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[. Temperatura elektriskaja vada un

ta izolacija

Matematiska modelésana, izmantojot OpenFOAM

ST dokumenta mérkis ir, izmantojot konkrétu pieméru, palidzét apgit atvérta koda
datorprogrammu paketi OpenFOAM, kas paredzéta fizikalo procesu skaitliskajai
modeléSanai. OpenFOAM programmu pakotnei nav visaptveroSa apraksta, kas
apgratina ST atvérta koda programmprodukta apgasanu.

Pirms pildit So pamacibu, lasitdjam vélams iepazities ar ,User Guide” (UG) un
,Programmer’s Guide” (PG) dokumentiem anglu valoda, kas atrodas OpenFOAM
instalacijas direktorija doc/Guides-a4. UG publicéts art OpenFOAM oficialaja majas
lapa. NepiecieSama, protams, pieeja datoram ar uzinstalétu OpenFOAM, ka ar1 papildus
instaléjamu riku swak4foam un programmu ParaView rezultatu vizualizacijai. Sis
pamacibas pieméri veidoti ar OpenFOAM versiju 2.1.x un ParaView 3.10.

Papildu resursi:
http://matmod.pbworks.com/w/browse/#view=ViewFolder&param=0penFOAM-Latviski
http://www.openfoam.org
http://www.openfoamwiki.net
http://www.cfd-online.com/Forums/openfoam

Pirma saite ved uz lapu, kura atrodas ST pamaciba tas izveidoSanas bridr; otra - uz
oficialo OpenFOAM fonda lapu. Tresa adrese norada uz neoficialu wiki resursu, bet
pédéja - uz aktivako forumu, kura OpenFOAM lietotaji mégina rast atbildes uz saviem
jautajumiem.

1. Viendimensiju matematiska probléma izolacijai ar
konstantiem koeficientiem un Dirihlé robeZnosacijumiem

Fizikala situacija

Dots apalS elektriskais vads ar izolaciju, kuru uzkarsé cauri
plastosa Iidzstrava. Uzdevums ir — vai nu aprékinat stacionaro
temperatiiras sadalljumu vada un ta izolacija, vai arT noskaidrot
laiku, kada vads uzkarst Itdz kritiskajai temperatdrai, ja strava ir
parak liela. Elektriskais vaditajs var sastavét no vairakiem
metala vadiniem.
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Problémas formuléjums

Saksim ar vienkarSu modeli un nakamajas nodalas pamazam to veidosim
sarezgitaku un pilnigaku. Par pamatu nemsim vienkarsotu geometriju:

Apllikosim tikai izolacijas apgabalu viena dimensija (radiusa virziena) un uzskatisim,
ka zinam, kada temperatiira ir gan izolacijas arpusé, gan uz iek$€jas tas robezas. Ja
temperatiru apzimé ar funkciju T(x,t), tad sekojoss Laplasa vienadojums raksturo
siltuma plismu materiala:

%I-+DTAT=0. (1)

Pienemsim, ka izolacija ir no polivinilhlorida (PVC), kam augséja darba temperatiras
robeza ir 105 gradi péc Celsija. Par aréjas vides un vada sakotnéjo temperatiru
nemsim 65 gradus. Sis vértibas izmantosim uz robezam, lai iegiitu temperatiiras
sadaltjumu izolacija:

T(r,t)=105, T(r,t)=T(r,0)=65. (2)

Par pieméru nemam vadu, kura ieksSé&jais diametrs ir 3.25 mm, bet argjais -
4.15 mm, tatad 1, =1.625mm un r, =2.075mm. Koeficientu D; aprékinasim sekojosi:

0.17 W 2
=Ko 20 mK g 91409.107 @)
y 14.10° L s

k ir PVC Tpatnéjais siltumvadiSanas, bet y=cp siltumietilpibas (péc tilpuma)
koeficients. Realitaté Sie lielumi ir nelineari atkarigi no temperatiiras, bet més paslaik
izmantosim aptuvenas konstantas vértibas.

OpenFOAM case datnes

Ja tas vél nav izdarits, izveidojam savu OpenFOAM programmu mapi, kas parasti
saucas <wusername>-<nr>/run, (pieméram, raimonds-2.1.x/run). Pie reizes varam
iekopét taja arT OpenFOAM piemérus, ar kuriem droSi eksperimentét OpenFOAM
apgusanas laika:

mkdir -p SFOAM RUN
cp -r SFOAM TUTORIALS SFOAM RUN

Ar komandu runvaram aiziet uz savu OpenFOAM mapi SFOAM_RUN:

run
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Misu izolétajam vadam ka paraugu nemam datnes no programmu paketei
OpenFOAM Iidzi nakosa pieméra basic/laplacianfFoam/flange, izveidojot kopijas mapé
wire/wire-01. lzdz&Sam art datnes, kas nebis vajadzigas:

mkdir -p $FOAM RUN/wire/wire-01

cp -r SFOAM TUTORIALS/basic/laplacianFoam/flange/* $FOAM RUN/wire/wire-01

cd $SFOAM RUN/wire/wire-01

rm Allclean Allrun flange.ans constant/polyMesh/boundary
constant/polyMesh/boundary.org

ReZga generésana

Geometriju, izmérus un rezga generésanas parametrus noradam datné constant/
polyMesh/blockMeshDict. Programmai OpenFOAM nepiecieSams 3D apgabals, tapéc z
virziena mums bis empty plaknes, bet tam plakném, ko nosaka lenkis, janem tips
wedge (UG nodala 5.2.2); pie tam abas malas nedrikst apvienot. Geometrijai nemam 1°
lenki. LiklTniju malas nosakam ar atslégvardu arc. Apgabalu brivi sanumuré&jam un péc
ta veidojam rezga aprakstu.

x iyt
o
=
FoamFile
{
version 2.0;
format ascii;
class dictionary;
object blockMeshDict;

}

//*********************************//

convertToMeters 0.001; //Noradisim izmérus milimetros

vertices

( //Numeracija
(1.62475 -0.028360 0.01) //0
(2.07468 -0.036214 0.01) //1 z-virziena 0.0lmm uz abam pusém no ass
(2.07468 0.036214 0.01) //2 X=1I,€081°  y=rsinl®

.62475 0.028360 0.01 //3 X=1I,c081°, y=r,sinl®

(1 )

(1.62475 -0.028360 -0.01) //4
(2.07468 -0.036214 -0.01) /75
(2.07468 0.036214 -0.01) //6
(1.62475 0.028360 -0.01) v
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//Bloka plaknes (ko no
//Ja skatas uz plakni
//pulkstenraditaja vi
//Pieméram, hex

(01 23456 17)..
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saka pirmie 4 punkti) normalei jabiut vérstai uz iek3u
kas definéta ar punktiem sarindotiem pretéji
normale ir vérsta uz skatitaja seju.

Seit neder.

14
rzienam,

hex (456 7012 3) (20 1 1) simpleGrading (1 1 1)
)i
edges
(
arc 0 3 (1.625 0 0.01) //Noradam malas, kas nav taisnas un caur kadu
arc 4 7 (1.625 0 -0.01) //punktu tas iet cauri
arc 1 2 (2.075 0 0.01)
arc 5 6 (2.075 0 -0.01)
);
patches
(
patch outerSurface //izolacijas arpuse
(
(1 5 6 2)

)
patch innerSurface
(

(0 4 7 3)
)
wedge leftSide
(

(326 7)
)
wedge rightSide
(

(0 4 5 1)

)
empty frontAndBack

mergePatchPairs
(
) i

//izolacijas iek3puse

//lenkiskd mala pa kreisi no x ass

//lenkiska

mala pa labi no x ass

//8kélums pa y

//nav vajadzibas kaut ko apvienot

// KA AR A AR AR A A A A AR AR A AR A AR AR A AR A AR AR A AR A A A AR A AR AR A AR AR A AR A AR AR A A kA Ak Ak k k% //

Generéjam rezgi, pieméra direktorija wire-01 izpildot komandu blockMesh:

cd $FOAM RUN/wire/wire-01
blockMesh

Mapé constant/polyMesh tiek izveidotas datnes boundary, faces, neighbour, owner

un points.

Parametru uzstadisana un uzdevuma risinasana

Uzdevumu rékinasim ar OpenFOAM aplikaciju /ap/acianFoam, kas risina diferencial-
vienadojumu (1). Datné constant/transportProperties noradam parametru Dr:

FoamFile

{
version 2.0;
format ascii;
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class dictionary;
location "constant";
object transportProperties;

}

//***********************************//

DT DT [ 02 -1 000 0 ] 1.21429e-07;

// KA AR A AR AR A A A A A A AR A A A A AR AR A A A IR A AR AR A A A A A AN A A A A A A AR A Ak A A Ak Ak kA Ak Ak hk //

Sakuma un robeznosacijumus noradam datné 0/7, nomainot tekstu aiz rindinas
dimensions. Uz iek3$éjas malas fiksésim temperatiru 105°C, uz aréjas: 65°C. Sakuma
momenta izolacijai bis 65°C:

FoamFile
{
version 2.0;
format ascii;
class volScalarField;
object T;

}

//***********************************//

dimensions [00O01O00O0]1;

internalField uniform 65;

boundaryField
{
outerSurface
{
type fixedValue;
value uniform 65;
}
innerSurface
{
type fixedValue;
value uniform 105;
}
leftSide
{
type wedge;
}
rightSide
{
type wedge;
}
frontAndBack
{
type empty;

}
}

// AR AR A AR AR A AR A AR AR A AR A AR AR A AR A A A AR AR A AR A AR AR A AR A AR AR A AR A AR AR A Ak ARk hk //

Datné system/controlDict, kura tiek noraditi laika iteraciju parametri, mainam beigu
laiku un rezultatu pierakstisanas biezumu:

FoamFile

{
version 2.0;
format ascii;
class dictionary;
location "system";
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object controlDict;

}

//***********************************//

application laplacianFoam;
startFrom latestTime;
startTime 0;

stopAt endTime;
endTime 1;

deltaT 0.005;
writeControl runTime;
writeInterval 0.04;
purgeWrite 0;

writeFormat ascii;

writePrecision 6;
writeCompression off;
timeFormat general;
timePrecision 6;

runTimeModifiable true;

// KA AR A AR AR A A A A A R AR A A A A AR AR A AR A AR AR A A A A A A AR AR A AR A AR AR A AR A A A AR A A A A A A Ak k kK //

Pargjas divas datnes fuSchemes un fvSolution, kas atrodas mapé system, nemainam:

FoamFile

{
version 2.0;
format ascii;
class dictionary;
location "system";
object fvSchemes;

}

//***********************************//

ddtSchemes
{
default Euler;
}
gradSchemes
{
default Gauss linear;
grad(T) Gauss linear;
}
divSchemes
{
default none;
}
laplacianSchemes
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default
laplacian (DT, T)

none;

}

interpolationSchemes

{

default linear;
}
snGradSchemes
{
default corrected;
}
fluxRequired
{
default no;
T ;

}

IEGULDIJUMS TAVA NAKOTNE

Gauss linear corrected;

// KA AR A AR AR A AR A AR AR A AR A AR AR A AR A A A AR AR A A A A AR AR A AR A AR AR AR A A A A AR A Ak kA Ak K,k //

FoamFile

{
version 2.0;
format ascii;
class dictionary;
location "system";
object fvSolution;

}

//***************

solvers
{
T
{
solver PCG;
preconditioner DIC;
tolerance le-06;
relTol 0;
}
}
SIMPLE

{
nNonOrthogonalCorrectors 2;

}

********************//

// AR AR A AR AR A AR A AR AR A AR A AR AR A AR AR A AR AR A AR A AR AR A AR A AR AR A A A A A A AR A Ak kA Ak, ok //

Ejam uz misu pieméra sakuma mapi un palaizam rékinasanas procesu, izpildot

komandu /aplacianFoann:

cd $FOAM RUN/wire/wire-01
laplacianFoam

Ja viss izdarits pareizi, programmai vajadzétu uz ekrana paradtt informaciju par
katru izpildito iteraciju un rékinasanu noslégt ar vardu £nd. Piemé&ra mapé bis

izveidotas

laika direktorijas ar misu noradito soli

0.04 sekundes,

informaciju par temperatiras sadalljumu izolacija atbilstosaja laika momenta.

7

kas saturés
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Rezultati

Datu vizualizacijai izmantosim programmu ParaView. Veids, kada pieméru veiksmigi
ieladét programma, dazadiem datoriem var bat atskirigs. Viens variants ir izpildit
komandu paraFoam, otrs - pieméra direktorija izveidot tukSu datni ar paplasinajumu
.foam un atvért to tiesSi no programmas ParaView. Péd&jo variantu var izmantot ari, ja
pieméra datnes tiek parkopétas pécapstradei uz citu datoru (pieméram, no klastera uz
Windows masinu).

Atverot pieméru programma Paraliew, spiezam pogu Apply, lapina Display
izvélamies Color by: Tun Represantation: Surface:

Nokluséta krasu skala var atSkirties no attéla redzama. Talak izvélamies Filter > Plot
Over Line, tad pogu X Axis un Apply, lapina Disp/ay nomainam Component uz X un
nonemam kek3us pie gradientiem:

105.00

100,00

25,00 1

20,00

35,00 / T

30,00

75,00

70,00

£5.00 T T T T
1.a0e-03 1.70e-03 1.80e-03 1.90e-03 £.00e-03 £.10e-03

Linija nav taisna, bet izliekta, par ko var parliecinaties kaut vai pieliekot linealu pie
attéla. Ja izolacija bitu biezaka, izliekums bitu izteiktaks.

2. Tresaveida jeb Robina robeznosacijums uz arejas robezas

Uz aréjas izolacijas robezas noradisim homogénu tresa veida robeznosacijumu, kas
raksturo siltumapmainu ar apkartéjo vidi:

oT
K—+a(T-T,)=0. 4
8n+a( °°) @



Es ESF IEGULDIJUMS TAVA NAKOTNE

EIROPAS SOCIALAIS
FONDS

K ir jau minétais siltumvadisanas koeficients, T_ - ar&jas vides temperatira, a -
konvekcijas koeficients, kas teorétiski ir nelineari atkarigs no temperatiras, bet més
paslaik nemsim konstanti.

Izveidojam mapes wire-0] kopiju, iznemot sarékinatas laika direktorijas, un
nosaucam to par wire-02. Lietosim pakotné swak4foam ietilpstoSo groovyBC
robeznosacijuma veidu, kas ir mixed robeznosacijums ar paplasinatam iespé&jam.

Swak4foam ir treSas puses izstradats riks, kas |auj veikt daudz dazadu uzdevumu,
kuru realizacijai cita gadijuma bdtu javeic risinatajprogrammu, robeznosacijumu vai
cita C++ pirmkoda redigésana un kompilacija. Ja swak4foam bibliotékas nav
instalétas, izdaram to vai art lidzam kadas zinoSakas personas palidzibu. Papildu
informaciju var atrast dokumenta sakuma minétajas wiki un foruma lapas.

Lai lietotu groovyBC, datné system/controlDict pirms rindinas application ievietojam

sekojoSu tekstu:

libs ( "1ibOpenFOAM.so" "libgroovyBC.so" );

Pirmo minéto bibliotéku, iespéjams, var nenoradit, ja bez tas programma ParaView
veiktos aprékinus atver bez problémam.

Uz ieksS&jas robezas noradisim fiksétu temperatiiru: 50 gradus péc celsija, bet
apkartéjas vides temperatira bas T_=0°C; Koeficienti k=0.17W/mK,
o =15W/m2K . Datné 0/T atbilstoSi mainam sakuma un robeznosacijumus:

internalField uniform O;

boundaryField
{
outerSurface
{
type groovyBC;
value uniform 0;
variables "k=0.17;alpha=15;Tinf=0;C=k/alpha/mag (delta());";

valueExpression "Tinf";
gradientExpression "0";
fractionExpression "1/ (1+C)";

}

innerSurface

{
type fixedValue;
value uniform 50;

Palielinam aprékinu periodu, lai sasniegtu stacionaru stavokli, mainot datné system/
controlDict sekojosas rindinas:

endTime 8;

writeInterval 0.2;

Palaizam aprékinus ar komandu /aplacianFoam un, lidzigi ka ieprieks, rezultatus
apskatamies ar programmu ParaView. Papildus iegisim grafiku, ka uzkarst izolacija pie
aréjas robezas. lzvélné nemam Edit > Select Cells On (vai attiecigo pogu rikjosla) un
3D attéla ieziméjam gala elementu:


http://openfoamwiki.net/index.php/Contrib/swak4Foam
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Talak izvélné Filters lietojam filtru Plot Selection Over Time un panell Object
Inspector spiezam pogas Copy Active Selection un Apply.

a0.00

40.00 -

30,00
20.00 - / T

10,00

0.00 T T T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6,00 7.00 g.00

Tresa veida robeznosacijumu Tstenosana ar groovyBC nav acimredzama. C++ klases
groovyBC pamata ir robeznosacijums mixed. lzpétot funkcijas evaluate algoritmu
izejas koda datné mixedFvPatchField.C (src » finiteVolume » fields » fvPatchFields »
basic » mixed) redzams, ka temperatira uz robezas T, tiek aprékinata sekojosi:

T, = f -valueExpr +(1- f)(TCenter + gradExpr-&), (5)

kur f €[0,1] ir proporcija fractionExpression, ¢ ir attalums starp Sanas centru T,

center
un virsmas centru T. __ (programma OpenFOAM tas ir vienads ar 1/del/taCoeffs() vai -

face

robeznosacijuma groovyBC gadijuma - ar komandu mag(de/ta())). Ja nemam
robeznosacijumu (4):
or
K—+a(T-T,)=0, 4)
o ta(T-T.)
linearizéjam ta atvasinajumu:
T, .—T
k face center+a(T —Tw)zo, (6)
o
izdalam ar o unizsakam T, ieglstam:
1 1 k
face 1+C o0 ( 1+Cj center 0{5

Ka redzams, STis izteiksmes salidzinasana ar formulu (5) dod:

f=(+0),

valueExpression = T_,

0

gradientExpression = 0.

10
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3. Siltuma plusma uz iekSéjas robezas

PVC izolacijas siltumvaditspé&ja ir aptuveni 2000 reizu mazaka neka vara vadam,
tapéc var uzskattt, ka elektriskaja vaditaja viscaur ir vienada temperatdra. Siltuma
daudzumu, kas rodas stravai plistot cauri metalam, var raksturot ar sekojosSu linearu
sakaribu:

|2 W
fO(T) = EIOZO (l+ Ay, (T _Tref )) ?, (8
kur | - stravas stiprums, A- vaditaja Skérsgriezuma laukums, p,,- metala Tpatnéja
pretestiba atsauces temperatara T, =20°C, «,,- pretestibas linearais temperatdras
koeficients.

Nemsim 50 ampéru stipru stravu un vara sakauséjuma ,,Cu-ETP” fizikalas Tpasibas:

1
P =1.7544-10°Qm,  ay, =3.83-1O‘3E. (9)

Elektriskais vaditajs sastav no 84 metala stieplitém ar diametru 0.3mm, tapéc
Skérsgriezuma laukumu rékinasim nevis no izolacijas iek$éja radiusa r,, bet metala
reala Skérsgriezuma laukuma:

A=nzf*~594-10°m?, F=0.15mm, n=84.

Stacionara gadijuma viss generétais siltums nonak izolacija caur iek$€jo robezu. Lai
aprékinatu jaudu uz vienu robezvirsmas kvadratmetru, avota funkciju f, pareizinam ar
metala Skérsgriezuma laukumu, ieglstot jaudu uz vienu vada metru, un izdalam ar
izolacijas iekSéjas robezas perimetru. legito izteiksmi izmantojam robeznosacijuma
uz izolacijas iekSgjas robezas:

oT A
k— f =0, r=r,. (10)
o ' 2nm o(1) °
oT  np?
jeb K—+—f =0, r=r,. 11
Je ar 2 o(T) 0 an

Atkal izmantosim groovyBC kodu, lai Tstenotu So robeznosacijumu. Veicam lidzigus
parveidojumus ka iepriek$é&ja nodala:

Tface _Tcenter |2,020
K -5 + 27zr0A(1+ Oy (Tface _Tref )) =0 (12)
Tface = L Tref _i +(l_ L chenter’ (13)
1+C Oy 1+C
|2
wr T, =20, C=——X_ B=_Ptn (14)
oa,,B 271, A

Izveidojam mapes wire-02 kopiju, nosaucam to par wire-03 un izdzésam ieprieks
sarékinatas laika mapes. Datné 0/7 labojam robeZnosacijumu uz virsmas innerSurface:

innerSurface

{
type groovyBC;

11
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value uniform O;

variables "I=50;r0=1.625e-3;rMet=0.15e-3;n=84;
A=n*pi*rMet*rMet;k=0.17;rho20=1.724e-8;alpha20=4.04e-3;
B=I*I*rho20/ (2*pi*r0*A) ;C=-k/ (B*alpha20*mag (delta()));Tref=20;";

valueExpression "Tref-1/alpha20";

gradientExpression "0";

fractionExpression "1/ (1+C)";

Lai sasniegtu stacionaro stavokli, palielinam aprékinu intervalu un beigu laiku,
labojot datni system/controlDict.

endTime 400;
deltaT 0.05;
writeInterval 5S¢

Palaizam aprékinus ar komandu /aplacianFoam un péc tam apskatamies rezultatus
programma ParaView. Attélos redzams temperatiiras sadalljums beigu momenta, ka ari
uzkarsanas dinamika.

42.5
40-
42,0 ;
30
41,5+ |
— — i
41.0 <0
40,5 10
40.0 T T 1 T 0 T T ' 1 ' 1
1.6e-03 1.8e-03 2.0e-03 0 120 240 360

4. Pilna 1D probléma ar siltuma avotu un nestacionariem
koeficientiem

Turpinajuma veiksim aprékinus ne tikai izolacijas apgabala, bet art pasa vaditaja, ka
arTt nemsim véra fizikalo koeficientu atkaribu no temperatiiras. Mums bis nepiecieSams
labot ,solvera” jeb OpenFOAM risinatajprogrammas pirmkodu, pilnveidot modela
geometriju un izmantot papildu ,utilitu” koeficientu noradisanai.

12
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Izejas koda laboSana un kompilésana

Lai Tstenotu diferencialvienadojumu (15), kas atseviSki apskata siltumietilptbu un
siltumvaditspéju un satur avota funkciju, labosim iepriekS izmantoto programmu
laplacianFoam.

ocpTl

-V-kVT =F (15)

Izveidojam mapi, kura glabasim savas risinatajprogrammas un nokopéjam originalo
laplacianFoam pirmkodu, pardévéjot to par /ap/acianSourceFoam:.

mkdir -p SWM PROJECT USER DIR/applications/solvers/
cp -r SFOAM SOLVERS/basic/laplacianFoam $WM PROJECT USER DIR/applications/
solvers/laplacianSourceFoam

Pardévejam galveno izejas koda datni /aplacianFoam.C par laplacianSourceFoam.C.

cd $WM PROJECT USER DIR/applications/solvers/laplacianSourceFoam
mv laplacianFoam.C laplacianSourceFoam.C

Direktorijas un varda nomainu atspogulojam kompilacijai nepiecieSamaja datné
Make/files:
laplacianSourceFoam.C

EXE = $(FOAM_USER_APPBIN)/laplacianSourceFoam

Datni Make/options nemainam:

EXE INC = -I$(LIB_SRC)/finiteVolume/lnInclude

EXE LIBS = -lfiniteVolume

Datné /aplacianSourceFoam.C labosim risinamo diferencialvienadojumu atbilstoSsi
formulai (15), ka art ievadisim koeficientu aprékinasanas formulas. Siltumietilptbas
koeficientu noradisim ka polinomu Iidz treSajai pakapei, avota funkcijai pietiks ar
kvadratisko polinomu, bet siltumvadisanas koeficients k bis gabaliem konstants, kas
ir pietiekami masu situacija. Koeficientus definésim uz rezga ka skalaros laukus.

#include "fvCFD.H"
#include "simpleControl.H"

//***********************************//

int main(int argc, char *argv[])
{

#include "setRootCase.H"
#include "createTime.H"
#include "createMesh.H"
#include "createFields.H"

simpleControl simple (mesh)

//***********************************//

13
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Info<< "\nCalculating temperature distribution\n" << endl;

while (simple.loop())
{
Info<< "Time = " << runTime.timeName () << nl << endl;
while (simple.correctNonOrthogonal ())
{
//siltumietilpibas koeficients un avota funkcija
CRho = CRho0O + CRhol*T + CRho2*sqgr (T) + CRho3*pow (T, 3):;
F =F0+ F1 * T;
solve
(
//diferencialvienadojums (15)
fvm: :ddt (CRho, T)
- fvm::laplacian (K, T)
);
}

#include "write.H"

Info<< "ExecutionTime = " << runTime.elapsedCpuTime () << " s"
<< " ClockTime = " << runTime.elapsedClockTime () << " sg"
<< nl << endl;

}
Info<< "End\n" << endl;
return O;

}

Programmai nepiecieSamos parametrus jeb mainigos definéjam datné
createFields.H, kur originalais teksts sakot ar rindinu ,Info<< "Reading
diffusivity...” nebis vajadzigs.

Info<< "Reading fields: T, CRho, K, F\n" << endl;

volScalarField T
(
IOobject
(
"T",
runTime.timeName (),
mesh,
IOobject::MUST_READ,
IOobject::AUTO WRITE

mesh

);

volScalarField K
(
IOobject
(
"K",
runTime.constant (),
mesh,
IOobject::MUST READ,
IOobject::N07WRITE

//temperatiras
//tada pati ka

lauka definicija paliek
originalaja datné

//siltumvadiSanas koeficients

//datnes nosaukums

//datne atradisies mapé& constant

//aprékinu laika to uz diska neglabasim

14
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volScalarField CRho //ipatnéja siltumietilpiba, ko programma
( //aprékinasim no nakamajiem koeficientiem
IOobject
(
"CRho",
runTime.timeName (),
mesh,

IOobject::NO READ,
IOobject::NO WRITE
),
mesh,
//PieSkiram 0. Seit dimensijas sanak: dimensionSet(1,-1,-2,-1,0,0,0)
dimensionedScalar ("zero", dimSpecificHeatCapacity * dimDensity, 0.0)
)

volScalarField CRhoO //siltumietilpibas polinoma brivais loceklis
(
IOobject
(
"CRhoO",
runTime.constant (),
mesh,
IOobject::MUST READ,
IOobject::NO WRITE

mesh

)

volScalarField CRhol //siltumietilpibas linearais loceklis
(
IOobject
(
"CRhol",
runTime.constant (),
mesh,
IOobject::READ IF PRESENT, //Ja nav noradits, pieSkiram nulli
IOobject::NO WRITE
),
mesh,
dimensionedScalar ("zero", dimensionSet(1,-1,-2,-2,0,0,0), 0.0)

);

volScalarField CRho2 //siltumietilpibas kvadratiskais loceklis
(
IOobject
(
"CRho2",
runTime.constant (),
mesh,
IOobject::READ IF PRESENT,
IOobject::NO WRITE
)4
mesh,
dimensionedScalar ("zero", dimensionSet(1,-1,-2,-3,0,0,0), 0.0)

);

volScalarField CRho3 //siltumietilpibas kubiskais loceklis
(
IOobject
(
"CRho3",
runTime.constant (),
mesh,
IOobject::READ_IF_PRESENT,
IOObject::NO_WRITE
),
mesh,
dimensionedScalar ("zero", dimensionSet(l1,-1,-2,-4,0,0,0), 0.0)

15
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volScalarField FO //avota brivais loceklis
(
IOobject
(
"FO" ,
runTime.constant (),
mesh,

IOobject::MUST READ,
IOobject::NO WRITE

mesh
);
volScalarField F1 //avota linedrais loceklis
(
IOobject
(
"Fl",
runTime.constant (),
mesh,

IOobject::READ IF PRESENT,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar ("zero", dimPower/dimVolume/dimTime, 0.0)
);

volScalarField F //avots
(
IOobject
(
"F" ,
runTime.constant (),
mesh,
IOobject::NO READ,
IOobject::NO_WRITE

FO //var veidot no cita mainiga vai formulas

//Ja vértibas nevajadzés saglabat uz diska, avotu F var definét ari ta:
//volScalarField F = FO;

Datni write.H nemainam:

if (runTime.outputTime ())

{
volVectorField gradT = fvc::grad(T);

volScalarField gradTx
(
IOobject
(
"gradTx",
runTime. timeName (),
mesh,
IOobject::NO READ,
IOobject::AUTO WRITE
),
gradT.component (vector: :X)
)i

volScalarField gradTy

16



Es ESF IEGULDIJUMS TAVA NAKOTNE

EIROPAS SOCIALAIS
FONDS

IOobject

(
"gradTyH 0
runTime.timeName (),
mesh,
IOobject::NO READ,
IOobject::AUTO WRITE

),
gradT.component (vector: :Y)
) ;

volScalarField gradTz

(
IOobject

(
"gradTz",
runTime.timeName (),
mesh,
IOobject::NO READ,
IOobject::AUTO WRITE

),
gradT.component (vector::7)
) ;

runTime.write () ;

Pirmkoda datnes ir sagatavotas, un tagad varam tas nokompilét, izpildot komandu:

wmake

Veiksmigas kompilacijas gadijuma direktorija $FOAM_USER_APPBIN paradisies
izpildama datne /ap/acianSourceFoam.

Piemeéra sagatavosSana

Vispirms nokopéjam iepriekSéja pieméra mapi wire-03, nosaucam to par wire-04
un izdzésam iepriekS rékinatas laika mapes. Ja netiek izmantota grafiska vide,
iespéjams, értak ir lietot OpenFOAM utilitprogrammu foamCopySettings, péc tam
nokopéjot ari rezga generésanai nepiecieSamas datnes:

cd $FOAM RUN/wire

mkdir wire-04

foamCopySettings wire-03 wire-04

cp -r wire-03/constant/polyMesh wire-04/constant

letversim rezgi elek-
triska vaditaja apgabalu,
papildinot datni constant/ e
polyMesh/blockMeshDict
ar diviem punktiem ka
paradits attéla un atbilstosi
mainot arl paréjas datnes =
sadalas.
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FoamFile
{
version 2.0;
format ascii;
class dictionary;
object blockMeshDict;

}

//***********************************//

convertToMeters 0.001;

vertices

(
(1.62475 -0.028360
(2.07468 -0.036214
(2.07468 0.036214
(1.62475 0.028360
(1.62475 -0.028360 -
(2.07468 -0.036214 -
(2.07468 0.036214 -
(1.62475 0.028360 -
(0.0 0.0
(0.0 0.0 -

)

blocks

(
hex (4 56 7012 3
hex (9 4 7 9 8 0 3 8

)

edges

(
arc 0 3 (1.625 0 O.
arc 4 7 (1.625 0 -0.
arc 1 2 (2.075 0 O.
arc 5 6 (2.075 0 -0.

)

patches

(

patch outerSurface

(
(1 56 2)

)

symmetryPlane centre

(
(8 9 9 8)

)
wedge leftSide

empty frontAndBack
(

(
(
(
(

S O B O
O w J
O 0 o N
~ o U1 W

//Punkts nr. 8
//Punkts nr. 9

) (20 1 1) simpleGrading (1 1 1)
) (20 1 1) simpleGrading (1 1 1)

//”patch innerSurface” vietda nak $is rindinas,
// kas izolacijas iek8é&jas robezas vieta definé
// aksialas simetrijas robezZu

18
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mergePatchPairs
(
) i

No pieméra mapes wire-04 generéjam jauno rezgi:
blockMesh

Uz rezga definéjot koeficientu skalaros laukus, sakotnéji izmantosim izolacijas
fizikalas TpasSibas, bet elektrisko vaditaju un avota jaudu noradisim péc tam ar
utilitprogrammas setfields palidzibu. Ta ka ST utilttprogramma maina parametru
datnes, vispirms saglabasim tas ar paplasinajumu ,.org”, kas nozimés original.

Izveidojam datni constant/K.org, nemot K vértibu ka formula (3):

FoamFile
{
version 2.0;
format ascii;
class volScalarField;
object K;

}

// * k kX k k kx k Kk *x Kk *x Kk *k *x Kk *x Kk * *x * *x *k * *x *k *x *k * *x * *x *k * *x * //
w J N kgm
m-K m-s-K s-K s*K

dimensions [11-3-1000]; /7 [K]=

internalField uniform 0.17;

boundaryField
{
outerSurface
{
type fixedvValue;
value uniform 0.17;
}
centre
{
type symmetryPlane;
}
leftSide
{
type wedge;
}
rightSide
{
type wedge;
}
frontAndBack
{
type empty;

}

Materialu siltumietilptba dota tabulas veida', ko més aproksimésim ar kubisko
polinomu. Koeficientu iegliSanai var izmantot, pieméram, datorprogrammu Maple
(izvélné: Tools > Assistants > Curve Fitting...). Aprékiniem nepiecieSama tilpumveida
siltumietilpiba, kas ir blivuma un ,parastas” siltumietilptbas reizinajums.

1 VDI-Wdédrmeatlas. 9. Aufl. Berlin : Springer, 2002
19



Es ESF IEGULDIJUMS TAVA NAKOTNE

EIROPAS SOCIALAIS
FONDS

Doy =8960Kg/M®, e =1350kgim®,  [c]=J/(kg-K)

-50°C| 0°C 50°C | 100°C | 200 °C | 400 °C | 600 °C

Ce 381 415 | 431 456

u

750 920 1040 1530

CPVC

Pareizinot dotos lielumus un aproksiméjot, ieglistam sekojoSas izteiksmes:

Cpo, =3.414-10° +2330T —5.040T2 +5.040-10°T? (16)
Copmye =1.242-10° +2025T —13.50T2 +0.7560T* (17)
41 = 10f
1 2= 108 o
a0 10 4
jgxmﬁ_- 18 = 10F
3,8 w10 o 1,6 105 =
3,7 w 10
) 1,4 10% <
3.6 5 10F
35 = 10 o
; T T T T T T T
i} 100 L] 0 A0 500 00 '] 100

CPOcy CPrvc

SiltumvadiSanas polinoma brivajam loceklim izveidojam datni constant/CRho.org.
Saturu nemam no iepriekS veidotas datnes K.org, nomainot objekta nosaukumu,
fizikalas dimensijas un pasu vértibu:

FoamFile

{

object CRhoO;
}

//***********************************//

J ko
m*-K m-s?-K

dimensions [1 -1 -2-1000]; /! [cpl=

internalField uniform 1.242e6;

boundaryField
{
outerSurface
{
type fixedValue;
value uniform 1.242e6;

Nemot vértibas no polinoma (17), lidzigi izveidojam arT paréjo koeficientu datnes:
CRhol.org, CRho2.org un CRho3.org. Lai gala izteiksmei bitu korektas fizikalas
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dimensijas, ar katru nakamo pakapi janorada par vienu mazaka temperatiras
dimensija, pieméram, kubiskajam loceklim dimensijas ir sekojoSas:

dimensions [1 -1 -2 -4 0 0 0],

Izolacija nav siltuma avota, tapéc funkcijas F visu koeficientu vértibas ir vienadas
ar nulli, ko noradam datnés FO.org un Fli.org. Brivajam loceklim dimensijas ir
sekojoSas (pargjiem - attiecigi par temperatiras dimensiju mazak)

dimensions [1 -1 -3 00 0 071; // [F]::yéf: kg3
m m-S

Tagad nokopésim org datnes, atstajot nosaukumu bez ST paplaSinajuma, un
izmainisim lauku vértibas ta, lai apgabala vidusdala bltu noraditas misu elektriska
vaditaja fizikalas TpaSibas. Lai to automatizétu, pieméra direktorija izveidojam datni
setValues:

cd constant

cp K.org K

cp CRhoO.org CRhoO

cp CRhol.org CRhol

cp CRho2.org CRho2

cp CRho3.org CRho3

cp FO.org FO

cp Fl.org F1l

cp F2.org F2

cd ..

setFields -constant // noradam, ka lauki ir definéti mapé& constant, nevis
// kada laika mapé

un piesSkiram tai izpildamas datnes statusu:

chmod +x setValues

Utilltprogrammai setFields veicamas darbibas janorada datné system/setFieldsDict.

FoamFile

{
version 2.0;
format ascii;
class dictionary;
location "system";
object setFieldsDict;

}

//***********************************//

defaultFieldValues
(

//volScalarFieldvValue K 0.17 //Piemérs, k& izmantot noklusétds vértibas

);

regions
(
cylinderToCell // Vértibas tiks mainitas cilindriska apgabala,
{ // ko nosaka punkti pl un p2, un radiuss
pl (0 0 -1);
p2 (0 0 1);
radius 1.625e-3; // Izolacijas iek3é&jais radiuss
fieldvalues

(
volScalarFieldValue K 401

21



Es ESF IEGULDIJUMS TAVA NAKOTNE

EIROPAS SOCIALAIS
FONDS

volScalarFieldValue CRhoO 3.414e6
volScalarFieldvValue CRhol 2330
volScalarFieldvValue CRho2 -5.04
volScalarFieldValue CRho3 5.04e-3
volScalarFieldvValue FO 8.219e5
volScalarFieldvValue F1 3.409e3

)

Vara Tpatngja siltumvadiSsana: k =401W/(mK), siltumietilpibas vértibas nak no
formulas (16), bet avota funkcijas koeficienti ieglistami parveidojot formulu (8):

fo(T) = By (1= g Ty ) + Byt T =8.219-10° +3409T , (18)
P21
O:E?pzo, | =50A.

Aprékinot avota funkciju, némam véra faktu, ka metala realais Skérsgriezuma
laukums ir mazaks par matematiskaja modell izmantoto, tapéc formulu pareizinajam
ar laukumu attiecibu, lai generétais siltums batu tads pats ka realitaté.

Pabeidzam parametru lauku noradiSsanu, no komandrindas pieméra galvenaja mapé
izpildot izveidoto skriptu setValues:

setValues

Uz argjas robezas nemsim véra siltumapmainas koeficienta atkaribu no
temperatiras, kura ietversim art siltumstarojumu:

A=y, + 0y, Oy =eo(T2+T2)T +T,), o =5.6704-10"° W/(m?K*)

Virsmas starojuma koeficientu nemam & =0.93, temperatira ar tildes zimi jarékina
Kelvina grados, bet konvektiva siltumapmainas koeficienta «, aprékinasanai
izmantojam sekojosu algoritmuz?:

T=Tpe+T,)/2

| =71,

A=2.434-107+7.658-10°T —4.030-10 °T? +3.101-10 *T*-1.065-10 ™ T*
v=1.352-10"°+8.876-10°T +1.098-10°T? - 4.035-10 *T° +1.347-10 V' T*

Pr=0.7109-1.578-10*T +5.885-107 T° —6.198-10 ° T* +2.180-10* T*
B = 0.993048/(T+270.127)

Gr=gpl®|T, . —T |V
Ra=Gr-Pr

-16/9
f =(1+(0.559/Pr)™)

conv

face

Nus = (0.752+0.387(Ra- f)"* )’
a...=Nus-A/l

conv

2 |lgevicius A. Analytical and Numerical Analysis and Simulation of Heat Transfer in Electrical
Conductors and Fuses. Neubiberg : Universitaet der Bundeswehr Muenchen, 2004. Dissertation
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Algoritmu implementéjam ar groovyBC palidzibu temperatiras lauka datné 0/7,
kura noradam ar1 sakotnéjo temperatiru iek§&jos punktos un parametrus uz paréjam
rezga robezam:

FoamFile
{
version 2.0;
format ascii;
class volScalarField;
object Te

}

//***********************************//

dimensions [OO0O O 1 O0O0O0];
internalField uniform O;

boundaryField
{
outerSurface
{

type groovyBC;

value uniform O;

variables "r1=2.075e-3;
k=0.17;
epsilon=0.93;
Tinf=0;
TT=(T+Tinf) /2;
g=9.81;
sigma=5.6704e-8;
L=pi*rl;
lambda=2.4340e-2+7.6575e-5*TT-4.0303e-8*pow (TT, 2) +3.1098e-11*pow (TT, 3)
-1.0648e-14*pow (TT, 4) ;
nu=1.3520e-5+8.8761e-8*TT+1.0979%e-10*pow (TT, 2) -4.0352e-14*pow (TT, 3)
+1.3466e-17*pow (TT, 4) ;
pr=0.71091-1.5775e-4*TT+5.8848e-7*pow (TT,2)-6.1980e-10*pow (TT, 3)
+2.1796e-13*pow (TT, 4) ;
beta=0.993048/ (TT+270.127) ;
gr=g*beta*mag (T-Tinf) *pow (L, 3) /pow (nu, 2) ;
ra=gr*pr;
f=pow (1+pow (0.559/pr,0.5625) ,-1.778) ;
nus=pow (0.752+0.387*pow (ra*f,0.1667) ,2);
alphaConv=nus*lambda/L;
alphaRad=epsilon*sigma* (sqr (T+273.15) +sqgr (Tinf+273.15) ) * (T+Tinf+2*273.15) ;
alpha=alphaConv+alphaRad;
C=k/alpha/mag (delta());";

valueExpression "Tinf";

fractionExpression "1/ (1+4C)";

}

centre
{
type symmetryPlane;
}
leftSide
{
type wedge;
}
rightSide
{
type wedge;
}
frontAndBack
{
type empty;

}
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Uzskatamibas dé| mainigie Seit izvietoti viens zem otra, bet datné visus jasaraksta
aiz atslégvarda varfables vienu aiz otra bez atstarpém.

Datné system/fvSchemes labojam sadalu /aplacianSchemes, noradot Laplasa
operatoram pliismas koeficienta nosaukumu:

laplacianSchemes

{
default none;
laplacian(K,T) Gauss linear corrected;

Lai precizak aproksimétu plismas nepartrauktibu siltumvadiSanas vienadojuma,
Laplasa operatora diskretizacija batu jaizmanto koeficienta K interpolé3ana,
izmantojot harmonisko vidéjo vértibu. Tada gadijuma atslégvarda /inear vieta més
noradttu - Aarmonic. Diemzél oficialaja OpenFOAM 2.1.x versija minéta funkcionalitate
joprojam nav lidz galam pabeigta, bet to iesp&jams parnest no OpenFOAM-Extend
projekta ka pirmkodu, parkompiléjot nepiecieSamas datnes.3

Ta ka fizikalie koeficienti ir atkarigi no temperatiiras, katra laika slanT mums javeic
papildu iekS€jas iteracijas, kas, patiesiba, jau ir iestradats pirmkoda ar rindinam:

while (simple.correctNonOrthogonal ())

{
}

Sakotnéjas programmas autori to ir veikuSi ar mérki nemt véra neortogonalus
rezgus, bet misu vajadzibam S$is cikls der bez labojumiem. Papildu iteraciju skaitu
palielinam no divam uz piecam, labojot datni system/fvSolution:

SIMPLE
{

nNonOrthogonalCorrectors 5;

}

Vards simple Saja gadijuma norada nevis uz kaut ko vienkarsu (anglu val. - simple),
bet algoritmu SIMPLE (Semi-Implicit Method for Pressure-Linked Equations), kas plasi
tiek lietots OpenFOAM risinatajprogrammas.

Datni constant/transportProperties drikst izdzést, jo ta aprékinos netiek izmantota.

Aprekini un rezultati

Datné system/contro/Dict pamainam aprékinu soli, beigu laiku un atradiSanas
intervalu, lai temperatiras sadalljums bdtu tuvu stacionarai situacijai.

FoamFile

{
version 2.0;
format ascii;

3 Sk. pamacibu http://matmod.pbworks.com/w/browse > OpenFOAM >
,Plismas nepartrauktiba siltumvadiSanas vienadojuma”
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class dictionary;
location "system";
object controlDict;

}

// * kK kX kX Kk Kk k* Kk Kk X*x * k¥ *x *x *k * X Kk *

libs ( "1ibOpenFOAM.so" "libgroovyBC.so"
application laplacianSourceFoam;
startFrom latestTime;
startTime 0;

stopAt endTime;

endTime 800;

deltaT 1;

writeControl runTime;
writeInterval 20;

purgeWrite 0;

writeFormat ascii;

writePrecision 6;
writeCompression uncompressed;
timeFormat general;
timePrecision 6;

runTimeModifiable yes;

* k kK kX Kk Kk k* k¥ *x X*x * k¥ *x * * %k //

) ;

Palaizam aprékinus, izpildot komandu /ap/acianSourceFoamn.

laplacianSourceFoam

Ar programmu ParaView apskatamies rezultatus. Temperatiras sadalljums vada un

25

ta izolacija paradits aprékinu beigu momenta. Pirmaja attéla redzamas ari rezga linijas,
lai varétu saprast, kur atrodas elektriska vaditaja un izolacijas robeza. Grafiks, kas
attélo atkaribu no laika, rada temperatiiras vértibas gan vada centra (zila krasa), gan uz
izolacijas aréjas robezas.
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Paskatisimies, kada ir atSkiriba skaitliskajos rezultatos, ja més nenemtu véra
siltumstarojumu. RobezZnosacijumos noradam &=0 un veicam atkartotus aprékinus.
Saja gadijuma elektriskais vads uzkarst vairak. Abu aprékinu rezultati salidzinati
nakamajos grafikos (ieprieksgjais rezultats paradits ar zilu krasu, jaunais - ar sarkanu).
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Materials tapis ar ESF projekta nr. 2009/0223/1DP/1.1.1.2.0/APIA/VIAA/008 atbalstu.
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