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どí¡öÜçí　 ôíïöÜöí ëíßÜö▲ îñÖöëí¿áÖÜÇÜ äëÜîñï-
ïÜëí, í öí¡¢ñ íëêóöñ¡öÜëí ¡ÜÖçñúñëÖÜú ÜßëíßÜö¡ó 
¡Ü½íÖÑ 　ç¿　0öï　 ÜäëñÑñ¿　0àó½ó âí¡öÜëí½ó 
ß▲ïöëÜÑñúïöçó　 Äゑぜ. ゑ äÜï¿ñÑÖññ Ññï　öó¿ñöóñ 
ó£-£í âÜÖÑí½ñÖöí¿áÖ▲ê âó£óôñï¡óê ÜÇëíÖóôñÖóú 
äëó äëÜó£çÜÑïöçñ ßÜ¿áüóê óÖöñÇëí¿áÖ▲ê ïêñ½ 
(でゐごで) ëÜïö öí¡öÜçÜú ôíïöÜö▲ £í½ñÑ¿ó¿ï　. だö-
Ññ¿áÖÜ Üö½ñöó½, ôöÜ öñä¿Üç▲Ññ¿ñÖóñ ó ~ÖñëÇÜäÜ-
öëñß¿ñÖóñ äëÜäÜëîóÜÖí¿áÖÜ £íçóïóö Üö öí¡öÜçÜú 
ôíïöÜö▲. ぞíäëó½ñë, äëó Üçñ¿óôñÖóó öí¡öÜçÜú ôí-
ïöÜö▲ ç Ñçí ëí£í, öñä¿Üç▲Ññ¿ñÖóñ Üçñ¿óôóçíñöï　 ç 
16 ëí£ Д1Ж. ゑ ÖíïöÜ　àññ çëñ½　 ëÜïö äëÜó£çÜÑó-
öñ¿áÖÜïöó îñÖöëí¿áÖ▲ê äëÜîñïïÜëÜç ÑÜïöóÇíñöï　 
£í ïô、ö ¡Ü¿óôñïöçí ç▲ôóï¿óöñ¿áÖ▲ê 　Ññë. 

ぢëó óïäÜ¿á£ÜçíÖóó Öñï¡Ü¿á¡óê ï¿íß▲ê äëÜ-
îñïïÜëÜç çÜ£½Ü¢ÖÜ äÜ¿Üôóöá ßÜ¿áüÜ0 äëÜó£çÜ-
Ñóöñ¿áÖÜïöá äÜ ïëíçÖñÖó0 ï ÜÑÖó½ ½ÜàÖ▲½ [2]. 

ゑ Öíüó ÑÖó îóâëÜçí　 ÜßëíßÜö¡í ïóÇÖí¿Üç 
äëó½ñÖ　ñöï　 äëí¡öóôñï¡ó çÜ çïñê Üöëíï¿　ê ÖíÜ¡ó 
ó öñêÖó¡ó. づí£¿Ü¢ñÖóñ ç ë　Ñ ぱÜëáñ 　ç¿　ñöï　 ÜÑ-
ÖÜú ó£ ëíïäëÜïöëíÖ、ÖÖ▲ê £íÑíô. ぜíöñ½íöóôñï¡óú 
íääíëíö äëñÜßëí£ÜçíÖó　 ぱÜëáñ êÜëÜüÜ ó£çñïöñÖ ó 
ÜäóïíÖ ç ¿óöñëíöÜëñ ДγЖ. 
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づóï. 1. げí½ñÖí N-öÜôÖÜÇÜ ゐぢぱ ÑçÜ½　 N/2-öÜôÖ▲½ó 

ゐぢぱ 
 

だÑÖó½ ó£ çÜ£½Ü¢Ö▲ê ïäÜïÜßÜç ç▲ôóï¿ñÖó　 
ß▲ïöëÜÇÜ äëñÜßëí£ÜçíÖó　 ぱÜëáñ (ゐぢぱ) 　ç¿　ñöï　 
í¿ÇÜëóö½ とÜ¿ó-どá0¡ó Д4Ж. ÄöÜö í¿ÇÜëóö½ äëÜïö ç 
äÜÖó½íÖóó ó ¿ñÇ¡Ü äÜÑÑíñöï　 ëíïäíëí¿¿ñ¿óçíÖó0. 

ぢëó óïäÜ¿á£ÜçíÖóó ëí£ßóñÖóó óïêÜÑÖÜú íÖí-
¿ó£óëÜñ½Üú äÜï¿ñÑÜçíöñ¿áÖÜïöó Öí Ñçñ, ßÜ¿ññ ¡Ü-
ëÜö¡óê ÑÜïöóÇíñöï　 ÑÜäÜ¿Öóöñ¿áÖí　 ½óÖó½ó£íîó　 
ç▲ôóï¿ñÖóú (ëóï. 1). ぢëó ~öÜ½ ¡Ü¿óôñïöçÜ Üäñëí-
îóú ïÜ¡ëíöóöï　 ç Ñçí ëí£í ДγЖ. ぢÜï¿ñÑÜ0àññ ëí£-
ßóñÖóñ äÜ¿ÜôñÖÖ▲ê äÜï¿ñÑÜçíöñ¿áÖÜïöñú çÜ£½Ü¢-
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ÖÜ äëÜçÜÑóöá ÑÜ öñê äÜë, äÜ¡í ôóï¿Ü Üöïô、öÜç ç 
íÖí¿ó£óëÜñ½Üú ç▲ßÜë¡ñ ¡ëíöÖÜ 2. 
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づóï. β. づí£ßóñÖóñ ó ÜßéñÑóÖñÖóñ äÜï¿ñÑÜçíöñ¿á-

ÖÜïöó äëó N=8 
 

ゑ ÑíÖÖÜú ëíßÜöñ ¡ëÜïïä¿íöâÜë½ñÖÖí　 ßóß¿óÜ-
öñ¡í IЧЭОХ® TBB Д5Ж óïäÜ¿á£Üçí¿íïá ç ¡íôñïöçñ óÖ-
ïöëÜ½ñÖöí äíëí¿¿ñ¿áÖÜú ëí£ëíßÜö¡ó. ぞí ñ、 ÜïÖÜçñ 
ç ïëñÑñ ëí£ëíßÜö¡ó Visual C++ β01β ïÜ£ÑíÖÜ äëÜ-
Çëí½½ÖÜñ ÜßñïäñôñÖóñ ëíïôñöí ôíïöÜöÖÜ-
çëñ½ñÖÖÜú ¡Üëëñ¿　îóÜÖÖÜú âÜÖ¡îóó [6, 7]. 

ゑ ÑíÖÖÜú ßóß¿óÜöñ¡ñ ëñí¿ó£ÜçíÖ▲ [5]: 
 äíëí¿¿ñ¿áÖ▲ñ í¿ÇÜëóö½▲: for, reduce, do, 

scan, while, pipeline, sort; 
 äÜöÜ¡Üßñ£ÜäíïÖ▲ñ ¡ÜÖöñúÖñë▲μ çñ¡öÜë, 

ÜôñëñÑá, êñü-öíß¿óîíν 
 ½íïüöíßóëÜñ½▲ñ ëíïäëñÑñ¿óöñ¿ó äí½　öóν 
 ½á0öñ¡ï▲ν 
 íöÜ½íëÖ▲ñ Üäñëíîóóν 
 Ç¿Üßí¿áÖí　 çëñ½ñÖÖí　 ½ñö¡íν 
 ä¿íÖóëÜçàó¡ £íÑíôν 
 ç▲ôóï¿óöñ¿áÖ▲ú Çëíâ. 
が¿　 ëñí¿ó£íîóó äíëí¿¿ñ¿áÖÜÇÜ ç▲ôóï¿ñÖó　 

ゐぢぱ óïäÜ¿á£ÜçíÖ üíß¿ÜÖ ßóß¿óÜöñ¡ó Intel TBB 
tbb::parallel_for. ゑ ÖñÇÜ çêÜÑóö äíëí½ñöë Ü¡í£▲çí-
0àóú ïöñäñÖá Ññöí¿ó£íîóó £íÑíôó (¡Ü¿óôñïöçÜ 
äÜÑ£íÑíô, Öí ¡ÜöÜë▲ñ ëí£ßóçíñöï　 óïêÜÑÖí　 £íÑí-
ôí) «GЫКТЧЬТгО».  

づí£½ñë ç▲ßÜë¡ó çíëáóëÜçí¿ï　 ç äëñÑñ¿íê 4–
β6β144 Üöïô、öÜç. Ä¡ïäñëó½ñÖöí¿áÖ▲ñ óïï¿ñÑÜçí-
Öó　 äëÜçñÑñÖ▲ Öí öëñê äëÜîñïïÜëíê âóë½▲ IЧЭОХμ 
Core 2 Quad 6700, БОШЧ® 5160 ó CШЫО Т5 750. ぢí-
ëí½ñöë «GЫКТЧЬТгО» çíëáóëÜçí¿ï　 Üö 1 ÑÜ 262144. 
ゑ ¡íôñïöçñ äëó½ñëí, ç öíß¿óîñ 1, äëóçñÑñÖ▲ Üä-
öó½í¿áÖÜñ £ÖíôñÖóñ GЫКТЧЬТгО ó çëñ½ñÖÖ▲ñ ëñ-
£Ü¿áöíö▲ ç▲ôóï¿ñÖó　 ゐぢぱ Öí ぴぢ Xeon-5160. 
 
どíß¿óîí 1. づñ£Ü¿áöíö▲ ç▲ôóï¿ñÖó　 ôíïöÜöÖÜ-
çëñ½ñÖÖÜú ¡Üëëñ¿　îóÜÖÖÜú âÜÖ¡îóó (1000 äëñÜß-
ëí£ÜçíÖóú ぱÜëáñ) 

Intel Xeon 5160 – β ç▲ôóï¿óöñ¿áÖ▲ê 　Ñëí, 
¡Ü½äó¿　öÜë Visual C++ 2012 

づí£½ñë 
ç▲ßÜë¡ó 

ゑëñ½　 ç▲äÜ¿Öñ-
Öó　 äÜï¿ñÑÜçí-
öñ¿áÖÜÇÜ í¿ÇÜ-

ëóö½í t1, ½c 

G
ra

in
 

Si
ze

 ゑëñ½　 ç▲äÜ¿-
ÖñÖó　 äíëí¿-

¿ñ¿áÖÜÇÜ í¿ÇÜ-
ëóö½í t2, ½c 

t1/t2 

4 0,233 4 0,483 0,482 
8 0,740 8 1,165 0,635 
16 2,075 16 2,718 0,763 

32 5,414 32 6,048 0,895 
64 13,041 64 13,937 0,936 
128 30,756 128 32,236 0,954 
256 70,931 1 60,218 1,178 
512 164,383 1 142,848 1,151 
1024 367,752 1 244,770 1,502 
2048 823,576 1 510,100 1,614 
4096 1810,272 1 1074,612 1,685 
8192 3954,571 1 2284,121 1,731 
16384 8580,298 1 4879,637 1,758 
32768 18526,001 1 10422,106 1,778 
65536 39946,972 1 22420,168 1,782 
131072 86822,082 1 50127,145 1,732 
262144 200067,551 1 122205,849 1,637 

 
づñ£Ü¿áöíö▲ ~¡ïäñëó½ñÖöÜç Ñ¿　 íÑíäöóçÖÜÇÜ 

äÜÑïô、öí Grainsize äëóçñÑñÖ▲ ç öíß¿óîñ 2. 
 
どíß¿óîí β. づñ£Ü¿áöíö▲ ç▲ôóï¿ñÖó　 ôíïöÜöÖÜ-
çëñ½ñÖÖÜú ¡Üëëñ¿　îóÜÖÖÜú âÜÖ¡îóó (1000 äëñÜß-
ëí£ÜçíÖóú ぱÜëáñ) ï íÑíäöóçÖ▲½ äÜÑïô、öÜ½ äíëí-
½ñöëí Grainsize 

づí£½ñë 
ç▲ßÜë¡ó 

Intel Core 2 
Q6700, ½ï 

Intel Xeon 
5160, ½ï 

Intel Core i5-750, 
½ï 

4 0,48 0,45 0,81 
8 1,16 1,05 0,70 
16 2,67 2,39 1,77 
32 6,08 5,42 3,53 
64 14,07 12,50 8,26 
128 29,73 22,87 18,48 
256 55,26 45,53 34,42 
512 96,18 92,92 70,19 
1024 197,52 201,31 114,5 
2048 373,87 431,46 223,04 
4096 740,90 920,16 447,32 
8192 1533,24 1991,13 932,03 
16384 3183,96 4249,71 1954,98 
32768 6735,10 9110,87 4098,74 
65536 14284,21 19693,42 9151,06 
131072 30798,32 44017,05 18065,00 
262144 68493,11 108833,49 38072,20 

 
ずóïöóÖÇ äñëñïô、öí Üäöó½í¿áÖÜÇÜ £ÖíôñÖó　 

GrainSize Öí 　£▲¡ñ で++ äëóçñÑ、Ö Öó¢ñμ 
int grain =  grainsize / butterflyCount; 
    if (grain <  1)  
      grain =  1; 

 
づíïôñö ôíïöÜöÖÜ-çëñ½ñÖÖÜú ¡Üëëñ¿　îóÜÖÖÜú 

âÜÖ¡îóó öëñßÜñö £Öíôóöñ¿áÖ▲ê ç▲ôóï¿óöñ¿áÖ▲ê 
½ÜàÖÜïöñú Äゑぜ. ゑÜ£½Ü¢Ö▲ñ äÜöó äÜç▲üñÖó　 
~ââñ¡öóçÖÜïöó ëíïôñöí ôíïöÜöÖÜ-çëñ½ñÖÖÜú ¡Üë-
ëñ¿　îóÜÖÖÜú âÜÖ¡îóó öí¡¢ñ ëíïï½ÜöëñÖ▲ 
ç [8-10]. 

 
げí¡¿0ôñÖóñ 
ごïêÜÑ　 ó£ íÖí¿ó£í äÜ¿ÜôñÖÖ▲ê ëñ£Ü¿áöíöÜç, 

½Ü¢ÖÜ ïÑñ¿íöá ï¿ñÑÜ0àóú ç▲çÜÑμ óïäÜ¿á£ÜçíÖóñ 
íÑíäöóçÖÜÇÜ äÜÑïô、öí ïöñäñÖó Ññöí¿ó£íîóó ç Üäñ-
ëíîó　ê ç▲ôóï¿ñÖó　 ゐぢぱ äÜ£çÜ¿　ñö äëÜçÜÑóöá ~öó 
Üäñëíîóó ß▲ïöëññ. 
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Modeling is an essential and inseparable part of 

scientific work, and many scientific disciplines have 
their own ideas about specific types of modeling. A 
scientific model can provide a way to understand el-
ements easily which have been broken down to a sim-
pler form. 

The COMSOL Multiphysics simulation environ-
ment facilitates all the steps in the modeling process –
defining geometry, meshing, specifying physics, solv-
ing, and then visualizing results. It also serves as a 
platform for the application specific modules. 

In this work the continuous casting process is sim-
ulated using two stationary modes of COMSOL Mul-
tiphysics: General Heat Transfer and Weakly Com-
pressible Navier-Stokes. 

This work simulates the process of continuous 
casting of a metal rod from a melted state.To optimize 
the casting process in terms of casting rate and cool-
ing, it is helpful to model the thermal and fluid dy-
namic aspects of the process. To get accurate results, 
you must model the melt flow field in combination 
with the heat transfer and phase change. The model 
includes the phase transition from melt to solid, both 
in terms of latent heat and the varying physical prop-
erties. 

The model is a two-dimensional axisymmetric 
model in the rz-plane. Figure 1 shows the dimensions 
of the 2D geometry. The underlying reference model 
was originally developed by J. Fjellstedt. 

 
Fig. 1. 2D axisymmetric model of the casting process 

 
As the melt cools down in the mold it solidifies. 

The phase transition releases latent heat. Furthermore, 
for metal alloys, the transition is often spread out over 
a temperature range. As the material solidifies, the 
material properties change considerably. Finally, the 
ЦШНОХ КХЬШ ТЧМХЮНОЬ ЭСО “ЦЮЬСв” гШЧО—a mixture of 
solid and melted material that occurs due to the rather 
broad transition temperature of the alloyand the solid-
ification kinetics. 

The process operates at steady state, because it is a 
continuous process. The heat transport is described by 
the equation: 

   pk T Q C T     u , 


