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3- Delamination 
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1- Longitudinal Young’s Module 

2- Through-Thickness Young’s Module 

www.sid.ir


www.SID.ir

Arc
hive

 of
 S

ID

  !" #$%&' ()*+,-%./01&2345 670.!84' 94:- ;<43= 4> ;>4,?@ =%&A?> /+, B&CDEF3 9 

66 88888888888888888888888888888888888888888888888888888888888888888888888888 88  !"# $"%&–  '()!* +,-./ 0)1 +2345647 869&  :/;<73 '()!* +  7)=716 >=?)7 +91 

D/H U." (7:AV . (* (N1@ %*      (8#) D3%_8b (8* (EK8L U0H.8$H D\8;$ 

 I`^C IsA* h/1@ D/H R!^3  $%& I+7#0123%4 %8G>+#  F.8"   %8# -

 - `^C kY4A@%G>+#  F.8"   ?18" U.Y8G4 .  5B18j@ I(83H?H B?  5%86

 I`^C%G>+# F." `^C -- %G>+# F."  +83 +/BA* ?18" .  XA8:

+35B1j@ B? (4 ?1"`^C - `^C 5%6- %G>+# F." tB rY$ sA* I

+3.6?.  

`^C 5B1j@  

(=*HB  - -AY$ RY**%N(%N+#B? F-.* I    +M8b13 +8d7:B-A: R7:A8V AW$ 

(*D/H A#0 SB1L ]19[:  

)2(  bsP K W!

 I)%* (=*HB B?w     -  8$%& +$%8Y3 (EK8L +bAl rYCKbs    Aiu83 +7_8/

+3 sA* - `^C 0H +"%$."%* .  Aiu83 +8G^C [-.3 R7:AV AW$B? %*1
 

(* SB1LEe=Ef r
3+Es1(1-r3)(* +G^C Aiu3 +7_/ I+3 D/?.#f:  

)3(b s
bs

b s

K K
K

K K
!

&

 (4Kb  -Ks (*F%G$ kY@A@ .8O6?        +8"A* +7_8/ - +8G^C +7_8/ U
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 5B1j@%G>+# F."  

F-.* 5B1j@ R#H B?        - +8"A* - +8G^C  !8" A8YYc@ R7:A8V A8W$B?

A88W$ vA88L RY88O,^6 (88=*HB I+M88b13 +88d7:B-A: 0H F?A884  - -A88Y$     

*%N(%N+# (*+3 a#AM@ A#0 SB1L?1":  
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(=*HB 5B1j@ R#H B?  - -AY$ RY*%N 8*( %8N+#     0H F?A84 A8W$ vA8L %8* I

    !8" A8YYc@ (8Yp4 R7:AV AW$B? %* - +Mb13 +d7:B-A:   I+8"A* 5%86

                                                      
1- Effective Flexural Modulus 

 - +G^C%G>+# F."(* ID/H A#0 SB1L:  

 )8(3
bs mP K W K W! &

      5B18j@ %8* `8^C 5B18j@ k8Y4A@ 5B1j@ R#H wmH- B? %8G>+#  F.8"     

+3."%*.  
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 U." oZN 5xA$H(*(=/H-       `8_* -? 0H I 8$%& +#)%8* (8#) +V.8$%3H-

D/H U."  Y!G@ : +/%^@ 5xA$H)Ect ( +p4  !" AYYc@ 5xA$H -)Egd .(
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  B? I !8" AYYc@ 5xA$H RYO,^6 8p4+  A8@#  D8P%y R)  ̀ 8^C 5B18j@- 
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* +p4  !" AYYc@ - +/%^@(+3 D/? A*HA* I.#f%* D/H:  
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)
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* (+3 tB +d7:B1@ +V.$%3H- I./A*+3 I.6?D"1$ FH1@ ]15:[  

 )12(2
132i cP Rh R K% * % +! &

 (4Pi +3 +V.$%3H- D{N 90) 5-AY$."%* .   e18: (8=*HB B?K   k#A8b

+3 D*%i A*HA* (P%Q3 R#H B? (4 ."%*2 D/H U." (7:AV AW$B? . wmH- B?

(*   0H +8"%$ (84 v.6 +#%{$ 9%!E7/H `#Hr:H FHrY3 Ik#Ab R#H '^4

  +83 (8*%@A& D*%LH  E3 vHA]H (Yy%$  !" AYYc@ 8"%*   U.8" [%8^lH I.

D/H . (=*HB B? RYO,^6)12(Ic
+ (78;6 5B%G: 9%!E7/H  +83 .8"%* .

U." oZN 5xA$H (#) +V.$%3H- 0H +"%$ %* D/H A*HA*:  
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%
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      0H +8"%$ U.8" a8p@ 5xA8$H Ie18: (P?%M3 D/HB D^/ B? 9-? SB%\l

(#) }~&  Y!G@ +3 +#)%*."%*.  
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 !" #$%&  '(&)* +,)-./0 123  456 7 /4!8%90(: +(6;%< . =!. >;

?!8%90(: /@!7A-($ B-(* #$%& CA< 123 +,)-. .A4'. D?E5F-  G%H

 +>.2I>(' >; &(4J$.  K<LM/       N!)JO 8. C;(P4J$. (J' Q9J$ 7 /J$>)'
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 CA< 123 +,)-. D/ML0(R!; S!.TH. J' /ML0(R!; +>.2I>(' >;   ?J$;

/0A!U . BLVW& >;&(4$.  K<LM/ 7 ?!8%90(: #$%& CA< 123 +,)-. D

 ' G%H>.)F /$>)' ;>%0 .TX0 Y>%Z /0;)LI.  

2-2-1- ,-. /+*0 123!( 456  1)(578)"9 ): ;<-=*>?"@ 1"A

0"<+( ,B&CD;  

,)-.+ E[ #$%& CA< 123LRL? +(6FRP   J'   ,)J-. \%JEX0 Y>%JZ+ 

]&LL) ,)-. DBM<+ IA-(0.7/ ,)-. 7+ "! " J! IAJ<  /      J4H)I )J^->;

0/;%< .,)-. D/@!7A-($ B-(* AR-(E6+ H_&./   ?JLRLE[ >;FRP  J`/ 

]&LL<(- BM< )/ ]& #$%& D;>%a)' 8.LL   ,)J-. \%JEX0 )J'.)' BM< )+ 

$(E&/ )Ect ( ,)J-. 7+    ]& #J$%& CAJ< 12J3 JLL  JV: BMJ< )/ )Egd (    

0/A<(' ]22:[  
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 b%H  c'.> >;  :W0     /J0 ?JLRLE[ /-(JL0  J!" TLa AJ<(' .  =LJR@E6

 d;.; >.)F )PZ (' /!(ef 7 /<)' D/eEa /4g$r   ' h%')0 #'.7> >;

 ' /@!7A-($ B-(*/0 ?$;AR!U . d;.; >.)F )'.)' ('W0f )  +;%JEi TLa

/-.)W' ( ('W0 b%H  c'.> >;:  
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.7 DA$)' /-.)W' TLa  ' ?LRLE[ TLa /4F7 jF.7 >; k> ?LRLE[ /IA-(0

/0A6; . c'.>  /O)i l)' G(MW4$. 7 /-.)W' +;%Ei TLa =L')
13
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 '/0 m!)n& )!8 Y>%Z;%< ]15[ :  

)15(                
3

0 0 132bs f m fP K W K W RhK# "!  !
 

 '[;L BM< )LL]& B    /J<)' G(MW4J$. =Lo-(JL0 D/o4H>%&  Lp(- q.)`.

/0 )4eL' dU /nF.7 >.Ar0 8. /O)i;%< .  J' =!.)'(R'  d;.; )Js. >%J^R0 

 N!)O 8. DS!.TH. =!.K  /J0 C;(P4$. ;%J< .   J:K    (J' )J'.)'2   )J^->;

 ?$. CA<  4H)I]15.[  

   ?JLRLE[ D/6(oJe!(08U Y.A6(Je0 t($.)'  +(J6FRP     )Js. ?JW&  J:

 ('  '(&)* ;>%a)'/0 uc50  f(0; DARJ<('      >; /J<)' v_J* #J$%& (J! 

;>%a)' BW01
 /VW0 /<)' /KL:)& A0 #$%& (! 7-   /Jee: /I>(J*2

 D

 /J0 ?5M< 7 /IA-(0.7 >(w; A-%J< . )JI.h/D <$    #J$%& /IAJ-(0.7

 /J0 k> /KL:)& A0 #$%& Y>%Z =!. )Lf >; /VW0 /<)' v_* AJ6; 

]22[ .<(- +,)-. =!.)'(R'/  .)J' /nO%0 /IA-(0.7 8.+ h/D <$   )J'.)'

(' ?$.:  

)16-1 (            
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( ) ( )
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E R h D e R D K# $ # $ "! %   

                                                      
1- Local Shear Plugging 

2- Mixed Mode Local Shear and Tensile Tearing  

.)' 7+ h/D >$
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 Db%H #'.7> >;  :et [(ow/ ,)-.+  IAJ-(0.7/  Jee:/ 7$    ?J'(s xJ!

$. /')X& )'.)'  [(r0 =!. >;  : ?21/0 >;0  4H)I )^-/;%< ]10[. 

"! "!IA<  / 8 >;!p(- )L  >.2I>('+ $(E&/ ;(rn-. #$%& y)& (J6+ 

)&(0!Va.; Y(WPZ >; Q/ SR& ('(6+ <)'/ 8(fU 0/ ;%J< ." J! " J!  

IA</ 0/  AJ0 ?JW& A-.%&1 ) SJe:(  AJ0 72 ) l)J' ( ; ;>.%J0 7!  )Jo

  >(Je4-. C;(0 >(4a($ (' #K&)0! AJ'( . ,)J-.+ " J! " J! IAJ<  /   )J'7>+ 

E[LRL?(6+ FRP  '8 Y>%Z!' )L0 d(/ ;%<]14:[  
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    ?JLRLE[ #J$%& CAJ< 123 +,)-. =!.)'(R'FRP   +>.2JI>(' >;   KJ<

&(4$.LM/ (' ?$. )'.)':  

            com def frac delE E E E!   
 

2-2-2-  1)(58)"9 ): E*F /+*0 123!( 4560"<+( ,B&CD;  

  #J$%&  '(&)* +,)-. 8. /eg' D/@!7A-($ B-(*  '  '(&)* ;>%a)' )s. >;

/0 123 G%H;%< .   12J3 G%JH dA< ;)a #$%&  '(&)* +,)-. jF.7 >;

/0;%<.  

. c'.> 8. G%H #$%& CA< 123 +,)- ' )!8 /0 ?$;A!U ]16[:  
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4
foam d cE KD c

#
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 c'.> >; D"('c
0 7 G%H +>(eH G(MW4$.d

/E:.)& S-):/ G%H3
  C;%'

 N!)O 7K  )'.)'2 /0  4H)I )^->;;%< .     z%JP- )Js. >; G%JH ?0(gJO

/0 {:  '(&)*;%< .B-(* >;  +>.2JI>(' ?[(p >; 7 /@!7A-($ +(6   KJ<

&(4$.LM/ G%H +.)' {:.)& S-): DH130  )'.)'8/0 /0 A<(']16[.   

                                                      
3- Densification Strain 
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2-2-2- =*>?"@ ;G-H%!"+  !"# /+*0 123!( 456-I-  E*F  

 Y";(JJn0 NJJL:)& (JJ')20 ( 7)21 ( BJJ-(* #JJ$%& CAJJ< 12JJ3 +,)JJ-.

?!8%90(: /@!7A-($-  +>.2I>(' ?[(p >; G%H&(4$.  K<LM/ '   ?J$;
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)22 (  2T com foamE E E!  

 !" 7; 8. /@!7A-($ B-(*  MR!.  '  3%& ('   ?J!8%90(:)  J!"   7 /!"(J'

 !" /RL!(* (; dU #$%& CA< 123 +,)-. D?$. CA< BLMe& > ;Ai2 

?JJ$. CAJJ< 1)JJO . +>.2JJI>(' >;  JJ: C;.; d(JJe- /JJ')X& Y.A6(JJe0   

 ')O/0 S!.TH. B-(* dA< k.>%$ +,)-. D+. AJ'(! .     J: /J')X&  Jc'.>
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 Db%H  c'.> >;1/0 /ML0(R!; S!.TH. N!)O  N!)JO =!. >;  : A<('
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[7.L0  '(&)*  /A<(' . =LR@E6B   J: ?$. /')X& ?'(s x! TL-   >.AJr0

 f(0; ('  '(&)* +.)' dU  uc505/1     ?J$. CAJ<  J4H)I )J^->; ]16[ .

?i)$  c'.> 8. TL- =0>(: d%H /-.)W' )25( ' /0 ?$;A!U.  
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c f f
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 c'.> >;   Db%JHC      Dq(JL[. +(4J$.> >; �%J0 >(Je4-. ?i)J$8  /[(Jow

D?LRLE[f/IA-(0.7 S-):/  Jee:/  &(4J$.LM/2
  7Es1    �J-(! �7AJ0
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' /0 ?$;A!U:  
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  :G /0  '(&)* G)3A<(' . ?i)$F('/ A-(0C   J' D '(&)*    J-8.%0 xJE:
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)27 (  
1

2 2 2( )
r i b
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1- Von Karman 

2- Static Tensile Failure Strain  

3- "<!-JK9 H L  

qA6  !"# $%&  '() #   *%+, -.+/0"1'( 2 +)3  +4567 8#   9+4.:  ;+0.:

8%0.4<=#5">?5.7 5@ 2A (.B4" CD,)E#F( 2))BGH.7 %I J) KL64 8 M

N.7# %0.&* & C7.(6:#%,.7. O60"A PDQR#  C7.(6: %+F7    C+7 ST+U0 V" ;+0.: 

& WX.Y#<%7. " 8<J H.I 5@#  O6+0" CY K4"A  +P06Y#  ;+0.:   $.+I 5@

"Z["<W K4" .&.\QX# C+Y  O6+0"A   %+, ]>+R*   ;+0.: ^+4T( 7) 6B+P  V"

O60" WX.YA PDQR#       +& K+GE, 5.+_@ `%+X 2@T+, C+7.(6:# @T+,. 

4567 a.4"67#.XA 11'& ^4T( *%, -./0")" J +<   .+bQ( 2C+H.1& J +< M

B0)76/( C/# c L dR"6& 5@# .1& KbR 6DBF&<.B0 CG< '( $%& e) # 

.B0 8 CB,"@ @TR8< %+& e '( $) + # " +<  B0 fg .+7 C+H.1& J) C+/  +76/(# 

.1&<K4" *%, CG .0.E& h"Ti)E# VTj&.Y<  5@ *%+, *@.UB4" 2-T[ 8 K

 $8"%R)1(  8)2( *%, 6YS%0" ." 6kY"<*@"@ J  d+R"6& V" .X]12[ 2]15[ 2
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.B0< e '( $%& V" ;!.I) # 0 CD4.'& 5@)86A   ?%+0.&"8 K+bR -Vt# 

t<VTj&.Y C<B# t.7#< *@"@ 8.XA 76/(#  ;E+, 5@ 2)3( .1&<   *%+, C+G

K++4" ." 5@++<*V"%++0" 2;E++, J ++&u;++0.: 6v mm 200CB++GX K&.o++p 2     

mm 25 t K&.op 8<C.XA VTj&.Y<B# <M 5.7mm 25/3  .+7 8 5@<  6+\

mm 7 5@K4" *%, CB[6? 6w0. Q=cX)s( J))0 x"6 +)86A   K+bR -Vt
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?%0.&"8# t<C VTj&.Y<B# t.7#< 675">?5.7 5@ C7.(6: 6yN qGIA   CD+,

(.B4")E# ;E, 5@ 2)3(  K+4" *%, *@"@ f.P0 .  +4567 .+7#   ;E+,)3( 

zoP& &#"Z[" .7 CY @T,<   '( $%+& K+N@ 2C7.(6: 6yN W) + #   6+BcY

&#@T, . ;E, 37.y& J)Q=cX)3("Z[" .7 2< 6yN W0 2C7.(6: +)86A  -Vt

?%0.&"8 KbR# t<VTj&.Y C<B# t.7#< "Z["<& W#<%7..  

 ;E,)4( @.1&<76/( 6#  '( 8) # O60"A 8%0.4 ;0.: CY<=# 2C7Cy4"8 

?%0.&"8# t<VTj&.Y C<B#  t.+7#<   +& ]>+R# 7 2"5 %+QY6   KD+G0 q+GI

& *V"%0"ut K&.op 67 C'U! 6v<C.XA VTj&.Y<B#f.P0 2  +&# %+X@ . 5@
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&u ;0.: 6vmm 200CBGX K&.op 2 mm 25   C+7.(6: 6+yN 2 mm20  8

t K&.op<C.XA VTj&.Y<B# sB&) +& 6# %+,.7 . +Q=cX)*@"@ 5@ J .+XA 

76/(# t K&.op<C.XA VTj&.Y<B# C7(6()  6+7"67 qmm 25/3 8 mm 7 

K4" *%, CB[6? 6w05@ . ;E, 37.y&)4("Z[" .7 2<t K&.op W<C.XA 

VTj&.Y<B#  Cy7"5 JB[6? 6w05@ .7 8)13( O6+0" 2A     ^+4T( *%+, ]>+R

0 ;0.:)"Z[" Z<: W)& "%# %+QY . +Q=cX)     ;E+, C+7 C+RT( .+7 J)4( 2  C+7

675.YA    K+bR -Vt A86+)0 CD4.'& 8 ;E, 6))s( A"67 Wci A5T{(

 #<t.7 K<VTj&.Y #?%0.&"8) A86)0P Cy7"5 5@ A)2(( A6BcY `lBi" 2

.7 *@"@ W+ci A5T{( C7 KDG0 #76/( A.X-  .+P|#<  f%+,  8 .+P|#< 

f%, " 8 @5"@<  +& f.+P0 J#   5">+?5.7 5@ 2C+Y %+X@A   (.B+4" CD+,)E# 2

?%0.&"8# t KGE, 8<VTj&.Y C<B# t.7#<  }.+&TcL  C+7 x5T+! 67  a.+4"

r67 8 Wci &#%,.7 ."67.Q7<5">?5.7 5@ JA  (.B+4" CD,)E# 2 .+P|#< 

f%, v~()0"%Q_ 6#  ?%+0.&"8 5@# t +< t.+7 C#<  @5"%+0 .  f"5.+EcX 8 f8

]15[2 C776/( x5T!# BN8 CY %0@"@ f.P0# i)& C'U! Z)0.#  V" 2;0.:

<5"%1& MA & 2%,.7 6BcY# x"6v" V" f"T(.P|#< f%, `6!@6Y 6w0 .  

D (mm)

P
/h

 (
K

N
/m

m
)
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Experimental Data (h=3.25 mm [15])

Equation (12) (h=3.25 mm)

Experimental Data (h=7 mm [15])

Equation (12) (h=7 mm)

 
 %&'3- Q'Q&# s())0 KDG0 x"6)86A ?%0.&"8# 85<C VTj&.Y<B# t.7#<   C+7

t K&.op<C VTj&.Y<B#67 2.1& 8 C7.(6: 6yN qGI<*@"@ .7 fg CG.XA 76/(# 

]15[.  
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Experimental Data [15]

  

 %&'4- Q'Q&# s())O60" x"6A  ;0.: ^4T( *%, ]>RC7Cy4"8  ?%+0.&"8# 

t<VTj&.Y C<B# t.7#< 8%0.4 ;0.: 6vu& *V"%0" KDG0 qGI67<=#   K&.o+p C7

t<VTj&.Y C<B#5T{( a.4"67 2A.XA  .1& 8 �+ Bo&<  .+7 C+G *@"@ .+XA  +76/(# 

]15[. 

 ;E++,)5( @.++1&<++76/( 6#  '( 8)++ # O6++0"A 8%0.++4 ;++0.: C++Y<=# 

K<VTj&.Y-  2-T[C7 Cy+4"8  ?%+0.&"8# t +< VTj&.+Y C<B#  t.+7#<   ]>+R   

&#7 2"5 %QY6 6yN qGI& f.P0 C7.(6:# %+X@ .    6<@.+1& 2;E+, J+<" 5@

CD4.'& *%, 67 AO60" J<" .7 2CH.1& J<" 5@ *%, *5.," A5T{( C4 a.4"

K4" *%, CG<.1& #76/( e<.B0 .7 8 �X ." 5@ +<   +& *V"%+0" #+Q'Q& Ju 6v

 ;0.:mm 200CBGX K&.op 2 mm 25t K&.op 2<C.XA VTj&.Y<B# 

mm 25/3 sB& C7.(6: 6yN 8)& 6#%,.7 .Q=cX)*@"@ 5@ J.XA  +76/(# 

C7 C7.(6: 6yN(6() 67"67 qmm 20  8mm 50 K4" *%, CB[6? 6w05@ .  
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 %&'5- Q'Q&# s())O60" x"6A  ;0.: ^4T( *%, ]>RC7Cy4"8  ?%+0.&"8# 

t<VTj&.Y C<B# t.7#<    5T+{( a.+4"67 2C+7.(6: 6yN qGI67A .+XA   8 �+ Bo&

.1&<*@"@ .7 CG.XA 76/(# ]15["67 2A t .7 ;0.:<C.XA VTj&.Y<B#  K&.op C7

mm 25/3  K&.op C7 -T[ CBGX 8mm 25. 
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 ;E, 37.y&)5(5T{( 2A       `lB+i" 6+\<@ A5T+{( 8@ C+7 KD+G0 Wci

6BcYA .B0 .7<76/( e# "Z[" .7 .&" 2@5"@<.B0 2C7.(6: 6yN W<  V" ;+!.I e

5T{(A Wci- .P|#< f%, 6Bb7 37.y(A  *@"@ .+7 .+XA  +76/(#   "%+): 

#&%QY .5T{(A .P|#< f%, bRT( ;7.N `lBi"# *@"@ .7 .+XA  +76/(# 

" CY @5"@<"Z[" .7 `lBi" J<"Z[" C7.(6: 6yN W< +& W#< %+7. . +Q=cX) J

 ;E,)5( & f.P0#"Z[" .7 2CY %X@< O6+0" C7.(6: 6yN WA    *%+, ]>+R

 ;0.: ^4T(C7Cy4"8 ?%0.&"8# t<VTj&.Y C<t.7 K#<"Z[" 2<& W#< %+7. .

"67.Q7<J  A5">?5.7 5@ #<t.7 C<t #?%0.&"8 �T0 5@ 2C7.(6: #4%QX @.F7"

(.B4" CD,)E# &uK4" 6v.  

 ;E,)6( v~()t K&.op 6<C.XA VTj&.Y<B#   B+GH.7 %+I KL64 67) M

8%0.4 ;0.:<=# & f.P0 "5#%X@ .*@"@ 5@.XA 76/(#   '( $%+& 8) + # 2

 -T[ CBGX K&.opmm 25 +& *V"%0" 2u  ;+0.: 6vmm200 6: 6+yN 2  C+7.(

mm 5/10 fg -6R 8gr  4/20 K4" *%, CB[6? 6w05@ .  7T+i 37.+y(# 

7)*@"@ J.XA 76/(#  '( 8) + #  @5"@ @T+R8 .    ;E+, .+7 37.+y&)5(  .+7 2

"Z["<8%0.4 ;0.: K&.op W<=#     2C+7.(6: 6+yN f@T+7 K7.v x5T! 5@ 8

BGH.7 %I KL64)0 M)"Z[" Z<& W#<%7..  

 ;E,)7( s()) KL64 x"6N.7#%0.& C+7.(6: * 67 "5  H8" KL6+4 q+GI +) C

& f.P0 @5Ti67#%X@ ." 5@<   CB+GX K&.o+p 2;E, Jmm 25  *V"%+0" 2

&u ;0.: 6vmm 200  C+7.(6: 6yN 2mm 5/10   C+7.(6: -6+R 2gr 4/20  8

t K&.op<VTj&.Y C<B# sB&)& 6#%,.7 .*@"@ 5@.XA  +76/(#   K&.o+p

t<C.XA  VTj&.+Y<B#  C+7(6( +)  6+7"67 qmm 75/1 2mm 25/3  8mm 7 

&#%,.7]15[ .f.cX 5T�  ;E, V" CY)7( 7Ti K17.y& 2K4" zoP&# 

7).B0 J< '( e) # *@"@ 8.XA 76/(# @5"@ @TR8 . ;E, C7 CRT( .7)7( 2

"Z[" .7<H8" KL64 W)  6+yN JB[6? 6w05@ .7 8 2@5Ti67 C<  "6+7 f.+GEA 

KL64 2C7.(6:   *%+0.c)N.70 +) "Z+[" Z< +& W#< %+7. . +Q=cX)   WX.+Y .+7 J

t K&.op<C.XA VTj&.Y<B#  H8" KL6+4 JB[6? 6w05@ .7 8 +) C<  f.+GE

"67A t<C VTj&.Y<B# KL64 2N.7#%0.&* "Z[" C7.(6:<W &#<%7. .  

 ;E,)8( s())  B+GH.7 %+I KL64 x"6)67 "5 M    2-T+[ K&.o+p q+GI

67 '( $%& a.4") # & f.P0 *%, C�"5"# %+X@ ." 5@ +<   *V"%+0" 2;E+, J

&u ;0.: 6vmm 200  C+7.(6: 6yN 2mm 5/10   C+7.(6: -6+R 2gr 4/20  8

t K&.op<C.XA VTj&.Y<B# mm 25/3 &#%,.7 .     ;E+, C+7 C+RT( .+7

)8("Z[" .7 2<  B+GH.7 %+I KL64 2-T[ K&.op W)    #+�ZR 5"%+1& C+7 M

"Z++["< W #++&8 %++7.< V" m/s 1505@ K&.o++p mm 1 C++7 m/s 156 5@ 

K&.op mm 25 #&%45.  

s())O60" x"6A  t 2-T+[ ^4T( *%, ]>R +<C +X.A  VTj&.+Y<B#   ;+0.: 8

8%0.4<=# 67 ;E, 5@ C7.(6: 6yN qGI)9 ( K+4" *%, *@"@ f.P0 . 5@

"<;E, J & *V"%0"u ;0.: 6vmm 200 t K&.o+p 2 +<C .+XA  VTj&.+Y<B# 

mm 25/3  -T[ K&.op 8mm 25 &#%,.7 .  ;E+, C7 CRT( .7)9(  .+7 2

"Z["<O60" C7.(6: 6yN WA 0 ;0.: ^4T( *%, ]>R)"Z[" Z< +& W#< %+7. .

t C7 KDG0 -T[ J)Q=cX<C.XA  VTj&.+Y<B#  O6+0"A  6+BcYA   ]>+R "5

&#"Z[" .7 8 %QY<7 2C7.(6: 6yN W) 6BPO60"A  C+7.(6:  t ^+4T( +<C .+XA 

VTj&.Y<B# & ]>R#@T, . 37.+y& -T[ ^4T( *%, ]>R AO60"   C+y7"5

)21 (       2@5"@ �)1B+G& C+y7"5 -T+[ K&.o+p 8 C+7.(6: 6+yN -8@ f"T( .7

"67.Q7<J  W<"Z[" .7     W<"Z+[" -T+[ ^+4T( *%+, ]>R AO60" C7.(6: 6yN

#&   ]>+R AO6+0" .7 CG<.1& 5@ AO60" ]>R W<"Z[" f"Z)& JE)H8 2%7.<

C<t ^4T( *%,#& �Y A.X%,.7 .  

 '( $%&) # %R r85 M< CH.1& J<" 5@ *%, C�"5"<"67 %A  W)+:  #+Q)7

VTj&.Y `"%X" STU0 C7 K&8.1&<K-  7.N 8 *@T7 -T[ +)  "6+7 *@.UB+4" KA 

@<;0.: �"T0" 6\.XA  8%0.+4<=#   8%0.+4 ;+0.: %+Q0.& 2<=# VTj&.Y +<K- 

0.X# VTj&.Y 8 q+cY +<K- FGM   76+p 6+7"67 5@ 2"5C  B+GH.7)  C+7.(6: M    

&#%,.7 . '( $%& 5@) # " 5@ *%, C�"5"< O6+0" 6kY" 6v" 2CH.1& JA .+XA 

&u"6[ 5@ 6v<K4" *%, CB[6? 6w05@ STU0 %Q .8 V"< +?�#   '( $%+&) + # 

?@.4# .B0 .7 fg q4.Q& 37.y( 8 �Y.I xt@.F&<76/( e# &# %,.7.  
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Equation (26)

Experimental Data

  
 %&'6- &Q'Q# s())BGH.7 %I KL64 x"6)67 M ;0.: K&.op KDG0 qGI

"67 2C7.(6: 6yN C7A 8%0.4 ;0.:<=# CBGX .7 -T[ H130   K&.o+p C+7 mm25 

 -6R C7 C7.(6: @5Ti67 6v" K'( CYgr 4/20  6yN 8mm 5/10 &#%,.7. 

Vi (m/s)

V
r 
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)
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Equation 27 (h=1.75 mm)

Equation 27 (h=3.25 mm)

Equation 27 (h=7 mm)

Exprimental Data (h=1.75 mm) [15]

Exprimental Data (h=3.25 mm) [15]

Exprimental Data (h=7 mm) [15]

 %&'7- Q'Q&# s())KL64 x"6  *%0.c)N.7H8" KL64 qGI67 +).1& 8 C<  C+G

*@"@ .7.XA 76/(# ]15["67 2A 8%0.4 ;0.:<=#  -T+[ CBGX .7   K&.o+p C+725 

mm sB& K&.op 8)t 6<C.XA VTj&.Y<  -6+R C7 C7.(6: @5Ti67 6v" K'( CY 2K

gr 4/20  6yN 8mm 5/10 @5"@ 5"6N.  
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c (mm)

V
b
 (

m
/s

)

0 0.005 0.01 0.015 0.02 0.025
148

152

156

160

  
 %&'8- Q'Q&# s())KL64 x"6 BGH.7 %I)67 M  "6+7 -T+[ K&.op qGIA 

8%0.4 ;0.:<=# t .7 +<C .+XA  VTj&.+Y<B#    K&.o+p C+7mm 25/3    K+'( C+Y

 6yN 8 �yG& C|.&@ .7 C7.(6: @5Ti67mm 5/10  -6R 8gr 4/20 &#%,.7. 

 
%&' 9- Q'Q&# s())O60" x"6A t 2-T[ ^4T( *%, ]>R<CX.A VTj&.Y<B# 

8%0.4 ;0.: 8<=# 67 6yN qGIC7.(6:. 

4- ()*+,-*./  

 '( $%&) # W): *%, C�"5"0 5"%1& V" #D4.Q& #Q)7 +)86A   K+bR -Vt

?%0.&"8# t<VTj&.Y C<B# t.7#< O60" 5"%1& 8A ,.0 *%, ]>R# " V"< J

?%0.&"8#  5">+?5.7 5@ "5A   (.B+4" CD+,)E#  2@5"@ +7C 5T+�A   .+B0 C+Y< e

*@"@ 8 $%& V" ;!.I .+XA  +76/(#    %+05"@ #D+4.Q& 37.+y( . +Q=cX) J

:)W7)Q#  '( $%&) #     B+GH.7 %+I KL6+4 CD+4.'& 5@)  KL6+4 8 M

N.7#%0.&* 7Ti K17.y& C7.(6:# *@"@ .7.XA  +76/(# @5"@ .    C+7 C+RT( .+7

 '( $%&) # .1& 8 *%, C�"5"<.B0 CG<*@"@ .7 fg e.XA 76/(# CwIl& 2

@6?<"Z[" .7 CY *%<  0 C+7.(6: 6+yN W +)86A  K+bR -Vt  ?%+0.&"8# t +< C

VTj&.Y<B# t.7#< O60" 8A  +,.0 *%, ]>R# " V" +< ?%+0.&"8 J#   ^+4T(

"Z[" 2;0.:<& W#<%7. .Q=cX)O60" JA   +,.0 *%+, ]>R#  ?%+0.&"8 V"# 

t<VTj&.Y C<B# t.7#<     "Z+[" .+7 2;+0.: ^+4T(< K&.o+p W  t +<C .+XA 

VTj&.Y<B# "Z["<& W#<%7.. 5T{( JB[6? 6w05@ .7A.XA   "6+7 �+ Bo&A 

O60" CD4.'&A ,.0 *%, ]>R#  ?%+0.&"8 V"# t +< VTj&.+Y C<B#  t.+7#< 

  "6+7 C+Y *%, *%X.P& 2;0.: ^4T(A  ;+0.: .+XA  8%0.+4<=#  t C+Y +< C

VTj&.Y<B#  �QR V" .b0gFRP &#?%0.&"8 2%Q,.7# t<t.7 C#< 7) 67 6BP

   +& �5 r6+7 8 W+ci 6v"#  8 %+X@ .+P|#<  f%+,  v~+() 0"%+Q_ 6#  5@

?%0.&"8# t<t.7 C#< @5"%0 .t<C .+XA  VTj&.+Y<B# FRP  5">+?5.7 5@ 8A 

(.B4")E#O60" 2A "5 �yG& C|.&@ .7 C7.(6: C7 O6+0" x5T!A .+XA s( +)) 6

t 2;E,<Ct<?%, C# ?%0.&"8 8#  ]>R &#%QQY. .B0< '( $%& e) + # 

*@"@ 8.++XA ++76/(# "Z++[" .++7 C++Y *@"@ f.++P0<t K&.o++p W++<C.++XA 

VTj&.Y<B#  B+GH.7 %I KL64 2;0.:) "Z+[" M<  KL6+4 8 W N.+7# %+0.&* 

& WX.Y C7.(6:#<%7.. "Z[" .7<H8" KL64 W)  JB[6+? 6w05@ .7 8 2C7.(6: C

 K&.op<"67 f.GEA t<C VTj&.Y<B# KL6+4 2  N.+7# %+0.&*  0 C+7.(6: +) Z

"Z["<& W#<%7. . 8%0.+4 ;0.: C7 �yG& C|.&@ .7 C7.(6: @5Ti67 5@<=# 2

t<C.XA VTj&.Y<B# O60"A 7)6BPA & ]>R -T[ C7 KDG0 "5#%QQY .  
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