more current through the same 

resistance. Second, the higher calculated power made the temperature 

gradient larger. This increased the internal temperatures, increasing 

the conducted current in much the same way that an elevated surface 

temperature did. It was found that a small increase in the electric field 

could substantially decrease, but not eliminate, the current error. 

When it became clear that adjusting the experimental data alone 

could not eliminate the current error, it was decided to reduce the 

thermal conductivity. Bassett (1980) found that he had to allow MANTRA 

to reduce the thermal conductivity significantly below that reported by 

Weilbacher (1972) and Brandt and Neuer (1976) in order to bring the 

current error down to an acceptable value. It was found (in the present 
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work) that the current error could be eliminated by making the thermal 

conductivity a factor of three smaller than that recommended by Fink, 

Chasanov, and Leibowitz (1981b) (which is not too different from the 

earlier works) and making minor adjustments to the electric field (within 

the axial fluctuation). 

It is not clear whether the pellets used in the experiment 

actually had a thermal conductivity which is lower that the accepted 

value or the conductivity seemed lower due to some error inherent to the 

direct electrical heating experiment or calculations. The pellets used 

for this work were the unused ones left over from Bassett's work. They 

had small cracks distributed throughout them. Since no major problem 

with the experiment or calculations could be found, it is assumed that 

the surprisingly low thermal conductivity is due to the distributed 

cracks. If this is so, then this problem will not affect the material 

where it is molten. 

Using this model for the solid-region thermal conductivity, 

REVINT was applied to data taken at higher current levels, in which the 

pellet centers were molten. The results from one of the experimental 

runs are shown in Table 4.1. These data were taken from a stack of 

three pellets which had lengths of 1.1443 cm each, radii of 0.3156 cm, 

and a density which was 94.5% of theoretical density. Table 4.1 shows 

the calculated radius of the solid-molten interface, r , the electrical 
m 

current in the molten region, I , and the average molten-region electrical 
m 

conductivity which these imply, CT ,̂ Table 4.2 shows the melting-point 

electrical conductivity, and the radio $/X resulting from a few 



pairs of dati points in Table 4.1. The results vary so much that they 

are probably meaningless. 

Table 4.1 Experimental data input to REVINT and resulting 
boundary conditions on molten region. 

I T E r I a s m m m 

Amps V/cm cm Amps mho/cm 

22 1876 3.40 0.0635 2.30 53.5 

24 1864 3.15 0.0924 7.24 85.6 

26 1880 3.10 0.109 9.47 82.5 

28 1918 2.91 0.119 12.4 95.2 

30 1931 2.80 0.130 15.1 102. 

32 1929 3.09 0.150 15.8 72.5 

34 1924 3.11 0.161 18.2 72.2 

36 1983 3.22 0.176 19.5 62.3 

38 2013 3.12 0.183 22.2 67.7 

40 2040 3.48 0.202 23.3 52.3 

Table 4.2 Molten-region parameters calculated from pairs 
of values in Table 4.1. 

XA *3 am e/x_2 

Amps Amps mho/cm Volts 

29 30 54.6 14.2 

30 32 298. -58.3 

32 34 75.9 -0.854 

34 36 160. -19.5 

36 38 7.91 10.9 

38 40 157. -16.2 



CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The most important conclusions to be drawn from this work were 

explained in Chapter 2; namely: 

(1) The direct electrical heating technique may not be used to 

find both the thermal and electrical conductivities of molten uranium 

dioxide. 

(2) When uranium dioxide melts, its electrical conductivity drops 

below the value just below melting. 

(3) It is theoretically possible to find the electrical conduc

tivity of pure molten uranium dioxide by direct electrical heating. 

(4) Pellet "hot spots" are virtually unavoidable, making uniform 

one-dimensional models for the temperature distribution inadequate. 

It may be concluded from the experiments that putting a resistor 

in series with the stack is a simple and effective way to stabilize the 

experiment. Thyristors provide an effective and more versatile (but less 

simple) alternative method of stabilization. Multiple voltage and 

temperature measurements at each equilibrium provide an indication of 

the amount of fluctuation each of these quantities have axially. This 

not only gives an estimate of their errors, but also provides a first 

approximation of the electric field and temperature profiles. 

If it is desired to use direct electrical heating to measure the 

electrical conductivity of just molten some recommendations may be 
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made about the experiment. First, it must be verified that the experi

ment gives correct results for completely solid UÔ  stacks. The solid 

thermal conductivity of the pellets used in this work seemed to be lower 

than that reported by other investigators. (Weilbacher 1972 and Brandt 

and Neuer 1976) It is not clear whether the pellets were actually 

different or they just seemed to be due to experimental of calculational 

problems. This must be understood before the molten region can be 

modelled. 

Second, it would be very useful to obtain more axially distributed 

temperature and voltage data at each equilibrium. Since the axial hot 

spot which forms at high current levels is the most likely place for 

central melting to occur, it is importnat that this region be well under

stood. Although it is beyond the scope of the present work, which uses 

a simple one-dimensional model, a two-dimensional model would provide 

a better description of the temperature distribution of a pellet in the 

presence of an axial hot spot. Such a model would permit both radial 

and axial temperature variation and would not require the electric field 

to be uniform. Axially distributed voltage and temperature data would 

be required in order to provide the necessary boundary conditions. 

In the present work, voltage probes were placed only at pellet 

interfaces, since they were easily secured there. If a technique could 

be devised to securely attach a voltage probe to a pellet without the 

"clamping" advantage of an interface, then one or two additional voltages 

could be measured on each pellet. This would provide a more accurate 

estimate of the voltage profile through a hot spot. 



The optical pyrometer may easily be adjusted to measure the 

surface temperature at any axial position along the stack. In fact, 

the pyrometer is adjusted to several preselected positions at each 

equilibrium. This process has three main problems, which would make it 

ineffective if applied to a two-dimensional model. First, the pyrometer 

cannot be directed exactly to the preselected positions. There is no 

visible mark or mechanical stop which permits reproducible direction of 

the pyrometer. Second, the preselected positions are not exactly located, 

i.e., the distance from the end of the pellet is not measured. Third, 

only three temperatures are measured on each pellet. If several accurately 

located temperature measurements could be made on each pellet, then a 

smooth curve could be fit to these data, yielding a usable surface condi

tion for the two-dimensional model. 

Finally, it would be very useful if the results of the calculation 

could be verifed by slicing the pellets open after the experiment is 

performed. This was attempted for the present work, but could not be 

done adequately. The sintered UÔ  pellets fragmented when a diamond-

tipped saw was used to cut them. The resulting "halves" could not be 

held securely with the available holder, so they could not be cut again. 

Ideally, two or three smooth, transverse cuts would be made through the 

pellet, giving a visual indication of the molten radius as a function 

of axial position. 



APPENDIX 

The REVINT purpose and algorithm are described in chapter 2. 

The program was written to run on a CYBER 175. The important inputs are 

as follows: 

CT(l-6) The values of the parameters to be used in the solid-region 

thermal conductivity equation (Eq. (2.29)). 

TD The density of the pellets divided by the theoretical density 

of U02-

RPEL The radius of the pellet stack in cm. 

ALEN The length of each pellet in cm. 

VOLTS The pellet voltage. 

TOTCUR The total stack current in amperes. 

TSURF The pellet surface temperature in kelvins. 

The program gives temperature vs. distance-from-axis and, if melting is 

reached, the position of the solid-molten interface and the molten-region 

electrical current. 
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PROGRAM REVINT(INPUT,OUTPUT),TAPES5=INrTJT) 
COMMON CT(6),TD 

READ*,IRUN,TD,(CT(I),1=1,6) 
WRITE 10,IRUN,TD,(CT(I),1=1,6) 

10 FORMAT("-RUN #",I3,7G15.6) 
N=100 
PI=3,14159265359 

50 READ*,RPEL,ALEN,VOLTS,TOTCUR,TSURF 
IF(EOF(5) .NE. 0.0) STOP 
EFLD=VOLTS/ALEN 
WRITE 70,EFLD 

70 FORMAT(1H1,F9.4," VOLTS/CM") 
WRITE 80 

80 FORMAT("ONODE R(CM) TEMP(K) AMPS LEFT") 
WRITE 110,N,RPEL,TSURF,TOTCUR 

110 FORMAT(I5,F10.7,F11.3,F9.3) 
R22=RPEL**2.(N-l) 
POWER=TOTCUR*EFLD/PI 
QFACT=R22*EFLD**2 
T=TSURF 
TMELT=3120.0 

DO 120 J=3,N 
CALL CONDS(T,THPR,ELPR) 
I=N+3-J 
TPRED=T+POWER*ALOG(1.0+1.0/(1-2))/(4.0*THPR) 
IF(TPRED .GT. TMELT) GOTO 140 
CALL CONDS((T+TPRED)*0.5,THERM,ELECT) 
DT=(POWER-QFACT*(I-l)*ELECT*ALOG(1.0+1.0/(1-2)) 
T=T+(DT+QFACT*ELECT)/(4.0*THERM) 
POWER=POWER-QFACT*ELECT 
WRITE 110,I-l,SQRT(R22*(1-2)),T,POWER*PI/EFLD 

120 CONTINUE 

CALL CONDS(T,THERM,ELECT) 
TCENT=T+POWER/(2.0*THERM) 
POWER=POWER-QFACT*ELECT 
WRITE 110,1,0.0,TCENT,POWER*PI/EFLD 
GOTO 50 

140 RM=SQRT(R22*(I-l))*EXP(2.0*THPR*(T-TMELT)/POWER) 
CURNTM=(POWER/EFLD-EFLD*ELPR*(R22*(I-l)-RM**2))*PI 
WRITE 110,0,RM,TMELT,CURNTM 
ELMAC=CURNTM/(EFLD*PI*RM*RM) 
WRITE 150,ELMAV 

150 FORMAT("OAV. MOLT. ELEC. C0ND.",F12.4) 
GOTO 50 
END 



SUBROUTINE CONDS(T,THERM, ELECT) 
DIMENSION CE(4) 
COMMON CT(6),TD 
DATA (CE (I) , 1=1,4) /9.646,2.087//4,1.231E7,6.484E9/ 

ELECT=EXP(CE(1)-(CE(2)-(CE(3)-CE(4)/T)/T)/T) 
BOLTZ=8.6181E-5 
A=1.0/(CT(1)+CT(2)*T) 
B=CT(3)*T*EXP(-CT(4)/(BLOTZ*T)) 
C=CT(5)*EXP(-CT(6)/(BOLTZ*T)) 
ALPHAt=2.5 
THERM=(A+B-C)*(1.O-ALPHA*(1.O-TD)) 
RETURN 
END 



s 
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