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"#. [%", C1*)&4-
 _%4&
-)1 @[C_I +%!% !%
&!.%. '&! %"
/ NO6 "#. 
"4
04")%.$"
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 !"#$% &' (!
$*"$+,- *. 
-!
/%0 .%1*$+2 +$3%$!+2 +0+43*1*4!4 5%1*043$+3!0" 4#3#$% ,*4!3!*0!0"

6 !! !"
$%&$"' ()
*&$%+,'7

 !"#$ %& '(!$! )"*+!$ ,!-! +$!. "$ /#*!' 0-%0!-'/!$ &%- '(! )"$
+*"- $/ +*"'/%#$2

3#*4 -", ."'" $0!
/5
"**4 0!-'"/#/#6 '% )!$$!* 
("-"
'!-/$'/
$ "#. 7%, -"'!$

,!-! 0-%)/.!. &%- '(/$ 0+-0%$! ,/'( "** 0"'/!#'8/.!#'/5"9*! .!'"/*$ ,/'((!*.2

 !"! #$%&'()(*$+), %$-.,

:0!
/5
 $'!0$ '";!# '% 0-%.+
! '(! 
% 0+'"'/%#"* $/ +*"'/%#$ "-! 0-!$!#'!. !!

/#./)/.+"**4 /#
*+./#6 
-!"'/%# %& '(! )!$$!* 6!% !'-4 "#. "00*/
"'/%# %& '(!

"00-%0-/"'! 9%+#."-4 
%#./'/%#$2 <%$' $/ +*"'/%# "#"*4$/$  !'(%.$ "-! "*$%

6/)!# (!-!/#2

 !"!/! 0.$%.(12 
1.)(*$+ )+- %.45*+6

=(! $+'+-!. "#"$'% %$/$ 6!% !'-4 ,"$ 
-!"'!. +$/#6 '(! >!$/6#8?%.!*!- !"

 %.+*! ,/'(/# @A:B: C%-;9!#
( )DE2F $/ +*"'/%# 
%.!2 @ )!$$!* %& ./" 8

!'!- G2F  "#. *!#6'( DH  ,"$ &%- !.I "#. " $!-/!$ %& J $+'+-! 9/'!$ %&

K
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 !"#$% &' (%)*#$%+%,- ./ *#-#$% 0)$)+%-%$* #*!," 12342 5 !"#$%& '(()* +"# !& ',!#-!!&)6

 ! "## $%&#'(') #&(')%&* +,%#-*&(%./ 01 2(3%*4. #%
)46&,
-*&) ,-(-)'7 8')'

9*&
'$ 
%)
-#:')'.(%&**; &)4-.$ (3' 
'.()&* 94)(%4. 4: (3' 6',,'* (4 )','#<*'

(3' &.&,(4#4(%
 ,%('! 2&
3 ,-(-)' <%(' 
4.,%,('$ 4: & 
;*%.$)%
&* *4./%(-$%.&*  !

94)(%4.= 8%(3 
-)6'$ *'&$%./ &.$ ()&%*%./ '$/',= ,'( 9&)(%&**; %.(4 (3' 6',,'* 8&**

(4 &

4-.( :4) (3' $':4)#&(%4. 4: (3' %.(%#&* ,-):&
'! >3' <%(' 8%$(3= 4)%'.(&?

(%4.= &.$ ,9&
%./ 4: '&
3 ,-(-)' <'%./ 9&)&#'(')%,'$ ,-
3 (3&( '&
3 
4-*$ <'

%.$%6%$-&**; &$@-,('$ 8%(3%. (3' *%#%(, ,'( <; ,(&(%,(%
&* &.&*;,%, 4: (3' #'&?

,-)'$ #%
)4/)&93,! A'4#'()%', 8')' #4$%B'$ (4 %.
*-$' & 94)(%4. 4: (3' 6',,'*  "

)'9)','.(%./ @-,( *',, (3&. 3&*: 4: (3' 64*-#' &.$ ,-):&
' 8%(3 &. &99)49)%&('

,;##'(); 
4.$%(%4. &99*%'$ %. (3' *4./%(-$%.&* &C%,= ,'' DDDE!F!E! >3%, 9')#%(?

('$ 'C
'**'.( 6%,-&*%,&(%4. 4: (3' %.(').&* G48, %. 94,(?9)4
',,%./ &.$ )'$-
'$


4#9-(&(%4.&* 'C9'.,' &.$ ,%#-*&(%4. (%#'! H. &$$%(%4.= &.&*;,%, 4: (3%, 6&,
-?

*&) ,'
(%4. &*,4 &**48'$ $'#4.,()&(%4. 4: & )&./' 4: ,-(-)' 
4.B/-)&(%4., 4. & #!
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 !"#$%  !&'$()!*"+ ,% -% .*/ %(
- #%*&%)/1 2%/%  '3 %4'%")$1 
/%()%5 2!)-!"

67898 ,% -!"# :;<+= ' !"# )%)/(-%5/($ 
%$$ +

 !"! ! #$%&'()* 
$&',-,$&.

>" ?%%@!"# 2!)- 
'//%") $!)%/()'/% A;;B CDB CCB C<℄B 3$**5 2( &*5%$$%5 ( 

( 7%2)*"!(" F'!5 2!)- ( 5%" !)1 *. ;GHG?#&−3B :! 
* !)1 *. C+=µI( B ("5 !" ( !"

 )%(51J )()%+ K-% :%  %$ 2($$ 2( "*"J
*&@$!(") 2!)- "*J $!@ 
*"5!)!*" ("5 2( 

 !&'$()%5 ' !"# ( $(&!"(/  *$:%/ 5'% )* )-% $*2 L%1"*$5 "'&3%/ M/0 ∼=GGN+

O% @!)% *@!"!*" 2!)-!" )-% $!)%/()'/% /%#(/5!"# )-% "%%5 .*/ "*"J7%2)*"!("

 *$:%/ 2-%"  !&'$()!"# 3$**5 F*2 AC=℄B 2% -(:% 5%&*" )/()%5B ' !"# )-% "*"J

7%2)*"!(" P(//%('J9( '5(&*5%$B )-() /% '$) (/% '"!:%/ ($$1 '"(Q%
)%5 31 )-!  #$

!" *'/ #%*&%)/!% MRRC+=N+ 6  '
-B 2% -(:% 
*")!"'%5 )* ' % ( 7%2)*"!(" &*5%$

.*/  !&@$!
!)1+ S*)- !"$%) ("5 *')$%) :%$*
!)!% 2%/%  %) )* TG
&s−1B ( 
($
'$()%5

./*& )-% &%(" O>U6 I8V @/*:!5%5 31 @/%*@%/()!:% O*@@$%/ '$)/( *'"5  
(" +

6 @(/(3*$*!5 !"$%) 
*"W#'/()!*" 2( (@@$!%5 )* %" '/% .'$$1 5%:%$*@%5 F*2 @/!*/

)* )-% ("( )*&* ! + 6 &%")!*"%5 !" X%*&%)/1 
/%()!*" ("5  -*2" !" Y!#'/% #"

CB (  1&&%)/1 3*'"5(/1 
*"5!)!*" 2( (@@$!%5 )* )-% !")%/"($  '/.(
% +

 !"#$% &' (%))%* "%+,%-$. / 0%,+1)-$2-!1" -3$%% )#-#$%) 4!-3!1 -3% 42**5 6*++7 8+4 7!$%
-!+1

: !"
$ "%%&'(;5 217 ).,,%-$. :%)* "%%&'(;

 !"!"! 1,2%3(-,$& (&' 4$.-54)$
0..,&6

K-/%%  !&'$()!*" 2%/% 
(//!%5 *') !":% )!#()!"# )-% !"F'%"
% *. %(
-  ')'/%

@(/(&%)%/ !+%+ 3!)% 2!5)-B  @(
!"# ("5 ("#$% *" !")/(:( 
'$(/ F*2 @/*@%/)!% +
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 !"#$#"%&' (#)%'&*#+!( 
+!*&#!-" *./-- (%*%/-(0 -&
. 1#*. & (*&*#(*#
&' )&2#)%)0 !"

)-&!0 +/ )#!#)%) $&'%- 
&'
%'&*-" &* *.- 345 6 7/+) *.- )#
/+8/&9.#
 )-&:

(%/-)-!*(; < 7+%/*. (#)%'&*#+! 1&( 9-/7+/)-" -!
+)9&((#!8 & ()&''-/ "-8/-- +7


.&!8- #! &'' +7 *.- 9&/&)-*-/( *+ )+/- 
'+(-'= /-(-)>'- 
'#!#
&' 9/&
*#
-0 1#*. &

?!&' (#)%'&*#+! %(#!8 *.- !+!:@-1*+!#&! 6&//-&%:A&(%"& )+"-' *+ #!$-(*#8&*-

#*( (#8!#?
&!
- #! +%/ 8-+)-*/#-( !#

B'++" #( 1-'' C!+1! *+ >- & !+!:@-1*+!#&! D%#" EFG℄ )-&!#!8 *.&* *.- (.-&/

(*/-(( &* &!= 9+#!* #! *.- D%#" #( !+* 9/+9+/*#+!&' *+ *.- $-'+
#*= 8/&"#-!* +/0

#! *.- 
&(- +7 & D%#" %!"-/8+#!8 9%/- (.-&/0 *.- (*/&#! /&*-; I%- *+ 
.-)#
&'

&!" 9.=(#+'+8#
&' 9.-!+)-!&0 &* '+1 (*/&#! /&*-( EFJ℄ &!" #! $-/= ()&'' "#&):

-*-/ $-((-'( KLM:4MMµ)N EFO℄0 >'++" )&= -2.#>#* !+!:@-1*+!#&! (.-&/:*.#!!#!8 #"

>-.&$#+%/;

P.- <@QAQ:6RS (+7*1&/- %(-" *+ 9-/7+/) *.- 
+)9%*&*#+!&' )+"-''#!8


&'
%'&*#+!( #! *.#( 1+/C .&( (-$-! !+!:@-1*+!#&! )+"-'( &* #*( "#(9+(&'0 +7 9&/:

*#
%'&/ #!*-/-(* *+ (.-&/:*.#!!#!8 >'++" /.-+'+8= #( *.- 6&//-&%:A&(%"& )+"-';

 ! *.- !+!:@-1*#+!#&! (#)%'&*#+!( 
+!"%
*-" #! *.#( 1+/C *.- 6&//-&%:A&(%"& ##

1&( -)9'+=-"T

µ = µ∞ +
µo − µ∞

{1 + (λγ̇)a}
1−n

a

KUN

1.-/- µo #( *.- '+1 (.-&/ $#(
+(#*=0 µ∞ #( *.- .#8. (.-&/ $#(
+(#*=0 λ #( *.-

*#)- 
+!(*&!* &!" a #( *.- A&(%"& -29+!-!*; P.- &"$&!*&8- +7 *.#( )+"-'

#( *.&* *.- */&!(#*#+!( 7/+) !+!:@-1*+!#&! *+ @-1*+!#&! >-.&$#+%/0 &* >+*.

.#8. &!" '+1 (.-&/ /&*-(0 &/- &"-V%&*-'= "-(
/#>-"; <""#*#+!&''=0 &( -$#"-!* #! $"

*.- '#*-/&*%/- EF30 WM0 WU0 F40 WL0 WF℄0 *.#( 9&/*#
%'&/ )+"-' #( 7&$+%/-" 1.-!

(#)%'&*#!8 !+!:@-1*+!#&! >'++" D+1(;

 ! C--9#!8 1#*. +%/ 9/-$#+%( 1+/C +! *.#( (%>X-
* EUG℄0 1- -'-
*-" *+ 
/-&*-

!-&/:1&'' K>+%!"&/= '&=-/N $-'+
#*= 9/+?'-( *+ $#(%&'#(- D+1 #! *.- /-8#+! +7 *.-

&!&(*+)+(#(0 &( 1-'' &( 9/-((%/-0 YQQ &!" QQZ 9/+?'-( *+ 8&#! &! &99/-
#&*#+! $#

+7 9+*-!*#&' 7+/ 9'&*-'-* &
*#$&*#+! &!" *.%( *./+)>+(#(;
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 ! "#$%&'$

 !" #"$%&'$ () "*
! $,-%&*',(. *#" /#"$".'"0 ,. '%#.1 2,'! $/"
,3
 )(
%$

(. '!" 4456 7$ 844 ,$ 0,#"
'&9 /#(/(#',(.*& '( 4451 :*&%"$ )(# ;('! *#" .('

/#"$".'"0 $"/*#*'"&9 *$ *.9 
!*.<" ,. (." ,$ #"
,/#(
*'"0 ,. '!" ('!"#6 8,'! !"

#"$/"
' '( :"&(
,'9 *.0 /#"$$%#"1 '!" (:"#*&& /#(3&"$ #"-*,. 
(.$,$'".'&9 %.=


!*.<"0 '!#(%<!(%' '!" /(#',(. () :"$$"& $,-%&*'"0 ,. *&& <"(-"'#,"$6  !"#" *#"1

*$ 2(%&0 ;" ">/"
'"01 $&,<!' *&'"#*',(.$ ,. ;(%.0*#9 &*9"# ?."*#=2*&&@ :"&(
,'9

*' '!" $%'%#"$ '!"-$"&:"$ ?A,<%#" B@1 *&'!(%<! '!" -*<.,'%0" ,$ .(' $,<.,3
=

*.'6  !#(%<!(%' '!,$ $"
',(. $,-%&*',(.$ 
(-/#,$,.< '!#"" :*#,*;&" <#(%/$ ,6"6 !#

;,'" 2,0'!1 *.<&" *.0 '!" 
(-;,."0 <"(-"'#91 !*:" ;"". $%;C"
'"0 '( $'*',$',
*&

*.*&9$,$ %$,.< '!" *.*&9$,$ () :*#,*.
" ?7DEF7@ '"
!.,G%"1 2,'! '!($" !*:,.<

'2( :*#,*;&" <#(%/$ ,6"6 $%'%#" $/*
,.<1 %.0"#<(,.< '!" 4'%0".'H$  ='"$'6 I"*.

*.0 -*>,-%- 445 :*&%"$ 2"#" (;'*,."0 )#(- '!" :"$$"& 2*&& ,. '!" ,--"0,*'"

:,
,.,'9 () "*
! $%'%#" :,* * 0"3."0 H%$"# $%#)*
"H )%.
',(. 2,'!,. 7D4J4 KAL $"

M($' $()'2*#"6

 !"#$% &' (%)$*+),, -./#01)$23 4%,/
!62 76$%)8,!0%7 )6 69% )0)76/8/7!7

!"#" $% %&' () ' *)+ ,

 !#"" 0,N"#".' ;,'" 2,0'!$ 2"#" ":*&%*'"01 '!"$" 2"#" $-*&& ?O6PQ--@1 ,.=

'"#-"0,*'" ?O6PRQ--@ *.0 &*#<" ?O6BS--@ *$ 
*&
%&*'"0 )#(- -"*$%#"0 $%'%#"
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 !"#$ %& "'# (!
*%+*,-'#. ,&,$"%(%$#$/ 0& "'#$# $!(12,"!%&$  !"# 3!."' 3,$ !"

"'# %&24 5,*!, 2# 
%&$!.#*#.6 3!"' $1"1*# $-,
!&+ ,&. ,&+2# *#(,!&!&+ 
%&$",&"/

7'# 889 .!$"*! 1"!%& !$ $'%3& !& :!+1*# ;6 3'!
' .#(%&$"*,"#$ ,& !&
*#,$# !&

889 ,*%1&. #,
' $1"1*#6 ,2"'%1+' "'!$ .%#$ &%" ,--#,* "%  # $-#
!<
,224 *#2,"#.

"% "'# $!=# %> $1"1*#  !"#/ ?#,& 889$ >%* $(,226 !&"#*(#.!,"# ,&. 2,*+#  !"#$

3#*# @@AB$−16 @@AC$−16 ,&. @@BD$−1 *#$-#
"!5#24/ 8","!$"!
,2 ,&,24$!$ 1$!&+ "'# #$

EFGHE "%%2 
%&<*(#. "'!$ % $#*5,"!%&/

 !"#$% &' (() *!+,$!-#,!./ 0, +#,#$% +!,%+ 01,%$ 20$!0,!./ !/ -!,% 3!*,4

 !"! #$%$&' ()%' *+,-'

E+,!&6 "'*## $1"1*#$ 3#*# $!(12,"#. "% !&5#$"!+,"# "'# #I#
" %> ,&+2# %& 2%
,2

',#(%.4&,(!
$6 3!"' "'#!* 5,21#$  #!&+ $#" "% (!&!(1( JKLMoN6 ,5#*,+# JMoN

,&. (,O!(1( JLMoN/ 7'!$ ,&+2# *#-*#$#&"$ .#5!,"!%& >*%( "'# .%*+/*&/ $1"1*# #"

-#*-#&.!
12,* "% "'# 2!&# %> "'# ,&,$"%(%$!$ ,&. 3,$ "'# %&24 5,*!, 2# 
',&+#.

!& "'!$ $!(12,"!%&/ E*#,$ %> '!+'#* 889 ,*# >%1&. $1**%1&.!&+ "'# $1"1*#$

3!"' +*#,"#* .#5!,"!%& >*%( Mo6 #!"'#* !& "'# -%$!"!5# %* &#+,"!5# .!*#
"!%&6 ,$

.#(%&$"*,"#. !& :!+1*# B/ ?#,& 889 >%* ,&+2#. $1"1*#$ !$ @@A;$−1 ,&. @@A@$−1

>%* LMo ,&. KLMo *#$-#
"!5#246 3!"' "'# (#,& >%* Mo  #!&+ @@LP$−1/ 8","!$"!
,2%$$

#5,21,"!%& 1$!&+ EFGHE *#5#,2#. , '!+'24 $!+&!<
,&" .!I#*#&
#  #"3##& "'#

889$ %> .!I#*#&"  !"# ,&+2#$ !& "'!$ +*%1-/
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 !"#" $"%& '%()"# 
%& +" '",-."/ +0 
1$2%,-&3 4-5! 5!1#" 1+5%-&"/ 6,1$ %


13"&5 %&%(05-
%( $1/"( 61, ,-3-/ 2-2" 714 8 !"#$%"&&$9: 5!" ,%5-1 16 #!"%, #5,"##

8τ(r)9 51 '-#
1#-50: 5!)# ;<<℄> !"

˙γ(r) =
τ(r)

µ
=

4ṁ

πρr3
=

4Q̇

πr3
8?9

4!",": ṁ = ρπR2u(z): -# 5!" $%## 714@,%5": ρ -# 5!" +(11/ /"&#-50 8ABCB

D3$−39 %&/ #2%
-%( 
11,/-&%5" r 8,%/-)#9 -# 5!" /-#5%&
" 6,1$ 5!" 
"&5," 51 5!"

#!"%, (%0", 16 +(11/ 4-5!-& 5!" '"##"(E %//-5-1&%((0 Q̇ ,"2,"#"&5# 5!" '1()$"5,-


714 ,%5"F G-,"
5 %22(-
%5-1& 16 "H)%5-1& 8?9 4-5! 5!" #2%
-%( 
11,/-&%5" #"5 51

5!" -&&", 8()$"&%(9 ,%/-)# 16 5!" '"##"( 3-'"# γ(Ri) = 1120 #−1 4!-
! 
1$2%,"# #!

6%'1),%+(0 4-5! 5!" '%()" 16 1115 ± 39 #−1 61, % 2,-#5-&" '"##"( 8%5 5!" IJK


1&./"&
" ("'"(9F

 !"#$% &' (() *!+,$!-#,!./ 0, +#,#$% +!,%+ 01,%$ 20$!0,!./ !/ -!,% 0/"3%

'('( )%*%+$ #,-
"/0

G-#5%&
"# +"54""& 5!,"" #)5),"# 4"," $1/"(("/ 3-'-&3 541 2%,%$"5",# (%@

+"(("/ %# 4-/" 8BFL?$$9 %&/ &%,,14 8BF<L$$9F M(( #)5),"# !%/ -/"&5-
%( +-5" #"

4-/5!# %&/ 4"," 1,-"&5%5"/ 2",2"&/-
)(%,(0 51 5!" %&%#51$1#-#F N-3! 
1&
"&5,%@

5-1&# 16 OOP 4"," 61)&/ -& 5!" %,"%# #),,1)&/-&3 5!" #)5),"# 4-5! % 2%,5-
)(%,

61
)# -& 5!" ,"3-1& +"54""& 5!" 
(1#"(0 2(%
"/ #)5),"# 8$"%& OOP AACL#−19 
1$@

2%,"/ 51 5!" 4-/", 3%2 8$"%& OOP AABA#−19 %# #!14& -& Q-3)," RF O5%5-#5-
%(

A?
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 !"#$"%&'( $)&(* %+ ,%$- (%.)  /% )% 0 ! "# - " +&*+#1 )&*(&2
"(% -&4 0 (
 &(  !

%+&) *0'$56

 !"#$% &' (() *!+,$!-#,!./ 0, +#,#$% +!,%+ 01,%$ 20$!0,!./ !/ +#,#$% +30
!/"

!"#" $%&'()*+ ,- -.* /0.0&* *.,

7+&) )&8$#"%&'( "#)' 
'()&)% - '9 %+0  )$%$0 ): "*"&( ;&%+ %+ )"8 '! 0"##

* '8 %01: +'; ! 0  "
+ )$%$0 +"- <  ( 5"0"8 % 0&) - %' 8&('0 !"0&"%&'() &(

 "
+ '9 <&% ;&-%+: "(*# "(- )5"
&(* )&8$#%"( '$)#1 &( '0- 0 %' 8')% "

$0/  "

"% #1 0 50 ) (% " 0 "#&)%&
 8&
0')$0*&
"# "(")%'8')&)6 7+ !"0&"%&'( +") <  (

= 5% ;&%+&( %+  >%0 8 ) '9 50"
%&
 &6 6 ;&%+&( '( )%"(-"0- - !&"%&'( '9 %+ 

8 "( 9'0  "
+ 5"0"8 % 06 7'5: 8&--# "(- <'%%'8 )$%$0 ) +"- <&% ;&-%+) '9

?6@A88: ?6BC88: "(- ?6@D88: "(- "(*# ) '9 /E?o: E?o: "(- /Ao 0 )5 
%&! #16

,$%$0 )5"
&(* ;") ?6F88 < %;  ( %'5 "(- 8&--# : "(- ?6G88 < %;  ( 8&--#  #!

"(- <'%%'8 )$%$0 )6 7+&) )&8$#"%&'( - 8'()%0"% ) "0 ") '9 +&*+ 0 ,,H &( %+ 

!&
&(&%1 '9 %+ )$%$0 ) IJ&*$0 KL "#%+'$*+ %+ 0 ;") (' )%"%&)%&
"# )&*(&2
"(
 

< %;  ( &(-&!&-$"# )$%$0 )6

!"1" 2*3 %)(0) 4," )%)52*3 %)(0) ,(&-60 (%)

M("#'*'$) * '8 %0& ) ; 0 9'08 - %'  >5#'0 %+ &(N$ (
 '9 <#''- ") " #"

('(/O ;%'(&"( N$&- '( '$0 )&8$#"%&'()6 7;' &- (%&
"# * '8 %0& ) ; 0 *&! (

E@
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 !"#$% &' (() *!+,$!-#,!./ 0, +#,#$% +!,%+ 01,%$ 20$!0,!./ !/ 033 40$05%,%$+

 !"#$ 
&' ()*#!&+, 
)#! $ )#- . $/ $/" "0
"1$ )# )2 $/" + 3 -
)*- 4* ! 1+)15

"+$ "-6 7- 2)+ $/" 1+"3 )*- - 8*'&$ )#-9 $/"+" .&- #) ! -
"+# ('" ! :"+"#
"  #

&#, )2 $/" 1+ 8&+, 1&+&8"$"+-  6"6 3"')
 $, )+ 1+"--*+" ;"'!-6 </ '-$ $/" -&8"

1 
$*+" )2 "'"3&$"! ==>  - -""# -*++)*#! #? $/" -*$*+"- @A ?*+" BC $/" ! :"+5 !"
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Microarterial anastomoses: a parameterised computational study examining the 
effect of suture position on intravascular blood flow 
 
Highlights: 
 

· Haemodynamics of microarterial anastomoses were modelled using 
Computational Fluid Dynamics (CFD)  

· High Shear Strain Rates (SSR) are a known precipitant of platelet 
aggregation 

· Greater suture angles from the standard perpendicular placement cause 
greater SSRs 

· Sutures placed closely together cause greater SSRs 
· Small variance in all parameters does not significantly influence flow 

properties 


