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ABSTRACT

The sintering and hot pressing of optical spinels has
been an area of large research interest. The understanding
of the mechanisms of densification as related to the
spinel's microstructure ‘involves several steps. The first
consideration is the densification temperature of the spinel
being hot pressed.

The purpose of this work was to design and construct a
hot press system. In addition, this work focused on
measuring and caiculating the temperature in the hot press
die. The temperature profile in an inductively heated
graphite die was predicted using Finite Element Methods
(FEM). These predictions were compared to experimentally
obtained temperatures. The modeling was accomplished by
deriving the equations that describe the phenomena of
electromagnetic heating. These equations were then

implemented in a FEM code to produce temperature profiles.
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The results of this work produced numerically predicted
temperature profiles within a 10% accuracy of the
experimentally obtained temperatures. It was also concluded
that the heating characteristics of the hot press process

are very sensitive to the insulation configuration.
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CHAPTER I

INTRODUCTION

1.1 Introduction

The scope of this project is to develop induction hot
pressing capabilities in the Colorado Center for Advanced
Ceramics (CCAC). The intention is to be able to duplicate
production cycles on a laboratory scale for investigating
and developing a basis for processing parameters. The
experimental parameters to be measured and modeled are
temperature and stress distribution in the material being
processed. From this detailed information on temperature
and stress distributions during pressing, production cycles
can be obtained. Determining temperature distributions is

the emphasis of this work.

1.2 Aim of the Present Work

The objectives for this project.were to design and
construct an induction hot press and to determine the
temperature profile within the hot press die.

The induction hot press system consists of several
components:

1) Hot press stack and package,
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2) The hydraulic press and hydraulic system,

3) Radio frequency generator and inducﬁion coil,
and,

4) Vacuum system.

The hydraulic press and hydraulic system provide the
pressing force to be applied to the hot press stack. The
hot press stack consists of the graphite die and punches.
The hot press package encases the hot press stack and
provides either a vacuum or controlled atmosphere for the
graphite die as well as providing a means of transmitting
the force to the stack. The hot press package also provides
support for the induction coil. Figure 1 is a block diagram
shbwing the positioning of these various components in the
laboratory and indicates utility requirements.

The first step in this project was to design, construct
or buy, and assemble all of the components of the induction
hot press system described above. Simultaneously, the
problem of calculating the temperature profile in the
graphite die of the hot press stack was addressed.

Calculating the temperature profile in the hot press
. stack consisted of constructing a numerical model of the
system with experimental verification. Temperatures were
calculated using finite element method (FEM) techniques.

These temperatures were then compared to experimental data.
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Inlet Water Line for Frequency Generator
Power Line for Frequency Generoator

Inlet and Exit Water Lines for
Induction Hot Press Plates
and Ram

Hydraullc System

il

//

Outlet Water Line for
Frequency Generator

Frequency Generator

Hydraulic press and Hot Press N

" Stack and Package

‘Hydraulic Inlet and Outlet Lines

Vacuum
System

Figure 1 Block Diagram of the Induction Hot Press System
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1.3 Outline of Presentation

A literature survey discussing the subject of induction
heating is the first topic presented.

Next an overview of the induction hot press system
design and construction is given. Yield criteria of loaded
members and schematics of ﬁhe electrical and hydraulic
systems are provided.

An energy balance in the system is developed which is
designed as a verification of the numerical model. This
energy balance includes the heat generation term, water
cooling heat losses, radiative heat loss and convective heat
loss. Each of these components have been treated in detail
for the verification of the finite element model. A
detailed development of the finite element model'is then
presented. It includes the formulation of the heat
diffusion equations, the geometry of the model, and boundary
conditions. It has a section on material properties and
method of verification. It also discusses the finite
element code used in this analysis and provides sample input
for examples.

A discussion of the results from the modeling and
experiments compares the predicted temperature profile to
the measured profile. This section is followed by a summary

and the conclusions of this reséarch.
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CHAPTER II

BACKGROUND AND LITERATURE SURVEY

2.1 Relevance and Application to this Work

The importance of finite element modeling is that
complicated problems that do not have closed form analytical
solutions can be analyzed. Induction heating has been
heavily studied for over 70 years. It is used in many
industrial applications ranging from heat treating steel
components to hot pressing. It is a cost effective method
of energy deposition. The first types of models dealt with
describing the resistivity ratios of AC to DC in terms of
Bessel functions. Because of the complexity of the heat
generation term, approximations are made for special cases.
In these cases, the heat generation terﬁ is modeled with an
exponential curve as a function of skin depth. As finite
element methods became popular, modeling of magnetic fields
became easier. The result is that fewer assumptions have to
be made and a grater variety of problems can be solved.

Eddy current calculations became feasible in complicated
geometries.

This project uses the Bessel function solution to
determine the heat generation and numerical integration in

the calculation of a temperature profile. It combines
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established principles from electricity and magnetism with
new computational methods for modeling an established
process with a higher degree of accuracy then previously
possible.

This chapter presents the development of induction
heating. This development has ranged over 70 years and has
incorporated many analytical and numerical techniques. 1In
addition, this chapter presents a discussion on how previous

work was used in this analysis.

2.2 Classical Approach to Induction Heating Problems
One of the earliest works is by H. B. Dwight (1) where

- he presented a method for calculating the skin effect
resistance ratios of an inductively heated tube. The
resistance ratio is the AC resistance divide by the DC
resistance. This is a normalizing method of measuring the
variation in induction heating in a body. This variation in
induction is known as the skin effect. After several more
papers, H. B. Dwight (2) presented a solution to skin
effect in isolated tubes in the form of Bessel equations.
N. R. Stansel (3) presented a graphical representation of
the magnetic flux distribution in a solid iron core for
constant frequencies. It illustrated that as the frequency

increases, the effective distribution of the magnetic flux
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becomes less uniform and more intense at the surface of the
core. As the magnetic flux changes distribution, it causes
the current density to change its distribution. The shape
of this distribution is similar to an exponential decay as a
function of skin depth. J. Greig (4) modeled an infinite
cylinder as series of cylindrical shells where the current
density in any one shell is considered uniform. The
thickness of these shells is calculated by a penetration
formula. The Bessel function solutions are approximated by
sine functions. R. M. Baker (5) presents graphical
solutions for the calculation of the heat generation term in
a inductively heated infinite cylinder of non-magnetic
material. H. F. Storm (6) approximated the heat generation
term in an infinite cylinder with an exponential curve as a
function of the radial directioh; His.formulation is based
upon vector analysis of a uniform magnetic field. This is
the first time that the heat generation is considered
quantitatively. The uniform magnetic field assumption is a
commonly applied criteria for the partial differential
equation énalysis using Bessel functions. Another criteria
is that the penetration term must be small in comparison to
the radius of the charge. If the depth of the penetration
is 5% of the radius then this approximation is within 3.6%

of the evaluation by Bessel functions. The graphical
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solution to the heat generation term as analyzed by Bessel
functions is given by N. R. Stansel (7). A detailed
treatment of the design and calculation of induction

efficiency is given by J. T. Vaughan and J. W. Williamson

(8).

2.3 Finite Element Modeling of Magnetic Fields

G. H. Costache (9) constructed a finite element
analysis of the induced current density in a nonmagnetic
body by a variational formulation of the magnetic vector
potential. He then compared his solutions for the real and
imaginary components of the current density to analytical
solutions for a simple case. M. Fabiano (10) presented the
first analysis of the induced electromagnetic fields and
eddy current losses in a nonmagnetic conducting cylinder of
rectangular cross-section placed in a coaxial finite length
circular coil. K. Preis, H. Stogner and K. R. Richter
(11) introduced a finite element package for two-
dimensional plane and axisymmetric electromagnetic field
calculations for nonlinear material properties. Three
dimensional field computation is completed using finite
element methods by C. W. Trowbridge (12). The topics
covered are algorithms for integral and differential

methods for solution to three-dimensional magnetostatic
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fields. C. W. Trowbridge also provides a brief summary of
the work in progress on the solution of three-dimensional
eddy currents using differential finite elements. A.
Konrad, M. V. K. Chari and Z. J. Csendes (13) discuss new
techniques for the analysis of linear, steady-state, skin
effect phenomena in multi-conductor systems by finite
element method. The first technique is based on a linear
superposition principle for the field solution and the
second is based on integrodifferential equation field
formulation. The calculation of losses in coils carrying
alternating currents is discussed by M. G. Reynolds (14).
This paper combined analytical expressions and numerical
‘solution using finite element method. By using finite
element analysis to model the coil, a magnetic field
distribution in the coil is obtéined"from whiéh the totél
power per unit length of the load is calculated.

In this analysis, the efficiency calculations from J.
T. Vaughan and J. W. Williamson (8) were used to estimate
the total amount of heat generated in a graphite die. The
heat generation term in the induction process was then
derived based upon the estamate total amount of heat being

generated in the graphite die.
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CHAPTER III

DESIGN AND CONSTRUCTION OF HOT PRESS SYSTEM

3.1 Introduction

The components of the hot press system were listed
in Section 1.2. The essence of hot pressing is the
simultaneous application of heat and pressure to the ceramic
being processed. This is accomplished in the hot press
stack which is encased by the hot preés package as
illustrated in Figure 2. The starting place in the design

of the system is. the hot press stack.

3.2 Hot Press Stack

Graphite is used for the hot press punch and die
material because it couples well with the radio frequency
field for heat generation, and it retains its strength at
high temperatures. The graphite used had a compressive
strength of 26,000 psi (15). Figqure 3 shows the location

of the graphite punch in the hot press stack.

3.2.]1 Design Criteria

The criteria for failure used in this design was the
Tresca-Saint Venant yield hypothesis, P. Boresi (16).
Using this criteria prevents plastic deformation of the

hydraulic press components. This criteria produces a yield
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Figure 2 Simplified Model of Hot press Stack and Hot Press
Package
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locus that is a regular hexagon in the (x,y) plane for a
plane stress state. The maximum yield stress‘criteria
predicts failure of a specimen when it is subject to any
combination of loads that produces a maximum shearing
stress, t _, at a point equal to half the uniaxial yield
stress, o,- The yield stress is a material property that is
determined in a compression or tension test. The maximum

shearing stress can be calculated for a point by:

_ J ( OX;Oy)z -T2 (1)

3.2.2 Graphite Punch

Figure 4 is a free body diagram of the graphite punch.
For a punch diameter of two inches and using the yield
stress criteria for failure with a working load of 31,000
pounds the factor of safety for yield is 2.6. The actual
hot press punch diameter is 1 inch reducing the working load

to 7,500 pounds for the same factor of safety.

3.3 Hot Press Package

The hot press package had been designed to facilitate a
variety of graphite dies. Figure 5 is a drawing of the hot
press package. The hot press package consists of an

induction coil, two stainless steel plates, stainless steel
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ram, quartz tube and a graphite die and punch. The ram
transmits the hydraulic loéd to the graphite punch thereby
compressing the ceramic. The coil induces eddy currents in
the die producing heat from the I’R power deposition‘in the
die. This heat is transferred from the die to the
surrounding environment of the die. The plates and quartz
tube enclose the die in a vacuum, reducing convection to a

negligible amount. Radiation shields lining the interior of

N =
thewquartz tube FEQEFG the powg;ﬁ;gss_gggﬂEgﬂradiatiggi The_

plates are water cooled, as is the ram, subsequently, a

U e e,

large component of the heat loss is due to mass transport in
the water cooled channels of these components. To reduce
eccentricity between the ram and graphite punch, the ram is
aligned with a guide that has two O-rings for maintaining a
vacuum. The top plate has provision for an optical
pyrometer sight port for measuring a reference temperature
on the graphite die. The bottom plate has several ports for

a vacuum hose and thermocouples.

3.4 Hydraulic Press

Figure 6 is a drawing of the hydraulic press. The
hydraulic press was designed and constructed using the yield
stress criteria for failure. The specifications for the

hydraulic press were short and long range mobility and a
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required load deliverabilty. In addition, it had to be of
practical size and configuration for laboratory work.

The short range mobility was accomplished by using
rollers. The long range mobility was accomplished by making
the hydraulic press easy to disassemble. This meant that
bolts were extensively used. Appendix V has Documentation
that was procured insuring the quality of the grade 8 bolts
used in the hydraulic press. The hydraulic press was
designed for a working load defined by the graphite punch

using yield stress criteria for failure.

3.4.1 Hydraulic Press Support Table

Figure 7 is a drawing of the hydraulic press support
table. The hot press rests on this table during operation.
The first step in designing this structure was to size the
cross beams, Section #2 of Figqure 7. It was assumed that
the total 31,000 pounds would be supported by one beam and
that the steel plate, Section #1 of Figure 7, offered no
support. This conservative estimate simplified the
calculations substantially. The result was that a W 6X25 I-
beam would produce a factor of safety of 2.13. The next
step was to check the steel plate, Section #2 of Figure 7,
for . a load applied between the I-beams. The assumption was

made that the plate only transmitted the hydraulic load
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torsionally to the I;beams which resulted in a of 1.3.
Since the plate would absorb some of the load this become an
acceptable. The rigidity of the I-beams were increased by
welding plates, Section #5 of Fiqure 7, to there ends. This
was done in the event of load misalignment. The final check
was to assume that the plate was simply supported and was
independent of the I-beams. The resulting factor of safety
was 3.1. The rest of the base structure was designed with
very few additional calculations due to the low stresses

being applied.

3.4.2 Hydraulic Press Carriage

Figure 8 illustrates the hydraulic press carriage.
It is referred to as thé carriage because of its ability to
be moved back and forth relative to the support table. An
estimated maximum load of 31,000 pounds was used in
designing the carriage. This load was applied uniaxially to
four reinforced plates with the cross sectional dimensions
of 1 inch by 6 inch, Section #1 of Figure 8. The plates
were made of AISI HR 1010 steel with a yield strength of
42,000 psi. "The resulting factor of safety is 12.3. This
included a pin hole concentration factor of 2.6. The non-
reinforced Section with cross sectional was analyzed and

possessed a factor of safety of 16.
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The tear out at the pins was designed with a method
of A. D. Deutscham, W. J. Michels and C. E. Wilson (17)
which illustrates how this problem could be modeled as a
rivet. The analysis resulted in a factor of safety of 5.4.

The first design of the roller component, Section #4 of
Figure 8, required pins, wheels and washers that were to be
machined. Dr. Robert Hansen suggested that ball bearings be
used as wheels, thereby reducing machining time
substantially. The design was checked for tear out at the
bolts that held the ball bearings, bolt strength in bending,
bearing load capacity, bushing strength under the induced
torsional component, shear on the bolts that held the ball
.bearings, and the compression on the bolts used to raise the
carriage and the alignment rollers.

The assumption was made that hélf of the carriage load
would be shared by each roller component. The estimated
weight of the carriage was 1000 pounds. The lowest design
factor of safety was 2.5.

The last Section of the carriage to be designed was
Section #5 of Figure 8. This Section is the cross beams
that transferred the hydraulic load from the upright

supports to the hydraulic support table. From the support
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table, the load is transferred to the induction hot press
completing the load loop. The beams were modeled in bending
with a resulting factor of safety of 4.3. The grade 8 bolts
were treated as rivets and resulted in a factor of safety

of 8.3.

3.4.3 Hydraulic Cylinder Support Structure

The hydraulic cylinder support structure was the last
feature designed on the hydraulic press. Figure 6 shows how
this structure holds the hydraulic cylinder in place. This
structure was made of two C 12 inch X 20.7 inch channel
beams bolted back to back by four 1 inch X 2 inch sections
of stock steel. The hydraulic cylinder was mounted on the
under side of the channel beams so that when the cylinder
was engaged, the load would not be absorbed by the bolts.
The four sections of stock are used to hold the two channel
beams together. This ensures that the eccentricity of the
structure can be considered negligible. This is
accomplished by changing the beams from two independent
structures, to one with a center of gravity through the load
line. The hydraulic cylinder support structure was attached
to the carriage by the use of four steel pins of 1 1/2 inch
diameter. The assumption that only two pins would be engage

at one time was made and resulted in a factor of safety for
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the pins of 3.0 The factor of safety against tear out on
the channel beams is 5.4. The channel beams were checked

for bending resulting in a factor of safety of 4.0.

3.5 Hydraulic System

The hydraulic flow circuit of this hydraulic system is
illustrated in Figure 9. The 5 HP 1200 RPM motor supplies
the required hydraulic pressure for displacing the cylinder.
The maximum hydraulic pressure is set at 3000 psi which
results in applied load of 59,00Q pounds. The pressure
relief valve is set to 381 psi. This insures that a maximum
load of 7500 pounds is delivered to the graphite punch. One
of the features of this system is the power supply relief
valve that allows modulation of the hydraulic pressure and
ultimately, the load to the graphite punch of the induction
hot press. The system is equipped with a directional valve
that is coupled to a electronic control panel. This allows
for displacement control of the cylinder. The flow control
module allows for direction independent-displacement rates
of the cylinder. The check valve is set for the maximum
pressure of the system to insure that the maximum load
capacity of the graphite die is not exceeded. The heat
exchanger serves to remove excessive power not used in

displacing the cylinder. This is very important during the
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quasi-static portion of the load cycle in the ceramic
densification. The reservoir serves as a retainer for the

hydraulic fluid.

3.6 Electrical Schematic

Figure 10 is a schematic of the electronic control
panel. The panel was designed to operate the vacuum system,
the hydraulic cylinder directional valve, an interlock
switch and the pressure control power supply. The interlock
switch prevents excessive damage to the induction hot press

in the case of punch failure.

3.7 Vacuum System

The vacuum system serves two purposes. The first is to
reduceAthe convection loss from the die to a negligible
amount. The second is to prevent oxidation of the graphite
die. The system can be operated in vacuum or back filled

with inert gas.
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CHAPTER IV

ENERGY BALANCE IN THE EXPERIMENT

4.1 Introduction

The global energy balance was used as a method of
verifying the numerical modeling. The modeling of the
induction hot press required an analytical description of
the heat generation in the graphite die. The heat
generation term was derived from fundamental principles of
electricity and magnetism. This term was then incorporated
in the finite element model as the forcing function for the
model. This analysis is done for steady state so that the
heat generated in the system could be equated to the heat
losses from the system. These losses are in the form of
convection and radiation from the quartz containment
cylinder and the heat removed by the cooling water. The
water cooled components are the upper and lower stainless
steel plates and the stainless steel ram as illustrated in

Figure 5.

4.2 The Heat Equation

The heat equation is derived from an energy balance on
a differential volume where Fourier's law, Equation (2),

describes the heat flux across the surfaces of the volume.
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dT
q//x= _kE_X (2)
g", Heat flux in the x direction, W/m?
k Coefficient of conduction, W/m K
T Temperature, C

The first law of thermodynamics states that energy can

not be created or destroyed.

conserved.

differential form is

E,

1

E:inflow

E
gen

E Power
out

é Power

st

Power into the control volume,

out of the control volume,

stored in the control volume,

In other words, energy is

Conservation of energy written in a time

. : . (3)
nflow+Egen_Eout = Est:

W

Power generated in the control volume, W

W

W

This equation states that the heat inflow into a

control volume along with the heat generated in that volume

equals the out flow of
stored in that volume.
cylindrical coordinate

derived. or _

T

heat from that volume and the heat
Applying these equations to a

system the diffusion equation can be

19 oT 1 d oT

Tor o) T N ()
d (. 0T

"3z g Tete



T-3985 30

r,9,z Cylindrical coordinates

o Density, kg/m?

Cp Specific Heat for constant pressure, J/kg K
q(r) Heat generation as a function of radius, W/m’

For the steady state solution with axisymmetry, the
heat diffusion equation can be written as a two dimensional

differential equation with heat generation.

1 0 aT a oT - _
?E(krg)+3§(kféz)+Q(I) =0 (5)

4.3 The Total Heat Generated in the System

In Appendix I it is shown that the magnetic intensity
in a cylindrical charge placed in a magnetic field can be

written in the form of Bessel's equation.

d*H, 1dH_2iH _ g (6)
dr? rdr g2

H Magnetic intensity vector, A/m

S Induction penetration term, m

i Square root of minus one

The solution to this equation is written in the form of the

Bessel real, ber, and Bessel imaginary, bei, terms.
7
H==A[ber(l%£)+ibei(1%£)] (7)

The electric intensity can be found by differentiating
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the magnetic intensity with respect to the radius and using
surface boundary condition to evaluate the proportionality
constant A, as shown in Appendix I. The surface boundary
condition is the assumption that the magnetic intensity just
outside the surface is equal to the magnetic intensity just
inside the surface of the graphite die. The absolute value

of the electric intensity then becomes

2r , 2r

gs ]

E

_[ber( S)] + [bei( S)]

The power induced in the load per unit volume as a function

of position can be found by
g(r) = E?o (9)

o Electrical conductivity, 1/(Ohms m)

The total power generated in a body can be found by
integrating the heat generation function over the volume of

that body.

r=a
= szoLandr (10)

r=0

qgén
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4.4 The Heat Convected from the Quartz Containing Vessel

The heat loss due to free convection from the quartz
tube represents a fraction of the total heat loss in the
system. This value can be summed with the other heat losses
to verify the calculation of the total power dissipated in
the graphite die. This is important because the total power
dissipated in the system was used in calculating the heat
generation term. The first number that needs to be
calculated is the Rayleigh number

gb (T:;T") L’ (11)

Ra, =

Acceleration of gravity, m/s?
Volumetric thermal expansion coefficient, K

Cylinder length, m

H P B

Temperature, C

Kinematic viscosity, m?/s

<

a Thermal diffusivity, m?/s

The volumetric thermal expansion coefficient for constant

pressure is defined as

B =- (12)

P

L)
(55

o+

Since this free convection is for the outside surface of the

quartz cylinder, the air can be assumed to be a perfect gas.
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For a perfect gas, the expansion coefficient simply becomes
the inverse of the absolute film temperature. The film
temperature is the average between the surface temperature
and the temperature at ambient. The Rayleigh number can also

be expressed as

Ra, = Gr Pr (13)
Pr Prandtl number
Gr Grashof number

The Grashof number is the ratio of buoyancy to viscous
forces. This dimensionless number serves the purpose in
napural convection that the Reynolds number serves in forced
convection. This number allows the prediction of laminar or
turbulent flow. F. P. Incropera and D. P. DeWitt (18)
state that for cylinders, the vertical wall assumption can
be used, if the boundary layer thickness is much less than

the cylinder diameter. This is satisfied when

-22 35
L 1 (14)
Gr,*
D Cylider diameter, m

L Cylinder length, m
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Once this condition is met, the Rayleigh number is

calculated. Then the Nusselt number can be calculated by

1
0.67 Ra,

9 4
0.492)3313
Pr

Nu, = 0.68+ (0<Ra,<10°) (15)

[1+(

This parameter is equal to the dimensionless temperature
gradient at the surface and provides a measure of convection
heat transfer occurring at the surface. The average
convection coefficient defined as

F =
L

The total heat convected from the surface of a vertical wall
is

dye = AR(T,-T.) (17)

For the case of a vertical cylinder that does not match the
criteria given in equation (14), the total heat flux due to
convection can be adjusted for the nonsimularity. A local
nonsimilarity solution method has been outlined by Minkowycz
& Sparrow (19). This method gives numerical

approximations for the ratio of the Nusselt numbers as an
adjustment of the heat flux from a vertical wall, to the

heat flux from a vertical cylinder.
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ZNuxicl
Toys = To* (= (18)
Nu, £

4.5 The Total Heat Radiated from the System

The radiated heat loss from the quartz cylinder can be

calculated using

Qraq = 0€ (T -TY) (19)
£ emissivity
c Stefan-Boltzmann constant
T, Temperature at infinity, C

where the emissivity of graphite is 0.8.

4.6 The Total Heat Removed from the System by Mass Transport
The heat removed by mass transport can be calculated

from the change in the cooling water temperature and its

mass flow rate (Q).

qcooling =0 (Toutlet - Tinlet) Cp ( 20)

T, ue1et Final temperature of cooling water, C

T otet Inial temperature of cooling water, C
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There are three locations where heat is removed by mass
: L4
transport. The first is the stainless steel ram and the

other two locations are the stainless steel plates.

4.7 The Enerqy Balance of the System

The total heat loss from the system should equal the
total heat generated in the system. The two losses are the
convected and radiated heat from the quartz tube and the
heat transported by the cooling water. The summation of
these terms should account for most of the heat loss from
the system. Since the heat generation term is based on a
calculated efficiency of heat dissipation in the graphite
die, this is one of the way for verifying the heat
generation with experimental data. Therefore, the energy

balance of the system can be expressed as

qgen = qcyl + qcooling + qrad ( 21 )

The accuracy of this equality will reflect the accuracy of
the power efficiency calculations. If the measured power
loss is much greater then the assumed heat generation, then
a larger value can be assumed for the heat generation. This
would increase the accuracy of the heat generation term to

be within the experimental error of this model.
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CHAPTER V

DESIGN OF THE FINITE ELEMENT MODEL

5.1 Introduction

The Determination of Temperature, Dot, program was
developed by Polivka and Wilson (20) at the University-of
California, Berkeley. The code was designed for the
analysis of heat transfer problems. The Dot code models
nonlinear, transient and steady state heat conduction with
either 2-D planar or axisymmetric elements. It handles
material properties as a function of time and temperature.
It also ﬁodels radiation and convection as boundary
cqnditions along with cooling pipes.

Classical problems with closed form solutions were
initially analyzed with Dot. The verifications were
performed to determine the accuracy of Dot. The
verification results are represented graphically by PostDot.
The solutions and graphical representations are presented in
Appendix II. The Dot results are well within the

experimental error of this analysis.

5.2 Geometry of the Finite Element Model

Figure 2 is a drawing of the induction hot press
package and stack. The FEM model is used to predicted the

temperature distributions in the hot press stack during the

THUR LAKES LIBRARY
cor?g&wo SCHOOL of MINES
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hot pressing process. The stack is composed of various
components. Figure 11 shows these components in detail.
There is a stainless steel ram, a graphite die and punch,
zirconia insulating disk, alumina stand, and the material
being formed. The material in this case is ceramic,
specifically spinel. The alumina serves as a refractory and
as a rigid support for the graphite die.

The purpose of a thermal analysis of the hot press
package is to calculate the 2-D temperature profile in the
graphite die and the material being pressed. This profile
aids in the estimation of the forming temperature of the
material being processed in the hot press stack.

Figure 12 is a drawing of the FEM mesh used to model
the stack with the hot press stack also shown for reference.
This figure illustrates the node locations on the FEM mesh
that correspond to thermocouple locations in the graphite
die. These locations are designated by letters. This
identification is used through out this document.

Two considerations were used in formulating this mesh.
The first was to optimize the FEM mesh for full
consideration of the material properties and mechanistic
processes while minimizing the computation time. The second
was to ensure a 7:1 maximum element size ratio. K. J. Bathe

(21) states that using this as a maximum ratio will reduce
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numerical instabilities. Figure 13 illustrates the
numbering of the nodes in this model. The mesh is distorted
to show the node numbering and its dimension. To establish
boundary conditions for the FEM model, thermocouples were
placed on the surface of the hot press stack to measure the
axial surface temperature profile. Figures 14 and 15
illustrate the various thermocouple locations. Figure 16
shows the pqsitions of these know temperature points on the

FEM mesh.

5.3 Material Properties

The graphite material properties were taken from
W. H. Brixius (15). The temperature dependence of the
graphite electrical resistivity was investigated for the
purpose of calculating an average resistivity value while
introducing negligible error.

In the steady state working range of the graphite die,
the temperature varies from 1000 °C to 1500 °C. An average
resistivity was calculated for this range of values. A
value of 1.12 10 Ohm-cm was assumed for the graphite
resistivity. Because of the small geometry of this model,
the unit cm is used to define length dimensions and material
properties. The maximum error associated with this

assumption is 3.8%. The copper resistivity at room
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Figure 16 Finite Element Mesh of the Induction Hot Press
Stack with Thermocouple Locations Specified
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temperature was found in the work of, R. C. Weast, M. J.
Astle and W. H. Beyer (22). This value is 1.68 107°® Ohm-
cm. The copper resistivity was only considered at room
temperature because the coils are water cooled. These
values were used in the efficiency calculations for the
power delivered to the load.

The thermal properties of the stainless steel were
obtained from F. P. Incropera and D. P. DeWitt (18). The
values of 0.25 W/(°K cm) for the thermal conductivity and
0.480 J/(g °K) for the heat capacity were assumed.

The C, and the k of the graphite were estimated the
same way as the graphite electrical resistivity. Average
vaiues of k and C, for the graphite were calculated for the
temperature range of the graphite in this process. As the
temperature range becomes small accuracy of the properties
increases. In the limit of an infinitely small temperature
range, there would be no approximation error. In this
application, the error associated with this approximation is
within the experimental error of the system.

The two types of insulating material used in the
induction press are zirconia and alumina. The range in the
insulation temperatures are small such that average values
for the k and the C, are assumed with negligible error. For

the zirconia the k and the C, are 0.0242 W/(°K cm), and 202
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J/(kg °K), (23), and for the alumina the k and the C, are
0.0627 W/(°K cm) and 244 J/(kg °K), (22).

The hot press can be used to compact a variety of
materials. The first to be considered was spinel. The k
and Cp for the spinel are 0.03798 W/(K cm) and 175 J/(kg

°K), (22).

5.4 FEM Formulation of the 2-D Heat Diffusion Equation

The hot press package was analyzed for an energy
dissipation efficiency by means of a Lotus spread sheet
which resulted in an efficiency of 0.89. This efficiency is
the fracfion of the power measured at the induction coil
that is dissipated in the graphite die. This is also the
fraction of the induction circuit impedance that is due to
the graphite electrical resistance. A copy of this
spreadsheet is located in Appendix III. The power to the
coil for this application is 5000 watts. This results in a
power of 4430 watts being delivered to the load. The
equation for the heat generation term as a function of

position in the die is
P = g E? (22)

o Graphite conductivity, m/Ohms

E Electric intensity, V/m
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The electrical intensity is defined again as

[ber’<£25—€)12+ [bei/(-@f-nz

g - Y225 (23)
oS
(ber (Y227)2 [pei (Y282
s s
H Magnetic intensity, A/m
S Penetration term, m

The variable H  is assumed to have the value of the magnetic

intensity just outside the graphite die. The penetration

s = _L.'_&Qi (24)
271 24V

term defined as

p Graphite density
U Magnetic permeability
v Radio frequency

The heat generation, as a function position, has the shape
of the smooth curve shown in Figqure 17. The step function
in Figure 17 is an approximation of the heat generation
curve. This step function is incorporated in the numerical
model. The area under both curves are within 2.2% of each
other. The effect of this approximation is discussed in
Chapter 7. Figure 18 illustrates the element numbering of
the FEM mesh. The columns of elements in Figure 18

corresponding to the graphite die domain were assigned the



T-3985 49

HEAT GENERATION-VS-RADIUS OF GRAPHITE DIE
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Figure 17 The Heat Generation Term as a Function of Position
in the Graphite Die
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Figure 18 FEM Model

Element Designations
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varying average heat generation term values. The average
heat generation term value are calculated using Lotus
spreadsheet located in Appendix III. These values are then
assigned as individual material properties in a working FEM
model. The discretization of the graphite domain considered
the temperature dependent material properties and the heat
generation term. These considerations, along with the
length to height constraints, formed the basis for the

optimization of the FEM mesh.

5.5.1 The First Dot Input File

Thié analysis used two sets of insulation
configurations. The first consisted of a radiation shield
made of graphite foil. The emissivity of this graphite is
0.8. The second was a graphite radiation shield and alumina
felt insulator. The insulation surrounded the entire
graphite die in the annulus between the die and the quartz
vacuum tube. The result of these two types of insulation
was two sets of temperature boundary conditions, and two
temperature profiles. The first set of data are analyzed in
this section while the alumina felt and radiation shield
data are analyzed in the next section.

Since the Dot code was written when cards were used to

input lines of text all the cards can referred to as lines.
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The first line of the Dot input file is a quality assurance
card. This sequence of symbols must always be place first

or the file will not be processed by the code.
420-~-05C-02

The next line of code is a title card. This line is

used to designated one input file from another..
START Model of Induction Hot Press 11/11/90

The next line is the master control card where the
total number of nodal points, element groups, storage
designation, execution mode, and interface control flag are
identified. The number of nodal points is the total number
of nodes in the FEM mesh. In this instance that number is
129. The element groups are defined as axisymmetric,
planar, convection, or radiation. This analysis uses
axisymmetric elements because of the axisymmetry of the
graphite die. It does not use the other types of elements
because temperatures are being used as the boundary
conditions.

The default for high speed storage locations is a 0.

The next number is the execution mode where 0 is a data
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check, and 1 is an execution. Hence the third line in the

impute file is:

129 1 0 1

The lines that follow give node numbers, x coordinates,
y coordinates, and the number difference between generated

nodes. If the last number does not appear, no nodes will be

generated.
1 0 0 1
5 0 15.24
6 0 18.20
7 0 20.32
8 0 22.86 1
T 12 0 27.94
13 0 29.62
14 0 32.60
15 0 35.56
16 0 39.37
17 0 40.64
18 0 44 .45
19 1.27 0 1
23 1.27 15.24
24 1.27 18.20
25 1.27 20.32
26 1.27 22.86 1
30 1.27 27.94
31 1.27 29.62
32 1.27 32.60
33 1.27 35.56
34 1.27 39.37
35 1.27 40.64
36 1.27 44 .45
37 3.00 0 1
41 3.00 15.24
42 3.00 18.20
43 3.00 20.32
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44
48
49
50
51
52
53
54
55
59
60
61
62
66
67
68
69
70
74
75
76
717
81
82
© 83
84
85
89
90
91
92
96
97
98
99
100
104
105
106
107
111
112
113
114
115
119
120

oo R EAERARRPLAAARARERPRAEAEALCULUOWLWWLDUWLWWLWWWLWWWLWWWWWWW

.00
.00
.00
.00
.00
.00
.00
.00
.50
.50
.50
.50
.50
.50
.50
.50
.50
.00
.00
.00
.00
.00
.00
.00
.00
.00
.50
.50
.50
.50
.50
.50
.50
.50
.50
.00
.00
.00
.00
.00
.00
.00
.00
.00
.40
.40
.40

22.
27.
.62
32.
35.
39.
40.
44,

29

15

18.
20.
22,
.94
29.
32.
.56

27

35

15

18.
20.
22.
27.
29.
32.
35.

15.
18.
20.
22.
27.
29.
32.
.56

35

15.
18.
20.
22.
.94
29,
32.
35.

27

15.
.20

18

86
94

60
56
37
64
45

.24

20
32
86

62
60

.24

20
32
86
94
62
60
56

24
20
32
86
94
62
60

24
20
32
86

62
60
56

24

54
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121 5.40 20.32
122 5.40 22.86 1
126 5.40 27.94
127 5.40 29.62
128 5.40 32.60
129 5.40 35.56

The first number on the next line of inpﬁt code
designates if the analysis is steady state. A -1 indicates
a steady state analyses, whereas a 0 indicates a transient
analysis. This number is followed by the required number of
time steps which defaults to 1 if left blank this is true
even for steady state analysis. The time increment between
time steps is given next. The choice of this number was
arbitrary for a steady state analysis. The following number
is time at start. This is followed by the ambient
temperature which was chosen to 25 °C. The next number is
not shown because it defaults to zero. This variable is the
number of times that the conductivity matrix is reformed.
The last number in the line is the time interval for writing

out files for steady state this is set to one.

The next line of code specifies the number of boundary

condition functions, data points for each function, and the
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total number of nodal points which have boundary conditions
assigned to them. In this analysis, the boundary conditions
were not a function of time an therefore no functions were
specified. There are 25 nodal points that have temperatures
assigned to them. These temperatures are extrapolated from
the measured temperatures on the graphite die. This was
accomplished by assuming smooth temperature variations from

one measured point to another.

The next set of lines give the boundary condition
number, the node number, the boundary condition type, and
the value of the condition. The types of boundary
conditions are temperatures désignated with a 1, or a flux
designated with a 0. The value used in this problem is the
temperature at that node.

Chapter VI discusses how these temperature boundary

conditions were obtained and the results of this analysis.

1 1 1 60.0
2 19 1 60.0
3 37 1 60.0
4 55 1 60.0
5 70 1 60.0
6 85 1 60.0
7 100 1 60.0
8 115 1 60.0
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9 119 1 883.6
10 120 1 933.2
11 121 1 957.4
12 122 1 974 .4
13 123 1 978.0
14 124 1 978.2
15 125 1 975.1
16 126 1 968.7
17 127 1 955.2
18 128 1 916.9
19 129 1 860.8
20 114 1 830.0
21 99 1 800.0
22 84 1 762.1
23 69 1 762.1
24 51 1 762.1
25 33 1 60.0
26 36 1 60.0
27 54 1 60.0

The next line specifies if all the nodes are initially
set to ambient conditions. This is only important in
transient problems. The number given is the number of nodes
not set to ambient conditions. In this analysis all the
nodes are set to ambient.

0

There are three types of element groups that can be
considered in this program. They are 2-D finite elements.
These are either planer or axisymmetric. Another type of
element group is convection and radiation elements, and the
last type is cooling pipe elements. The only type used in
this analysis is 2-D axisymmetric quadrilateral elements.
The first number in the next line is the element group

"indicator. For this analysis that number is 1. The next
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number gives the total number of elements in this group
which is 103 for this analysis. The first element number in
this group is given next. This is very important in the
case of multiple element groups. The user can not specify
two elements with the same number even if the elements are
not part of the same group. The next number for this type
of element group designates if the 2-D elements are planar
or axisymmetric. For this case, all the elements are
axisymmetric and is designated with a 0. The maximum number
of nodes for any element is given next. All elements in
this analysis are given four nodes. The next number is the
number of Gauss integration points. For the case of four
node elements 2 Gauss points will give an reasonable
results, J. N. Node (24). The number of material property
sets is given next. Material property sets are designed for
all materials exhibit either a difference in thermal
properties such as graphite and steel. Material property
sets are designated to materials with different heat
generation values such as the graphite in the die at various
points in the domain. In this analysis, eleven property
sets were designated. Property sets were designated for the
stainless steel, alumina, ceramic, zirconia, and seven sets
for the graphite. These sets for the graphite allowed for

the close approximation of the heat generation variation in
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the graphite die. The next number of temperature points in
the material table. This allows for the material properties
temperature dependence to be considered. Since this
analysis is steady state only one point was used. That
value is one for material properties at all temperatures.
The last number is the heat generation flag. If this number
is 0, there is no heat generation in the system. If this

value is 1, there is heat generation.
1 103 1 0 4 2 11 1 1

The next sets of lines designate the individual thermal
properties for material property set. A set consists of two
lines of input data. The first line of a set contains the
material property number, the number of temperature points
describing the material, heat generation function number,
and the heat generation value.

The second line of the set has the thermal conductivity
in the x direction and the y direction. These numbers are
followed by conductivity in the xy direction which is zero
because of physical constraints. The last number is the

specific heat for the material.
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The heat generation function number allows the heat
generation to vary with time. Since this is steady state
that value is set to zero.

The heat generation terms were approximated by
sectioning the graphite die into consecutive cylinder
shells. Each shell was given an average heat generation
term. These average heat generation terms were estimated

for the various shells of the graphite die by assuming a

linear variation of the heat generation within each shell.

This averaging process has the effect of linearizing the

plot in Figure 17. The heat generation values for the

inside diameter and outside diameter of the various shells

60

were obtained from Appendix III. An input power to the coil

of 5000 W was used in the experiments reported here. These

values were averaged and assumed for the domain within the

shell.

The first seven material properties were defined for

the various regions of the graphite. The set was defined

for the stainless steel. The sets after that were for the

alumina, zirconia, and the ceramic.

1 1 0 11.7

.480 .480 0 1975
2 1 0 5.78

.480 .480 0 1975
3 1 0 2.81

.480 .480 0 1975
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4 1 0 1.38
.480 .480 0 1975
5 1 0 .690
.480 .480 0 1975
6 1 0 .226
.480 .480 0 1975
7 1 0 020
.480 .480 0 1975
8 1 0 0
.25 .25 0 480
9 1 0 0
.0627 .0627 0 244
10 1 0 0
.0242 .0242 0 202.2
11 1 0 0 .
‘ .0380 .0380 0 175.1

The next set of input data defines the elements that
make up the mesh. The first number of each line designates
the element number. This is followed by the node numbers
the define that element. Nodes that define an element are
listed in a specific order. The first node in this order is
the upper right hand néde of the element. This is followed
by the upper left hand set node in the element. The next
node is the lower left hand node of the element which is
followed by the lower right hand node of the element.

Figure 19 illustrates the node numbering sequence. The next
number is the material property number.

The next number specifies the number of nodes
describing that element. This is followed by the number
increment for element generation. This number is the

increase in global numbers for the local coordinates in the
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master element for successively generated elements.

20
23
24
25
26
27
28
29
30
31
32
33
34
35
36
38
41
42
43
44
45
48
49
50
51

53

54
56
59
60
61
62
63
66
67
68
69
71
74
75
76
77
78
81
82

19
22
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24
25
26
27
28
29
30
31
32
33
34
35
37
40
41
42
43
44
47
48
49
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52
53
55
58
59
60
61
62
65
66
67
68
70
73
74
75
76
77
80
81
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60 83 68 67 82 4 4
61 84 69 68 83 4 4
62 86 71 70 85 9 4 1
65 89 74 73 88 9 4
66 90 75 74 89 3 4
67 91 76 75 90 3 4
68 92 717 76 91 3 4
69 93 78 77 92 3 4 1
70 96 81 80 95 3 4
73 97 82 81 96 3 4
74 98 83 82 97 3 4
75 99 84 83 98 3 4
76 101 86 85 100 9 4 1
79 104 89 88 103 9 4
80 105 90 89 104 2 4
81 106 91 90 105 2 4
82 107 92 91 106 2 4
83 108 93 92 107 2 4 1
86 111 96 95 110 2 4
87 112 917 96 111 2 4
88 113 98 97 112 2 4
89 114 99 98 113 2 4
90 116 101 100 115 9 4 1
93 119 104 103 118 9 4
" 94 120 105 104 119 1 4
95 121 106 105 120 1 4
96 122 107 106 121 1 4
97 123 108 107 122 1 4 1
100 126 111 110 125 1 4
101 127 112 111 126 1 4
102 128 113 112 127 1 4
103 129 114 113 128 1 4

STOP

5.5.2 The Second Dot Input File

The second analysis was identical to the first except
for the temperature boundary conditions. These boundary
values are provided in this section. The temperature

correlation to obtain these boundary temperatures and the
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results of the analysis will be discussed in the next

chapter.

1 1 1 60.0

2 19 1 60.0
3 37 1 60.0
4 55 1 60.0
5 70 1 60.0
6 85 1 60.0

7 100 1 60.0
8 115 1 60.0
9 119 1 1465.4
10 120 1 1484.0
11 121 1 1491.9
12 122 1 1495.5
13 123 1 1494.9
14 124 1 1492.6
15 125 1 1488.7
16 126 1 1483.3
17 127 1 1473.6
18 128 1 1449.4
19 129 1 1440.0
S 20 114 1 1430.0
21 99 1 1420.0
22 84 1 1416.6
23 69 1 .1416 .6
24 51 1 1416.6
25 18 1 60.0
26 36 1 60.0
27 54 1 60.0

5.6 Correlation of the FEM Model to Experimental Data

Thermocouples were placed inside the graphite die of
the hot press stack to record temperatures to compare with
the numerical solution and verify the model. Figure 12
shows the internal points where temperature were measured.

Another verification of the model came from the calculation
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of the total heat loss from the system. This was
accomplished by placing thermocouples at the water coolihg
ports and using the flow rates given by the flow meters to
calculate heat transported away by the cooling water.
Measurement of external temperatures were taken for

convective heat loss calculations.

66
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CHAPTER VI

RESULTS

6.1 INTRODUCTION

The Dot analysis was completed on two sets of
temperature boundary conditions, both with 5000 W power
input. The first set was obtained from an insulation
configuration that only consisted of a radiation shield
inside the quartz cylinder. Figure 20 illustrates this
configuration. The radiation shield was a sheet of graphite
foil wrapped around the graphite die in the annulus between
the die and the inside wall of the quartz cylinder. The
sgcond set of boundary conditions were obtained from an
insulation configuration that consisted of the graphite
radiation shield ‘and an alumina felt insulating refractory
that was wrapped around the outside of the graphite foil.
Figure 21 illustrates the second insulation configuration.
The insulation configquration drastically affected the

heating characteristics of the graphite die.

6.2 THERMOCOUPLE EMPLACEMENT

The thermocouples were placed in the configuration
given in Figures 14 and 15. The locations on the FEM mesh
that correspond to locations in the graphite die where

temperature measurements were made are shown in
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Figure 21 Induction Hot Press with Insulation Set
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Figure 16. Thermocouples A, B, C, and D measured
temperatures that were used as boundary conditions for the
FEM model. While, thermocouples E, F, G, and H measured
temperatures that verified the model.

The thermocouples were mounted with MgO insulation to
insure no direct contact with the graphite. This insured
that the thermocouples would not become contaminated by
carbon diffusion.

It was observed that the thermocouples did not couple
with the radio frequency from the induction coils, since
there was no rapid change in the measured temperature after

the radio frequency field was disengaged.

6.3 TEMPERATURE MEASUREMENTS

The temperatures were measured with tungsten-5%
rhenium/ tungsten-26% rhenium thermocouples. Figure 22 is
the reported voltage/temperature curve for this
thermocouple. This curve was obtained from the Omega
Temperature Measurement Handbook and Encyclopedia. The
voltages generated by the thermocouples were measured,
recorded and converted to temperatures. Table 1 is the

measurements from the first insulation configuration.
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TABLE 1
Temperature Measurement Data
From Insulation Configuration Set 1

TIME A A B B
min mv TEMP (C) mv TEMP (C)
0 0.11 20.90 0.11 20.90
10 7.24 430.53 6.74 403.70
20 10.93 623.60 10.16 583.86
30 13.23 741.54 12.34 695.97
- 40 14.65 814.34 13.71 766.12
50 15.55 860.69 14.57 810.23
60 16.01 884.48 15.02 833.37
70 16.26 897.45 15.29 847.28
80 16.47 908.37 15.45 855.53
90 16.59 914.61 15.54 860.17
110 16.61 915.65 15.54 860.17
130 16.61 915.65 15.54 860.17
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TABLE 1
Temperature Measurement Data
From Insulation Configuration Set 1

TIME Cc c D D
min mv TEMP (C) mv TEMP (C)
0 0.12 21.52 0.07 18.39
10 7.7 455.05 6.62 397.22
20 11.6 658.03 10.38 595.23
30 14.08 785.09 12.9 724.65
40 15.62 864.31 14.5 806.64
50 16.59 914.61 15f56 861.21
60 17.11 941.76 16.14 891.22
70 17.38 955.92 16.44 906.81
80 17.62 968.54 16.7 920.34
90 17.75 975.39 16.84 927.65
110 17.8 978.03 16.92 931.83
130 17.8 978.03 16.94 932.87
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TABLE 1
Temperature Measurement Data

From Insulation Configuration Set 1

TIME E E F F
min mv TEMP (C) mv TEMP (C)
0 0.1 20.27 0.12 21.52

10 7.66 452.92 7.76 458.23

20 11.39 647.25 11.71 663.68

30 13.78 769.71 14.19 790.73

40 15.24 844.70 15.72 869 .47

50 16.15 891.74 16.68 919.30

60 16.63 916.70 17.19 945.95

70 16.88 929.74 17.47 960.65

80 17.11 941.76 17.7 972.75

90 17.2 946.48 17.83 979.61
110 17.25 949.10 17.85 980.67
130 17.25 949.10 17.85 980.67
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TABLE 1
Temperature Measurement Data
From Insulation Configuration Set 1

TIME G G H H
min mv TEMP (C) mv TEMP (C)
0 0.13 22.15 0.12 21.52
10 5.9 358.12 7.37 437.48
20 9.96 573.50 11.26 640.57
30 13.07 733.35 13.81 771.25
40 15.13 839.03 15.43 854.50
50 16.4 904.73 16.49 909.41
60 17.06 939.15 17.06 939.15
70 17.41 957.49 17.38 955.92
80 17.67 971.17 17.64 969.59
90 17.83 979.61 17.78 976.97
110 17.91 983.84 17.86 981.19
130 17.91 983.84 17.86 981.19

I—
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Figure 23 is a plot of the temperature distribution of
thermocouples A, B, C and D as a function of time for the
first insulation configuration. Figure 24 is a plot of the
Temperature distribution of thermocouples E, F, G and H as a
function of time for the first insulation configquration.

The two important features in these plots are the time
to reach steady state and the temperature distribution at
the various thermocouples.

Table 2 shows the data obtained from the second
insulation configuration. During the placement of the second
insulation configuration, thermocouple E was damaged. The
data obtained from this thermocouple is not included in

Table 2.
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TABLE 2
Temperature Measurement Data

From Insulation Configuration Set 2

TIME A A B B
min mv TEMP (C) mv TEMP (C)
0 0.11 20.90 0.11 20.90
5 4.70 291.80 4.73 293.48
15 10.53 602.98 | 10.51 601.95
25 14.49 806.12 14.45 804.07
35 17.41 957.49 17.3 951.72
45 19.72 1080.73 | 19.57 1072:60
55 21.3 1167.75 21;08 1155.47
65 22.49 1235.13 22.21 1219.12
75 23.38 1286.71 23.09 1269.79
85‘ 24 1323.31 23.71 1306.12
95 24.52 1354.45 24.21 1335.83
105 24.93 1379.30 24.63 1361.09
115 25.25 1398.88 24.96 1381.13
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TABLE 2
Temperature Measurement Data
From Insulation Configuration Set 2

125 25.49 1413.68 25.19 1395.20

135 25.68 1425.47 25.35 1405.04

145 25.81 | 1433.57 25.46 | 1411.83

155 25.92 1440.45 25.51 1414.92

165 26.01 1446.09 25.58 1419.26

TIME C Cc D D

- min mv TEMP (C) mv TEMP (C)
0 0.12 21.52 0.07 18.39

5 4.97 306.86 3.88 245.55

15 10.8 616.90 9.39 543.89

25 14.8 822.05 13.52 756.39

35 17.78 976.97 16.75 922.95

45 20.16 1104.71 19.3 1058.01

55 21.84 1198.11 21.16 1159.93

65 23.12 1271.53 22.58 1240.30
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TABLE 2
Temperature Measurement Data
From Insulation Configuration Set 2

75 24.06 1326.88 23.55 1296.69
85 24.75 1368.35 24.31 1341.82
95 | 25.29 1401.34 24.91 1378.08
105 25.74 1429.21 25.39 1407.50
115 26.08 1450.49 25.77 1431.08
125 26.31 1465.01 26.05 1448.61
- 135 26.49 1476.44 26.25 1461.21
145 26.6 1483.45 26.39 1470.08
155 26.7 1489.84 26.5 1477.07
165 26.78 1494.97 26.6 1483.45

TIME F F G G
min mv TEMP (C) mv TEMP (C)
0 0.12 21.52 0.13 22.15
5 4.96 306.30 3.54 226.13
15 10.95 624.63 9.12 529.81
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TABLE 2
Temperature Measurement Data
From Insulation Configuration Set 2
25 14.98 831.31 13.38 749.22
35 18 988.60 16.91 931.30
45 20.36 1115.67 19.69 1079.10
55 22.03 1208.88 21.66 1187.95
65 23.3 1282.03 23.09 1269.79
75 24.26 1338.83 24.14 1331.65
85 24.92 1378.69 24.92 1378.69
95 25.47 1412.45 25.52 1415.54
105 25.91 1439.82 26.01 1446.09
115 26.27 1462.48 26.39 1470.08
125 26.52 1478.35 26.67 1487.92
135 26.72 1491.13 26.89 1502.05
145 26.83 1498.19 27.06 1513.02
155 26.92 1503.98 27.21 1522.75
165 27.01 1509.79 27.35 1531.88
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TABLE 2
Temperature Measurement Data
From Insulation Configuration Set 2
TIME H H
min mv TEMP (C)
0 0.12 21.52
5 4.93 304.63
15 10.43 597.81
25 14.4 801.50
35 17.44 959.07
45 19.89 1089.97
55 21.69 1189.64
65 23.07 1268.62
75 24.12 1330.46
85 24.96 1381.13
95 25.58 1419.26
105. 26.05 1448.61
115 26.4 1470.72
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TABLE 2
Temperature Measurement Data
From Insulation Configuration Set 2
125 26.68 1488.56
135 26.88 1501.40
145 27.00 1509.14
155 27.09 1514.97
165 27.18 1520.80
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Figure 25 is a plot of the temperature distribution of
thermocouples A, B, C and D as a function of time for the
second insulation configuration. Figure 26 is a plot of the
Temperature distribution of thermocouples E, F, G and H as a
function of time for the second insulation configuration.

The comparison of Figure 25 to Figure 23 shows that
increasing the insulation causes a greater time to reach
steady state temperatures and increase in the magnitude of
these temperatures. This is important because the forming
temperature will vary with insulation type creating
difficulty in maintaining quality control of the product

being formed.
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Figure 25 Boundary Condition Set 2 Temperature-VS-Time

Plot for Graphite Surface Temperatures
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TEMPERATURE-VS-TIME
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6.4 Estimation of Additional Boundary Temperatures

The temperatures measured on the surface of the
graphite die were plotted and fitted with a parabolic curve.
The curve was then used to estimate the temperatures at
other points on the surface of the graphite die. These
estimated temperatures were then assigned to nodal points
corresponding to these positions in the finite element mesh.
Table 3 is the measured and estimated temperatures for the
finite element boundary condition. This table is for

boundary condition set 1.
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TABLE 3

Surface Temperature Regression Data

for Insulation Configuration Set 1

TEMP REGRESSION
Y NQDE PARABOLA BC l‘
BC 1
39.37 34 762.11
35.56 84 860.17 860.80
32.6 128 915.65 916.90
29.62 127 955.19
27.94 126 968.74
26.67 125 975.13
25.4 124 978.03 978.21
24.13 123 977.98
22.86 122 974.43
20.32 121 957.41
18.21 120 932.87 933.18
15.24 119 883.59
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TABLE 3
Surface Temperature Regression Data

for Insulation Configuration Set 1

11.43 118 677.70
7.62 117 471.80
3.81 116 265.90

0 115 60 60.00
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Figure 27 is a plot of the measured temperatures as a
function of position on the graphite die for boundary

condition set 1.
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The best fit curve was used to calculate the remaining
surface temperatures as given in Table 3.
Table 4 shows the data for the second insulation

configuration set where the alumina felt was used.
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TABLE 4

Surface Temperature Regression Data

for Insulation Configuration Set 2

TEMP REGRESSION
Y NODE PARABOLA BC 2
BC 2
39.37 34 1361.51
35.56 84 1419.26 1416.62
32.6 128 1446.09 1449.42
29.62 127 1473.59
27.94 126 1483.30
26.67 125 1488.77
25.4 124 1494.97 1492.62
24.13 123 1494.86
22.86 122 1495.49
20.32 121 1491.91
18.21 120 1483.45 1484.03
15.24 119 1465.39
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11.43 118 1114.04
7.62 117 762.70
3.81 116 411.35

0 115 60.00
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Figure 28 is a plot of the measured temperatures as a
function of position on the graphite die for boundary

condition set 2.
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The best fit curve was used to calculate the remaining
surface temperatures in this insulation configurations as

given in Table 4.

6.5 Comparison of Dot Output to Measured Temperature Profile

X

Temperatures were measured at internal points in the

graphite die. These temperatures were compared to the Dot
predicted temperatures at nodal points corresponding to
these positions in the finite element mesh. Table 5 has the
results from the insulation configuration set 1. This table
includes the Dot temperatures and the measured temperatures

with an error calculation.
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TABLE 5
Error Analysis Data for
Insulation Configuration Set 1
MEASURED Dot % ERROR
THERMO- NODE TEMP (C) | TEMP (C)
COUPLE POINTS
A 128 916 BC N/A
B 84 860 BC N/A
c 124 978 BC N/A
D 120 933 BC N/A
E 98 949 918 -3.28
F 49 981 955 -2.62
G 10 984 982 -0.19
H 42 981 954 -2.77
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The accuracy ranges from -.19% to -3.28% with nodal
point 10 being the most accurate. This is also the point
where the maximum temperature was measured.

Table 6 shows the results from the insulation
configuration set 2. This table also includes the Dot

temperatures and the measured temperatures with an error

calculation.
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TABLE 6
Error Analysis Data for
Insulation Configuration Set 2
MEASURED Dot % ERROR
COUPLE NODE TEMP (C) | TEMP (C)
A 128 1446 BC N/A
B 84 1419 BC N/A
C 124 1495 BC N/A
D 120 1483 BC N/A
F 49 1509 1460 -3.25
G 10 1532 1505 -1.76
H 42 1520 1501 -1.25

ARTHUR LRXES LIBRARY

‘ of BIIES .
OO L :
?SELDm$&4SOLORﬁDO 86401
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6.6 PostDot Interpretations of Dot Output

The results from the Dot code were graphically
presented by Postdot. This program was written as a
compliment to the Dot program. The resulting temperature
profile in the induction hot press stack for the first
insulation configuration of just a radiation shield is
illustrated in Figure 29. Figure 30 is the Postdot plot of
the temperature profile in the hot press stack that was
calculated by Dot for the second insulation configuration.

Generally the isothermal patterns are very similar in
Figures 29 and 30. The important features are that the
temperature variation is greatest where the insulation is
the least, Figure 20. The range of temperatures in the
insulation set 1 range from 800 °C to 990 °C as compared to
1425 °C to 1525 °C in the insulation set 2. This is very
important feature because if components are formed in a
stack there forming temperature may vary by 100 degrees or
more. The forming temperature range of a single ceramic
component is within a 15 degree variation. This can be see

in Figures 29 and 30.
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Figure 29 Postdot Temperature Isothermal Contour Plot
in the Hot Press Stack for Insulation
Configuration Set 1
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Figure 30 Postdot Temperature Isothermal Contour Plot in
the Hot Press Stack for Insulation Configuration
Set 2
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6.7 Energy Balance of the Hot Press System

Table 7 shows the results of an enerqgy balance for the
hot press system where Case 1 corresponds to insulation
configuration set 1, and Case 2 corresponds to insulation
cqnfiguration set 2.

The purpose of this analysis was to investigate the
reasonability of the heat generation term. The heat
generation term was calculated assuming a value for the
total power dissipated in the graphite die. For steady
state heat generation, the power losses will equal the total
heat generated within a body. If the heat generated is
within experimental error of the heat losses, it can be
assumed to be reasonable.

The heat losses from the hot press along with the heat
generated in the graphite die of the hot’préss have been
presented in Table 7. The cooling water flow rate to each
of the hot press components was measured to be 1.5 gpm with
an increase in temperature of 2.5 °C. This resulted in a
power loss of .99 kW from each of these components. The
quartz outside wall temperature was measured for the two
insulation configurations. A temperature of 330 °C was
measured for configuration set 1 and 284 °C for
configuration set 2. The power losses for these two

configurations were due to convection and radiation. The
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convective losses were calculated to be 0.305 kW for
configuration set 1 and .259 kW for configuration set 2.
The radiation losses were calculated to be 1.02 kW for
configuration set 1 and .729 kW for configuration set 2.
The convection calculations were based upon natural
convection from a plane vertical wall. The correction for a
‘cylindrical body showed that at these temperatures the error
associated with a plane wall analysis was negligible. The
radiation was analyzed with a view factor of 1.0, a quartz
emissivity of 0.87, and ambient temperature of 25 °C. The
measured power loss for configuration set 1 was estimafed to
be 4.03 kW and for configuration set 2 4.40 kW. A
‘calculated power of 4.4 kW was assumed to be dissipated in
the graphite die. This value was derived in Appendix I. It
was also used to calculate the heat generation term. An
error analysis revealed that the measured power can only be
reported to two significant figures with confidence. This
represents an error of 10% for the two insulation
conditions.

Since the assumed power dissipated in the hot press is
within the experimental error of the measured power losses,
it is reasonable to assumed that heat generation term used

in this analysis is within experimental error.
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TABLE 7
ENERGY BALANCE DATA FOR HOT PRESS SYSTEM
‘"UNITS OF RAM TOP BOTTOM QUARTZ ¥ LOSSES
POWER kW PLATE PLATE TUBE
FLOW 1.5 1.5 gpm 1.5 Case 1
RATE gpm gpm Case 2
h .. 5.5
W/°K m?
hcy/hwall 1.0
" ATEMP 2.5 2.5 2.5 284
(°C) 2.5 2.5 2.5 330
POWER .99 .99 .99 2.98
LOSS .99 .99 .99 2.98
WATER
POWER .793 .793
LOSS 1.11 1.11
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T-3985
TABLE 7
ENERGY BALANCE DATA FOR HOT PRESS SYSTEM
POWER .259 .259
LOSS .305 .305
CONV.

MEASURED 4.03
POWER 4.40
LOSSES

GENERATED 4.40

HEAT
-9.2%
ERROR 0.0%
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The thermal analysis of the hot press process is very
sensitive to boundary conditions. The temperatures at the
die surface drastically changed the calculated internal
temperatures.

Surface temperatures can be estimated by curve fitting
measured temperatures with a parabola. The equation to the
parabola can then be used to estimate the temperatures at
other positions on the surface of the die corresponding to
nodal points in the finite element mesh.

The time required to reach steady state temperatures is
a function of the insulation configuration. These steady
state temperatures are also a function of insulation and
position in the graphite die. The variation of these
internal temperatures in the graphite die were noted to be
substantial but decreased with increased insulation.

The temperature range for configuration set 1 was about
200 °C, where as for configuration set 2 it was only about
100 °C. Although the range in the internal temperatures of
the graphite die varied substantially, thé PostDot

isothermal plots indicated that the variation in forming
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temperature of any one ceramic component would be less then
15 °C.
The temperature distribution in an inductively heated

hot press can be calculated using finite element techniques.

7.2 RECOMMENDATIONS

From a production point of view, these temperature
variations represent variables in the quality control
capabilities of multiple-component pressing. The next step
is to investigate if a correlation can be established
between insulation type, power to the load and external
temperature profiles. A possible approach would be to
choose a insulation configuration and vary the power levels
while measuring temperature profiles. Once a set of
boundary temperature curves has been established for a
specific insulation configuration, they can be used to
estimate boundary temperatures given one temperature point.

Along with this investigation, there needs to be
improvement of the heat generation term. The improved model
of the heat generation term should account for the shortness
of the induction coil. An the heat generation term should
be numerically integrated over the domain of the elements.

This would require a modification to the Dot program.
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The combination of these steps will reduce the
approximations in this model. The result of this should
improve this model significantly and its industrial

usefulness.
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APPENDIX I

Derivation of the Heat Generation Term
The magnetic flux ¢ of a magnetic field through a

surface inside a solenoid, Figure 31, can be defined as

¢n = [BoNda (25)
B Magnetic intensity
N Normal vector

If the point of interest is far from the ends of the
solenoid, the magnetic induction at the center line of the

cylinder can be expressed as

B, = wnI (26)

o

The variables u , n and I are the permeability of free
space, coil turns per unit length and the coil current,
respectively. If a material is inserted into the solenoid,
there is an addiéional contribution to the magnetic-
induction field due to the magnetization of this material as

shown in Figure 32.
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Figure 31 Magnetic field lines in a solenoid
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Figure 32 Magnetic Field Lines in a Solenoid with Material
Inserted into it.
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The induction field B  is defined by equation (27).

B, = p M (27)

m
M Magnetic moment per volume

The amperian current per unit length replaces the current

per unit length, nI. The total magnetic induction at the

center of the solenoid is the vector sum of these separate

fields.

B =B, +u M (28)

Dividing equation (28) by p_  results in equation (29).

B . B,y (29)

Bo Bo

Rearranging equation (29) will result in defining a new term

called the magnetic intensity vector.

2 -2 _y-§ (30)
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The magnetic intensity vector is defined by

H=2-M (31)

For paramagnetic and diamagnetic materials, the
magnetization, M, and the magnetic intensity vector, H, are
proportional. The proportionality constant is a material

property called the susceptibility, x,.

M=y H (32)

By rearranging equation (32) and multiplying through by p_,
the magnetic induction can be defined in terms of the M and

H.

B = (H+M (33)

If M is replaced by x H, then equation (33) can be written

as

B=pu (1+x,) H (34)

The permeability inside a body can now be defined in terms

of the permeability in a vacuum.
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Bo= R (1+x,) (35)

Substituting equation (35) into equation (34) results in the

following identity.

B=uH (36)

By substituting equation (36) into equation (25), the
magnetic flux through a surface, ®.s in a solenoid,
Figure 33, can be defined in terms of the magnetic intensity

vector, H.

o, = fH-Nda (37)

If a slice of the solenoid is taken perpendicular to the
axis of symmetry, a incremental width dr can be defined at a
distance r from the center of the solenoid. This width then
forms a band around the surface at a constant distance r
from the center of the solenoid, Figure 31. It is assumed
that the circumferential length around the inside of the
band is approximately equal to the circumferential length
around the outside of the band. The area of the band can be
then be defined as 2nrdr. Substituting this into equation
(37) for the incremental area da and taking the constants

outside the integral results in equation (38).
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Figure 33 Induced Eddy Currents in a Solenoid
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o, = p.21terdr (38)
Faraday's law, P. A. Tipler (25), states that an
electromotive force (emf) can be induced by the time rate
change of a magnetic flux, ¢ .
dé,
= -_m 39
& = (39)

Differentiating equation (39) with respect to time results

in equation (40).

R
= -9 40
g at2np£err (40)

Taking the derivative inside the integral results in

R
z - -znpfrg%’dr (41)
4]

A materials resistivity is defined as follows

2 (42)



T-3985 123

where R, L, and A are the materials resistance to current
flow, the length of current flow, and the area perpendicular
to the current flow. By assuming current flowing in a
circular circuit, such as in Figure 33, the length of the
current flow can be defined as 2nr. The area perpendicular
to the current flow is hdr. Substituting these into

equation (43) results in

- 22

Another term, called the conductivity, o, is defined as the
reciprocal of the resistivity, p. If unit depth is assumed,
the h equals unity. By assuming unit depth and substituting
the conductivity into equation (44), the resistance of a

material can be defined as

R= 2TZ (44)

The current density can be defined as

J = (45)

s
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Assuming unit depth for the incremental area perpendicular
to the current flow, the total current flowing through an

area hdr can be defined as

dr = Jgdr (46)

Ohm's law for an incremental current dI and constant

electric resistance, R, can be written as

dr = & (47)

Integrating equations (46) and equations (47) and setting

them equal to each other results in

—_ = = JR 48
R ( )

&
’ﬁ o
Dividing equation (41) by R and substituting equation (48)
for the emf/R results in equation (49).

JR

o

RO
=:2_"1£fr@dr (49)
R A oT
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Substituting equation (44) into equation (49) and reducing

results in equation (50).

Ro
- ~op [, OH (50)
J &DgraTdr

Amperé's law, N. W. McLachlan (26), states that the

magnetizing force within the ring due to eddy currents is

dH = -Jdr (51)

for cgs units; therefore, the current density can be defined

as

- —dH (52)

Since the flux varies sinusoidally, then the partial
derivative of the magnetic intensity with respect to time

can be written as

OH _ 0K (53)
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Substituting equation (52) and equation (53) into

equation (50) results in

RO
dH _ 010k (g4 (54)
dr R, 4

Rearranging equation (54) and doing the integration results

in the following differential equation.

2
dH+i_d_H-p,mioH=O (55)

dr? r dr

If s is defined as the skin depth
s = ’ 2 (56)
Cpw

and substituted into equation (55), the result is

d’H_ 1 dH 2iH
= 41 = 57
dr2+ r dr 52 0 (37)
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Bessels equation in the general form can be written in the

form of equation (58).

2
__dzy+_]_'.§.’+(k12+_n_)y=0 (58)

If n is set equal to zero, then the resulting equation is
the Bessel's equation zero order.

2
—ZZ}Z,+%%§+ 2y = 0 (59)

This equation has the same form as equation (55). The
solutions to equation (55) are the Bessel functions of the
first kind, J(H), and the second kind, Y(H), also called
Weber's function. Since Y(H) goes to negative infinity at r
equal to zero, it will be deleted from the solution. The

magnetic intensity can be written as

H = 2,0,(=121) (60)

The Bessels equation of the first kind zero order with a
complex argument has a solution that is an infinite series

of alternating real and imaginary components.



T-3985 128

2 4 . x5
J, (V-1x) =1+ji— X -7
228 22 42 2242612 (61)
X . X

+ +7 -
22 42 g2 g2 22 42 42 62 82 10%

When the real and imaginary parts of this series are
separated and summed they form two series. The real terms
form a series which Lord Kelvin named Bessel real (ber(x)),
and the imaginary part forms a series called the Bessel
imaginary (bie(x)), N. W. McLachlan (26). The solution to
equation (61) can be written in terms of the ber(x) and

bie(x).

H=A [ber(%)+ibei(%)] (62)

From equation (50), the current density, J, can be found by
differentiating equation (62) with respect to r and taking

the negative of it.

J = ;@[beﬂ(%nibei(—f—r)] (63)
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By dividing the current density with the material

conductivity the electric intensity can be calculated.

E= 2% (per/ (V2L 4 1pei (V3L (64)
SO S S

The constant A, in equation (64) is evaluated by using the
boundary condition at the surface of the cylinder. The
magnetic intensity just outside the cylinder is made up of
the impressed intensity, H, and the added intensity set up
by the eddy currents flowing within the cylinder. It can be
shown that where the radius of the cylinder is small
compared to the electromagnetic wave length, the added
intensity just outside the cylinder is very nearly equal to
the impressed intensity, N. W. McLachlan (26). Therefore,
the total magnetic intensity just outside the cylinder is
equal to 2H . If equation (65) is evaluated at the surface

of the cylinder, then A, can be evaluated.

2H, = A, [ber([%é)ubei([?f)] (65)
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By isolating A, it can be eliminated from equation (65)

resulting in

[ber(%{) +ibei(%>1

[bér(—‘/zs—a—) +ibei(%é)]

Whereas the electric intensity is

LIy, i per (V2L
- [_¢§ 2H;] [ber ( p ) +ibei( p )]

98 [ber(%é)+ibei(—%§)]

(66)

(67)

Equations (66) and (67) show the variation of the magnetic

intensity and electric intensity as a function of position

in the cylinder. The next step is to calculate the power

generation as a function of position in the cylinder.
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The absolute value of the electric intensity is given by

equation (68).

[ber (Y2L)124 [bei(Y2L)2]
s s (68)

- D2 2R,
- gs

E
[ber([ggé)]2+ [bei(ﬁz‘im

G. H. Brown, C. N. Hoyler and R. A. Bierwirth (27) shows
the total power absorbed in the cylinder per unit length is

given by

2nE2odr (69)

e
]

After squaring equation (68) and integrdting it the power

per unit height results

ber (Y22) per/( Y22y 1pei (V22 pei/ (V22
S S S S

_ Hm8y2a (70)

gs

[ber<%)12+ [bei(—-‘/%f)lz

For arguments between -8 and 8, M Abromouitz and I. A.
Stegun (28) gives polynomial approximations for the ber(x),

bei(x), ber'(x), and bei'(x) that can be used with
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negligible error. The following approximations are used to

define the Bessel functions.

ber(x) = 1-64(x/8)%+113.777(x/8)°%
-32.3634(x/8)12+2.64191(x/8) % + (71)
-.08349 (x/8)2°+,001225(x/8) 34

bei(x) = 16 (x/8)2-113.7777 (x/8)5+72.8177 (x/8)1°
-10.5657 (x/8) 1% +.52185 (x/8) 18 (72)
-.01103(x/8)2%2+,00011(x/8) 326

ber'(x) = x[-4(x/8)A%2+14.22222(x/8)°
-6.06814 (x/8)1+,66047 (x/8) 1 (73)
-.02609 (x/8)%%+.00045 (x/8) 22

bei’(x) = x[1/2-10.66666 (x/8)4+11.37777(x/8)8
-2.31167 (x/8) %2+ .,14677 (x/8)16 (74)
-.00379(x/8)%%+,00004 (x/8)2*

The power delivered to a cylindrical load can be
calculated from a derivation developed by J. T. Vaughan(8).
In his paper, J. T. Vaughan develops two important
equations. The first is the voltage drop across a set of
induction coils, and the second is the efficiency of the
induction coil at inducing power in the load. The coil

resistance, A, is defined as
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= 3'_10%_{_1_%[31;4,_%1.] (75)
where p, is equal to the resistivity of conductor material.
The variables b, a, and L are the inside diameter of the
coil, space factor, and the axial length of the inductor
coil, respectively. The d, term is the reference depth for
the inductor, a measure of current penetration, and it is

defined as

d, =3,160 “:1 (76)

The next constant is A,, which is the load resistance
divided by N?, where N is the total turns in coil and A, is
defined by equation (77).

_ 3.14p,3, KK (77)
2 Ld,

where p, is the resistivity of the load material, and d, is
the reference depth of the load material. K, and K, are
constants based on the geometry of the_induction press. The
next constant A, is the internal reactance of the coil

divided by N°. A, is defined as
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_ 3.14p,b,

= 78
? o Ld, (78)

&

A,, internal reactance of the load divided by N?, is defined

as

) 3.14p,a8,K (79)
4 LD,

The final constant A, air-gap reactance divided by N?, is

defined as

- 15.7 w (bf'ag) Kl 10—8 (80)
3 2mL

For a set number of turns, geometry, and power input to the
coil an expected voltage drop across the coil can be

calculated from equation (81).

N

A, +A, (81)
P, l(A +A,)2%+ (A, +A4,+A;) 2]

E, =
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The power dissipated to the load can be calculated by
multiplying the power to the coil by the ratio of the

resistance of the load, divided by the total resistance.

4,

P, = PS[A1+A21 (82)
The efficiency of the system is defined as
AZ
= 83
"= iva (83)

If equation (82) is divided by the height of the graphite

cylinder, then the magnetic intensity, H , can be estimated.

ber (Y22) par/ (Y28 1pei (V22 pej (V22
o = F8/2a s s s s

(84)
o8 [ber(“—i—a-)]h[beﬂ%nz

N I N I 4 (85)
o Jh¢ \I:

Once H  is determined, then the electric intensity as a

function of position can be determined from equation (68).
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The heat generation as a function of position is then given
by

O(r) = E?o (86)

The graphite cylinder can be segregated into thin walled
cylinders. If the wall thickness is small enough, the
variation of the heat generation term in that cylinder can
be considered linear. Therefore, the heat generated in each
cylinder can be estimated by calculating the heat generation
value at the boundaries of the cylinder and averaging these
values for the domain within the cylinder. If this average
heat generation value is multiplied by the volume of the
cylinder shell and summed over the entire body, the error
associated with this approximation can be estimated.
Provided that the error is acceptable, the individual heat
generation terms can be interfaced with the finite element
code as a material property for that domain of the total

cylinder being inductively heated.
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APPENDIX II

VERIFICATION OF THE Dot CODE USING SAMPLE PROBLEMS

Steady State Heat Conduction Through an Infinite Plane Wall

The Dot code was checked by analyzing problems where
the analytical solutions were known. The first problem
analyzed by the Dot code was conduction through a plane
wall, Figure 34. 1In this problem, T, was set to 100 °C and
T, was set to 0 °C. The thermal conductivity was 1 W/kcm
°C). With the assumption of a steady state conduction

through an infinite plane wall, the heat diffusion equation

becomes:
daT dT
2 (k=2) = 87
o (k) =0 (87)
T Temperature, C
X Length, m

Applying the boundary condition, results in the analytical

solution:
T,-T
T(x) = ( 2L 1) x+ T, (88)
T, Boundary temperature 1, C
T Boundary temperature 2, C

L Total length, m
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Gy —= AN ——
T1 L TP

K A

Figure 34 Conduction Through an Infinite Plane Wall
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The Dot input data file was:

420--05C-02 :
START 11/4/90 SAMPLE PROBLEM 1 CONDUCTION IN A INFINITE
PLANE WALL
22 1 0 1
1 0 0 1
11 10 0
12 0 1 1
22 10 1
-1 1 30 0 25 1
0 0 4
1 1 1 100.0
2 11 1 0.0
3 12 1 100.0
4 22 1 0.0
0
1 10 1 1 4 2 1 1 0
1 1 0 0.0
1 0 0
1 13 12 1 2 1
10 22 21 10 11 1
STOP

The format for this file is explained in the Dot
manual. The results of the analytical and numerical
solutions are presented in Figure 35. The agreement of the
Dot values to the analytical values are within five

significant figures.



T-3985 140

TEMPERATURE-VS-WIDTH

HEAT TRANSFER THROUGH A PLANE WALL
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Figure 35 Temperature-vs-Width for an Infinite Plane Wall
under Steady State Conditions.
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Steady State Heat Conduction Through a Plane Composite Wall

The next problem analyzed by Dot was steady state
conduction through an infinite plane composite wall, Figure
36. The thermal conductivity for section A was chosen to be
2 W/ (cm °C). The thermal conductivity for section B was 1
W/(cm °C). The T was set to 100 °C and T, was set to 0 °C.
L, was set equal to L, which was 5 cm.

Applying the temperature boundary conditions and
realizing that the heat flux at the material interface is

constant, the following analytical solution is obtained:

T.-T
_2._J~)x41-Tl 0<x<L, (89)
LA

T(x) = (

T,-T
—EL—%) (x-L,) +T, Ly<x< (Ly+Lg) (90)

B

T(x) = (



T-3985 142
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K, A <, A
Figure 36 Steady State Conduction Through an Infinite
Composite Wall.
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The Dot input date file was:

420--05C-02
START 11/4/90 SAMPLE PROBLEM 2 CONDUCTION IN A INFINITE

PLANE COMPOSITE WALL

22 1 0 1
1 0 0 1
11 10 0
12 0 1 1
22 10 1
-1 1 30 0 25 1
0 0 4
1 1 1 100.0
2 11 1 0.0
3 12 1 100.0
4 22 1 0.0
0
1 10 1 1 4 2 2 1 0
1 1 0 0.0
2 2 0 0
2 1 0 0.0
1 1 0 0
1 13 12 1 2 1
5 17 16 5 6 1
6 18 17 6 7 2
10 22 21 10 11 2
STOP

The results of the analytical and numerical solutions
are presented in Figure 37. The agreement of the Dot values
to the analytical values are within five significant

figures.
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Figure 37 Temperature-vs-Width for a Steady State Infinite
Plane Composite Wall.
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Steady State Heat Generation in a Plane Composite Wall

The next problem analyzed by Dot was steady state heat
generation in an infinite plane composite wall, Figure 38.
The heat generation in A was set to 2 W/cc and in B 1 W/cc.
The T, was set to 100 °C and T, was set to 0 °C. L, was set
equal