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1 Introduction

1.1 Program function

HeatWave handles the full range of three-dimensional thermal calitions
in solids or gels. The program solves the thermal di usion e@tion with the
option for perfusion contributions for biological applicdons (bioheat equa-
tion). HeatWave employs nite-element methods on variable-resolution
conformal hexahedron meshes for high accuracy and spebfkat\Wave can
determine both steady-state and dynamic solutions. In timelependent so-
lutions, you can de ne multiple sources with arbitrary temperature histories
using a exible system of tabular function input. You also hae the option to
de ne temperature-dependent thermal conductivity and spa ¢ heat. The
program can load power deposition data calculated by the Hee Precision
programsRFE3 (heating by RF electric elds) and GamBet (Monte Carlo
transport of X-rays and electrons). In dynamic runsHeatWave produces
multiple data les at speci ed times and history les of temperature and
other quantities at given locations. In the steady-state mde the data le
contains the spatial variation of thermal quantities for thre boundary value so-
lution. HeatWave features fast and accurate calculations in random-access
memory. The programs use dynamic memory allocation; thewek, the size
of the solution is limited only by the installed RAM. A computer with 1 GB
of memory can handle over 10 million elements.

Three programs are supplied with the package:

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

HWV.EXB&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 ¢ location n space

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

The intuitive graphical-user-interface makes it easy to ln HeatWave
and to perform quick application setups. In contrast to othe eld solution
software,HeatWave features advanced capabilities (such as support for non-
linear materials and radiation boundaries) and complete da transparency.
Input operations are automatically recorded in text scrip$ that provide doc-
umentation of your work. Scripts make it easy to reconstrucsolutions and
to share setups with colleagues.



The next section briey reviews the thermal transport equaibn. Sec-
tion 1.3 gives a step-by-step description of a calculatiorottest your setup
and to familiarize you with the programs. Chapter 2 reviewshe functions
of programs in the solution process and the organization afput and 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\w@&s commands
for general run control and Chap. 4 reviews commands to set 9@ mate-
rial properties. Advanced material properties like tempeature-dependent
conductivity and radiation boundaries are covered in Chap5. Chapter 6
describes methods to import thermal source information fro RFE3 and
GamBet and how to apply modulation functions to model time variatims
of sources. Chapter 7 concludes material on scripts by sumnzang diagnos-
tic commands for dynamic runs. These commands set times fdret creation
of data les and location of probes. Chapter 8 covers featuseof the pro-
gram when run as an interactive Windows utility and procedwgs to run
HeatWave under batch le control. Chapters 9 through 10 describe the
analysis and plotting capabilities of theHWV postprocessor. Chapter 15
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. Humphriegrield 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 helpfulpreparing
solutions.

The dynamic thermal transport equation has the following derential
form:

@T

C 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 energyWym 3.
In steady-state, the temperature is determined by the Poiss equation:

r (kl’ T) = Qreg inle Qperf Qrad: (2)

Note that the static equation does not involve the material geci ¢ heat or
mass density. The standard Sl units used for thermal quantés are 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 CentigradeC
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/cm? 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 al@aation:

Region sources , Q. These sources are spatially uniform throughout
a region of the solution volume. Values are speci ed in thideatWave
script. Time variations may be assigned to region sources @lynamic
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,sq. 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 owhrough
a microscopic network of capillaries in biomedical solutits.

Procedures to load le sources and to apply modulations areistussed 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 theVALKTHROW@&hinple, surfaces color-coded
by temperature.

a multiplicity of capillaries. The scale size for the e ects too small to treat
directly. Instead, perfusion is modeled by a source or sinlertim that rep-
resents an average mass ow of blood that enters the tissue ah ambient
temperature Ty and exits at the local tissue temperature. The expressionrfo
the power exchange per unit volume is

Qpert = WiCi(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 Cy, (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 tlough an ex-
ample. We shall determine dynamic temperature pro les forraarray of four
thermal probes inserted into a conductive gel. In additiodao HeatWave
procedures, the example illustrates the e ective use of synetry boundaries
and a variable-resolution mesh to nd accurate thermal ux alues on small
objects. Figure 1 shows the geometry of a single probe. Theliogrical
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 az = 100 mm toz = 0:0
mm. The four probes in the array have centers atx(= 5:0 mm,y = 5:0
mm), (x = 50 mm,y =5.0mm), X = 50 mm,y = 50 mm) and
(x =5:0 mm,y = 5.0 mm). By symmetry, we need model only the probe



Figure 2: Mesh generation foWALKTHROW&kinple. a) Perspective view in
Geometer . b) Mesh detail in the planez = 5:0 mm nearx =5:0,y =5:0

in the rst quadrant and apply the boundary condition @ T=@s 0:0 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 = 100 mm
to approximate the e ect of an in nite extension of the sheahed probe in the

z direction. The solution volume has relatively large dimensns 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 material at
ambient temperature.

To begin, transfer the les WALKTHROUGH &NWALKTHROUGH 8GR
working directory. Run the program launcherAMAZE.EX&d make sure the
program and data directories are set correctly. Rueometer and load the
le WALKTHROUGH.MbJ can experiment with di erent plotting capabili-
ties of the program. Figure 2 shows a perspective view with the probe and
sheath plotted as solid bodies and the external xed-tempature boundary
plotted in the wireframe mode. Note that the parts that de ne the probe
and sheath extend out of the solution volume in the z direction. The extra
length ensures thatMetaMesh will not try to t the ends of the cylin-
ders. Exit or minimize Geometer , run MetaMesh and click the command
File/Load MIN le . Pick WALKTHROUGH.MIRe 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 redution has been
applied along all directions to ensure accurate represetitans of the cylindri-
cal and spherical surfaces of the probe Click on thHerocess mesfcommand.
MetaMesh sets up a foundation mesh, divides the volume into regionsah
represent physical entities, and then ts designated surées. The program
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requires only a few seconds to create a mesh with 890,847 reod€lick on
the File/Save meshcommand. The resulting le WALKTHROUGH.WMiDBe
used as input byHeatWave . At this point you may want to experiment
with some of the plotting capabilities of MetaMesh before proceeding to
the next step. Figure D shows a detailed cross section of the mesh near the
probe normal to thez axis atz=5:0 mm.

The next step is to runHeatWave from the AMaze program launcher.
The run requires two input les: the MDFle generated by MetaMesh and
a script to control the solution. To generate the script, ctk on the SetUp
command. In the initial dialog, choose the dynamic option ah click OK.
HeatWave then displays the dialog of Fig. 3. Note that the elds are diided
into three groups:

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 positions).

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.

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

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

9



Table 3: Contents of the le WALKTHROUGH.MIN

* Dimensions in mm
GLOBAL
XMesh
0.00 4.00 0.25
4.00 6.00 0.10
6.00 15.00 0.25
15.00 25.00 0.50
End
YMesh
0.00 4.00 0.25
400 6.00 0.10
6.00 15.00 0.25

15.00 25.00 0.50
End
ZMesh
-10.00 18.00 0.50
18.00 22.00 0.20
22.00 35.00 0.50
End

RegName(1) = Gel
RegName(2) = Sleeve
RegName(3) = Probe
RegName(4) = Boundary
END
PART
Region Gel
Type Box
Fab 50.00 50.00 70.00
END

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 20.0 -05 20.5 0.0 20.0 0.0 S
A 205 0.0 20.0 0.5 20.0 0.0 S
L 20.0 05 -20.0 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 BoundZUp
END
ENDFILE
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Figure 3: Dialog to generate the scriptVALKTHROUGH.WIN

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

The grid eld in the middle contains material properties for the four
regions of the solution volume. The bulk of the solution volme (gel) and
the insulating sleeve are thermal conductors. The probe bgds set to the
xed temperature 100.0°C and the boundary is set to 0.0C. Enter the values
shown, clickOK and accept the default to save the scrip/ ALKTHROUGH.WIN
You can inspect the script and change values using the intexheditor 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 &ls in the
setup dialog.

Return to the main menu and choose the commanBun/Start run. In
the dialog pick the le WALKTHOUGH.\AAN click OK. The program reads
the mesh le, analyzes parameters in the script, calculatesoupling coe -
cients for the nite-element calculation, advances the diusion equation and
creates the lesWALKTHROUGH,.00IWALKTHROUGH,QWALKTHROUGH.P01
and WALKTHROUGH.PO# rst four les are data records at the specied
times and the nal les are the probe records. The on-screenigplay shows
the progress of the run. Initially the time step is quite smalin order to
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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
History = 0.0000E+00 0.0000E+00

EndFile

12
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Figure 4: Automatic adjustment of time step in the WALKTHROUGH.¥XHN
ample.

resolve the strong temperature gradient near the probeHeatWave auto-
matically increases the time step as the temperature pro lspreads (Fig. 4).
The entire solution process takes only a few minutes.

Run HWV to analyze the data les. Click the commandLoad solution
le in the File operations menu. Pick WALKTHROUGH.80d click OK. The
program loads data from the le, created near the end of the ruat t = 250
seconds. After the data are loaded th@nalysis, Plane plots Slice plotsand
Surface plotsmenus become active. Click on th®lane plots menu. Plane
plots show the variation of quantities in a speci ed plane nanal to one of
the axes. The plot is constructed by projecting interpolateé quantities on a
regular rectangular mesh. Plane plots are attractive dispys but may not
show small details of the conformal mesh solution. Take thelfowing actions
to construct 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.

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
XFlux.

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.
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Figure 5: Example of a plane plot - thermal uxf, in the planey = 0:0.

Click Return to go to the main menu and choosé&lice plots Like plane
plots, slice plots show the variation of quantities in a pla@ normal to one of
the axes. The dierence is that slice plots compute plot qudities directly
from the conformal mesh. The procedures are more di cult butan display
small details in the solution. Figure 6 shows the working emonment for
slice plots. The main plot area shows a zoomed view of isothes in a plane
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 sle along the
normal axis. The lower area gives information on the plot.

Because slice plots are referenced to the conformal meshy yan control
visual operations (such as zooming and panning) with the mea. It is also
possible to nd information on thermal quantities at a pointor along a scan
line by pointing and clicking. As a nal activity, we shall determine the
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 o8lice normal to Z in the
Change viewmenu. 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 WALKTHROUBNYV  will write a record
of the scan calculation to the le WALKTHROUGH.DAT

14



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

3. Click the commandAnalysis/Line scan and move the mouse into the
plot area. The cursor changes to a cross-hair pattern to shothat
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 segeen 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 mee
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 @&a line,
enters the scan menu and creates the plot shown of Fig. 7.

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

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

Because a data le WALKTHROUGH.Dw$ been opened, thénalysis
submenu in the main menu is active. Choose the comma#dalysis/Volume

15



Figure 7: Scan plot in the oscilloscope mode.

integral. There will be a delay whileHWV performs a complex set of volume
integrations to nd the average temperature. When the progem has com-
pleted the task, click on theFile/Close data le command and then choose
the commandEdit data le. ChooseWALKTHROUGHO004ib&le dialog and
click OK. The data le contains quantitative information on the line scan and
the global analysis. Exit the editor when you are nished. Tis discussion
covered only a fraction of the capabilities oHWV . Chapters 9 through 10
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 cdtd-
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. Theautonomous
mode allows automatic processing of large or repetitive dasets.

Two input les are required for a HeatWave solution:

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

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

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

The HeatWave scripts must have names of the forrRUNNAME.\WThe
program issues an error message if any input les are not alable in the
current working directory. To organize data, sequential da dumps are as-
signed names of the fornrRUNNAMEOO1.VROBINAMEOO2.WOWistory les
at multiple probe sites have nameRUNNAME.RRUNNAME.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.Mbfstandard 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.WIiiRat 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,speci c heat
and thermal sources. History les are in text format and cordin a
listing of the same quantities as a function of time at a specilocation.

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 perfoned
interactively or automatically under the control of a scrig.

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

The procedure involves several steps and preparation e ortn the long run,
the method will save you time and aggravation. Breaking conhgx solu-
tions into several small steps is always helpful. The scriptform permanent
records of the setup and may often be used in di erent solutis with small
modi cations. With a good editor, script preparation is ustally faster than
repetitive menu operations. Table 5 summarizes the input a@output les

used inHeatWave .

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 aasEntries 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 thatou can
add indentations and customize the appearance of the scripFor example,
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.OOLOutput data les from HeatWave , input | Optional
to HWV

RUNNAME.P01Output 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 nuimers. 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. Gendga it is good
practice to put control commands at the beginning and to grqu commands
that set material properties by region. The following examlg illustrates a
complete script forHeatWave

* File RADBOUNDARYDEMO.WIN
* e 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) = 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 belp&l 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 programperation. Each
command is shown in symbolic form that it might assume and asas it might
appear in an application. Some commands may apply to all sitaions and
other commands are specic to the solution mode. This sechoreviews
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 ap@e in 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 IeRUNNAME.Q(t the end of the
run and does not create any probe les. Adynamic run is an initial-value
solution of Eg. 1. In this mode the code may create several daand probe
les in response to diagnostic commands.

PARALLEL [NProc]

PARALLEL =4

This command invokes multithread support for the 64-bit prgram running
on a multi-core machine. When the command appears with no va of
NProc, HeatWave uses the full resources of the computer during the solu-
tion, giving a substantial reduction of the run time. Set a vlue of NProc
to assign a speci ¢ number of threads. If the command does nappear, the
operating system assigns the program to a single thread, Wag the others
free for other tasks. Do not employ parallel processing if yoare running
multiple instances ofHeatWave . The command has no e ect on the 32-bit
program version.

It is important to note that HeatWave uses di erent routines for the two
types of calculations. Static simulations involve a standd nite-element
representation of the Poisson equation and a matrix solutiofor the temper-
ature. Dynamic simulations utilize reduced forms for spadi derivatives to
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ensure numerical stability for all choices of element geotngand time step.

The static method has higher inherent accuracy for a givenaghent size. As
a result, there may be small di erences between a static solon and a dy-

namic solution that approaches a steady state. Always usedlstatic mode
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 centimeterstime MetaMesh
script, set DUnit = 100:0. The quantity DUnit is recorded in the output
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 dislpace. A binary
output le is required if you want to use HWV to analyze the solution.
Chapter 15 describes the binary le structure.We have inclded an 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 thalwesBinary
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 splinenterpolations

are more accurate for smooth data. Because they preserve towmous values
of the rst and second derivatives, cubic splines may give amalous 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.
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SOURCEMOD TabFileName

SOURCEMOD > Function

Use this command to de ne a modulation function for thermal gurces im-
ported from RFE3 or GamBet . The function determines time variations
of the sources in dynamic runs. Details are covered in Chapté.

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 @etected in
a dynamic mode simulation.

RESTARGET ResTarg

RESTARGET = 5.0E-8

The numerical solution of the Poisson equation involves arlge set of coupled
linear equations, one for each active node in the solutionlume. HeatWave
uses an iterative technique based on corrections that redudhe 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 sban
space during an iteration. This command sets a target valuerfthe residual.
The program stops if the error drops below the value. For gooaccuracy,
the relative residual should be less than 16. If the value of ResTarg is
too low, the program may not converge because of roundo em In this
case, you can terminate a solution manually if you are runngnHeatWave
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 reachédaxCy 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 parameteitOmegais the over-relaxation factor used to cor-
rect potential errors during the solution. This quantity may have a signi cant
e ect on the solution time. If the Omegacommand does not appearieat-
Wave automatically picks values that vary with the iteration cyde following
the Chebyshev acceleration prescription. With this commalh you can set a
value manually. For numerical stability the value must be bsveen 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 rpresents
the static thermal equation and 2) adjust conductivity valtes so that they
are consistent with the computed temperatures. A dual itett#on is neces-
sary, and such solutions have longer run times. The code ughe following
procedure:

1. Set values ofk in nonlinear materials using the initial values of tem-
perature in the elements. The temperature in a material is gier 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 exceebaxCycle or 2) the
residual is less tharResT arget

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

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 cycleiN.
determines the accuracy of the solution. Th&/LSle lists convergence infor-
mation. Generally, A, should be less than 1 for a good solution. If the
parameter Ayg 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 wher a solution
may fail:

The system as de ned is physically unstable. For example, esider a
case where a given thermal sourc@ heats a medium wherd& decreases
with temperature. As Q increases, temperature in the mediumises
non-linearly because of the decrease in conductivity. At s@ value,
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 @du-
tions. There is no guarantee thatHeatWave will nd a particular
one. In the worst case, the code will be jump between solutisrand
the process will not converge.

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

3.3 Dynamic mode control commands

This section lists commands that control operation of Heat\&e in the dy-
namic mode. Section 3.4 gives more details on setting the &nstep in the
initial-value solution. The program issues an error messagf any of 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,.x should be
at least one time step larger than the latest time for recordg a data le.

DTMIN DtMin

DTMIN = 0.001

Set a minimum for the time step, over-riding the automatic stp selection
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 autonte 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. Thprogram

stops when it reaches eithet,x or Ns. This command may be used to
ensure that solutions controlled by a batch le do not run outof hand.

Default: Ng = 100; 000.

SAFETY Fsafe

SAFETY =10.0

Sets a safety factor for automatic time-step adjustment. Tpical values are
in the range 5.0 to 30.0. Higher values may improve accuracltae expense
of longer computation times. Default:Fsze = 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 numbef time steps
between adjustment of materials with temperature-dependé thermal con-
ductivity or specic heat. The choice of NCheck strikes a balance between
accuracy and run time. There is no simple prescription thatavers all cases.
In complex solutions, you must determine a good value by exp@entation.
The default isNCheck = 10.

3.4 Choosing a time step for a dynamic solution

HeatWave follows dynamic thermal transport by advancing in small tine
increments t. Because time scales may vary several orders of magnitude
in numerical solutions of di usion problems, it is essentiato use a variable
time step. For example, consider setting an initial tempetare on a body
in a surrounding medium at ambient temperature. Initially, the full tem-
perature drop occurs across a single element. If the solutispace is about
100 elements on a side, the initial time step must be about TMO times
shorter than the time step appropriate to model thermal di usion in the full
solution space. To perform this large adjustmentHeatWave has a routine
that estimates a good time step (Fig. 4). The procedure reBeon a calcula-
tion of the root-mean-squared value for the second derivaé of temperature
over the full solution region. Although the automatic time $ep feature gen-
erally works well, some user intervention may be necessargdause of 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 allowktime incre-
ment by averaging over the full solution volume and then dides 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 siza the 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 geometryieatWave may have to use ex-
tremely short steps to achieve accuracy early in time. Sonetes, 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 ovewhen the
estimate of trises above tn, . The DtMin command is also important for
solutions driven by thermal sources where initially all noels are at ambient
temperature. Because the second derivative of temperature zero 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 maximuallowed
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 imlicit and
therefore involves a minimum number of numerical operatienand 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 esse
tial for a practical code, you should exercise caution in istpreting 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 with
a coarse time step and then cut t in half. Check for signi cant changes in
the predicted temperature. Note that because of potentialound-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 assoemtwith each
material. The motivation is that a material may involve multiple tables to
de ne time and/or temperature dependencies. Several regis can access the
material information, avoiding redundancy.

Sections 4.2 and 4.3 describe commands to de ne simple madés for
static and dynamic calculations. The following chapter cars time and tem-
perature variations. The following command must appear oecfor 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)

Reg?,...

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 theMLSIe 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. &lprogram
issues an error message ilRegioncommand references an unde ned material
(i.e., one for which no commands of the type described in the follovg
sections appear). HeatWave also issues an error messages if a region is
unde ned. The program makes formatted listings in the/VLSle so you can
check the validity of your material de nitions and region asignments.

4.2 Material properties in static calculations

The following commands may be used in static mode calculatis. In 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 mayppear in any
order in the script, although it is good practice to group commands relating
to a single material.
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FIXED MatNo TFix

FIXED(3) = 110.5

Assign a xed temperature T Fix 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 ad 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 thabntains a
constant-temperature cooling uid

INIT MatNo Tinit

INIT(5) = -20.0

Set the temperature of nodes associated with materidatNo to the value
Tinit 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 regionmber asso-
ciated with material MatNo. Enter the value of Qs in W/m 2. The power-
density is uniform over the region. If you want to set a spect total power,

you can nd calculated region volumes near the end of theletaMesh 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 thatborder 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 and T is the temperature in°C. Thermal radiation is discussed in
Sect. 5.3.

VOID MatNo

VOID(6)

Elements with region number associated with materidVlatNo have thevoid
property. Void elements have zero thermal conductivity. Vinls may be used
to model internal insulators. They are also used to mark whicsurfaces 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 c heat
and enterting temperature of the perfusion uid. If they arenot 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 dynamioode 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 necessargrf calcula-
tions with temporal variations.
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INIT MatNo Ti

INIT(3) = 37.0

Set the initial temperature of nodes with region numbers assiated 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 subseqeent solution.
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 themal inertia of
materials, C , (where is the density andC, is the speci c heat at constant
pressure). Use this command to set a value of density for elents with
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 regiamumber 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-depéent
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 vabie. To de ne
a temperature-dependent thermal conductivity, a data linecontains a tem-
perature value followed by the corresponding value of conchivity. You can
prepare tabular function les with a text editor, spreadshet or the Table
Generator tool discussed in Sect. 8.2. You can also incorporate pulbléesi
data or digitized experimental traces. The example of Tablé was created
with a spreadsheet program. The intention was to model a shartransi-
tion in conductivity between two constant values. Note thatthe le syntax
conforms to the same rules as theleatWave script. The free-form parser
accepts real numbers in any format separated by the standamklimiters.
You can add documenting comment lines starting with an astek. The
EndFile command designates the end of data. You may add any descni
text after EndFile.

Although the lines of the example are ordered by increasinge 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 @nsition tem-
perature. The maximum number of tables for all purposes is 6@or spline
interpolations a table requires a minimum of 5 entries. You ost ensure that
the tabular functions extend over the full range of temperaitre that will be
encountered in the solution. The interpolation routines reirn 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 interpolati®n
that aid convergence. It is important to note that the quality of the interpo-
lation depends on the nature of the numerical data. Noisy datmay produce
large oscillations in a spline interpolation. The dependémuantity and its
rst derivative must vary smoothly over the table range, asm the example of
Table 6. You can check the delity of spline interpolations i inspecting the
listing le RUNNAME.WESer listing the sorted table, HeatWave records
a sample set of interpolated values. Use the linear inter@iion method for
noisy or discontinuous data.
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Table 6: Example of a tabular function le for temperature-cgependent 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 modesElements
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 he
sux CNDEach data line in the conductivity table contains a value othe
temperature T (in °C) and the associated conductivityk (in W/m- °C). Note
that although all elements associated wittMatNo reference the same table,
they will not have the same conductivity if they are at di erent temperatures.

CP(MatNo) TABLE TabName

CP(8,TABLE) = LIVER.CP

This command is valid only in dynamic solutions. It sets a teiperature-
dependent speci ¢ heat in elements with region number assated 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 c heat, (in J/kg- °C). Note that
the density and speci ¢ heat always appear in the combinatio C ,. Varia-
tions within a material where both the density and speci ¢ hat change 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 variatins for xed-
temperature conditions or thermal sources in dynamic solwn. There are
two di erence from the tables discussed in the previous seéoh: 1) 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 whos temperature
follows a prescribed temporal variation. For example, youotld check the
dynamic response of an assembly to a change in cooling watemperature.
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 temperaturgé (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 () 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 normalizefunctions
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 nyabe de 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 densiy(in W/m ). Note that simula-
tions always begin at timet = 0:0. The optional parametersTimeAd, and
SrcAd 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 codlbe used to nd
the response temperature in a biological system to a change metabolic
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, vehall review the
procedure used in the code to understand the capabilities é@rimitations
of the model. Radiating surfaces of arbitrary shape may be aed 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 emissiyi{ > 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 throughfacet is given
by
zz
dP = . dS (T +273:15)" (4)

The surface integral in Eq. 4 is taken over the facet. The tengpature T is
computed from linear basis functions and temperatures at ¢hfour 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 noternal
voids. In other words, regions of the system connect diregtto one
another, and internal heat exchange is solely through condition.

Elements on the periphery of the system radiate to surrounaigs that
have an e ective temperature of absolute zero. By e ectivewe mean
that the absolute temperature of the surroundinggs is much less than
that of the radiating elementsT,, so that T T2. This condition en-
sures that there is negligible incoming radiation from thewsroundings.

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 structue involves 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. Filthe 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 eigsivity to
materials associated with radiating regions of the structe that border
on the void elements.

In the subsequent calculation,HeatWave will include thermal radiation
as a negative source term in radiating elements. In dynamialculations,
sources are calculated using values of the temperature thate time-centered
in the di erence scheme, giving second-order accuracy. Itasc calculations,
HeatWave simultaneously updates surface temperatures while it perms
the relaxation solution of the boundary-value problem. Theefore radiation
problems may converge more slowly. You can reduce the run &signi -
cantly by starting nodes of the system close to the expectedial temperature
using the T Init command.

The example RADBOUNDARY DiEgt@ates the accuracy of the method.
Figure 10 shows the geometry for the calculation. A sphere oddius 3.0
cm has thermal conductivity 200 W/m-*C and emissivity = 1:0. The
inner portion of the sphere of radius 1.5 cm is a thermal sowawvith a 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 EMt@aple - 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)as = 1:0.
Therefore, radiation leaves the outer surface of the spher&lote that both
Region 2 and Region 3 (the section of the sphere with a sour@e® assigned
an initial temperature of 800°C to speed the calculation. Figure 11 shows the
evolution of the residual and maximum temperature in the sation volume
as a function of relaxation step. The surface temperature tigmined 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 tempature during
the relaxation solution for the exampleRADBOUNDARYDEMO

Table 8: HeatWave scriptRADBOUNDARYDEMO.WIN

*oomeeee- 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) = 1.0E8

* oo Region assignments ------
REGION(1) = 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 generad by
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 positronsnimatter. The
code creates pro les of dose and power deposition in matdsa

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

SOURCEFILE FileName [SFact]

SOURCEFILE = LiverProbe.ROU 2.5

Load an output le from 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 extra regions tressume di er-
ent properties in the two calculations. TheRFE3 input le contains values
for the thermal source (in W/m®) in each element of the mesh. Th&am-
Bet le contains element dose rates that are converted to poweredsity by
multiplication by the material density . In this case, HeatWave checks
that the density values in the script are identical to the desity 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 albe
multiplied by a modulation function de ned with the SourceMod command.
Only a single SourceFile command may appear in a script. File sources
may be combined with other types of thermal sources (regiopgerfusion or
radiation).

SOURCEMOD TabFileName

SOURCEMODE = TenPulse.MOD

Use this command to assign a time-variation to a spatiallyidtributed ther-
mal power source loaded with theSourceFile command. This command is
valid only in dynamic calculations. The stringTabFileNameis the full name
of a le that de nes a modulation waveform. The le has the fom of a
tabular function (Chap. 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
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all dynamic simulations start att = 0:0.) The modulation function f (t) is
dimensionless and usually has values on the order of unity.h& imported
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 slopeThe time variation
does not a ect independent region, perfusion or radiationcgirces.

SOURCEMOD > Function

SOURCEMODE > 10.0 + co0s(3.1416*$t/25.6)

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

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

up to 230 characters in length and follows the format descral below. 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 mayinclude the
following entities:

The time variable $t .

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

Binary operations: + (addition), - (subtraction), * (multiplication), /
(division) and ~ (exponentiation).

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

Up to 20 sets of parentheses to any depth.

Any number of space delimiters.

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

example, the expression
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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 imggower 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 lehgt.0
cm.

SOURCEGB.PRBet 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 current i92.2 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.

SOURCEGBBYV .V¢étrol le for a static calculation in HeatWave to
determine the steady-state temperature for a continuous ae.

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

SOURCEGBIV.\Weintrol 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,8@0 uni-
form 1.0 mm cubic elements. Nodes on the solution volume aresignated
as Region 2. In theGamBet calculation, the boundary nodes have the
same material identity as the volume. Figure 12 shows the dmslistribution
recorded in theGamBet output le SOURCEGB.G3Ootal of 7.781 kW is
deposited in the medium. The remaining power is lost as es@agp gamma
rays and backscattered electrons. The peak dose (determdnby electron
scattering) occurs at a depth of about 0.6 cm. When the le is grted to
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Figure 12: Dose distribution for the exampleSOURCE®Bhe planey = 0:0.
Two cycles of smoothing have been applied.

HeatWave , the recorded dose in grays (J/kg-s) is multiplied by the madrial
density to give power density in W/n?.

Table 9 lists the HeatWave script for the static calculation. Region
1 has the thermal conductivity of copper, while Region 2 is sé0 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, t high thermal
conductivity of copper limits the peak temperature to aboutl62°C. The
peak occurs 0.8 cm from the entrance face, shifted from thegion 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 sujped for the
material of Region 1. TheSourceModcommand loads the lePULSE30.MOD
to de ne time variation of all element power-density valueslerived from the
GamBet solution. The entries in the modulation table equal 1.0 froh=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 diagnosticromands set a
probe at the position of peak temperature and record spatialistributions
when the solution has approached the steady-state tempeuaé distribution
(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 h the temperature
distribution after the end of the beam pulse. The initially &ewed distribution
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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 @ney = 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&OURCEGBIV

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(1) = 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 probdes in dynamic
solutions. The rst three commands set times to record datales. The last
command de nes probe positions for history les.

DTIME DTime

DTIME = 0.2

Use this command to create data les at uniform time intervad. The quantity

DTime is the approximate interval (in seconds) between dumps. Bagse
HeatWave uses variable time steps, it is not possible to ensure that ¢h
dump occurs at an exact time. Instead, the program writes datimmediately
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 the end of a
run. In this case you can set up to 100 time markers using myhle SetTime
commands.HeatWave will write data as soon as possible after passing each
marked time. To ensure that the data is recorded, s€ln. Slightly larger
than the last recording time. Note that multiple SetTime commands must
appear in the script in the order of increasing time. DefaultAll recording
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 concurrdly. Be
careful in setting the parameters. You may generate enouglata to 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.PRRUNNAME.RO2for each
occurrence of theHistory command. The real-number parameters give the
spatial location of a probe to record temperature and otherhermal quan-
tities as a function of time. Enter the coordinates in the dignce units set
by DUnit. You can de ne up to 12 probe positions with multipleHistory
commands. HeatWave issues an error message if the speci ed position is
outside the solution volume.

NHSTEP Ns

NHSTEP = 10

In runs with a large number of time steps, the history les maybe larger
than necessary and di cult to export to other programs. Use his command
to set the number of time steps per data record in the historyles. 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 tempoharieave the
program to work on other tasks. You can launch the program fro AMaze
or create you own shortcuts. Figure 15 shows the program wiow.

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 mody 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 alteate
directory does not change the working directory of the progm. Note that
the main program will be inactive until you exit the editor.

SETUP

For this command, HeatWave prompts for the name of aMetaMesh e
and brings up the dialog of Fig. 3. Fill in values for control prameters and
material properties to create a basic script. You can use awligor to modify
the script or to add the advanced functions described in Chap3, 4 and 5.

The Run menu has three commands.

49



START RUN

Pick an input le with a name of the form FPREFIX.WINo start a solution.
The working directory changes if you pick a le from an alterate directory.
The run begins if the requestedMetaMesh le MPREFIX.MDE 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 slowlylf you need
to perform critical work, you can pause the solution progranduring the
integration or relaxation process and restart it later witlout loss of data.
Note that if you have a dual-processor machine, the Windowsperating
system will shunt tasks so that you have approximately the peer of one
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 gcess and
saves available output data. For example, in a static run yomay want to
stop at a moderate value of convergence to check whether theoplem has
been correctly de ned.

The Help menu has two commands.

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

TABLE GENERATOR
Run the utility described in the next section to create a tablar 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 fungions. 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 255atacters.

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 adds NEntry data lines, [x, 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 includehe 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) andsqgt (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

E o T .

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 femes compre-
hensive error checking. Errors may include unbalanced patbeses, unrec-
ognized characters and sequential binary operations. Tdustrate a valid

example, the expression

1 - exp(-1.0*(($z"2 + $r"2)/24))
corresponds to
#

|
22+ 12
24 ©)

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

1 exp

8.3 Automatic runs under batch le control

Batch le control is a useful option for running large techncal programs like
HeatWave . You can prepare scripts to organize complex operations. &h
sequenced programs run automatically in the background. Thfeature 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 .Mt RUNAWAY .HéXe stored innAMAZIBUFFERNd 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.WLS the solution is successful, the program creates outputes in
the data directory.

The main function of the command mode is autonomous operatiaunder
batch le control. As an example, suppose you have preparedhé input
les METABO1.MJN,METABO08.Mlldnd METABO1.HIN.,METABO8.HIN the
directory nAMAZIBUFFERNext you create the following batch leMBRUN.BAT
in the data directory using a text editor:

@ECHO OFF

ECHO Main switch data run

START /WAIT .\METAMESH.EXE METABO1
START /WAIT .\HEATWAVE.EXE METABO1
START /WAIT .\METAMESH.EXE METABO2
START /WAIT .\HEATWAVE.EXE METABO2

START /WAIT .\METAMESH.EXE METABO8
START /WAIT .\HEATWAVE.EXE METABO8

Type
SWRUN <Enter>
to generate all solutions without the need for further keybard input. If

there are data dependences, use the optidWAIT to ensure that each task
completes before the next one starts.
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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 ated
by HeatWave . These les contain complete spatial information at speci-
ed times. The program has the following popup menusFile 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 sectioreviews 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 agrations.
Moving to a new directory in the dialog changes the program wking direc-
tory. The command must be the rst activity in an analysis sesion. HWV
counts the number of les in the series, records the times argisplays 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 amly when a
series has been speci ed.

SOLUTION FILE INFORMATION
The command shows a message box with information on the cumtly-loaded
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 poweuf feature of HWV .
This command displays a dialog with a list of analysis script(sux SCR
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 anyfdhe numerical
functions described in this manual. Section 10.2 reviewsdhanalysis script
language.

CREATE SCRIPT

Use this command to create scripts using the internal editorA box requests
a le pre x. The resulting script le will be saved as FPREFIX.SCRNext, 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 dialogsts les 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 gquantitative information. You can automatically reord the data gen-

erated during an analysis session by opening a data le. Sugm le pre x

in the dialog or accept the default. The text data le has a nara of the form

FPREFIX.DABNd 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. he data
le is automatically closed when you exit the postprocessoiOtherwise, you
must close the le before using theEdit data le command or loading the
le into another program. Failure to close the le may resultin a 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 athiwv.exe.

9.2 Plane plots

Plane plots (Fig. 18) are two-dimensional plots that show té variation of
guantities over a plane normal to one of the Cartesian axes. lde plots
provide simple and quick views of the solution space. The tauque is to
generate a rectangular mesh of values over a speci ed plamagion and then
to create plots in a variety of styles. No attempt is made to amect the plot
mesh with the conformal mesh of the simulation. Slice plotsliscussed in
the next chapter, are also two-dimensional in a plane normé& an axis. The
di erence is that slice plots are built using the computatimal mesh. They
show precise region boundaries and equipotential lines irué scale. 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 ffahe 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 ithe box.
The range of the slider bar is automatically set to the limitsof the solution
volume along the normal axis. The boxes at the bottom determe the plot
range in the normal plane. The default settings are the lim& of the solution
volume. Note that plane plots are constructed to Il the maxmum 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 stg. As an
example, Fig. 18 shows thé-illed contours 3D plot style. The numbers at
the bottom give the resolution of the mesh used to create thdqs. Higher
values give more detail but require longer regenerate time$he default is a
51 51 mesh.

PLOT QUANTITY
Set the quantity to be plotted. The following options are avdable:

58



Figure 20: Plot style dialog.

T: temperature in°C.

| Fj, Fx, Fy and F;,: amplitude and components of the thermal ux in
W/m 2.

Q: thermal source in W/m2. This plot is useful mainly when spatially-
dependent thermal information is imported fromRFE3 or GamBet .

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

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

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 sdion le.

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. Noté&at the current

screen plot is sent to the default Windows printer. If neceasy, change the
default using the Settings command of Windows before issgithe command.

PLOT FILE (EPS)

PLOT FILE (BMP)

PLOT FILE (PNG)

Use this command to make a plot le of the current screen plotni either

encapsulated PostScript, Windows bitmap or portable netw& graphics for-

mats. Supply a le pre x in the dialog box. The plot le will be created in the

current directory with a name FPREFIX.ERSFPREFIX.BMBr 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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10 HWV { numerical analysis

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

10.1 Automatic analysis operations

POINT CALCULATION

The Point calculation command brings up a dialog where you enter the,
y and z coordinates of any point in the solution space. In contrastot the
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 fomat:

--- 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)

|[F|:  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

The set of values depends on the quantities de ned in thlNTERPOLATION
section of the currently-loaded con guration le.

LINE SCAN

In the Analysis menu, scans may be performed along arbitrary straight lines
between any two points in the solution volume. When you clickhe Line
scan command a dialog appears where you can specify the start andde
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 byeh
Set scan quantitycommand. The command has no e ect on the data le
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listing which contains all calculated quantities. Featurs of the scan plot
environment are discussed in Sect. 11.3. Table 13 shows amraeple of a
listing.

VOLUME INTEGRALS

In response to the commandHWYV performs volume integrals of quantities
de ned in the VOLUMSE&ection of the con guration le over all elements of
the mesh. The calculations are intensive, so there may be alalefor large
meshes.HWV records results to the data le in the following form:

—————————— Volume Integrals ----------
Global volume: 2.812500E-05
RegNo Region volume

1 2.809154E-05
2 9.707937E-09
3 2.375377E-08

Quantity: Source
Global value: 1.747416E_03
RegNo Region volume

1 0.000000E+00
2 0.000000E+00
3 1.747416E+03

The rst table always shows the global and region volumes. Atlitional tables
list results for quantities de ned in the VOLUM&ection of the con guration
le. In the standard le, the calculated quantity is the de n ed thermal
sources in a region. These values are useful to check soumgeui from
RFE3 and GamBet .

SURFACE INTEGRALS
In response to this commandHWYV takes integrals of de ned quantities over
the selected region surfaces. The program displays the diglof Fig. 21 which
includes a row for each region along with the name assignedhfetaMesh
and forwarded by HiPhi . Activate the check boxes in thelnternal column
to specify the regions to include in the set. The default is toxclude the full
exterior surface of the region setif., all remaining regions areExternal).
Use the check boxes to speciffexternal regions. For example, to take a
surface integral over the boundary between Regions 2 and & Kegion 2 as
Internal and Region 5 a€xternal.

The calculated quantities are de ned in theSURFAC$ection of the con-
guration le. In the standard con guration, the surface integral gives the
total thermal ux out of the region set:
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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

4

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

IFl

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+023.7302E+02
-3.7492E+023.7492E+02
-3.7681E+023.7681E+02
-3.7871E+023.7871E+02
-3.8106E+023.8106E+02
-3.8222E+023.8223E+02
-3.8339E+023.8339E+02
-3.8455E+023.8455E+02
-3.8553E+023.8553E+02
-3.8608E+023.8608E+02
-3.8663E+023.8663E+02
-3.8707E+023.8706E+02
-3.8714E+023.8714E+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 21: Dialog to pick the region set for surface integral
Q= kr T n dA: (7)

PEAK/AVERAGE TEMPERATURE

This command initiates volume integrals of temperature wghted by vol-
ume to nd the global and regional temperature averages andeak values.
Information is recorded to a data le in the form:

---------- Peak and average temperature analysis -------- --
Volume (global): 2.812500E-05

Minimum temperature (global):  1.468349E-07

Maximum temperature (global):  1.000000E+02

Average temperature (global): 6.324696E+00

RegNo Volume Temp(Min) Temp(max) Temp(Avg)

1 2.809154E-05 1.468349E-07 9.925679E+01 6.222838E+00
2 9.707937E-09 4.680619E+01 9.757219E+01 7.185667E+01
3 2.375377E-08 1.000000E+02 1.000000E+02 1.000000E+02
4 0.000000E+00 1.000000+100 -1.000000+100 0.000000E+00

MATRIX FILE

The Create matrix le command controls a feature that is useful if you want
to write your own analysis routines or port results to matheratical software.
In response to the commandHWYV performs interpolations over a speci ed
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Figure 22: Create matrix le dialog.

box region on a regular grid of values. It is much easier to usesults in
this form than to deal with the conformal mesh directly. Cliking on Create
matrix le calls up the dialog of Fig. 13.2. Specify the dimensions ofdfbox
along each axis (in units set byDUnit) and the number of calculation inter-
vals. To illustrate, calculations are performed at positios with x coordinates
given by

X = Xin + n (Xmax Xmin); (8)

Ny
wheren = 0;1;2;:::;;n,. For example, if you setXmin = 0:5, Xmax = 15
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. Dependinghdhe value
of NRecord in the con guration le (Sect. (*)), the listing may contain all

guantities de ned in the INTERPOLATIGction.

10.2 HWV analysis scripts

HWV scripts are useful for automating complex or repetitive arngsis proce-
dures. For example, you may want to compare a line scan of vakibetween
two points in a set of similar solutions. In the interactive node, it would be
necessary to type in the same coordinates for each scan. Arabsis script
can load each solution le, perform the scan and record all fiormation in a
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single data le. In the HWV main menu, the following commands in the
File popup menu (Sect. 9.1) apply to analysis scripts.

RUN SCRIPT

Pick and run a script le with a name of the form FPREFIX.SCRI'he script
can operate on the currently-loaded solution le or load a derent le. The
last solution le loaded by the script becomes the current ¢é for plots and
interactive analysis.

CREATE SCRIPT
Use this command to create an analysis script using the inteal program
editor.

EDIT SCRIPT
Use this command to change an existing script with the intead program
editor.

HWV may be called as a command line task. The calling syntax is
[progpath\|[HWV [scriptpath\]SPREFIX

where the script has the le nameSPREFIX.SCRrou should supply the full
path [scriptpath] if the script is not in the current directory.
Command line operation opens several possibilities.

HWYV runs quickly and silently in the background when laucnhed ém
the Command Promptin a terminal window. To minimize typing, open
the terminal in the working directory. Use the DOSCHDIRcommand
to change directories.

The program may be called by DOS batch les with commands of #h
form

START /WAOT [progpath\HWV [scriptpath\]SPREFIX
START [progpath\HWV [scriptpath\|SPREFIX

Use batch les to organize calculations that run autonomoug The
option /wWAIT in the rst example signals that the batch le waits for
completion of the program to continue. This form is useful idata
from HWV is required for the next operation. Omit the option if
you want to launch several instances oHWV to take advantage of
a multiple-core machine. Use th&CHDIRcommand to set the working
directory.
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Run HWV as a subtask from your own compiled or interpreted pro-
grams. One application is to integrate nite element solubns and
analysis into an optimization loop.

10.3 Script commands

Entries on a command line may be separated by the followingtsef de-
limiters: space, tab, equal sign [=], colon [], left parehtesis [(] or right
parenthesis [)]. Each command listed below is shown in synmizoform along
with an example of how they might appear in a script.

INPUT [datapath n] FileName

INPUT = E: nFEDatanAprilRunsnHVCross.WOU

Close the currently-opened solution le and load a solutionle from the
current directory. If [datapath] is not speci ed, the solution le must be in
the working directory.

OUTPUT [datapath n] FileName

OUTPUT: WGUIDE1.DAT

Close the current data record le and open a new one. If Elatapath] is
not speci ed, the le will be written in the working directory. A data le
must be opened to use the following analysis commands.

CONFIGURATION [datapath n] FileName

CONFIGURATION = C: nFieldPnAMaze30nHWV _DYNAMIC.CFG

Load a newHWYV con guration le to change the analysis characteristics.
If a [datapath] is not specied, the con guration le must be available in
the working directory. If this command does not appear, the ppgram uses
the current con guration or the one in force in the last run.

POINT xp yp zp

POINT = (0.00, 0.05, 4.67)

Perform a point calculation and write values of the quantites de ned in the
Interpolation section of the con guration le to the data record le. Enter
coordinates in the units set byDUnit .

SCAN xpl ypl zpl xp2 yp2 zp2
SCAN = (0.00, 0.00, 15.00) (12.00, 0.00, 15.00) Perform (NScan+ 1)
calculations along a line in space. At each point, write therst NRecord
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guantities de ned in the INTERPOLATIOdéction of the con guration le to
the data record le. Enter coordinates in units set byDUnit.

GENSCAN

Perform any number of calculations along an arbitrary pathn space. At
each point, write the rst NRecord quantities de ned in the INTERPOLATION
section of the con guration le to the data record le. The command must
be part of a structure with the following form:

GENSCAN

xpl ypl zpl
Xp2 yp2 zp2

Xpn ypn zpn
END

Each data line contains three real numbers separated by sgacto de ne a
point in the solution volume. Enter coordinates in units seby DUnit.

VOLUMEINT [NReg]

VOLUMEINT

VOLUMEINT 8

Perform a volume integral of quantities de ned in theVOLUMg&ection of the
con guration le and write the results to the data record le. If a region
number does not appear, the integral is taken over the full kdgion volume.
Otherwise, the integral extends over elements with regionumber NReg.
Volume integrals may take a long time, so use the region-numb option if
there are several regions that are not of interest.

SURFACEINT Regl Reg2 ... RegN

SURFACEINT 57 9 12

Perform a surface integral of quantities de ned in theSURFACEection of the
con guration le and write the results to the data record le. Positive integer
values correspond tdnternal regions and negative tdexternal regions. With
no speci cation, all regions that are notinternal are taken asExternal. The
integral is taken over the surface facets between amgternal and External
elements. The command may include any number of regions. Thegions in
the Internal set may or may not be contiguous. Note thaHWV does not
include facets on the boundary of the solution volume in swate integrals.
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TLIMITS
Make a listing of global and region values of the average tem@ature and
temperature limits.

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
MATRIX WGUIDE.MAT 1.00 1.00 10 10.00 2.00 10 2.00 12.00 20

Write values calculated at an array of location to a data le n text format.
The le is named FileName and is created in the current directory. The real-
number valuesx,n, and Xnax are the limits of the listing volume along the
x direction. The parameterNy is an integer. Listings are made atNy + 1)
evenly spaced positions along.

NSCAN NScan

NSCAN = 100

Set the number of intervals for line scans. The default i Scan = 150 and
the maximum value isN Scan = 500.

RECORD [Field, Full]

RECORD = Full

Set the number of quantities to include in data les in respose to the Scan
and Matrix commands. TheField set (default) consists ofEy; Ey and E,.
Use this option to create data tables foOmniTrak . The Full set includes
all quantities de ned in the INTERPOLATIGdéction of the con guration le.

INTERPOLATION [LSQ,Linear]

INTERPOLATION = Linear

Set the interpolation type to a multi-element least-square t or a single-
element linear t.

ENDFILE
Terminate the analysis
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Figure 23: Slice plot showing isotherm lines and region bodaries.

11 HWV { slice plots

11.1 Setting the slice view

Slice plots are two-dimensional plots that show the variabn of quantities
over a plane normal to one of the Cartesian axes. In contrasb tplane
plots, slice plots are based on the structure of the mesh pezjed to a slice
plane. This structure may be quite complex for a conformal nsé; therefore,
slice plots require more computational e ort. To facilitate the process, slices
are constructed at discrete locations along the normal axisorresponding
roughly to the planes of the foundation mesh. The precise réaring of mesh
information enables point-and-click analysis operation§point 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 nomal plane.

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 smalkgtis approxi-

mately one layer of the foundation mesh and the large step isl&yers. 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. 23) 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 mose. Choose the
command and move the mouse pointer into the plot area. The gtes bar
enters coordinate mode. It shows the current mouse positiamthe plot. Use
the left button to pick one corner and then move the mouse to eate a view
box. Click the left button again, and the plot regenerates. ® any 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 ight of the
plot (Fig. 23) shows the dimensions of the slice plane and tlmitline 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 ehcurrent view
center. Use the mouse to de ne relative start and end point®f the shift.

11.2 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 24: Slice plot style dialog.

SET SLICE PLOT STYLE

This command brings up the dialog of Fig. 24. TheRegion plot style is
a cross-section view of the mesh element divisions coloded by region.
In contrast to the logical plane plot of MetaMesh , HWV attempts to
resolve the exact mesh structure in the plane. In th&illed contour style,
the program determines discrete bands of color coding acdorg to values of
the current plot quantity. The Contour style shows lines of constant values
of the plot quantity. Finally, an Elementplot has color coding by the average
value of the plot quantity in the element volume. When theElement outline
box is checked,HWV includes facets in theRegion and Element modes.
In comparing relative advantages, the-illed contour plot provides the most
attractive and accurate display in extended eld regions. Be the Element
plot for the best view of discrete eld changes at the bound&s of materials.
The Contour plot is useful for checking eld uniformity over a volume.

PLOT QUANTITY
Use this command to set the quantity for color-coding irdrilled contour and

Element plots and line values inContour plots. The following quantities are
available in HWV

T: temperature CC).

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

k: thermal conductivity W/m- °C.

Cp: speci ¢ 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 .
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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 returnedpition
corresponds to the mouse position on the screen. In the snampade, the
program picks a point at an even interval close to the mouse gition. 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 retuihe
position is (6.2000,-5.6000). The status bar displays thectaial or 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 plotdVV auto-
matically chooses intervals and positions so that the linesccur at convenient
values along the horizontal and vertical directions (for exmple, 0.01 rather
than 0.01153). Listings of the grid intervals are includedni the axis labels.
Grids corresponding to the normal plane axes are plotted ael&l lines.

11.3 Analyses in a slice

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

POINT CALCULATION

This command is useful to make quick checks of thermal quatés in the

solution volume. After you click the Point calculation command, move the
mouse into the plot area. The mouse pointer changes to a crdsar pattern

and the status bar enters coordinate mode. Click the left btin to specify a
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Figure 25: Information display - point calculation.

point or press the F1 key to enter the coordinates from the kbpard. Note
that mouse coordinates will shift between discrete value$ $nap mode is
active. HWV calculates the temperature, thermal ux and other quantites
at the chosen location in the normal plane. The following cluder describes
the interpolation method. Figure 25 shows the information idplay. Results
of the point calculations are recorded if a data le is open.

LINE SCAN

Line scans are one of the most useftilWV capabilities. After clicking on
the command, supply two points with the mouse to de ne a scarnrle (or
press theF1l key to enter coordinates manually). The snap mode is useful
in this application (for example, you may want the scan to exnd from
0.000 to 5.000 rather than 0.067 to 4.985.) The program contes 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 mgram also
makes a screen plot of the currently-selected quantity vers distance along
the scan and activates theScan plot display (Fig. 7). HWV adds ducial
lines to the plot using intelligent grid selection. This meas that the plot is
adjusted to Il the screen and grids are drawn at useful interals (i.e., 0.05
or 2.00).
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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 hese in the
element style slice plots.

SET NUMBER OF SCAN POINTS
This command sets the number of line scan points in the scre@iot and
data le listing. The default value is 50 and the maximum numler is 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 characteristi€a aligital oscillo-
scope.HWV superimposes a cross-hair pattern on the graph. Plot valuas
the intersection are displayed in the information window. Mve the marker
along the plot by moving the mouse. If you click the left mousbutton 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 26: Tools to display vector information in the slice jot menu.

11.4 Slice vector tools

HWV has useful tools to display the direction of the vector quaittes B and
H in slice plots. Figure 26 shows the corresponding entries tre toolbar.

FLUX PROBE

This feature was inspired by the familiar Magnaprobe illusated in Fig. 26.

When you click on the tool and move the cursor into the slicelpt area, it

changes to a semi-transparent probe that rotates about a mvpoint to show

the direction thermal ux. The probe functions in all plot styles and may be
combined with ux-line traces and scatter plots. The statusbar shows the
coordinates along with the temperature and thermal ux magitude at the

pivot point.

HEAT FLUX AT POINTS

Use this command to add projected lines of thermal ux. . The mpgram
enters coordinate entry mode when you click the command. Methe mouse
to a point in the solution volume and click the left button. HWV calculates
the three-dimensional heat- ow path that passes through té point and plots
the projection in the slice plane. You can continue to add angumber of lines.
Click the right mouse button or pressECS to exit coordinate mode. The lines
are not included in hardcopy or plot le exports and disappeaif you change
the slice view. Use a screen capture utility to record them.t Is important
to recognize the nature of the plots. The lines are three-densional curves
projected to the slice plane. They may be di cult to interpret if the line does
not lie close to the slice plane. For full three-dimensionagld line plots, see
the Field line plot le command in Sect. 12.
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VECTOR SCATTER PLOT

Superimpose a uniform distribution of vector arrows pointig in the direction
of heat ow in the slice plane. Arrows may be added to any of thplot types,
including Region They are included in hardcopy and plot le export. The
arrows are preserved and adjusted if you change the slicewie

REMOVE VECTORS

Use this command to turn o the vector scatter plot mode and toremove
vector tool displays from the current plot.
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Figure 27: HWV working environment surface plot menu.

12 HWV { surface plots

Surface plots are three-dimensional views of the solutiopace. Surface plots
are created from the conformal mesh and preserve true spatsealing. Four
types of information may be displayed: 1) region boundarieslor-coded by
region number, 2) thermal quantities in a slice plane normab one of the
Cartesian axes, 3) isothermal surfaces with color-coding hthe amplitude
of thermal ux jFj and 4) boundaries of regions color-coded by local ther-
mal quantities (Fig. 27). Region boundaries may be superimoged on both
isothermal and normal plane plots.

The method to control the three-dimensional display with tle mouse is
identical to that used in MetaMesh . Figure 28 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 inzones
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 orientatiorbox in the
upper-right portion of the screen. The plot is updated whenou release the
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Figure 28: Active areas for mouse control of the 3D view.

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

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

RESTORE DEFAULT VIEW

This command is useful if you loose your orientation after geral rotations
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 solidn volume.

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

SURFACE PLOT CONTROL
This command brings up the dialog of Fig. 29. 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 vole. This is a
complex process - if some of the facets are missing, rotate thlot (Rx, Ry
or Rz) back-and-forth to correct the display. Enter the temperatire value
for the isotherm in the box on the right. The surface may be ptted in
wireframe or hidden surface formatsurface plot stylegroup). A wireframe
plot regenerates quickly but may be confusing to view. It isften useful to
set up the plot in wireframe mode and then to switch to hiddenwsfaces
for the nal rendition. Facets of the surface are color-codk according to
the magnitude of local thermal ux jFj. The information window on the
lower-right side of the main program screen contains a legefor the color
values. TheShow facetheck box in theSurface facetdisplay group activates
plotting of the boundaries of surface facets. Turn o the faet display for a
dense mesh. When th&keference gridbox is checked, lines are included to
show the boundaries of the solution volume. Th&lormal plane plot shows
color-coded information on thermal quantities in a plane nmal to one of
the Cartesian axes (Fig. 30). The plot is similar to the planglot discussed
in Sect. 9.2 except that it preserves true spatial scaling. of Normal plane
plots, the commands to choose the normal plane on the righghd side of the
dialog become active. You can set the normal axis and pick tiptane position
along the axis. Normal planes may be plotted in either wiredme or hidden
surface mode. You can combine display of region boundarieghna normal
plane. Finally, the Region only options deactivates the normal plane so that
only region boundaries are displayed. In this case, a ploti®t created until
you select one or more regions in thBisplayed regionsdialog. By default,
all regions are deactivated. You can superimpose region lmalaries on both
Isotherm and Normal plane plots using the Displayed regionsdialog.

DISPLAYED REGIONS

The command brings up the dialog of Fig. 31 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 umeck, 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 ancethuantity.
Note that the eld quantity is always calculated at a point near the facet
outside the chosen region. If the region is a xed-potential electate, the
color coding gives the surface eld in the adjacent vacuumidlectric region.
If a boundary separates two conductive regions, the eld vaés depend on
which region is chosen for display.
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Figure 29: Dialog to control the surface plot style.

Figure 30: Normal plane plot with superimposed region boumdes of the
probe and sheath in theWALKTHOU&xidmple.
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Figure 31: Dialog to control region display.

PLOT QUANTITY

Set the quantity that determines color coding in the normal f[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 quantities in the normal plane
or on region boundaries. Facets where calculated quantiere outside the
range are plotted in gray.

CUT PLANES

In a hidden surface plot, internal details may be obscured bgurrounding

parts or regions. This command brings up a dialog that allowgou 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 createcutaway views.

The default is that cut limits are set equal to the dimension®f the solution

volume so that all facets are included.
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13 Customizing HWV

You can create con guration les to customize the operatiorof HWV for
your application. You can then switch between con guratios for di erent
types of analyses. HWV is supplied with two default con guration les
in the same directory as the executable programhwvstandard.cfg and
hwvdynamic.cfg . We recommend that you do not change these les. In-
stead, make a copy to use as a template and rename it. You cant your
new con guration le anywhere, but we suggest you store allan gurations
in the same directory ashwv.exe. Note that HWV remembers the last
con guration used and attempts to reload it at the next run.

When you have created a template le, open it in an editor. Na that
it is divided into the ten sections shown in Table 13. With fewexceptions,
do not make changes to the sectionslEADERSTOREDQUANT REGIONQUANT
PROGPARARWNPARANI REALTIMEPARAMLtries in these sections coordi-
nate the operation ofHeatWave and HWV . Modi cations may cause le
load errors.

13.1 De ning calculated quantities

You can de ne custom quantities for display and analysis inhe last four
sections of the con guration le:

Interpolation . Scalar quantities for multiple uses: 1) displays in slice,
plane and surface plots, 2) results of point and scan calctizns and
3) values written to matrix output les.

Vector . Vector quantities for the display of eld or ux lines in slice
and surface plots.

Volume . Scalar quantities for volume integrals over regions.

Surface. Vector quantities for surface integrals over the boundags of
region sets.

Run speed is a critical issue iHWV . The generation of a single slice plot
may require over 50,000 interpolations. To ensure fast o@ion, expressions
for calculated quantities in the con guration le are writt en in reverse Polish
notation (RPN). HWV parses the function strings once while loading the
con guration le and saves them in a coded form. Thereafterpperations
are performed at the speed of compiled code. The followingcgen reviews
the basics of RPN notation. Section 13.3 covers parameteradavariables
that may appear in expressions. Section 13.4 reviews therfoof the data
sections.
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Table 14: General organization of thedWV con guration le

HEADER
Control parameters (Required)
END
STOREDQUANT
Stored quantities in the solution file (Required)
END
REGIONQUANT
Physical properties of regions (Optional)
END
PROGPARAM
Program parameters (Optional)
END
RUNPARAM
Parameters set by the solution program (Optional)
END
REALTIMEPARAM
Parameters set by the user (Optional)
END
INTERPOLATION
Calculated quantities for plots and data output (Required)
END
VECTOR
Calculated quantities for vector display (Optional)
END
VOLUME
Calculated quantities for volume integrals (Optional)
END
SURFACE
Calculated quantities for surface integrals (Optional)
END
ENDFILE
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Figure 32:

13.2 Introduction to RPN

Consider the expression

h i
50 45+ 92+0:6 0:9@¢706) . (9)

Equation 9 could be represented in algebraic notation by thstring:
50 * 453 + (9.2 + 0.6 * 0.9 * (2 + 0.67))

The rules for parsing such a string are involved, requiringnainterpreter with
recursive logic. The equation has the following form in RPN:

090672 +"06*92+453"50*+

The string is parsed in strict order from left to right for expessions of any
degree of complexity. A calculator with RPN logic uses the atk shown in

Fig. 32. Numbers are pushed and popped at the bottom. The rgivo stack

registers have the special names and Y. Three simple rules govern the
evaluation of RPN expressions:

If the entry is a number, push it on the stack.

If the entry is a unary operator (exp, In, sin,...), apply it to the number
in the X register.

If the entry is a binary operator (+,*,#,...) combine the numbers in the
X and Y registers and move the stack down.
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The nal result is given by the number remaining in the X register. By
convention, the binary operators act in the following way:

Addition(+): Y + X
Subtraction (-): Y X
Multiplication (*): Y X
Division (/): Y=X
Exponentiation (%): Y*X

Reverse Polish notation eliminates all issues with regara tparsing order.
Furthermore, it is simple to compile expressions. Entriesra represented
either by variables or operator codes.

13.3 \Variables, operations and parameters

Expressions to de ne quantities inHWV may contain numbers, unary and
binary operations, standard variables, standard calculatl quantities and
parameters. The standard variables are

$X, $Y, $Z, $NREG, $DUNIT

Note that the name of variables and parameters must start wlit a dollar

sign. Calls to de ned functions for plots, line scans and o#r operations
are always made at a specic location in the solution spaceHWV sets

the current position [$X,$Y,$Z] before any calls are made. To illustrate, the
following expression gives the distance from the origin in eters:

RDIST = $X 2 2 $Y 2 A $Z ~ 2 + + @SQRT

The standard variable $DUNITis a dimension conversion factor passed from
the solution program. For example, suppose dimensions tetaMesh were
de ned in centimeters and converted to meters for use in theokition pro-
gram. In this case, an entry in the header of the solution le auld set
$DUNIT= 100.0. The following expression returns the distance frorthe
origin in centimeters:

RDIST = $X 2 " $Y 2 N $Z ~ 2 + + @SQRT $DUNIT *
Unary operators have names that begin with '@'. Table 15 listthe available

set. The following considerations apply with respect to th&@ CH&erator:
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Table 15

: Unary operators

Name Operation Comments

@SIN sin(X) Angle in radians

@COS cos(X) Angle in radians

@TAN tan(X) Angle in radians

@ASIN sin 1(X) Returns angle in radians
@ACOS cos 1(X) Returns angle in radians
@ATAN tan 1(X) Returns angle in radians
@EXP e

@LN In X

@LOG 199:0(X)

@SQRT X

@ABS iXj

@EXCH Xy vy

@OVERX 1=X

@XSQ X2

@ENTER X) XY Copy X and push on stack
@CHS X= X

You may include negative numbers (such as3.1456 and -8.9E-09)
in expressions. The number22.56 is equivalent t022.56 @CHS

Expressions like-$MuOand -&grady[3] that mix the binary operator
with a variable are invalid. Instead, use forms likéeMuO0 @CHS

The following quantities represent values from the thermasolution cal-
culated at the current position:

&T
&dTdx
&dTdy
&dTdz
&gradT
&QIN]

The names must begin with an ampersand. They are always falled by
an integer in box brackets giving the number of the stored quiity. The
quantity &gradT equalsjr Tj. The quantity &Q[n] is the interpolated value
of stored quantity n at the current position [$X,$Y,$Z]. HeatWave includes
the following stored quantities:
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&QJ1] The temperatureT in °C or °K (node).
&Q[2] The thermal conductivity k in W/m- °C (element).
&Q[3] The speci ¢ heatC, in J/kg-°C (element).

&Q[4] The thermal source densityg in W/m 2 (element).

Note that the speci ¢ heat is meaningful only for dynamic saitions.

The program performs the interpolation and replaces the sywol with its
value before evaluating the expression. The interpolatiomethod depends
on whether the stored quantity is of typeNode or Element HWV performs
detailed interpolations of Node quantities. In the LIN mode, the program
interpolates within the target element using shape functizss and values of
the stored quantity at the eight nodes. In theLSQmode,HWV collects data
from surrounding elements of the same region type and makekeast-squares
t to a three-dimensional, second-order function.

HeatWave also transfers the following region variables:

$Rho
$EMiss

These variables assume values characteristic of the regiahthe current
interpolation point. The variable $Rhois the mass density in kg/n¥ and
$EMissis the emissivity for regions with thermal radiation boundaes.

Optionally, expressions may include parameters de ned irhe PROGRARAM
section. As an example, this entry de nes the speci ¢ heat ofater:

PROGPARAM
$CpWater = 4186.0
END

You can de ne up to ten parameters in thePROGRAR#ddtion. The name
must begin with a dollar sign and may include up to 12 characts. A value
in any valid real-number format follows the equal sign.

13.4 Setting up the calculated-quantity sections

The nal sections of the con guration le de ne quantities for plots and
calculations. There are four sections:
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INTERPOLATION
QuantityName = Definition

END

VECTOR
QuantityName

END

VOLUME
QuantityName = Definition

END

SURFACE
QuantityName

END

Definition1;Definition2;Definition3

Definition1;Definition2;Definition3

The INTERPOLATIQMNCction may contain from zero to 50 quantity de nitions.
The VECTQR/OLUM&Nd SURFACS&ections may contain a maximum of 20
guantity de nitions each.

A de nition line for a scalar quantity in the Interpolation section consists
of a variable name, an equal sign and an RPN expression usirge tcompo-
nents discussed in the previous section. The following rslepply to quantity
names in all sections:

A name has a maximum length of 12 characters (the length is litad
so that quantity names will t in plots and formatted output | ists).

Names may include characters, numbers and the underscorentyl.
Names may not include spaces and other punctuation marks.

The RPN expression is a string (maximum length of 300 charaas) with
entries separated by spaces. Here are some examples of gtyade nitions:

EPERP = &EY @XSQ &EY @XSQ + @SQRT
LOGEXVCM = &EX 100.0 / @LOG

DX = &EX $MUO * &Q[2] *

FIELDANGLE = &BY &BX / @ATAN $RADTODEG *

The last expression requires that the parameter
$RADTODEG = 57.2958

was de ned in the PROGPAR#S&dtion. Note that the result of the division
operator in the expression is 0.0 i&BX= 0.0.

The order in which quantities appear in thdNTERPOLATIGHCction a ects
some operations irHWV .
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Table 16: Naming conventions in RPN expressions

| Name form | Functions |
$SNAME Program parameters
SNAME Standard variables €.g., $X
&NAME Special quantities calculated from the solutiond.g,
&EX
@NAME Unary operators in RPN expressions

The rst listed quantity is the default choice for Slice plots You can
change the choice by entering a value in th8liceDisplay command in
the HEADERhe integer is the order of the default plot quantity as
listed in the INTERPOLATIGHgction.

In dialogs for picking a plot quantity, the options are listel in the same
order that they appear in the con guration le. Therefore, you should
put important quantities near the beginning and specializ# quantities
near the end.

The same order is followed in listings created by th®latrix le com-
mand.

Each quantity in the Vector section requires three expressions for the y
and z components. The format for a de nition line is

Name = (Expression Xx);(Expression y);(Expression z)

The line may contain a maximum of 500 characters. The companteexpres-
sions are separated by semicolons. The following examplends the thermal
ux:

Flux = &Q[2] &dTdx *&Q[2] &dTdy *&Q[2] &dTdz *

The volume integral of a quantity Q over a regionNg is given by
z zZ z
dx dy dz Q(Xy;2); (10)

where only those elements with region number equal tdg are included.
You can de ne up to 20 quantities in theVolume section for integrals. The
expressions should de ne quantities with dimensions of tferm (quant=n?).
Volume integrals use internal program coordinates in unitef meters. Note
that the quantity $DUNITis used inHWV only for display labels.
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The surface integral of a vector quantityS over a region or a set of regions
is given by
zz
dA'S n; (12)

wheredA is an element of area on the surface of the region set amds a unit
vector normal to the surface pointing out of the region set. &u can de ne up
to 20 quantities in the SURFACEection for integrals. The data line for each
qguantity should contain the name, an equal sign, and three R¥Pexpressions
separated by semicolons for the vector components. The egpsions should
de ne quantities with dimensions of the form ¢uant=nv).

Note that quantity names must begin with special symbols ifhey are
used in RPN expressions. Symbols for di erent quantity type are listed in
Table 16. Therefore, quantity names in thdPROGPAR#ddtion must include
the dollar sign. Quantity names that are de ned only for dispay purposes
need not include a special symbol. The includes quantitiesded in the
INTERPOLATIOMECTQR/OLUM&Nd SURFACEections.
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Figure 33: Probe screen shot.

14 Probe { history le plot utility

14.1 Introduction

Probe is the universal plotting program for all Field Precision iitial-value
solution codes. You can set from 1 to 20 probes by specifyinggitions in
the solution program command script. The probes record quates in an
element or at a node as a function of time. The resulting textles have
names of the formFPREFIX.POl.., FPREFIX.P12where FPREFIXs the run

pre X.
Table 17 shows the standard probe le format. The rst sectia 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 recordedigntities.

Labels for the recorded quantities.

Although the solution programs and their output les employSI units (me-
ters, kilograms,...), the graphical analysis displays afh use practical units
to make it easier to visualize results and to facilitate autmatic grids. Probe
multiplies le quantities by the conversion factors duringthe 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 linesf
label information, the remainder of the le consists of datdines. Each line
contains the time (in seconds) and one or more element or nodeantities.
Real numbers are recorded in E15.6 format.

14.2 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 Imeepened.
The program displays a dialog showing all les with su xes ofthe form
P0]...,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. 33).

The status bar at the bottom of the window contains the name othe
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 that the plot
ts on the screen and the grid lines are automatically adjugd so that they lie
on even values of the plotted quantity with easily recognizkeintervals (e.g,
0.02, 0.05, 0.10, ...). The grid intervals are shown in parémeses next to the
labels of the horizontal and vertical axes. The title line athe top of the
plot shows the following information: generating programprobe le name,
element number, region number and position. This informatn is recorded
in hardcopy plots to help you archive your data.

14.3 Plot settings

The commands of theP lotsettings menu control the quantities, ranges and
appearance of the plot. The screen plot automatically updas whenever you
make a change.
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Table 17: Example of theProbe

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

Rho
(kg/m3)

le format

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(Av)
(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 pbe le. High-
light your choice and clickOK.

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. bicheck
Autoscalein the dialog and supply maximum and minimum values. To retur
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 suppiing minimum
and maximum values. The program returns to full range if youheck the
Autoscale box or if you change quantities usindg?ick 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.

14.4 Plot functions

The commands of thePlot functions menu activate theOscilloscope mod®f
the program and also send plots to hardcopy devices or plotes.

OSCILLOSCOPE MODE

When you issue this commandProbe simulates a digital oscilloscope. As
shown in Fig. 34, the mouse cursor changes to a cross-hair teat when it
is inside the plot window. The program adds movable ducialihes 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 thertie and
plotted quantity at the current position. If you press the Idt mouse button,
the program displays a box with the following information abut the current
point:
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Figure 34: Probe in the Oscilloscope mode

Time, t.

Value of the plotted quantity, V(t).

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

De nite integral of the plotted quantity, Ré 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. The information is also copdto the Windows

clipboard. Other functions of the program are deactivatechithe 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 currentlysplayed trace.
Smoothing applies to the screen display and exported plotbut does not
a ect the data values in the probe le.

96



Figure 35: Probe le-information message box.

DEFAULT PRINTER

Probe can port copies of the plot to any installed Windows printer. The

program sends output to the default printer, so be sure to st the 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: EncapsulatedPostScript,
Windows Bitmap or Portable Network Graphics. The program pompts for
a le pre x and then creates a le with the namesFPREFIX.EPRS-PREFIX.BMP
or FPREFIX.PNG

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

PROBE FILE INFORMATION

Display information on the probe le in a message box (Fig 35)The quantity
N Skip in line 7 is used for long les. There is no reason to store motkan
1000 points for plots on typical screens and hardcopy deviceWhen there
are less than 1000 data line®robe loads all points (NSkip = 1). When the
le contains 1000 to 2000 data lines, the program loads evesecond 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 tie data directly.
The editor runs in read-only mode so that you cannot change ¢hle. Exit
the editor to return to program operation.
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15 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).

The default binary mode should be used for most applicationdt gives
the minimum le size and preserves the full accuracy of the dible
precision numbers used itHeatWave .

Use the text mode to port information to your own programs orfiyou
want to inspect results with an editor.

As in MetaMesh , nodes are referenced with the indicek,[J, K ] wherel
(the index along thex axis) extends from O tol nax , J (Y axis) from 0 to Jyax
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 direct of positive
X, Y and z) is associated with each node for storage. Nodes and elensent
have integer region numbers to associate them with structes in the solution
space.

The format of the HeatWave binary output le is simple and compact.
The FORTRAN code extract shown in Table 18 comprises the emé output
algorithm. The header contains the following elements:

The 6-character stringBINARY .
The number of regions in the solution spacé\|Reg (4-byte integer).

The data dump time in seconds for a dynamic solution. The nundy
equals zero for static solutions (8-byte real).

A total of NReg 20-character strings giving the names of regions ob-
tained from the MetaMesh input le.

A total of NReg single-character strings, eithed or E. The charac-
ter 1 designates a standard material region that should be incled
in a HWV analysis and E indicates a xed-potential that should be
excluded.

The mesh size parameterbnax, Jmax and K nax (4-byte integers).

The quantity DUnit, the unit conversion factor associated with the
solution (double precision, 8-byte real).
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Table 18: Code to create thdHeatWave binary output le

I Header
Character6 = 'BINARY"
WRITE (OutField) Character6
WRITE (OutData) t ! Run parameter, time
WRITE (OutField) NRegMax
DO N=1,NRegMax
WRITE (OutField) Reg(N).RName
END DO
DO N=1,NRegMax
IF (Reg(N).Fixed) THEN
Characterl = 'E'
ELSE
Characterl = 'I'
ENDIF
WRITE (OutField) Characterl
END DO
WRITE (OutField) IMax,JMax,KMax
WRITE (OutField) DUnit
I Node quantities
DO K=0,KMax
DO J=0,JMax
DO 1=0,IMax
MC = M(l,J,K)
STotal = C(MC).SUp + C(MC).SFileUp
WRITE (OutData) &
C(MC).RegNo,C(MC).RegUp,C(MC).x,C(MC).y,C(MC).z, &
C(MC).T,C(MC).KUp,DZero,STotal
END DO
END DO
END DO
I Region properties
DO N=1,NRegMax
MatNo = Reg(N).Mat
WRITE (OutData) Mat(MatNo).Dens,Mat(MatNo).EMiss
END DO
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The next step is to record information for each node. The quéhes RegNo
(the region number of the node) andRegUp (the region number of the adja-
cent element in the direction of increasind, J and K are 4-byte integers.
The coordinatesX ,Y and Z (in meters) are 8-byte real numbers as are the
following stored quantities:

The temperature T at the node in units of°C or °K.

The thermal conductivity k in units of W/m- °C associated with the
upper element.

For dynamic solutions, the speci c heatC, in units of J/kg-°C asso-
ciated with the upper element. The quantity equals zero fortatic
solutions.

The thermal source densityq in units of W/m 2 associated with the
upper element.

Finally, HeatWave records region information, one data eny for each region
in the solution volume. The following quantities are recored:

The region mass density in kg/m?2 for dynamic solutions. The quan-
tity equals zero for static solutions.

The emissivity for regions with thermal radiation boundares (dimen-
sionless).

Table 19 shows the header and initial node data lines from antput le in
text format (note that the node data lines have been broken faeadability).
The rst line contains the string TEXTand the second contains the data
dump time (real number)/ Four region names are shown in the exnple.
The names are strings up to 20 characters in length with no spas. Each
name is followed by the charactet (included) or E (excluded). The order
of nodes is the same as that of Table tab:outputcode. Real nbers are
recorded in format(1P,E14.6) .

Files created in response to thedWV Matrix le are in text format
and have a structure similar to that of Table 19. The les are geful to
transfer information to your own analysis programs and thepre compatible
with OmniTrak and FEVision . There are two di erences from theWOU
le in text format. First, calculations are performed over aregular mesh at
locations

X(1)= Xmin + 1% (12)
Y(J)= Ymin +3J Y; (13)
Z(K)= Zmin + K 2 (14)
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where

X=(Xmax  Xmin)=lmax; (15)
Y=(Ymax  Ymin)=JImax; (16)
Z= (Zmax Zmin ):Kmax : (17)

Second, the listed quantities depend on de nitions in théNTERPOLATION
section of the con guration le and the value of the paramete NRecord
in the header. The following quantities are included when @pating under
con guration heatwave standard.cfg with NRecord = 6: temperature (T

in °C or °K), x components of thermal ux (Fx = k@T=@x;H~, in W/m 2,
magnitude of the thermal ux (jFj = Kkjr Tj), thermal conductivity (k in
W/m- °C).
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Table 19: Header and data extract showing the form of theleatWave WOU

le under the Text option and the HWV matrix le

TEXT
2.009319E+01
NReg: 4
TISSUE |
SLEEVE |
PROBE |
BOUNDARY |
IMax: 92
JMax: 92
KMax: 102
DUnit:  1.000000E+03

RegNo RegUp X

0.000000E+00

2.500000E-04
5.000000E-04
7.500000E-04
1.000000E-03
1.250000E-03
1.500000E-03
1.750000E-03

PR RPRRRRER R
PR RPRRPRRRERRE

Y Z

0.000000E+00 -1.000000E-02
0.000000E+00 -1.000000E-02
0.000000E+00 -1.000000E-02
0.000000E+00 -1.000000E-02
0.000000E+00 -1.000000E-02
0.000000E+00 -1.000000E-02
0.000000E+00 -1.000000E-02
0.000000E+00 -1.000000E-02

1.040439E-03
1.244914E-03
1.899021E-03
3.119321E-03
5.078186E-03
7.967381E-03
1.194936E-02
1.711622E-02

5.000000E-01
5.000000E-01
5.000000E-01
5.000000E-01
5.000000E-01
5.000000E-01
5.000000E-01
5.000000E-01
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4.800000E+03
4.800000E+03
4.800000E+03
4.800000E+03
4.800000E+03
4.800000E+03
4.800000E+03
4.800000E+03

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



Index

algebraic parser syntax, 50 Cond, 29, 34
Cp, 31, 34

batch le, 66 Dens, 31

binary le format, 99 DTim’e 9, 47

DtMax, 9, 25, 27
DtMin, 9, 25, 27
DUnit, 9, 22

Edit le, 49

Edit listing le, 49
Edit script, 49

calculated quantities
special, 88
standard variables, 86

command line, 66

con guration le, 83
calculated quantities, 83

order of quantities, 89 Emiss, 30
sections, 83 Fixed, 29, 34
conversion factors, 5 Format, 22
cutaway view, 82 History, 11, 48
Init, 29, 31
emissivity, 30, 36 Interp, 22
Manual, 50
eld energy, 62 MaxCycle, 23
Flux probe, 76 Mesh, 21
function parser, 41 Mode, 21
NCheck, 23, 26
GamBet, 4, 40 NStep, 47
HeatWave NStepMax, 26
batch le control, 52 Omega, 24
capabilities, 4 Pause run, 50
le format, 22, 99 Region, 28
le sources, 40 ResTarget, 23
le types, 18 Safety, 26, 27
output les, 11 SetTime, 9, 47
program components, 4, 17 Setup, 49
radiation model, 36 Source, 29, 35
running in background, 52 SourceFile, 22, 40
running the program, 49 SourceMod, 23, 40
script, 18 Start run, 50
script example, 11, 20, 39, 44, 46 Stop run, 50
solution procedure, 17 TMax, 9, 25
table generator, 50 Void, 30
HeatWave commands Heatwave commands
Avg, 24 Perf, 30
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HWV
analysis functions, 16
analysis script, 55
batch le control, 66
con guration le, 83
data le, 55, 62
interpolation methods, 61
line scans, 61
making plot les, 60
matrix le, 65
numerical analysis, 61, 73
plane plot type, 57
printing plots, 60
script control, 66
slice plot type, 70
surface plot controls, 78
surface plot type, 78

HWV commands
Close data le, 55
Copy to clipboard, 60
Create matrix le, 64
Create script, 55
Default printer, 13, 60
Displayed regions, 80
Edit data le, 55
Edit le, 57
Edit script, 55
Expand view, 71
Field line at point, 76
Flux probe, 76
Global view, 71
Instruction manual, 57
Jump, 71
Line scan, 15, 61, 74
Load solution, 54
Number of contour lines, 73
Open data les, 55
Open history, 14
Oscilloscope mode, 15, 75
Pan, 71

Peak/average temperature, 64

Plot le, 60

plot limit, 73

Plot limits, 59, 82

Plot quantity, 13, 58, 72, 82
Plot style, 13, 58

Point calculation, 61, 73
Remove vectors, 77
Restore default view, 79
Rotate plot, 59

Run script, 55

Scan quantity, 75

Set cut plane, 82

Set number of scan points, 75
Set plane, 13, 58

Set slice plane properties, 70
Set slice plot style, 72

Set snap distance, 73

Set solution series, 54
Slice normal, 70

Solution le information, 54
Step, 71

Surface plot control, 79
Toggle grid, 73

Toggle snap mode, 73
Vector scatter plot, 77
Volume integrals, 62
Zoomin, 71

Zoom window, 71

HWV le command

Create script, 66
Edit script, 66
Run script, 66

HWV script command

Con guration, 67
GenScan, 68
Input, 67
Interpolation, 69
Matrix, 69
NScan, 69
Output, 67
Point, 67
Record, 69
Scan, 67



Surfacelnt, 68 text le format, 99

TLimits, 69 thermal conductivity, 5
Volumelnt, 68 thermal radiation, 6, 30, 35
thermal sources, 6, 40
thermal transport equation, 5
time step, choosing, 26

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

MetaMesh
output le, 21 vector tools, 76
multiple processors, 50 volume integral, 90

names of quantities, rules, 89, 91
nonlinear solutions, 24

perfusion, blood, 7
Poisson equation, 5
Probe, 92
le format, 92
le information, 98
graphical environment, 93
loading les, 93
oscilloscope mode, 95
plot export, 97
plot settings, 93
smooth display, 96

guantities
order, 89
vector, 90

reverse Polish notation, 85
RFES3, 4, 40
rpn
binary operators, 86
parsing rules, 85

script

advantages, 4
script control, 66
speci c heat, 5
surface integral, 90

Table generation tool, 50

tabular functions, 32

temperature-dependent materials, 24,
32

106



