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1 Introduction

1.1 Program function

HeatWave handles the full range of three-dimensional thermal transpbr
calculations in solids or gels. The program solves the thermalusion equa-
tion with the option to include perfusion contributions for biological ap-
plications (bioheat equation. HeatWave employs nite-element methods
on variable-resolution conformal hexahedron meshes for higlecuracy and
speed.HeatWave can determine both steady-state and dynamic solutions.
In time-dependent solutions, you can de ne multiple sources ti arbitrary
temperature histories using a exible system of tabular functio input. You
also have the option to de ne temperature-dependent thermatonductivity
and speci ¢ heat. The program can load power deposition data Icalated
by the Field Precision programsRFE3 (heating by RF electric elds) and
GamBet (Monte Carlo transport of X-rays and electrons). In dynamic rus,
HeatWave produces multiple data les at speci ed times and history les
of temperature and other quantities at given locations. In th steady-state
mode the data le contains the spatial variation of thermal qantities for the
boundary value solution. HeatWave features fast and accurate calculations
in random-access memory. The programs use dynamic memory e#ltion;
therefore, the size of the solution is limited only by the insté¢d RAM. A
computer with 1 GB of memory can handle over 10 million elem&n

Three programs are supplied with the package:

HEATWAVE.EXteates one or more thermal solutions in a window or
under batch le control,

HWV.EX&enerates plots and analyses from HeatWave data les.

PROBE.EXE a utility for analyzing and plotting probe les created
by HeatWave in the dynamic mode. These les consist of complete
temporal information on the solution at a speci c location in spce

MetaMesh (the AMaze conformal mesh generator) is required to create
solutions.

The intuitive graphical-user-interface makes it easy to learHeatWave
and to perform quick application setups. In contrast to other éd solution
software,HeatWave features advanced capabilities (such as support for non-
linear materials and radiation boundaries) and complete dattransparency.
Input operations are automatically recorded in text scriptghat provide doc-
umentation of your work. Scripts make it easy to reconstruct sotions and
to share setups with colleagues.



The next section briey reviews the thermal transport equatio. Sec-
tion 1.3 gives a step-by-step description of a calculation to $€ your setup
and to familiarize you with the programs. Chapter 2 reviews té functions
of programs in the solution process and the organization of inpand output
les. Operation of HeatWave is controlled by a script that sets parameters
for program operation and de nes the material properties ofegions. Chap-
ters 3 through 7 discuss the creation of scripts. Chapter 3 covazsmmands
for general run control and Chap. 4 reviews commands to set basnate-
rial properties. Advanced material properties like temperatre-dependent
conductivity and radiation boundaries are covered in Chap5. Chapter 6
describes methods to import thermal source information frorRFE3 and
GamBet and how to apply modulation functions to model time variatios
of sources. Chapter 7 concludes material on scripts by summanigidiagnos-
tic commands for dynamic runs. These commands set times for theeation
of data les and location of probes. Chapter 8 covers featuresf the pro-
gram when run as an interactive Windows utility and procedwgs to run
HeatWave under batch le control. Chapters 9 through 12 describe the
analysis and plotting capabilities of theHWV postprocessor. Chapter 14
summarizes the format of theHeatWave output le. This information is
useful if you want to write your own analysis programs.

1.2 Theoretical background

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

The dynamic thermal transport equation has the following dierential
form:

@T
p@t: r (kl’ T)+ Qreg + inle + Qperf + Qrad: (1)
In Eq. 1, is the local mass density in kg/m, C, is the specic heat in
J/kg-°C, T is the temperature in°C, k is the heat conductivity in J/m-s-°C
and the Q quantities represents sources or sinks of thermal energy in Wfm
In steady-state, the temperature is determined by the Poisson eation:

C

r(kr T)= Qreg Qfile Qperf Qrad: (2)

Note that the static equation does not involve the material spec heat or
mass density. The standard Sl units used for thermal quantitiesra listed in
Table 1 and Table 2 gives some useful conversion factors.
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Table 1: HeatWave 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

Table 2: Thermal conversion factors

| Quantity | From | To | Multiply by |
Speci ¢ heat, C,, cal/(gm-°C) J/(kg-°C) 4180.0
Density, gm/cm3 kg/m?® 1000.0
Conductivity, k cal/(cm-s-°C) | J/(m-s-°C) 418.0

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

Region sources , Q,¢g. These sources are spatially uniform throughout
a region of the solution volume. Values are speci ed in thdeatWave
script. Time variations may be assigned to region sources in dym&
solutions.

File sources, Qe . These sources have spatial variations over the
solution volume. Values are loaded from les generated bRFE3

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

Thermal radiation , Q;ag. These sources represent losses through
thermal radiation from the boundaries of hot objects €.g. thermionic
cathodes).

Perfusion , Qperr. These sources model heat transfer by uid perfu-
sion. They are usually used to represent e ects of blood ow thragh
a microscopic network of capillaries in biomedical solutions.

Procedures to load le sources and to apply modulations are stiussed in
Chap. 6 while Sect. 5.3 covers thermal radiation from boundas. The pro-
cess operfusionis the permeation of animal tissue by a ow of blood through
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Figure 1: Probe geometry for theVALKTHROWds&inple, surfaces color-coded
by temperature.

a multiplicity of capillaries. The scale size for the e ect is to small to treat
directly. Instead, perfusion is modeled by a source or sink ternhat rep-
resents an average mass ow of blood that enters the tissue at an laient
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.

1.3 Walkthrough example

A quick way to understand the solution procedure is to step thragh an ex-
ample. We shall determine dynamic temperature pro les for aarray of four
thermal probes inserted into a conductive gel. In additionalo HeatWave
procedures, the example illustrates the e ective use of symmgtboundaries
and a variable-resolution mesh to nd accurate thermal ux valies on small
objects. Figure 1 shows the geometry of a single probe. The cylhital
metal probe at a xed temperature of 100°C has a diameter of 1.0 mm. The
exposed region of the probe extends from a spherical tip at= 20:5 mm
to z=0:0 mm. A 1.5 mm diameter sheath with poor thermal conductivity
covers the probe from the solution boundary azt = 100 mmtoz =0:0
mm. The four probes in the array have centers atx(= 5:0 mm,y = 5:0
mm), (x = 50 mm,y =5:0 mm), (x = 50 mm,y = 50 mm) and
(x =5:0 mm,y =50 mm). By symmetry, we need model only the probe



in the rst quadrant and apply the boundary condition @ T=@n0:0 along
the linesx = 0:0 andy = 0:0. The condition means that there is no thermal
ux across the boundary. We can apply the same conditiona = 10:0 mm
to approximate the e ect of an in nite extension of the sheathd probe in the

z direction. The solution volume has relatively large dimensit in x and
Y: Xmax = Ymax = 25:0 mm. The condition T = 0.0 °C is applied on these
boundaries to approximate the e ect of a large exterior massf anaterial at
ambient temperature.

To begin, transfer the les WALKTHROUGH AcNWALKTHROUGH 8GR
working directory. Run the program launcherAMAZE.EXEBnd make sure
the program and data directories are set correctlyi.e., to nAMAZEnd
NAMAZIBUFFERRun Geometer and load the le WALKTHROUGH. Mt
can experiment with di erent plotting capabilities of the program. Figure 22
shows a perspective view with the probe and sheath plotted as sblhod-
ies and the external xed-temperature boundary plotted in he wireframe
mode. Note that the parts that de ne the probe and sheath extendut
of the solution volume in the z direction. The extra length ensures that
MetaMesh will not try to t the ends of the cylinders. Exit or minimize
Geometer , run MetaMesh and click the commandFile/Load MIN le .
Pick WALKTHROUGH iMINe dialog and click OK. You can view or edit the
script with the File/Edit MIN le command. Table 3 shows the contents
of the le. Note that variable element resolution has been apjgd along all
directions to ensure accurate representations of the cylindal and spherical
surfaces of the probe Click on th&rocess mestcommand. MetaMesh  sets
up a foundation mesh, divides the volume into regions that repsent phys-
ical entities, and then ts designated surfaces. The program reqes about
10 seconds to create a mesh with 890,847 nodes. Click on fike/Save
mesh command. The resulting le WALKTHROUGHWDBe used as input
by HeatWave . At this point you may want to experiment with some of
the plotting capabilities of MetaMesh before proceeding to the next step.
Figure 2b shows a detailed cross section of the mesh near the probe normal
to the zaxisatz= 5.0 mm.

The next step is to runHeatWave from the AMaze program launcher.
The program requires two les: theMDFle generated by MetaMesh and
a script to control the solution. To generate the script, click o the SetUp
command. In the initial dialog, choose the dynamic option andlick OK.
HeatWave then displays the dialog of Fig. 3. Note that the elds ee divided
into three groups:



Table 3: Contents of the le WALKTHROUGH.MIN

* Dimensions in mm

GLOBAL
XMesh
0.00
4.00
6.00
15.00
End
YMesh
0.00
4.00
6.00
15.00
End
ZMesh
-10.00
18.00
22.00
End

4.00
6.00
15.00
25.00

4.00
6.00
15.00
25.00

18.00
22.00
35.00

0.25
0.10
0.25
0.50

0.25
0.10
0.25
0.50

0.50
0.20
0.50

RegName(1) = Gel

RegName(2) = Sleeve
RegName(3)
RegName(4)

END
PART
Region

Gel

Type Box

Fab 50.00 50.00 70.00

END

Probe

Boundary

PART
Region Sleeve
Type Cylinder
Fab 0.75 12.00
Shift 5.00 5.00 -6.00
Surface Region Gel

END

PART
Region Probe
Name ProbeBody
Type Turning
L -20.0 -0.5 20.0 -05 S
A 200 -05 205 0.0 20.0 0.0 S
A 205 0.0 20.0 0.5 20.0 0.0 S
L 20.0 05 -200 05 S
L -20.0 0.5 -20.0 -0.5
End
Shift 5.00 5.00 0.00
Surface Region Gel
Surface Region Sleeve
END
PART
Region Boundary
Type BoundXUp
END
PART
Region Boundary
Type BoundYUp
END
PART
Region Boundary
Type BoundzZUp
END
ENDFILE
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Figure 2: Mesh generation foWALKTHROW&hinple. a) Perspective view in
Geometer . b) Mesh detail in the planez = 5:0 mm nearx =5:0,y =5:0
Control parameters { quantities that control the solution process.

Region properties { physical characteristics of the regions of the
solution volume.

Diagnostics { control data dumps (spatial information at specied
times) and history les (temporal information at speci ed positons).

The eld entries in Fig. 3 have the following meanings.

DUNIT
Dimensions in theMDFle are given in mm.

TMAX
The run extends fromt =0:0 stot = 252:0 s.

DTMIN
Set a lower limit of 0.001 s for the integration time step detenined by the
automatic routines.

DTMAX
Set an upper limit on the integration time step of 1.0 s.
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Figure 3: Dialog to generate the script?VALKTHROUGH.WIN

DTIME
This eld can be used to set a xed time interval between data durps.

DATA RECORD TIMES
Create data dumps at 20.0, 50.0, 100.0 and 250.0 s.

PROBE POSITIONS
Set probes at the following positions: [0.0, 0.0, 15.0] and(00.0, 25.0].

The grid eld in the middle contains material properties for the four
regions of the solution volume. The bulk of the solution volumégel) and
the insulating sleeve are thermal conductors. The probe body $&t to the
xed temperature 100.0C and the boundary is set to 0.0C. Enter the values
shown, click OK and accept the default to save the scrip ALKTHROUGH.WIN
You can inspect the script and change values using the internatlieor of
HeatWave or any text editor. Table 4 shows the contents of the le. Note
how the command groups in the script re ect the grouping of dls in the
setup dialog.

Return to the main menu and choose the commanBun/Start run. In
the dialog pick the le WALKTHOUGH.AN click OK. The program reads

11



Table 4: Contents of the le WALKTHROUGH.WIN

* HeatWave 2.0 Script (Field Precision)
* -—- CONTROL ----
Mesh = walkthrough

Mode = Dynamic
DUnit = 1.0000E+03
TMax = 2.5200E+02

DtMin =  1.0000E-03
DtMax =  1.0000E+00
* ---- MATERIAL PROPERTIES ----
* Material 1

Cond(1) = 5.0000E-01
Cp(1) = 4.8000E+03
Dens(1) = 1.0000E+03
* Material 2

Cond(2) = 5.0000E-02
Cp(2) = 4.8000E+03
Dens(2) = 1.0000E+03
* Material 3

Fixed(3) = 1.0000E+02
* Material 4

Fixed(4) = 0.0000E+00
* ---- REGION ASSIGNMENTS ----
* Region 1. GEL
Region(1) = 1

* Region 2: SLEEVE
Region(2) = 2

* Region 3: PROBE
Region(3) = 3

* Region 4: BOUNDARY
Region(4) = 4

* -~ DIAGNOSTICS ----
SetTime =  2.0000E+01

SetTime = 5.0000E+01
SetTime = 1.0000E+02
SetTime =  2.5000E+02

History = 0.0000E+00 0.0000E+00 1.5000E+01
History = 0.0000E+00 0.0000E+00 2.5000E+01

EndFile
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Figure 4: Automatic adjustment of time step in the WALKTHROUGH.&¥IN
ample.

the mesh le, analyzes parameters in the script, calculates @pling coe -
cients for the nite-element calculation, advances the diusion equation and
creates the lesWALKTHROUGH,00IWALKTHROUGH,®ALKTHROUGH.P01
and WALKTHROUGH.POfe rst four les are data records at the speci ed
times and the nal les are the probe records. The on-screen digy shows
the progress of the run. Initially the time step is quite small inorder to
resolve the strong temperature gradient near the probeHeatWave auto-
matically increases the time step as the temperature pro le spads (Fig. 4).
The entire solution process takes about 3 minutes on a 3.2 GHz qouter.

Run HWV to analyze the data les. Click the Set solution seriescom-
mand in the File operations menu. Pick WALKTHROUGH.a0d click OK.
The commandLoad numbered solution in seriess now active. Pick the com-
mand and enter the number 4 in the dialog. The program loads tiafrom
the le WALKTHROUGH @J@4ted near the end of the run at = 250 seconds.
After the data is loaded thePlane plots Slice plotsand Surface plotsmenus
become active. Click on thePlane plots menu. Plane plots show the vari-
ation of quantities in a speci ed plane normal to one of the axee The plot
is constructed by projecting interpolated quantities on a rgular rectangular
mesh. Plane plots achieve dramatic e ects but may not show smaletails
of the conformal mesh solution. Take the following actions tooostruct the
thermal ux plot of Fig. 5:

Click the Set planecommand. In the dialog, choos& as the normal
axis and move the slider toy = 0:0.
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Figure 5: Example of a plane plot - thermal uxfy in the planey = 0:0.

Click the Plot style command in the Plot control menu and choose
Filled contours 2D

Click the Plot quantity command in thePlot control menu and choose
FX.

The plot shows the value of thex component of thermal ux (f, in W/m 2)
in the planey = 0:0. To export a copy to the default Windows printer, click
the commandDefault printer in the Export plot menu.

Click Return to go to the main menu and choosé&lice plots Like plane
plots, slice plots show the variation of quantities in a plane mal to one of
the axes. The di erence is that slice plots compute plot quarties directly
from the conformal mesh. The procedures are more di cult but an display
small details in the solution. Figure 6 shows the working envirmment for
slice plots. The main plot area shows a zoomed view of isothermsairplane
normal to z near the probe. The upper area on the right shows an outline of
the view region in the normal plane and the location of the skcalong the
normal axis. The lower area gives information on the plot.

Because slice plots are referenced to the conformal mesh, yon cantrol
visual operations (such as zooming and panning) with the mousk.is also
possible to nd information on thermal quantities at a point oralong a scan
line by pointing and clicking. As a nal activity, we shall determine the

14



Figure 6: HWV working environment in the slice plot menu.

variation of temperature along a radial line from x = 0:0, y = 0:0) to
(x =10:0,y =10:0) in the plane z = 20.09. Take the following actions:

1. If you changed the default slice view, click olice normal to Z in the
Change view menu. Use the red arrows in the toolbar to move to the
planez = 20:9. Finally, click on Global viewin the Change viewmenu.

2. Click the Open history command in the Analysis menu. Click OK to
accept the default le pre x of WALKTHROWBMYV  will write a record
of the scan calculation to the le WALKTHROUGH.DAT

3. Click the commandAnalysis/Line scan and move the mouse into the
plot area. The cursor changes to a cross-hair pattern to show that
pointing is active. Move the mouse toward the lower-left coer of the
plot until the entries in the status bar at the bottom of the screen read
x =0:0 andy = 0:0. (Note that the values change discontinuously -
mouse pointing is set to the snap mode by default.) When the mouse
is positioned, click the left button.

4. Next move the mouse to the positionX = 10:0, y = 10:0) and click
the left button. The program computes 100 values along the stdine,
enters the scan menu and creates the plot shown of Fig. 7.
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Figure 7: Scan plot in the oscilloscope mode.

5. Click on the Oscilloscope modeeommand. In this mode you can drag
cross-hairs with the mouse to query speci ¢ points on the plot. \Vaes
are listed at the bottom of the plot area.

6. Click the right mouse button to exit the oscilloscope mode andlick
Return to exit the scan menu. ClickReturn again to return to the
main menu.

Because a data le WALKTHROUGH).D@A3S been opened, thénalysis
submenu in the main menu is active. Choose the commarkhalysis/Full
analysis There will be a delay whileHWV performs a complex set of
volume and surface integrations to nd average temperaturghermal uxes
and other quantities. When the program has completed the tasklick on the
File/Close data le command and then choose the commartedit data le.
ChooseWALKTHROUGH iDAffe dialog and clickOK. The data le contains
guantitative information on the line scan and the global anaisis. Exit the
editor when you are nished. This discussion covered only a fraon of the
capabilities of HWV . Chapters 9 through 12 cover operation of the program
in detail.
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2 Organizing HeatWave calculations

2.1 Procedures and les

The HeatWave package contains three components:

The programHeatWave computes the physical solution and generates
data and history les.

HWYV is a dedicated post-processor for plotting and analyses of data-
le results.

Probe is a utility for plotting and analysis of history- le results.

HeatWave and HWV can run in two modes: interactively in a window or
autonomously in the background under batch le control. The atonomous
mode allows automatic processing of large or repetitive datatse

Two input les are required for a HeatWave solution:

A script that controls the run and de nes the physical propertes of
materials.

A MetaMesh output le ( MNAME.Mbfat describes the conformal
hexahedron mesh. The le contains node coordinates and thegien
numbers of elements and nodes.

Additional les may be necessary to de ne time variations of sowes and
xed temperatures and temperature variations of conductig materials.

The HeatWave script must have a name of the formRUNNAME.WIN
The program issues an error message if any input les are not awtle in
the current working directory. To organize data, the resultig output les
are assigned names of the forRUNNAME.QARUNNAME.QQ2RUNNAME.R01
RUNNAME.R02

A calculation generally includes the following steps:

1. Using Geometer or a text editor, prepare aMetaMesh script with
a name of the formRUNNAME.MiNat de nes the solution space.

2. Run MetaMesh to create a le MNAME.MDFstandard mesh informa-
tion. This le could be used as input for multiple HeatWave simula-
tions or for other AMaze solution programs.

3. Using the Setup dialog or a text editor, prepare aHeatWave script
(RUNNAME.WINat sets control parameters and de nes the material
properties of regions.

17



4. Run HeatWave to create data and history les. Data les are in
binary format and contain the following node and element qudities:
spatial coordinates, temperature, thermal conductivity, spa c heat
and thermal sources. History les are in text format and contain a
listing of the same quantities as a function of time at a speci mication.

5. Optionally, prepare a standardAMaze analysis script SNAME.SCR®
control an analysis session iIHWV .

6. Run HWV to create plots or to generate numerical data using the
information in any of the data les. The analysis may be perforrad
interactively or automatically under the control of a script

7. Run Probe to plot and to analyze history les.

It may seem that the procedure involves a large number of stepadia con-
siderable amount of preparation. In the long run, the method iV save you
time and aggravation. Breaking complex solutions into sevdramall steps
is always helpful. The scripts form permanent records of the tsg and can
often be used in di erent solutions with small modi cations. With a good
editor, script preparation is usually faster than repetitive nenu operations.
Table 5 summarizes the input and output les used in HeatWave.

Table 5 summarizes the input and output le used inHeatWave .

2.2 HeatWave script conventions

The HeatWave input script is a text le with data lines containing com-
mands and parameters. The script must end with thé&endFile command.
The programs make no distinction between upper and lower cadentries on
a line can be separated by the following delimiters:

Space, blank
Comma [,]

Tab

Colon [1]

Equal sign [F]

Left parenthesis [(]
Right parenthesis [)]

You may use any number of delimiters in a line. This means thatoy can
add indentations and customize the appearance of the script.oiFexample,
the two lines

Epsi 2 5.56
Epsi(2) = 5.56

18



Table 5: HeatWave le types
| Name form | Function | Status |

MNAME.MIN | Description of simulation geometry, input| Required
to MetaMesh

MNAME.MDF | Output from MetaMesh , input to Heat- | Required
Wave

RUNNAME.WINRun control and description of material| Required
properties, input to HeatWave

NAME.TMP | Time-dependent temperatureHeatWave | Optional
input

NAME.SRC | Time-dependent thermal source, input to Optional
HeatWave

NAME.CND | Temperature-dependent conductivity, in-| Optional
put to HeatWave

NAME.CP Temperature-dependent speci c heat, in+ Optional
put to HeatWave

RUNNAME.OO[LOutput data les from HeatWave , input | Optional
to HWV

RUNNAME.PQ1Output history les from HeatWave , in- | Optional
put to Probe

NAME.SCR | Analysis control, input to HWV Optional

NAME.DAT | Analysis data output from HWV Optional

19



have the same e ect.

HeatWave ignores blank lines and comment lines. Comment lines begin
with the symbol [*] (asterisk). Most parameters are real numbers.The
following formats are valid.

1.000
5.67E6
6.8845E+09
5

The nal number is interpreted as 5.0.

HeatWave accepts commands in any order. The program reads and
analyzes all commands before starting the solution. Genemgllit is good
practice to put control commands at the beginning and to grqu commands
that set material properties by region. The following examg illustrates a
complete script forHeatWave :

* File RADBOUNDARYDEMO.WIN
*oemeee Run parameters -------
DUNIT 100.0

MODE STATIC

NCHECK = 10

MAXCYCLE = 1500

OMEGA = 1.95

RESTARGET 1.0E-7

* --- Material properties -----

VOID(1)
COND(2) = 200.0
EMISS(2) = 1.0
INIT(2) = 800.0

COND(3) = 200.0
SOURCE(3) = 1.0ES8

*

--- Region assignments --------
REGION() = 1

REGION(2) = 2
REGION(3) = 3
INIT(3) = 800.0
ENDFILE

You may place any amount of text in any format after theEndFile command.
Therefore you can add extensive documentation that can be pé&ll when you
return to a simulation after a long period of time.
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3 Script commands for run control

3.1 General control commands

This section reviews script commands that control program opation. Each
command is shown in symbolic form that it might assume and also asitight
appear in an application. Some commands may apply to all sinatlons and
other commands are specic to the solution mode. This section views
general commands

MESH MPre x

MESH = XRayTarget

The pre x of the MetaMesh output le ( MPrefix.MDF to use for the de -
nition of the solution geometry. If the command does not appean a script
FPrefix. WIN , HeatWave searches for the default leFPrefix. MDF.

MODE [STATIC, DYNAMIC]

MODE = Static

HeatWave can nd two types of thermal solutions: static and dynamic.
The term static denotes a boundary-value solution of Eq. 2. In this mode,
the program always creates a single data IeERUNNAME.Q®dt the end of the
run and does not create any probe les. Adynamic run is an initial-value
solution of Eq. 1. In this mode the code may create several datacgprobe
les in response to diagnostic commands.

It is important to note that HeatWave uses di erent routines for the two
types of calculations. Static simulations involve a standard nite-element
representation of the Poisson equation and a matrix solution fahe temper-
ature. Dynamic simulations utilize reduced forms for spatiatierivatives to
ensure numerical stability for all choices of element geomgtand time step.
The static method has higher inherent accuracy for a given ehent size. As
a result, there may be small di erences between a static soluticemd a dy-
namic solution that approaches a steady state. Always use the statmode
for steady-state solutions.

DUNIT DUnit

DUNIT = 100.0

Use this command to set the units used iMetaMesh to create the input
mesh. The real-number quantityDUnit is the number of working units per
meter. For example, if you used dimensions of centimeters indMetaMesh
script, set DUnit = 100:0. The quantity DUnit is recorded in the output
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le and is used in HWV for the input and output of positions. Default:
DUnit =1:0.

FORMAT [Text, Binary]

Format = Text

By default, HeatWave creates output les FPREFIX.001in binary format.
This format can be loaded quickly and occupies minimal disk spa. A binary
output le is required if you want to use HWV to analyze the solution.
Chapter 14 describes the binary le structure.We have includkan option
to create output les in text format to make it easier to port results to your
own analysis programs. The string parameter may assume the vallgsary
or Text.

INTERP [SPLINE, LINEAR]

INTERP = Linear

This command controls the type of interpolation performedmthe tables used
to de ne temporal and temperature variations. Cubic spline iterpolations

are more accurate for smooth data. Because they preserve contns values
of the rst and second derivatives, cubic splines may give anonmals results
for poor data. Use theLinear option for noisy or discontinuous table values.
Default: Spline

SOURCEFILE FileName [SFact]

SOURCEFILE = LiverProbe.ROU 2.5

Load a thermal source le fromRFE3 or GamBet . Chapter 6 describe this
program function in detail.

SOURCEMOD TabFileName

SOURCEMOD > Function

Use this command to de ne a modulation function for thermal sowes im-
ported from RFE3 or GamBet . The function determines time variations
of the sources in dynamic runs. Details are covered in Chapter 6
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3.2 Static mode control commands

The following commands control operation oHeatWave in the static mode.
The program issues an error message if any of the commands are cleid in
a dynamic mode simulation.

RESTARGET ResTarg

RESTARGET = 5.0E-8

The numerical solution of the Poisson equation involves a larget of coupled
linear equations, one for each active node in the solution vohe. HeatWave
uses an iterative technique based on corrections that reduchet error in
T at a point compared to averages of values at neighboring nade The
residual is an average of the relative errors over all nodes in the salo
space during an iteration. This command sets a target value ftine residual.
The program stops if the error drops below the value. For goodceuracy,
the relative residual should be less than 16. If the value of ResTarg is
too low, the program may not converge because of roundo ermr In this
case, you can terminate a solution manually if you are runningleatWave
in the interactive mode by using theStop option. Default value: ResT arg=
50 10 7.

MAXCYCLE MaxCy

MAXCYCLE: 2500

The integer parameterMaxCy is the maximum number of iteration cycles.
HeatWave saves the solution and stops when it reaché@daxCy even if
ResT arg has not been attained. Default valueMaxCy = 2500.

NCHECK NCheck

NCHECK = 20

The operations to calculateResT arg take time; therefore,HeatWave usu-
ally does not make a check on every iteration cycle. The integparameter is
the number of relaxation cycles between convergence checkefault value:
N Check = 50.
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OMEGA Omega

OMEGA = 1.92

The real-number parametelOmegais the over-relaxation factor used to cor-
rect potential errors during the solution. This quantity mayhave a signi cant
e ect on the solution time. If the Omegacommand does not appeartieat-
Wave automatically picks values that vary with the iteration cyde following
the Chebyshev acceleration prescription. With this commandjou can set a
value manually. For numerical stability the value must be betwen 0.0 and
2.0. Higher values generally give faster convergence.

AVG Alpha Nc [ATarg]

AVG =1.00 8

The parameters , N; and Ay are active in solutions where there is a
temperature-dependent value of thermal conductivitk. In this case,Heat-
Wave must perform two tasks: 1) solve the matrix inversion that represés
the static thermal equation and 2) adjust conductivity valuesso that they
are consistent with the computed temperatures. A dual iteratio is neces-
sary, and such solutions have longer run times. The code uses thkof@ing
procedure:

1. Set values ofk in nonlinear materials using the initial values of tem-
perature in the elements. The temperature in a material is dier 1) a
value set with the Init command (Sect. 4.2) or 2) the default value of
0.0°C.

2. Solve the thermal equation using the initial values ok. HeatWave
stops when either 1) the number of cycles exceellkaxCycle or 2) the
residual is less tharResT arget

3. Use the new values of temperature to adjust in variable materials
using the formulak®= Kk (Tpew) + (1 YK (Toig)-

4. Calculate the relative material adjustment factorA,, the root-mean-
squared value of k=k and record the result in the listing le.

5. Terminate the calculation if A, Atrg Or the number of material
adjustment cycles equal®N.. Otherwise, return to Step 2.

The adjustment parameter must be in the range :0 1.0. The
choice = 1:0 is best ifk(T) varies smoothly. The number of cycledN.
determines the accuracy of the solution. Th&/LSle lists convergence infor-
mation. Generally, A, should be less than 10° for a good solution. If the
parameterA¢g IS omitted, the code runs for the fullN. cycles.
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Usually, solutions will be successful ik(T) has a smooth and simple
variation with temperature. The are two circumstances where solution
may fail:

The system as de ned is physically unstable. For example, conside
case where a given thermal sourc@ heats a medium wherd decreases
with temperature. As Q increases, temperature in the medium rise
non-linearly because of the decrease in conductivity. At somealue,
the temperature diverges to in nity. The interpretation is that runaway
heating would lead to disassembly of a physical system.

If k has a complex variation, there may be multiple equilibrium da-
tions. There is no guarantee thatHeatWave will nd a particular
one. In the worst case, the code will be jump between solutionsdan
the process will not converge.

In summary, you must ensure that material and system de nitions a& math-
ematically and physically valid when dealing with nonlineamaterials.

3.3 Dynamic mode control commands

This section lists commands that control operation of HeatWavéen the dy-
namic mode. Section 3.4 gives more details on setting the tinséep in the
initial-value solution. The program issues an error message if yaof the
commands are detected in a static mode simulation.

TMAX TMax

TMAX = 251.2

A required command that de nes the stopping timet,ox for the run. Enter
the value in seconds. All runs begin at = 0:0. The quantity t,ax should be
at least one time step larger than the latest time for recording data le.

DTMIN DtMin

DTMIN = 0.001

Set a minimum for the time step, over-riding the automatic stepselection
routines. Enter the value in seconds. Default: t,, =1:0 10 °s.

DTMAX DtMax

DTMAX = 0.05

Set a maximum value for the time step, over-riding the automat step selec-
tion routines. Enter the value in seconds. Default: ty,, = 1
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NSTEPMAX Ns

NSTEPMAX = 550

Set a maximum allowed number of time steps in the solution. Therpgram
stops when it reaches eithet,x or Ng. This command may be used to
ensure that solutions controlled by a batch le do not run out ofhand.
Default: Ng = 100; 000.

SAFETY Fsafe

SAFETY = 10.0

Sets a safety factor for automatic time-step adjustment. Typi values are
in the range 5.0 to 30.0. Higher values may improve accuracy thie expense
of longer computation times. Default:Fsye = 25:0.

NCHECK NCheck

NCHECK = 20

The parameter NCheck is the interval (in time steps) between automatic
time step adjustments. The parameter also equals the number ofrte steps
between adjustment of materials with temperature-dependéthermal con-
ductivity or speci c heat. The choice ofNCheck strikes a balance between
accuracy and run time. There is no simple prescription that cers all cases.
In complex solutions, you must determine a good value by experamtation.
The default is NCheck = 10.

3.4 Choosing a time step for a dynamic solution

HeatWave follows dynamic thermal transport by advancing in small time
increments t. Because time scales may vary several orders of magnitude
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 full tem-
perature drop occurs across a single element. If the solution spas about
100 elements on a side, the initial time step must be about 10,0@@nes
shorter than the time step appropriate to model thermal di usio in the full
solution space. To perform this large adjustmentieatWave has a routine
that estimates a good time step (Fig. 4). The procedure reliesxa calcula-
tion of the root-mean-squared value for the second derivativad temperature
over the full solution region. Although the automatic time stepfeature gen-
erally works well, some user intervention may be necessary besaiof the
wide diversity of problems thatHeatWave handles. Section 3.3 introduced
three commands that allow you to modify the time stepSafety, DtMin and
DtMax.
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SAFETY FSafe

The automatic time-step routine estimates a maximum allowedire incre-
ment by averaging over the full solution volume and then divids by the
factor Fsare . Generally, Fsae Should exceed 5.0. In may be necessary to use
higher values if there are large di erences in element size tve mesh or local
concentrations of temperature gradients.

DTMIN DtMin

The automatic time step routines ofHeatWave can cope with di cult so-
lutions where objects have initial temperatures that di erwidely from their
surroundings. Depending on the geometryleatWave may have to use ex-
tremely short steps to achieve accuracy early in time. Sometées, details of
the initial local temperature relaxation are not important To speed such cal-
culations, you can over-ride automatic selection of t by setting a minimum
time step with this command. The automatic routines take ovemhen the
estimate of t rises above tn,. The DtMin command is also important for
solutions driven by thermal sources where initially all nodeare at ambient
temperature. Because the second derivative of temperature Z28ro every-
where, HeatWave cannot estimate t. In this case, the program would
assign the small default value t =10 ° s resulting in a long run time.

DTMAX DtMax

Occasionally, the automatic routines irHeatWave may pick a time step that
is too large for good accuracy. This may happen if there is adal temperature
variation in a large solution volume at approximately unifom temperature.
In this case, you can use this command to constrain the maximumlaved
value of time increment. In picking tmax, Note that a good solution typically
runs 500 to 2000 steps.

HeatWave uses the Dufort-Frankel method to advance node tempera-
tures in time. The method has two advantages: 1) it is fully imfxcit and
therefore involves a minimum number of numerical operati@anand 2) it is
stable for any choice of t. The rst advantage accounts for the high speed
of HeatWave , even on large meshes. Although numerical stability is essen-
tial for a practical code, you should exercise caution in intpreting solutions.
HeatWave will always give an answer, even if quite inaccurate. You carse
the DtMax command to check the delity of a solution. Run the solution wih
a coarse time step and then cut t in half. Check for signi cant changes in
the predicted temperature. Note that because of potential rowd-o errors,
there is usually no advantage to using very short time steps.
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4  Script commands for basic material properties

4.1 Regions and materials

Material properties are handled di erently in HeatWave than they are in
the other AMaze solution programs. Physical properties are not assigned
directly to the regions de ned in MetaMesh . Instead, materials are de-
ned independently and one or more mesh regions are associateithveach
material. The motivation is that a material may involve multiple tables to
de ne time and/or temperature dependencies. Several regisigcan access the
material information, avoiding redundancy.

Sections 4.2 and 4.3 describe commands to de ne simple matégi&or
static and dynamic calculations. The following chapter covertime and tem-
perature variations. The following command must appear oncerf each re-
gion in both calculation modes.

REGION RegNo MatNo

REGION(3) = 1

Assign the properties of material numbeMatNo to the region RegNo de-
ned in MetaMesh . The default assignment isMatl ) Regl, Mat2 )

Red?,...

The HeatWave script should contain oneRegion command for each re-
gion in the mesh. Note thatMetaMesh records a list of regions at the
beginning of theMLSIle in the form of comment lines. As a reminder, you
can paste the text into theHeatWave script.

Several regions may be associated with a single material. Theogram
issues an error message ifRegioncommand references an unde ned material
(i.e., one for which no commands of the type described in the follavg
sections appear). HeatWave also issues an error messages if a region is
unde ned. The program makes formatted listings in thé/N/LSle so you can
check the validity of your material de nitions and region assinments.

4.2 Material properties in static calculations

The following commands may be used in static mode calculationdn all
commands the parameteMatNo is an integer number in the range 1
MatNo 32 that references the material. Multiple commands may be
necessary to de ne a single material. Material commands may agar in any
order in the script, although it is good practice to group commnds relating
to a single material.
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FIXED MatNo TFix

FIXED(3) = 110.5

Assign a xed temperatureTFix to all nodes whose region number is asso-
ciated with material MatNo. Enter the value of TFix in °C. Nodes with a
xed temperature are not a ected by the relaxation process ath will retain
the temperature TFix in the nal solution. As an example, a xed tem-
perature could be assigned to the surface of a metal pipe that ¢ams a
constant-temperature cooling uid

INIT MatNo Tinit

INIT(5) = -20.0

Set the temperature of nodes associated with materidatNo to the value
Tnit at the beginning of the relaxation solution. EnterTinit in °C. This
command will not a ect the nal state of a static calculation, but it may a ect
the convergence rate. Thénit command has no e ect on xed-temperature
nodes. Note thatTi,; is used to calculate initial values ok in temperature-
dependent materials. (Default:Tinit = 0:0 °C for all materials.)

SOURCE MatNo Qs

SOURCE(2) = 5.0E6

A source power density is assigned to elements with a region numlasso-
ciated with material MatNo. Enter the value of Qs in W/m 3. The power-
density is uniform over the region. If you want to set a speci c ttal power,
you can nd calculated region volumes near the end of thkletaMesh list-
ing le. In this case, remember to divide byDU nit  to determine the volume
in m3. A Sourcecommand should be combined with £ond command for a
complete de nition of a conductive material. Do not use &ource command
with a xed-temperature material.

COND MatNo Cond

COND(5) = 0.567

A uniform thermal conductivity Cond is assigned to elements with region
number associated withMatNo. Enter the conductivity in units of W/m-
°C.
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EMISS MatNo Epsi

EMISS(5) = 0.82

Elements associated with materiaMatNo have an emissivity equal to .

The number should be in the range 0 1.0. Elements with non-
zero emissivity emit thermal radiation through facets that beder on a void
material. The radiation power density is given byp= (T +273:15)}, where
pis the power density in W/m?, is the emissivity, is the Stefan-Boltzmann
constant andT is the temperature in°C. Thermal radiation is discussed in
Sect. 5.3.

VOID MatNo

VOID(6)

Elements with region number associated with materid¥latNo have thevoid
property. Void elements have zero thermal conductivity. Vias may be used
to model internal insulators. They are also used to mark which swates of
emissive elements ¢ 0:0) radiate into free space. In this case, void elements
must be located on the outer surface of the solution volume.

PERF MatNo Wb [Cpb Tb]
PERF(6) = 5.0 (3500.0, 38.0)

Set a xed value for the perfusion uid ow rate W, within a material.
Enter the value in kg/m3-s. The optional parameters are the speci ¢ heat
and enterting temperature of the perfusion uid. If they are rot speci c, the
defaults are the values for blood@,, = 3500:0 J/kg-°C, T, = 37:0 °C.

4.3 Material properties in dynamic calculations

The following commands have the same function in the dynamicaode as in
the static mode:

FIXED MatNo TFix
SOURCE MatNo QSource
COND MatNo Cond
EMISS MatNo Epsi

VOID MatNo

The following additional material commands are necessary faalcula-
tions with temporal variations.
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INIT MatNo Ti

INIT(3) = 37.0

Set the initial temperature of nodes with region numbers assated with
material MatNo to the value T; (°C). In contrast to the static mode, the
initial condition may have a signi cant e ect on the subsequentsolution.
This command has no e ect on xed-temperature materials.

DENS MatNo Rho

DENS MatNo 968.0

A dynamic thermal solution requires speci cation of the therral inertia of
materials, C, (where is the density andC, is the speci ¢ heat at constant
pressure). Use this command to set a value of density for elementghwi
region number associated with materiaMatNo. Enter the value in kg/m3.
To convert density values expressed in gm/ctn multiple by 1000.

CP MatNo Cp

CP(5) = 4800.0

Set a constant value of speci ¢ heat for elements with region mber associ-
ated with material MatNo. Enter the value in J/kg-°C.

PERF MatNo Wb [Cpb Tb]

PERF(6) = 5.0 (3500.0, 38.0)

Set a xed value for the perfusion uid ow rate W, within a material. Enter
the value in kg/m3-s. The optional parameters are the specic heat and
enterting temperature of the perfusion uid. If they are not specic, the
defaults are the values for blood@,, = 3500:0 J/kg-°C, T, = 37:0 °C.
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5 Advanced material properties

5.1 Temperature-dependent material properties

HeatWave can represent materials with reversible temperature-depeeanit
properties. Any variation may be de ned through exible tabular functions

A tabular function is a text le consisting of up to 256 data lines { each
line contains values for an independent and dependent vabia. To de ne

a temperature-dependent thermal conductivity, a data linecontains a tem-
perature value followed by the corresponding value of conduaty. You can
prepare tabular function les with a text editor, spreadsheetor the Table
Generator tool discussed in Sect. 8.2. You can also incorporate published
data or digitized experimental traces. The example of Table #as created
with a spreadsheet program. The intention was to model a sharpansi-
tion in conductivity between two constant values. Note that the le syntax
conforms to the same rules as theleatWave script. The free-form parser
accepts real numbers in any format separated by the standard laeiters.
You can add documenting comment lines starting with an asterisk The
EndFile command designates the end of data. You may add any descriptive
text after EndFile.

Although the lines of the example are ordered by increasing v of the
independent variable, this ordering is not required.HeatWave sorts the
list before use and records the nal order in the listing leRUNNAME.WLS
Furthermore, the intervals of the independent variable neknot be uniform.
Note that the entries in the example are clustered near the traition tem-
perature. The maximum number of tables for all purposes is 6@or spline
interpolations a table requires a minimum of 5 entries. You ngi ensure that
the tabular functions extend over the full range of temperatre that will be
encountered in the solution. The interpolation routines rairn 0.0 for values
of the independent variable o the table. O -table values mg often be a
source of error and confusion. TherefordjeatWave writes a message in
the listing le if any interpolation errors occur.

The interpolation method is controlled by thelnterp command. By de-
fault HeatWave uses cubic splines. This method gives smooth interpolations
that aid convergence. It is important to note that the quality of the interpo-
lation depends on the nature of the numerical data. Noisy data ay produce
large oscillations in a spline interpolation. The dependentugntity and its
rst derivative must vary smoothly over the table range, as in tle example of
Table 6. You can check the delity of spline interpolations byinspecting the
listing le RUNNAME.WRESer listing the sorted table, HeatWave records
a sample set of interpolated values. Use the linear interpolatiamethod for
noisy or discontinuous data.
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Table 6: Example of a tabular function le for temperature-c&ependent ther-
mal conductivity

* TWAVE.CND
* Thermal conductivity with a sharp transition
* 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

4000.0 200.0

ENDFILE
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COND MatNo TABLE TabName

COND(5,TABLE) = BRAIN.CND

This command functions in either the static or dynamic modes. [Ements
with region numbers associated with materiaMatNo have a temperature-
dependent thermal conductivity de ned by values in the tablar le Tab-
Name The le must be available in the working directory and have tle
sux CNDEach data line in the conductivity table contains a value othe
temperatureT (in °C) and the associated conductivityk (in W/m- °C). Note
that although all elements associated witiMatNo reference the same table,
they will not have the same conductivity if they are at di erernt temperatures.

CP(MatNo) TABLE TabName

CP(8,TABLE) = LIVER.CP

This command is valid only in dynamic solutions. It sets a tempeture-
dependent speci ¢ heat in elements with region number assoacsalt with ma-
terial MatNo. The string TabName refers to a tabular le in the working
directory. Each data line in the table contains a value of theemperature T
(in °C) and the associated value of speci ¢ heat, (in J/kg- °C). Note that
the density and speci ¢ heat always appear in the combinatiorC ,. Varia-
tions within a material where both the density and speci ¢ heathange with
temperature may be incorporated in theC, le.

5.2 Time variations of sources and xed temperature

Tabular functions may also be used to de ne temporal variatios for xed-
temperature conditions or thermal sources in dynamic solutio There are
two di erence from the tables discussed in the previous sectiort) the in-
dependent variable is time rather than temperature and 2) yo can specify
optional values to scale table values used in the program.

FIXED(MatNo) TABLE TabName [TimeAdj TempAdj]

FIXED(5,TABLE) = GRAPHITE.TMP (0.01, 1.00)

The de nition of a xed-temperature material in the dynamic mode is more
exible than in the static mode. You can de ne a material whose¢mperature
follows a prescribed temporal variation. For example, you otd check the
dynamic response of an assembly to a change in cooling water temgpeare.
The keyword Table designates a time-dependent temperature with waveform
de ned by the tabular le TabName The le must be available in the working
directory and have the su x TMPEach data line in the table contains a value
of the time t (in seconds) and the associated temperaturg (in °C). Note
that calculations always begin at timet = 0:0. The optional parameters
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Table 7: Commands to de ne temporal or temperature variatios

| Command | IndVar | DepVar | Mode
COND T (°C) k (W/m-°C) | Both
CP T (°C) Cp (J/kg-°C) | Dynamic
FIXED t (s) T (°C) Dynamic
SOURCE t (s) Q (W/m ?3) Dynamic

TimeAd and TempAd are scaling parameters. Values of time are multiplied
by TimeAd and values of temperature byl empAd as they are entered in
the program. In this way, you can construct a set of normalizeduhctions
that may be used in a variety of simulations.

SOURCE MatNo TABLE TabName [TimeAd] SrcAdj]]

SOURCE(7,TABLE) = NUCWEAP.SRC

Materials with speci ed time-dependent thermal sources mayeéde ned in
the dynamic mode. The keywordTable instructs the program to seek the
le TabName The le must be available in the working directory and have
the sux SRCEach data line in the table contains a value of the time (in
seconds) and the associated power density(in W/m ). Note that simula-
tions always begin at timet = 0:0. The optional parametersTimeAd, and
SrcAdj are scaling parameters. Values of time are multiplied by imeAd|
and values of power density bySrcAd| as they are entered in the program.
To illustrate an application, a time-dependent source couldéused to nd
the response temperature in a biological system to a change in raleblic
rate.

Table 7 summarizes theHeatWave commands that employ tabular in-
put.

5.3 Radiation boundaries

HeatWave can model heat loss by thermal radiation in models of high-
temperature systems like thermionic cathodes. To begin, we shaedview the
procedure used in the code to understand the capabilities anohitations
of the model. Radiating surfaces of arbitrary shape may be deed by cre-
ating regions inMetaMesh and then assigning radiation properties in the
HeatWave script using the Emiss and Void commands. As shown in Fig. 8,
thermal radiation leaves elements with non-zero emissivity & 0:0) through
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Figure 8: De nition of a radiation boundary in HeatWave .

facets that border on void elements. The power loss through ackt is given
by
Zz
dP = . dS (T +273:15)* (4)

The surface integral in Eq. 4 is taken over the facet. The tempature T is
computed from linear basis functions and temperatures at tHfeur connected
nodes. The quantity dP is the facet power ux, is the emissivity of the
radiating element and is the Stefan-Boltzmann constant. The foundation
of the HeatWave model is that thermal radiation always leaves emissive
elements - there is no incoming radiation. A calculation wit several bodies
at di erent temperatures that exchange radiation is extrenely complex and
is not handled by HeatWave . The following conditions must be satis ed
for a valid thermal-radiation simulation:

The physical system consists of contiguous regions with no intexin
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 e ective temperature of absolute zero. By e ective, & mean
that the absolute temperature of the surroundingg’s is much less than
that of the radiating elementsT,, so that T  Tg. This condition en-
sures that there is negligible incoming radiation from the suvoundings.

All radiating facets have a clear line-of-sight to in nity. Figure 9 illus-
trates a system where the conditions are violated.
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Figure 9: System that violates validity conditions for aHeatWave simula-
tions with thermal radiation.

Simulation of heat transfer in a high-temperature structurenvolves two
tasks:

1. In MetaMesh set the solution volume boundary so that it is at least
one element larger than the structure in all directions. Fill he solution
volume with a region that will be de ned as a void inHeatWave .
Finally, carve out the parts that de ne the physical structure

2. In HeatWave assign the void condition to the material associated
with the peripheral region. Assign appropriate values of emissiy to
materials associated with radiating regions of the structurehtat border
on the void elements.

In the subsequent calculation,HeatWave will include thermal radiation
as a negative source term in radiating elements. In dynamic calations,
sources are calculated using values of the temperature thakaime-centered
in the di erence scheme, giving second-order accuracy. In siatalculations,
HeatWave simultaneously updates surface temperatures while it perfosnm
the relaxation solution of the boundary-value problem. Thesfore radiation
problems may converge more slowly. You can reduce the run tinsegni -
cantly by starting nodes of the system close to the expected naktnperature
using the T Init command.

The example RADBOUNDARY DiEigt€ates the accuracy of the method.
Figure 10 shows the geometry for the calculation. A sphere ofdias 3.0
cm has thermal conductivity 200 W/mC and emissivity = 1:0. The
inner portion of the sphere of radius 1.5 cm is a thermal sourcetiva total
volume-integrated power of 414 10° W. The outer surface of the sphere
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Figure 10: Mesh geometry for the(RADBOUNDARY [2&&faple - slice in the
planez = 0:0.

has a surface area of:131 10 > m?. In equilibrium, the radiation ux is
1:25 10° W/m 2. The corresponding temperature predicted from Eq. 4 is
946.3°C.

Table 8 shows theHeatWave control script. Region 1 (blue elements
in Fig. 10) is de ned as a void and Region 2 (violet elements) ka = 1:0.
Therefore, radiation leaves the outer surface of the sphere. tdahat both
Region 2 and Region 3 (the section of the sphere with a source) assigned
an initial temperature of 800°C to speed the calculation. Figure 11 shows the
evolution of the residual and maximum temperature in the solubn volume
as a function of relaxation step. The surface temperature detained by
HeatWave is 943.3 /dg C, a dierence of only 0.3% from the theoretical
prediction.
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Figure 11: Variation of the relative residual and peak tempeature during
the relaxation solution for the exampleRADBOUNDARYDEMO

Table 8: HeatWave scriptRADBOUNDARYDEMO.WIN

*ooee Run parameters --------
DUNIT 100.0

MODE STAT

NCHECK = 10

MAXCYCLE = 1500

OMEGA = 1.95

RESTARGET 1.0E-7

* oo Material properties -----
VOID(1)

COND(2) = 200.0

EMISS(2) = 1.0

INIT(2) = 800.0

COND(3) = 200.0

SOURCE(3) = 1.0ES8

* e Region assignments ------
REGION() = 1

REGION(2) = 2

REGION(3) = 3

INIT(3) = 800.0

ENDFILE
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6 Thermal source distributions from RFE3 and
GamBet

6.1 Function and commands

HeatWave can import spatially-distributed thermal sources generatedyb
RFE3 and GamBet . RFE3 calculates resistive power deposition by AC
and RF electric elds. GamBet employs Monte Carlo methods to model
transport of high-energy electron, photons and positrons in atter. The
code creates pro les of dose and power deposition in materials.

The following commands are used to load and to modify thermal sice
les.

SOURCEFILE FileName [SFact]

SOURCEFILE = LiverProbe.ROU 2.5

Load an output le from RFE3 or GamBet to de ne thermal sources. The
command is valid in both the static and dynamic modes oHeatWave .
For RFE3 , the same mesh must be used for both the eld calculation and
the thermal calculation. Similarly, the GamBet solution must employ the
three-dimensional geometry mesh used for thdeatWave calculation. In
either case, it may be necessary to include redundant regionsatrassume
di erent properties in the two calculations. The RFE3 input le contains
values for the thermal source (in W/n?) in each element of the mesh. The
GamBet le contains element dose rates that are converted to power dsity
by multiplication by the material density . In this case,HeatWave checks
that the density values in the script are identical to the densit values in the
GamBet le. Power-density values are multiplied by the optional paameter
SFact when loaded. In a dynamic solution, the source values may also be
multiplied by a modulation function de ned with the SourceModcommand.
Only a single SourceFile command may appear in a script. File sources
may be combined with other types of thermal sources (regionggusion or
radiation).
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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 stringTabFileName s the full name
of a le that de nes a modulation waveform. The le has the fom of a
tabular function (Chap. 5.2). 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. Theported
source values are multiplied byf (t) to nd the power-density distribution
at the current time. Be sure to include the commandnterp Linear if the
modulation function has discontinuities of value or slope. Téatime variation
does not a ect independent region, perfusion or radiation soces.

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.

HeatWave incorporates a exible and robust algebraic function inter-
preter. A function is a string (up to 230 characters) that may iclude the
following entities:

The time variable $t.

Real and/or integer numbers in any valid format .9, 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).

Functions: abs (absolute value), sin (sine), cos (cosine), tan (tan-
gent), In (normal logarithm), log (base 10 logorithm),exp (normal
exponent) andsqt (square root).

Up to 20 sets of parentheses to any depth.

Any number of space delimiters.
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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 — (5)

6.2 Application example

This section reviews a simple example that shows how to import wer den-
sity les generated by GamBet into a HeatWave solution. The following
input les are supplied in the example library:

SOURCEGB.M8#geci cation of the mesh for theGamBet and Heat-
Wave calculations representing a copper cube with sides of lengttD4
cm.

SOURCEGB.PR8et of primary electrons for theGamBet calculation.
The le de nes 611 electrons at the entrance face of the cubeaving in
the +z direction. Electrons with kinetic energy 45 MeV are uniforry
distributed over a beam of radius 0.5 cm. The beam currentis2@ A
(total power, 10.0 kW). This le was created with the Circular Beam
Tool of OmniTrak .

SOURCEGB,GHéntrol le for GamBet . For good statistics, 10 show-
ers are created for each primary electron.

SOURCEGBBV .Vebitrol le for a static calculation in HeatWave to
determine the steady-state temperature for a continuous beam

PULSE30.MOModulation function to de ne a 30 second pulse.

SOURCEGBIV.\WeNntrol le for a dynamic calculation in HeatWave .
The calculation gives time variations of temperature durig and after
the beam pulse.

The mesh volume (Region 1) consists of a single region with 64,00-
form 1.0 mm cubic elements. Nodes on the solution volume are desited
as Region 2. In theGamBet calculation, the boundary nodes have the
same material identity as the volume. Figure 12 shows the dosestitibution
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Figure 12: Dose distribution for the exampleSOURCE®@RBhe planey = 0:0.
Two cycles of smoothing have been applied.

recorded in theGamBet output le SOURCEGB.G30Ootal of 7.781 kW is
deposited in the medium. The remaining power is lost as escapiggmma
rays and backscattered electrons. The peak dose (determined éhectron
scattering) occurs at a depth of about 0.6 cm. When the le is pted to
HeatWave , the recorded dose in grays (J/kg-s) is multiplied by the mateal
density to give power density in W/m?.

Table 9 lists the HeatWave script for the static calculation. Region
1 has the thermal conductivity of copper, while Region 2 is séb the xed
condition T = 0:0°C. The SourceFilecommand handles all details of loading
and normalizing the GamBet output le. Figure 13 shows the resulting
temperature distribution. Despite the large beam power, theigh thermal
conductivity of copper limits the peak temperature to aboutl62 °C. The
peak occurs 0.8 cm from the entrance face, shifted from the pasn of peak
dose because of the asymmetric thermal ux.

Table 10 shows the script for the dynamic calculation with,,x =51:0 s.
Values for the speci c heat and density of copper must be suppliddr the
material of Region 1. TheSourceModcommand loads the lePULSE30.MOD
to de ne time variation of all element power-density values drived from the
GamBet solution. The entries in the modulation table equal 1.0 fromh=0:0
stot =29:0 s and 0.0 fort > 310 s. The linear interpolation option must
be used because of the data discontinuity. The diagnostic comntset a
probe at the position of peak temperature and record spatial sliributions
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Table 9: Contents of the le SOURCEGBBV.WIN

* -———- CONTROL ----

Mesh = SourceGB

Mode = Static

DUnit 1.0000E+02

ResTarget = 1.0000E-07
MaxCycle = 5000

SourceFile = SourceGB.G3D

* -——- MATERIAL PROPERTIES ----
* Material 1

Cond(1) = 410.0

* Material 2

Fixed(2) = 0.0000E+00

* -——- REGION ASSIGNMENTS ----
* Region 1. COPPER

Region(1) = 1

* Region 2: BOUNDARY
Region(2) = 2

EndFile

Figure 13: Steady-state temperature distribution in the plaey = 0:0 for the
example SOURCEGBBV
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Figure 14: Time-dependent temperature recorded by a probear the posi-
tion of peak temperature [0.00, 0.00, -1.20], examp&BOURCEGBIV

when the solution has approached the steady-state temperatudéstribution

(t = 25:0 s) and during the cool-down periodt(= 35:0 s). The probe output
is illustrated in Fig. 14. The spatial data les show a shift in thetemperature
distribution after the end of the beam pulse. The initially skewed distribution
of Fig. 13 becomes symmetric within the cube at long times.
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Table 10: Contents of the le SOURCEGBIV.WIN

* - CONTROL ----
Mesh = SourceGB

Mode = Dynamic
DUnit =  1.0000E+02
TMax = 51.0

DtMin = 0.001

DtMax = 0.1

Interp = Linear

SourceFile = SourceGB.G3D
SourceMod = Pulse30.MOD

* -—-- MATERIAL PROPERTIES ----
* Material 1

Cond(1) = 410.0

Cp(1) = 3850.0

Dens(1) = 8960.0

* Material 2

Fixed(2) = 0.0000E+00

* ---- REGION ASSIGNMENTS ----
* Region 1: COPPER

Region(1l) = 1

* Region 2: BOUNDARY

Region(2) = 2

* --—-- DIAGNOSTICS ----

* Near maximum temperature point
History = (0.0, 0.0, -1.2)

SetTime = 25.0
SetTime = 35.0
EndFile
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7 Diagnostic commands in dynamic solutions

Diagnostic commands control the creation of data and probeek in dynamic
solutions. The rst three commands set times to record data les. e last
command de nes probe positions for history les.

DTIME DTime

DTIME = 0.2

Use this command to create data les at uniform time intervals. e quantity
DTime is the approximate interval (in seconds) between dumps. Because
HeatWave uses variable time steps, it is not possible to ensure that the
dump occurs at an exact time. Instead, the program writes datanmediately
after passing the desired time. For exampléjeatWave will write dump 010
whent 10 DTime. Default: DTime = 1

SETTIME RecordTime

SETTIME 3.45

You may want to inspect data at certain critical times or at theend of a
run. In this case you can set up to 100 time markers using multipeetTime
commands.HeatWave will write data as soon as possible after passing each
marked time. To ensure that the data is recorded, s€l.x slightly larger
than the last recording time. Note that multiple SetTime commands must
appear in the script in the order of increasing time. Default: Alrecording
times set to in nity.

NSTEP NStep

NSTEP = 100

In response to this commandHeatWave creates data les at a uniform
interval of time steps.

Note that the three commands for data les can work concurrefy. Be
careful in setting the parameters. You may generate enough @ato Il a
hard disk.
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HISTORY XPos YPos ZPos

HISTORY = (5.00, 9.85, 10.00)

HeatWave opens a new history leRUNNAME.RBRUNNAME.RO2for each
occurrence of theHistory command. The real-number parameters give the
spatial location of a probe to record temperature and other #rmal quan-
tities as a function of time. Enter the coordinates in the disince units set
by DUnit. You can de ne up to 12 probe positions with multipleHistory
commands. HeatWave issues an error message if the specied position is
outside the solution volume.

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 coiomand
to set the number of time steps per data record in the history les.The
default value isNg = 1.
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Figure 15: HeatWave display during a solution.

8 Running the HeatWave program

8.1 Interactive operation

The programheatwave.exe can run interactively in a window. In this mode
you can perform several solutions in a session and temporarily Veathe
program to work on other tasks. You can launch the program frorAMaze
or create you own shortcuts. Figure 15 shows the program window.

The program menu has four main commanddzile, Setup Run and Help.
The following commands appear in thé-ile popup menu.

EDIT SCRIPT

EDIT LISTING FILE

EDIT FILE

The commands call up the internal editor to inspect or to modjf text input

and output les for the solution program. With the Edit script command you
can work on les with names of the formFPREFIX.HINWith the Edit listing

le command you can pick les with names of the fornFPREFIX.HLSThe
Edit le command shows all available les. Choosing a le from an alterna
directory does not change the working directory of the progm. Note that
the main program will be inactive until you exit the editor.

SETUP

In response to this commandHeatWave prompts for the name of aMetaMesh
le and brings up the dialog of Fig. 3. Fill in values for contol parameters
and material properties to create a basic script. You can use awmli®or to
modify the script or to add the advanced functions described i€haps. 3, 4
and 5.

The Run menu has three commands.
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START RUN

Pick an input le with a name of the form FPREFIX.WINb start a solution.
The working directory changes if you pick a le from an alterate directory.
The run begins if the requestedMetaMesh le MPREFIX.MDFE available
in the working directory. HeatWave displays information in the window to
show the progress of program operations (Fig. 15).

PAUSE RUN

The intensive calculations ofHeatWave make demands on the resources
of your computer, possibly causing other tasks to run slowly. If ypneed
to perform critical work, you can pause the solution program ding the
integration or relaxation process and restart it later withow loss of data.
Note that if you have a dual-processor machine, the Windows ofzing
system will shunt tasks so that you have approximately the power afne
processor wherHeatWave is running. To use the full power of the machine,
you can launch two instances oHeatWave to perform two independent
calculations.

STOP RUN

This command terminates the program during the relaxation mcess and
saves available output data. For example, in a static run you nyawant to
stop at a moderate value of convergence to check whether theoptem has
been correctly de ned.

The Help menu has two commands.

HEATWAVE MANUAL
The command displays this manual using your default PDF vieweiThe le
heatwave.pdf must be in the same directory asieatwave.exe.

TABLE GENERATOR
Run the utility described in the next section to create a tabula function
from a mathematical expression.

8.2 Table generation tool

This tool provides a quick way to create tabular function les to represent
variations with temperature or time from mathematical fundions. Click on
the commandHelp/Table generatorto bring up the dialog of Fig. 16. Supply
information in the following four elds:
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Figure 16: Table generation tool

Table le name . Enter a name for the le, such asLIVER.CNDThe
string may contain up to 36 characters.

$x(min) and $x(max) . The range of the independent variable (real
numbers).

Function (f($x) . An algebraic function of the variable$x following
the rules discussed below. The string may contain up to 255 chatexs.

NEntry . The number of data lines in the table. The maximum value
is 256.

When you click OK, the table generator opens a text le, writes a heading
and addsNEntry data lines, [bx, f($x) ]. The values are evenly spaced
along $x from $x(min) to $x(max). Finally, the table generator appends
ENDFILE, closes the le and then closes the dialog.

A function is a string (up to 255 characters) that may include tle following
entities:

The independent variable$x.

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).

Functions: abs (absolute value), sin (sine), cos (cosine), tan (tan-
gent), In (normal logarithm), log (base 10 logorithm),exp (normal
exponent) andsqt (square root).
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Table 11: Extract from the le SINSQ.DAT

* Field Precision Table Generation Tool
Number of entries: 100
XMin:  0.0000E+00
XMax:  1.0000E+01
Function: (sin($x))"2
0.0000E+00 0.0000E+00
1.0101E-01 1.0168E-02
2.0202E-01 4.0260E-02
3.0303E-01 8.9051E-02
4,0404E-01 1.5456E-01
5.0505E-01 2.3411E-01

* 0k X F

9.7980E+00 1.3293E-01

9.8990E+00 2.0852E-01

1.0000E+01 2.9596E-01
ENDFILE

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 pathases, unrec-
ognized characters and sequential binary operations. To ifitrate a valid

example, the expression

1 - exp(-1.0%(($z2 + $r"2)/24))

corresponds to

n !#
z2+r?

24
The entries in the dialog shown in Fig. 16 give the le shown in Tale 11.

1 exp (6)

8.3 Automatic runs under batch le control

Batch le control is a useful option for running large technial programs like
HeatWave . You can prepare scripts to organize complex operations. The
sequenced programs run automatically in the background. Thifeature is
particularly attractive on dual-processor machines.
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To run a single HeatWave calculation in the background, go to the
Command Prompt from Windows and log to the data directory th& con-
tains the required MDFand WIN les. For example, suppose the data les
RUNAWAY .Midtel RUNAWAY .Hixe stored innAMAZEBUFFERNd that the
program heatwave.exe is in the directory nAMAZEFrom nAMAZiBUFFER

type

.\HEATWAVE RUNAWAY <Enter>

The program runs silently, writing detailed information in the listing le
SWITCH.WLB the solution is successful, the program creates output lesi
the data directory.

The main function of the command mode is autonomous operatiaunder
batch le control. As an example, suppose you have prepared theput
les METABO1.M|N,METABO08.MIind METABOL1.HIN.,METABOS8.HIM the
directory nAMAZEBUFFERext you create the following batch leMBRUN.BAT
in the data directory using a text editor:

@ECHO OFF

ECHO Main switch data run

START ..\METAMESH.EXE METABO1
START .\HEATWAVE.EXE METABO1
START ..\METAMESH.EXE METABO02
START .\HEATWAVE.EXE METABO2

START ..\METAMESH.EXE METABOS8
START .\HEATWAVE.EXE METABO8

Type
SWRUN <Enter>

to generate all solutions without the need for further keybaa input.
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Figure 17: Dialog to pick a solution le from a series

9 HWV { le operations and plane plots

9.1 File operations

The HWV post-processor is designed for the analyses of data les created
by HeatWave . These les contain complete spatial information at speci-
ed times. The program has the following popup menus¥File operations
Analysis, Plane plots Slice plots Surface plotsand Help. When the program
starts, only the File and Help menus are active. You must load a data le
in order to create plots or to perform analyses. This section rews options
in the File operations menu.

SET SOLUTION SERIES

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 sessionHWV
counts the number of les in the series, records the times andgfilays the
dialog of Fig. 17. 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

Load a di erent solution le in a series. HWV displays the dialog of Fig. 17.
Pick a di erent solution and pick OK. This command is active oy when a
series has been speci ed.

SOLUTION FILE INFORMATION
The command shows a message box with information on the currentbaded
data le.
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RUN SCRIPT

Sometimes you may want to perform complex or repetitive angdes on a set
of similar solutions. Analysis script operation is a powerful feate of HWV .
This command displays a dialog with a list of analysis scripts (sux SCIR
that you have created. Pick a le and clickOK. Changing directories in the
dialog changes the working directory of the program. The ahgsis script can
load data les, open and close history les, and perform any of theumerical
functions described in this manual. Section 12.4 reviews tlaalysis script
language.

CREATE SCRIPT

Use this command to create scripts using the internal editor. A xarequests
a le pre x. The resulting script le will be saved as FPREFIX.SCRext, the
program opens the le in the editor and writes the referencast of allowed
commands shown in Table 12. Enter commands in the space ab&mdFile.
After saving the le, you can run it using the Run script command.

EDIT SCRIPT

Use this command to change an existing script le. The dialog listdes in
the current directory with the subscript SCRChanging directories does not
change the working directory of the program.

OPEN DATA FILE

Several of the analysis commands likeoint calculation and Line scan gen-
erate quantitative information. You can automatically reord the data gen-
erated during an analysis session by opening a data le. Supply & pre x
in the dialog or accept the default. The text data le has a nara of the form
FPREFIX.DA®BNd will be stored in the working directory. You can use an
editor to view the le or to extract information for mathematical analysis
programs or spreadsheets.

CLOSE DATA FILE

Use this command if you want to start a new le to record data. The dta
le is automatically closed when you exit the postprocessor. O#rwise, you
must close the le before using theEdit data le command or loading the
le into another program. Failure to close the le may result ina Windows
Resource Sharing Error.

EDIT DATA FILE
View or modify les with names of the formFPREFIX.DAT
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Table 12: Create script - default le content

* AMaze script file
* Insert commands here...
ENDFILE

--- Script command summary ----

INPUT FileName

[Close current solution file and load FileName]
OUTPUT FPrefix

[Close current data file and open FPrefix.DAT]
NSCAN 100

[Set the number of points in a line scan]

POINT xp yp zp

[Point field calculation at the given coordinates]
LINE xpl ypl zpl xp2 yp2 zp2

[Scan along a line between the given coordinates]
FULLANALYSIS

[Write analyses for all region to the data file]
REGION RegNo

[Write an analysis for region RegNo to the data file]
MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
[Write a matrix of field values to the file FileName]
ENDFILE

[Terminate the analysis]
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Figure 18: lllustration of a plane plot { 3D lled contour type.

EDIT FILE
Use the program editor to view or to modify any text le.

The Help menu shows program information and contains the following
command:

INSTRUCTION MANUAL
Displays this document in your default PDF viewer. The leheatwave.pdf
must be in the same directory ahwv.exe.

9.2 Plane plots

Plane plots (Fig. 18) are two-dimensional plots that show theariation of

guantities over a plane normal to one of the Cartesian axes. Rla plots
provide simple and quick views of the solution space. The teclguie is to
generate a rectangular mesh of values over a speci ed planagiean and then
to create plots in a variety of styles. No attempt is made to conme the plot

mesh with the conformal mesh of the simulation. Slice plots, disssed in
the next chapter, are also two-dimensional in a plane normal tan axis. The
di erence is that slice plots are built using the computationbhmesh. They
show precise region boundaries and equipotential lines in &wscale. Slice
plots are more di cult to construct than plane plots.
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Figure 19: Set plane dialog.

SET PLANE

This command brings up the dialog of Fig. 19 to set the plane fdhe plot.
Set the normal axis with the radio buttons at the top. For exarple, for a
choice ofz the plot will be created in the x-y plane. You can use the slider
bar to set the position along the normal axis or type a value in t box.
The range of the slider bar is automatically set to the limits othe solution
volume along the normal axis. The boxes at the bottom determithe plot
range in the normal plane. The default settings are the limitsf the solution
volume. Note that plane plots are constructed to Il the maximun area.
They do not preserve scaling in the normal plane.

The following commands are in thePlot control popup menu:

PLOT STYLE
This command brings up the dialog of Fig. 20 to set the plot styleAs an
example, Fig. 18 shows théilled contours 3D plot style. The numbers at
the bottom give the resolution of the mesh used to create the ploHigher
values give more detail but require longer regenerate timeshe default is a
51 51 mesh.

PLOT QUANTITY
Set the quantity to be plotted. The following options are avdable:
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Figure 20: Plot style dialog.

T: temperature in°C.

j Fi, Fx, Fy and F,: amplitude and components of the thermal ux in
W/m 2,

k: thermal conductivity in W/m- °C. This plot is meaningful only for
simulations that include materials with temperature-depedent con-
ductivity.

Cp: specic heat in J/kg-°C. This plot is meaningful only for dynamic
simulations that include materials with temperature-depedent speci ¢
heat.

Q: thermal source in W/m3. This plot is useful mainly when spatially-
dependent thermal information is imported fromRFE3 or GamBet .

PLOT LIMITS
Set limits for the plotted quantity. When Autoscale is active, HWV auto-
matically sets limits based on the range of values in the solutiole.

ROTATE PLOT
This command is active only for theFilled contours 3D and Gradient plot
3D styles. You can rotate the plot in 90 increments for the best view.
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The commands of theExport plot menu are used to generate hardcopy or
to create plot les.

DEFAULT PRINTER

With this command, a HWV plot can be ported to any installed Windows
printer (including network printers, postscript drivers, PDF drivers...). You
can generate colored plots if you have a color printer. Note &l the current
screen plot is sent to the default Windows printer. If necessarghange the
default using the Settings command of Windows before issuingglftommand.

PLOT FILE (EPS)

PLOT FILE (BMP)

PLOT FILE (PNG)

Use this command to make a plot le of the current screen plot in ter
encapsulated PostScript, Windows bitmap or portable networkraphics for-
mats. Supply a le pre x in the dialog box. The plot le will be c reated in the
current directory with a name FPREFIX.EPS-PREFIX.BM& FPREFIX.PNG

COPY TO CLIPBOARD
The current plot is copied to the clipboard in Windows Meta le format. You
can then paste the image into graphics software.
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Figure 21: Slice plot showing isotherm lines and region bourris.

10 HWV { slice plots

10.1 Setting the slice view

Slice plots are two-dimensional plots that show the variatiorof quantities
over a plane normal to one of the Cartesian axes. In contrast to gie
plots, slice plots are based on the structure of the mesh projecténl a slice
plane. This structure may be quite complex for a conformal mestherefore,
slice plots require more computational e ort. To facilitatethe process, slices
are constructed at discrete locations along the normal axis cesponding
roughly to the planes of the foundation mesh. The precise rentley of mesh
information enables point-and-click analysis operationspfint calculation,
line scan, ...) in the slice.

The Change viewpopup menu contains commands to set the slice plane
and to adjust the dimensions of the plot.

SET SLICE PLANE PROPERTIES

This command calls up the same dialog as th8et planecommand in the
plane plot menu (Fig. 19). You can change the normal axis, chge the
position along the normal axis, and set plot limits in the normaplane.

SLICE NORMAL TO X
SLICE NORMAL TO Y
SLICE NORMAL TO Z
Quick commands to change the normal axis.
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JUMP FORWARD

STEP FORWARD

STEP BACKWARD

JUMP BACKWARD

Move along the slice axis by small or large steps. The small step ispagpxi-
mately one layer of the foundation mesh and the large step is 5/&s. The
term forward implies motion toward higher indices of the normal axis. The
slider bar in the orientation area to the right of the plot (Fig. 21) shows the
current location.

ZOOM WINDOW

As an alternative to the entries in theSet slice planedialog, you can inter-
actively change plot limits in the normal plane using the mouseChoose the
command and move the mouse pointer into the plot area. The statubar
enters coordinate mode. It shows the current mouse position ihg plot. Use
the left button to pick one corner and then move the mouse to cate a view
box. Click the left button again, and the plot regenerates. Orany coordi-
nate operation, press theé=1 key if want to enter values from the keyboard.
Note that the normal plane box in the orientation area to the mjht of the

plot (Fig. 21) shows the dimensions of the slice plane and the dine of the

current zoomed view.

ZOOM IN
Enlarge the plot about the current view center.

EXPAND VIEW
Expand the plot about the current view center.

GLOBAL VIEW
Enlarge the plot boundaries to show the entire normal plane.

PAN
When the plot is zoomed, you can use this operation to shift thauorent view
center. Use the mouse to de ne relative start and end points for #éhshift.

10.2 Setting slice plot properties

The commands in thePlot control popup menu are used to set the plot style
and mouse options.
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Figure 22: Slice plot style dialog.

SET SLICE PLOT STYLE

This command brings up the dialog of Fig. 22. TheRegion plot style is
a cross-section view of the mesh element divisions color-coded region.
In contrast to the logical plane plot of MetaMesh , HWV attempts to
resolve the exact mesh structure in the plane. Th€ontour plot style shows
lines of constant temperature. The vector component of therah ux in the
normal plane is perpendicular to the isotherms with magnitue inversely
proportional to the distance between lines. Thedclement plot style shows
elements in the slice color-coded according to temperaturéd Vector plot
superimposes lines of thermal ux on an element plot. The chetlox Region
shadingis active for contour plots. When the box is checked;lWV adds
light background colors to show the boundaries between di ent conductive
regions. Only xed-temperature regions are colored when reg shading is
inactive. When the Element outline box is checked the program shows the
boundaries of elements in element and vector plots. The quatyt Vector
density determines the density of lines in vector plots. Increase the mber
for a higher density of shorter lines.

PLOT QUANTITY

The contour plot style is limited to temperature, while the vetor plot style
can display temperature or the magnitude of the thermal ux. Usethis
command to pick the quantity that will be displayed in the elenent plot
style. The following quantities are available irHWV
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T: temperature CC).

Fx, Fy, F, jFj: thermal ux components and amplitude (W/m?).
Q: source power density (W/n¥).

k: thermal conductivity W/m- °C.

Cp: speci c heat, J/kg-°C.

Plots of k and C, are of interest when materials have temperature-dependent
properties. The quantity Q is useful to check values loaded froRFE3 or
GamBet .

PLOT LIMITS

In the Autoscale mode, HWV chooses defaults for the minimum and max-
imum potential values of contours. DeactivateAutoscale to set the values
manually.

NUMBER OF CONTOUR LINES
Change the number of lines for contour plots.

TOGGLE SNAP MODE

Mouse coordinates for commands such &@»om window Pan, and Scan in
slice may be entered in two modes. In the normal mode, the returned pition
corresponds to the mouse position on the screen. In the snap modee t
program picks a point at an even interval close to the mouse pasih. The
returned point depends on the value of the parametddSnap For example

if DSnap = 0:1 and the mouse is at position (6.2345,-5.6113), the returned
position is (6.2000,-5.6000). The status bar displays the aaluor snapped
position of the mouse.

SET SNAP DISTANCE
Change the value oDSnap from the default value determined by the pro-
gram.

TOGGLE GRID

A set of dashed grid lines can be superimposed on slice plotd/VV auto-
matically chooses intervals and positions so that the lines aacat convenient
values along the horizontal and vertical directions (for exmple, 0.01 rather
than 0.01153). Listings of the grid intervals are included ithe axis labels.
Grids corresponding to the normal plane axes are plotted as ®blines.
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Figure 23: Information display - point calculation.

10.3 Analyses in a slice

You can determine eld values at points and along scan lines thithe com-
mands of theAnalysis popup menu.

POINT CALCULATION

This command is useful to make quick checks of thermal quangs in the
solution volume. After you click the Point calculation command, move the
mouse into the plot area. The mouse pointer changes to a crossfhaattern

and the status bar enters coordinate mode. Click the left butin to specify a
point or press the F1 key to enter the coordinates from the keylard. Note
that mouse coordinates will shift between discrete values if smanode is
active. HWV calculates the temperature, thermal ux and other quantites
at the chosen location in the normal plane. The following chagr describes
the interpolation method. Figure 23 shows the information diplay. Results
of the point calculations are recorded if a data le is open.

LINE SCAN
Line scans are one of the most useftidWV capabilities. After clicking on
the command, supply two points with the mouse to de ne a scan linéor

65



press theFl key to enter coordinates manually). The snap mode is useful
in this application (for example, you may want the scan to exted from
0.000 to 5.000 rather than 0.067 to 4.985.) The program comips a series of
values of eld quantities in the normal plane at equal interals along the line.
Complete information is recorded if a data le is open. The mrgram also
makes a screen plot of the currently-selected quantity versusstince along
the scan and activates theScan plot display (Fig. 7). HWV adds ducial
lines to the plot using intelligent grid selection. This meanshat the plot is
adjusted to Il the screen and grids are drawn at useful interval (i.e., 0.05
or 2.00).

SET SCAN QUANTITY

With this command you can pick the quantity that will be displayed in screen
and exported plots of line scans. The choices are the same as thioséhe
element style slice plots.

SET NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screen plnd
data le listing. The default value is 50 and the maximum numbeis 250.

In addition to the standard Export plot options, the Scan plot menu
contains the following command:

OSCILLOSCOPE MODE

In oscilloscope mode, a scan plot assumes characteristics of atdigiscillo-
scope.HWV superimposes a cross-hair pattern on the graph. Plot values at
the intersection are displayed in the information window. Mos the marker
along the plot by moving the mouse. If you click the left mouse liton at a
point, the program records information when a data le is ope. Press the
right mouse button to exit the oscilloscope mode.

Click Return to exit the scan plot and return to the slice plot mode.
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Figure 24: HWV working environment surface plot menu.

11 HWV { surface plots

Surface plots are three-dimensional views of the solution sgacSurface plots
are created from the conformal mesh and preserve true spatial bog. Four
types of information may be displayed: 1) region boundarie®lor-coded by
region number, 2) thermal quantities in a slice plane normalot one of the
Cartesian axes, 3) isothermal surfaces with color-coding by themplitude
of thermal ux jFj and 4) boundaries of regions color-coded by local ther-
mal quantities (Fig. 24). Region boundaries may be superimped on both
isothermal and normal plane plots.

The method to control the three-dimensional display with the muse is
identical to that used in MetaMesh . Figure 25 shows the active areas of
the screen. The central zoneA) is used for zooming in (left button) and
out (right button). Hold down the left mouse button in zonesB;C;D and
E to walk around the object. Hold down the right mouse button in zoes
B;C;D and E to move the viewpoint to the right, upward, to the left and
downward. Note that changes are re ected in the orientation &x in the
upper-right portion of the screen. The plot is updated when yorelease the
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Figure 25: Active areas for mouse control of the 3D view.

mouse button. You can control additional aspects of the thredimensional
view with the commands of theAdjust view popup menu.

You can control additional aspects of the three-dimensionaliew with
commands of theAdjust view popup menu.

RESTORE DEFAULT VIEW

This command is useful if you loose your orientation after se\arrotations
and translations. The view is returned to the default: , = 3¢, , =0°
and , =45° with the origin at the center.

+X VIEW

+Y VIEW

+Z VIEW

Rotate to views from the +x, +y or +z directions. Origin shifts are not
a ected.

CENTER VIEW
Remove shifts by setting the origin to the center of the solutiorolume.

The commands of thePlot control popup menu control the appearance
of the plot.

SURFACE PLOT CONTROL
This command brings up the dialog of Fig. 26. The&urface plot typeradio
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buttons determine the type of data plot. The three options a Isotherm,
Normal plane and Region only In the isotherm plot, HWV constructs a
3D surface of constant temperature within the solution volume.This is a
complex process - if some of the facets are missing, rotate thetd&x, Ry
or Rz) back-and-forth to correct the display. Enter the temperatue value
for the isotherm in the box on the right. The surface may be plo#d in
wireframe or hidden surface formatsurface plot stylegroup). A wireframe
plot regenerates quickly but may be confusing to view. It is t&n useful to
set up the plot in wireframe mode and then to switch to hidden suates
for the nal rendition. Facets of the surface are color-codedccording to
the magnitude of local thermal ux jFj. The information window on the
lower-right side of the main program screen contains a legenak fthe color
values. TheShow facetheck box in theSurface facetdisplay group activates
plotting of the boundaries of surface facets. Turn o the facetisplay for a
dense mesh. When th&keference gridbox is checked, lines are included to
show the boundaries of the solution volume. Thdlormal plane plot shows
color-coded information on thermal quantities in a plane nmal to one of
the Cartesian axes (Fig. 27). The plot is similar to the plane pk discussed
in Sect. 9.2 except that it preserves true spatial scaling. Fadormal plane
plots, the commands to choose the normal plane on the right-hdrside of the
dialog become active. You can set the normal axis and pick théape position
along the axis. Normal planes may be plotted in either wirefraemor hidden
surface mode. You can combine display of region boundaries hvd normal
plane. Finally, the Region only options deactivates the normal plane so that
only region boundaries are displayed. In this case, a plot isthareated until
you select one or more regions in thBisplayed regionsdialog. By default,
all regions are deactivated. You can superimpose region boanigs on both
Isotherm and Normal plane plots using the Displayed regionsdialog.

DISPLAYED REGIONS

The command brings up the dialog of Fig. 28 where you can piclegion
boundaries to include in the plot. Depress a button in théisplay column
to activate a region. The buttons in the column markedrhermal determine
the presentation style for boundary facets. If the box is unchkc HWV
colors facets by region number. If one or more buttons are degsed in the
Thermal column, color code is by the computed eld quantity. The info-
mation window shows the correspondence between color and theaqtity.
Note that the eld quantity is always calculated at a point nea the facet
outside the chosen region. If the region is a xed-potential electrag] the
color coding gives the surface eld in the adjacent vacuum/@éiectric region.
If a boundary separates two conductive regions, the eld valgsedepend on
which region is chosen for display.
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Figure 26: Dialog to control the surface plot style.

Figure 27: Normal plane plot with superimposed region boundas of the
probe and sheath in theWALKTHOUSXEmMple.
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Figure 28: Dialog to control region display.

PLOT QUANTITY

Set the quantity that determines color coding in the normal [ane or on region
boundaries. Available quantities are 1) temperatureT), 2) the magnitude
and components of thermal ux (Fj, Fx, Fy, and F,), the source density Q),

the conductivity (k) and the speci c heat (Cp).

PLOT LIMITS

Over-ride autoscaling and set limits for plotted quantitiesm the normal plane
or on region boundaries. Facets where calculated quantitiese outside the
range are plotted in gray.

CUT PLANES

In a hidden surface plot, internal details may be obscured by suwunding
parts or regions. This command brings up a dialog that allowsoy to adjust
the displayed area along the, y and z axes. HWV does not display facets
that lie outside the limits. With this feature you can create ctiaway views.
The default is that cut limits are set equal to the dimensions athe solution
volume so that all facets are included.
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12 HWV { numerical analysis

The commands of theAnalysis popup menu are used to determine numerical
values for the solution. In the interactive mode, the menu iscive only when
a data le is open.

12.1 Point calculation - interpolation method

The Point calculation command brings up a dialog where you enter the,
y and z coordinates of any point in the solution space. In contrast to th
Point calculation command of theSlice plotsmenu, the point is not limited
to a slice plane. When you clickOK, HWV displays an information box
and also writes the results to the data le in the following fornat:

--- Point Thermal Analysis ---
Position: [ 1.0000E+00, 1.0000E+00, 1.5000E+01]
Region number: 1

T. 4.6124E+01 (deg-C)

Fx: -3.9657E+02 (W/m2)

Fy: -3.9657E+02 (W/m2)

Fz: 7.8387E+02 (W/m2)

|[Fl:  9.6384E+02 (W/m2)

K:  5.0000E-01 (W/m2-degC

Cp: 4.8000E+03 (J/kg-m3)

Q: 0.0000E+00 (W/m3)
Number of data points: 32
Standard deviation:  2.2214E-03

HWV must performs the following sequence of operations to make the
calculation:

Estimate the indices of the element that contains the target q@int.

Check this element and its neighbors using a normal coordiratnver-
sion to determine the precise element that contains the targgtoint.

Collect the nodes of the target element as well as neighbogimodes
that border on at least one element with the same region numbesa
the target element

Fit a three-dimensional, second-order function to the tempature val-
ues of the data set using a least-squares method.

Find the temperature at the target point using the interpolaion func-
tion.
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Find the thermal ux values by taking derivatives of the interpolation
function.

Although the process sounds complicatedfWV performs it with high reli-

ability. The e ort pays dividends in the accuracy of the intepolated values.
The second-order least-squares method gives temperature antk estimates
that are substantially better than those derived from the diret use of the
guasi-linear nite-element form functions. Furthermore, the requirement that
the nodes of the data set border on elements of the target regiensures that
data points will be collected from one side of a boundary beter conductive
materials. Therefore,HWV correctly handles the discontinuity in thermal
ux at such a boundary.

12.2 Line scans and matrix les

In the Analysis menu, scans may be performed along arbitrary straight lines
between any two points in the solution volume. When you clickhte Line
scan command a dialog appears where you can specify the start and end
points. Enter values in units set byDUnit. In other words, if you used
dimensions of cm inMetaMesh and the HeatWave script contains the
commandDUnit = 100:0, then enter the dimensions in cm. In the interactive
mode,HWV creates a screen plot of a selected quantity determined by the
Set scan quantitycommand. The command has no e ect on the data le
listing which contains all calculated quantities. Table 13 shes an example
of a listing.

The Create matrix le command controls a feature that is useful if you
want to write your own analysis routines or port results to matlematical
software. In response to the commandiWV performs interpolations over
a speci ed box region on a regular grid of values. It is much easi® use
results in this form than to deal with the conformal mesh diredy. Clicking
on Create matrix le calls up the dialog of Fig. 13.2. Specify the dimensions
of the box along each axis (in units set bypUnit ) and the number of calcu-
lation intervals. To illustrate, calculations are performedat positions with x
coordinates given by

X = Xmin + N (Xmax Xmin); (7)
Nx
wheren =0; 1, 2;::;; n,. For example, if you setXmin = 0:5, Xmax = 1:5 and
ny = 10, the calculations are performed at points withx = 0.5, 0.6, ..., 1.4,
1.5. You can also specify an output le name. The stored quantis depend

on the solution type. You can inspect the le with an editor.
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Table 13: Example of a line scan listing

Y Start:
YEnd:

Scan between points
XStart:  1.0000E+00
XEnd:  1.0000E+00

ZStart:  2.0000E+00
ZEnd: 1.6000E+01

1.0000E+00
1.0000E+00

X

Y

z

T

Fx Fy

1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

Fz

1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

IF|

2.0000E+00
2.1400E+00
2.2800E+00
2.4200E+00
2.5600E+00
2.7000E+00
2.8400E+00
2.9800E+00
3.1200E+00
3.2600E+00
3.4000E+00
3.5400E+00
3.6800E+00

K

4.2768E+01
4.3052E+01
4.3330E+01
4.3602E+01
4.3869E+01
4.4128E+01
4.4381E+01
4.4628E+01
4.4869E+01
4.5103E+01
4.5330E+01
4.5551E+01
4.5765E+01

Cp

-3.7302E+02-3.7302E+02
-3.7492E+02-3.7492E+02
-3.7681E+02-3.7681E+02
-3.7871E+02-3.7871E+02
-3.8106E+02-3.8106E+02
-3.8222E+02-3.8223E+02
-3.8339E+02-3.8339E+02
-3.8455E+02-3.8455E+02
-3.8553E+02-3.8553E+02
-3.8608E+02-3.8608E+02
-3.8663E+02-3.8663E+02
-3.8707E+02-3.8706E+02
-3.8714E+02-3.8714E+02

Q NReg

-1.0250E+03
-1.0037E+03
-9.8240E+02
-9.6109E+02
-9.3791E+02
-9.1545E+02
-8.9299E+02
-8.7052E+02
-8.4658E+02
-8.2371E+02
-8.0084E+02
-7.7714E+02
-7.5444E+02

1.1528E+03
1.1352E+03
1.1176E+03
1.1002E+03
1.0817E+03
1.0631E+03
1.0447E+03
1.0264E+03
1.0070E+03
9.8824E+02
9.6970E+02
9.5057E+02
9.3217E+02

5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
5.0000E-01
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4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03
4.8000E+03

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
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Figure 29: Create matrix le dialog.

12.3 Automatic analyses operations

FULL ANALYSIS

In response to this commandHWYV performs volume integrals over all el-
ements of the mesh and surface integrals over region boundari€eThe cal-
culations are intensive, so there may be a delay for large meshddWV
organizes energy by region and writes the results to the datde in the for-
mat shown in Table 14. The listing contains the surface area aneétthermal
ux for xed-temperature regions. For conductive regionsHWV calculates
the following quantities for each region:

Volume and surface area.

Average, minimum and maximum temperatures.

Average values for the thermal conductivity and source density
The net thermal ux through boundaries.

The region volumes above and below a threshold temperature.

Mass.
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Average value for the speci c heat.

An estimate of the relative internal energy based on the expressio
C ,T for the energy density. Here, the temperature is given ifC.

The nal three items are included only for dynamic solutions.HWV also
records global quantities for the solution volume, integralover all regions.

SET THRESHHOLD TEMPERATURE
Set a value for the threshold temperature used in thEull analysis routine.

REGION PROPERTIES
Perform volume and surface integrals and make a listing for a sped region.

12.4 Using analyses scripts

You can create a script that will automatically call the commads of the
Analysis menu. HWV scripts have names of the fornEPREFIX.SCRYou
can initiate an automatic analysis using theRun script command in the
interactive mode or by startingHWV from a batch le with a command of
the form:

START \AMAZE\HWV SPREFIX

The allowed commands listed below are show in symbolic form atpmvith
example of how they might appear in a script.

INPUT FileName

INPUT = SP1516.002

Close the current solution le and load a binary solution le fran the current
directory. The solution le must be in the same directory as the st

OUTPUT FPre x

OUTPUT: WGUIDEL1

Close the current data le and open a new data le. The data le las a name
of the form FPrefix.DAT .

NSCAN NScan

NSCAN = 100

Set the number of intervals for line scans. The default value M Scan = 50,
the maximum value isN Scan = 250.
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Table 14: Example of the listing for a full analysis

Fixed temperature regions
NReg Temperature Surface Area Thermal flux
(degC) (m2) (W)

3 1.00000E+02 9.61654E-05 -2.51722E+00
4 0.00000E+00 0.00000E+00 0.00000E+00

Conductive regions
NReg TAvg Volume TMin TMax
(degC) (m3) (degC) (degC)

1 6.20927E+00 3.51060E-06 1.43262E-07 9.91803E+01
2 7.17991E+01 1.21348E-09 4.68649E+01 9.75773E+01

VAbove VBelow KAvg Source SurfArea
(m3) (m3) (W/m-degC) W) (m2)

7.24987E-08 3.43817E-06 5.00000E-01 0.00000E+00 1.12733E-04
1.18353E-09 2.99519E-11 5.00000E-02 0.00000E+00 7.96365E-05

Flux Mass CpAvg IntEng
(W) (kg) (J/kg-DegC) Q)

4.06042E-01 3.51805E-03 4.79436E+03 1.04645E+02
-5.98096E-01 1.21348E-06 4.79999E+03 4.18209E-01

Global quantities
Average temperature:  6.23194E+00 (degC)
Volume: 3.51181E-06 (m3)
Threshold temperature:  5.00000E+01 (degC)
Volume above threshold: 7.36823E-08 (m3)
Volume below threshold:  3.43820E-06 (m3)
Thermal sources:  0.00000E+00 (W)
Mass:  1.21348E-06 (kg)
Internal energy:  4.18209E-01 (J)
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POINT xp yp zp

POINT = (0.00, 0.05, 4.67)

Perform a point eld calculation and write the result to the data le. Enter
coordinates in the units set byDUnit .

LINE xpl ypl zpl xp2 yp2 zp2

LINE = (0.00, 0.00, 15.00) (12.00, 0.00, 15.00)

Perform (N Scan+ 1) calculations along a line in space and write the results
to the data le. Enter coordinates in units set by DUnit.

FULLANALYSIS
Write volume integrals for the full solution space to the data le.

TTHRESH TTemp

TTHRESH = 82.6

Set the threshold temperature for theFullAnalysis command. Enter the
value in °C.

REGION RegNo
REGION =7
Write volume and surface integrals for regiofiRegNoto the data le.

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
MATRIX WGUIDE.MAT 1.00 1.00 10.00 2.00 2.00 12.00

Write solution values computed eld values at an array of loctgon to a data
le in text format. The le is named FileName and is created in the current
directory.

ENDFILE
Terminate the analysis
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Figure 30: Probe screen shot.

13 Probe { history le plot utility

13.1 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 quaftits 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 15 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 e 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.

13.2 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. 30).

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.

13.3 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 15: 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. Urteck
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 supplyng 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.

13.4 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. 31, 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 31: 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 e 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-dispiead 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 32: 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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13.5 Information

PROBE FILE INFORMATION

Display information on the probe le in a message box (Fig 32). 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 th&. Exit
the editor to return to program operation.

PROBE MANUAL
Show this document in your default PDF viewer.
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14 HeatWave le formats

HeatWave creates data and history les. Data les may be generated in
binary or text format. The mode is controlled by the Format command
(Sect.3.1). TheBinary mode must be used to communicate results tdWV .
The text mode is useful to transfer results to your own analysis pgrams.

As in MetaMesh , nodes are referenced with the indicek,[J, K] wherel
(the index along thex axis) extends from O tol max, J (y axis) from 0 to Jmax
and K (z axis) from 0 to Kax. The number of elements is approximately
equal to the number of nodes. A single element (in the directionf positive
X, Y and z) is associated with each node for storage. Nodes and elements
have integer region numbers to associate them with structures the solution
space.

The format of the HeatWave binary output le is simple and compact.
The code extract shown in Table 16 comprises the entire outputgorithm.
In the header, the quantitiesl . Jmax and Kpnax are 4-byte integers.
DUnit is a 4-byte real,t is a 4-byte real,CalcModeis a 1-byte integer and
NCQuant is a 1-byte integer. HereDUnit gives the dimension units used
in the MetaMesh le, t is the simulation time of the data le, CalcMode
gives the type of calculation (1 for static, 2 for dynamic) andN CQuant is
the number of stored quantities for the solution program. IrHeatWave ,
NCQuant = 4. The recorded quantities are the node temperature and the
conductivity, specic heat and source power density of the assated el-
ement. HeatWave then records the name of the quantity as a string of
length 12. This information is used to create labels iIHHWYV .

The next step is to record information for each node. The quaities
RegNo (the region number of the node) andRegU p(the region number of
the adjacent element in the direction of increasingl, J and K) are 1-byte
integers. The coordinates X, Y and Z) and the stored quantitiesT, Ky,
Cpup Qup are 4-byte real numbers. The nal step is to record region infer
mation. The quantity NRQuant, the number of physical quantities stored
per region, is equal to 6 inHeatWave . The quantities are thermal con-
ductivity k, material density , specic heatC,, initial or xed temperature
T, thermal power densityQ and emissivity . The region quantity names
(RQuantName) are strings of length 12. The variableNFix is a 1-byte
integer and the region quantities are 4-byte real numbers.
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Table 16: Code to create théHeatWave binary output le

I Mesh size parameters

WRITE (OutData) IMax,JMax,KMax,DUnit,t,PStat.CalcMode ,NCQuant
I Names of calculated quantities
DO N=1,NCQuant

WRITE (OutField) CQuantName(N)
END DO
I Node and element information
DO K=0,KMax

DO J=0,JMax

DO [I=0,IMax

MC = M(1,J,K)

WRITE (OutData) &
C(MC).RegNo,C(MC).RegUp,C(MC).x,C(MC).y,C(MC).z, &
C(MC).T,C(MC).KUp,C(MC).CpUp,C(MC).SUp

END DO
END DO
END DO
I Number of region quantities and names of quantities
WRITE (OutField) NRQuant
DO N=1,NRQuant
WRITE (OutField) RQuantName(N)
END DO
I Number of regions
WRITE (OutField) NRegMax
I Region quantities
DO N=1,NRegMax
MatNo = Reg(NReg).Mat
IF (IAND(Mat(MatNo0).STAT,FixedMat).EQ.FixedMat) THEN
N=1
ELSE
N=20
ENDIF
WRITE (OutData) N,Mat(MatNo).Cond,Mat(MatNo).Dens,&
Mat(MatNo).Cp,Mat(MatNo).TInit, Mat(MatNo).Source, &
Mat(MatNo).EMiss
ENDIF
END DO
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Table 17: Code to create théHeatWave text output le

WRITE (OutData,5000)
WRITE (OutData,5100) OutDataName,IMax,JMax,KMax,DUnit &
t,PStat.CalcMode,NCQuant
WRITE (OutData,5200) (CQuantName(N),N=1,NCQuant)
DO K=0,KMax
DO J=0,JMax
DO 1=0,IMax
MC = M(1,J,K)
WRITE (OutData,5300) &
C(MC).RegNo,C(MC).RegUp,C(MC).x,C(MC).y,C(MC).z, &
C(MC).T,C(MC).KUp,C(MC).CpUp,C(MC).SUp
END DO
END DO
END DO
WRITE (OutData,5400) (RQuantName(N),N=1,NRQuant)
DO NReg=1,NRegMax
MatNo = Reg(NReg).Mat
IF (IAND(Mat(MatNo).STAT,FixedMat).EQ.FixedMat) THEN
N=1
ELSE
N=0
ENDIF
WRITE (OutData,5500) NReg,N,Mat(MatNo).Cond,Mat(MatNQ.Dens,&
Mat(MatNo).Cp,Mat(MatNo).TInit,Mat(MatNo).Source, &
Mat(MatNo).EMiss
END DO
5000 FORMAT (‘AMaze series, Program: 'A)
5100 FORMAT (/ &
" File: Al &
" IMax: 16/ &
" JMax: 16/ &
" KMax: 16/ &
" DuUnit: '\1P,E12.4/ &
' Time: 'E12.4/ &
' CalcMode: |12/ &

" NCQuant: '13)
5200 FORMAT (/ &

' RegNo ', &

"RegUp ', &

' X &

' Y &

' z ", 10A/)

5300 FORMAT (I5,17," ',1P,7E12.4)
5400 FORMAT (/ &

' RegNo ', &

" Fixed  ',10A))
5500 FORMAT (15,17,1P,6E12.4)
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Table 18: Example of probe le output

Field Precision probe file
Program: HeatWave

NDimen: 3

XPosition:  0.000E+00

YPosition:  0.000E+00

ZPosition:  0.000E+00

ElementNo: 0

RegionNo: 0

NQuant: 4

DConv:  1.000E+02

QConvl: 1.0

QConv2: 1.0

QConv3: 1.0

QConv4: 1.0

QLabell: Temp (deg)

QLabel2: Cond (W/deg-m)

QLabel3: Cp (J/kg-degq)

QLabel4: Source (W/m3)
Time Temperature  Conductivity Spec heat Source
(s) (deg-C) (W/deg-m) (J/kg-deg) (W/m3)

0.000000E+00 0.000000E+00 5.000000E-01 4.800000E+03 1.90000E+06

5.000000E-03
1.000000E-02
1.500000E-02
2.000000E-02
2.500000E-02

3.930107E-03
4.027017E-03
7.862603E-03
8.051704E-03
1.179737E-02

5.000000E-01
5.000000E-01
5.000000E-01
5.000000E-01
5.000000E-01

4.800000E+03
4.800000E+03
4.800000E+03
4.800000E+03
4.800000E+03

1.910000E+06
1.910000E+06
1.910000E+06
1.910000E+06
1.910000E+06

Table 17 shows the code used to create a data dump le in text fomat
while Table 18 shows an example of the standard probe le formafhe rst
section in a probe le is a header that contains the followinghformation: 1)
generating program name, 2) dimensionality of the generatinprogram (1, 2
or 3), 3) the spatial position of the probe (from 1 to 3 quantitis), 4) the index
of the element sampled by the probe, 5) the region number of thedement,
6) conversion factors for the probe position and the recordedigntities, and
7) labels for the recorded quantities. IrHeatWave , each data line contains
the following quantities determined by interpolation at the probe position:
temperature, thermal conductivity, speci ¢ heat and source pwer density.
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_ Format, 22
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cutaway view, 71 Init. 29. 31
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Manual, 50
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eld exchange format, 73 Mesh, 21
function parser, 41 Mode, 21
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GamBet, 4, 40 NStep, 47
HeatWave ('\')StEPMaZXA: 26
batch le control, 52 Pmega, 50
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le sources, 40 eslarget,
Safety, 26, 27
le types, 18 SetTime, 11, 47
I 1 ) ’
output les, 13 Setup, 49

program components, 4, 17
radiation model, 36

running in background, 52
running the program, 49
script, 18

Source, 29, 35
SourceFile, 22, 40
SourceMod, 22, 41
Start run, 50

script example, 11, 20, 39, 44, 46 '?lt\jl)p ru;é 555
solution procedure, 17 Vi '(?X,SO '
table generator, 50 4 t\l(\)ll ’ q
HeatWave commands cawave commands
Perf, 30
Avg, 24 LWV
Cond, 29, 34 . :
analysis functions, 16
Cp, 31, 34 . .
analysis script, 55, 76
Dens, 31 data le, 55, 73, 75
DTime, 11, 47 ala 'e, 99, 73,

interpolation methods, 72
line scans, 73

making plot les, 60
matrix le, 73

numerical analysis, 65, 72
plane plot type, 57
printing plots, 60

DtMax, 10, 25, 27
DtMin, 10, 25, 27
DUnit, 10, 21
Edit le, 49

Edit listing le, 49
Edit script, 49
Emiss, 30
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slice plot type, 61
surface plot controls, 67
surface plot type, 67

HWYV commands

Close data le, 55
Copy to clipboard, 60
Create matrix le, 73
Create script, 55
Default printer, 14, 60
Displayed regions, 69
Edit data le, 55

Edit le, 57

Edit script, 55
Expand view, 62

Full analysis, 75, 78
Global view, 62

Input, 76

Instruction manual, 57
Jump, 62

Line, 78

Line scan, 15, 65, 73
Load solution, 54
Matrix, 78

NScan, 76

Number of contour lines, 64

Open data les, 55
Open history, 15

Oscilloscope mode, 16, 66

Output, 76

Pan, 62

Plot le, 60

plot limit, 64

Plot limits, 59, 71

Plot quantity, 14, 58, 63, 71

Plot style, 14, 58

Point, 78

Point calculation, 65, 72
Region properties, 78
Restore default view, 68
Rotate plot, 59

Run script, 55

Scan quantity, 66

Set cut plane, 71

Set number of scan points, 66
Set plane, 13, 58

Set slice plane properties, 61
Set slice plot style, 63

Set snap distance, 64

Set solution series, 54

Slice normal, 61

Solution le information, 54
Step, 62

Surface plot control, 68
Toggle grid, 64

Toggle snap mode, 64

Zoom in, 62

Zoom window, 62

materials, region association, 28
mathematical functions, 41, 51
MetaMesh

output le, 21
multiple processors, 50

nonlinear solutions, 24

perfusion, blood, 7
Poisson equation, 5
Probe, 79
le format, 79
le information, 85
graphical environment, 80
loading les, 80
oscilloscope mode, 82
plot export, 84
plot settings, 80
smooth display, 83

RFE3, 4, 40

script
advantages, 4
specic heat, 5

Table generation tool, 50
tabular functions, 32
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temperature-dependent materials, 24,
32

thermal conductivity, 5

thermal radiation, 6, 30, 35

thermal sources, 6, 40

thermal transport equation, 5

time step, choosing, 26
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