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!" #$%&'()**" +,*-(" '.*#/" $0&1$2/#'3" (+2(*&%(" 4,'52*-$" %'67$#8("

0'#01,*#&'%4'%'5#'3" '&*.*%&+*##'3" 9,$:7$#%0'3" -',%0'3" &*;#808<" =2(" ,*>*#8(" ?&'3"

4,'52*-@" 5@2$" ,$6,$5'&$#$" A*7*,$2/#$(" B*2*+$(" 4,'9,$--$" CD$6+8&8*" 9,$:7$#%0'3"
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,$6+8&@;"%&,$#"-8,$L" $" &$0:*",$6+8+$&/"4,'86+'7%&+*##@3"4'&*#B8$2"%17'%&,'8&*2/#'3"

4,'-@>2*##'%&8<

M7#8-" 86" -#'98;" #$4,$+2*#83" 4,'9,$--@" (+2(*&%(" ,$6,$5'&0$" &*;#'2'983"

%'67$#8(" %8%&*-" &*42'%#$5:*#8(" %" 8%4'2/6'+$#8*-" +@%'0'&*-4*,$&1,#@;" ',9$#8.*%08;"

&*42'#'%8&*2*3" N!MOP" 72(" %17'+" 2*7'+'9'" 42$+$#8(L" $,0&8.*%08;" 2*7'0'2'+" 8" -',%08;"

42$&Q',-<

R*2/" ,$5'&@" – +@5'," '4&8-$2/#'3" 0'#%&,10B88" &*42''5-*##'9'" $44$,$&$" 72("

%8%&*-" &*42'%#$5:*#8(" %" 8%4'2/6'+$#8*-" +@%'0'&*-4*,$&1,#@;" ',9$#8.*%08;"

&*42'#'%8&*2*3<

!@%'0'&*-4*,$&1,#@*" ',9$#8.*%08*" &*42'#'%8&*28" – %8#&*&8.*%08*" 8"

-8#*,$2/#@*" -$%2$L" %&'308*" 0" +@%'08-" &*-4*,$&1,$-<" K'%&'(&" 86" +@%>8;"

78$20825*#6'2'+<" S,8-*#(T&%(" 0$0" +" :870'-L" &$0" 8" 4$,''5,$6#'-" %'%&'(#8(;" +"

8#&*,+$2*"&*-4*,$&1,"'& – 60 ºK"N9$6'32/P"8"7'"UGG ºK<"V&8"&*42'#'%8&*28"4,$0&8.*%08"#*"

0',,'78,1T&" 0'#%&,10B8'##@*" -$&*,8$2@<" !%*" '#8" 9',T.8" 8" +6,@+'5*6'4$%#@ N0,'-*"

-8#*,$2/#@;" -$%*2P<" !MO" 5@+$T&" 4,$0&8.*%08" #*&'0%8.#@-8" 8" +*%/-$" &'0%8.#@-8"



W'2'7*:#@3"#$1.#'-&*;#8.*%083"+*%&#80"AKXX-51038

+*)*%&+$-8<" S,8" ?0%421$&$B88" 4'%2*7#8;" 0" #$9,*+$&*2/#@-" 1%&$#'+0$-" 7'2:#@"

4,*7Y(+2(&/%(" +@%'08*" &,*5'+$#8(" +" '&#'>*#88" 8;" 9*,-*&8.#'%&8<" Z2$%%" '4$%#'%&8"

4,8-*#(*-@;"!MO"7'2:*#"5@&/"#*"#8:*"[-U"02$%%$"N'4$%#@*"8"-$2'"'4$%#@*"+*)*%&+$P"+"

%''&+*&%&+88"%"\MKO"IF<I.007-XJ"C!,*7#@*"+*)*%&+$<"Z2$%%8Q80$B8("8"'5)8*"&,*5'+$#8("

4'"5*6'4$%#'%&8E<

]%4'2/6'+$#8*"!MO"+"4,'-@>2*##'%&8"28-8&8,1*&%("8;"&*,-8.*%0'3"%&'30'%&/TL"

$"+"$&'-#'3"?#*,9*&80*L"0,'-*"&'9'L"8",$78$B8'##'3"%&'30'%&/T<"

S'7" &*,-8.*%0'3" %&'30'%&/T" 4'#8-$T&" %4'%'5#'%&/" &*42'#'%8&*2(" %';,$#(&/"

%+'3" %'%&$+" 8" Q868.*%08*" %+'3%&+$" 4,8" &*,-8.*%0'-" +'67*3%&+88<" W*,'3" &*,-8.*%0'3"

%&'30'%&8" (+2(*&%(" &*-4*,$&1,$L" 4,8" 0'&','3" #$.8#$*&%(" ,$62':*#8*" &*42'#'%8&*2(" %"

86-*#*#8*-"*9'"%'%&$+$"8"Q868.*%08;"%+'3%&+<"S'0$6$&*2(-8"'&#'%8&*2/#'3"&*,-8.*%0'3"

%&'30'%&8" !MO" %21:8&" %0','%&/" '5,$6'+$#8(" 9$6''5,$6#@;L" #860'084()8;" N^ZP" 8"

+@%'0'084()8;"N!ZP"4,'710&'+",$62':*#8("&*42'#'%8&*2(<

D$78$B8'##@-" ,$62':*#8*-L" 828" ,$78'286'-L" #$6@+$*&%(" 4,'B*%%" ;8-8.*%08;"

4,*+,$)*#83" 8%;'7#'9'" &*42'#'%8&*2(" 4'7" 7*3%&+8*-" 8'#868,1T)8;" 8621.*#83<"

D$78'286" '4,*7*2(*&%(" 7+1-(" Q$0&',$-8" – ,$78$B8'##'3" %&'30'%&/T" N%4'%'5#'%&/"

8%;'7#'9'" &*42'#'%8&*2(" 4,'&8+'%&'(&/" ;8-8.*%08-" 4,*+,$)*#8(-L" '51%2'+2*##@-"

7*3%&+8*-" ,$78$B88P" 8" %4'%'5#'%&/T" '5,$6'+$+>8;%(" $0&8+#@;" .$%&8B" N8'#'+" 8"

,$780$2'+P" +%&14$&/" +" ,*$0B8T" -*:71" %'5'3L" $" &$0:*" %" -'2*012$-8" 8%;'7#'9'"

&*42'#'%8&*2(<" W*,'3" '&#'%8&*2/#'3" ,$78$B8'##'3" %&'30'%&8" (+2(*&%(" ,$78$B8'##'-

;8-8.*%083" +@;'7L" ,$+#@3" .8%21" '5,$61T)8;%(" 828" ,$%4$7$T)8;%("-'2*012" +*)*%&+$"

#$"IGG ?!"4'92')_##'3"?#*,988<

!@%'0'&*-4*,$&1,#@*"',9$#8.*%08*"&*42'#'%8&*28"7*2(&%("#$"'7#'0'-4'#*#&#@*"

N'7#'0'-4'#*#&#@*" !MOP" 8" -#'9'0'-4'#*#&#@*" N-#'9'0'-4'#*#&#@*" !MOP<" S'" Q',-*"

-'2*012" '7#'0'-4'#*#&#@*" !MO" 7*2(&%(" #$" 7+*" 4'79,144@`" %" %8--*&,8.#@-8" 8" %"

42'%08-8"-'2*012$-8< K+'3%&+$"#*0'&',@; !MO"4,*7%&$+2*#@"+"&$528B*"I<"

75KA)L5,-

M%#'+#@*"Q868.*%08*"%+'3%&+$"#*0'&',@;"!MO

a

4b4

^$6+$#8* S2'&#'

%&/L"

09b-
3

4,8"

20 ºK"

!(60'%&/ O*42'*

-0'%&/L"

0=:b09c

9,$7"

4,8"

20 ºK

O*-4*,$&1,$L ºK"

d*10
5
,

^*%b-
2

4,8"

&*-4

, ºK

42$+

2*#8

(

084*#

8(

#$.$2$"

&*,-8.*

%0'9'"

,$62':*

#8(

M7#'0'-4'#*#&#@*"!MO"%"%8--*&,8.#@-8"-'2*012$-8

1 \28B*,8# 1260 35,5 - 2,345 - 18 290 220
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10,8

2 V&82*#9280'2/ 1113 2548 0 2,349 -

15,6

197,3 500

M7#'0'-4'#*#&#@*"!MO"%"42'%08-8"-'2*012$-8

3 ^$Q&$28# 1150 88,58 90 2,010* 80,2 218,0 300

4 =8Q*#82 1006 155,2 70 1,758 69,5 255,6 370

5 =8Q*#82'+@3"?Q8, 1080
2
* 273,7 50 1,671 27 258,5 370

6 W'#'86'4,'48278Q*

#82

979 1410 20 1,725 - 47 290 360

7 =8&'282-*&$# 982,6 532,7 20 1,553 - 30 296 320

8 ]6'4,'482&*,Q*#82 1013 6259 50 1,158 7 346 370

W#'9'0'-4'#*#&#@*"!MO

9 =8Q*#82/#$("%-*%/ 1060 435,6 20 1,591 12,3 258 380

10 ==W 1007 122,9 60 1,400 12,3 263 350

11 O*,Q*#82/#$("%-*%/"

IG[0

1070 3102 20 1,616 - 12 286 350

12 O*,Q*#82/#$("%-*%/

R

760
3*

32,0 316 2,512 60 371 420

13 \$6'32/ 870 363 20 2,000 -60 215 250

14 W$%2'"eOW-300 969 15407 20 1,590 -30 360 180

* S,8"IGG ºK<"
2
c"S,8"JG ºK<"

3*
S,8"[IJ ºK.

!" #$%&'()**" +,*-(" %&'8&" 6$7$.$" %'67$#8(" ,'%%83%0'9'" %8#&*&8.*%0'9'" !MOL"

4,*+'%;'7()*9'" 4'" %+'8-" &*;#8.*%08-" ;$,$0&*,8%&80$-" 21.>8*" 6$,15*:#@*" $#$2'98" 8"

8-*T)*9'" %1)*%&+*##'" -*#/>1T" %&'8-'%&/<" V&'&" !MO" 7'2:*# 8-*&/" %2*71T)8*"

;$,$0&*,8%&808`" &*-4*,$&1,$" 6$%&@+$#8(" &*42'#'%8&*2(" #*" +@>*" – 67 ºKf" +(60'%&/" 4,8"

50 ºK #*"+@>*"[G"%K&f"42'&#'%&/"4,8"FG ºK"– 950 ± 30 09b-
3
f"&*-4*,$&1,$"+%4@>08"#*"#8:*"

105 ºKf" 4,*7*2/#'" 7'41%&8-$(" 0'#B*#&,$B8(" +" +'671;*" #*" #8:*" UG" -9b-
3
N9,144$" UL"

+*)*%&+'"-$2'&'0%8.#'*P< 

g&'"0$%$*&%("4,8-*#*#8("!MO"+"%17$;"2*7'+'9'"42$+$#8("8"$,0&8.*%08;"2*7'0'2$;L"

&'" #*'5;'78-'" '&-*&8&/" ,(7" 4,*7Y(+2(*-@;" 0" #8-" &,*5'+$#83`" #860$(" &*-4*,$&1,$"

42$+2*#8(" N#8:*"– 35 ºKPL"&*,-8.*%0$(" %&'30'%&/"&*42'#'%8&*2("7'"h"FGG"ºK<"!%*-"?&8-"
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ºK<" O*-4*,$&1,$" #$.$2$ ,$78$B8'##'-&*,-8.*%0'9'" 0,*08#9$" 9$6'32(" 2*:8&" +" 8#&*,+$2*"

'&" [GG" 7'" [[G" ºK<" S'21.*##@*" ,*612/&$&@" 4'" 8%%2*7'+$#8T" ,$78$B8'##'-&*,-8.*%0'3"

%&'30'%&8" 9$6'32("+" 1%2'+8(;"*9'",$5'&@"+"B8,012(B8'##'-"0'#&1,*"4'0$6$28L".&'" ?&'&"

&*42'#'%8&*2/"-':*&",$5'&$&/"+"(7*,#'-",*$0&',*"7'"[[G"ºK<"

j@28" 4,'86+*7*#@" 4,*7+$,8&*2/#@*" 4,'*0&#@*" ,$%._&@" 4,'&8+'&'.#'9'"

0':1;'&,15#'9'" &*42''5-*##'9'" $44$,$&$" +" ,$-0$;" +@4'2#*#8(" 01,%'+'9'" 4,'*0&$" 4'"

4,*7-*&1"CO*42''5-*##@*"$44$,$&@E<"

S,'&8+'&'.#$(" %;*-$" &'0$" &*42'#'%8&*2*3" 5@2$" +@5,$#$" 4'" %2*71T)*3"4,8.8#*

[3]`" +" &*42''5-*##@;" $44$,$&$;L" ,$5'&$T)8;" 5*6 86-*#*#8(" $9,*9$&#'9'" %'%&'(#8("

&*42'#'%8&*2*3L"#$85'2/>83"&*42'+'3"4'&'0"4,8"4,'.8;",$+#@;"1%2'+8(;"7'%&89$*&%("+"

4,'&8+'&'.#'3" %;*-*L" $" #$8-*#/>83" +" 4,'&8+'&'.#'3<" O$0:*" ?QQ*0&8+#'%&/" $44$,$&$"

4,8"4,'&8+'&'0*"+@>*L".*-"4,8"4,(-'&'0*<

O*42'+'3" ,$%.*&" &*42''5-*##@;" $44$,$&'+L" +" 0'&',@;" '7#8-" 86" &*42'#'%8&*2*3"

(+2(*&%(" !MOL" #*" '&28.$*&%(" '&" &*42'+'9'" ,$%._&$" &*42''5-*##@;" $44$,$&'+" %" +'7'3L"

4,8-*#(*-'3"+"0$.*%&+*"&*42'#'%8&*2(L"+"&'-"%21.$*L"*%28"&*-4*,$&1,$"4,8-*#*#8("!MO"

-*#/>*"&*-4*,$&1,@"#$.$2$"*9'"&*,-8.*%0'9'",$62':*#8(<"

j@28"4,'86+*7*#@"%2*71T)8*",$%.*&@"&*42''5-*##@;"$44$,$&'+"%'"%2*71T)8-8"

&*42'#'%8&*2(-8`

1. V&82*#9280'2/"8"+'7$<"D*612/&$&@",$%.*&'+"4,8+*7*#@"+"&$528B*"F<

2. \$6'32/"8"+'7$<"D*612/&$&@",$%.*&'+"4,8+*7*#@"+"&$528B*"[<

3. V&82*#9280'2/"8"0*,'%8#<"D*612/&$&@",$%.*&'+"4,8+*7*#@"+"&$528B*"U<"

4. \$6'32/"8"0*,'%8#<"D*612/&$&@",$%.*&'+"4,8+*7*#@"+"&$528B*"i<

75KA)L5,M

S'21.*##@*"6#$.*#8("728#@"&*42''5-*##@;"$44$,$&'+, &*42'#'%8&*2(-8"+"0'&',@;"

(+2(T&%("?&82*#9280'2/"8"+'7$

a

4b4

t?&’,

ºK

t?&’’,

ºK

t+’,

ºK

t+’’,

ºK

G?&=G+,

-
3
b.

cp?&,

0=:b09c9,$7

cp+,

0=:b09c9,$7

k*10
-3

,

!&b-
2
c9,$7

F,

-
2

L,

-

!'7$"'5&*0$*&"41.'0"&,15

1 100 95,36 1 4 4 2,726 4,207 0,695 0,212 0,355

2 100 95,36 1 4 10 2,726 4,207 1,055 0,349 0,585
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3 75 70,15 1 4 4 2,609 4,207 0,650 0,308 0,516

4 75 70,15 1 4 10 2,609 4,207 1,005 0,498 0,834

5 50 44,92 1 4 4 2,491 4,207 0,593 0,526 0,882

6 50 44,92 1 4 10 2,491 4,207 0,937 0,677 1,134

V&82*#9280'2/"'5&*0$*&"41.'0"&,15

7 100 95,36 1 4 4 2,726 4,207 0,590 0,250 0,418

8 100 95,36 1 4 10 2,726 4,207 0,934 0,394 0,660

9 75 70,15 1 4 4 2,609 4,207 0,523 0,383 0,641

10 75 70,15 1 4 10 2,609 4,207 0,851 0,588 0,985

11 50 44,92 1 4 4 2,491 4,207 0,445 0,700 1,173

12 50 44,92 1 4 10 2,491 4,207 0,749 1,040 1,743

75KA)L5,N

S'21.*##@*"6#$.*#8("728#@"&*42''5-*##@;"$44$,$&'+L"&*42'#'%8&*2(-8"+"0'&',@;"

(+2(T&%("9$6'32/ 8"+'7$

a

4b4

t9’,

ºK

t9’’,

ºK

t+’,

ºK

t+’’,

ºK

G9=G+,

-
3
b.

cp9,

0=:b09c9,$7

cp+,

0=:b09c9,$7

k*10
-3

,

!&b-
2
c9,$7

F,

-
2

L,

-

!'7$"'5&*0$*&"41.'0"&,15

1 100 94,22 1 4 4 2,189 4,207 0,565 0,262 0,440

2 100 94,22 1 4 10 2,189 4,207 0,904 0,410 0,687

3 80 74,02 1 4 4 2,114 4,207 0,539 0,349 0,585

4 80 74,02 1 4 10 2,114 4,207 0,871 0,540 0,905

5 60 53,76 1 4 4 2,021 4,207 0,502 0,514 0,861

6 60 53,76 1 4 10 2,021 4,207 0,824 0,782 1,311

\$6'32/ '5&*0$*&"41.'0"&,15

7 100 94,22 1 4 4 2,189 4,207 0,435 0,341 0,571

8 100 94,22 1 4 10 2,189 4,207 0,774 0,479 0,802

9 80 74,02 1 4 4 2,114 4,207 0,402 0,468 0,785

10 80 74,02 1 4 10 2,114 4,207 0,722 0,651 1,091

11 60 53,76 1 4 4 2,021 4,207 0,358 0,720 1,206

12 60 53,76 1 4 10 2,021 4,207 0,654 0,986 1,652

75KA)L5,O
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S'21.*##@*"6#$.*#8("728#@"&*42''5-*##@;"$44$,$&'+L"&*42'#'%8&*2(-8"+"0'&',@;"

(+2(T&%("?&82*#9280'2/"8"0*,'%8#

a

4b4

t?&’,

ºK

t?&’’,

ºK

t0’,

ºK

t0’’,

ºK

G?&=G0,

-
3
b.

cp?&,

0=:b09c9,$7

cp0,

0=:b09c9,$7

k*10
-3

,

!&b-
2
c9,$7

FL"-
2

LL"-

Z*,'%8# '5&*0$*&"41.'0"&,15

1 140 125,61 20 40 4 2,879 2,045 0,392 0,917 1,54

2 140 125,61 20 40 40 2,879 2,045 1,411 2,550 4,72

V&82*#9280'2/"'5&*0$*&"41.'0"&,15

7 140 125,61 20 40 4 2,879 2,045 0,509 0,707 1,18

8 140 125,61 20 40 40 2,879 2,045 1,622 2,218 3,72

75KA)L5/

S'21.*##@*"6#$.*#8("728#@"&*42''5-*##@;"$44$,$&'+L"&*42'#'%8&*2(-8"+"0'&',@;"

(+2(T&%("9$6'32/"8"0*,'%8#

a

4b4

t9’,

ºK

t9’’,

ºK

t0’,

ºK

t0’’,

ºK

G9=G0,

-
3
b.

cp9,

0=:b09c9,$7

cp0,

0=:b09c9,$7

k*10
-3

,

!&b-
2
c9,$7

F,

-
2

L,

-

Z*,'%8#"'5&*0$*&"41.'0"&,15

1 180 163,27 20 40 4 2,466 2,045 0,356 0,734 1,23

2 180 163,27 20 40 40 2,466 2,045 1,332 1,960 3,28

\$6'32/ '5&*0$*&"41.'0"&,15

7 180 163,27 20 40 4 2,466 2,045 0,392 0,661 1,11

8 180 163,27 20 40 40 2,466 2,045 1,410 2,552 4,28

!@5',"'4&8-$2/#'3"0'#%&,10B88"&*42''5-*##'9'"$44$,$&$"6$+8%8&"'&"&,*5'+$#83L"

4,*7Y(+2(*-@;" 0" 0'#%&,10B88<" M%#'+#@- &,*5'+$#8*-" 517*&" (+2(&/%(" -8#8-86$B8("

,$6-*,'+"&*42''5-*##'9'"$44$,$&$<

W$&*,8$2@" 7$##'3" ,$5'&@" 5171&" 8%4'2/6'+$#@" +" 4'79'&'+0*" %&$&/8" #$"

0'#Q*,*#B8T"ASME (American Society of Mechanical Engineers) International Mechanical 

Engineering Congress and Exposition, 0'&',$( 517*& 4,';'78&/ % 15 4' 23 #'(5,( 2013.

>*,4&3 /,+:).+5)<

1. S$%4',&" A*7*,$2/#'3" B*2*+'3" 4,'9,$--@" CD$6+8&8*" 9,$:7$#%0'3" -',%0'3"

&*;#808E" #$" FGGH-FGIJ" 9'7@L" 1&+<" 4'%&$#'+2*#8*"S,$+8&*2/%&+$" DA"'&" FI"Q*+,$2("
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