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Ɍɚɤɬɨɜɚɹ ɱɚɫɬɨɬɚ ɪɚɛɨɬɵ ɰɟɧɬɪɚɥɶɧɨɝɨ ɩɪɨɰɟɫ-
ɫɨɪɚ, ɚ ɬɚɤɠɟ ɚɪɯɢɬɟɤɬɭɪɚ ɤɨɧɜɟɣɟɪɧɨɣ ɨɛɪɚɛɨɬɤɢ 
ɤɨɦɚɧɞ ɹɜɥɹɸɬɫɹ ɨɩɪɟɞɟɥɹɸɳɢɦɢ ɮɚɤɬɨɪɚɦɢ 
ɛɵɫɬɪɨɞɟɣɫɬɜɢɹ ɗȼɆ. ȼ ɩɨɫɥɟɞɧɟɟ ɞɟɫɹɬɢɥɟɬɢɟ 
ɢɡ-ɡɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɮɢɡɢɱɟɫɤɢɯ ɨɝɪɚɧɢɱɟɧɢɣ 
ɩɪɢ ɩɪɨɢɡɜɨɞɫɬɜɟ ɛɨɥɶɲɢɯ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ 
(ɋȻɂɋ) ɪɨɫɬ ɬɚɤɬɨɜɨɣ ɱɚɫɬɨɬɵ ɡɚɦɟɞɥɢɥɫɹ. Ɉɬ-
ɞɟɥɶɧɨ ɨɬɦɟɬɢɦ, ɱɬɨ ɬɟɩɥɨɜɵɞɟɥɟɧɢɟ ɢ ɷɧɟɪɝɨɩɨ-
ɬɪɟɛɥɟɧɢɟ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ ɬɚɤɬɨɜɨɣ 
ɱɚɫɬɨɬɵ. ɇɚɩɪɢɦɟɪ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɚɤɬɨɜɨɣ ɱɚ-
ɫɬɨɬɵ ɜ ɞɜɚ ɪɚɡɚ, ɬɟɩɥɨɜɵɞɟɥɟɧɢɟ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɜ 
16 ɪɚɡ Д1Ж. ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɪɨɫɬ ɩɪɨɢɡɜɨɞɢ-
ɬɟɥɶɧɨɫɬɢ ɰɟɧɬɪɚɥɶɧɵɯ ɩɪɨɰɟɫɫɨɪɨɜ ɞɨɫɬɢɝɚɟɬɫɹ 
ɡɚ ɫɱɺɬ ɤɨɥɢɱɟɫɬɜɚ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɹɞɟɪ. 

ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɧɟɫɤɨɥɶɤɢɯ ɫɥɚɛɵɯ ɩɪɨ-
ɰɟɫɫɨɪɨɜ ɜɨɡɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɛɨɥɶɲɭɸ ɩɪɨɢɡɜɨ-
ɞɢɬɟɥɶɧɨɫɬɶ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɞɧɢɦ ɦɨɳɧɵɦ [2]. 

ȼ ɧɚɲɢ ɞɧɢ ɰɢɮɪɨɜɚɹ ɨɛɪɚɛɨɬɤɚ ɫɢɝɧɚɥɨɜ 
ɩɪɢɦɟɧɹɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɜɨ ɜɫɟɯ ɨɬɪɚɫɥɹɯ ɧɚɭɤɢ 
ɢ ɬɟɯɧɢɤɢ. Ɋɚɡɥɨɠɟɧɢɟ ɜ ɪɹɞ Ɏɭɪɶɟ ɹɜɥɹɟɬɫɹ ɨɞ-
ɧɨɣ ɢɡ ɪɚɫɩɪɨɫɬɪɚɧɺɧɧɵɯ ɡɚɞɚɱ. Ɇɚɬɟɦɚɬɢɱɟɫɤɢɣ 
ɚɩɩɚɪɚɬ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ Ɏɭɪɶɟ ɯɨɪɨɲɨ ɢɡɜɟɫɬɟɧ ɢ 
ɨɩɢɫɚɧ ɜ ɥɢɬɟɪɚɬɭɪɟ ДγЖ. 
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Ɋɢɫ. 1. Ɂɚɦɟɧɚ N-ɬɨɱɧɨɝɨ ȻɉɎ ɞɜɭɦɹ N/2-ɬɨɱɧɵɦɢ 

ȻɉɎ 
 

Ɉɞɧɢɦ ɢɡ ɜɨɡɦɨɠɧɵɯ ɫɩɨɫɨɛɨɜ ɜɵɱɢɫɥɟɧɢɹ 
ɛɵɫɬɪɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ Ɏɭɪɶɟ (ȻɉɎ) ɹɜɥɹɟɬɫɹ 
ɚɥɝɨɪɢɬɦ Ʉɭɥɢ-Ɍɶɸɤɢ Д4Ж. ɗɬɨɬ ɚɥɝɨɪɢɬɦ ɩɪɨɫɬ ɜ 
ɩɨɧɢɦɚɧɢɢ ɢ ɥɟɝɤɨ ɩɨɞɞɚɟɬɫɹ ɪɚɫɩɚɪɚɥɥɟɥɢɜɚɧɢɸ. 

ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɪɚɡɛɢɟɧɢɢ ɢɫɯɨɞɧɨɣ ɚɧɚ-
ɥɢɡɢɪɭɟɦɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɧɚ ɞɜɟ, ɛɨɥɟɟ ɤɨ-
ɪɨɬɤɢɯ ɞɨɫɬɢɝɚɟɬɫɹ ɞɨɩɨɥɧɢɬɟɥɶɧɚɹ ɦɢɧɢɦɢɡɚɰɢɹ 
ɜɵɱɢɫɥɟɧɢɣ (ɪɢɫ. 1). ɉɪɢ ɷɬɨɦ ɤɨɥɢɱɟɫɬɜɨ ɨɩɟɪɚ-
ɰɢɣ ɫɨɤɪɚɬɢɬɫɹ ɜ ɞɜɚ ɪɚɡɚ ДγЖ. ɉɨɫɥɟɞɭɸɳɟɟ ɪɚɡ-
ɛɢɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɟɣ ɜɨɡɦɨɠ-
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ɧɨ ɩɪɨɜɨɞɢɬɶ ɞɨ ɬɟɯ ɩɨɪ, ɩɨɤɚ ɱɢɫɥɨ ɨɬɫɱɺɬɨɜ ɜ 
ɚɧɚɥɢɡɢɪɭɟɦɨɣ ɜɵɛɨɪɤɟ ɤɪɚɬɧɨ 2. 
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Ɋɢɫ. β. Ɋɚɡɛɢɟɧɢɟ ɢ ɨɛɴɟɞɢɧɟɧɢɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶ-

ɧɨɫɬɢ ɩɪɢ N=8 
 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɤɪɨɫɫɩɥɚɬɮɨɪɦɟɧɧɚɹ ɛɢɛɥɢɨ-
ɬɟɤɚ IЧЭОХ® TBB Д5Ж ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɜ ɤɚɱɟɫɬɜɟ ɢɧ-
ɫɬɪɭɦɟɧɬɚ ɩɚɪɚɥɥɟɥɶɧɨɣ ɪɚɡɪɚɛɨɬɤɢ. ɇɚ ɟɺ ɨɫɧɨɜɟ 
ɜ ɫɪɟɞɟ ɪɚɡɪɚɛɨɬɤɢ Visual C++ β01β ɫɨɡɞɚɧɨ ɩɪɨ-
ɝɪɚɦɦɧɨɟ ɨɛɟɫɩɟɱɟɧɢɟ ɪɚɫɱɟɬɚ ɱɚɫɬɨɬɧɨ-
ɜɪɟɦɟɧɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ [6, 7]. 

ȼ ɞɚɧɧɨɣ ɛɢɛɥɢɨɬɟɤɟ ɪɟɚɥɢɡɨɜɚɧɵ [5]: 
 ɩɚɪɚɥɥɟɥɶɧɵɟ ɚɥɝɨɪɢɬɦɵ: for, reduce, do, 

scan, while, pipeline, sort; 
 ɩɨɬɨɤɨɛɟɡɨɩɚɫɧɵɟ ɤɨɧɬɟɣɧɟɪɵμ ɜɟɤɬɨɪ, 

ɨɱɟɪɟɞɶ, ɯɟɲ-ɬɚɛɥɢɰɚν 
 ɦɚɫɲɬɚɛɢɪɭɟɦɵɟ ɪɚɫɩɪɟɞɟɥɢɬɟɥɢ ɩɚɦɹɬɢν 
 ɦɶɸɬɟɤɫɵν 
 ɚɬɨɦɚɪɧɵɟ ɨɩɟɪɚɰɢɢν 
 ɝɥɨɛɚɥɶɧɚɹ ɜɪɟɦɟɧɧɚɹ ɦɟɬɤɚν 
 ɩɥɚɧɢɪɨɜɳɢɤ ɡɚɞɚɱν 
 ɜɵɱɢɫɥɢɬɟɥɶɧɵɣ ɝɪɚɮ. 
Ⱦɥɹ ɪɟɚɥɢɡɚɰɢɢ ɩɚɪɚɥɥɟɥɶɧɨɝɨ ɜɵɱɢɫɥɟɧɢɹ 

ȻɉɎ ɢɫɩɨɥɶɡɨɜɚɧ ɲɚɛɥɨɧ ɛɢɛɥɢɨɬɟɤɢ Intel TBB 
tbb::parallel_for. ȼ ɧɟɝɨ ɜɯɨɞɢɬ ɩɚɪɚɦɟɬɪ ɭɤɚɡɵɜɚ-
ɸɳɢɣ ɫɬɟɩɟɧɶ ɞɟɬɚɥɢɡɚɰɢɢ ɡɚɞɚɱɢ (ɤɨɥɢɱɟɫɬɜɨ 
ɩɨɞɡɚɞɚɱ, ɧɚ ɤɨɬɨɪɵɟ ɪɚɡɛɢɜɚɟɬɫɹ ɢɫɯɨɞɧɚɹ ɡɚɞɚ-
ɱɚ) «GЫКТЧЬТгО».  

Ɋɚɡɦɟɪ ɜɵɛɨɪɤɢ ɜɚɪɶɢɪɨɜɚɥɫɹ ɜ ɩɪɟɞɟɥɚɯ 4–
β6β144 ɨɬɫɱɺɬɨɜ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚ-
ɧɢɹ ɩɪɨɜɟɞɟɧɵ ɧɚ ɬɪɟɯ ɩɪɨɰɟɫɫɨɪɚɯ ɮɢɪɦɵ IЧЭОХμ 
Core 2 Quad 6700, БОШЧ® 5160 ɢ CШЫО Т5 750. ɉɚ-
ɪɚɦɟɬɪ «GЫКТЧЬТгО» ɜɚɪɶɢɪɨɜɚɥɫɹ ɨɬ 1 ɞɨ 262144. 
ȼ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ, ɜ ɬɚɛɥɢɰɟ 1, ɩɪɢɜɟɞɟɧɵ ɨɩ-
ɬɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ GЫКТЧЬТгО ɢ ɜɪɟɦɟɧɧɵɟ ɪɟ-
ɡɭɥɶɬɚɬɵ ɜɵɱɢɫɥɟɧɢɹ ȻɉɎ ɧɚ ɐɉ Xeon-5160. 
 
Ɍɚɛɥɢɰɚ 1. Ɋɟɡɭɥɶɬɚɬɵ ɜɵɱɢɫɥɟɧɢɹ ɱɚɫɬɨɬɧɨ-
ɜɪɟɦɟɧɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ (1000 ɩɪɟɨɛ-
ɪɚɡɨɜɚɧɢɣ Ɏɭɪɶɟ) 

Intel Xeon 5160 – β ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɹɞɪɚ, 
ɤɨɦɩɢɥɹɬɨɪ Visual C++ 2012 

Ɋɚɡɦɟɪ 
ɜɵɛɨɪɤɢ 

ȼɪɟɦɹ ɜɵɩɨɥɧɟ-
ɧɢɹ ɩɨɫɥɟɞɨɜɚ-
ɬɟɥɶɧɨɝɨ ɚɥɝɨ-

ɪɢɬɦɚ t1, ɦc 

G
ra

in
 

Si
ze

 ȼɪɟɦɹ ɜɵɩɨɥ-
ɧɟɧɢɹ ɩɚɪɚɥ-

ɥɟɥɶɧɨɝɨ ɚɥɝɨ-
ɪɢɬɦɚ t2, ɦc 

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 

 
Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɞɥɹ ɚɞɚɩɬɢɜɧɨɝɨ 

ɩɨɞɫɱɺɬɚ Grainsize ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 2. 
 
Ɍɚɛɥɢɰɚ β. Ɋɟɡɭɥɶɬɚɬɵ ɜɵɱɢɫɥɟɧɢɹ ɱɚɫɬɨɬɧɨ-
ɜɪɟɦɟɧɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ (1000 ɩɪɟɨɛ-
ɪɚɡɨɜɚɧɢɣ Ɏɭɪɶɟ) ɫ ɚɞɚɩɬɢɜɧɵɦ ɩɨɞɫɱɺɬɨɦ ɩɚɪɚ-
ɦɟɬɪɚ Grainsize 

Ɋɚɡɦɟɪ 
ɜɵɛɨɪɤɢ 

Intel Core 2 
Q6700, ɦɫ 

Intel Xeon 
5160, ɦɫ 

Intel Core i5-750, 
ɦɫ 

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 

 
Ʌɢɫɬɢɧɝ ɩɟɪɟɫɱɺɬɚ ɨɩɬɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ 

GrainSize ɧɚ ɹɡɵɤɟ ɋ++ ɩɪɢɜɟɞɺɧ ɧɢɠɟμ 
int grain =  grainsize / butterflyCount; 
    if (grain <  1)  
      grain =  1; 

 
Ɋɚɫɱɟɬ ɱɚɫɬɨɬɧɨ-ɜɪɟɦɟɧɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ 

ɮɭɧɤɰɢɢ ɬɪɟɛɭɟɬ ɡɧɚɱɢɬɟɥɶɧɵɯ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ 
ɦɨɳɧɨɫɬɟɣ ɗȼɆ. ȼɨɡɦɨɠɧɵɟ ɩɭɬɢ ɩɨɜɵɲɟɧɢɹ 
ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɫɱɟɬɚ ɱɚɫɬɨɬɧɨ-ɜɪɟɦɟɧɧɨɣ ɤɨɪ-
ɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɬɚɤɠɟ ɪɚɫɫɦɨɬɪɟɧɵ 
ɜ [8-10]. 

 
Ɂɚɤɥɸɱɟɧɢɟ 
ɂɫɯɨɞɹ ɢɡ ɚɧɚɥɢɡɚ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ, 

ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɣ ɜɵɜɨɞμ ɢɫɩɨɥɶɡɨɜɚɧɢɟ 
ɚɞɚɩɬɢɜɧɨɝɨ ɩɨɞɫɱɺɬɚ ɫɬɟɩɟɧɢ ɞɟɬɚɥɢɡɚɰɢɢ ɜ ɨɩɟ-
ɪɚɰɢɹɯ ɜɵɱɢɫɥɟɧɢɹ ȻɉɎ ɩɨɡɜɨɥɹɟɬ ɩɪɨɜɨɞɢɬɶ ɷɬɢ 
ɨɩɟɪɚɰɢɢ ɛɵɫɬɪɟɟ. 
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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 , 


