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1 Introduction

1.1 Program functions

TDi  handles a wide variety of thermal transport problems in solidsr gels.
The program solves the thermal di usion equation with the opton to include
perfusion contributions for biological applications lfioheat equatiof. TDi
employs nite-element methods on variable-resolution coafmal triangular
meshes for high accuracy and speed. The mesh size is limited on}ytle
installed memory on your computer. The program handles thregimensional
cylindrical problems (symmetry in ) and two-dimensional rectangular prob-
lems (arbitrary variations in x and y with in nite extent in z). TDi can
nd both steady-state and dynamic solutions. In time-dependensolutions,
you can de ne multiple sources with arbitrary temperature hstories using
a exible system of tabular function input. You also have the opbn to
de ne temperature-dependent thermal conductivity and spec heat. The
program can load power deposition data calculated by the FgklPrecision
programsRFE2 (heating by RF electric elds), Nelson (inductive heating)
and WaveSim (microwave heating). In dynamic runs, the program pro-
duces multiple data les at speci ed times and history les of emperature
and other quantities at given locations. The program incorpates an in-
teractive graphical environment for making plots and caldating numerical
guantities from data les. The package also contains th@robe utility for
inspecting history les.

The intuitive graphical-user-interface makes it easy to learTDi  and
to perform quick application setups. In contrast to other eld stution soft-
ware, TDi  features advanced capabilities (such as support for non-liswe
materials and radiation boundaries) and complete data trangwency. Input
operations are automatically recorded in text scripts that ppvide documen-
tation of your work. Scripts make it easy to reconstruct solutins and to
share setups with colleagues.

1.2 Learning TDi

The size of this manual re ects of the broad capabilities of #aMesh / TDi
package. It is not necessary to read the entire document to adss most
applications. We have organized the chapters to help you getested quickly.
You can investigate advanced topics as you gain more expeien

Browse the following sections in this chapter to review some basiof
thermal transport.You will probably return to the material t 0 resolve
issues (such as boundary conditions) as you get more involved imet
programs.



Scan Chap. 1 of theMesh manual to understandTC , the TriComp
program launcher.

Be sure to read Chapter 2 of the Mesh manual which reviews essehtia
concepts for conformal meshes in nite-element solutions.

Chapter 3 of the Mesh manual follows a walkthrough example to in-
troduce construction of a solution geometry with the interaagte Mesh
drawing editor. The exercise introduces fundamental toolsoy will
need for you own simulations. Chapter 5 describes how to convext
script into a conformal mesh.

Be sure to read Chapter 2. The walkthrough example covers theegts
in creating and analyzing a nite-element solution withTDi

Run some of the prepared examples supplied with the package. €'h
examples give insights into solution options and may serve asriplates
for your own work.

As you gain experience you will want to to take advantage of thaull

range of Mesh/TDi  capabilities. Chapter 4 of theMesh manual
is a comprehensive reference on tidesh drawing editor. Chapter 5
covers processing, plotting and repairs of meshes. Chapters 3lah
summarize the solution and analysis functions ofDi . Chapter 5
describes the capabilities of thé’robe program. Chapter 7 covers
radiation boundaries while Chapter 6 summarizes how to ingoorate
information from RFE2 , Nelson or WaveSim calculations.

Additional chapters cover advanced techniques iMesh. Chapters 6
and 7 of theMesh manual show how to make direct entries in scripts
to invoke advanced control features. Chapter 8 describes how tre-
ate meshes directly from photographic and data images. Thisateire
is useful to model complex or irregular systems that are di cultto
describe with simple geometric speci cations.

1.3 Finite-element solution procedure

An in-depth understanding of nite-element numerical method is not nec-
essary to useTDi . Nonetheless, it is important to have a clear idea of
fundamental concepts to create e ective solutions. This secin describes
background material to understand the steps in aiDi  solution.

The term eld indicates a quantity (scalar or vector) de ned over a region
of space. Examples of elds include the vector electric el& in an electro-
static solution, electric and magnetic elds in an electromaggetic solution
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Figure 1. Conformal triangular mesh { de nition of terms.

and the scalar temperaturerl in a thermal solution. Variations of eld quan-

tities are usually described by continuous partial di erental equations, such
as the thermal di usion equation (Sect. 1.5). These equationsan be solved
directly by analytic methods if the system geometry and mateai properties
are simple (for example, layers with uniform thermal conduatity between

concentric cylinders). Analytic solutions are extremely di cult in systems

with asymmetric structures or non-linear materials. Furthernore, closed-
form results are often expressed in terms of series expansionst st be

evaluated numerically. For all but the simplest problems, it isisually quicker
and more accurate to employ a direct numerical approach.

The fundamental issue in numerical eld solutions is that digial comput-
ers cannot directly solve continuous equations. On the otherahd, comput-
ers are well suited to solving large sets of coupled linear equais. The goal
of all numerical eld methods ( nite-di erence, nite-ele ment or boundary-
element) is to convert the governing di erential equationsnto a set of coupled
linear equations. The solution of the linear equations appreohes the results
of the di erential equation when the set becomes large.

The basis of the nite-element approach is to divide the full dation vol-
ume into a number of small volumes, oelements Here, the term small
indicates that element dimensions are much less than the sca@ngth for
variations of eld quantities. The division of the volume is cled the compu-



tational mesh Figure 1 shows the type of mesh used for the two dimensional
solutions of TDi . The gure de nes three terms that will be used through-
out this manual:

Element . Volume divisions of the system.
Nodes. Points where elements intersect.
Facets. Surfaces between two elements.

The elements in Fig. 1 have triangular cross-sections. In a plansolution,
the cross-section lies in thex-y plane and the elements extend an in nite
distance in thez direction. In a cylindrical solution, an element is a gure
of revolution about the axis with a triangular cross-section irthe z-r plane.

The mesh in Fig. 1 has the important property ofconformality. The
term means that the triangles have been specially shaped to dorm to the
boundaries between materialsrégions). As a result, each element has an
unambiguous material identity. The nite-element method s based on two
approximations: 1) material properties in an element are uform and 2)
elements are small enough so that the eld quantities can be apximated
by simple interpolation functions. With these assumptions, the g@rning
di erential equation can be integrated over elements surrouding a node to
yield a linear equation. This equation relates the eld quatity at the node
to those at the surrounding nodes. The coupled set has one lineguation
for each node in the mesh. INTDi , solution of the set representing the
thermal di usion equation gives the temperature at each nodeWe can then
perform two-dimensional interpolations to nd temperature at intervening
points, or take numerical spatial derivatives to nd the compaents of the
thermal ux.

With this background, we can understand the steps in @Di  solution:

1. You de ne the boundaries of material objects in a solutionatume for
your application. The task is usually accomplished with the draing
editor of Mesh. You can also specify control information such as the
target element sizes that may a ect the accuracy and run time fahe
solution. The result is a text record §cript) with sets of line and arc
vectors that outline electrodes and dielectrics.

2. Mesh analyzes the boundary speci cations and automatically gene
ates a set of conformal triangles such as those of Fig. 1. The prap
creates an output le that lists the locations of nodes and th&dentities
of elements.

3. You de ne the material properties of regions in the solutio volume.
Usually, this task is performed through an interactive dialogn TDi
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4. TDi  reads the mesh geometry and applies the material parameters
to generate the linear equation set.

5. TDi  solves the coupled equations to nd the node temperatures and
self-consistent element properties. The numerical method demks on
whether the calculation is an initial-value or boundary-vlue roblem.
The program records all information in an output le. This | e serves
as a permanent record of the solution that can be re-loaded ftatter
analysis.

6. You can use the interactive graphical environment 6fDi  to explore
the solution. The program creates a wide variety of plots andgsforms
guantitative calculations of thermal quantities. You can ato write
scripts for automatic control of complex analyses.

1.4 Scripts and data les

Mesh and TDi  read and generate several types of les. For a typical
solution it is not necessary for your to deal directly with the les { the user
interface takes care of data organization. On the other handf you generate
a large amount of data it's a good practice to archive appli¢en results in
individual folders. Furthermore, there are advanced feates of Mesh and
TDi that require direct entries to the input scripts. For conveniece, all
input scripts and output data les are in text format. Both Mesh and TDi
feature integrated text editors. Table 1 lists the le types aml functions in
the TDi  package. Note that the su xes indicate the le function.

1.5 Basic equations and de nitions

The reference S. Humphriegtield Solutions on Computers  (CRC Press,
Boca Raton, 1997) gives detailed information on the theoryf thermal trans-
port and the application of nite-element methods inTDi . This section
summarizes some basic concepts that may be helpful in preparisgjutions.

The dynamic thermal transport equation has the following dierential
form:

@T
Cp@t

where is the local mass density in kg/m, C, is the speci ¢ heat in J/kg-
°C, T is the temperature in°C k is the heat conductivity in J/m-s-°C and Q
represents a source or sink of thermal energy in W/n In steady-state, the
temperature is determined by the Poisson equation:

=T (kr T)+ Qreg(t) + inle (t) + Qperf (t) + Qrad (t): (1)
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Table 1: TDi les

Name Function |
MName.MIN Mesh input script (de nition of foundation mesh and
region outlines)

MName.MLS Mesh diagnostic listing

MName.MOU | Mesh output (node locations and element identi es)

TName.TIN TDi  input script (run control and material proper-
ties)

TName.TLS TDi  diagnostic listing

TName.001 One or moreTDi  data dumps (node locations and

temperature at speci c times)

TName.P0O1 From 1to 20TDi  history les (time-dependent tem-
perature at speci ¢ positions)

AName.SCR TDi  script for automatic data analysis

Table 2: TDi  standard units

| Quantity | Unit
Spatial dimensions meters or units set byDU nit
Time seconds
Temperature degrees Centigrade’C
Material density kg/m?3
Speci ¢ heat (constant pressure) | J/kg-°c
Thermal conductivity W/m-°C
Thermal sources or sinks W/m 3
r (kl’ T) = Qreg (t) inle (t) Qperf (t) Qrad (t); (2)

Note that the static equation does not involve the material spec heat or
mass density. The standard Sl units used for thermal quantitiesa listed in
Table 2 and Table 3 gives some useful conversion factors.

Four sources or sinks of thermal energy may be included in a aalktion:

Region sources , Q. These sources are spatially uniform throughout
a region of the solution volume. Values are speci ed in thEDi  script.
Time variations may be assigned to region sources in dynamic sions.

File sources , Qyje . These sources have spatial variations over the solu-
tion volume. Values are loaded from les generated bBRFE2 , Nelson
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Table 3: Thermal conversion factors

| Quantity | From | To | Multiply by |
Speci ¢ heat, C,, cal/(gm-°C) J/(kg- °C) 4180.0
Density, gm/cm? kg/m?3 1000.0
Conductivity, k cal/(cm-s-°C) | J/(m-s-°C) 418.0

or WaveSim . In a dynamic solution, you can specify a modulation
function to introduce a global time variation.

Thermal radiation , Q,aq. These sources represent losses through
thermal radiation from the boundaries of extremely hot objets (e.g,
thermionic cathodes).

Perfusion , Quer . These sources represent heat transfer by uid per-
fusion. They are usually used to represent e ects of blood ow tlmugh
a microscropic network of capillaties in biomedical solutian

Procedures to load le sources and to apply modulations are stiussed in
Chap. 6 while Chap. 7 covers thermal radiation from boundags. The process
of perfusion is the permeation of animal tissue by a ow of bloochtough a
multiplicity of capillaries. The scale size for the e ect is usuldy too small to
treat directly. Instead, perfusion is modeled by a source or sirterm that
represents an average mass ow of blood that enters the tissue at ambient
temperature Ty, and exits at the local tissue temperature. The expression for
the power exchange per unit volume is

Qpert = WiCn(Tp  T); (3)

where T (in °C) is the local tissue temperature, T, (in °C) is the ambient
entering blood temperature W, (in kg/m 3-s) is the average blood mass ow
per unit volume and C,, (in J/kg- °C)is the speci ¢ heat of blood.

1.6 Numerical stability in dynamic solutions

In dynamic solutionsTDi  uses the time-centered Dufort-Frankiel method
to advance the di usion equation. The method is stable for alllwices of time
step on a simple rectangular nite-di erence mesh. A numericainstability
may occur if the method is applied on triangular meshes wherecantiguous
set of elements have an internal angle that exceeds 90.0This condition may
occur when elements have small height-to-width ratio (y x). Mesh
includes routines to correct the shapes of elements to avoitet instability
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condition. For meshes that will be used in dynamic calculatia you must
include the command

DCORRECT

in the Global section of theMesh script (FPrefix.MIN ). Figure 2 shows the
e ect of the correction on a mesh region where the height to will ratio is
about 0.4. The following global section was used to generatectimesh of the
lower plot:

GLOBAL
XMESH
0.0 50 05
END
YMESH
00 50 0.2
END
DCORRECT
END

Note that mesh correction is not necessary for static thermal solons.

1.7 Boundary conditions in thermal solutions

The boundary is the outer edge of the solution volume. It may omay not
correspond to the edges of the solution rectangle. For thermptoblems,
nodes on the boundary may assume one of two conditions.

Dirichlet . Boundary nodes have a xed temperature (either constant
or with a speci ed time variation) that does not depend on the ¢émper-
ature at neighboring nodes. Thermal ux is normal to such a surfze.

Neumann . A Neumann boundary is one where the normal deriva-
tive of the temperature is specied. The boundaries InTDi  are
limited to the special case@T=@n 0. The special Neumann con-
dition implies that the thermal ux is parallel to the surface. In this
case, the boundary acts as an ideal thermal insulator. One adhtage
of the nite-element method is that all boundaries that are ot xed
will automatically satisfy the special Neumann condition, eveif they
are slanted or curved. Neumann boundaries are often used to redu
computation time for symmetric systems.
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Figure 2: E ect of the DCorrect command inMesh . Top: before correction.
Bottom: after correction.
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Figure 3. Geometry for theWALKTHROW®&mple, showing region numbers
and the location of the probe (close-up view).

2 Creating and analyzing a solution with TDi

2.1 Mesh generation

As a quick introduction to TDi  techniques and capabilities, we shall work
through the example shown in Fig. 3. The simulation illustrateg® dynamic
calculation with a time-variation of applied temperature ad a temperature-
dependent thermal conductivity. A cylindrical metal probe penetrates a
spherical volume of material with a relatively high value of an-linear ther-
mal conductivity k. This material is surrounded by a in nite region of poor
conductor at ambient temperature (37°C). The procedure is to raise the
temperature of the probe to 95°C and to determine the range of heated
material after a treatment time of 1000 seconds.

In preparation move the les WALKTHROUGH, MINLKTHROUGH .amP
WALKTHROUGH.©NDworking directory. Run Mesh and use theEdit le
command to loadWALKTHROUGH.Mbte the presence of th®Correct (dif-
fusion correction) command in theGlobal section. Following the discussion
of Sect. 1.6, this command must appear in alesh scripts for dynamicTD-

i solutions to avoid a numerical instability. Enter the drawingeditor with
the Edit script/Graphics command and con rm that the solution volume
contains the following regions:

13



1. Tissue (Filled). Main section of the solution volume with a xed
thermal conductivity.

2. InfusedTissue (Filled). Volume surrounding the probe with a tem-
perature dependent conductivity.

3. ProbeSheath (Filled). Shield with poor thermal conductivity cover-
ing the inactive portion of the probe.

4. Probe (Filled). Metal structure with a speci ed, time-dependent tam-
perature.

5. Boundary (Open). Outer and left boundaries, set to 37C to approx-
imate a large surrounding medium.

Close the editor and return to the main menu. Click theProcesscommand

and then the Save mesh (MOU)command. Before leaving the program,
check the mesh by clicking thePlot/Repair command. In the plot, note

the use of variable resolution to achieve high accuracy. It isohpossible to

simulate an in nite system in a nite-element calculation, but we can make
a good approximation. The active probe area is surrounded by &xtended

volume at low resolution and the boundary is set to ambient tenmgrature.

2.2 Creating the TDi script

Run TDi  from TC. The screen is initially blank and the status bar in-
dicates that the program is waiting for input. Note the promirent tools

marked 1, 2 and 3. The notation is a reminder of the three steps in an
thermal solution:

1. Set up program controls and material properties.
2. Generate and solve the nite-element equations.

3. Analyze the solution.

To start, click the 1 tool or the Setupmenu command. The initial dialog
determines whether the solution is dynamic or static. Accept & default
and proceed. In the next dialog, identify theMesh output le that de nes
the system geometry. Choose the IBNALKTHROUGH.MIDU loads the
information and displays the dialog of Fig. 4. Note that the gd contains a
row for each mesh region with a notation of th&ill status. In the dynamic
mode, there are ve columns in the grid where you can enter vwas: Cond

14



Figure 4: Dialog to setTDi  control parameters and region properties.
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(thermal conductivity in W/m- °C), Cp (speci ¢ heat in J/kg-°C), Dens (ma-
terial density in kg/m3), Source (uniform thermal source or sink in W/ni)
and Temp ( xed or initial temperature in °C).

The entries in the Control parameter section of the dialog have the fol-
lowing functions:

GEOMETRY The symmetry of the solution: planar or cylindrical. A
planar solution varies inx-y and has in nite length in z, while a cylin-
drical solution has symmetry in .

DUNIT. A factor to convert the units used for coordinates in théviesh
le to meters. The value is the number of mesh units per meter: 397
for inches, 100.0 for cm.

TMAX. The duration of the solution in seconds.

DTMIN. A limit on the minimum time step in seconds. Section 3.6
discusses criteria for choosing values.

DTMAX. A limit on the maximum time step.

The column options in the large grid box specify the material noperties
to associate with regions. The values in Fig. 4 de ne the followg charac-
teristics:

Region 1. Thermal conductor withk = 0:05 W/m-°C, C, = 5000:0
J/kg-°C and = 1100:0 kg/m? at an initial temperature 37.0°C.

Region 2. Thermal conductor with temperature dependent thenal
conductivity de ned by the le WALKTHROUGH,.C)ME 5000:0 J/kg-
°C and =1100:0 kg/m? at an initial temperature 37.0°C.

Region 3. Thermal conductor withk = 0:01 W/m-°C, C, = 2500:0
Jikg-°C, and = 800:0 kg/m? at an initial temperature 0.0 °C.

Region 4. Fixed-region with at time-dependent temperaturde ned by
the le WALKTHROUGH.TMP

Region 5. Fixed-temperature boundary at 0.0C..

Finally, the values in the Diagnostics section control data dumps and history
les. The entry DTime = 200:0 gives data dumps at 200, 400, 600, 800 and
1000 seconds. The entries in thPata record timeslist give additional data
dumps at 100.0 and 500.0 seconds. Finally, the entries in tReobe positions
grid set two probes at positions %, r) = (0.0, 0.0) and (0.0, 1.5).

Enter the values shown in Fig. 4 and clickOK. TDi  uses the informa-
tion in the dialog to create the script WALKTHROUGH .3hidwn in Table 4.
Chapter 3 reviews the script format and advanced program capéities.
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Table 4: TDi  script for the WALKTHROW¢&&inple

* ---- CONTROL ----

Mesh = WalkThrough

Mode = TVar

Geometry = Cylin

DUnit =  1.0000E+02

TMax = 1.0010E+03

DtMin =  1.0000E-02

DtMax =  5.0000E-01

* ---- REGIONS ----

* Region 1: TISSUE

Cond(1) = 5.0000E-02

Cp(1) = 5.0000E+03

Dens(1) = 1.1000E+03

Init(1) = 3.7000E+01

* Region 2: INFUSEDTISSUE
Cond(2) = TABLE walkthrough.CND
Cp(2) = 5.0000E+03

Dens(2) = 1.1000E+03

Init(2) = 3.7000E+01

* Region 3: PROBESHEATH
Cond(3) = 1.0000E-02

Cp(3) = 2.5000E+03

Dens(3) = 8.0000E+02

Init(3) = 0.0000E+00

* Region 4: PROBE

Fixed(4) = TABLE walkthrough.TMP
* Region 5: BOUNDARY

Fixed(5) = 3.7000E+01

* ---- DIAGNOSTICS ----

DTime = 2.0000E+02

SetTime 1.0000E+02

SetTime 5.0000E+02

History = 0.0000E+00 0.0000E+00
History = 0.0000E+00 1.5000E+00

EndFile
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2.3 Finite-element solution

The next step is to generate the nite-element equations andtadvance the
solution in time. Click the tool marked 2 or the menu commandSolve Ac-
cept the default entry of WALKTHROUGH.FiNhe dialog by clicking OK
The screen turns blue to indicate that the program is in solutio mode
and the status bar reports the progress of the operation. As thensila-
tion time advances, the program creates a listing le of run irdrmation
(WALKTHROUGH) T8l six data dumps: WALKTHROUGH.801 = 100 s
through WALKTHROUGH.808000 s. The le WALKTHROUGH.B@itains
temporal information at (z = 0:0, r = 0:0) while WALKTHROUGH IRDZari-
ations at (z = 0:0, r = 1:5). Section 3.9 describes the format of the output
les.

The solution is complete. Before proceeding to analyses, we sliake a
look at some components of the simulation. In thd=ile menu pick Edit
les and load WALKTHROUGH.AOMIB le (shown in Table 5) denes a
temperature-dependent conductivity. The value ok is 0.5 W/m-°C at low
temperatures and drops to 0.3 W/m2C in the range 60°C to 90 °C. In a
biological application the di erence could represent cheroal changes in tis-
sue at increasing temperature. You can also check the WALKTHROUGH.TMP
The values describe a temperature that rises smoothly from 0°C to 95.0
°C in 15 s and then remains constant for the duration of the solun.

2.4 Solution analysis

We can now use the information in the data dump les WALKTHROUGH.001
to create plots and to perform quantitative analyses. Choosetleer the tool
marked 3 or the Analyze menu command. TDi  shifts the analysis menu
and toolbar. Choose the menu commangile/Series { start le or the tool
marked \001". The dialog shows a list of the initial les in soluion series.
Pick WALKTHROUGH#®&td click OK. The program loads the data and creates
a default plot of temperature contours at timet = 100 s. Use the menu
commandSeries { next le to advance through the time sequence to the sixth
data dump (t = 1000 s). Figure 5 shows a zoomed view of the temperature
distribution near the probe. Take a moment to inspect the orgamation of
the working environment. The status bar at the bottom lists thefollowing
information: solution le name, data le name, plot quantity, plot type,
interpolation method and mouse snap status. (The data le givesou the
option to record the results of analysis operations in text fonat.) The plot
window is divided into four areas. The main plot is at the uppetleft and the
plot legend is at the upper right. The orientation area at thdower right is a
miniature representation of the solution volume with an outle showing the
current view. The information area at the bottom left appeas in response
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Table 5: De nition of temperature-dependent conductivity- contents of the
le WALKTHROUGH.CND

* Walkthrough example, decreasing thermal conductivity
0.0000 0.5000
20.0000 0.5000
40.0000 0.5000
59.0000 0.5000
60.0000 0.5000
62.0000 0.4978
64.0000 0.4914
66.0000 0.4809
68.0000 0.4669
70.0000 0.4500
72.0000 0.4309
74.0000 0.4105
76.0000 0.3895
78.0000 0.3691
80.0000 0.3500
82.0000 0.3331
84.0000 0.3191
86.0000 0.3086
88.0000 0.3022
90.0000 0.3000
92.0000 0.3000
95.0000 0.3000
100.0000  0.3000
ENDFILE
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Figure 5: Working environment of TDi  in the analysis mode.

to analysis commands such aBoint calculation or Region properties

Next, pick Plot type in the Plots/Plot settings menu and specifyElement
In this plot the temperature is displayed by color-coding of ie solution-
volume elements. PickPlot quantity in the settings menu and specifyjk
(thermal conductivity). The program creates the plot of Fig 6. Note that a
sheath of low conductivity has formed around the probe, inhibng thermal
conduction.

In addition to plots, TDi  can perform several quantitative calculations.
In the File menu click onOpen data recordand accept the default le pre x
WALKTHROUGH¢ results of all subsequent operations will be recorded in
the text le WALKTHROUGH.@ABose the commandRegion propertiesin
the Analysis menu. Move the mouse to a point inside the probe and left-
click. TDi  performs volume and surface integrals over the probe region.
Complete information is recorded in the data le and a summangiven on
the screen. After closing the data le with theClose data recordcommand,
you can inspect it using theEdit le command. The entry for the region
analysis is:

20



Figure 6: Color-coded element plot of thermal conductiviiyWALKTHROUGH
example.

Figure 7: Plot of the time-variation of temperature at the pobe position
created by theProbe program.
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--- Region Information ---
Region No: 4

Volume:  5.058E-07 m3
AvgT: 9.500E+01 deg
PeakT: 9.500E+01 deg
ZPeak: 0.000E+00
RPeak:  0.000E+00
Flux:  1.399E+00 W

The quantity Flux is the integral of the normal component ofkr T over
the region surface. An analysis of Region 2 (the surrounding spbgmives
Flux =0:2168 W, a net in ux of energy. In the steady state this gure shoud

be close to zero because the power entering from the probe swfatiould
equal the power lost through the boundary with Region 1. Thefere, Region

2 is still heating att = 1000 seconds. To con rm this conclusion, we can look
at the record of the probe at the position shown in Fig. 3 (colocketriangle).
From TC, run Probe , click on Load probe le and chooseVALKTHROUGH.P02
You should see the plot of Fig. 7. The temperature in the outer pton of
Region 2 is still rising and will take several thousand seconds tp@roach an

equilibrium.
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Table 6: Material models from entries in theTDi

dialog { steady-state

calculations
Material type Cond Source | Temp
Conductor X
Conductor/source X X
Conductor/initial temp. | X X
Fixed temperature X

Table 7: Material models from entries in theTDi

dialogs { dynamic cal-

culations
Material type Cond | Cp Dens | Source | Temp
Conductor X X X
Conductor/source X X X X
Conductor/initial temp. | X X X X
Fixed temperature X

3 TDi solution reference

3.1 TDi script format

You can create a control script forTDi  interactively using the dialog de-
scribed in Sect. 2.2 or by writing the commands directly with dext editor.
You can easily alter any script with an editor. This chapter gies a detailed
description of the syntax and functions of script commands. Sech 3.2 cov-
ers commands that control general program operation in bottie static and
dynamic modes. Section 3.3 covers commands to control the gram and
to set simple material properties in static solutions. Table 6 sumamnize how
entries in the setup dialog control the type of material assodred with a re-
gion. Section 3.4 covers methods to de ne temperature-depkent material
characteristics. The next four sections cover script commands tontrol dy-
namic solutions. Section 3.6 covers the important topic of sétig the time
step to advance the diusion equation. Finallly, Sect. 3.9 sumarizes the
format of the TDi  data dump le.

The TDi  script is a text le composed of data lines that contain com-
mands and parameters. You can construct a script using thgetupdialogs in
TDi . You can also write and modify scripts with an editor. Direct sdpt
editing is required for some advancedDi capabilities.
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The script must end with the EndFile command. The entries on a line
may be separated by the standard delimiters introduced in thelesh manual:

Space [' ]

Comma [

Tab

Colon [

Left parenthesis ['(]
Right parenthesis [')']
Equal sign ['=']

Any number of delimiters may be used in a line. Blank lines and ooment
lines are ignored. Comment lines begin with an asterisk (*JTDi  accepts
commands in any order. The following example illustrates a otplete script
for a steady-state solution:

* File: VARCALC_BV.TIN
Mesh = VARCALC_BV
Mode = Stat

Geometry = Cylin

DUnit =  1.0000E+02
ResTarget = 5.0000E-07
MaxCycle = 600

* Region 1: SOLVOLUME
Cond(1) = TABLE varcon.CND
* Region 2: INNERSPHERE
Fixed(2) = 1.0000E+02

* Region 3: OUTERSPHERE
Fixed(3) = 0.0000E+00
EndFile

There are two classes of commands that appear in all solutions:ogram
control and region properties. Dynamic solutions also contaidiagnostic
commands. A control command contains a keyword and a value. ¢len
commands set the physical properties associated with elementsdanodes.
They have the format:

Keyword RegNo Value
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Here, the integerRegNois the region number de ned in theMesh input le.
The string Keyword speci es the physical property. The value may be one
or more numbers. As an example, the command

FIXED 2 -48.5

sets nodes with region number 2 to the xed temperature 48.5C. (Note :
For back-compatibility, TDi  recognizes command formats from Version 1.0
through 5.0 where control commands start with the keywor@&et and region
commands start with Region)

3.2 General commands

The commands listed in this section may appear in alDi  scripts. Note
that in this section and the following ones, commands are wrigh symboli-
cally and as they might appear in the script:

MESH MPre x

MESH SparkGap

Specify the Mesh output le that de nes the geometry of the simulation.

The le must have a name of the formMPrefix.MOUand be available in
the working directory. If this command does not appear in a st with the

nameFPrefix. TIN ,thenTDi  will seek the default mesh leFPrefix.MOU.

MODE [TVar, Stat]

MODE = Stat

A required command to set the solution type. The optionTVar signi es
a time-dependent, initial-value solution whileStat implies a steady-state,
boundary-value solution. The allowed commands and materiamhodels de-
pend on the solution type.

DUNIT DUnit

DUNIT = 1.0E4

You can use any convenient distance units iMesh . This command de nes
a factor to convert coordinates supplied byMesh to the standard distance
units of meters used inTDi . The quantity DUnit equals the number of
Mesh units per meter. For example, if theMesh dimensions are entered in
microns, setDUnit = 1:0 1. The default value is 1.00. Kote . Spatial

quantities recorded in the output les FPrefex.001 are always in meters).
In an analysis session witiTDi , spatial quantities in graphs and listing
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les are scaled to theMesh units. For example, if theMesh dimensions are
in cm and DUnit = 100:0, the spatial quantities in plots will be in cm.)

GEOMETRY [Rect, Cylin]

GEOMETRY = Cylin

TDi  handles problems in rectangular or cylindrical geometriefRectangu-
lar systems have variations irx and y with in nite length in z. Cylindrical
systems have variations im and z with azimuthal symmetry. The parameter
options are Rect and Cylin. In cylindrical solutions the program takes the
z axis along theMesh x direction and the r axis alongy. In this case the
program issues an error message if any node hag eoordinate less than 0.0.

SOURCEFILE FileName [SFact]

SOURCEFILE = LiverProbe.ROU 2.5

Load a thermal source le fromRFE2 , Nelson, WaveSim or GamBet .
Chapter 6 describe this program function in detalil.

INTERP [Linear, Spline]

INTERP = Linear

Set the interpolation mode for quantities where a time or teperature vari-
ations is described by a table of values (Sect. 3.4). The defaaubic spline
method gives the highest accuracy for smooth data (continuowslue and
slope). Use linear interpolation when data points are noisy or stontinuous.

3.3 Steady-state solutions

TDi  performs a steady-state calculation when the commanilode Stat
appears in the script. In this case, the program solves the stattbermal
transport equation (Eg.2). Static solutions are straightfonard and the asso-
ciated command set is compact. Speci ed temperatures and timeal sources
have xed values that do not vary in time. The only advanced tehnique
is the assignment of temperature-dependeiit discussed in the next section.
The rst set of commands control program operation.

RESTARGET ResTarget

RESTARGET = 5.0E-6

TDi  calculates the relative error in the magnitude of the potemal during
the iterative matrix solution. The program stops when the errofalls below
ResTarget Solutions generally have su cient accuracy forResTarget less
than about 1:0 10 °. The default value is 50 10 8.
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MAXCYCLE MaxCycle

MAXCYCLE = 500

The maximum number cycles for the iterative matrix solution. The default
value is 2500.

OMEGA Omega

OMEGA = 1.96

This command controls the over-relaxation factor for the #rative matrix
solution, a number in the range 0.0 to 2.0. Generally, higheralues give
faster convergence. Reduce the over-relaxation factor ifétsolution does not
converge. If this command does not appear, the program useg tGhebyshev
acceleration method to pick optimal values of the over-rekation factor.

The next four commands set the material properties of regionsThe
commands have the form:

Keyword RegNo Value

The quantity RegNo (an integer) is the region number de ned in theMesh
input le, while Keyword is one of the options listed below an® alueis a
real number.

FIXED RegNo TFix

FIX(5) = 37.2

Sets the region to a xed temperature that does not depend orhé temper-
ature at neighboring nodes. Enter the value iRC.

The remaining commands control thermally-conductive matels. Mul-
tiple commands may be used to de ne a region.

INIT RegNo Tinit

INIT(3) = 2815

Sets an initial temperature for a conductive region ifC. The settings has no
e ect on the nal solution, but it may in uence the convergence rate in so-
lutions with radiative boundaries (Sect 7). The default stating temperature
for variable points is 0.0°C.

COND RegNo KReg
COND(8) = 3.45
Sets a xed value of thermal conductivity in W/(m-°C).

27



SOURCE RegNo QReg

SOURCE(15) = -4.5E6

Creates a heat source or sink uniformly distributed over the rémn volume.
The units are W/cm?.

3.4 Temperature-dependent thermal conductivity

One of the most powerful features offDi  is the ability to handle time-
dependent sources and temperature-dependent thermal propes. For ex-
ample, in a simulation of a biological system the conductivity @y decrease
as tissue cooks or dessicates. In this case, the Poisson equation assuhee
non-linear form:

r k(MrTl= Q: (4)

It is important to realize that non-linear equations may notalways have a
unique solution. For example, consider a case where a regionhwét thermal
sourceQ has a conductivity k that decreases with temperature. A solution
may be possible at low values d@, but at higher values an instability may
occur. The temperature rises with decreasing conductivity wie k drops with
increasingT. The end result is a divergent temperature. In the physical
world, such a system disassembles. In the numerical world the progra
generates invalid real numbers and crashes. In the example,etlallowed
range ofQ depends on the functional dependend¢gT). There is no foolproof
method to predict stability of non-linear solutions.

TDi  gives you considerable exibility to model temperature-degndent
conductivity. The key to this exibility is program input th rough tabular
functions. A tabular function is a text le consisting of up to 256 data lines
containing values for an independent and dependent variahl For the case
of temperature-dependent thermal conductivity, each linbas a temperature
(in °C) followed by the corresponding value ok(T) (in W/m- °C). You can
prepare tabular function les with a text editor or spreadshee You can
also use published data or digitized experimental traces. Tabk shows a
tabular function generated with a spreadsheet. The intentiowas to model a
sharp transition in thermal conductivity between two values. Nte that the
le syntax conforms to the general rules oflriComp scripts. The free-form
parser accepts real numbers in any format with a choice of deliters. You
may add documenting comment lines starting with an asterisk (*) The end
of the data is marked with the EndFile command. You can add text in any
format after EndFile.

Although the lines in Table 8 are arranged by increasing valuef ¢he
independent variable, this ordering is not required. TDi  sorts the list
before use and records the nal order in the |eFPREFIX.TLSFurthermore,
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the independent variable intervals need not be uniform. Notiat the entries

in the example are clustered near the transition temperaturelThe maximum

number of tables for all purposes is 32. A table requires a mmum of 5
entries. You must ensure that the tabular functions extend ovehe full range
of temperature that will be encountered in the solution. Thernterpolation

routines for k return 0.0 for values of the independent variable that are du
of the table range. Zero conductivity values can lead to nophysical results
or a program crash. Be sure that the table extends belowlInit and well

above the maximum temperature anticipated in the region.

In the default mode TDi  uses cubic splines for interpolation of the
tables. This method minimizes recalculation time and gives sth interpo-
lations that aid convergence. It is important to note that the quality of the
interpolation depends on the nature of the numerical data. fie dependent
quantity and its rst derivative should vary smoothly over the table range,
as in Table 8. You can check the delity of the interpolationsby inspecting
the le FPREFIX.TLSAfter listing the sorted table, TDi  records a sample
set of interpolated values.

Temperature-dependent conductivity is de ned by a modi edform of the
Cond command in both steady-state and time-dependent solutions.

COND RegNo TABLE TabName

COND(2) = (TABLE, ALUM.CND)

De ne the thermal conductivity of the region as a function oftemperature
from a tabular function le. The command contains the keywod Table and
the full name of a data le in the working directory. The le may contain up
to 256 data lines. Each data line contains two real-number vags: tempera-
ture (in °C) and the corresponding value of k (in W/meC).

AVG Alpha NAlpha

AVG = (0.35, 20)

In a steady-state solution, TDi  adjusts values ofk in variable elements
during the relaxation process. For a stable system the default adjtment
parameters in the program are usually su cient to achieve corergence. For
di cult cases where k may change by a large factor over a small temperature
range, you can use this command to change the adjustment factor The
rst real-number parameter is a smoothing factor to prevent oscillations
during the relaxation. Enter a value from 0.0 to 1.0. The conaktivity in an
element is adjusted according to

knew = (1 0 ) k0|d + K (Tnew): (5)
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Table 8: Example of a data table to de ne a temperature-depeent thermal
conductivity

* TWAVE.CND
* T(deg-C) K(J/(m-s-degC)

0.0 10.00

200.0 10.00

290.0 10.00
3.000E+02 1.000E+01
3.025E+02 1.019E+01
3.050E+02 1.076E+01
3.075E+02 1.177E+01
3.100E+02 1.331E+01
3.125E+02 1.551E+01
3.150E+02 1.854E+01
3.175E+02 2.266E+01
3.200E+02 2.815E+01
3.225E+02 3.538E+01
3.250E+02 4.472E+01
3.275E+02 5.653E+01
3.300E+02 7.105E+01
3.325E+02 8.828E+01
3.350E+02 1.079E+02
3.375E+02 1.290E+02
3.400E+02 1.502E+02
3.425E+02 1.699E+02
3.450E+02 1.859E+02
3.475E+02 1.963E+02
3.500E+02 2.000E+02
360.0 200.0

400.0 200.0

500.0 200.0

1000.0 200.0

2000.0 200.0

ENDFILE
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Small values ( 1), which give strong smoothing, may be required for
di cult solutions. In this case, be sure to set MaxCycle high enough so
that the material can reach equilibrium. The default values =0:25. The
second parameteN (an integer) equals the number of relaxation cycles per
material adjustment. The default value isN = 10. Lower the value for
solutions that converge rapidly.

3.5 Control of dynamic solutions

TDi  performs a dynamic calculation when the commanilode TVar ap-
pears in the script. In this case, the program solves Eq.1. Theege more
options in dynamic solutions, so there is a larger command set. iBhsection
reviews commands that control general program operation.

TMAX TMax

TMAX = 345.2

This required command sets the duration of the run. Note that &runs begin
at t = 0:0. Enter the value in seconds.

SAFETY Safety

SAFETY = 35.0

Set a safety factor for automatic time-step adjustment. Higheralues im-
prove accuracy at the expense of longer computation times. Thiefault
value is 20.0.

DTMIN DtMin

DTMIN = 0.0001

Set the minimum time step, over-riding automatic step selectim Enter the
value in seconds. The default iDtMin =1:0 10 °®s.

DTMAX DtMax

DTMAX = 0.25

Set the maximum time interval, over-riding automatic step salction. Enter
the value in seconds. The default iDtMax = 1 .

NCHECK NCheck

NCHECK = 10

Set the number of time steps between recalculations by the awmhatic time
step routine. The default value is 5.
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NSTEP NStep

NSTEP = 5000

Sets the maximum number of time steps in the solution. The progm stops
at either TMax or NStep, depending on which occurs rst. This command
can prevent solutions controlled by a batch le from running at of hand.

The default is N Step = 100; 000.

SOURCEFILE FileName [SFact]
SOURCEFILE = LiverProbe.ROU 2.5
Load a thermal source le fromRFE2 or Nelson ( Chapter 6).

SOURCEMOD TabFileName

SOURCEMOD = TenPulse.MOD

Use this command to assign a time-variation to spatially-distribted thermal
power sources fronNelson, RFE2 or WaveSim loaded with the SourceFile
command. See Chap. 6 for a complete discussion.

TSTEPMOD TabFileName

TSTEPMODEMOD = PulseTrain.MOD

Use this command to de ne a time-dependent integration time s over-
riding automatic time step selection. This command (valid oyl in dynamic
calculations) is particularly useful when a source le loadedrdm RFE2 ,
Nelson or GamBet (Chap. 6) has a strong time modulationite., a periodic
train of short pulses). In this case, it is essential thalDi  uses a very short
time step while the source is active and a long time step in the ietvening
periods. The string TabFileName is the full name of a le that de nes the
modulation waveform,f (t). The integration time step equals the product of
the modulation function and the minimum time step, t = DtMin  f (t).
Therefore, you must de ne a nonzero value fobtMin . The modulation le
has the form of a tabular function (Chap. 3.4). It may containup to 256
data lines { each line contains two numberst and f (t). Enter the time t
in seconds. (Note that all dynamic simulations start at = 0:0.) Note that
the linear interpolation mode is always used for the time-stemodulation
function. Therefore, the function may have discontinuitief value or slope.

TSTEPMOD > Function

TSTEPMODE > 10.0 + cos(3.1416*$t/25.6)

De ne a modulation function for the time step from a mathematcal expres-
sion. The keywordTStepMod followed by the > symbol designates that a
function string occupies the remainder of the line. The funan may be up
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to 230 characters in length and follows the format describeah iSect. 6.1.

The function de nes a variation in time, f (t). (Note that the parser uses

the Perl standard for the time variable: $ stands fort. The integration

time step equals the product of the function and the minimum the step,
t = DtMin  f(t).

3.6 Choosing a time step

In the dynamic mode,TDi  follows thermal transport by advancing in small
time increments. Because time scales may vary several orders afgmitude
in numerical solutions of di usion problems, it is essential to usa variable
time step. For example, consider setting an initial temperatw on a body in a
surrounding medium at ambient temperature. Initially, the ull temperature
drop occurs across a single mesh element. If the solution spacelkiewt 100
elements on a side, the initial time step must be 10,000 times skarthan the
time step necessary to model thermal di usion in the full solutiorspace. To
perform this large adjustment, TDi  has a routine that estimates the best
time step. The procedure relies on a calculation of the root@an-squared
value for the second derivative of temperature over the full &gion region.
Although the automatic time step feature generally works wellsome user
intervention may be necessary because of the wide diversity obptems that
TDi  handles. We shall review in detail the three commands that ailloyou
to modify the time step: Safety DtMin and DtMax:

SAFETY = Safety

SAFETY = 15.0

The automatic time-step routine calculates the maximum possi® time in-
crement and then divides by the factorSafety A conservative value is
Safety = 20: Higher values improve accuracy but lengthen the computa-
tion time.

DTMIN DtMin

DTMIN = 5.0E-7

The automatic time step feature of TDi  can cope with di cult solutions
where objects have initial temperatures di erent from thei immediate sur-
roundings. Depending on the geometryfDi  may have to use extremely
short time steps to achieve accuracy early in time. Sometimesgtdils of the
initial local temperature relaxation are not important. To speed calculations,
you can over-ride automatic time selection by setting a mininm time step
with the DtMin command. Once the estimated time step rises abol@Min ,
the automatic routine takes over.
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The DtMin command is also important for solutions with thermal sources
where all nodes start at the same temperature. Because the secdedvative
of temperature is zero everywhere, there is no way foiDi  to estimate a
time step. In this case, the program assigns a small default incrent. You
can set a better value usindtMin . In picking a time step, note that a good
run should extend over about 1000 to 3000 steps.

DTMAX DtMax

DTMAX = 1.0E-3

Occasionally, the automatic routine inTDi  may pick a time step that is
too long for good accuracy. This may happen if there is a locemperature
variation in a large solution volume at approximately unifom temperature.
In this case, you can clamp the maximum value of time incremenising the
DtMax command. Again, a good solution should have 1000 to 3000 steps.

Ironically, one disadvantage of the stable numerical procedr used in
TDi s that it always gives an answer, even if inaccurate. You carse the
DtMax command to check the accuracy of solutions. First, run the proém
using automatic time step selection. Note the nal time step and usée
analysis functions of TDi  to nd temperatures at critical positions. Run
the solution again, settingDtMax to a fraction (0.25 - 0.50) of the nal time.
Check for signi cant changes in the predicted temperature.

3.7 Material commands in dynamic solutions

The following commands set the physical properties of matetgin dynamic
solutions. We shall rst cover simple commands and then consider togns
for time and temperature variations.

FIXED RegNo TFix

FIXED(4) = 37.0

Sets the region to a xed temperature that does not change ding the solu-
tion. Enter the temperature in °C.

Other commands refer to thermally-conductive materials. $eral com-

mands may be necessary for a full region de nition.

DENS RegNo Dens
DENS(6) = 5.67
Sets the mass density of the region in kg/fh
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INIT RegNo Tlinit

INIT(3) = 1000.0

Set an initial temperature (in °C) for a conductive region. The default start-
ing temperature at all variable points is 0.C°C.

COND RegNo k
COND(2) = 3.45
Set a xed value of the region thermal conductivity (in W/m-°C).

CP RegNo Co
CP(2) = 5000.0
Set the region speci ¢ heat (in J/kg°C).

SOURCE RegNo Q

SOURCE(4) = -4.5E6

Set a constant heat source or sink uniformly distributed over theegion
volume. Enter the value in W/m?3.

The following commands apply time or temperature dependaado ma-
terials. All commands require a prepared tabular function leavailable in
the working directory.

FIXED RegNo TABLE TabName

FIXED(4) = (TABLE, PTEMP.TMP)

Sets the temperature of a xed region to a prescribed functioof time rather
than to a constant value. The numerical values are containea ithe named
le in the form

Time (sec) Temperature (degc)

Note that the values of the independent variable must extenddmt = 0:0
to t >t nax. The interpolation routines return T(t) = 0:0 for values oft out
of the table range.

The following commands apply to thermally conductive regius.
COND RegNo TABLE TabName
COND(2) = (TABLE, ALUM.CND)

Determines the thermal conductivity of the region as a funabn of tempera-
ture from the named tabular function. The le data lines havethe form
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Temperature(degC) Conductivity (J/m-s-degC)

Note the values ofk for the elements of a region are determined from the
same table. This does not mean that all elements have the sameaductivity,
because the temperature may vary over the region.

CP RegNo Table TabName

CP(2) = (TABLE, M2.SPH)

Determines the speci ¢ heat of the region as a function of tengpature from
the named tabular function. The le data lines have the form

Temperature(degC) Specific heat(J/kg-s-degC)

SOURCE RegNo TABLE TabName

SOURCE(4) = (TABLE, EVAP.SRC)

Adds a time-dependent volumetric heat source or sink uniformigistributed
over a region. The source temporal variation is de ned by theamed tabular
function le. The data lines have the format

Time (sec) Source(W/m3)

3.8 Diagnostic commands for dynamic solutions

Diagnostic commands control data output froml'Di  in the dynamic mode.
The program produces three types of data, all in text format:

From 1 to 999 data dump les with the names of the fornrFPREFIX.001
FPREFIX.002.... Each le contains a complete record of spatial infor-
mation (the mesh geometry and temperature distribution) at a spci ed
time. These les may be used for plots and calculation in the athgsis
mode of TDi

A listing le with the name FPREFIX.TLShat contains a variety of
information about the run. This information is useful mainlyto check
the validity of input parameters and to diagnose problems.

Optional history les with names FPREFIX.PO1FPREFIX.PO2... Here,
the temperature at one or more probe locations is recorded atch
time step of the solution. The information can be inspected witla
text editor or the utility program Probe (Chap. 5).
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The rst three commands control the times for spatial data dump. The
last command sets probe positions for the history le.

DTIME DTime

DTIME = 0.2

For many runs a convenient way to make spatial data dumps is atniform
time intervals. This command sets the approximate interval (i seconds)
between dumps. Becaus&Di uses variable time steps, it is not possible
to ensure that the dump occurs at an exact time. Instead, the pgsam
writes data as soon as possible after passing the desired time. Framaple,
TDi  will write dump 010 whent 10 DTime. The default value is
DTime =1 .

SETTIME STime

SETTIME = 3.45

Sometimes you may want to inspect data at certain critical tiras or at the
end of a run. For this situation, you can set up to 100 time markerusing
multiple SetTime commands.TDi  will write data as soon as possible after
passing each marked time. Note that multipleéSetTime commands must be
in order of increasing time.

Note that the two commands for data dumps can work concurrentl Be
careful in setting the parameters. You may generate enough d@ato Il a
hard disk.

HISTORY XPos YPos

HISTORY ZPos RPos

HISTORY = (5.00, 9.85)

TDi  creates probe les with names when it detects &listory command.
The parameters in the command give the spatial location of a pbe where
the time and temperature should be recorded. The location isvgn as ;)

or (z;r). Enter the coordinates in the units set byDUnit. You can de ne
up to 20 probes with multiple History commands.

NHSTEP Ns

NHSTEP = 10

In runs with a large number of time steps, the history les may bedrger
than necessary and di cult to export to other programs. Use this coomand
to set the number of time steps per data record in the history les.The
default value isNg = 1.
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3.9 Format of the TDi output les

Data dump les created by TDi  are in text format. The le has three
sections:

Header with general information on the run
Node and element information

Region information
The header section consists of a title line and 10 data lines:

--- Run parameters ---
XMin: -6.000000E-02

XMax: 6.000000E-02
KMax: 181

YMin: -5.000000E-02

YMax: 7.000000E-02

LMax: 151

DUnit:  1.000000E+02
NReg: 6

ICylin: O

Time: 4.004967E+01

Lines 2 and 3 listXmin and Xmax, the limits along horizontal axis  or z)
of the solution volume. Dimensions are given in meters. The qu#y Kpyax
in Line 4 is the number of nodes along the horizontal directio Lines 5-7
describe the vertical axisy or r). Line 8 contains the quantity DUnit, the
conversion factor from dimensions used iMesh to meters. Line 9 gives the
number of regions in the solution, while Line 10 speci es the symetry (O:
planar, 1: cylindrical). Line 11 lists the simulation time at which the data
were recorded.

The node section consists of 4 title lines ankl.x  |max data lines, one
for each node of the solution space. Each data line contains tf&lowing
guantities:

The indices of the node K ,L)

The region number of the node RgNo) and region numbers for two
associated elementsRgUp and RgDn). The upper element lies above
the line between nodesK ,L) and (K +1,L) and the lower element lies
below the line.

The coordinates of the node in metersx(y) or (z,r).
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The temperature at the node in°C.

The thermal conductivity and speci ¢ heat in the upper and lover ele-
ments. This information is useful if the solution includes temerature-
dependent material characteristics.

The sum of volumetric thermal sources (region, le and perfusi in
the upper and lower elements.

The node section has the following appearance:

--- Nodes ---
I RgNo RgUp RgDn

k

X

y

A WNPF

e
o000 o

T

-6.000000E-02
-5.878125E-02
-5.780469E-02

-5.000000E-02
-5.000000E-02
-5.000000E-02

N N

[eNeoNeoNe)

CondUp

-5.679883E-02

CondDn

-5.000000E-02

CpUp

2.500000E+01
2.500000E+01
2.500000E+01
2.500000E+01

CpDn

2.400000E-01
2.400000E-01
2.400000E-01
2.400000E-01

QUp

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

QDn

1.000000E+03
1.000000E+03
1.000000E+03
1.000000E+03

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

The region section consists of four title lines following biReg data lines,
one for each region. An entry "1" in the second column designates xed-
temperature region. The recorded region values akg and C,. The region
section has the following appearance:

--- Regions ---
RegNo Fix

Conductivity

Density Specific heat

OO WNPE

PP, POOO
[cNeoNeoNoNeoNe]

[eoNeoNeoNoNoNe

[cNeoNeoNoNoNe

[cNeoNeoNoNoNel

2.400000E-01
4.500000E-01
2.400000E-03
0.000000E+00
0.000000E+00
0.000000E+00
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1.370000E+03 1.000000E+03
1.000000E+03 5.000000E+03
1.250000E+00 1.000000E+03
0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00



Figure 8: Dialog to pick a solution le from a series

4  Solution analysis reference

Click the Analyze command in theTDi  main menu to enter the analysis
menu. Here, you can load data dumps to create plots or to perfamumerical
calculations. The menu contains the following main entriesFile, Plots,
Analysis, Scans Export and Return. The commands of theExport menu
(which generate hardcopy output and plot les) are identicalto those in
Mesh . The Return command restores the main menu where you can perform
additional solutions.

4.1 File menu commands

SET SOLUTION SERIES (T)

A dynamic run may create several data les with the same pre xFPREFIX
Use this command to specify a le pre x for subsequent load operams.
Moving to a new directory in the dialog changes the program wking direc-
tory. The command must be the rst activity in an analysis session.TDi
counts the number of les in the series, records the times andggilays the
dialog of Fig. 8. Pick a solution le to load and clickOK. Note that there
will be only one entry in the list att = 0:0 for a static solution.

LOAD SOLUTION (T)

Load a di erent solution le in a series. TDi  displays the dialog of Fig. 8.
Pick a di erent solution and pick OK. This command is active oty when a
series has been speci ed.
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OPEN DATA RECORD (T)

Commands such ag?oint calculation and Line scan generate quantitative
information. You can automatically record the data generad during an
analysis session by opening a data le. Supply a le pre x in the dilog or
accept the default. The data le has a name of the fornfrPrefix. DAT and
will be stored in the working directory The le is in text format. You can use
an editor to view the le or to extract information to send to mathematical
analysis programs or spreadsheets.

CLOSE DATA RECORD (T)

Close the current data le. Use this command if you want to start a ew le.
Note that you must close the data le before opening it with the iternal
editor.

RUN SCRIPT (T)

A script allows you to perform complex or repetitive analysesma set of
similar solutions. This command displays a dialog listing les v the su x
SCRPick a le and click OK. The script can load data les, open and close
data records, and perform any of the quantitative analysis fustions described
in this chapter. The script command language is described in §e4.5. Note
that the analysis script must be in the same directory as the datales.

CREATE SCRIPT

Use this command to create an analysis script with the internal & editor.

Supply a le pre x SPre x in the dialog { the resulting script will be saved
with the name SPrefix. SCR. The program opens the le in the editor and
writes a reference list of allowed commands. The list follows ¢rfEndFile
command and will be ignored by the script parser. Enter commasdabove
the EndFile command.

EDIT SCRIPT

EDIT DATA FILE

EDIT FILE (T)

Use these commands to view or to modify an existing le. The dialoghows
les with su x SCRor the Edit script command andDATor the Edit data le

command. Changing directories in the dialog does not chang®e working
directory of the program.
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4.2 Plot menu commands

Spatial plots show variations of quantities over the two-diransional space of
the simulation. The following plot types are available:

Mesh . Element facets of the computational mesh.

Region. Computational mesh with elements color-coded by region
number.

Contour . Lines that follow constant values of a computed quantity. In
thermal solutions, constant values off are normal to lines of thermal
ux. The distance between lines is inversely proportional totie ux
amplitude. Note that contours ofjFj may exhibit regions of compressed
lines because the ux magnitude is generally not a continuodanction
in space.

Element . Elements of the solution space color-coded according to a
computed quantity (such as the thermal ux magnitude).

Vector . An element plot with orientation lines included in each ele-
ment to show the local direction of a vector quantity.

Surface. A three-dimensional plot where a computed quantity is rep-
resented as height over a region in thg-y or z-r plane. The spatial
limits of the plot correspond to the current view window forMesh Re-
gion, Contour, Element or Vector plots. For large meshes, you may
notice a delay regenerating &urface plot. The program must map the
current quantity to a rectangular grid, performing a large mmber of
interpolations.

The Settings popup menu contains the following commands.

TYPE (T)

Choose the plot type from the above list. A plot type may not supp some
plotted quantities. For example, a vector plot of temperatue is unde ned. If
you receive a message when you switch plot types that the curreqantity
is not allowed, use theQuantity command to pick a valid option.

QUANTITY (T)

A dialog shows a list of available quantities (Table 9) consistémwith the
current plot type. Note quantities such as current and power desity are
unde ned for dielectric type solutions. The list will be empty br Mesh and
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Table 9: Available plot quantities

Plot type Quantity

Contour Temperature T

Thermal ux magnitude jFj
Thermal conductivity k
Specic heat C,

Volumetric sourceQ

Element Temperature T

Thermal ux magnitude jFj
Thermal conductivity k
Speci c heatC,

Volumetric sourceQ

Vector Thermal ux jFj
Surface Electrostatic potential
Temperature T

Thermal ux magnitude jFj
Horizontal ux F, or F,
Vertical ux Fy or F,
Thermal conductivity k
Speci c heatC,

Volumetric sourceQ
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Figure 9: Grid control dialog

Region plots. Notes: 1) spatial plots ofk and C, are meaningful only in
solutions where the quantities vary with temperature, 2) thequantity Q is
the sum of volumetric thermal sources (region, le and perfusi).

PLOT LIMITS (T)

In the default autoscale mode the program picks limits il€ontour, Element,

Vector and Surface plots that span the full range of the current quantity.

With this command you can set speci ¢ limits. In the dialog unchek the

Autoscale box and supply the minimum and maximum values. Note that
the program does not check that the values are physically reasble. This

operation will not a ect scaling of other plot quantities. Check the box to

return to autoscale mode.

TOGGLE GRID DISPLAY (T)

Use this command to activate or to suppress the display of grid lisen Mesh
Region Contour, Element and Vector plots. Grid lines corresponding to the
axes & =0:0 ory =0:0) are plotted as solid lines.

GRID CONTROL

This command displays the dialog of Fig. 9 to set properties ohé grid.
In the default autoscale mode,TDi  automatically chooses intervals and
positions so that lines occur at convenient values afor y (for example, 0.01
rather than 0.01153). The grid intervals change as the vievs zoomed. To
set the grids manually, uncheck theAutoscale box and enter values for the
intervals in x and y.
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MOUSE/KEYBOARD

By default the program uses interactive mouse entry of coordates for com-
mands like Line scan and Zoom This command switches the program be-
tween mouse and keyboard input. Enter keyboard coordinates the dis-
tance units used inMesh. In other words, if the solution program has
DUnit =1:0 1CP, then enter dimensions in microns.

TOGGLE SNAP MODE

When snap mode is active, the mouse returns the coordinate vakiclosest to
an integer multiple of the quantity DSnap. In other words, if DSnap =0:5
and the mouse position is (5.4331, -2.6253), the returned cdovates are
(5.500, -2.500). By default, snap mode is active. Snap modeigomatically
turned o for coordinate input to the commands Point calculation and Ele-
ment properties Otherwise, the program would pick a location closest to the
snap point rather than the tip of the cursor arrow, giving misleding results.

SNAP DISTANCE
Set the distance scal®Snap for the mouse snap mode.

TOGGLE ELEMENT OUTLINE

This command determines whether the element facets are inded in Ele-
ment and Vector plots. It may be necessary to deactivate outlines for a clear
view of large meshes.

TOGGLE FIXED POINT DISPLAY

In the default mode, TDi  creates contour, element and vector plots using
element information. Therefore, isolated nodes (represemyj structures like
xed-potential grids or sheets) do not appear. In response to thicommand,
the program plots circles at xed-potential nodes that are suwounded by
material elements.

CONTOUR STYLE

This command is active only when the current plot type i<Contour. There

are four choices: monochrome, monochrome with labels, cotbend colored

with labels. In the colored mode, the lines are color-codedaxding to the

value of the plotted quantity. A legend is included in the inbrmation window

to the right of the plot. In the labeled modes, contour lines a numbered
according to their values (Fig. 10). Overlapping labels onasely-spaced lines
may look better in a zoomed view.

45



Figure 10: Monochrome contour plot with labels

NUMBER OF CONTOURS
Change the number of plotted contour lines. This command is &ee only
when the current plot type is Contour.

The following commands, described in thBlesh manual, change the view
limits in Mesh Region Contour, Elementand Vector plots. The current view
limits of the two-dimensional plots are used when creating tlee-dimensional
Surface plots.

ZOOM WINDOW (T)
ZOOM IN (T)
EXPAND VIEW (T)
GLOBAL VIEW (T)
PAN (T)

The following commands control the appearance &urface plots. The
commands are active only when &urface plot is displayed.

ROTATE 3D IMAGE (T)
Rotate the Surface plot by 90° in the spatial plane.

VIEW ANGLE 3D
Set the elevation angle for the view point.

SET GRID 3D
Change the resolution of the surface plot. To createSurfaceplot, a quantity
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is mapped to a rectangular grid with dimension®l, Ny. The numbers also
determine the total number of grid lines in theSurface plot. The default
values areN, = N, = 40.

4.3 Analysis menu commands

The commands in theAnalysis popup menu generate numerical data. Most
of the functions require coordinate input from the user, usub through the
mouse. Therefore, the analysis menu is active only whenMesh Region
Contour, Element or Vector plot is displayed.

POINT CALCULATION (T)

TDi  employs a sophisticated interpolation technique that preseeg discon-
tinuities at material boundaries. Click on the command and ten point to

any position. Note that snap mode is deactivated for coordinat@put. The

program writes a subset of interpolated quantities to the infanation area
below the plot and also records complete information if a datde is open.

To enter point coordinates by keyboard, use th&oggle mouse/keyboar¢dom-
mand.

LINE SCAN (T)

The line scan is one of the most useful functions @i . After clicking on
the command, supply two points with the mouse in a view of Besh Region
Contour, Element or Vector plot to de ne a scan line. The snap mode is
useful in this application (for example, you may want a scan tox¢éend from
0.000 to 5.000 rather than 0.067 to 4.985.) The program contes a series of
values of thermal quantities at equal intervals along therie. The information
is recorded if a data le is open. The program also makes a screplot of
the currently selected quantity versus distance along the scamé activates
the commands in theScan plot menu (Sect.4.4).

ELEMENT PROPERTIES (T)

Pick an element with the mouse (or keyboard) and the post-prossor writes
material and eld properties to the screen. The informations recorded if a
data le is open.

REGION PROPERTIES (T)

To see the physical properties associated with a region of the dodn space,
click the mouse close to any arc or line vector of the region. Rel results
are shown on the screen and a complete analysis is included in ttega le.
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TDi  shows the region volume, average and peak temperatures asl\asl
the integral of thermal ux around the boundary.

LINE INTEGRAL

Input for this command is similar to that for the Line scan commad. Enter

two points to de ne a line. TDi  calculates line integrals of the normal
component of thermal ux. The sign of the quantity depends onhe direction

of the ux and the direction of the line integral. The quantity is positive if

the cross product of the ux vector and a vector parallel to a he integral

that points in the positive z or directions.

VOLUME INTEGRAL

No input is needed for this command.TDi  automatically computes inte-
grals of quantities over the full solution volume and over ingidual regions.
Information is recorded on the screen or in a history le.TDi  calculates
the following quantities.

1. Global and region volumes.
2. Volume-averaged temperature in the full volume and in eaaegion.

3. The location and value of the peak temperature in the visiblsolution
volume and in each region

4. Global and region integrals of volumetric power.

MATRIX FILE

TDi  can make matrix les of eld values to help you create your own
analysis routines. Although information is available in the otput le of the
solution program, it may be di cult to deal with the conformal triangular
mesh. TheMatrix le command uses the interpolation capabilities of the
program to create a text data le of eld quantities on a rectangular grid
in x-y or z-r. The command displays a dialog where you set the matrix le
pre X, the dimensions of the box and the number of intervals aing x and
y (or z and r). The program creates the le FPrefix.MTX in the current
directory.

The Settings popup menu contains the following entries.

INTERPOLATION METHOD
The default interpolation method for the Point calculation and Line scan
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commands is a second-order least-squares t with intelligenbtiection of data
points. For example, only points on the side of a dielectric bowlary that
contains the target point are included to give the correct &l discontinuity at
the boundary. The least-squares t may fail in very small regios or enclosed
areas if the program cannot identify enough data points. In tis case, toggle
to the linear mode. Here, eld values are determined by a rst ater tin the
element that contains the target point. The status bar repor the current
interpolation type.

SCAN PLOT QUANTITY

With this command you can choose the quantity to display in screeand
hardcopy plots of line scans. Pick the quantity from the list boxand click
OK. This setting has no e ect on the history le listing which includes all
eld quantities. The available line scan quantities are tempmture (T), mag-
nitude of the thermal ux (jFj), components of thermal ux (Fx-F, or F,-F;),
thermal conductivity (k), speci ¢ heat (Cp) or volumetric power (Q).

NUMBER OF SCAN POINTS

This command sets the number of line scan points used for the sargaot
and recorded in the history le. The default value is 50 and thanaximum
number is 500.

4.4 Scan plot menu

The commands of theScan menu become active when a plot is created fol-
lowing the Line scan command.

OSCILLOSCOPE MODE (T)

In the oscilloscope mode, a scan plot assumes characteristics ofigital

oscilloscope (Fig. 11). The program superimposes a cross-hairtpat on

the graph. Plot values at the intersection are displayed in thenformation

window. Move the marker along the plot by moving the mouse. Ifou click
the left mouse button at a point, the program displays the plot &lues along
with the numerical derivative and integral of the curve. Thede nite integral

is taken from the left-hand side of the plot to the current poih Values are
displayed on the screen and written to the data le if open. Presthe right

mouse button to exit the oscilloscope mode.

TOGGLE SCAN SYMBOLS
The setting determines whether plot symbols are added to the stalot
showing calculated points.

49



Figure 11: Scan plot in the oscilloscope mode

TOGGLE GRID (T)
The setting determines whether grid lines are added to the sere and hard-
copy scan plots.

CLOSE SCAN PLOT (T)

The scan plot must be closed before you can use tRge and Analysis func-
tions of TDi . This command closes the scan plot and returns the program
to the previous spatial plot.

4.5 Analysis script commands

Scripts to control analysis sessions have a name of the foifPrefix.SCR.
They should be in the same directory as the data les. Scripts arext les
that follow the TriComp syntax conventions. The program ignores blank
lines and indentations. Data lines use the standard delimitersnd comment
lines begin with an asterisk [*]. Processing ends when tldFile command
is encountered.

To run a script, choose theRun script command in theFile menu. The
program shows a list of available scripts. Pick a le and cliclOK. The script
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operates on the presently loaded data le or you can load otheles from
within the script. You can also sequentially open one or more datles.

TDi  can perform analyses autonomously under script le control fra
the Command Prompt. If the le GTest.SCRis in the data directory, then
use a command of the form:

[ProgPath\TDIFF GTEST <Enter>

The main application of the command prompt mode is to generatdata les
and to perform extended analyses under batch le control.
The following commands may appear in a script:

INPUT FileName

INPUT Switch1.003

Close the current data le and load a le for analysis. The paramier is the
full name of the data le. For the command illustrated, the postprocessor
would load the le SWitch1.003. You can load several les for sequential
analysis.

OUTPUT FPre x
OUTPUT SWO02
Close the current data le and open an output le SW02.DAT

POINT X Y

POINT Z R

POINT = (5.65, 10.68)

Perform interpolations at the specied point and write the results to the
data le. The two real number parameters are the coordinatesf the point
in Mesh units.

SCAN Xs Ys Xe Ye

SCAN Zs Rs Ze Re

SCAN = (0.00, 0.00) (10.00, 0.00)

Write the results of a line scan between the speci ed points to thdata le.
The four real number parameters are the starting and end codrdhtes in
Mesh units.

INTEPOLATION [LSQ,LINEAR]
INTERPOLATION = Linear
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Set the interpolation method for subsequenPoint, Line scan and Matrix
commands. The options are.SQ (least-squares t) and Linear.

ELEMENT X Y

ELEMENT Z R

ELEMENT = (5.65, 10.68)

Write the properties of the element at the specied point to tte data le.
The two real number parameters are the coordinates of the pwiin Mesh
units.

NSCAN NScan
NSCAN = 150
Set the number of points in a line scan. The default is 50 and thmaximum
number is 500.

REGION RegNo

REGION =5

Write volume and surface integrals for a region to the data le The integer
parameter is the region number.

LINEINT Xs Ys Xe Ye

LINEINT Zs Rs Ze Re

LINEINT = (0.00, 0.00) (10.00, 0.00)

Write line integrals along a scan line to the data le. The fourreal number
parameters are the starting and end coordinates iMesh units.

VOLUMEINT
Write volume integrals for the full solution and regions to tle data le.

MATRIX FPre x Nx Ny Xs Ys Xe Ye

MATRIX FPre x Nz Nr Zs Rs Ze Re

MATRIX = Switchl (10, 20) (0.00, 0.00, 5.00, 10.00)

Open a matrix le and record values. The command requires sevgmaram-
eters: 1) The pre x of the matrix le FPrefix.MTX (string), 2) the number
of intervals along thex or z direction (integer). 3) the number of intervals
along they or r direction (integer), 4-7) coordinates of the corners of a Bo
in the solution volume (real).
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ENDFILE
Terminate execution of the script. You can add descriptive texn any format
after this command.

The following is an example of a script to compare eld valuesleng the
axes of four di erent solutions and to write the results to the le COMP.DAT

NSCAN 200

OUTPUT COMP

INPUT REACTOR.002

SCAN 0.00 -50.00 0.00 50.00
INPUT REACTOR.004

SCAN 0.00 -50.00 0.00 50.00
INPUT REACTOR.006

SCAN 0.00 -50.00 0.00 50.00
INPUT REACTOR.008

SCAN 0.00 -50.00 0.00 50.00
ENDFILE
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Figure 12: Probe screen shot.

5 Probe { history le plot utility

5.1 Introduction

Probe is the universal plotting program for all Field Precision inital-value
solution codes. You can set from 1 to 20 probes by specifying pasits in
the solution program command script. The probes record quatits in an
element or at a node as a function of time. The resulting text és have
names of the formFPREFIX.PO1.., FPREFIX.P12where FPREFIXs the run
pre X.

Table 10 shows the standard probe le format. The rst section is a
header that contains the following information:

Generating program name.
Dimensionality of the generating program (1, 2 or 3).
The spatial position of the probe (from 1 to 3 quantities).

The index of the element sampled by the probe.
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The region number of the element.
Conversion factors for the probe position and the recorded quigies.

Labels for the recorded quantities.

Although the solution programs and their output les employ Slunits (me-
ters, kilograms,...), the graphical analysis displays often ug@actical units
to make it easier to visualize results and to facilitate automat grids. Probe
multiplies le quantities by the conversion factors during te loading process.
Note that the quantity DConv and conversion factors for positions are equal
to DUnit, a variable used in many solution programs. After four lines of
label information, the remainder of the le consists of data hes. Each line
contains the time (in seconds) and one or more element or nodeantities.
Real numbers are recorded in E15.6 format.

5.2 Loading data les

When you start Probe the only active menu option isLoad probe Plotting
and analysis functions become active when a probe le has beepened.
The program displays a dialog showing all les with su xes of theform
P01...,P12 Pick a le to analyze and click OK. Changing directories in
the dialog will change the working directory of the program.If the load is
successfulProbe creates a default plot of the data (Fig. 12).

The status bar at the bottom of the window contains the name ofhe
probe le, the current plot quantity, and the temporal range of data. The
default plot shows the rst quantity recorded in the probe le over the full
range of time. The horizontal and vertical scales are chosen gt the plot
ts on the screen and the grid lines are automatically adjustedo that they lie
on even values of the plotted quantity with easily recognizeihtervals (e.g,
0.02, 0.05, 0.10, ...). The grid intervals are shown in pardmses next to the
labels of the horizontal and vertical axes. The title line at lhe top of the
plot shows the following information: generating program, wbe le name,
element number, region number and position. This informatiois recorded
in hardcopy plots to help you archive your data.

5.3 Plot settings

The commands of theP lotsettings menu control the quantities, ranges and
appearance of the plot. The screen plot automatically updasevhenever you
make a change.
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Table 10: Example of theProbe le format

Field Precision probe file
Program: KB1

NDimen: 1

XPosition:  4.357E-02
ElementNo: 70
RegionNo: 2

NQuant: 6

DConv: 100.0

QConvl: 100.0
QConv2: 0.001
QConv3: 1.0E-9
QConv4: 1.0

QConv5: 1.0E-6
QConv6: 0.001
QLabell: x or r (cm)
QLabel2: Rho (gm/cm3)
QLabel3: P (GPa)
QLabel4d: T (deg-K)
QLabel5: U (MJ/kg)
QLabel6: v (km/s)

6.250000E-09
1.250000E-08
1.874999E-08
2.499996E-08
3.124995E-08

4.357041E-02
4.357041E-02
4.357041E-02
4.357041E-02
4.357041E-02

1.000000E-01
1.000000E-01
1.000000E-01
1.000000E-01
1.000000E-01

-1.238464E+02
-1.238464E+02
-1.238464E+02
-1.238464E+02
-1.238464E+02

Temp
(deg-K)

1.000000E-03
1.000000E-03
1.000000E-03
1.000000E-03
1.000000E-03

Epsi
(J/kg)

8.620001E+00
8.620001E+00
8.620001E+00
8.620001E+00
8.620001E+00
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V(AvV)
(m/s)

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00



PLOTTED QUANTITY
A dialog shows a list of element quantities included in the prab le. High-
light your choice and click OK.

TIME LIMITS

By default Probe shows the full time-span recorded. You can narrow the
range by supplying values for the minimum and maximum time. Urgeck
Autoscalein the dialog and supply maximum and minimum values. To return
to the full range, check theAutoscale box.

VERTICAL LIMITS

In the default mode Probe picks a scale to display the full range of the
plotted quantity. You can narrow or expand the range by supplyig minimum
and maximum values. The program returns to full range if you @tk the
Autoscale box or if you change quantities usingPick plotted quantity.

TOGGLE GRID
Switch between grid and and ducial lines in the plot.

TOGGLE PLOT SYMBOLS
Include or remove symbols to mark the recorded points.

5.4 Plot functions

The commands of thePlot functions menu activate the Oscilloscope modef
the program and also send plots to hardcopy devices or plot les.

OSCILLOSCOPE MODE

When you issue this commandProbe simulates a digital oscilloscope. As
shown in Fig. 13, the mouse cursor changes to a cross-hair patterhem it
is inside the plot window. The program adds movable ducial hes to mark
the current point. You can drag the ducials along the time axs by moving
the mouse. A box at the bottom of the plot shows values of the timand
plotted quantity at the current position. If you press the left mouse button,
the program displays a box with the following information abat the current
point:
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Figure 13: Probe in the Oscilloscope mode

Time, t.
Value of the plotted quantity, V (t).
Derivative of the plotted quantity, dV(t)=dt.

R
De nite integral of the plotted quantity, ; V (t9dt®

The de nite integral is taken from the time of the rst recorded value in
the probe le to that of the current point. You can nd integrals between
points by subtracting values. Other functions of the program @ deactivated
in the Oscilloscope mode Press the right mouse button or theEsc key to
return to normal program operation.

SMOOTH DISPLAY
Use this command one or more times to smooth the currently-dispied trace.

Smoothing applies to the screen display and exported plots, batoes not
a ect the data values in the probe le.
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Figure 14: Probe le-information message box.

DEFAULT PRINTER

Probe can port copies of the plot to any installed Windows printer. Te
program sends output to the default printer, so be sure to seleché correct
device using theSettings/Printer function of Windows before making the
plot.

PLOT FILE (EPS)

PLOT FILE (BMP)

PLOT FILE (PNG)

Send the plot to a le in the following formats: Encapsulated PstScript,
Windows Bitmap or Portable Network Graphics. The program promts for
a le pre x and then creates a le with the namesFPREFIX.EP$PREFIX.BMP
or FPREFIX.PNG

COPY TO CLIPBOARD
Copy the plot to the clipboard in in Windows MetaFile format.
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5.5 Information

PROBE FILE INFORMATION

Display information on the probe le in a message box (Fig 14). Téaquantity

N Skip in line 7 is used for long les. There is no reason to store more than
1000 points for plots on typical screens and hardcopy deviced/hen there
are less than 1000 data line®robe loads all points (N Skip = 1). When the

le contains 1000 to 2000 data lines, the program loads everycamd point
(N Skip = 2), and so forth. In this way the Probe can handle probe les of
any length without exceeding memory limits.

VIEW PROBE FILES

Load a probe le into the internal editor so you can inspect the dta directly.
The editor runs in read-only mode so that you cannot change thé&. Exit
the editor to return to program operation.

PROBE MANUAL
Show this document in your default PDF viewer.
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6 Thermal source import from RFEZ2, Nelson,
WaveSim and GamBet

6.1 Function and commands

TDi  can include spatially-distributed thermal sources calculate by the
codesRFE2 , Nelson, WaveSim and GamBet . The programs determine
power deposition by electromagnetic elds or high-energy picles in the
following regimes:

RFE2 calculates resistive power deposition by low- to mid-frequeync
electric elds created by electrodes. The eld distribution ncludes
contributions from both resistive and displacement current. e code
has application to biothermal processes and RF heating.

Nelson calculates eddy-current losses by low- to mid-frequency mag-
netic elds created by drive coils. The code has applicatiorotinductive
heating treatments and high-frequency magnetic circuits.

WaveSim solves the Maxwell equations to nd high-frequency solu-
tions for electromagnetic elds. Power dissipation is determied from
the imaginary parts of the dielectric constant and magnetic @grmeabil-
ity and may include contributions from both resistive current ow and
material imperfections. The code has application to microwa heating.

GamBet is a Monte Carlo code that tracks the distribution of paer and
dose deposited by high-energy X-rays, electrons and positrons. €Titun
must be performed in the continuous-beam mode, where a steadgtst
current or ux is assigned to primary particles.

The following commands are used to load and to modify thermaburce
les.

SOURCEFILE FileName [SFact]

SOURCEFILE = LiverProbe.ROU 2.5

Load an output le from RFE2 , Nelson, WaveSim or GamBet to de ne
thermal sources. The command is valid in both the static and dymaic
modes of TDi . The same mesh must be used for both the eld calculation
and the thermal calculation. In the case ofcamBet , regions must have the
same material density values for both simulations. The input lecontains
values for the thermal source (in W/n¥) in each element of the mesh. Values
are multiplied by the optional parameter SFact when loaded. In a dynamic
solution, the source values may also be multiplied by a modulath function
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de ned with the SourceModcommand (Sect. 3.5). Only a singl&ourceFile
command may appear in a script. File sources may be combined wibther
types of thermal sources (region, perfusion or radiation).

SOURCEMOD TabFileName

SOURCEMODE = TenPulse.MOD

Use this command to assign a time-variation to a spatially-distribted ther-
mal power source loaded with theSourceFile command. This command is
valid only in dynamic calculations. The stringTabFileNameis the full name
of a le that de nes a modulation waveform. The le has the fom of a
tabular function (Chap. 3.4). It may contain up to 256 data Ines { each line
contains two numbers:t and f (t). Enter the time t in seconds. (Note that
all dynamic simulations start att = 0:0.) The modulation function f (t) is
dimensionless and usually has values on the order of unity. Theostd le
source values for elements in the solution volume are multiptd by f (t) to
nd sources at the current time. Be sure to include the commandinterp
Linear if the modulation function has discontinuities of value or slpe. The
time variation applies to le sources, and does not a ect regio, perfusion or
radiation sources.

SOURCEMOD > Function

SOURCEMODE > 10.0 + c0s(3.1416*$t/25.6)

De ne a modulation function for power density from a mathematal expres-

sion. The keyword SourceMod followed by the > symbol designates that
a function string occupies the remainder of the line. The fution may be

up to 230 characters in length and follows the format descridebelow. The

function de nes a variation in time, f (t). The parser uses the Perl standard
for the time variable: & stands fort.

TDi  incorporates a exible and robust algebraic function interpeter.
A function is a string (up to 230 characters) that may include tle following
entities:

The time variable $t.

Real and/or integer numbers in any valid format €.g, 3.1415, 476,
1.367E23 6.25E-02, 8.92E+04... ). Integers are converted to real
numbers for evaluation.

Binary operations: + (addition), - (subtraction), * (multiplication), /
(division) and * (exponentiation).
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Functions: abs (absolute value), sin (sine), cos (cosine), tan (tan-
gent), In (normal logarithm), log (base 10 logorithm),exp (normal
exponent) andsqgt (square root).

Up to 20 sets of parentheses to any depth.

Any number of space delimiters.

The parser conforms to the standard algebraic rules and feats compre-
hensive error checking. Errors may include unbalanced patbases, unrec-
ognized characters and sequential binary operations. To ifitrate a valid

example, the expression

1 - exp(-1.0%(($t"2)/24))

corresponds to

1 exp — (6)

6.2 Application example

The exampleFSourceDemadlustrates several techniques for building coupled
solutions with TDi  using calculated data from theRFE2 code. Figure 15
shows the geometry. Rod electrodes in air contact a layer o$siue resting on
an insulating substrate. The applied bipolar voltage has amplide 1.0 V
and frequencyf = 10:0 MHz. The same mesh is used for both tHRFE2 and
TDi  solutions. Table 11 shows region de nitions and physical propés
assigned for the two solutions. Regions 1, 2 and 3 represent the ilasing
base, the tissue layer and air respectively. In the RF solution, ¢éhinsulator
and air are ideal dielectrics while the tissue has a non-zeroncluctivity.
The bipolar electrodes (Regions 4 and 5) are assigned a xed alityle of
oscillating voltage. Region 6 is a line of nodes with xed vcdige 0.0 V. It
approximates the e ect of an in nite surrouding medium at graund potential.
In the dynamic thermal solution Regions 1, 2 and 3 are thermabaductors
with assigned values ok, C, and and initial temperature T; = 25:0°. The
water-cooled stainless-steel probes have the xed temperatufe = 10:0°.
The boundary (Region 6) is modeled as a xed temperature suda atT; =
25.0° to approximate the e ect of an in nite surrounding medium at ambient
temperature.

63



Figure 15: Geometry of the application example. Dimensiona cm.

Table 12 shows the completdDi  script. Most of the script was con-
structed using the dialog of Fig. 4. The advanced comman@&®urceFileand
SourceMod were added with a text editor. The adjustment factor of 1200
in the SourceFile command gives a power deposition of 963.9 W/m. The
le FSourceDemo.MQI2 nes a double-pulse function that equals 1.0 from
t =0:0sto 70.0 s, 0.0 from 70.0 s to 130.0 s, and 1.0 for the remaindér o
the 201 s run. Figure 16 shows the distribution of electric eldnagnitude
near the probes in the RFE2 solution, while Fig. 17 shows the tgrarature
distribution at times t =40 and t = 200 s.
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Table 11: Region properties { source le application example

| Reg | Property | RF | Thermal

1 Insulator r=5:3, =00 k = 0:24, C, = 1000,
=1370, T, = 25:0°

2 Tissue , =600:0, =05 k = 0:45, C, = 5000,
=1000, T; = 25:0°

3 Air r=1:0, =0:0 k = 0:0024,C, = 1000,
=1:25,T; =25:0°

4 Left electrode |jVj=1:.0, =0° Ts =10:0°

5 Right electrode | jVj=1:0, =180° | T =10:0°

6 Boundary jVji=0:0, =0° Ts = 25:0°

Figure 16: Distribution of jEj in the normalized RFE2 solution.
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Table 12: TDi script FSourceDemo.TIN

Mesh = SFileDemo

Mode = TVar

Geometry = Rect

DUnit = 1.0000E+02

TMax = 2.0100E+02

DtMin =  1.0000E-04

DtMax =  5.0000E-02

SourceFile = FSourceDemo.ROU 1200.0
SourceMod = FSourceDemo.MOD

Interp = Linear

Cond(1) = 0.24

Cp(1) = 1000.0
Dens(1) = 1370.0
Init(1) = 2.5000E+01
Cond(2) = 0.45

Cp(2) = 5000.0
Dens(2) = 1000.0
Init(2) = 2.5000E+01
Cond(3) = 2.4000E-03
Cp(3) = 1.0000E+03
Dens(3) = 1.2500E+00
Init(3) =  2.5000E+01
Fixed(4) = 1.0000E+01
Fixed(5) = 1.0000E+01

Fixed(6) = 2.5000E+01
DTime = 4.0000E+01
History = 0.0, 1.0
EndFile
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Figure 17: Temperature distributions att = 40:0 s andt = 200:0 s. The
maximum temperature (red line) is 80.0.
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Figure 18: De nition of a radiation boundary in TDi

7 Radiation boundaries

TDi  can include thermal radiation losses in models of high-temgure
systems like thermionic cathodes. To begin, we shall review theogedure
used in the code in order to understand the capabilities and litations of
the model. Radiating surfaces of arbitrary shape can be de nda creating
regions inMesh and then assigning radiation properties in th@'Di  script
using theRadiation command. As shown in Fig. 18, thermal radiation leaves
elements with non-zero emissivity (> 0:0) through facets that border on
void elements. Void elements (wittRegN o= 0) include any elements within
the solution volume that have not been assigned to a material reg and a
virtual layer of elements around the boundaries of the soluih volume. The
power loss through a facet is given by
zZZz h i
dP = . ds (T +273:15 (Ts+273:15) ; (7)

where =5:6705 10 8 W/m 2°K* is the Stefan-Boltzmann constant. The
surface integral in Eq. 7 is taken over the facet. The tempenate T is

the average temperature (ir°C) inside the emissive element whilds is the

temperature of the surroundings (objects outside the solutiomolume). The

qguantity dP is the facet power ux, isthe emissivity of the radiating element
and is the Stefan-Boltzmann constant.

The fundamental assumption of theTDi  model is that thermal radia-
tion that leaves emissive elements goes to the surroundings ahdt incoming
thermal radiation is produced by the surroundings. In other wals, there is
no exchange of thermal radiation between emissive elementglirerent parts
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Figure 19: System that violates the assumptions of th@Di  radiation
model.

of the solution. A calculation with several bodies at di erenttemperatures
that exchange radiation is extremely complex and is beyondé¢ capability

of the TDi  model. The following conditions must be satis ed for a valid
thermal-radiation simulation:

The physical system consists of contiguous regions with no intexn
voids. In other words, regions of the system connect directly tone
another, and internal heat exchange is solely through condian.

Elements on the periphery of the system radiate to surroundingbat
have an average absolute temperaturel{ + 273:15) °K. In practical
problems the absolute temperature of the surroundings is mudbss
than that of the radiating elements, so that s + 273:15)* (T +
27315)*. Therefore, it is not necessary to know the precise distribution
of surrounding temperature.

All radiating facets have a clear line-of-sight to in nity. In other words,
the projection of a normal vector from any point on an emissivedund-
ary intersects the solution volume boundary. Figure 19 illustites a
system where the conditions are violated.

Simulation of radiative losses in a high-temperature structé involves
two tasks:

1. Using Mesh, set up emissive regions with boundaries that contact
either the boundaries of the solution volume or unassigned elents
(RegNo=0).
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2. Inthe TDi  script, assign radiation properties to the emissive regions.
The program automatically determines the emissive facets arsgts up
source terms to include energy loss the the boundary elements.

In dynamic solutions, TDi  determines radiation loss using current values of
element temperature. In static calculations,TDi  simultaneously adjusts
surface sources while it performs the relaxation solution of ¢hboundary-
value problem. Therefore radiation problems may converge are slowly.
You can reduce the run time signi cantly by starting nodes of tle system
close to the expected nal temperature using thénit command. Thermal
radiation is implemented by the following script command in igher mode:.

RADIATION RegNo Emiss Ts

RADIATION(5) = (0.5, 25.0)

Specify an emissive region. Thermal radiation is lost throughhe region
boundary in contact with void elements. The quantityEmiss is the emis-
sivity of the material and Ts is the average temperature (irPC) of objects
at in nity.

The example RADBENCHMAIR&trates the accuracy of the method. In
the boundary-value problem, we want to set conditions to créa a surface
temperature of T = 1000:0 °C on a uniform sphere of material 2.5 cm in
radius. We assume that the material has emissivity= 0:5 and is surrounded
by material at Ts = 0:0 °C. Figure 20 shows the mesh geometry for the
system with cylindrical symmetry. Note that elements inside the dotion
volume that are not assigned to the sphere automatically assumeettvoid
condition. The calculated surface area of the sphereAs=7:854 10 3 m?
and the predicted thermal ux density at 1000.0°C is 7:4334 10* W/m?
The total expected radiative loss is 583.68 W. For the sphericaolume of
6:5448 10 ° m®, we can generate the required power with a volumetric
sourceq=8:918 10° W/m 3.

The code-generated surface temperature in Figure 20 is closethe tar-
get value. In a radiative calculationTDi  records the calculated radiative
area and total radiative heat loss of regions in the listing Is. The values
generated by the code aré = 7:852 10 * m? and 583.58 W. Finally, Fig. 21
shows a more interesting example where two hemispheres of deat mate-
rials are attached. The material on the left hak =5:0 W/m-°Cand =0:5
while the material on the right hask = 10:0 W/m-°C and =1:0. The TLS
le contains the following listing:
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Figure 20: Geometry and temperature distributionRADBENCHMARHMNple.

Figure 21: Temperature distribution with thermal radiation from two hemi-

spheres.

Total thermal radiation from emissive regions

NReg Radiative flux
(W)

1 -2.21855E+02

2 -3.61737E+02

In an initial-value problem with radiation, TDi
time a data dump is created.
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