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(ABSTRACT) 

Microwave processing presents a relatively new heating source for a large variety 

of processes and materials. Depositing microwave energy volumetrically, microwave 

heating appears as a good alternative for sintering ceramics by decreasing the process 

time, offering better energy efficiency, but also diminishing thermal gradients inside the 

materials, producing more uniform heating, and therefore better mechanical properties. 

However, the strong temperature dependence of the ability to store or absorb the 

microwave energy of the material, and its variation of several orders of magnitude when 

the temperature increases, makes the control of the temperature of the material 

problematic and can lead to thermal runaway. The research reported in this thesis uses 

numerical modeling to investigate the feasibility of temperature control for continuous 

microwave processing of thermal runaway materials, applied specifically to alumina and 

zirconia fibers. Using a one-dimensional model valid for any continuous material moving 

through a microwave cavity, we were able to demonstrate control of the temperature 

inside the fiber by using a new approach of controlling the distribution of the energy 

deposited along the fiber. We were able to determine an electric field strength profile to 

generate the desired temperature profile for both fibers.
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Introduction 
  

Introduction 

Microwave processing presents a relatively new heating source for processing a 

large variety of materials, such as ceramic, polymeric or composite materials in diverse 

types of processes, like drying, curing, binder burnout, calcining, sintering and melting. 

Unlike more conventional heat sources, where the energy is applied to the exterior surface 

of the material, a microwave field deposits energy volumetrically, penetrating and heating, 

often selectively, the bulk of the materials. Depending on the specific material, submitting 

a substance to a microwave field induces various changes in its electric stability and in the 

behavior of its electrons. Therefore, either by the creation of an electric current provoking 

resistive heating, or by electronic reorientations or distortions of induced or permanent 

dipoles, materials absorbing microwaves can undergo rapid internal heating. However, 

interactions between the electric field and the material introduce new problems, making 

some materials difficult to process. 

Because of the low thermal conductivity of ceramics, conventional surface heating 

generates large temperature gradients inside the material. This can result in 

nonhomogeneous zones, poor mechanical properties, and cracking. Thus, the material 

must be sintered very slowly, to avoid large temperature gradients, and so requires large 

quantities of time and energy. Microwave heating offers a good alternative to these 

methods: heating materials internally diminishes temperature gradients inside the material 

and heating in the bulk of the material also decreases the process time and results in better 

energy efficiency. Sintering a ceramic material rapidly and uniformly may lead to 

significant increases in density, consequently producing better mechanical properties. 
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However, controlling the temperature of ceramic material during a microwave heating 

process can be problematic, because of the non-uniformity of the fields and also because 

of the specific properties of the material. 

The volumetric heating source from microwave energy q(T) is given by [1]: 

Q(T) = 2nfege"(DIE!, (1) 

where f represents the frequency of the microwave source, € the permittivity of free 

space, E the electric field strength, and ¢” the relative dielectric loss coefficient. The 

dielectric loss coefficient is a specific property of a material and represents its ability to 

absorb microwave energy. Metal-oxide ceramics generally have a low dielectric loss 

coefficient at room temperature, but it increases rapidly with increasing temperature. The 

rapid rise in the dielectric loss coefficient with temperature can lead to non-uniformity of 

temperature and to thermal runaway. Thus, controlling the temperature of a ceramic 

material during sintering depends on a good knowledge of its properties, especially its 

dielectric loss coefficient. 

The research reported in this thesis uses numerical modeling to investigate the 

feasibility of temperature control for continuous microwave processing of thermal 

runaway materials. It is applied to alumina and zirconia ceramic fibers, but the model is 

valid for any continuous, uniform material moving through a microwave cavity as long as 

the one dimensional hypothesis we used is valid. The objective of process control is to 

rapidly stabilize the material at a constant temperature high enough and for a period of 

time long enough to let the physical transformation occur, taking care not to let the 

temperature of the material run away. 
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Literature review 

Microwave sintering of ceramics has been seen as an interesting technique because 

of its potential advantages, such as improving energy efficiency, increasing the uniformity 

of the materials, improving properties of the product, and reducing thermal stresses and 

temperature gradients inside the materials. Because the product is heated internally, it is 

expected to process in much less time by comparison to conventional heating. This results 

in more rapid sintering, and therefore smaller grain size at a given density, better 

uniformity and mechanical properties. 

However, ceramics have not been the first sort of materials used for microwave 

process application. At the end of the 1960’s, Huang [2] proposed a design for a resonant 

cavity microwave system for continuous and rapid heating of polymeric threadlines. His 

design used a TMoi9 mode cylindrical cavity, with water-cooled wall and the possibility of 

having a gas flow if required by the application. The system was able to achieve very 

efficient heating and drying of the continuous passing threadlines. Using an in-line 

microwave heater, Huang [3] tried to heat-set large caliber nylon microfilaments at very 

high production speeds. However, for the heat-setting to occur, a near-melt temperature 

needs to be reached; thus, control of the temperature is a very important factor for a 

successful process, to avoid a thermal runaway (leading to melting). Moreover, the 

dielectric loss coefficient of nylon, which means its capacity to absorb microwaves, 

increases strongly as the temperature rises, thus increasing the vulnerability of the material 

to thermal runaway. Developing a magnetron powered resonant-cavity microwave heater, 

Huang was able to successfully heat-set nylon monofilaments at high speed, manually 
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controlling the thermal runaway through “wuitilization of the loading behavior of the 

magnetron and preselection of impedance mismatch and frequency offset between the 

magnetron and the resonant cavity applicator’ [3]. Huang proposed solutions for 

materials having similar behavior to the class of materials we are interested in, even if the 

temperatures of interest are much lower for nylon than for ceramics. Polymeric materials 

absorb microwaves, are subject to thermal runaway, and their dielectric properties are 

strongly temperature dependent. Huang’s cavity designs and his system to control the 

temperature appear to be a general solution for different applications for continuous 

processed materials. However, his system did not maintain constant temperature over a 

length of the fiber and required manual control. This system was thus unsuitable for large- 

scale application. 

Microwave sintering processes of ceramics have been studied since the 1970’s 

using, for example, alumina and zirconia. Many studies showed the advantages of this new 

technique over conventional heating, such as speed of the process and energy efficiency as 

well as more uniformity in the material properties. However, these studies also discovered 

experimental problems, such as temperature measurement and the tendency of the metal 

oxides to experience thermal runaway. The first purpose of these studies was to compare 

the microwave sintering process with more conventional processes to determine if the 

expected advantages of microwave processing were realized. 

Schubring [4] showed that microwave sintering was possible and achieved a time 

reduction of 4 to 8 times in comparison with conventional techniques, and an energy 

consumption half that for gas firing. Improvements in the density of the product were 

observed, and also increases in the quality of the product. Brandon et al. [5] made an 

attempt to compare the sintering of oxide materials (alumina based) done with a 

microwave process and with conventional furnaces using cylindrical specimens of 50mm 

diameter by 60mm length (with a hole of 30mm depth and 5mm diameter to insert a 
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temperature probe). From their measurements with a conventional oven, they showed that 

the temperature difference of the surface and the temperature of the interior of their 

sample increased to over 100°C, decreasing to a final value of 40°C while the sample was 

being heated to 1500°C (surface temperature). In comparison, for the microwave heated 

specimens, the temperature difference stayed within 40°C, proving that the internal 

heating by microwaves decreases the gradient of temperature inside the specimens. 

Examining the appearance of the samples at the end of the firing, they found that all the 

specimens heated in conventional furnaces appeared to be cracked while the ones heated 

by microwaves were not. In terms of the microstructure of the materials, Brandon et al. 

found that sintering ceramics using microwaves was creating larger grains in the material, 

a more uniform size of grain from the surface to the middle and a higher density for the 

material, which was consistent with the temperature differences observed and the fact that 

no thermal cracking was observed with microwave processed ceramics. They concluded 

from their experiments that “Conventional firing of identical samples was unsuccessful 

even at heating rates one third of those possible in microwave furnace’. 

Additional studies were directed toward discovering how to avoid the problems 

from the techniques, such as thermal runaway. Tian et al. [6-7] concluded that the 

microwave power applied to the material had to be carefully controlled as the sintering 

temperature of the material was approached, and that the tendency of a material to 

thermally run away was dependent on its precise composition; for example, adding TiC to 

a level of 20% (in weight) avoids thermal runaway during the sintering of an Al,O3/TiC 

rod. 

A particular problem which arises in the sintering of certain ceramic materials such 

as alumina (as most metal-oxide ceramics) is the characteristic of a small dielectric loss 

coefficient at low temperature, which increases rapidly in magnitude as the temperature 

 



Literature review 
  

increases. Thus, the product requires a strong field to begin heating, but heats too rapidly 

(thermal runaway) if the field is maintained. This led to the development of a second 

source of heat to preheat the material, such as an outside coating material which reacts to 

a smaller field. This coating absorbs energy and gives heat to the ceramics, helping the 

material to reach a temperature high enough to absorb microwaves. This process is called 

hybrid heating: “Hybrid heating is the use of microwave absorbing material to thermally 

preheat the transparent material to a temperature at which it absorbs microwaves 

sufficiently enough for direct heating’. [8] 

A large number of studies have been done on sintering of ceramic bulk materials 

with conclusions similar to those of the previous discussion [5], and a large variety of 

ceramics have been successfully processed using microwave heating. However, little 

research has been done for ceramic fibers, except for the work of Vogt et al. at Los 

Alamos National Laboratory, who proposed similar studies and conclusions to those for 

bulk ceramics above for ceramic fibers of alumina and zirconia. 

In [8], Vogt et al. studied the possibility of coating ceramic filaments to apply a 

hybrid method of heating. Heating an oxide fiber such as alumina with high powers levels 

leads to thermal runway and consequently to melting as described above. Thus, the 

alumina tow was coated with carbon to heat the alumina indirectly to 700°C to 900°C 

where the dielectric loss of the alumina is sufficiently large. Working with different 

commercial samples, they concluded that carbon coating can provide, depending on the 

composition of the fiber, rapid heating to near 900°C where the carbon has almost 

disappeared from the tow. However, the results were dependent on the composition of the 

fiber and can vary strongly with little change in composition. 

Vogt et al. [9] repeated a similar study with zirconia ceramic fibers of 10 to 15 pm 

diameter sintered during a continuous process. It was found possible to stabilize the 
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temperature of the fibers and therefore control the sintering. The fibers appeared to be 

intact, not having suffered any cracking or splitting, and were dense-looking at their skin 

level. During this investigation, they proved the possibilities of rapidly sintering zirconia 

ceramic fibers by microwave heating using a continuous process, but also they suggested 

the need to optimize the process to improve the properties of the material by better 

temperature measurements and especially better control of the process. 

While conducting experiments on microwave sintering of ceramic fibers, Vogt et 

al. [1] observed the presence of thermal spikes and “hot spots” on the fiber corresponding 

to small increases (less than 15%) in microwave power. The hot spot persists for a few 

seconds and looks like a thermal runaway but then the fiber cools to an even lower 

temperature than before the appearance of the thermal spike. A migration of these hot 

spots was also observed, as the thermal spike was able to move along the fiber before 

extinguishing. The authors proposed an explanation for the phenomenon based on a 

systematic decrease of the dielectric loss coefficient (seen in Eq. (1)) after each heating 

spike. After each thermal spike (for temperature higher than 1200°C), a change in the 

composition of the fiber was observed since microwave heating was crystallizing the 

Nextel (alumina based material used for the study) into a new mullite phase. Thus it was 

suggested that the dielectric loss coefficient for mullite must be smaller, reducing heating 

at this position, resulting in the drop of the temperature observed. Moreover, after several 

thermal spikes, it was observed that the fiber was largely converted to mullite and was 

more difficult to heat, supporting the previous hypothesis. For the mobility of the hot 

spots, it was suggested that the nonuniformity of the heating and of the mullite formation 

could generate a variation of the dielectric loss along the fiber, and therefore by 

conduction and radiation create thermal spikes adjacent to the previous position and thus 

explain the migration. Thomas [10] developed a mathematical model based on the 

observations made above assuming uniform heating of the fiber by the microwaves, using 
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one-dimensional heat conduction along the fiber and radiation and convection loss at the 

surface. To simulate a thermal spike, the dielectric loss coefficient is perturbed by a small 

amount, while the formation of mullite for a temperature higher than 1200°C is modeled 

as a decrease of the dielectric loss, as a function of the temperature and the time spent at 

this level of temperature. The author was able to simulate the same behavior observed in 

[9], and observed a good agreement between the data and the model, which lead to the 

conclusion that the thermal spikes observed during heating of this fiber by microwaves 

was caused by changes in the dielectric properties of the fibers due to the change in the 

composition of the fiber above a transition temperature. 

From these articles [1-9], we can see that to avoid problems generated by 

microwave processing, it is important to control excessive changes in heating, and 

therefore to control the temperature of the material. Vogt et al. [11] designed a rapid 

feedback control system to regulate the sintering temperature of tows moving in a 

microwave cavity by adjusting the microwave frequency and the power absorbed by the 

fiber. An important hypothesis was that a constant absorbed power under steady state will 

produce a constant temperature. Applying this method to samples of NICALON tows and 

mullite tubes, they were able to demonstrate that it is possible to control the temperature 

for stationary or slowly moving samples (less than 10mm/min). However, this method did 

not work with fast moving fibers, as the authors observed fluctuations of several hundred 

degrees Celsius over several seconds when controlling the power. 

Our conclusion from the last series of articles [1,9-11] was that microwave 

processing can provide a good solution to sintering ceramic fibers. It is generally faster, 

generates more uniform heating and better properties for the materials in comparison to 

conventional heating. However, controlling the temperature is difficult and very important 

to successfully process the material. We conclude that to sinter a ceramic fiber, we need to 

reach a certain temperature and maintain this temperature during a time long enough to let 
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the transitions occur while controlling the temperature. Changes in the temperature can 

lead to thermal runaway, as well as thermal spikes, because of changes in the dielectric 

loss coefficient of the materials. 

Thus to be able to sinter a ceramic fiber, we need to be able to reach a desired 

temperature without large changes in the microwave energy deposited in the fiber [1], as 

well as to control the temperature by controlling the power. From [11], we conclude that 

controlling the power given to the fiber is perhaps not the only solution, but also that we 

need to investigate how to distribute the microwave energy along the fiber, assuming as 

before that a constant absorbed energy under steady state will produce a constant 

temperature in the fiber. This leads us to the investigation of a way to distribute the 

electromagnetic field in the applicator in order to avoid these problems and be able to 

produce a constant temperature zone as desired in sintering. This distribution must be 

guided by Eq. (1), taking into account the temperature dependence of the dielectric loss 

coefficient &”. 

Thus, the objective is to determine an electric field strength profile to rapidly 

stabilize the material at a constant high temperature, for a sufficiently long period of time, 

and therefore demonstrate control of the temperature inside the fiber. 
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I. Presentation of the problem 

1. Geometry, parameters, choices and physical properties 

As described in Fig. 1, the system is modeled as thin concentric cylinders. The 

ceramic fiber is modeled as a solid cylinder moving through the cavity with steady 

velocity, where it is exposed to the electric field. The cavity itself is assumed to be a 

hollow cylinder to help us model the problem using the symmetry and a one-dimensional 

hypothesis. In recent experiments at Los Alamos, the cavity used was a cylinder operating 

in the TMo10 mode, so this is a reasonable choice. 

The fiber is moving at a velocity V inside the cavity and is subject to four types of 

energy transfer: 

- Energy generated by microwave absorption, 

- Radiation losses, 

- Convection losses, 

- energy carried by the load itself. 

The generation of energy occurs only inside the cavity, while the other forms of transfer 

apply all along the fiber. 
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The model is one dimensional (this hypothesis will be justified in Chapter IT.), 

which means that no change occurs to the system in any other direction than the one we 

are studying; so the coordinate system is an x axis, centered along the fiber, with origin at 

the beginning of the cavity. 

Microwave cavity 

Ceramic fiber ae 

Radiation 

| _-* Oe | 
noggin ymin . 
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Figure 1.1: Geometry of the model 

To be able to make any calculations to model the problem, we need to define some 

physical characteristics, such as the cavity length, the exterior length, the fiber diameter, 

the different temperatures, and the fiber velocity. 
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1.1 Dimensions 

We need to choose some dimensions for the problem, such as the cavity length and 

the diameter of the cylinder used as a model for the ceramic fiber. These dimensions need 

to be realistic, but we will see that these parameters can be changed easily. For example, 

we will show that the model we propose can be extended to a larger cavity, by keeping the 

value of the electric field constant in the additional part of inside length. We need also to 

choose a value for the exterior length (part of the fiber situated after the cavity, in the x- 

positive direction), to fix the boundary condition at the last point of the fiber. 

These dimensions were chosen after discussions with experimentalists at Los 

Alamos National Laboratory. 

Values chosen are: 

Cavity length: Length = 0.2 m 

Exterior length: Lext = 0.4m 

Fiber diameter: diam = 0.005 m 

1.2 Temperatures 

Three types of temperatures need to be fixed, for the calculation of the radiation 

and the convection losses: 
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- the air temperature (Tine) outside the cavity. 

- the air temperature (T,,) inside the cavity. 

- the cavity wall temperature (Tre). 

We chose: 

Tube = Tine = T gaz = 25°C 

All the temperatures have been fixed to a constant temperature of 25°Celsius, the exterior 

temperature. The wall temperature can be kept constant using a flowing water jacket, and 

we consider that the air (without having forced convection) does not stay long enough in 

the cavity to be heated (we assume “good” circulation). 

1.3 Velocity 

We decide to restrict the velocity range of the load from 0.005 m/s to 0.04 m/s, 

thinking that it is a reasonable range to let the fiber cross the cavity. That means that the 

fiber stays a minimum of 5 s and a maximum of 40 s within the cavity. 

For the same electric field, the slower the velocity, the more energy the fiber will 

be able to accumulate, and so the higher the exit temperature will be. However a velocity 

less than 5 mm/s will be difficult to use from a realistic experimental point of view (with 

reasonable precision). Taking a larger velocity requires larger field values; this is the main 

reason why we limit the velocity between the values of Smm/s and 40mm/s. 

0.005 m/s < V < 0.04 m/s 
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A principal objective is to be able to keep the temperature of a moving point larger than 

1000°C for up to 10 minutes. 

1.4 Other parameters 

Some other parameters and constants need to be fixed, such as the convection and 

radiation loss parameters and the constants of the microwave energy absorption term. 

- Convective coefficient h: 

h= 10 W/m’K. 

This value is typical for free convection for the type of materials and the range of 

tenperature we are using. 

- Emissivity &: 

6 =0.75 

This value was chosen as representative of experimental measurements for the type of 

materials and the range of temperature we are using. (Reference [2] from Zircar Fibrous 

Ceramics) 

- Finally, the microwave frequency f is fixed at the FCC permitted value of 

2.45Ghz=2.45x10" Hz. 
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1.5 Summary of the parameters 

  

  

  

  

  

  

  

  

  

  

    

Parameter Name of the variable Value 

Cavity length Length 0.2m 

Exterior length Lext 0.4m 

Fiber diameter diam 0.005 m 

Air temperature ouside the Tint 25°C 

cavity 

Air temperature inside the T gaz 25°C 

cavity 

Cavity wall temperature Tube 25°C 

Velocity V 0.005 m/s to 0.04 m/s 

Convective coefficient h 10 W/m’K 

Emissivity E 0.75 

Frequency f 2.45 GHz       

2. Mathematical model 

We consider a small element Ax of the fiber to perform a balance of energy to find 

the governing energy equation of the system, as shown in Fig. 1.2. The area of the fiber is 

represented by A, while P is the perimeter and R the radius of the cylinder. 
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x+Ax 

Figure 1.2: Elementary part Ax of the fiber 

The First Law of Thermodynamics applied to the control volume requires: 

Ein+ Egen-Eout = Est, (1.1) 

with 

° oT Bin =-kAL] +pC,VAT, (1.2) 

Egen = q AAx; (1.3) 
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: aT 
Eout = -kA— +pC, VAT, 

+Ax 

x+Ax 

+hPAx(T — T,,,) + €6PAx(T* — T3,.) ; (1.4) 

and 

Egt = pC, Ad. (1.5) 

In Eqs. [1.1-1.5], T(x,t) represents the absolute temperature of the fiber, where x 

represents the position along the x axis whose origin is positioned at the beginning of the 

cavity, while t represents the time from the start of the model, V the velocity of the fiber, k 

the thermal conductivity of the material, p its density, C, the specific heat capacity at 

constant pressure, h the air-fiber convection coefficient, « the emittance, o the Stefan- 

Boltzmann constant, and finally, q(T) is the volumetric heating source from the 

microwave energy. 

Using 

q, = eo(T* — Tyre) = h.(T- Ty.) (1.6) 

with 

h, = so(T’ + Trobe )(T + Tyre) > (1.7) 
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we rearrange Eq. (1.1), taking the limit as Ax approaches 0: 

aos aes 
  li «4g A-li val Cetseax obs im + —lim —-——err.. rt Ax90 Ax q Ax-»0 P Ax 

. OT 
hP(T— Tye) — 4,P = PCA, (1.8) 

and using 

  

  
  

P 2 
—=— 1.9 ae (1.9) 

we can reduce Eq. (1.1) to find the governing equation for the model: 

Of, oT) * 0 2h 2h, OT 
oe) + q- pv—(c,1) ~ pi ~ Tar) — R (T — Tse) = PC, at (1.10) 

  

While p will be treated as a constant, as will h, R and V, it is important to notice 

that some properties are temperature-dependent, such as the thermal conductivity k(T), 

the specific heat capacity C,(T), and the radiation loss coefficient h,(T). It is also 

important to remember that q(T) is temperature-dependent because of the temperature 

dependence of the dielectric loss e (T). 
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3. Boundary and initial conditions 

We need to fix the boundary conditions and the initial conditions to be able to 

solve Eq. (1.10) governing the problem. The problem is a time-dependent and one- 

dimensional problem, thus we need two boundary conditions and an initial condition. 

3.1 Boundary conditions 

We decide to use as boundary conditions the temperatures at the limits of the 

system, i.e., at x=0 and at x=Length+Lext. 

x=0 T(0,t) = Tinf = 25 °C; (1.11) 

x = (Length+Lext) T(Length+Lext,t) = Tinf = 25 °C. (1.12) 

With Eq. (1.11), we assume that the fiber is entering the cavity at an ambient temperature, 

the temperature of the outside medium and also the air temperature. Equation (1.12) 

states that after a certain length without heat generation, outside the cavity, the fiber is 

able to return to the ambient temperature, giving up its energy by convection and 

radiation. 

Condition (1.12) is not fundamental to the solution of the problem, as we will see in part 

3, and can be changed to a zero-gradient condition in the computer model: 
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or 0, (1.13) 
Ox x=(Length+Lext) 

that will be easy to transform in a finite-different approach to: 

Thength+Lext-ax = LrengthsLext (1.14) 

3.2 Initial condition 

The initial condition comes naturally as: 

T(x,0) = Tinf = 25 °C, (1.15) 

assuming that at the beginning all the system is in a stable state at the ambient 

temperature. 

4. Finite-difference formulation 

The governing energy equation (1.10) gives us an unsteady non-linear system to 

solve, because of the strong temperature-dependence of the fiber properties, especially the 

volumetric heating source from the microwave energy q(T). Thus, we need to use a 

numerical method to solve Eq. (1.10), using an iterative solution to take care of this 

temperature-dependence, making the system converge toward a solution satisfying Eq. 

(1.10). It is a one-dimensional unsteady non-linear problem, so we will use a finite- 
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difference formulation to solve it. The method chosen is an implicit method, to have a 

system unconditionally stable, and we will use the volume integration method to include 

the temperature dependence of the fiber properties. The purpose is to find a system of 

equations to solve the temperature distribution numerically; applying the finite-difference 

method will reduce the problem to a tridiagonal system of equations, that we will be able 

to solve using the Thomas algorithm. (The Thomas algorithm will be explained in 

Appendix A.) 

Tm-1 Tm Tm+1 

  

  

  

Figure 1.3: Elementary part Ax of the fiber for the finite-difference method 

Starting from the energy equation (1.10), we integrate the different terms over the 

small element Ax, between (x,, — >) and (x, + Sy 
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yal +f dx — i_ vo <(c, T)dx - i font )d 
Xm OX Ox * 0 op _ Ax inf )OX 

or 
peg a (E— Tane x = 206, a ox. (1.16) 

2 

We employ the standard notations for the finite-difference model, i.e: 

e T°” represents the temperature at the point (m) for the time (p+1). 

e any quantity with the subscript m is evaluated at x,. For example, q,, represents the 

volumetric heating source from the microwave energy evaluated at x, , and so, while q,, 

is in fact temperature-dependent, we can write; 

da =4| =4(7,). 
Xm 

¢ a quantity with the subscript m and the underscript + is a quantity evaluated at 

T,+T 
[ta * Tos) , and we apply the same rule for the subscript -. 

For example, 

Using this notation, a central difference to express the partial x-derivatives, a 

forward difference for the time-dependent derivative, (implicit formulation), we can re- 

write Eq. (1.16) as: 
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Ter) _ Per per Tee) . 
«(ee _ Ke) +q,, Ax 

Ax Ax 

(p+1) -0¥ (Cyr ) Ax 
Xm 

_ WAX ops 2h, Ax, Te) — T®) 
R (TP? = Tine) = R (Tr? = Tre) = PC pax{ a), (1.17) 

  
_ (c,T°”) 

  Xpt— 

We can rearrange Eq. (1.17), to solve for the unknown temperatures T'’*” at time top 

knowing the temperatures T‘” at time t.: 

  | Ka PVCom fpiven | Km Kin oy Com Com), 2Ch +h) | Pom bron 
2Ax | ™" Ax? 2Ax R At |” 

  
k} C,. C 2h 

{3 een a Ty $data Tas +o Tate (1.18) 

(C,” —C,_) is very small, because the specific heat varies very little with the 

temperature for the small Ax for the ceramic fiber we are studying. Thus, this difference 

will be neglected in comparison to the other elements in the parenthesis. 

We can thus reduce Eq. (1.18) to: 
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(p+1) 
—Th 

  kn, PVG. + —————— 

Ax? 2Ax 

+ TOD   
(ki +k. 2(h+h,) pC,_ 

+ + 
Ax? R At 

key ae 
  —rig;)| Ke, Pre 
Ax 2 Ax   

pc, - 2h 2h, 
== JT? 4g 4+—T.+—T At R R tube - (1.19) 

  

Now that we have derived the equation for a general interior node, we need to 

express the boundary conditions and the initial condition associated with the problem 

using the finite-difference discretization. 

Let us define 

  

  

N = Length (1.20) 
Ax 

and 

M = ext (1.21) 
Ax 

to represent the number of nodes inside the cavity and outside the cavity, respectively. 

The boundary conditions from Eqs. (1.11) and (1.12) will become: 

Ti) = 25°C, (1.22) 
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Tyee = 25°C, (1.23) 

at every time t,. 

If we use the boundary condition from Eq. (1.13), the zero-gradient condition, we have: 

Tyew = Tyee (1.24) 

at every time t,. 

Finally, we can express the initial condition (Eq. (1.15)) as: 

TO = 25°C, (1.25) 

at every point m of the fiber. 

To summary the boundary and initial conditions, we have: 

  

  

Ty” = 25°C 

Trew = 25°C 

TO = 25°C 
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5. Determining the temperature distribution 

5.1 Solution of the equations 

Equation (1.19), the finite-difference model corresponding to the governing energy 

equation of the system, augmented with the boundary conditions at x=0 and 

x=(LengthtLext) (Eqs. (1.23, 1.24)) can be written in matrix form as: 

ACT YT _ B(T) , a 26) 

with A an (N+M+1)x(N+M+1) matrix, and B an (N+M+1) vector, whose elements are 

temperature dependent because of the temperature dependence of the properties of the 

fiber. These coefficients are evaluated at the time t thus for estimated temperatures p+l> 

T°?*) | for the matrix A, while for B, they are evaluated at time t,, thus for 

p+l) temperatures T®. T°*” is the vector of the unknown temperatures at time (p+) we 

want to solve for. 

The temperature dependence of the properties and coefficients means that we need 

to iterate the system at each time step, until the system converges toward a solution 

satisfying Eq. (1.10) , starting from the initial condition (1.15). 

5.2 Thomas algorithm 

The Thomas algorithm is a simplified version of Gauss elimination for determining 

the solution of the system Sx=D, with x and D two column vectors and S a tridiagonal 
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matrix with components only on the three principal diagonals. See Appendix A for a 

complete explanation. The subroutine tridag, using the Thomas algorithm, will be found in 

the code given in the appendix. 

6. Computing parameters 

6.1 Definition of “Steady-State” 

We will say that the system reaches the steady state when its temperature 

distribution does not change by more than 0.1% during one second (that means one 

hundred consecutive time steps with the time step size that we chose, At=0.01s). 

6.2 Choice for Ax and At 

We discretized Eq. (1.10) into Eq. (1.19), but we still need to fix Ax and At to be 

able to solve the problem. The precision of the solution depends of the precision of these 

parameters, and we need to choose a minimum for each of them to consider the solution 

accurate. 

To make this determination, an arbitrary case was solved, with the minimum velocity 

(V=0.005 m/s) and an electric field E of 50000 V/m, and compared the results for 

different Ax (using the same At), and for different At (using the same Ax), to determine the 

Ax and At we are going to use for all subsequent calculations. 
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Choosing Ax: 

Using a time step At=0.0ls, the number of points between x=0 and 

x=Length+Lext was increased from 120 points (Ax=0.005 m) to 960 points 

(Ax = 6.2510 m ) (by progressively doubling the number of points) and we compared 

the temperature for each point to the temperature given by the 960 point case by plotting 

the error between each case and the 960 point case, as we see in Fig. 1.4. 

We define the relative error as: 
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figure 1.4: Error for different number of points in comparison with the case 

Ax=6.25x10%m 
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We obtain, keeping just the maxima of the errors: 

  

  

  

    

Ax(m) 0.005 0.0025 0.00125 

points 120 240 480 

Error outside 0.00619 0.007 0.00099 

Error inside 0.0051 0.0021 0.0007         

We note that the case with 120 points reaches the steady state after 129 s, while for the 

other three cases, it takes essentially the same time (t=127s). 

“Error outside” is the maximum error on the entire fiber, while “Error inside” is 

the same, but just on the inside of the cavity. We can see that the “error outside” is bigger 

than the “error inside”; this is due to some numerical oscillations, happening at the end of 

the fiber. (This phenomenon will be explained in part 3.) For 480 points, 1e., 

Ax=0.00125m, the error outside is less than 0.1%, as is the error inside. 

That means that Ax=0.00125m will be the biggest step that we will use. 

(We will see that for some explanations, we will need to use a smaller Ax, using for 

example 960 points along the fiber, but this will be for special demonstration, and except 

in these cases, we will always work with Ax=0.00125m, that means 480 points along the 

fibers. ) 

Choosing At: 

We perform the same type of study, using the Ax chosen previously, for At=1s, 

At=0.1s, At=0.01s and At=0.001s. The four cases give us close results for the arbitrary 
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case chosen. We decided to choose At=0.01s as a standard for our calculations, as a good 

compromise between the most important parameter, accuracy, and also the computing 

time. 
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II. Fiber properties 

We need now to discuss the physical properties for the materials used to perform 

calculations, after having fixed all the other parameters needed to solve the problem. 

Looking at the finite-difference Eq. (1.19) describing the problem, we see easily that we 

need to define the density p of the material, the specific heat capacity C,, the thermal 

conductivity and finally the dielectric loss coefficient &” of the volumetric heating source 

from the microwave energy. We need to note that, while we will work with constant 

density material, the three other properties are temperature-dependent. We worked with 

two different materials, alumina and zirconia, so we need to fix these parameters for both 

of them. 

1. Density p 

1.1 Alumina 

Fully dense alumina has density of 3850 kg/m’. Since the fiber is made of 100-200 

individual filaments, however, we use an actual density of one-half of the theoretical 

density. 

So we fixed the density as: Pi = 1925kg / m° 
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1.2 Zirconia 

For the zirconia, we used the data for e” from Vogt, Tinga, and Plovnick [12]. 

(This choice will be discussed in paragraph 3.2). The article describes a sample with a 

density of 2780 kg/m* for the e” data given. 

2. Specific heat capacity at constant pressure C, 

Data for the specific heat capacity C, for alumina were obtained from [13]. The 

subroutine cap/(7), which evaluates a curve-fit to these data can be found in the code 

given in Appendix B. 

Data for the specific heat capacity C, for zirconia were obtained from [14]. The 

subroutine cap2(T) which evaluates a curve-fit to these data can be found in the code 

given in Appendix B. 

Fig. 2.1 represents the output of the subroutines cap/(T) and cap2(T) for alumina 

and zirconia for a temperature range of 0°C to 1800°C. As we can see, both specific heats 

are increasing functions of the temperature, alumina having a higher specific heat than 

zirconia at a given temperature. We can note that a Differential Scanning Calorimeter can 

be used to generate specific heat capacity data if necessary for a specific material. 
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Figure 2.1: Specific heat at constant pressure for Alumina and Zirconia as a function of 

temperature 

3. Thermal conductivity k 

3.1 Alumina 

Data for the thermal conductivity k(T) for alumina were obtained from 

manufacturing specifications [13]. The subroutine cal(T) which evaluates a curve-fit to 

these data can be found in the code given in Appendix B, and is plotted in Fig. 2.2. 

  

33



Part II: Fiber properties 
  

3.2 Zirconia 

Since we are using dielectric loss data from Ref. [12], we need the thermal 

conductivity for this material. Unfortunately, the compostion of the material is not given in 

[12]. Considering data for similar materials found in the literature [14], we model the 

zirconia thermal conductivity k(T) as a linear function: 

  

  

  

  

k(T) = 7.741x10° x(T- 273) + 0.013065 (2.1) 

where T is in Kelvins. 
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Figure 2.2: Thermal conductivity for Alumina and Zirconia as a function of temperature 
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4. Dielectric loss coefficient ¢” 

The microwave heating of ceramic fibers is greatly affected by the strongly 

temperature-dependent dielectric loss coefficient e”. Indeed, the large increase of ©” at 

high temperatures (by several orders of magnitude) can lead to thermal runaway problems, 

which means that the temperature increases without any control. 

4.1 Alumina 

The material of the fiber we are trying to model is *MNextel, which is alumina 

based. Unfortunately no dielectric property data representative of this material are 

available, thus we use dielectric loss coefficient data for pure alumina. 
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Figure 2.3: Dielectric loss coefficient for alumina as a function of temperature 
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The range of e” data is exemplified by the results of Cross and Binner [15] and 

Hutcheon [16], both of which were available to the author as curve-fits (Fig. 2.3). Note 

that this is a semilog plot which minimizes the steep increase. These data are quite 

different, due to the fact that the experiments were performed with alumina-oxide Al,O; 

materials, with different impurity content. 

Based on results of our calculations, it appears that the Cross and Binner data give 

results more in line with Los Alamos National Laboratory experiments on *"Nextel than 

that of Hutcheon. Moreover, since no data is available for temperatures larger than 

1430°C, the part of the curve-fit for temperatures higher than 1430°C must be 

extrapolated, and it appears that the curve-fit to Hutcheon data has a slope which is too 

large at high temperatures, leading to thermal runaway which was not observed in the 

experiments. 

4.2 Zirconia 

We developed a curve fit to the dielectric loss coefficient for zirconia given in Ref. 

[12] (Fig 2.5). We can see the data used to create the curve-fit in Fig. 2.4 (green points). 

Using the literature [14] to extrapolate in the zone outside the data zone, we ended with a 

model for the dielectric loss coefficient for zirconia, as follows: 

- For a temperature smaller than 700°C, we assume a constant dielectric loss €”=0.1. 

- For temperatures less than 1005C, we assumed a linear interpolation between the 

T=700°C, ¢”=0.1 and the first point of data T=1005°C, ¢”=0.15. 

- We chose 6 points of data following the trame to create a smooth curve-fit (Fig. 2.4). A 

linear interpolation was performed between the data. 
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- Finally, we use a linear extrapolation keeping the slope between the last two points for 

temperatures higher than 1255°C 

Fig. (2.5) represents the output for the zirconia using all these hypothese. Again note the 

semilogarithmic scale. 
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Figure 2.4: Dielectric loss coefficient for Zirconia as a function of temperature in the 

range 1000°C - 1300°C. (The green points represent the data from Vogt, et al. [1]) 
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Figure 2.5: Dielectric loss coefficient for Zirconia as a function of temperature 

5. One-dimensional problem hypothesis. 

Now that all the properties and dimensions of the problem have been fixed, we 

need to demonstrate that the assumption of one-dimensional heat conduction is plausible. 

To this end, we model the fiber as a long solid cylinder with constant internal heat 

generation (by microwave absorption) and constant properties. We keep the same 

dimensions fixed previously and the same notation. We use the usual system of 

coordinates (z,r,0). The problem is axisymmetric, so is independent of the @ coordinate, 

and the long-cylinder hypothesis makes the system only r-dependent. (See Fig. 2.6) 
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Heat generation in differential element is de L2ndr 

Figure 2.6: Heat conduction in a long circular cylinder with internal heat generation. 

We will try to demonstrate that the temperature-difference in the r-direction is 

small enough to consider the model as a one-dimension heat conduction problem. 

The energy equation for an annular element (Fig. 2.6) of thickness dr, situated at r, is: 

2nrL ke + q g 2uLrdr = —2nL(r + dryk ot , (2.2) 
r r Tr r+dr 

which can be simplified and written as: 
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dot =—k d G4 
—|r— |]. 2.3 
dr\ dr (2.3) 

Integrating twice and using boundary conditions of symmetry and fixed temperature Tr at 

t=R, we find: 

  rat, +4e8 1-(£) | (2.4) 

From Eq. (2.4), we see that the maximum difference of temperature inside the fiber 

will correspond to a difference between the maximum temperature Tl, and the surface 

temperature. We will try to take an average case as an example to find the order of 

magnitude for the temperature difference between the surface and the center line. For 

alumina, we can evaluate the parameters at an average temperature inside our range of 

interest, for example T,ye=700°C, and use a typical electric field strength of E=30000 V/m. 

Evaluating the properties at 700°C, we have: 

s" = 0.09332 

k = 4.40421 W/mK. 

Thus, from Eg. (1.1), we have: 

dg = 1144729 x10°W/m’, 
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and using Eq. (2.4) for r=0, we obtain: 

(T-T,),.. = 4.06K , 

and if we calculate the relative error, using the temperature where we evaluated the 

properties, T,y.=700°C=973.15K, we obtain: 

(T—T) imax _ 4.06 

T, 973 
ave 

= 0.00417 = 0.42%. 

This evaluation is not precise and is just intended to give an order of magnitude of 

the temperature difference that can occur inside the fiber. Moreover, this model is more 

representative of solids, and the material of interest is not a solid rod, but a porous low 

density fiber tow. Radiation heat transfer between the filaments of the fiber tends to 

minimize temperature gradients. So, assume the one-dimensional hypothesis is valid. 
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III. Results 

1. General objectives 

Continuous microwave heating of ceramic fibers and similar materials is plagued 

by problems of uncontrolled temperature rise caused by the strong temperature 

dependence of dielectric properties. 

Sintering of ceramic fibers requires that their temperature be maintained above 

some minimum value (typically 1100°C) for a period of a few minutes. Passing a moving 

fiber through a constant field will not accomplish this because a constant electric field 

strength will produce at steady-state a monotonic increase of temperature inside the cavity 

from a minimum situated at x=0 to a maximum temperature situated at x=Length, as 

shown in the example plotted in Fig. 3.1 for a constant velocity V=0.005 m/s and an 

electric field E=95000 V/m. Each small element of the fiber is accumulating the energy 

from the microwave field during its crossing of the cavity. Thus, the fiber will never reach 

an equilibrium in which energy gain equals energy losses. 
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Figure 3.1: Temperature distribution for alumina for a constant velocity and a constant 

electric field strength. 

Observation: all the results and plots made to explain the methods used (paragraphs 1., 2, 

and 3.) were done using alumina for material. 

The desired temperature profile for a fiber moving through a stationary microwave 

applicator is shown in Fig. 3.2. Our objective is to determine the microwave electric field 

profile necessary to accomplish this. 
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Figure 3.2: Objective: to prove the feasibilty of controlling the temperature by 

generating a constant temperature zone. 

The fibers under consideration are in reality a bundle of 100 or so individual 

filaments; such a bundle is called a “tow”. As a result of normal manufacturing variances, a 

tow is nonuniform in cross section as the individual filaments are more or less tightly 

wound. Such variations in density will obviously lead to variations in heating along the 

length of the fiber. Thus, having determined an electric field shape corresponding to our 

desired temperature profile, we will need to determine what magnitude of variations in the 

properties of the fiber will lead to unacceptable variations in fiber temperature. 
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2. Variable parameters 

To learn how to control the temperature, we must solve Eq. (1.10) while varying 

the two remaining parameters that have not been fixed: the velocity V of the fiber, and the 

volumetric heating source from the microwave energy q(T) through the electric field 

strength E. Clearly, the temperature distribution in the fiber depends on both the velocity 

of the fiber and the electric field strength inside the cavity. 

Thus, the first step will be to determine the range of values of the temperature field 

(at steady state) that depends on these two variables. Thus we performed a suite of 

calculations, varying the electric field while using a constant velocity, and afterwards 

varying the velocity while keeping the electric field strength constant. We used data for 

alumina to determine this behavior. 

To illustrate, we fix the velocity at the minimum value of V=0.005m/s, and we 

increase the electric field strength from 10000V/m to 80000V/m for five different values 

of E, to obtain the temperature profiles within the cavity shown in Fig.3.3. 
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Figure 3.3: Temperature distributions for a constant velocity and constant electric field 

strengths 

From Fig. 3.3, we see that the bigger the electric field strength, the higher the 

temperatures, as expected. If we increase the electric field strength enough for any 

particular velocity, we will produce a temperature high enough to induce thermal runaway. 

It is important to look at the shape of the temperature profile and to note that for any 

constant E, the temperature field generated is strictly increasing with x. From this figure, 

we can also immediately deduce that it will not be possible to generate the sort of shape 

shown in Fig. 3.2 for the temperature using a uniform field. That verifies our conclusion 

that to generate a temperature shape like the one in Fig. 3.3, we will need to add a new 

hypothesis in our model, a variable electric field strength along the x-axis, with a shape 

E(x) to be determined. 
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After having determined the evolution of the temperature for different electric field 

strengths, we need to look at the effects of different velocities on the same problem. For 

this, we fixed the electric field strength at E=80000V/m, and we determine the 

temperature distribution at the steady state while successively doubling the velocity from 

0.005m/s to 0.04m/s (from minimum to maximum velocity inside the chosen range). The 

results can be seen in Fig. 3.4. 
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Figure 3.4: Temperature distributions for a constant electric field strength and constant 

velocities 

We see from Fig. 3.4 that increasing the velocity decreases the temperature of the 

fiber. Because of the higher velocity, the fiber spends less time being heated by the 

microwave field inside the cavity, thus the accumulation of energy has less time to occur, 
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and therefore the temperature is smaller. Thus we see that a way to avoid thermal runaway 

will be to work with both the field profile E(x) and velocity V. 

From Figs. 3.3 and 3.4, we can conclude that the electric field strength and the 

fiber velocity are two variables dependent on each other to control the temperature of the 

fiber. That means for example that for any velocity we will be able to find a maximum 

electric field strength so that we are able to limit the maximum temperature of the fiber to 

a certain value. 

For example, deciding to keep the temperature less that a fixed value of 1000°C, 

we can find the maximum field strength allowing this temperature for a specific velocity. 

We end up with a relation between the velocity (inside our fixed range) and the electric 

field strength as shown in Figs. 3.5 and 3.6. 
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Fig 3.5: Relation of velocity to electric field strength to limit the temperature under the 

value 1000°C. 
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Figure 3.6: 3D visualisation of the relation of velocity to electric field strength to control 

the temperature under the value 1000°C 

(The red point for a specific velocity corresponds to the temperature larger than 1000°C, 

and the blue point to a temperature smaller than 1000°C.) 

In Fig. 3.5, the pink curve and the blue curve represent the values of the electric 

field strength framing the temperature distribution where the maximum temperature is 

exactly 1000°C (within a difference of 5000V/m). That means that to generate a 

temperature distribution with a maximum temperature 1000°C for any velocity inside our 

range, the corresponding electric field will be found inside the gap between the two 

curves. 
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Fig. 3.6 helps to visualize the values of the temperature for each point, and we see that 

adding 5000 V/m does not cause the same temperature increases. 

This kind of relation can be calculated for any temperature and any velocity; for 

example, we could determine for a given velocity the electric field strength that makes the 

temperature run away. For alumina, the thermal runaway using a constant microwave field 

appears for a maximum temperature on the fiber bigger that the biggest temperature of 

interest. For zirconia, the system is less stable and will be discussed later. 

3. Electric field strength profile 

In the preceding section, we deduced that to produce the temperature profile 

shown in Fig. 3.2, we needed to generate an electric field strength function of the 

coordinate x, since we were not able to generate it using a constant field. From the 

paragraph above, we saw also that each electric field profile will correspond to a specific 

velocity, both parameters being dependent on each other. The next step is to determine 

how to heat the fiber in order to generate a temperature profile such as the one shown in 

Fig. 3.2, and to apply it for a specific velocity. 

The way to redistribute the energy can be deduced from Eq. (1.1) 

q(T) = 2m,6"(TIE)’, (1.1) 
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to transform the volumetric heat generation and make it the correct function of x. To do 

this, from Eq. (1.1), the only way is to make the microwave field x dependent, and we end 

with: 

q(x, T) = 2nf,e"(T)E(x)|’. (3.1) 

Using Eq. (3.1), we see that we need to deposit more energy in the fiber near the entrance 

to the cavity, and decrease the energy given to prevent the temperature from increasing 

further, by varying the x dependence of the electric strength field. 

To determine a temperature profile like that shown in Fig. 3.2, it appears that the 

electric field profile should have a shape approximately like that shown in Fig. 3.7. 

Electric field 

Strength E 

(V/m) 

  

    y 

0 Length x 

|< Cavity —_____—_»| 

Figure 3.7: General shape of the electric field strength to produce the desired 

temperature profile. 
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This shape produces a very high microwave field strength at the beginning of the 

cavity to rapidly heat the cold fiber and a rapid decrease to limit the accumulation of 

energy by balancing heat losses and gains, and finally a constant part to maintain uniform 

temperature. 

A first guess for an electric field shape is an exponential of the form: 

  

_ _ Xx 
E(x) = E, exp A 5) , (3.2) 

with E, and A two constant coefficients to be determined. Clearly A determines the shape 

of the exponential, while E, determines the magnitude. Using the minimum velocity, 

V=0.005m/s, we tried to first determine the constant A, using a fixed E,. Using different 

values of A, we tried to select the best one for our problem, using for criterion the fact 

that we wanted a maximum temperature around the point x=0.065m to be able to produce 

a constant temperature zone large enough (covering approximately 2/3 of the cavity). 

A reasonable first approximation is to take A=8 and using this shape with E,=100000V/m, 

the resulting temperature profile is as shown in Fig. 3.8. 
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Figure 3.8: Temperature profile generated by an exponential electric field with 

E,=100000V/m and A=8, for a velocity V=0.005m/s 

From Fig. 3.8, we see that the temperature profile has a general shape similar to 

the one we seek. The maximum is in the desired zone, but the temperature decreases 

slowly from the maximum temperature point to the end of the cavity. This is due to the 

fact that even if the change in the exponential electric field is very small in the part where 

field is the smallest, the electric field is still strictly decreasing. We deposited more energy 

near the entrance of the cavity, making the temperature increase faster than with a 

constant field and reaching a maximum as we wish, but the field decreases too rapidly 

after that point, and the drop in the temperature tells us that we are not depositing enough 

energy in the fiber to equilibrate its losses. 
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From this starting point, two steps are essential: we need first to fix the maximum 

temperature at the value we want to obtain, working on the magnitude of the exponential 

E, and then we must adjust the electric field strength to obtain a shape like in Fig. 3.2. 

Fixing the coefficient E.=3.619x10° V/m (this value is the largest one used, and it 

is also the one corresponding to our final electric field profile), we obtain the temperature 

profile shown in Fig. 3.9. 
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Figure 3.9: Temperature profile generated by an exponential electric field of Eq. (3.2) 

using A=8, E,=3.619x10° V/m and V=0.005m/s. 

From Fig. 3.9, we are able to obtain a maximum temperature Tmax=829°C situated 

in the zone where we want to fix it, here at x=0.04625 m. From the electric field 

distribution used for Fig. 3.9, we discovered that the temperature is not very Sensitive to a 
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significant increase of the magnitude E,. This is due to the fact that the exponential E(x) 

decreases too rapidly and so does not deposit enough energy for a sufficient length. But, 

this distribution gives us the desired shape from the entering point of the cavity to the 

point where the temperature is maximum. Thus, we need to move to the second step, 

which is to adjust the field for each point of the fiber to create the desired temperature 

distribution from Fig. 3.2. 

4. Profiles for Alumina 

Using the method described above, we developed an electric field distribution 

corresponding to Fig. 3.2 for alumina. The velocity was fixed at 0.005m/s to work with 

the smallest field possible corresponding to our chosen range of velocity. 

The method described above was used first with 120 points along the fiber (Ax=0.005m) 

to reduce the calculation time and to be able to fix the shape easier. 

Afterwards, the number of points was increased to the minimum standard 480 points 

(Ax=0.00125m), using linear interpolation to find the value of the electric field strength for 

new intermediate point. We should point out that increasing the number of point changes 

the temperature profile slightly, and therefore, we needed to adjust the electric field 

distribution each time we increased the number of points. 

The objective for alumina was to fix the constant temperature zone at 1400°C, 

with a tolerance of 20°C around this value, as shown in Fig. 3.10. 

We were able to performed the objective using a similar code to the one given in 

Appendix D.The result is the temperature distribution at steady-state (the steady-state 

happens after 127 seconds) shown in Fig. 3.11: 
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Figure 3.10: Objective for alumina 
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Figure 3.11: Temperature and electric field profiles corresponding to the objective for 

alumina (view of the cavity). 
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The electric field is composed of 5 different zones: 

  zone 1: Om< x <0.025m. E(x) = 3.619 x 10° x oxo( 8 * , 
Length 

In this portion, we kept the exponential profile described in paragraph 3. Corresponding to 

this portion, we see that as the microwave field decreases, the temperature increases 

smoothly as desired. (paragraph 1). 

zone 2: 0.025m< x <0.055m. E(x)=1.111x10° V/m. 

Here, we needed to deposit more energy than with the exponential model. We can see that 

the slope of the temperature profile changes to make the temperature increase faster, while 

the temperature slope generated by the exponential field was decreasing 

zone 3: 0.055m< x <0.06m. E(x)= -5.825x10°xx+4.315x10° V/m. 

The value of the field in this transition zone is calculated using a linear interpolation 

between the points 0.055m and 0.06, where E(0.06)= 82000V/m. 

zone 4: 0.06ms x <0.1075m. E(x)=82000 V/m. 

This fourth zone, where the value of the field has decreased makes the temperature 

increase smoothly. 

zone 5: 0.1075m< x <0.2m. E(x)=79000 V/m. 

We deposited enough energy before to create an equilibrium, thus a constant field 

maintains the equilibrium and therefore the temperature stays constant. 
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Adding all these portions lead us to the goal set for the alumina fiber. We can see 

that the temperature profile follows closely the changes in the electric field distribution 

(the difference between both changes is never more than two or three spacial increments 

i.e. less than 0.00375m). This is particularly due to the fact that the velocity is small and 

therefore, less energy is carried proportionally by the fiber. 

Focusing on the second half of the fiber inside the cavity (0.1m < x < 0.2m), and 

changing the scale provides a more detailed view of the temperature response as shown in 

Fig. 3.14. It is seen that the temperature remains uniform to within + 3°C over this portion 

of the cavity, except for a small zone near the end where “ringing” occurs. This will be 

shown to be a numerical artifact. 

Clearly by adjusting E(x) independently at every nodal point, one could achieve a uniform 

temperature to within any desired tolerance. 
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Figure 3.12: Zoom on the part 0.lmsxs0.2m of the cavity for the temperature and 

electric field profiles corresponding to the objective for alumina. 
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From Fig. 3.11, we can also see that it is possible to find an equilibrium in which 

the fiber receives the same amount of energy that it loses. Then, for a constant electric 

field, the temperature stays constant. 

We determined that the oscillations seen in Fig. 3.12 for the values close to 

x=(.2m were due to numerical instabilities. By increasing the number of points from 120 

to 480, this zone decreases in magnitude in the x direction and in the temperature 

magnitude. For example, doubling the number of points to 960 points (Ax=0.000625m), 

we obtain the results shown in Fig. 3.13. 
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Figure 3.13: Temperature and electric field strength distribution for Ax=0.000625m and 

0.1msxs0.2m 
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Comparing Figs. 3.13 and 3.12, we see that the magnitude of the oscillation has 

decreased from 8°C to less than 2°C, and the zone from 0.1m (the oscillations begins 

around x=0.19m for Ax=0.00125m) to less than 0.02m just by doubling the number of 

points. These numerical instabilities can be eliminated by increasing the number of points 

used to make the calculations, or concentrating nodal points near the end of the cavity. 

In Fig. 3.14, the temperature and field are shown for the complete solution 

domain. The temperature decreases regularly in the zone outside the cavity to reach its 

lowest value at the end of the fiber. 
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Figure 3.14: Temperature and electric field strength distribution 

We see in Fig. 3.15 that the length taken for the outside part is not long enough to 

apply the boundary condition (1.12) (T(Length+Lext,t)=25°C Eg. (1.12)), and causes the 
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artificial temperature drop near the end of fiber. The boundary condition should be 

replaced by the zero-gradient condition (1.13), to have a continuous temperature field 

without a sudden drop near the end of the fiber. 
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Fig. 3.15: Exploded view of the part 0.55ms x S0.6m of the fiber 

5. Profiles for Zirconia. 

We approached this material in the same way as alumina. All our deductions made 

for alumina were applicable for zirconia, and we obtain similar results. 

Using a similar computer program to the one given in Appendix D with the properties of 

zirconia, we found the computed temperatures to be very unstable, and plagued by 

problems of convergence. Our goal was similar to the one for alumina, to achieve and 
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maintain a temperature between 900°C and 1000°C in a band of 20°C around an average 

temperature. From there, we were able to determine an electric field distribution to 

provide the desired temperature distribution. 

The final result is shown in Fig. 3.16 (the steady state is reached after 125s). 
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Figure 3.16: Temperature and electric field profiles corresponding to the objective for 

zirconia (view of the cavity). 

The electric field strength profile is just composed of three zones for zirconia: 

  zone 1: Oms x <0.03m. E(x) = 2.35x10° x exp] -8 = ; 
Length 

This is the same as was used for alumina, but with a samller value of E,. 
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zone 2: 0.3m< x <$0.045m. Transition zone. The electric field strength is shown in Fig. 

of 
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Figure 3.17: Transition zone of the electric field strength for zirconia 

This transition zone was necessary to reach the equilibrium maintained in zone 3, where 

the field is constant. 

zone 3: 0.45ms x <0.2m. E(x)=65000 V/m. 

The constant field maintain the equilibrium and therefore the temperature stays constant. 

Comparing zirconia (Fig. 3.16) and alumina (Fig. 3.11), we see that we are able to 

produce a longer constant temperature zone for zirconia than for alumina, even if the 

temperatures are smaller for zirconia. Moreover, we used the same basic shape for the 
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electric field, and we see that we end up with similar shapes for the temperatures. We kept 

an exponential shape as the one used for alumina to start our electric field profile, but we 

see in Fig. 3.16, that after a small zone of adjustments (0.035ms x <0.045m), a constant 

field produces a constant temperature. We reached the equilibrium early along the fiber, 

and also, the increase of the temperature generated by the exponential field is much more 

pronounced than for alumina. This relates to the fact that e” for zirconia is larger at lower 

temperatures. 

Focusing on the constant temperature zone, 0.05m< x <0.2m, and changing the 

scale provides the very detailed view of the temperature distribution shown in Fig. 3.18. 

We see that the temperature continues to increase, even with a constant electric field 

strength, but still remaining within a 10°C band. The same phenomenon of “ringing” 

occurs at the end of the cavity, but in a more significant manner for zirconia. 
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Figure 3.18: Temperature and electric field strength distribution for 0.05msxS0.2m 
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The instability near the end of the cavity is much more pronounced when the 

properties of zirconia are used. The same explanation applies as this zone decreases in 

length and magnitude with a smaller Ax as seen in Fig. 3.19. 
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Figure 3.19: Temperature and electric field strength distribution for Ax=0.000625m and 

0.05ms x S0.2m 

Doubling the number of points from Figs. 3.18 to 3.19, we see that the unstable 

zone decreases in magnitude in the x direction and in temperature magnitude also. The 

magnitude of the oscillation has decreased from 8°C to less than 4°C, and the zone from 

0.05m to less than 0.02m as the result of doubling the number of points. Increasing the 

number of points used to make the calculations, or concentrating nodal points near the end 

of the cavity would eliminate the problem. 

  

65



Part IT: Results 
  

In Fig. 3.20, we plot the temperature and electric strength field profiles for the 

complete domain of study. We see the same phenomena of “ringing’ occuring at the end 

of the fiber (x=0.6m). 
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Figure 3.20: Temperature and electric field strength distribution 

As we did with alumina, using the zero-gradient condition (1.13) instead of the 

boundary condition (1.12) at x=0.6m, these numerical instabilities are eliminated for a 

continuous and smooth temperature profile , as shown in Fig. 3.21. 
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Figure 3.21: Temperature and electric field strength distribution using the zero-gradient 

condition (1.13) at x=0.6m. 

6. Length of the cavity 

For both fibers considered, we were able to find an equilibrium in which energy 

gains and losses are balanced, yielding constant temperature. Actual fiber processing 

requires a much longer uniform temperature zone, thus we were interested to see if this 

equilibrium can be maintained an arbitrary long cavity, using the same shape and keeping 

the value of the electric field at its value at 0.2m (E=79000 V/m). 

To study this, we decided as a first try to double the size of the cavity, keeping the 

same distribution for the electric field and just extending the last portion of the electric 

field strength profile where E is constant to the new part of the cavity (we studied alumina 

as an example, the velocity is V=0.005m/s). The result is shown in Pie 322. 

  

67



Part IIT: Results 
  

  
  

  

  

     
  

  

        

        

400000 1500 
+ 1400 

350000 + 4+ 1300 
a Ex)| + 1200 
= 000 - + 1100 
= TO! T i000 3 % 250000 + 4900 
5 +800 3 § 200000 4 

+ 700 = 
oe = 150000 + i. 3 a +500 © 

= 100000 + 7 400 3 300 
= 50000 4 4 200 

+ 100 
0 + + + + + 0 

0 0.05.01 “045° 02 025 <-03 - 035 0.4 
x(m)           
  

Figure 3.22: Temperature distribution for a doubled cavity length (0.4m) keeping the 

same electric field distribution 

From Fig. 3.22, we see that a constant electric field strength will maintain a 

constant temperature inside the fiber for a longer length of the cavity. Doubling the length 

another time (Fig. 3.23), and applying the same process, we can conclude that if the field 

is held to the value determined for a length of 0.2m, the temperature will be kept at the 

same value whatever the length of the cavity. 
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Figure 3.23: Temperature distribution for a quadrupled cavity length (0.8m) keeping the 

same electric field distribution 

It should be noted that since the length of the Cavity is greater, it takes more time 

to reach an equilibrium temperature distribution. The initial condition is that the entire 

length be at 25°C, and part of the heating is by conduction along the fiber. Thus, as 

expected, the time to reach the steady state is 127s for a length of 0.2m, 233s for a length 

of 0.4m, and 370s for 0.8m. 

Finally, as expected, doubling the length of the cavity does not change the behavior 

of the fiber outside the cavity, and therefore, the temperature decrease is identical to that 

shown in Fig. 3.14: 
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Figure 3.24: Temperature distribution for a doubled cavity length (0.4m) keeping the 

same electric field distribution (view of all the fiber) 

7. Sensitivity to property variations 

This study was motivated by nonuniformities in the density of the fiber tow. 

Nonuniform tow density affects the temperatures through variations in the dielectric loss 

€”. We modelled this variation through random perturbations about the nominal value ata 

given temperature, in the form 

e” = e"(1+ dr), (3.2) 

where 6 represents the magnitude of the perturbation, and r a random number between -1 

and 1. 
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The random number is generated by the subroutine urand(iy) provided in 

Appendix C. Urand is a uniform random number generator found on the internet in the 

netlib bibiotheque at: http://netlib. bell-labs.com/netlib/fmm/urand. JZ. 

Using a variation 6=3% for alumina, we find the solution shown in Figs. 3.25 and 3.26. 
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Figure 3.25: Temperature distribution inside the cavity with 6=3% 
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Figure 3.26: Temperature distribution in the second half of the cavity for 6=3% 

We see in Figs. 3.25 and 3.26 that the variation of the dielectric loss does not 

change the temperature profile but only generates variations in the constant temperature 

zone, particularly where the temperature is maximum, at the exit of the cavity (the 

temperature is also maximum at this point because of the numerical instabilities). 

7.1 Alumina 

Starting from the temperature distribution shown in Fig. 3.11 and using the 

function urand(iy) and Eq. (3.2) to make the dielectric loss coefficient vary, we increased 

the value of 6 from 1%, in steps of 1% until the temperature distribution diverges. We 

were able to increase 6 to 5% before thermal runaway occurs. We conclude that the fiber 

will not support a fluctuation of more than 5% in its properties for stable heating. We see 
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in Fig. 3.27 the temperature distribution where the random variation most affects the 

temperature distribution, in the second half of the cavity. 
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Figure 3.27: Temperature distribution in the second half of the cavity for the maximal 

variation supported by the fiber 6=5% 

7.2 Zirconia 

We applied the same method using zirconia properties with the base temperature 

profile shown in Fig. 3.16. Comparing alumina and zirconia (Figs. 3.27 and 3.28) for the 

same order of variations 5=3%, we see that the temperature variations are much larger for 

zirconia. We also see in Fig. 3.28 that the problem of numerical instabilities is added to the 

random perturbation and we can suppose that it plays an important role in the perturbation 
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5 supported by the fiber. The numerical instabilities cause the temperature to diverge, and 

therefore the perturbation coefficient could probably be larger without these instabilities. 

Actually, 3% was the maximum perturbation that the zirconia was able to support. 
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Figure 3.28: Temperature distribution in the second half of the cavity for the maximal 

variation supported by the fiber 6=3% 

However, the perturbations the fibers are able to support have the same order of 

magnitude, since it is 5% for alumina and 3% for zirconia. 
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Conclusion 

To control a sintering process, we need to be able to rapidly stabilize the material 

at a constant temperature high enough and for a period of time long enough to let the 

physical transformation occur, taking care not to let the temperature of the material run 

away. From the studies made at Los Alamos National Laboratory [1-9-10-11], we 

investigated the feasibility of temperature control for continuous microwave processing of 

thermal runaway materials, using an approach based on the distribution of the microwave 

energy deposition along the fiber. Our one-dimensional model seems to provide results 

showing the possibility of controlling the temperature of the fiber using a specified electric 

field strength distribution. From Fig. 3.13 and 3.17, we see that it was possible to 

determine for both materials an electric field strength profile fulfilling the objective 

described above for a given velocity. The temperature is maintained constant on a 

significant portion of the cavity, at the desired temperature. The process is rapid, since the 

system reaches a steady state in less than 3 minutes, and we proved that the fiber really 

reached an equilibrium, since we were able to maintain the same temperature keeping the 

electric field strength constant with a longer cavity. We chose to work and demonstrate 

this principle for the smallest velocity of our range, because of the order of magnitude of 

the electric field strength required. The smaller the velocity, the smaller the required 

electric field strength to fulfill the same goal. In fact, it is possible to achieve the same 

temperature profile for any velocity of our range using a similar electric-field-strength 

profile, with larger values. An electric field profile E(x) can be determined for any velocity 
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and for any level for the constant temperature zone, as long as the desired temperature is 

not large enough to invoke thermal runaway. 

Our goal was to fix the temperature within a 20°C band around a desired 

temperature. From Figs 3.14 or 3.18, we see that it is possible to be more precise, keeping 

the temperature within better than 3°C for alumina and less than 10°C for zirconia. In fact, 

adjusting the electric field strength on each node and increasing the number of points, we 

would be able to obtain a temperature zone within even smaller ranges, adjusting the 

temperature as close as we want to the desired temperature. 

However, the model proposed is subject to some limitations. For example, the 

model is valid for any material moving through a microwave cavity as long as the one 

dimensional hypothesis we used is true. For certain materials, with larger diameter or 

different properties, the one dimensional hypothesis would not be acceptable, and it would 

be important to determine the limits of this hypothesis before using a two-dimensional 

approach. Another problem is the numerical instabilities we observed at the end of the 

cavity for both materials, but especially for zirconia. We proved that these instabilities 

were decreased by a larger number of points, and consequently, a good solution would 

certainly be to increase even more the number of points or to use a decreasing x-step 

dx(x) along the fiber, to increase the precision and the number of points at the end of the 

cavity. 

But the main problem seems to be the knowledge and the precision of the data for 

the materials. Even if we were able to determine the order of magnitude of changes in the 

properties our model would support (5% for alumina, 3% for zirconia), we needed to 

model a lot of properties, adding some inaccuracy to the model. Knowing the composition 

and/or performing experiments on the materials, it is possible to generate data for the 

specific heat and the thermal conductivity, and therefore to have a good accuracy on these 

properties. However, the problem is more complex for the dielectric loss coefficient, since 
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no data are available at high temperatures. These studies are limited by the temperature 

measurement, which is very difficult at high temperatures. The conclusion of Vogt et al. 

[12] relative to dielectric loss measurements for zirconia at high temperature is significant: 

“Interpretation of the dielectric loss data is not possible until the temperature 

measurement is improved’. The authors gave no data for temperatures higher than 

1100°C. 

Using the electric field distribution corresponding to the objective for alumina (Fig. 

3.11), we determine the temperature distribution at steady state when increasing and 

decreasing the dielectric loss coefficient used previously by 10% at each point: 
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Figure 4.1: Temperature distributions for different values of dielectric loss coefficients 

using the electric field strength distribution corresponding to the objective for alumina. 
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We see in Fig 4.1 that changing the dielectric loss coefficient by 10% induces strong 

changes in the temperature distribution. Although the general shape of the temperature 

profile is similar, we see that a difference of +10% in &” generates a change on of about 

100°C for the constant temperature zone. Further increases of the dielectric loss 

coefficient beyond 10% will lead to thermal runaway. 

If the design of a cavity is based on a simulation, it is important to know that the 

model is based on data containing uncertities, especially for the dielectric loss coefficient. 

Consequently, the design should take into account a system to adjust the temperature 

distribution around the value given by the numerical investigation. If a system of control 

can be designed for the constant temperature zone at steady state, since looking at Eq. 

(1.10) using Eq. (1), we see that it is possible to solve for the constant value of the electric 

field strength for a specific temperature. Such a determination appears to be much more 

difficult for the exponential part of the dielectric field strength. But we also need to keep 

in mind that the solution proposed is not unique, and that other combinations could be 

determined. 

Designing a cavity to produce the electric field strength profiles proposed means 

also either to create a cavity having an inside shape with varying cross section or using 

dielectrics inside the cavity. While the shape of the cavity is not important for our model, 

the presence of dielectrics inside the cavity could lead to a wall temperature varying along 

the x-axis or a different temperature of the inside cavity for the convection term. If so, 

these effects woud need to be taken into account in the solution. 

Thus, successful application and model of microwave heating for ceramic fibers 

depends and requires a very good knowledge of the material properties, and especially of 

the dielectric loss coefficient since €”, which can vary by several orders of magnitude with 
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increasing temperature, or as the result of structural and chemical changes in the ceramic 

during the process. Therefore, two big challenges appear: to be able to design a 

microwave applicator being able to produce with a good accuracy the electric field 

strength distribution desired, and to generate data for dielectric loss coefficient for 

different material at high temperature with better accuracy. 

Microwave processing is and will be successful technology, with a very bright 

future. 
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Appendix A: Thomas algorithm 

The Thomas algorithm is a simplified version of Gauss elimination for determining the 

solution of the system Sx=D, with x and D two column vectors and S a tridiagonal matrix 

with components only on the three principal diagonals. 

Example of system solvable easily by the Thomas algorithm: 

Let us take 

0 0 0 sy & 

is a 5x5 tridiagonal matrix, and 

D, xy 

D, Xo 

D=|D,/, and x=!x,], 

D, X4 

Ds Xs 

are two column vectors. 

The Thomas algorithm is an easy and rapid way to solve this system of equations Sx=D. 
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To solve the system, for a general system of size (N+M+1), we separate S into three 

different vectors A, B and C corresponding to the three diagonals of the matrix. Doing 

this, we can rewrite the system for any interior point m as: 

A Xm1 t+ BaXm t+ CnXm =Da> (1) 
m**m-1 

and introduce the vectors Y,,, and Z_, by 

xX, = ZaXmiy + Y. (2) 

where 

- —A 
C., and Y _ Di, m \m-1 Z,,=———"—_, 2 = (3) 

B., + AZ m-| B, + AL mI 

This leads to the direct procedure of the algorithm: we solve for Y,,, and Z,, from m=2 

to m=(N+M), using Eq. (3), starting from Y, =Z,=0. We then solve for x, from 

m=(N+M) down to m=2 with Eq. (2), using the top boundary condition at (N+M+1). 

(The generalization of the Thomas algorithm method is extracted from SCHETZ, J.A., 

Boundary Layer Analysis, (1993) [17]) 

The Thomas algorithm is used in the subroutine tridag: 
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SUBROUTINE TRIDAG(IE,L,IS,A,B,C,D, V) 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
C  INTEGERJ 

DIMENSION A(IS),B(IS),C(IS), DUS), VS), BETA(2000),GAMMA(2000) 
C 

BETA(IF)=B(IF) 
GAMMA(IF)=D(IF)/BET A(IF) 
IFP1=IF+1 

DO 1 I=IFP1,L 
BETA(I)=B(D-A()*C(I-1)/BETA(I-1) 

1 GAMMA(D=(D(D-A()*GAMMA(I-1))/BETA() 
Cc 

V(L)=GAMMA(L) 
LAST=L-IF 
DO 2 K=1,LAST 
I=L-K 

2 V()=GAMMA()-C(1)*V(I+1)/BETA() 
C 

RETURN 
END 

C 
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Appendix B: Properties subroutines 

1. Alumina 

1.1 Cap1(T): specific heat capacity at constant pressure C, 

FUNCTION CAP1(T) 

. SPECIFIC HEAT CAPACITY FOR ALUMINA 

T = TEMP INK 

“Properties of Nextel’” 312, 440, & 480 Ceramic Fibers”, 3M Ceramic Materials 
Department, St. Paul, MN (1989). 

A
a
A
a
A
a
A
A
N
D
 

IMPLICIT DOUBLE PRECISION(A-H,0-Z) 
DIMENSION A(6) 
DATA A/-210.672D0,5.1956D0,-7.95646D-03,6.23173D-06, 
+ -2.40174D-09,3.61348D-13/ 
SUM=0.0D0 
DO 5 I=1,5 
SUM=T*(SUM+A(7-1)) 

5 CONTINUE 
CAP1=SUM+A(1) 
RETURN 
END 

C 
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1.2 Cal(T): thermal conductivity k 

a
a
a
a
n
n
 

FUNCTION CAL(X) 

.. THERMAL CONDUCTIVITY FOR ALUMINA 

“Properties of Nextel/™ 312, 440, & 480 Ceramic Fibers”, 3M Ceramic Materials 

Department, St. Paul, MN (1989). 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
CAL=0.55D0*(6.788D+03/(X-125.0D0)+(3.562D-33)*X** 10) 
RETURN 
END 

1.3 Eppa(T): Dielectric loss coefficient ¢” 

A
a
Q
A
a
a
n
 

FUNCTION EPPA(T) 

... COMPUTES DIELECTRIC LOSS FOR ALUMINA 

POLYNOMIAL FIT TO DATA OF CROSS AND BINNER 

MEASUREMENTS MADE ON LANL SAMPLES (SUMMER 94) 

IMPLICIT DOUBLE PRECISION(A-H,0-Z) 
DIMENSION B(2) 
DATA B/-0.1400,3.3333D-04/ 
DATA TREF/2.73D+02/ 
BASE=3.0D-02 
XX=T-TREF 
IF(XX.LE.6.0D+02)THEN 
EPPA=(0.06000D0-BASE)*(XX/6.0D+02)**2+BASE 
RETURN 

ELSE 
EPPA=B(1)+B(2)*XX 

ENDIF 
RETURN 
END 
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2. Zirconia 

2.1 Cap2(T): specific heat capacity at constant pressure C, 

FUNCTION CAP2(X) 
Cc 
C _... SPECIFIC HEAT CAPACITY FOR ZIRCONIA 

C “Properties of Zirconia Fibers “, Zircar Fibrous Ceramics, Florida, NY (1987) 

C 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

CAP2=(0.1524D0+2.98D-05*(X-273.15)-10.633D0/X)*4.184D3 

RETURN 
END 

C 

2.2 Czr(T): thermal conductivity k 

FUNCTION CZR(T) 

C 

C ... THERMAL CONDUCTIVITY FOR ZIRCONIA 

C “Properties of Zirconia Fibers “, Zircar Fibrous Ceramics, Florida, NY (1987) 

C 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

TREF=273.0D0 

CZR=7.741D-05*(T-TREF)+0. 13065D0 

RETURN 

END 
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2.3 Eppzr(T): Dielectric loss coefficient ¢” 

FUNCTION EPPZR(T) 

A
A
A
A
N
A
A
A
N
 

.. COMPUTES DIELECTRIC LOSS FOR ZIRCONIA 
INTERPOLATION FIT TO DATA OF 

VOGT, G.E., TINGA, W.R., and PLOVNICK, R.H., “Dielectric property 

measurement of zirconia fibers at high temperatures,” 

Ceramic Transactions, Vol. 59, pp. 227-234 (1995). 

AIS IN CELSIUS... 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
DIMENSION A(7),B(7) 

DATA A/700.0D0,1005.0D0,1062.0D0,1126.0D0,1143.0D0,1163.0D0, 

& 1255.0D0/ 

DATA B/0.1D0,0.15D0,1.6D0,3.8D0,4.9D0,7.8D0, 13.4D0/ 
TREF=273.0D0 
ASUP=A(7) 
AINF=A(1) 
IF ((T-TREF).GT.ASUP) THEN 

EPPZR=0.058D0*(T-TREF)-59.11D0 
ELSE 

IF ((T-TREF).GT.AINF) THEN 
DO 5 I=1,7 

AMED=A(1) 
IF ((T-TREF).GE.AMED) THEN 

J=I 
END IF 

CONTINUE 
EPPZR=(B(J+1)-B(J))*((T-TREEF)-A(J))/(AG+1)-A(J)+B() 

ELSE 
EPPZR=0.1D0 

END IF 
END IF 

RETURN 
END 
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Appendix C: Pseudo-random number generator 

Q REAL FUNCTION URAND(LIY) 

QD
 

integer ty 

urand is a uniform random number generator based on theory and 

suggestions given in d.e. knuth (1969), vol 2. the integer ty 

should be initialized to an arbitrary integer prior to the first call 

to urand. the calling program should not alter the value of ty 

between subsequent calls to urand. values of urand will be returned 

in the interval (0,1). 

o
O
a
Q
a
a
a
a
a
n
a
n
a
 

integer 1a,ic,1two,m2,m,mic 

double precision halfm 

real s 

double precision datan,dsqrt 

data m2/0/,itwo/2/ 

if (m2 .ne. 0) go to 20 

c if first entry, compute machine integer word length 

m= 1 

10 m2=m 

m = itwo*m2 

if (m .gt. m2) go to 10 
halfm = m2 

c¢ compute multiplier and increment for linear congruential method 

ia = 8*idint(halfm*datan(1.d0)/8.d0) + 5 

ic = 2*idint(halfm*(0.5d0-dsqrt(3.d0)/6.d0)) + 1 

mic = (m2 - ic) + m2 

c sis the scale factor for converting to floating point 
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s = 0.5/halfm 
c 

© compute next random number 

c 

20 iy = iy*ia 

c 

c the following statement is for computers which do not allow 

c integer overflow on addition 

c 

if (iy .gt. mic) ty = (ay - m2) - m2 
c 

iy = ty + ic 

c 

c the following statement is for computers where the 

c word length for addition is greater than for multiplication 

c 

if (ty/2 .gt. m2) iy = (iy - m2) - m2 

c 
c the following statement is for computers where integer 

c overflow affects the sign bit 

Cc 

if (iy It. 0) ty = Gy + m2) + m2 

urand = float(iy)*s 

return 

end 
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Appendix D: Example of computer program for alumina 

LH HH He He He He He He He He He He 2 He He ee ee He He He He ee Ae ee 2 ee 2 ke ke ee ee ee 2 kK KK 

WILFRIED DUCHEZ 
MECHANICAL ENGINEERING DEPT. 
VIRGINIA PLYTECNIC INSTITUTE AND STATE UNIVERSITY 
(1996) 

PROGRAM DELTAS: 

THIS PROGRAM IS USED TO DETERMINE THE SENTIVITY TO 
PROPERTY VARIATIONS FOR ALUMINA FIBER MOVING AT A 

VELOCITY V, BEEN HEATED BY A MICROWAVE ELECTRIC FIELD 

STRENGTH DISTRIBUTION FOUND PREVIOUSLY TO GENERATE THE 

DESIRED TEMPERATURE PROFILE. IT DETERMINES THE 

TEMPERATURE DISTRIBUTION AT STEADY STATE USING A 

MAGNITUDE OF THE PERTURBATION EQUAL TO 5%. 

ALL THE VARIABLES ARE EXPRESSED USING THE UNITIES OF THE 

INTERNATIONAL SYSTEM. 
2 ie 2K 6 2 ie 2K ik 2 Ag 2 2K A 2 2 2K 2g 2K 2K Ag 2 2K 2 2K 2 2K 2 2 2k 2k OK 2k 2k ok 2k oi 2 2 i 2k 2 2K 2 2K ak 246 9k 2 OK ok 2k 2k ok OK ok 2K ok Ok OK 2K KK 

¥ 
* 

& 
* 

yY 
H 

KF 
HR 

HK 
KH 

KF 
K
K
 

K
H
 

H
K
 

A
M
Q
R
A
A
A
A
N
A
N
A
A
A
N
A
N
A
A
A
N
A
A
A
N
N
M
 

PROGRAM DELTAS 

CO
 

IMPLICIT DOUBLE PRECISION (A-H, O-Z) 
INTEGER I, IF, IS, N, M,COUNT, NTIME, ITIME, STOPL 
INTEGER IY, JY 
PARAMETER(IS=500) 
DOUBLE PRECISION ROAL,ROACT,H,LENGTH,LEXT,DIAM,R,EPS,DX 
DOUBLE PRECISION SIGMA,TINF,TTUBE,TGAZ, ERROR,ERMAX, DIFF 
DOUBLE PRECISION TIME,TIMAX,DT,PIQCONST,V,E, ERSS,DIFFSS 
DOUBLE PRECISION ERSSM,T,TM 

COMMON/PROPS/DX 
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C 

6 

C 

DIMENSION A(IS),B(IS),C(IS),D(1S),QTOT(1000), ALEA(IS) 
DIMENSION TNEW(IS),QMV(IS),CKA(IS),CKC(IS),CP(IS) 
DIMENSION TOLDI(IS), TOLDII(IS), TSS(IS) 
DOUBLE PRECISION A,B,C,D,CKA,CKC,CP,QMV,QTOT,ALEA 
DOUBLE PRECISION TSS, TOLDI, TOLDII, TNEW 
REAL ALEA,ALEB 

OPEN(2,FILE="ralpha005 dat') 

WRITE(2,*) 
WRITE(*,*) 

(LH ee He 2 ee ee ie eee ee 2 eee ee ee 2 2 2 ee 2 2 ee ee 2 ee He 2 2 ee 2 2 2 ie ee 2 2 2 ee 2 KK 

INITIALISATION OF THE CONSTANTS AND PARAMETERS. * 
(LE AE Ae he 2 eH ee 2 ee ee Ae ee fe 2 ee Ae 2 ee ee 2A ee fe 2 ee Ae he 2 he 2 fe 2 ee 2k ee fe 2 fe 2 ie 2k fe 2 ie ee he 2 ie 2 ae 2 

C 

C 

Cc 
PI = 3.141592654D0 

ROAL =3850.0D0 

ROACT=0.5D0*ROAL 

H = 10.0D0 

DX = 0.00125D0 

LENGTH=0.2D0 

LEXT=0.4D0 

N=LENGTH/DX 

M=LEXT/DX 
DIAM=0.005D0 

R=DIAM/2.0D0 

EPS=0.75 

SIGMA=5 .6697D-8 

* DENSITY * 

* CONVECTION COEFFICIENT * 

* PHYSICAL DIMENDIONS. * 

* CONSTANTS OF RADIATION * 
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C 

a
a
 

a
0
 

A
A
A
N
 

a
 

A
O
 

A
Q
 

TINF=298.0D0 

TTUBE=TINF 

TGAZ=TINF 

* INITIALISATION OF THE TEMPERATURES* 

IF = 1 

L=N+M?+1 

* PARAMETERS OF THE TRIDAG SUBROUTINE * 

TY=23 

* INTERGER CHOSEN TO START THE GENERATION * 

* OF PSEUDO-RANDOM NUMBERS USING THE * 

* URAND SUBROUTINE * 

COUNT = 0 

STOPL=0 

NTIME = 100 

ITIME = 0 

* COUNTERS TO CHECK EVERY NTIME STEP * 

DIFF=0.001D0 

DIFFSS=0.001D0 

* CRITERIA OF TEMPERATURE DIFFERENCE * 

* TO DEFINE STEADY STATE * 

DT=00.01D0 

TIME=0.0D0 

TIMAX=3600.00D0 

* TIMAX REPRESENTS THE MAXIMUM TIME OF THE EXPERIMENT * 

V=0.005 

* VELOCITY OF THE FIBER * 

E=3.618789929D5 

* VALUE OF THE MICROWAVE ELECTRIC FIELD AT X=0 * 
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4 Ee 2 ee He 2 He He ee ie fe he 2 2 Ae fe ee 2 2 ie ke ee 2c fe fe ee 2 fe fe ee 2 2 fe ee 2 ie ee 2 2 ee 28 2 2c 2 2 EE Ek 

C _INITIALISATION OF THE VECTORS/WRITE STATEMENTS . * 
(#2 He 2 2 2 ee ee ee ee 2 2 2 2 ee ee ee he ee 2 2 2 a ek 

C 
C 

DO 101= 1, N+M+1 
C 

TNEW(l)=TINF 
TOLDI(I)=TINF 
TOLDII(I)=TINF 
TSS(1) = TINE 

THESE FOUR VECTORS REPRESENTS THE TEMPERATURES AT 

EACH NODE. TNEW REPRESENTS THE TEMPERATURE WHERE THE 

SYSTEM CONVERGES FOR EACH TIME STEP. TOLDI IS THE * 

TEMPERATURE AT THE ENTER OF THE FIRST LOOP TO SOLVE THE 

SYSTEM, WHILE TOLDI [SC USED TO MAKE THE SYSTEM 

CONVERGE BY ITERATIONS. TSS IS USED TO CHECK 

IF THE SYSTEM REACHES A STEADY STATE. *¥ 
© 

& 
y 

% 
yY 

* 

A
N
A
M
A
A
A
A
A
N
A
N
 

CKA(I)=0.0D0 
CKC(I)=0.0D0 

FORWARD AND BACKWARD VALUE AT EACH NODE OF THE * 

THERMAL CONDUCTIVITY. * 

A
A
A
N
 

CP(1)=0.0D0 

HEAT CAPACITY FOR EACH NODE. * 

Q
A
O
A
M
D
 

QMV(1)=0.0D0 

VOLUMETRIC ENERGY GIVEN BY MICROWAVE * 

A
A
A
 

ALEA(J)=URAND(IY) 

VECTOR OF RANDOM NUMBERS * 

5S 
O
a
0
 

CONTINUE 
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WRITE(2,7) E 
7 FORMAT(1X,' E =',F16.6) 

WRITE(2,*)' LENGTH LEXT DX V_ DT TINF 
WRITE(2,8) LENGTH, LEXT, DX, V, DT, TINF 

8 FORMAT(1X;' ',6(F9.4,1X)) 
WRITE(2,9)'N=',N,' M=',M 

9 FORMAT(1X,A5,14,3X,A6,14) 
WRITE(2,*) 
WRITE(2,*) 

C 
LE A ee 2 ee 2 Ee 2 ee 2 ee ee 2 ee 2 Ae he 2 ie ee ie ee ee 2 ke ee ee 2 2 28 2 ee 2 fe 2 2 ee 2 hee 2 ee 2 

C VECTORS OF THE SOLUTION MATRIX * 
(LF A AE He He 2 ee 2 2 ee ee 2 2h ee 2 2 i Ae ee 2 AE he 2 2 2A ee 2 2 2 He fe He 2 2 He fe He 2 2 ee 2 2k 2 ee 2 2k 2 2 ok 2 2 

C 
C 
11 DO20I=1,N+M+1 

TOLDII(I)=TNEW(1) 
CONTINUE 

11 IS THE LOOP TO SOLVE THE SYSTEM FOR EACH TIME STEP. * 

DO 30 I=2,N 
QMV(I= Q(TOLDI(),E,LALEA(D) 

30. CONTINUE 

A(1) = 0.0D0 
C(1) =0.0D0 
B(1) =1.0D0 
D(1) = TOLDI(1) 

DO 40 1=2, N+M 
CP(1)}=CAP1(TOLDII(D) 
CKA()=CAL((TOLDII(1)+TOLDII(I-1))/2.0D0) 
A(I)=-CKA(D/(DX*DX)-ROACT*V/2.0D0/DX*CP(I) 

CKC(I)= CAL((TOLDII(D)+TOLDIL(I+1))/2.0D0) 
C(D=-CKC(D/(DX*DX)+ROACT*V/2.0D0/DX*CP(I) 
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B(D)=(CKA(I)+CKC(D)/(DX*DX)+2.0D0*H/R+ROACT/DT*CP(I) 
B(1)=B(1)+2.0D0*EPS* SIGMA/R*(TTUBE**3+(TTUBE**2) 

& *TOLDIM(I)+TTUBE*(TOLDII(I)**2)+TOLDII(I)**3) 

D()=ROACT/DT*CP(I)*TOLDI() 
D(1)=D(1)+2.0D0*EPS* SIGMA/R*(TTUBE**3+(TTUBE**2) 

& *TOLDI(I)+TTUBE*(TOLDI(I)**2)+TOLDI(1)**3)*TTUBE 
D()=D(1)+2.0D0*H/R*TGAZ+ QMV(1) 

C 
40 CONTINUE 
C 

A(N+M+1) = 0.0D0 
C(N+M+1) = 0.0D0 
B(N+M+1) = 1.0D0 
D(N+M+1) = TOLDICN+M+1) 

C 
C 
(LF EE ee He ee He he ee ee 2 ie He ee Ae ee 2 2 ie he he 2 2 i ee He 2 ie ke he 2 2 ee ae 2g 2 ee fe 2s Ae ie fe 2 ee ae 2k 28 kk ok 

C RESOLUTION OF THE SYSTEM * 
(LE HH He 2 2 eH ee ee ee ee 2 ee 2 2 A ee ee ee 2 ee ee 2 2 HE 2 

CALL TRIDAG(E,L,IS,A,B,C,D,TNEW) 

SOLVE THE SYSTEM * 

A
A
O
 

STOPL=STOPL+1 
IF (STOPL.GT.300) THEN 

WRITE(*,*) 'NO CONVERGENCE! 
GO TO 99 

END IF 

ERMAX=ABS(TNEW(1)-TOLDII(1))/TOLDII(1) 
DO 80 I= 1, N+M+1 

ERROR=ABS(TNEW(I)-TOLDIL(1))/TOLDI(1) 
IF (ERROR.GT.ERMAX) THEN 
ERMAX=ERROR 
END IF 

80 CONTINUE 
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A
A
A
 

A
A
A
N
S
 

A
A
N
A
a
Q
D
A
A
N
M
N
 

IF (ERMAX.GT.DIFF) THEN 

GO TO 11 
END IF 

CHECK THE CONVERGENCE OF THE SYSTEM USING FOR CRITERIA * 
A MAXIMUM OF 300 ITERATIONS TO SOLVE THE SYSTEM * 

DO 79 I=1,N+M+1 
ALEA(I)=URAND(LY) 

CONTINUE 

INITIALISE A NEW SET OF RANDOM NUMBERS 

FOR THE NEW TIME STEP. 

TIME = TIME +DT 

COUNT=COUNT+1 

STOPL=0 

INITIALISE THE NEW TIME STEP * 

2 26 26 2k 2 2 ae fe 2 2K 2 oie 2k 2K ie oie fe 2K ig Ac ie 2 2 2fe 2c ok a fe 2 ae oie ik ik ee fe ek oie ae eke oie oc sis 2 2 fe fe 2 2k fe fe 2k 2k ae fe 2 ok 8 ok Ok ok ok 

THIS PART CHECKS FOR STEADY STATE EVERY NTIME STEPS. * 
Bie 2g 2 9 2 2c 2 fe fe 2c 2 2 fe 2 2 agi 2 ie as fe 2 ok ke fe 2c 2 oe he fe 2 ke fe eo oe 2K akc ke ofc 2c ke fe fc te foe 2k se fe RO fe 2k oie OK afc fe fe ok oe OK 2k 

IF (COUNT.EQ.1) THEN 
WRITE(2,*) 'T OF THE CENTER POINT OF THE CAVITY' 

END IF 
ITIME = ITIME+1 
IF (ITIME.EQ.NTIME) THEN 

ERSSM=(ABS(TSS(1)-TNEW(1)))/TNEW(1) 
TM = TNEW(1) 
DO 81 I=1, (N+M+1) 

ERSS=ABS(TSS(1)-TNEW(1))/TNEW(1) 
T=TNEW(I) 
IF (ERSS.GT.ERSSM) THEN 

ERSSM=ERSS 
J=I 

END IF 
IF (T.GT.TM) THEN 
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86 

84 

83 

a
A
A
A
A
s
 

END IF 

O
O
 

TM=T 

END IF 

CONTINUE 

WRITE(2,82) DBLE(J)*DX, TNEW(N/2), COUNT*DT, ERSSM 
FORMAT(20X,' '\F9.3,' ', F9.4,' \F9.3,' ', F16.8) 

IF (ERSSM.LT.DIFFSS) THEN 
WRITE(2,*) 
WRITE(*,*) ' STEADY STATE' 
WRITE(2,*) ' STEADY STATE' 
WRITE(2,*) ‘TIME = ', COUNT*DT 
WRITE(2,*) ' TMAX =' 
WRITE(2,*) TM 
WRITE(*,*) 'E =' 
WRITE(*,86) E 
WRITE(*,*) 'TMAX =' 
WRITE(*,86) TM 
FORMAT(2X,' ',F16.4) 
WRITE(2,*) 

DO 83 I=1, (N+M+1) 
WRITE(2,84) (DBLE(I)-1)*DX , TNEW(D), EF(E,]) 

FORMAT(2X;' \F9.6,' \F9.4,' \F15.4) 
CONTINUE 

GO TO 99 
END IF 

ITIME=0 
DO 85 1= 1, (N+M+1) 

TSS(I)=TNEW(D) 
CONTINUE 

INITIALISATION OF TSS TO CHECK FOR STEADY STATE 

AFTER THE NEXT NTIME TIME STEPS. 

IF (TIME.LT.TIMAX) THEN 
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DO 110 I=FI,N+M+1 

TOLDI(D=TNEW()) 

110 CONTINUE 

GO TO 11 

END IF 

CONTINUATION OF THE PROGRAM IF THE TIME IS INFERIOR 
TO THE MAXIMUM TIME. 

A
A
N
A
 

IF (ERSSM.GT.DIFFSS) THEN 
DO 120 I=1,N+M+1 

WRITE(2, 119) (DBLE(I)-1)*DX, TNEW(I),EF(E,D 
119 FORMAT(2X; ',F9.3,' '.F9.4,' \F15.4) 
120 CONTINUE 

END IF 

WRITE OF THE TEMPERATURE PROFILES IF THE SYSTEM DOES 

NOT REACH A STEADY STATE BEFORE TIMAX. 

oO END 

Eg AC 2G oe ie fe aye 2 2 2k aie af 2c 2 ake ic 2 2K eke 2c akc ke 2c 2 oie fe 2 2 aie aie fe aie ae ac fe oie ie ke 2 oe coe fe ig gc 2 2 Ae fee 2 ok fe of 2 ok ok fe 2k 2 ok ok OK 2 Ok 

SUBROUTINES AND FUNCTIONS + 
3K 2 2K 2K og og oe 2k ok 2K ok 2K i fe 2 2 2K 2K it ie 2 2K Kook 2 oe 2 2 2k ok 2 2 ok A 2 ok OK ok ok 2K ok 2k KOK KK OK OK OK OK 2 2k 2 OK OK ok ok 2 2 OK OK KK ok ROK KOK K 

FUNCTION Q(T,EFIELD,LA) 

CALCULATION OF THE VOLUMETRIC ENERGY GENERATED * 

BY MICROWAVES. * 

Q
A
N
A
Q
 

A
N
A
A
A
N
A
A
N
A
N
L
A
A
N
A
N
N
 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

INTEGER N 

COMMON/PROPS/DX 

PI = 3.1415926540 
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C 

A
A
O
 

OQ 
A
a
a
 

OY
 

A
A
D
 

A
a
a
 

Q
a
 

Q
A
A
M
 

FREQ = 2.45D+9 
EO = 8.854D-12 

PERMITTIVITY OF FREE SPACE & FREQUENCE OF THE 

MICROWAVES 

ALPHA=0.05D0 

A=2.0D0*(A-0.5D0) 

THIS IS USE TO GENERATE RANDOM NUMBERS BETWEEN -1 AND 1. * 

EPS=EPPA(T)*(1.0D0+ALPHA*A) 

DIELECTRIC LOSS COEFFICIENT AT THE TEMPERATURE 

OF THE POINT. 

EFF=EF(EFIELD,1) 

VALUE OF THE ELECTRIC FIELD STRENGTH AT THE POINT. 

Q=(2.0D0*PI*FREQ*EO)*(EFF**2)*EPS 

RETURN 

END 

    

FUNCTION EF(EFIELD,1) 

ELECTRIC FIELD STRENGTH DISTRIBUTION. 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

INTEGER J 

COMMON /PROPS/DX 

DIMENSION EFFF(162) 

DOUBLE PRECISION EFFF,EAVE 
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C 
EFFF(1)=EFIELD*EXP(-8.0D0*DBLE(1-1)*DX/0.2D0) 
EFFF(5)=EFIELD*EXP(-8.0D0*DBLE(5-1)*DX/0.2D0) 
EFFF(9)=EFIELD*EXP(-8.0D0*DBLE(9-1)*DX/0.2D0) 
EFFF(13)=EFIELD*EXP(-8.0D0*DBLE(13-1)*DX/0.2D0) 
EFFF(17)=EFIELD*EXP(-8.0D0*DBLE(17-1)*DX/0.2D0) 
EFFF(21)=EFIELD*EXP(-8.0D0*DBLE(21-1)*DX/0.2D0) 
EFFF(25)=111127.8417D0 
EFFF(29)=111127.8417D0 
EFFF(33)=111127.8417D0 
EFFF(37)=111127.8417D0 
EFFF(41)=111127.8417D0 
EFFF(45)=111127.8417D0 
EFFF(49)=80000.0D0 
EFFF(53)=80000.0D0 
EFFF(57)=80000.0D0 
EFFF(61)=80000.0D0 
EFFF(65)=80000.0D0 
EFFF(69)=80000.0D0 
EFFF(73)=80000.0D0 
EFFF(77)=80000.0D0 
EFFF(81)=80000.0D0 
EFFF(85)=80000.0D0 
EFFF(89)=80000.0D0 
EFFF(93)=80000.0D0 
EFFF(97)=80000.0D0 
EFFF(101)=80000.0D0 
EFFF(105)=80000.0D0 
EFFF(109)=80000.0D0 
EFFF(113)=80000.0D0 
EFFF(117)=80000.0D0 
EFFF(121)=80000.0D0 
EFFF(125)=80000.0D0 
EFFF(129)=80000,0D0 
EFFF(133)=80000.0D0 
EFFF(137)=80000.0D0 
EFFF(141)=80000.0D0 
EFFF(145)=80000.0D0 
EFFF(149)=80000.0D0 
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a
 

EFFF(153)=80000.0D0 
EFFF(157)=80000.0D0 
EFFF(161)=80000.0D0 

DO 5 J=1,40 
EFFF(4*J-1)=(EFFF(4*J-3)+EFFF(4*J+1))/2.0D0 
EFFF(4*J-2)=(EFFF(4*J-3)+EFFF(4*J-1))/2.0D0 
EFFF(4*J)=(EFFF(4*J-1)+EFFF(4*J+1))/2.0D0 

CONTINUE 

IF (LGE.(135)) THEN 
EF=EFFF(1)-1000.0D0 

ELSE 
IF (1.GE.(87)) THEN 

EF=EFFF(I)-1000.0D0 
ELSE 

IF (1.GE.(49)) THEN 
EF=EFFF(1)+2000,0D0 

ELSE 
EF=EFFF(1) 

END IF 
END IF 

END IF 

RETURN 

END 

SUBROUTINE TRIDAGG(F,L,IS,A,B,C,D,V) 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
INTEGER J 
DIMENSION A(IS),B(IS),C(IS), DUS), V(IS), BET A(2000),GAMMA(2000) 

BETA(E)=B(IF) 
GAMMA(IF)=D(IF)/BETA(IF) 
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A
A
 

A
A
a
A
A
M
Y
 

A
a
 

A
A
A
A
A
N
D
 

IFP1=IF+1 

DO 1 IFIFP1,L 
BETA(D=B(1)-A(1)*C(I-1)/BETA(-1) 
GAMMA(D=(D(1)-A(I)*GAMMA(I-1))/BETA() 

V(L)=GAMMA(L) 
LAST=L-IF 
DO 2 K=1,LAST 

I=L-K 
V(I)=GAMMA(I)-C(1)* V(I+1)/BETA(D) 

RETURN 
END 

FUNCTION CAL(X) 

... THERMAL CONDUCTIVITY FOR ALUMINA * 

“Properties of Nextel/™ 312, 440, & 480 Ceramic Fibers”, 3M Ceramic Materials * 

Department, St. Paul, MN (1989). * 

IMPLICIT DOUBLE PRECISION(A-H,0-Z) 
CAL=0.55D0*(6.788D+03/(X-125.0D0)+(3.562D-33)*X** 10) 
RETURN 

  

END 

FUNCTION CAP1(T) 

... SPECIFIC HEAT CAPACITY FOR ALUMINA * 

T= TEMP INK * 

“Properties of Nextel’ 312, 440, & 480 Ceramic Fibers”, 3M Ceramic Materials * 

Department, St. Paul, MN (1989). * 

IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
DIMENSION A(6) 
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DATA A/-210.672D0,5.1956D0,-7.95646D-03,6.23173D-06, 
+ -2.40174D-09,3.61348D-13/ 

Cc 
SUM=0.0D0 
DO 5 I=1,5 
SUM=T*(SUM+A(7-1)) 

5 CONTINUE 
CAP1=SUM+A(1) 
RETURN 
END 

C 
C--- aoa wn eee eee eee nee een neenene   

C 
FUNCTION EPPA(T) 

... COMPUTES DIELECTRIC LOSS FOR ALUMINA 

POLYNOMIAL FIT TO DATA OF CROSS AND BINNER 
MEASUREMENTS MADE ON LANL SAMPLES SENT SUMMER 94 

Q
A
Q
A
A
N
A
N
 

IMPLICIT DOUBLE PRECISION(A-H,0-Z) 
DIMENSION B(2) 
DATA B/-0.1400,3.3333D-04/ 
DATA TREE/2.73D+02/ 
BASE=3.0D-02 
XX=T-TREE 
IF(XX.LE.6.0D+02)THEN 
EPPA=(0.06000D0-BASE)*(XX/6.0D+02)**2+BASE 
RETURN 

ELSE 
EPPA=B(1)+B(2)*XX 

ENDIF 
RETURN 
END 

        

REAL FUNCTION URAND(IY) 
INTEGER IY 
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URAND IS A UNIFORM RANDOM NUMBER GENERATOR BASED ON 
THEORY AND 
SUGGESTIONS GIVEN IN DE. KNUTH (1969), VOL 2. THE INTEGER IY 
SHOULD BE INITIALIZED TO AN ARBITRARY INTEGER PRIOR TO THE 
FIRST CALL 
TO URAND. THE CALLING PROGRAM SHOULD NOT ALTER THE VALUE 
OF IY 
BETWEEN SUBSEQUENT CALLS TO URAND. VALUES OF URAND WILL 
BE RETURNED 
IN THE INTERVAL (0,1). 

A
Q
A
A
A
A
N
A
A
A
N
A
A
A
N
 

INTEGER IA,IC,ITWO,M2,M,MIC 
DOUBLE PRECISION HALFM 
REAL S 
DOUBLE PRECISION DATAN,DSQRT 
DATA M2/0/,ITWO/2/ 
IF (M2 .NE. 0) GO TO 20 

C IF FIRST ENTRY, COMPUTE MACHINE INTEGER WORD LENGTH 

M=1 
10 M2=M 
M = ITWO*M2 
IF (M .GT. M2) GO TO 10 
HALEM = M2 

C 
C COMPUTE MULTIPLIER AND INCREMENT FOR LINEAR CONGRUENTIAL 
C METHOD 
Cc 

IA = 8*IDINT(HALFM*DATAN(1.D0)/8.D0) + 5 
IC = 2*IDINT(HALFM*(0.5D0-DSQRT(3.D0)/6.D0)) + 1 
MIC = (M2 - IC) + M2 

C 
C SIS THE SCALE FACTOR FOR CONVERTING TO FLOATING POINT 
C 

S = 0.5/HALFM 
C 
C COMPUTE NEXT RANDOM NUMBER 
C 
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20 TY =1Y*IA 

C 

C THE FOLLOWING STATEMENT IS FOR COMPUTERS WHICH DO NOT 

C ALLOW INTEGER OVERFLOW ON ADDITION 

IF (IY .GT. MIC) IY = (IY - M2) - M2 

TY =IY +I1C 

THE FOLLOWING STATEMENT IS FOR COMPUTERS WHERE THE 

WORD LENGTH FOR ADDITION IS GREATER THAN FOR MULTIPLICATION 

e
n
e
n
e
n
®
 

OQ 
OQ
 

IF (IY/2 .GT. M2) IY = (IY - M2) - M2 
C 
C THE FOLLOWING STATEMENT IS FOR COMPUTERS WHERE INTEGER 
C OVERFLOW AFFECTS THE SIGN BIT 
C 

IF (IY .LT. 0) TY = (CY + M2) + M2 
URAND = FLOAT(IY)*S 
RETURN 
END 
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