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THE DEVELOPMENT OF TECHNOLOGY OF FAN BLADE 

BIOMASS DAMAGE MODELLING BASED ON SMOOTH 

PARTICLE HYDRODYNAMICS 

The article is concerned with the problem of estimating the bird impact resistance of gas-turbine 

engine fan blades. The methodology of high rate blade damage numerical modeling is developed to 

reduce the cost of certification testing. This investigation is directed at the development of technology of 

fan blade biomass damage modeling based on smooth particle hydrodynamics in the conditions similar 

to serviceable condition.  

Keywords: high rate damage, kinematic hardening, Cowper – Symonds model, finite element 

method, SPH-method. 

 

0+*):"& 5)=+%/" (&#%"5-%)'+ )%#)$-%$- / :"$5. )$#)(#;A 3&%+-

5&1 7+,)%.'*"##;A 3("7+%&5&1. Q'/) (;'+9&##+- %&#3&#4"- / =)(;-

<&#"8 #+3&9#)$%" " *&,)=+$#)$%" +("+4")##;A $.3)( )%'+9+&%$- #+ 

%'&*)(+#"-A $%)1/)$%" 5)=+%)/ (&#%"5-%)'+, ( %)@ :"$5& " =)5)1 /)#-

$%'./4"", / =)('&93&#"8 =)$%)')##"@" ='&3@&%+@" (???). O/%.+56-

#)$%6 =')*5&@; =)3%(&'93+&%$- (;$)/"@ =')4&#%)@ 3)$'):#)7) $#--

%"- 3("7+%&5&1 $ H/$=5.+%+4"" =) ='":"#& ???. 
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?)$%)')##"& ='&3@&%; @)7.% *;%6 .$5)(#) '+,3&5&#; #+ 3(& 

7'.==;: «@-7/"& %&5+» (*")@+$$+, 5&3, ()3+) " «%(&'3;& %&5+» (/.$):/" 

*&%)#+, 7'+("1, @&%+55":&$/"& H5&@&#%;). F #+$%)-I&@ "$$5&3)(+#"" 

(#"@+#"& +/4&#%"')(+#) #+ =')4&$$& =)('&93&#"- 5)=+%/" (&#%"5-%)-

'+ ='" =)=+3+#"" =)$%)')##&7) ='&3@&%+ – *")@+$$; – ( 7+,)(),3.<-

#;1 %'+/% 3("7+%&5-. E+/ =)/+,;(+&% ='+/%"/+, =)$5& $).3+'&#"- 

$ «@-7/"@" %&5+@"» =)('&93&#"- ='&3$%+(5-8% $)*)1 (@-%"#; " (@--

%"#; $ '+,';(+@" [1] ('"$. 1). ?'" $&'%">"/+4"" 3("7+%&5&1 )*-,+-

%&56#;@ -(5-&%$- =')(&3&#"& "$=;%+#"1 #+ $%)1/)$%6 / =)('&93&#"-

-@. F $))%(&%$%("" $ %'&*)(+#"-@" O?-33 ='&3.$@)%'&#; "$=;%+#"- 

#+ =)=+3+#"& =%"4 @+$$)1 3) 2,75 /7 ='" )$&()1 $/)')$%" 100 @/$. 

 

0"$. 1. ?)('&93&#"& '+*):"A 5)=+%)/ (&#%"5-%)'+  

3("7+%&5- ?T-90O )% =)=+3+#"- =%"4; [1] 

D5- .$=&<#)7) =')(&3&#"- 3)')7)$%)-I"A $&'%">"/+4")##;A 

"$=;%+#"1 #+ $%+3"" =')&/%"')(+#"- 3("7+%&5- '+4")#+56#;@ -(5-&%-

$- =')(&3&#"& @)3&5"'.8I"A '+$:&%)(. F $5.:+& @)3&5"')(+#"- =)-

('&93&#"- 5)=+%/" (&#%"5-%)'+ *")@+$$)1 "@&&@ 3&5) $ 3(.@- )*U&/-

%+@", )3"# ", /)%)';A (5)=+%/+) (&3&% $&*- ( $))%(&%$%("" $ ,+/)#+@" 

@&A+#"/" 3&>)'@"'.&@)7) %(&'3)7) %&5+. ?)(&3&#"& 3'.7)7) )*U&/%+ 

(*")@+$$;) ( )*I&@ $5.:+& 3)59#) '+$$@+%'"(+%6$- "#+:&, =)$/)56/. 

@&A+#":&$/"& $()1$%(+ *")@+$$; ",@&#-8%$- ( ,+("$"@)$%" )% '&9"-

@+ #+7'.9&#"-. N+ #",/"A $/)')$%-A *")@+$$+ #& @)9&% ( )*I&@ '+$-

$@+%'"(+%6$- /+/ )3#)')3#+- " 7)@)7&##+-. M3#+/) #+ (;$)/"A $/)')-

$%-A $%+#)("%$- (),@)9#;@ ='&#&*'&9&#"& H%)1 #&)3#)')3#)$%68 " 

7&%&')7&##)$%68 " *")@+$$+ @)9&% '+$$@+%'"(+%6$- /+/ 7)@)7&##+- 

9"3/)$%6, #+5&%+8I+- #+ ='&=-%$%("& [2]. 
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-(./$)(0%$ 1$#$2' 

M%'+*)%/+ $=)$)*+ @)3&5"')(+#"- =)('&93&#"- 5)=+%/" (&#%"-

5-%)'+ =)5)1 /)#$%'./4"" *")@+$$)1 =')",()3"5+$6 #+ %&$%)()1 ,+3+-

:& ( $5&3.8I&1 =)$%+#)(/&: =)('&93+8I"1 ='&3@&% – *")@+$$+ ( 

>)'@& /.*+ '+,@&')@ 25×25×25 @@ 3("9&%$- =)3 .75)@ 90! / =)(&'A-
#)$%" =5+$%"#; '+,@&'+@" 200×75 @@ " %)5I"#)1 1 @@ =) #+='+(5&-

#"8 / /')@/& ( && $'&3#&@ $&:&#"" $) $/)')$%68 500 @/$ ('"$. 2). ?5+-

$%"#+ 9&$%/) ,+I&@5&#+ ( )$#)(+#"". !+%&'"+5 =5+$%"#; – %"%+#)(;1 

$=5+( FG6. T()1$%(+ *")@+$$; #+ )$#)(+#"" "$%):#"/)( [3, 4] =)5+-

7+8%$- *5",/"@" / $()1$%(+@ ()3;. 

 

0"$. 2. TA&@+ $).3+'&#"- =5+$%"#; $ *")@+$$)1 

D5- $>)'@.5"')(+##)1 (;<& %'&A@&'#)1 3"#+@":&$/)1 ,+3+:" 

@)9&% *;%6 ,+="$+#+ @+%&@+%":&$/+- =)$%+#)(/+. D("9&#"& %):&/ 

$'&3; ",(&$%#), &$5" ",(&$%#; >.#/4"", #+,;(+&@;& ,+/)#)@ 3("9&-

#"- %):/": 

" #,x x X t$ , 

73& x – (&/%)' /))'3"#+% %):/" 3&>)'@"'.&@)1 $'&3;; X  – (&/%)' /)-

)'3"#+% %):/" ( #+:+56#;1 @)@&#% ('&@&#". D5- @)@&#%+ ('&@&#" 

0t $  #+:+56#;& .$5)("- ,+="$;(+8%$- ( ("3& ('"$. 3) 
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" #,0x X X$ , 0 =5+$% 0 =.=B B% &x ; 

" #,0 0x X! $ , 0 =5+$%x B% ; 

" # " #,0x X V X! $ , 

0

500

0

V

' (
) *$ +) *
) *
, -

(@/$), 0 =.=.B%x  

0&<&#"& %'&A@&'#)1 3"#+@":&$/)1 ,+3+:" ,+/58:+&%$- ( '+,'&-

<&#"" $"$%&@; .'+(#&#"1, ( /)%)'.8 (A)3"% .'+(#&#"& #&'+,';(#)-

$%", (;%&/+8I&& ", ,+/)#+ $)A'+#&#"- @+$$;, .'+(#&#"& $)A'+#&#"- 

/)5":&$%(+ 3("9&#"-, (#.%'&##&1 H#&'7"", ,+@;/+&% $"$%&@. )='&3&-

5-8I&& $))%#)<&#"&: 

– .'+(#&#"& #&'+,';(#)$%" 

 
d

0
d

v
x

i

it

. /
0. $

/
, (1) 

73& .  – "$%"##+- =5)%#)$%6 $'&3;; v  – (&/%)' $/)')$%&1 @+%&'"+5+. 

K3&$6 " 3+5&& #"9#"1 "#3&/$ $5.9"% 35- )*),#+:&#"- /))'3"#+%#;A #+-

='+(5&#"1, =)3'+,.@&(+&%$- $.@@"')(+#"& =) =)(%)'-8I"@$- "#3&/$+@; 

 

0"$. 3. TA&@+ 7'+#"4 %&5 35- ,+3+#"-  

#+:+56#;A " 7'+#":#;A .$5)("1 
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– .'+(#&#"& $)A'+#&#"- @)@&#%)( 

 
d 1

d
v 3

x
i ij

jt

/
$
. /

,  (2) 

73& 3  – %&#,)' #+='-9&#"1; 

– .'+(#&#"& $)A'+#&#"- H#&'7"" 

 
d 1

d
3 4!ij ij

e

t
$
.

,  (3) 

73& e  – .3&56#+- (#.%'&##-- H#&'7"-; 4!  – %&#,)' $/)')$%&1 3&>)'@+4"", 

 
1

2

vv
4

x x
!

ji
ij

j i

' (//
$ 0) *) */ /, -

; (4) 

– )='&3&5-8I"& $))%#)<&#"- 35- $=5+(+ FG6 " *")@+$$; 

 " #,3 4 4!ij ij ijf$ .  (5) 

T"$%&@+ 3)=)5#&#+ 7'+#":#;@" .$5)("-@" ($@. '"$. 3): 

– /"#&@+%":&$/"& 7'+#":#;& .$5)("- ( $5.:+& 9&$%/)1 ,+3&5/" 

=)('&93+&@)7) )*'+,4+ =) 7'+#"4& 1b/ : 

" #, 0x X t $ , 1;x b%/  

– $%+%":&$/"& 7'+#":#;& .$5)("- ( $5.:+& #+:+56#)7) #&#+='--

9&##)7) $)$%)-#"- $()*)3#)1 =)(&'A#)$%" =5+$%"#; 2 =5+$%b/  " $()-

*)3#)1 =)(&'A#)$%" =)('&93+8I&7) ='&3@&%+ 2 =.= :b/  

03 nij j $ , 2 =5+$% 2 =.=x b b%/ &/ ; 

– /)#%+/%#;& 7'+#":#;& .$5)("-: #+ =)(&'A#)$%" /)#%+/%+ 3b/  

/)@=)#&#%; =&'&@&I&#"1 3(.A /)#%+/%"'.8I"A =)(&'A#)$%&1 3)59-

#; .3)(5&%()'-%6 $5&3.8I&@. )7'+#":&#"8: 

1 2 1( ) 0x x ni i i+ $ , 

73& (&'A#"& "#3&/$; 1 " 2 =)/+,;(+8% )%#)<&#"& / 3(.@ /)#%+/%-

#;@ =)(&'A#)$%-@. N)'@+56#;& /)@=)#&#%; (&/%)'+ #+='-9&#"1 

#+ /)#%+/%"'.8I"A =)(&'A#)$%-A 3)59#; *;%6 '+(#; =) @)3.58 " 
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=')%"()=)5)9#; =) ,#+/.. C$5)("& @)9&% *;%6 ,+="$+#) ( $5&3.8-

I&@ ("3&: 
1 1 1 2 2 2 0.3 n n 3 n nij i j ij i j+ $  

5'.%6"/'1$&'* 6$16"7$89": .'./";< =6$0)")': 

F $"$%&@+A +(%)@+%","')(+##)7) "#9&#&'#)7) +#+5",+, ='&3#+-

,#+:&##;A 35- '&<&#"- %'&A@&'#;A 3"#+@":&$/"A #&5"#&1#;A ,+3+: $ 

"$=)56,)(+#"&@ :"$5&##;A @&%)3)(, ='"@&#-&%$- #&$/)56/) =)3A)3)( 

/ )="$+#"8 3("9&#"- 3&>)'@"'.&@)1 $=5)<#)1 $'&3;. E #"@ )%#)-

$-%$- 5+7'+#9&(;1, H15&')(;1, 5+7'+#9&()-H15&')(;1 =)3A)3;, *&$-

$&%):#;1 @&%)3 $75+9&##;A :+$%"4 (( "#)$%'+##)1 5"%&'+%.'& Smooth 

Particle Hydrodynamics (SPH)) [5].  

F #+$%)-I&@ "$$5&3)(+#"" 35- )%'+*)%/" @&%)3)( :"$5&##)7) 

@)3&5"')(+#"- $).3+'&#"- *")@+$$; $ 5)=+%/)1 (&#%"5-%)'+ *;5) 

='"#-%) 35- )="$+#"- 5)=+%/" "$=)56,)(+%6 5+7'+#9&(;1 =)3A)3. ?'" 

"$=)56,)(+#"" 5+7'+#9&()7) =)3A)3+ 35- >)'@"')(+#"- $"$%&@; 

.'+(#&#"1 @&%)3+ /)#&:#;A H5&@&#%)( ='"@&#-&%$- ='"#4"= ("'%.-

+56#)1 '+*)%;. ?'" H%)@ =)5- =&'&@&I&#"1, $/)')$%&1 " .$/)'&#"1 ( 

H5&@&#%+A +==')/$"@"'.8%$- =) 3"$/'&%#;@ ,#+:&#"-@ ( .,5+A :&'&, 

>.#/4"" >)'@; /)#&:#)7) H5&@&#%+.  

D5- )="$+#"- =)(&3&#"- *")@+$$; ( "$$5&3)(+#"" "$=)56,)(+5$- 

*&$$&%):#;1 @&%)3 $75+9&##;A :+$%"4 (SPH-@&%)3), '+,'+*)%+##;1 

S8$", J"#75)3)@ " !)#+7+#)@ ( 1977 7)3.. !&%)3 =),()5-&% ",*&9+%6 

"$/'"(5&#"- /)#&:#)-H5&@&#%#)1 $&%/" ='" '&<&#"" ,+3+: $ H/$%'&-

@+56#;@" 3&>)'@+4"-@", =)H%)@. <"')/) ='"@&#-&%$- 35- '&<&#"- 

,+3+: #&='&';(#)1 @&A+#"/", @)3&5"')(+#"- '+,'.<&#"- =5+$%":#;A 

" A'.=/"A $%'./%.'. 

T %):/" ,'&#"- (;:"$5&#"1 ( SPH-@&%)3& @+%&'"+5 ='&3$%+(5-&%-

$- #+*)')@ :+$%"4 ( )xk t  1 21... ,k M%  73& ( )xk t  – (&/%)' /))'3"#+% k-1 

:+$%"4;; M  – )*I&& /)5":&$%() :+$%"4, ,+=)5#-8I"A )*5+$%6 3  " 

3("9.I"A$- (3)56 =)5- $/)')$%&1 v . E+93+- :+$%"4+ -(5-&%$- %):/)1 

"#%&'=)5-4"", ( /)%)')1 ",(&$%#; $()1$%(+ @+%&'"+5+ (/))'3"#+%;, 

@+$$+, $/)')$%6, =5)%#)$%6, 3+(5&#"&). L+$%"4; -(5-8%$- (;:"$5"-

%&56#;@ /+'/+$)@, #+ /)%)')@ '+,'&<+8%$- .='+(5-8I"& $))%#)<&-

#"-. B$=)56,.&%$- "#%&7'+56#)& ='&3$%+(5&#"& A+'+/%&'"$%"/ @+%&-

'"+5+ ( ("3& 
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" # " # " #dx x x x x" " "f f
3

$ 4 +5 , 

73& 4  – 3&56%+->.#/4"- D"'+/+. F;<&='"(&3&##;1 "#%&7'+5 +==')/-

$"@"'.&%$- "#%&7'+5)@ $5&3.8I&7) ("3+: 

" # " # " #, df f W h
3

6 +5x x x x x" " "  

$ (&$)()1 >.#/4"&1 W , "5" >.#/4"&1 $75+9"(+8I&7) -3'+. ?)%):&:-

#+- +==')/$"@+4"- >.#/4"" " #xf ,+="$;(+&%$- ( ("3& 

" # " # " #
1

? ( ) ,x x x x
N

h

k k k

k

f w t f W h
$

$ +7 , 

73& k
k

k

m
w $

.
 – «(&$» k-1 :+$%"4;, '+(#;1 @+$$&, 3&5&##)1 #+ =5)%#)$%6; 

N – /)5":&$%() $)$&3#"A / k-1 :+$%"4. T)$&3#"@" / 3+##)1 k-1 :+$%"4& 

-(5-8%$- %+/"& :+$%"4;, '+$$%)-#"& )% /)%)';A 3) 3+##)1 :+$%"4; #& 

='&()$A)3"% $75+9"(+8I&1 35"#; h ('"$. 4). 

 

0"$. 4. E ,+3+#"8 (&$)()1 >.#/4"" 

E (&$)()1 >.#/4"" ='&3U-(5-8%$- $5&3.8I"& %'&*)(+#"-: 

" #, 0x xkW h+ $ , " #x xk h+ 8 , 

" #, d 1x x x" "W h
3

+ $5 , 

" #,x xkW h+ 94  ='" 0h9 . 
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F /+:&$%(& (&$)()1 >.#/4"" )*;:#) "$=)56,.8% =)5"#)@"+56-

#;& $=5+1#;. K+3+#"& (&$)()1 >.#/4"" (),@)9#) $ "$=)56,)(+#"&@ 

($=)@)7+%&56#)1 >.#/4"" :  – /.*":&$/)7) V-$=5+1#+: 

2 3

3

3 3
1 1,

2 4

1
( ) (2 ) 1 2,

4

0 2,

y y y

y C y y

y

; + 0 <=
=
=

: $ > + ? <@
=

8=
=A

 

73& : – =)$%)-##+- #)'@+5",+4"", /)%)'+- ,+("$"% )% '+,@&'#)$%" 

=')$%'+#$%(+. F&$)(+- >.#/4"- "@&&% $5&3.8I"1 ("3: 

" #
" #

" #1
,x x

x
d

W h
h

$ : , 

73& d – '+,@&'#)$%6 =')$%'+#$%(+; h – $75+9"(+8I+- 35"#+, ",@&#-8-

I+-$- () ('&@&#" " =')$%'+#$%(&. 

SPH-@&%)3, /+/ " @&%)3 /)#&:#;A H5&@&#%)(, "$=)56,.&%$- 35- 

3"$/'&%",+4"" $"$%&@; '+,'&<+8I"A .'+(#&#"1 (1)–(5). ?)$5& 3"$-

/'&%",+4"" $"$%&@+ (1)–(5) ='"#"@+&% ("3 [6]: 

– .'+(#&#"& #&'+,';(#)$%" 

l k lk

k

m W. $7 , 

73& " #,x xlk l kW h+  – (&$)(+- >.#/4"-, )*),#+:&#+ 35- =')$%)%; lkW ; 

– .'+(#&#"& $)A'+#&#"- @)@&#%)( 

" #
" # " #

" #2 2

d
;

d

ij ijl k lk
i kl

k l k j l

W
m

t

' ( /) *$ 0
) *. . /, -

7
3 3

v
x

 

– .'+(#&#"& $)A'+#&#"- H#&'7"" 

" # " #" # " # " #
" #2 2

d 1
.

d 2

ij ijl l k lk
k i ik l

k l k j l

e W
m

t

' ( /) *$ + 0
) *. . /, -

7
3 3

v v
x
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>()"2)(-?+";")/)$* ;(#"+@ A+$./')< ' SPH-;(#"+@ B'(;$..< 

0&<&#"& =)$%+(5&##)1 %'&A@&'#)1 3"#+@":&$/)1 ,+3+:" '&+5"-

,)(+#) ='" =)@)I" =')7'+@@#)7) /)@=5&/$+ ANSYS $ ='"@&#&#"&@ 

($%')&##)7) '&<+%&5- LS-DYNA $ -(#)1 $A&@)1 "#%&7'"')(+#"- =) 

('&@&#". D5- 3"$/'&%",+4"" =5+$%"#; "$=)56,.&%$- ='",@+%":&$/"1 

",)=+'+@&%'":&$/"1 8-.,5)()1 H5&@&#% solid164 =&'()7) =)'-3/+ +=-

=')/$"@+4"" $ %'&@- .,5)(;@" #&",(&$%#;@". T&%/+ =5+$%"#; '&7.-

5-'#+- $ A+'+/%&'#;@ '+,@&')@ H5&@&#%+ 1 @@, =) %)5I"#& =5+$%"#; 

,+3+#) %'" $5)- H5&@&#%)( (%)5I"#+ H5&@&#%+ 0,33 @@) ('"$. 5). 

F @)3&5" =5+$%"#; 45 000 H5&@&#%)(, 61 104 .,5+. 

W")@+$$+ 3"$/'&%","'.&%$- #+*)')@ :+$%"4. 0+$$%)-#"& @&93. 

:+$%"4+@" – 0,5 @@, /)5":&$%() :+$%"4 ( @)3&5" – 132 651 ($@. '"$. 5). 

C(#"+@ A(0"#")'* ;$/"6'$+$ A+$./')< 

!)3&56 =)(&3&#"- @+%&'"+5+ /)#/'&%","'.&% )*I.8 >)'@.5"-

')(/. >",":&$/"A $))%#)<&#"1 " #,3 4 4!ij ij ijf$ . D5- )="$+#"- =)(&3&-

#"- @+%&'"+5+ ='" (;$)/"A $/)')$%-A 3&>)'@"')(+#"- ( "$$5&3)(+#"" 

"$=)56,.&%$- @)3&56 E.=&'+ – T+1@)#3$+ [7], /)%)'+- .:"%;(+&% /"-

#&@+%":&$/)& .='):#&#"& " =),()5-&% )="$;(+%6 ,+("$"@)$%6 ='&3&5+ 

%&/.:&$%" )% $/)')$%" 3&>)'@+4"". F LS-DYNA "$=)56,.&@+- @)3&56 

=)(&3&#"- @+%&'"+5+ '&+5",)(+#+ ( @)3&5" Piecewise Linear Plasticity 

Model (/.$):#)-5"#&1#+- =5+$%":&$/+- @)3&56). 

 

0"$. 5. E)#&:#)-H5&@&#%#+- $&%/+ #+ @)3&5" =5+$%"#; " $75+9&##;&  

:+$%"4; =)('&93+8I&7) ='&3@&%+ – *")@+$$; 
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F $))%(&%$%("" $ @)3&568 Piecewise Linear Plasticity =')",()3#+- 

%&#,)'+ #+='-9&#"1 =) ('&@&#" ,+="$;(+&%$- ( ("3& 

3 3 3 D 3 D!
ij ij ik kj jk ki

B$ 0 0 , 

73& Dkj – %&#,)' $="#, 

1
;

2

ji
kj

j i

' (//
$ +) *) */ /, -

vv
D

x x
 

3ij

B  – /)')%+4")##+- =')",()3#+- Q.@+##+, "$=)56,.8I+-$- 35- .:&%+ 

('+I&#"- $'&3; /+/ +*$)58%#) 9&$%/)7) %&5+, 

3 C 4!ij ijkl kl

B $ , 

73& Cijkl  – @+%'"4+ .='.7"A /)H>>"4"&#%)( >",":&$/"A $))%#)<&#"1. 

F %&#,)'& #+='-9&#"1 3ij  (;3&5-8% <+')(.8 " 3&("+%)'#.8 

:+$%": 

3 sij ij ijP$+ 4 0 , 

73& P  – 3+(5&#"&; sij  – /)@=)#&#%; 3&("+%)'+ #+='-9&#"1. F .='.7)@ 

@+%&'"+5& /)')%+4")##+- =')",()3#+- Q.@+##+ 3&("+%)'+ %&#,)'+ #+-

='-9&#"1 E)<" "@&&% ("3 

2s 4!ij ijGB C$ , 

3+(5&#"& 

ln ,P K V$+  

73& 4!C  – 3&("+%)' %&#,)'+ $/)')$%&1 3&>)'@+4""; G  – .='.7"1 @)3.56 

$3("7+; K  – )*U&@#;1 @)3.56; V  – )%#)$"%&56#;1 )*U&@ ()%#)<&#"& 

%&/.I&7) )*U&@+ / #+:+56#)@.). 

E)@=)#&#%; 3&("+%)'+ #+='-9&#"1 )*#)(5-8%$- .='.7) 3) %&A 

=)', =)/+ .3)(5&%()'-8% >.#/4"" %&/.:&$%" 

2
1

0
2 3

s s
y

ij ij

D
E$ + < . 

73& yD  – 3"#+@":&$/"1 ='&3&5 %&/.:&$%". 
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F $))%(&%$%("" $ @)3&568 /"#&@+%":&$/)7) .='):#&#"- E.=&'+ – 

T+1@)#3$+ )='&3&5-&%$- ,#+:&#"& 3"#+@":&$/)7) ='&3&5+ %&/.:&$%": 

0yD $D F , 

1

1
P

C

G' (F$ 0) *
, -

!
, 

,4 4! ! !
ij ijG$  

73& 0D  – $%+%":&$/"1 ='&3&5 %&/.:&$%"; F  – @+$<%+*"'.8I"1 /)H>-

>"4"&#%; !G  – $/)')$%6 3&>)'@+4""; ,C P  – /)#$%+#%; @+%&'"+5+. 

X$5" 3&("+%)' #+='-9&#"1 #& .3)(5&%()'-&% >.#/4"" %&/.:&$%", %) 

(;:"$5-&%$- ='"'+I&#"& H>>&/%"(#)1 =5+$%":&$/)1 3&>)'@+4"" 

1

2
* *

eff

3

2

3

ij ij y
p

pG E

' ( +D) *
, -HG $

0

s s

, 

73& @)3.56 =5+$%":&$/)7) .='):#&#"- pE  )='&3&5-&%$- :&'&, @)3.56 

.='.7)$%" E  " @)3.56 .='):#&#"- tE : 

t
p

t

E E
E

E E
$

+
. 

D5- .3)(5&%()'&#"- >.#/4"" %&/.:&$%" =')*#;& ,#+:&#"- 3&("+-

%)'+ #+='-9&#"1 *sij  @+$<%+*"'.8%$-: 

*

1

2
* *3

2

y

ij ij

ij ij

D
$
' (
) *
, -

s s

s s

. 

F %+*5"4& ='"(&3&#; ='"#-%;& ( '+$:&%+A =) 3+##;@ [8–10] A+-

'+/%&'"$%"/" @+%&'"+5+ =5+$%"#; – %"%+#)()7) $=5+(+ FG6. 

Y+'+/%&'"$%"/" $=5+(+ FG6, ='"#-%;& ( '+$:&%+A (=) 3+##;@ [8–10]) 

P =/= Y+'+/%&'"$%"/+ K#+:&#"& 

1 ?5)%#)$%6 Z, /7/@3 4,43·103 

2 !)3.56 .='.7)$%" D, !?+ 122 630 

3 E)H>>"4"&#% ?.+$$)#+ µ 0,3 

4 C$5)(#;1 ='&3&5 %&/.:&$%" [0,2, !?+ 910 
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M/)#:+#"& %+*5"4; 

P =/= Y+'+/%&'"$%"/+ K#+:&#"& 

5 !)3.56 .='):#&#"- Dt, !?+ 307 

6 : 20 000 

7 / 3 

 

N+ '"$. 6 ='&3$%+(5&#+ *"5"#&1#+- @)3&56 3&>)'@"')(+#"- %"-

%+#)()7) $=5+(+ FG6 $ .:&%)@ $/)')$%#)7) .='):#&#"- ='" $/)')$%" 

3&>)'@+4"" 410!G$ . 

 

0"$. 6. !)3&56 3&>)'@"')(+#"- %"%+#)()7) $=5+(+ FG6:  

#"9#-- /'"(+- – ='" $%+%":&$/)@ #+7'.9&#""; (&'A#--  

/'"(+- – $ .:&%)@ $/)')$%#)7) .='):#&#"- ='" 410!G$  

0+,'.<&#"& @+%&'"+5+ 5)=+%/" @)3&5"'.&%$- .3+5&#"&@ H5&@&#%)(, 

( /)%)';A H>>&/%"(#+- =5+$%":&$/+- 3&>)'@+4"- eff

pG  ='&(;<+5+ ='&-

3&56#)& ,#+:&#"& 0, 4BG $ , ='"#-%)& =) H/$=&'"@&#%+56#;@ 3+##;@. 

C(#"+@ A(0"#")'* ;$/"6'$+$ B'(;$..< 

M='&3&5-8I"@" $))%#)<&#"-@" *.3.% 3(& #&,+("$"@;& $)$%+(-

5-8I"&: .'+(#&#"& $)$%)-#"- (,+("$"@)$%6, $(-,;(+8I+- 3+(5&#"& 

" =5)%#)$%6) /+/ @&'+ )*U&@#)1 $9"@+&@)$%" " ,+("$"@)$%6 3&("+-

%)'#;A /)@=)#&#% %&#,)'+ #+='-9&#"1 )% 3&("+%)'#;A /)@=)#&#% 

%&#,)'+ 3&>)'@+4"1 /+/ @&'+ >)'@)",@&#&#"-. 

D5- @)3&5"')(+#"- *")@+$$; "$=)56,.&%$- '&+5",)(+##+- ( LS-

DYNA @)3&56 @+%&'"+5+ MAT_NULL. Y+'+/%&' &7) =)(&3&#"- =)3 

#+7'.,/)1 +#+5)7":&# '&+/4"" (-,/)=5+$%":&$/)7) @+%&'"+5+ $ #.5&-



M*'+*)%/+ $=)$)*+ @)3&5"')(+#"- =)('&93&#"- 5)=+%/" (&#%"5-%)'+ 

 19

(;@" /)@=)#&#%+@" 3&("+%)'+ #+='-9&#"1. F @)3&5" @+%&'"+5+ 

MAT_NULL "$=)56,)(+#+ =5)%#)$%6 *")@+$$; 900 /7/@
3
. D5- )='&3&-

5&#"- ,+("$"@)$%" 3+(5&#"- )% ",@&#&#"- )*U&@+ "$=)56,.&%$- .'+(-

#&#"& $)$%)-#"- ()3;, ,+3+##)& %+*5":#). 

!"1=+@/$/< 

F '&,.56%+%& @)3&5"')(+#"- =')4&$$+ $).3+'&#"- =5+$%"#; 

$ *")@+$$)1 =)5.:&#; =)5- #+='-9&#"1 " 3&>)'@+4"1 ( =')4&$$& $)-

.3+'&#"-, ,#+:&#"- =5+$%":&$/"A 3&>)'@+4"1 " )$%+%):#;A #+='-9&-

#"1, 7&)@&%'":&$/"& =+'+@&%'; =)('&93&#"-.  

N+ '"$. 7 ='&3$%+(5&# =')4&$$ $).3+'&#"- =5+$%"#; $ *")@+$$)1 

" '+$=')$%'+#&#"& ()5# #)'@+56#;A #+='-9&#"1 [Y. F =')4&$$& $)-

.3+'&#"- *")@+$$+ )A(+%;(+&% ,#+:"%&56#.8 :+$%6 /')@/" =5+$%"#;, 

)%7"*+- && ( $%)')#. #+='+(5&#"- .3+'+ " )*'+,.- (@-%"#.. Y+'+/%&' 

3&>)'@"')(+#"- =5+$%"#; ( =')4&$$& $).3+'&#"- ,+("$"% )% "$=)56-

,.&@)7) /'"%&'"- '+,'.<&#"-. F ='"#-%)1 =)$%+#)(/& /'"%&'"&@ '+,-

'.<&#"- -(5-&%$- ='&3&56#+- 3&>)'@+4"-, =)H%)@. )4&#/+ '+$='&3&-

5&#"- #+='-9&#"1 #)$"% /+:&$%(&##;1 A+'+/%&'. F ,)#& (@-%"#; 

$ (#&<#&1 $%)')#; (),#"/+8% ,#+:"%&56#;& '+$%-7"(+8I"& #+='-9&-

#"-, 3)$%"7+8I"& ,#+:&#"- 2000 !?+. ?) 7'+#"4+@ (@-%"#; #+ '"$. 7 

("3#+ )*<"'#+- )*5+$%6 $9"@+8I"A #+='-9&#"1 )% –240 3) 1200 !?+. 

L+$%"4; *")@+$$; ( =')4&$$& $).3+'&#"- «'+,5&%+8%$-». T).3+'&#"& 

35"%$- )/)5) 190 @/$.  

 

0"$. 7. ?')4&$$ $).3+'&#"- =5+$%"#; $ *")@+$$)1 
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?)('&93&#"&, =)5.:&##)& @)3&5"')(+#"&@, ='&3$%+(5-&% $)*)1 

(@-%"#.-)%7"*, ,+#"@+8I.8 *)56<.8 :+$%6 =5+$%"#;. 0+,@&'; =)/+,+-

#; #+ '"$. 8. K)#; =5+$%":&$/"A 3&>)'@+4"1 '+$=)5+7+8%$- #+ /')@/&, 

#+ /'+-A (@-%"#;-)%7"*+ " ( @&$%+A ,+3&5/" =5+$%"#; ($@. '"$. 8). 

?'" ,#+:"%&56#;A =&'&@&I&#"-A %):&/ /')@/" =5+$%"#; (=')-

7"* 30 @@) ($5&3$%("& && 3&>)'@"')(+#"- @+/$"@+56#;& ,#+:&#"- 

=5+$%":&$/)1 3&>)'@+4"" #& ='&(;<+8% 10 %. 

?)5& )$%+%):#;A #+='-9&#"1, =)5.:&##)& =)$5& )/)#:+#"- $)-

.3+'&#"- " .='.7)1 '+,7'.,/", =)/+,+#) #+ '"$. 9. M$%+%):#;& #+='--

9&#"- )A(+%;(+8% ='+/%":&$/" ($8 =5+$%"#.. 0+$%-7"(+8I"& #+='--

9&#"- "@&8% @&$%) #+ (#&<#&1 $%)')#& (@-%"#;-)%7"*+ " #+ #&3&-

>)'@"')(+##)@ /'+& =5+$%"#;. BA ,#+:&#"- ",@&#-8%$- ( ='&3&5+A 

0–900 !?+, 5)/+56#) (),'+$%+- 3) 900–1500 !?+. T9"@+8I"& )$%+-

%):#;& #+='-9&#"- 5)/+5",.8%$- () (#.%'&##&1 )*5+$%" =)('&93&#"- 

" '+$=')$%'+#-8%$- (3)56 (#&<#&7) /'+- (@-%"#;-)%7"*+. BA ,#+:&-

#"- 3)$%"7+8% –1500 !?+.  

 

0"$. 8. ?5+$%":&$/"& 3&>)'@+4""  

" '+,@&'; =)('&93&#"- ='" $).3+'&#"" 

=5+$%"#; $ *")@+$$)1 

 

 

 

 

0"$. 9. M$%+%):#;& #+='-9&#"-  

( =5+$%"#& 

F '&,.56%+%& @+%&@+%":&$/)7) @)3&5"')(+#"- =)5.:&#) =)('&9-

3&#"& ((@-%"#+), %"=":#)& 35- $).3+'&#"- $ «@-7/"@" %&5+@"». T'+(-

#&#"& 7&)@&%'"" @)3&56#)7) =)('&93&#"- =5+$%"#; )% =)=+3+#"- *")-
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@+$$; $ =)('&93&#"&@ 5)=+%/" (&#%"5-%)'+ 3("7+%&5- ?T-90O )% =)-

=+3+#"- =%"4; [2] =)/+,;(+&% /+:&$%(&##)& $)75+$)(+#"& '&,.56%+%)( 

'+$:&%+ " H/$=&'"@&#%+ ('"$. 10). 

 

0"$. 10. T'+(#&#"& H/$=&'"@&#%+56#)7)  

=)('&93&#"- " =)('&93&#"-, =)5.:&##)7)  

@+%&@+%":&$/"@ @)3&5"')(+#"&@ 

F '&,.56%+%& =')(&3&##)7) "$$5&3)(+#"- '+,'+*)%+#+ @&%)3"/+ 

@+%&@+%":&$/)7) @)3&5"')(+#"- =)('&93&#"- 5)=+%/" (&#%"5-%)'+ 

*")@+$$)1. ?)/+,+#+ H>>&/%"(#)$%6 "$=)56,)(+#"- *&$$&%):#)7) @&-

%)3+ $75+9&##;A :+$%"4 ='"@&#"%&56#) / ,+3+:+@ (;$)/)$/)')$%#)7) 

=)('&93&#"- 5)=+%)/ ='" =)=+3+#"" #+ (A)3 3("7+%&5- =%"4. F '&-

,.56%+%& =')(&3&##;A '+$:&%)( =)5.:&#; =+'+@&%'; =)('&93&#"- 

=5+$%"#;, =)5- =5+$%":&$/"A 3&>)'@+4"1 " )$%+%):#;A #+='-9&#"1 

35- %&$%)()1 ,+3+:". ?)5.:&##;& '+$:&%#;& 3+##;& 3)59#; *;%6 (&-

'">"4"')(+#; =) '&,.56%+%+@ 3)=)5#"%&56#)7) H/$=&'"@&#%+56#)7) 

"$$5&3)(+#"-. 

E'B+'(,6$F'2".%': .A'.(% 

1. D("7+%&56 ?T-90O2, ?T-90O. 0+$:&%#+- $'+(#"%&56#+- $%)1-

/)$%6 5)=+%)/ (&#%"5-%)'+ 94-01-2591 " 93-01-001 / =)=+3+#"8 =)$%)-

')##"A ='&3@&%)(. G&A#":&$/+- $='+(/+ P 44650 / MOM «O("+3("7+-

%&56». – ?&'@6, 2005. – 23 $. 

2. Wilbeck J.S. Impact behavior of law strength projectiles. Air Force 

Materials Lab, Air Force Wright Aeronautical Labs. Report No. AFML-TR-

77-134, Wright-Patterson Air Force Base, OH, 1977. 
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3. Meguid S.A., Mao R.H., Ng T.Y. FE analysis of geometry effects 

of an artificial bird striking an aeroengine fan blade // International Journal 

of Impact Engineering. – 2008. – No. 35. – P. 487–498. 

4. Bird strike analysis of aircraft engine fan / Y.N. Shmotin, P.V. Chupin, 

D.V. Gabov [et al.] // Proceedings of the 7th European LS-DYNA Users 

Conference [\5&/%')##;1 '&$.'$]. – URL: http://www.dynalook.com/ 

european-conf-2009/H-I-03.pdf. 

5. !.1,&@#&/ O.]., W)7+: O.O. !+%&@+%":&$/)& @)3&5"')(+#"& 

=')4&$$)( .3+'+ " (,';(+ ( =')7'+@@& LS-DYNA: .:&*. =)$)*"&. – 

?&#,+: B#>.-",3. 4&#%' ?JC, 2005. – 106 $. 

6. Monaghan J.J. An Introduction to SPH // Computer Physics Com-

munications. – 1988. – No. 48. – P. 89–96. 

7. Dietenberger M., Buyuk M., Kan C. Development of a high strain-

rate dependent vehicle model // 4th German LS-DYNA Forum. – Bamberg, 

2005. 

8. MMM «E)@=)#&#%; 3("7+%&5-». – URL: http://www.titanium-

valve.com. 

9. Duó P., Korsunsky A.M., Nowell D. Residual Stresses induced by 

Foreign Object Damage on Gas Turbine Blades: an Experimental Approach // 

Proc. ICEM 12. 12th International Conference on Experimental Mechanics, 

Bari, Italy, 29th August – 2nd September 2004. 
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GB $0/(6$H 

I'H$;%') C'H$'+ J;"6(0'2 (?&'@6, 0)$$"-) – 3)/%)' %&A#"-

:&$/"A #+./, =')>&$$)', ,+@. ,+(&3.8I&7) /+>&3')1 «O("+4")##;& 

3("7+%&5"» 2JWMC F?M ?NB?C (614990, 7. ?&'@6, E)@$)@)56$/"1 

='., 29, e-mail: nikhamkin@mail.ru). 

K8B2'% G+@,$ K"()'#(0)$ (?&'@6, 0)$$"-) – @5+3<"1 #+.:-

#;1 $)%'.3#"/ /+>&3'; «O("+4")##;& 3("7+%&5"» 2JWMC F?M 

?NB?C (614990, 7. ?&'@6, E)@$)@)56$/"1 ='., 29, e-mail: olga-l-

voronova@yandex.ru). 

L(6()(0 K"()'# L$.'+@"0'2 (?&'@6, 0)$$"-) – /+#3"3+% %&A#"-

:&$/"A #+./, 3)4&#% /+>&3'; «O("+4")##;& 3("7+%&5"» 2JWMC F?M 

?NB?C (614990, 7. ?&'@6, E)@$)@)56$/"1 ='., 29, e-mail: leonid-v-

voronov@yandex.ru). 

M";")(0$ N6')$ L$+"6@"0)$ (?&'@6, 0)$$"-) – /+#3"3+% %&A-

#":&$/"A #+./, $%+'<"1 ='&=)3+(+%&56 /+>&3'; «O("+4")##;& 3("7+-

%&5"» 2JWMC F?M ?NB?C (614990, 7. ?&'@6, E)@$)@)56$/"1 ='., 29, 

e-mail: javeline@mail.ru). 
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