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ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʧʣʘʪʬʦʨʤʘ UniHUB ʧʦʟʚʦʣʷʝʪ:

- ʨʘʟʚʝʨʪʳʚʘʪʴʨʘʟʣʠʯʥʳʝʧʨʝʜʤʝʪʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʝ

Webʣʘʙʦʨʘʪʦʨʠʠ;

- ʨʝʰʘʪʴʟʘʜʘʯʠʤʝʭʘʥʠʢʠʩʧʣʦʰʥʦʡʩʨʝʜʳʚʨʘʤʢʘʭWeb ʣʘʙʦʨʘʪʦʨʠʠUniCFD ʩ

ʧʦʤʦʱʴʶʧʘʢʝʪʦʚʩʚʦʙʦʜʥʦʛʦʧʨʦʛʨʘʤʤʥʦʛʦʦʙʝʩʧʝʯʝʥʠʷ- SALOME, OpenFOAM,

ParaView;

- ʠʩʧʦʣʴʟʦʚʘʪʴʜʘʥʥʳʝʩʝʨʚʠʩʳ,ʨʘʟʚʠʚʘʷ,ʤʦʜʠʬʠʮʠʨʫʷʠʧʦʜʩʪʨʘʠʚʘʷʠʭʧʦʜʩʚʦʠ

ʢʦʥʢʨʝʪʥʳʝʟʘʜʘʯʠ;

- ʧʨʦʚʦʜʠʪʴʨʘʩʯʝʪʳʟʘʜʘʯʚ ʧʘʨʘʣʣʝʣʴʥʦʤʨʝʞʠʤʝʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʥʘ

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭʢʣʘʩʪʝʨʘʭ;

- ʦʙʤʝʥʠʚʘʪʴʩʷʦʧʳʪʦʤʚʥʫʪʨʠʛʨʫʧʧʠʪʝʭʥʠʯʝʩʢʦʤʬʦʨʫʤʝʧʣʘʪʬʦʨʤʳUniHUB

(http ://ispn.ispras.ru/fudforum );

- ʦʙʫʯʘʪʴʠ ʧʨʦʭʦʜʠʪʴʦʙʫʯʝʥʠʝʩʧʦʤʦʱʴʫʁʯʝʙʥʳʭʢʫʨʩʦʚʠ ʦʙʫʯʘʶʱʠʭ

ʤʘʪʝʨʠʘʣʦʚ,ʜʦʙʘʚʣʷʪʴʥʦʚʳʝʧʨʠʣʦʞʝʥʠʷʠʤʘʪʝʨʠʘʣʳ.
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ʊʝʥʝʚʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ ʪʝʯʝʥʠʡ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʞʠʜʢʦʩʪʝʡ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʧʳʪʘʭ

ʆʧʳʪʥʳʡ ʙʘʩʩʝʡʥ ʠ ʪʝʥʝʚʦʡ ʧʨʠʙʦʨ

ʃʘʙʦʨʘʪʦʨʠʠ ʤʝʭʘʥʠʢʠ ʞʠʜʢʦʩʪʝʡ ʀʇʄʝʭ ʈɸʅ 
ʊʝʯʝʥʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʜʠʬʬʫʟʠʝʡ 

ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʦʩʮʠʣʣʷʮʠʠ

ʠ ʜʚʠʞʝʥʠʝ ʪʝʣ ʚ ʩʪʨʘʪʠʬʠʮʠ-

ʨʦʚʘʥʥʳʭ ʞʠʜʢʦʩʪʷʭ 



ʉʠʩʪʝʤʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ 

ʥʝʧʨʝʨʳʚʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ 
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ʊʝʯʝʥʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʧʨʝʨʳʚʘʥʠʝʤ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 
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ʆpenFOAMðʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʜʣʷ 
ʧʨʦʚʝʜʝʥʠʷ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ.

OpenFOAM ðʦʙʲʝʢʪʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʘʷ ʧʣʘʪʬʦʨʤʘ,
ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʉ++.

ʆpenFOAMïʧʝʨʩʧʝʢʪʠʚʥʦʝʠʜʠʥʘʤʠʯʥʦʨʘʟʚʠʚʘʶʱʠʝʩʷʦʪʢʨʳʪʦʝ
ʧʨʦʛʨʘʤʤʥʦʝʦʙʝʩʧʝʯʝʥʠʝʜʣʤ̫ʦʜʝʣʠʨʦʚʘʥʠʷʟʘʜʘʯʤʝʭʘʥʠʢʠ

ʩʧʣʦʰʥʳʭʩʨʝʜ.ɺʝʛʦʨʘʟʨʘʙʦʪʢʝʠʨʘʟʚʠʪʠʠʧʨʠʥʠʤʘʶʪʫʯʘʩʪʠʝ

ʩʦʪʥʠʦʨʛʘʥʠʟʘʮʠʡʠʪʳʩʷʯʠʨʘʟʨʘʙʦʪʯʠʢʦʚʧʦʚʩʝʤʫʤʠʨʫ.

OpenFOAM ïʦʙʣʘʜʘʝʪʙʦʣʴʰʦʡʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴʶʠʫʜʦʚʣʝʪʚʦʨʷʝʪ
ʚʩʝʤʦʩʥʦʚʥʳʤʪʨʝʙʦʚʘʥʠʷʤʠ,ʧʨʝʜʲʷʚʣʷʝʤʳʤʢʩʦʚʨʝʤʝʥʥʦʤʫ

ʧʨʦʛʨʘʤʤʥʦʤʫʦʙʝʩʧʝʯʝʥʠʶʜʣʨ̫ʘʩʯʝʪʘʧʨʦʤʳʰʣʝʥʥʳʭʟʘʜʘʯ

ɺʩʝʛʦ ʙʦʣʝʝ3000 ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʚ ʤʠʨʝ.

ʈʘʟʨʘʙʦʪʘʥ ʚ Imperial College of Science.London. UK. 1991-2003

ʆʪʢʨʳʪʠʝ ʢʦʜʘ OpenFOAM ʚ 2004 ʛ.ʥʘ ʫʩʣʦʚʠʷʭ GPL

ɺʭʦʜʠʪ ʚ ʩʦʩʪʘʚ CAE Linux

ʌʦʨʫʤ ʥʘ www.cfd-online.com



ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʠ ʤʦʜʫʣʠ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʄʉʉ



ʆʩʥʦʚʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ

ʧʘʢʝʪʘ OpenFoam

ÅMʝʪʦʜ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙʲʝʤʘ ʥʘ ʙʘʟʝ ʤʥʦʛʦʛʨʘʥʥʳʭ ʷʯʝʝʢ c ʧʦʜʜʝʨʞʢʦʡ 

ʧʦʜʚʠʞʥʳʭ ʩʝʪʦʢ;

ÅURANS/LES/DNS ʤʦʜʝʣʠʨʦʚʘʥʠʝ;

* SIMPLE/PISO/PIMPLE ʘʣʛʦʨʠʪʤʳ ʜʣʷ ʩʚʷʟʠ ʫʨʘʚʥʝʥʠʡ ʩʢʦʨʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ;

* ʅʝʩʞʠʤʘʝʤʳʝ/ʩʞʠʤʘʝʤʳʝ ʠ ʩʪʘʮʠʦʥʘʨʥʳʝ/ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʧʦʪʦʢʠ ;

* ʆʜʥʦʬʘʟʥʳʝ, ʜʚʫʭʬʘʟʥʳʝ ʠ ʤʥʦʛʦʬʘʟʥʳʝ ʧʦʪʦʢʠ;

* ʃʘʛʨʘʥʞʝʚʘ ʤʦʜʝʣʴ ʜʣʷ ʨʘʩʯʝʪʘ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ;

* ʄʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ: k-e, k-w, k-w SST, SA, LES, DES. ɺʩʝʛʦ 15 ʤʦʜʝʣʝʡ;

* ʄʦʜʝʣʠ ʪʝʧʣʦʦʙʤʝʥʘ, ʠʩʧʘʨʝʥʠʷ, ʛʦʨʝʥʠʷ, ʨʘʩʧʳʣʠʚʘʥʠʷ ʪʦʧʣʠʚʘ;

Åʈʘʟʣʠʯʥʳʝ ʪʝʨʤʦ-ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʨʝʜʳ, ʫʯʝʪ ʨʝʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʛʘʟʦʚ;

Åʉʦʧʨʷʞʝʥʥʳʝ ʟʘʜʘʯʠ (ʞʠʜʢʦʩʪʴ ïʪʝʣʦ);

Åʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʪʝʣʘ ʩ 6 ʩʪʝʧʝʥʷʤʠ ʩʚʦʙʦʜʳ;

Åʈʝʰʝʥʠʝ ʟʘʜʘʯ ʜʠʥʘʤʠʢʠ ʨʘʟʨʷʞʝʥʥʦʛʦ ʛʘʟʘ;

* ʄʥʦʛʦʙʣʦʯʥʘʷ ʩʝʪʢʘ ʠ ʜʝʢʦʤʧʦʟʠʮʠʷ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ (Metis, Scotch);

* ʇʘʨʘʣʣʝʣʴʥʘʷ ʚʝʨʩʠʷ (ʜʦ 2000 ʷʜʝʨ), ʧʦʜʜʝʨʞʢʘʚʝʨʩʠʡ MPI. ;

* ʇʦʜʜʝʨʞʢʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ/ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ;

* ʀʤʧʦʨʪ ʩʝʪʦʢ ʠʟ ʨʘʟʣʠʯʥʳʭ ʢʦʤʤʝʨʯʝʩʢʠʭ ʠ ʦʪʢʨʳʪʳʭ ʧʘʢʝʪʦʚ. 



ʇʦʩʪʨʦʝʥʠʝ ʩʦʙʩʪʚʝʥʥʦʛʦ ʨʝʰʘʪʝʣʷ OpenFOAM

ʜʣʷ ʨʘʩʯʝʪʘ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʝʯʝʥʠʡ

icoFoam.C stratifiedFoam.CŸ :

fvVectorMatrix UEqn
( 

fvm:: ddt(U)
+ fvm::div(phi, U)
- fvm:: laplacian(nu, U)

);

fvVectorMatrix UEqn
( 

fvm::ddt(U)
+ uln*fvm::div(phi, U)
- fvm::laplacian(nu, U)
+ (S+S0)*g
);

Ÿ

+

fvScalarMatrix SEqn
(

fvm::ddt(S)
+ sln*fvm::div(phi, S)
- fvm::laplacian(ks, S)
- U.component(vector::Y)/lambda

);
SEqn.solve();

+

fvScalarMatrix S0Eqn
(

fvm::ddt(S0)
+ fvm::div(phi, S0)
- fvm::laplacian(ks0, S0)

);
S0Eqn.solve();

//  PISO loop  //



ɼʦʙʘʚʣʝʥʠʝ ʥʦʚʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʝʨʝʤʝʥʥʳʭ

// total density
Ro = Ro0*(1.0 -Y/lambda+S+S0);

// impulse
Imp = Ro * U;

// baroclinic vorticity generation rate
barc = -1.0/sqr(Ro0)*fvc::grad(p) ^ fvc::grad(Ro);

// energy dissipation rate
tensor Txx(1, 0, 0, 0, 0, 0, 0, 0, 0);
tensor Tyy(0, 0, 0, 0, 1, 0, 0, 0, 0);
tensor Txy(0, 1, 0, 0, 0, 0, 0, 0, 0);
tensor Tyx(0, 0, 0, 1, 0, 0, 0, 0, 0);

diss = 2.0*nu*(sqr(fvc::grad(U) && Txx) + sqr(fvc::grad(U) && Tyy) + 
0.5*sqr((fvc::grad(U) && Txy) + (fvc::grad(U) && Tyx)));       

// density perturbation gradient
grads = Ro0*fvc::grad(S);

// passive substance concentration gradient
grads0 = fvc::grad(S0);

//etc



ʂʦʤʧʠʣʷʮʠʷ ʢʦʜʘ

new variables
Ÿ

/createFields.H

stratifiedFlow.C
EXE =$(FOAM_USER_APPBIN)/stratifiedFlow

/Make/filesŸ
Ÿ wmake Ÿ stratifiedFoam

Solver

divSchemes
{  div(phi,S)      Gauss upwind;

div(phi,S0)     Gauss upwind }
laplacianSchemes
{ laplacian(ks,S) Gauss linear corrected;

laplacian(ks0,S0) Gauss linear corrected}

Ÿ /system/fvSchemes

S    { solver          BICCG;

preconditioner  DILU;
tolerance       1e -06;
relTol          0    }

S0   { solver          BICCG;
preconditioner  DILU;
tolerance       1e -06;
relTol          0    }

Ÿ /system/fvSolution

Initial values for  the declared variables Ÿ /0

Ro0             Ro0 [ 1 3 0 0 0 0 0 ] 1020.0;
nu               nu [ 0 2 -1 0 0 0 0 ] 1e -06;
ks               ks [ 0 2 -1 0 0 0 0 ] 1.41e -9;
ks0             ks0 [ 0 2 -1 0 0 0 0 ] 1e -11;
g                g [ 0 1 -2 0 0 0 0 ] (0 9.8 0);
Nb              Nb [ 0 0 -1 0 0 0 0 ] 1.256;
uln              uln [0 0 0 0 0 0 0 ] 1;
sln              sln [0 0 0 0 0 0 0 ] 1;

Ÿ /constant/transportProperties



ʇʦʩʪʨʦʝʥʠʝ ʩʝʪʢʠ ʠ ʟʘʧʫʩʢ ʟʘʜʘʯʠ

#PBS -l walltime=24:00:00,nodes= 2:ppn=8
cd $FOAM_RUN/tutorials/incompressible/stratifiedFlow/diffusion/cylinder
mpirun -np 16 -machinefile $PBS_NODEFILE $FOAM_USER_APPBIN/stratifiedFoam -parallel | tee -a log.std

qsub job.sh

/job.sh : 

ɕɔɗɘɆɈɎɘɢ ɍɆɊɆɝə Ɉ ɔɝɋɖɋɊɢ :

blockMeshblockMeshDict Ÿ Ÿ /constant/polyMesh/boundary, faces, 
neighbour, owner, points

blockMeshDict.m4 Ÿ m4 blockMeshDict.m4 > blockMeshDict  Ÿ blockMeshDict 

changecom(//)changequote([,])
define(calc, [esyscmd(perl -e 'printf ($1)')])
define(alfa, 7)
define(pi, 3.14159265)
define(fi, calc(alfa*pi/180))
define(h, 15)
define(L, 10)
define(w, calc(L*cos(fi)+h*sin(fi)))

ɓɋɔɊɓɔɖɔɊɓɡɋ ɉɖɆɓɎɝɓɡɋ əɗɑɔɈɎɥ: 

Ÿ
ɖɆɗɞɎɖɋɓɓɆɥ əɘɎɑɎɘɆ   swak4Foam

Ÿ
funkySetBoundaryDict funkySetBoundaryFields

gradient    nonuniform List<scalar> 

ɊɋɐɔɒɕɔɍɎɜɎɥ ɔɇɑɆɗɘɎ:decomposeParDict Ÿ decomposePar Ÿ processor0é15



ʊʝʩʪʠʨʦʚʘʥʠʝ ʨʝʰʘʪʝʣʷ

U0

U0

vx = vz = 0

upper

h lower

inlet

ÖQ/Ön=0 

×

z

x

y

D

0
Ŭ

r

g
vr

s r0

ɓɆɐɑɔɓɓɆɥ ɕɑɆɗɘɎɓɆ ɗɎɒɒɋɘɖɎɝɓɡɏ ɐɑɎɓ

ɉɔɖɎɍɔɓɘɆɑɢɓɡɏ ɊɎɗɐ ɔɇɘɋɐɆɓɎɋ ɕɑɆɗɘɎɓɡ

outlet



ű=0Ü ű=1Ü

ű=5Ü ű=10Ü

ű=30Ü ű=60Ü

ʉʪʨʫʢʪʫʨʘ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʪʝʯʝʥʠʷ, 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʧʨʝʨʳʚʘʥʠʝʤ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʧʝʨʝʥʦʩʘ ʥʝʧʨʦʥʠʮʘʝʤʦʡ ʥʘʢʣʦʥʥʦʡ ʧʣʘʩʪʠʥʦʡ
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ȰɆɖɘɎɓɡ ɕɔɑɋɏ ɖɆɍɑɎɝɓɡɛ ɚɎɍɎɝɋɗɐɎɛ ɕɋɖɋɒɋɓɓɡɛ

ɈɔɍɒəɟɋɓɎɋ ɗɔɑɋɓɔɗɘɎ ɊɆɈɑɋɓɎɋ

ɉɔɖɎɍɔɓɘɆɑɢɓɆɥ Ɏ ɈɋɖɘɎɐɆɑɢɓɆɥ  ɐɔɒɕɔɓɋɓɘɡ ɗɐɔɖɔɗɘɎ

ɑɎɓɎɎ ɘɔɐɆ ɍɆɈɎɛɖɋɓɓɔɗɘɢ

ɗɐɔɖɔɗɘɢ ɇɆɖɔɐɑɎɓɓɔɏ ɉɋɓɋɖɆɜɎɎ ɍɆɈɎɛɖɋɓɓɔɗɘɎɗɐɔɖɔɗɘɢ ɊɎɗɗɎɕɆɜɎɎ ɣɓɋɖɉɎɎ



ʇʦʣʷ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʝʨʝʤʝʥʥʳʭ ʪʝʯʝʥʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʜʠʬʬʫʟʠʝʡ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ ʥʘʢʣʦʥʥʦʡ ʧʣʘʩʪʠʥʘʭ  

(L=10cm, h=0.5cm, N=1.26s-1)

ʚʦʟʤʫʱʝʥʠʝ ʩʦʣʝʥʦʩʪʠ

ʜʘʚʣʝʥʠʝ

ʚʝʨʪʠʢʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ

ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ

ű=0Ü ű=10Ü



ʈʘʩʧʨʝʜʝʣʝʥʠʝʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ(a)

ʠ ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ(ʙ)ʚʜʦʣʴ ʚʝʨʭʥʝʡ 

ʩʪʦʨʦʥʳ ʧʣʘʩʪʠʥʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʫʛʣʦʚ 

ʥʘʢʣʦʥʘ ʢ ʛʦʨʠʟʦʥʪʫ:  L=5ʩʤ, N=1.256ʩ-1, 

ű=5Ü; 10Ü; 30Ü; 60Ü (ʢʨʠʚʳʝ 1-4)

(ʘ) (ʙ)

Fz
+

Fx
+

M0/2

M0/2

Fz
ï

Fx
ï
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ʉʨʘʚʥʝʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʦʮʝʥʢʘʤʠ ʥʘ 

ʙʝʩʢʦʥʝʯʥʦʡ ʧʣʦʩʢʦʩʪʠ
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ʂʘʨʪʠʥʳ ʪʝʯʝʥʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʜʠʬʬʫʟʠʝʡ ʥʘ ʩʠʤʤʝʪʨʠʯʥʦʤ 

ʢʣʠʥʝ  (L=10ʩʤ, hmax=2ʩʤ, N=1.26ʩ-1, Ŭ=6Ü)

ʚʦʟʤʫʱʝʥʠʝ ʩʦʣʝʥʦʩʪʠ ʜʘʚʣʝʥʠʝ

ʛʦʨʠʟʦʥʪʘʣʴʥʘʷʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠʚʝʨʪʠʢʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ

ʜʠʥʘʤʠʯʝʩʢʘʷ ʟʘʚʠʭʨʝʥʥʦʩʪʴʩʢʦʨʦʩʪʴ ʙʘʨʦʢʣʠʥʥʦʡ ʛʝʥʝʨʘʮʠʠ ʟʘʚʠʭʨʝʥʥʦʩʪʠ



ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʨʦʝʢʮʠʡ ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ ʠ 

ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʜʦʣʴ ʙʦʢʦʚʳʭ ʩʪʦʨʦʥ ʠ ʟʘʜʥʝʡ ʛʨʘʥʠʮʳ ʢʣʠʥʘ :

L=10ʩʤ, hmax=2ʩʤ, N=1.26ʩ-1, Ŭ=6Ü

F L x = 9.073Ŀ10
-4 (H), F D x = 5.72Ŀ10

-4 (H)



ʂʘʨʪʠʥʳ ʪʝʯʝʥʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʜʠʬʬʫʟʠʝʡ ʥʘ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʮʠʣʠʥʜʨʝ  (D=5ʩʤ, N=1.26ʩ-1)

ʚʦʟʤʫʱʝʥʠʝ ʩʦʣʝʥʦʩʪʠ ʜʘʚʣʝʥʠʝ

ʛʦʨʠʟʦʥʪʘʣʴʥʘʷʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠʚʝʨʪʠʢʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ

ʜʠʥʘʤʠʯʝʩʢʘʷ ʟʘʚʠʭʨʝʥʥʦʩʪʴʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ



ʂʘʨʪʠʥʳ ʪʝʯʝʥʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʜʠʬʬʫʟʠʝʡ ʥʘ 

ʧʨʷʤʦʫʛʦʣʴʥʦʤ ʮʠʣʠʥʜʨʝ  (L=5ʩʤ, N=1.26ʩ-1)

ʚʦʟʤʫʱʝʥʠʝ ʩʦʣʝʥʦʩʪʠ ʜʘʚʣʝʥʠʝ

ʛʦʨʠʟʦʥʪʘʣʴʥʘʷʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠʚʝʨʪʠʢʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ



ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ ʠ ʚʠʟʫʘʣʠʟʠʨʫʝʤʳʭ ʚ ʦʧʳʪʘʭ 

ʪʝʥʝʚʳʭ ʢʘʨʪʠʥ ʪʝʯʝʥʠʡ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʜʠʬʬʫʟʠʝʡ ʥʘ 

ʧʨʝʧʷʪʩʪʚʠʷʭ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ

ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʧʣʘʩʪʠʥʘ

ʥʘʢʣʦʥʥʘʷ ʧʣʘʩʪʠʥʘ

ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʜʠʩʢ

ʮʠʣʠʥʜʨ



U=0.1ʩʤ/ʩ           L=7.5 ʩʤ, N=0.826 ʩ-1 U=0.32ʩʤ/ʩ

ʈʘʩʩʯʠʪʘʥʥʳʝ ʢʘʨʪʠʥʳ ʪʝʯʝʥʠʡ ʥʘʜ ʪʝʥʝʚʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʧʨʠ 

ʨʘʚʥʦʤʝʨʥʦʤ ʜʚʠʞʝʥʠʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʘʩʪʠʥʳ 

ʚ ʥʝʧʨʝʨʳʚʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ 
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N=0.63 ʩ-1

N=0.83 ʩ-1

N=1.26 ʩ-1

ʂʘʨʪʠʥʳ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʜʚʠʞʝʥʠʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʘʩʪʠʥʳ (U0=1ʩʤ/c, L=10ʩʤ)

ɺʠʟʫʘʣʠʟʘʮʠʷ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ



ű=5Ü ű=20Ü ű=45Ü

ʂʘʨʪʠʥʳ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʜʚʠʞʝʥʠʠ ʧʣʘʩʪʠʥʳ

ʧʦʜ ʫʛʣʦʤ ʢ ʛʦʨʠʟʦʥʪʫ (U0=0.5 ʩʤ/c, L=2.5ʩʤ)

ɺʠʟʫʘʣʠʟʘʮʠʷ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ

ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ



U=0.1ʩʤ/ʩ U=0.3ʩʤ/ʩ

U=1ʩʤ/ʩ U=3ʩʤ/ʩ

ʂʘʨʪʠʥʳ ʦʙʪʝʢʘʥʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʘʩʪʠʥʳ ʧʦʪʦʢʦʤ

ʥʝʧʨʝʨʳʚʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ (L=7.5 ʩʤ, N=0.826 ʩ-1)



ʂʘʨʪʠʥʳ ʦʙʪʝʢʘʥʠʷ ʧʣʘʩʪʠʥʳ ʧʦʪʦʢʦʤ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ: U0=1 ʩʤ/c, L=10 ʩʤ, N=0.83 ʩ-1

h=25 ʩʤ h=15 ʩʤ h=10 ʩʤ

h=5 ʩʤ h=2 ʩʤ h=0.5 ʩʤ



h=20 ʩʤ h=10 ʩʤ

h=5 ʩʤ h=2 ʩʤ

h=1 ʩʤ h=0.5 ʩʤ

ʀʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʢʨʘʝʚʳʭ ʩʠʥʛʫʣʷʨʥʦʩʪʝʡ ʩ ʧʨʠʙʣʠʞʝʥʠʝʤ 

ʧʣʘʩʪʠʥʳ ʢ ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ: U0=1 ʩʤ/c, L=10 ʩʤ, N=0.83 ʩ-1
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ȨɎɍəɆɑɎɍɆɜɎɥ ɘɔɝɓɔɉɔ ɖɋɞɋɓɎɥ

ȽɎɗɑɋɓɓɔɋ ɒɔɊɋɑɎɖɔɈɆɓɎɋ

ʉʪʨʫʢʪʫʨʘ ʢʨʘʝʚʳʭ ʩʠʥʛʫʣʷʨʥʦʩʪʝʡ ʧʨʠ ʜʚʠʞʝʥʠʠ ʧʣʘʩʪʠʥʳ ʚʜʦʣʴ 

ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʣʦʩʢʦʩʪʠ: U0=1 ʩʤ/c, L=10 ʩʤ, N=0.83 ʩ-1



U=4 ɗɒ/ɗ

U=14 ɗɒ/ɗ

U=24 ɗɒ/ɗ

ɺʠʭʨʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ ʧʨʠ ʜʚʠʞʝʥʠʠ ʧʣʘʩʪʠʥʳ ʚʙʣʠʟʠ 

ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʣʦʩʢʦʩʪʠ: h=1 ʩʤ,L=10 ʩʤ, N=1.256 ʩ-1


