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The main approach in the study of fluid flow instabilities is the theory of linear stability, which
is based on linearizing the governing equations and finding unstable eigenvalues. In many
flows, like shear flows, the results of linear stability theory fail to match most experiments. In
alinear system, even if all the eigenvalues are stable, the perturbations can lead to instability,
if the eigenfunctions are not orthogonal. The transient features of these non-normal
dynamical systems, can be described with low-dimensional structures, i.e. a few modes. It is
possible to suppress the asymptotic and transient growth by identification of time-dependent
modes. In this paper, a method of order reduction based on optimally time-dependent modes
has been implemented. This method identifies the growth behavior of disturbances in short
and long times. Also, a control algorithm based on the above method has been implemented
to stabilize the growth of disturbances. The DNS solution of the flow and the implementation
of the reduction and control algorithms is based on the NEKTAR++ open-source solver. At
first problem, to validate the solution method, the order reduction and control algorithm has
been implemented on the flow over a cylinder with Re=50. At second problem, for the first
time, the control algorithm is implemented on the flow over a cylinder subjected to persistent
time-varying disturbances. The results show that by applying a control force, the Von-
Karman vortices are stabilized and a constant lift is obtained and body vibrations are
cancelled.

Keywords Instability, Order Reduction, Flow Control, Optimally Time-Dependent Modes

CITATION LINKS

1- From bypass transition to ... 2- The Viscous Initial Value ... 3- Model reduction for flow ...
4- Data-driven science and ... 5- Spectra and pseudospectra. 6- Nonmodal stability theory.
7- A minimization principle for ... 8- Control of linear instabilities ... 9- Stabilization of
unsteady flows ... 10- Transient linear stability of ... 11- Nonlinear oscillations, dynamical
systems ... 12- Accurate solution of the ... 13- Secondary instability of wall-bounded ... 14-
Multivariable feedback control ... 15- Model reduction for fluids ... 16- Dynamic mode
decomposition ... 17- Dynamic mode decomposition of ... 18- Spectral analysis of nonlinear
... 19- Modal analysis of fluid flows ... 20- Principal component analysis in ... 21- Stochastic
tools in turbulence. 22- Modal analysis of fluid flows: Applications ... 23- Separation control
on NACA 0012 ... 24- Effects of wall-normal and ... 25- Computational fluid dynamics ... 26-
Global instabilities in spatially ... 27- Nektar++: An open-source ... 28- Nektar++: Enhancing
the capability ... 29- A numerical and theoretical study ... 30- Structural sensitivity of the
first ... 31- Strouhal-Reynolds number relationship ... 32- Large-eddy simulation of flow ...

Copyright© 2020, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License
which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform, and build upon the material) under the Attribution-

NonCommercial terms.


https://www.annualreviews.org/content/journals/10.1146/annurev-fluid-010719-060244
https://link.springer.com/chapter/10.1007/978-1-4613-0185-1_4
https://www.annualreviews.org/content/journals/10.1146/annurev-fluid-010816-060042
https://www.researchgate.net/profile/Steven-Brunton-2/publication/331230334_Singular_Value_Decomposition_SVD/links/5e229cb5299bf1e1fab9fc1a/Singular-Value-Decomposition-SVD.pdf
https://press.princeton.edu/books/hardcover/9780691119465/spectra-and-pseudospectra
https://www.annualreviews.org/content/journals/10.1146/annurev.fluid.38.050304.092139
https://royalsocietypublishing.org/doi/full/10.1098/rspa.2015.0779
https://link.springer.com/article/10.1007/s11071-018-4720-1
https://journals.aps.org/prfluids/abstract/10.1103/PhysRevFluids.4.053902
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/transient-linear-stability-of-pulsating-poiseuille-flow-using-optimally-timedependent-modes/CEB9E8DAD7E14587BD3388C48230E2EF
https://books.google.com/books?hl=en&lr=&id=XYIpBAAAQBAJ&oi=fnd&pg=PA1&dq=Guckenheimer,+John,+and+Philip+Holmes.+Nonlinear+oscillations,+dynamical+systems,+and+bifurcations+of+vector+fields.+Vol.+42.+Springer+Science+%26+Business+Media,+2013.&ots=9R11M9SrNR&sig=dJlAFj2fj7TsOAzN1oyfjV-zGH0#v=onepage&q=Guckenheimer%2C%20John%2C%20and%20Philip%20Holmes.%20Nonlinear%20oscillations%2C%20dynamical%20systems%2C%20and%20bifurcations%20of%20vector%20fields.%20Vol.%2042.%20Springer%20Science%20%26%20Business%20Media%2C%202013.&f=false
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/accurate-solution-of-the-orrsommerfeld-stability-equation/39D4D85F9939CC4E2F4A7EF127DFB046
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/secondary-instability-of-wallbounded-shear-flows/76E5F537F55C35731B40D36CEDB8B36B
https://books.google.com/books?hl=en&lr=&id=97iAEAAAQBAJ&oi=fnd&pg=PR11&dq=kogestad,+Sigurd,+and+Ian+Postlethwaite.+Multivariable+feedback+control:+analysis+and+design.+Vol.+2.+New+York:+Wiley,+2007.&ots=DxStGod7_n&sig=ntZkfBexUOa_UbFO65vf6L6GYEs#v=onepage&q&f=false
https://www.worldscientific.com/doi/abs/10.1142/S0218127405012429
https://epubs.siam.org/doi/pdf/10.1137/1.9781611974508.bm
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/dynamic-mode-decomposition-of-numerical-and-experimental-data/AA4C763B525515AD4521A6CC5E10DBD4
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/spectral-analysis-of-nonlinear-flows/311041E1027AE7FEE7DDA36AC9AD4270
https://arc.aiaa.org/doi/full/10.2514/1.J056060
https://ieeexplore.ieee.org/abstract/document/1102568/
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/stochastic-tools-in-turbulence-by-john-l-lumley-academic-press-1970-205-pp-560-turbulence-phenomena-by-j-t-davies-academic-press-1972-412-pp-1950/65EC136754A70C1CAE4AE2C7CDB1860A
https://arc.aiaa.org/doi/full/10.2514/1.J058462
https://arc.aiaa.org/doi/abs/10.2514/6.2014-2685
https://arc.aiaa.org/doi/abs/10.2514/1.J056303
https://books.google.com/books?hl=en&lr=&id=3QUtDQAAQBAJ&oi=fnd&pg=PR8&dq=Kajishima,+Takeo,+and+Kunihiko+Taira.+Computational+fluid+dynamics:+incompressible+turbulent+flows.+Springer,+2016.&ots=_Mava-8HrF&sig=qoPY93iEBRo-dzpt62uLwo82hz4#v=onepage&q=Kajishima%2C%20Takeo%2C%20and%20Kunihiko%20Taira.%20Computational%20fluid%20dynamics%3A%20incompressible%20turbulent%20flows.%20Springer%2C%202016.&f=false
https://www.annualreviews.org/content/journals/10.1146/annurev.fluid.37.061903.175810
https://www.sciencedirect.com/science/article/pii/S0010465515000533
https://www.sciencedirect.com/science/article/pii/S0010465519304175
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/numerical-and-theoretical-study-of-the-first-hopf-bifurcation-in-a-cylinder-wake/7DDF7C19D6D347609B4FC9D7B51EF9FA
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/structural-sensitivity-of-the-first-instability-of-the-cylinder-wake/020BE9D060A70BD7FE0301965AC81DB3
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/strouhalreynolds-number-relationship-for-flow-past-a-circular-cylinder/47C8B785E67C4F3CDE012AC25ECD6D8A
https://pubs.aip.org/aip/pof/article/33/3/034119/1064251
https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

ool auzg g (soldane lins Libao  YYe

23 ok 3o b (o (595 2 60985 2l e Bl
Wsloo S esys55 rl 53 I 3yl 3Spe3 (Saoliny piucw S
ol L yg0 Blal Gl 5 Gl wimss I Gk
ey | (g0)d Kz esgame I hlae] ey oS (Shge
Wil 5 wbioe canal Ghsye whilogy s 4l gl
Gt Gld @) phlice] Gl g Gilj wilhnsd (ks
G Y e G GhE @lslee gy ol b taS el
1213551y @Yl Saelins )5 wlalice! Ly 055
adliptols Jao 5l eslasl b Jlaw pliyz JyuS -
o 3 wnge 4 JyuS gl Ghi (Seliny e S
1394 (0

d
Ex(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)
3939 Ut) ol Saeliny et > Slsy x(t) €RT
S 0l sy Bum il @ 29,5 Y(8) 5 S
sl GhE 10 S b Glel Jue GiSole asbials Jie
b 1S Bas g eds U ul) 4 y(b) (Kiwlg a5

x(0) 31 50wl g4 Ghls aae pilucuw el lay 4l
[3]

Q)

&I«u/d‘
sl S Uhgy SO olaSasd dwgdil> S (g,
Uds2e 33 5 cashd eie (Il bl leeiuw
s Sy oSl I S8 Bl ol wililisel
aS y(t)  aanian o2l 53 a3 e Ginled |y dwndils (JysS
o3ls Soud S 4wl Wnyguiin (555510 (29,5
U Loy (IS pitimnpun (S @i )91 b § 3900
W= yg0 4 2 lagdgss e i Sed ult)
cusdy p 2 wloliael wy o sgd e i [wy wyl
ol gt cuqlise &5 sl 2250 pre Wy g plluce

g Jlds Gy

|
DS H e ]~L

Said JUSw

(h

l Wy

o o)
S s P e P

(<)

ehShs (wall) jlails g atugdils S etuw duglie () JSB
bl piuw ol Shs () dugdil> @l

VPl cdiguny] b gylodds (FF 0593

cod dilglwl g9y oluz Gilslul
sy g ol b i oblas
oloj 4 Ay disgs slodge s duiposials

"ol,yﬁlqj;o' damg ¢ eoldae lans Gihuao
oyl ol coylyed o&azils st oLf.\S&jl) SLlKe uwdige 038l !

XN €S

- %

Gh> Gl s e glz sl a5 Glel 350,
Gk 658 20 (e sleglyz wile (Sl 31 (g5l 5>l
G b GSeeliny piugue S 53 3l Gl Gy wlaelie b Ghs
oo AElg3e ey Sly lilizel sl Hlub sy plie eles 31
o2l L3S Sy kil selaio whggilsi SSolbyday g (5,lubl
1265 laylislo b Sz péiile Jloing (Saelins slopitun
6hiS g Gedls wdy JyuS aised Giaogi Bl gopeS slasi isy
3wl ﬁiﬁu&n' oley 4 diuwly losge (plwlis Gayb ;I wlolixg!
4 diunly dingy sodge p Gle Ay (el (g o gl dllie
LsLa:QLc)‘ N elalace! Ay )L'ié) OR9) O??I RO v LS)L“°3L.f:3 OLA;\
owlsl S @i )81 S e led e alolids |y G35 5 olisS
Wl bz wlaliael by JyuS johieds (§ob aipe Gl (s,
Lsuf‘-.‘:rl)ﬁl LS}L“”°5L.§:! 3 olby> DNS J> .cuwl osd LS}L“”°3L.f:3
ol oads el NEKTAR++ biyie Slo (sauly 3 S 5 diipeyinls
5 axipe p2alS @Sl > gy iwliel jsliieds Jol sl o
3 ol 00 stMJOJL'E:! Re=0.0L 43]9,&&.»15' 59 ULI)> 33 UJ).MS
wdrme 3 lgiul (595 0l sl S @Sl s gl el
Gilidee (glayiohly lilas 5 (gilussley oley b e Buile wlalasel
Jleel b 3230 ol s - cuslosd Gaiweamwlus 2l (olase]
obz 5 0 ylal 0aslS gy el bl cgliyz glase » S 55
9 (p0 Bl e wliladyl g 35550 JSb el 5T caps b

Wl (siagy U390 oLz S cipe (Rl (65 luLL moflgals
ol 4

VLR Ve redlyys als
VEX B oF 2 iy &,
evahid@ut.ac.ir :Jghueo 63iuggi®

doddo -\
4zls0 5 Jlow gl el 4 Seeliasgyne )l (550
ol & Gz 3 3jhpe buwgie b Sz oS policel S b
iy laly eyse 4 by @3S0 s> Ghlei el @
JRLE ez 4 gl aled ady pilaszl 31 g 90
Gl whasl Gy @ @ulab 9 sl iy
bolgy gasb 3l (Base flow) auly oliyz> S 53 39250 el lisie


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

PYY by hawgd o b susite (bl cexd dilgzal (595 gl sileluly

(219 1) Ly by sz sl Gl siny slsel () Jga

Re, Re;  Reg oz &9
) Yooo INVIA 6'419" szbg
OVYY e ERT (glies (sl
w Ve VY (gl o cbsS

WeA W WA b eyl Jls!

P ol 51 5385 palio 43 a5 cwl il jalgiay ac Rey,
3980 salie gl 4 el (gl 5> el bl Ghs wygo 4
555 3sb (slale) s 45 Gyls 393 LiLoLEE Rey 3l iy
SBaile (5,10LL slul Cge g 30 Ay § Ligded )by
bl wliolel 13 45wl 5585k S3e 54 Rer g 50
wad] glyz ©x5USs 5 ol LI (ol Sl sde plie

g0 odblie
WJol ol w5 el pazie ) Jgaz suslie 145 jshilen
wylite Gha (glaly 6y ot L oot wlelie
Shmo polie 3l yieS juginy slsel 53 aads! by g cwl
L;l).'xf Ly ede @ slasy ol _s);.fug JS oddd i
bl 3l ooz 538 s Gho e slaesi gad Jled 9 wlilal
b=l lale @yl JBnl gl 5o Ll cwl aiadl 4
& b Gha golaly 695 5l ead gty Gl sae
033 Jloyi (@l ol cde yyls cislhoe oy wlialie
Glein 9 1,35 Ly 3929 pae g pluw » @S> gaslao
b hs (Kol gl S0 55 & el gbys wlislal
oler L) (ile (55190k 3929 w90 55 (i Loy 59l
Ay ((GYsb olos 53 (gl xS wylie 4 b b gl
eplie 4 JIsge pue b Jloyint 1) glen b wlidlizel )38
25 45 2Bl a1y 3929 Blgie (oUisS ey 53 (55l Mty 03
oMb Jlod czge Wlgie piliael g5yl gy S wise
cansy 4 ehl camsy 5l gl I g Ghipue slaey
b biye Solsiope ohg @ilgi 39 axadl bz wile 505
glacl & wiaso JiSis |y badp; (Jloyine soilnl o
Gl b @iy wise G Ladn; ol
&g ol b Jasiye ofyg yuslie (imy - (Asymptotic stability)
Ailgie gloj b 43 - Abl hie Glud> Gidw slls g
i ¥ S 5y igd LIS iy ol b e 1 S
S ol 55 wcanl oad @il plael 63wy 51 s
S e slol |y £ lays S Akt seletops 4l g3 B, g @,

Modares Mechanical Engineering

wyge & S el S sl S e S5 Sas
Cugdy o 4 |y pllucwe cady o cwl u = k(y,w;)
W, e yue SO &S Gllke 53 ke SUap wy Ban
£ = pluc 29> Sl ()5 4ieS Baa gdse JLis
S 5 ecanl adedie =) JS 5 45 ghilan cul y—w,
3929 5 Sed 3929 e wdeay ldils (JyuS e
Ol Wy 2250 e 4 dzgl by oad s 1 (g3l sl
ool wlilinl Jeel cod S g5l ol
S e 33 505 @ylue 4 £3)]45 392 yusio g il
@ dlagly Soelny i oGl ol jeb 4 Glail>
b il S et o s Lol 315 3925 wlali!
s 528y Guoly oo 529y 1 Soad 3529 4 dz gl
o3ls JyuS 4y wliladl o agsgyg (sacgame b 442lg0 5
olrz 5 piuc Saelins 5Ll 9 2l el § 3500
cdly solgs dg>g wlislicel
Non-normal or ) ilaiél (i8S L Jloyiysd ady -Y-)
(transient growth
Jloyizst puyile |y solssiond solg sbajlsy hls il
el )85 525 Jloyizad ssill Sa sl oS iz wielise
G5 (M Selsio @ 1 o (seigilsd 45 (598l i)
b (YU comlus (o s5ilnl So oo slacShs
s g SzgS wlilisl 4 caund yeilnl of ok malie
Orr-)  sldyoluygl Hgilyl el gl ©olub s,
5059 yolie b g wwl Jloyipse jgilyl S o (Sommerfeld
aS a3 lis wlslic! 4 caws Vb cowlus ool
oS ol S5 03V el Solaiopns sohsailyd 3925 ol Jole
e S S enlie 4 g gl e S v Jloyize
wlulxo glhs 5 (33¢ J> gy b budipe 5 el el
1852 0T (sl 525 byt o el (65l e Jloyiyat 9l counnns
LL* # L*L )
S8y Sy sl L ygill 3Ll js3lal L oY) (e 5
s3lie baugi o oy )3 phlazel SO Bl b (el ady
Gledpe b IS sy Ly gdie o silnl ed
ey bwgs Jloyipe Solinsy e SG > L]
V Jgaz B 3gise s ygilyl (Pseudo-eigenvalue) ojig
olis | &l gl dgad sz Gl Gl j3lsiny sl
s ol dw gl puSeiul gl w¥slee eiluaw a3 (50
2 38be Jloyi colez oLz xS il il Jloyips
3 teS yalie 55 oS el (iha jgiay das Rep o Jgaz o
ooled edle gl 55wl jlaly eoleish wise 4 ol o
Ngdi5o PSS wBleisy wygo 4 ploj Job s wliliael

Al e Gl ptiasan 53 1,35 L Jloyiyaé ) g

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

olslgiol 39 g (g3ldte lins ikao  YYY

55505 S (e GhS GuSgial gl joilnl) Alidpelusl 5l
o (YL cowlus (ol (052 sslie b gl Jloyisud
Seioglsl 3929 ol Jole & sase plid wlilisel o
33 |).S§ sl lubl S 5 plols cwl soleione
ols SO gl plizes Ybddye Saelins bdpiuw
wlslixel Jloyiye sy [ 3950 Hlowd 4 o SSlwwle
JB g yalie y Gidte JIsge diye (ialS slahg; bawgs
iy p3lie y e oy, T cund JpuS g el
» ) wlilea] Golxe [l8) ulel p 1) bbeiuaw
03)S (gt Hlasbl g 510l diws 93 4 (Vb lagylo;
ol b.’xf 3y Jolis oligS (ylej )3 wliwiél 5Ly (ol l g
Ayeyials Gigy o sl dlmyo 5y dlie ol jd aliws
Gilwosly 9 2pdd gloj 4 diuly dings sleage 3 e
50 wldliae! e b sy jLs) diugs wygo 0 oS cuslodds
5 LS lags, bl o (alacgz 9 (3Ysh 5 olisS (slaglo;
& (09> Ao 53 uledse (el 1y LS50 dby (sedls
sobieds (398 iy LalS gy pwlel (S eisSl
&S g3z e (535 1 o Jbw by wloliael siy J s
Sedse (lwesly cewl eadd > by ol bawss eiSU
el gl e Saoliny it (59, 3 S ooil8
Slosdaddss (sLadys y Vb e it Saolins (43,5 pgual
Sl Sae g 3980 Jlesl ploj 4 dituly dings sloage
@l iy by J8las dy S @i yo3Ul ol (655,54
33 (5)|.\73L3U PR cwl adbiels slas s wlaslacel
ohg sdlie b b oolsan (Sl slapiunw
GInb 605 ululy cwl o3y dhen hi (glaysilyl
Saelioy S ‘QSL> w¥sleo jl coll gddadi SO Jlage
i )81 18 g 58Tl Jlaaly (pitaesus 51 L eIl S sy
ol M sl blise axio 4l (ge3ga%0 55 ohyg ylio
£3650 53 ohigdy ¥l Suilse p3 o3y b (59
Lol T3 ool oy i8S 15 a1 i slolyz (6510l uonye
whsS 5 65ler olyz wile Gip slapbyz I sk 5
3¥giay 332 51 YL ) Glio judsiny slael Jlage 5510k (55555
£ 0dl 2 S dlre G wlinles] )3 iy,
ol 5138 S35l sy syl JIsgane Julad ol

Ao cwds Jlage Zaly (6955 A uwd eyl
Oy Yo 53 ey 4 Jlw oy lilice! Jyus coue
@YU el e ol 3 e glapidlz I GOy cwl
wile YU aiye sbypiuaw 53 el Saelod byeituaw
slegig 3l gslbun YU Slulre gaije cdsy (Jlw oLy
sleghy) M piuaw 595 » Jleel LB s
5 Gilol=e digje ai>Vo bl (rals wdsy dlpeyials
Juiiwl 3590 (Saolias piucw (595 2 (s 5Wwosly las (Sl

VPl cdiguny] b gylodds (FF 0593

o,

@,

Y

LS L Jloyipé iy i s (Y I3

gyl @, 5 @) gladily g yuslio 35l 4 dzgi
e (390 Sz g8 @yl iz pw @p) Nigdi5e Lo wiglite
Cawd folag o5l Tl 53 a5 amsse olid flag wilpuss
dileto @1 sy 4 plej 35U g adly (21331 addsl o181 @
Ao e yiio @ ol o5lil g 0ads

Optimally time-) ¢jle; 4 diunlg diag (sldgo =¥\
(dependent modes

5 450 cdelsio sladyly [V] 55 VT Jlo )3 Guasnane 3 (2L
51 sLad 55 (lapmune o5 3isgel (yme |y Sloj 4 aul
ol Sl b Sgdie ()l hl e &S WSe lwlid
23 g G A3lg3 e als (639450 yae IS (glas bl
B3 slalnbl sslodles Gab 5l s Sealips sl
Sl ALl @t 1> HUSU Gladyae (53,1 Jlnl sl L
Sy Lol aigd @i )3 o313 (LG slul 4 e g
S (535 3 0 $pa3 45 835 (Byme (55ledineS Coz)lz
G e (gilwdineS ool cwl piuw (Sueliny gdiag
dioly lpasi yne 45 3950 skl iy @Y¥sleo oK
Okl diags jsb g WSe s |y aasly ploj 4
o sloealild (piagdy ol 53 T 4350 aedS |y Laye
GhEs 5 GhE Suslins slopiun (595 3 Jlosl L) Uy,
33 hlSen 5 3V s e Glis L3S (slags,lubl sl
oslatul b olyz slas)lnbl Jyus eulls B9 s vaq Jl
H2e [y (OTD jlais! 4) ploj 4y diwly dingy slosge |
Jol5 grdposnlie 5 gnidsiS (8% L b ol 139
Gibslaaly sl 1y S Jso (Jlw plyz (Seeliny pius
6oLl s GhlKan 5 ) ged ) Jlw olyz
51 oslaiwl U Iy (Pulsating) ylsplipé laxio s5lss ol
ol ol ailesged Julxi gloj 4 diuely dings (slo3ge
S 0933 LIS G 6ok 5, 2 0eSU & LS e
ol sl el Sl g el 48,55 @90 (g Ll
sledge Juwiliy (ool ol )3 gl 318 3525 Jul=d
b slaly wledbl zhail gy gl 4 diwly gaiu
ilesgad sy 1y 5130bre 55Tsr ol (il 5 1,35


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

WYY Gl bl glej b pekite pblanel e dilstal (55, ol ileplaly
slolyz gle G b g b plaladn) 4 Vb s oad
awip Yee &5 Wy Gl glamio Ty wile (gloskw
wWheok ol 3l Sae Blsye Vb wad 4 ) Gluwlxe
Laly dingy 330 3 (e e ialS sy (jlwesly
Soml <o a4 galal psls b el 136 o« cwl gloj 4
6hiS 5 Gedls slaglaull Silges slagbsy 4 cuwd
Ales J5S s el |y Jhw plyz GSeeliny etucuo
Slail g caload (8320 7155,k sl (sl 9y 0l panlio
Gha) w30 GEalS (Sasls )Ble wyge 4 |y e SO
Jae 33 Glol et JIE 5 (Suelus slauSis
5l legame OTD (sladge .(cusl ord Bis dislyials
ole) 4 dluly wygo 4 & Biwe Syselaie slaylay
Ay 4 e &S WSe Jlis jB glad ) ek
wdey OTD glasge Wsde gl @ikl 5 pblaael
slast eyl g lubl wdy el (olobis j3 YU (lgs
sle Gl el (onl Glulxe dpje 5 loage oS
Syl jshiods Jyus ﬁf-.!)sij‘ S ilwesla g 2k

Aitad Jlww by Saeliod i gldax

ol 4 dialy disgs s3ge 1 oS> cYslee ¥
2= g0 4 dgione dmy b et wlyusi Suelos 31
Cady I z(t) € RY waily ol 43 a5 35,5 Cayyes F(2)
0 b il gl plase FiRT 5 RY gt (loj )3 ity
@ 33 Z, (Fixed point) woli ahdi G JSlas oSl
3 osds £93d (slaymune SBT e2(20) = 0 ¢l 55 a5 2l 39290
9 ol Wymin dhadi opl 5l cepw w2z, Joled aadi S0aji
Gloj wlynsd Ly, Al A wglite Lil> cunsy @
) 3o 4 ere Cady S Jiz S2oS sl wliliae!
1390 (50 iy
w=L2u, 1<i<r Q)
33 F 535515 Guyile L(z) = VF(2) € R4 (558 ahaf, 5
andy 9 ploy 4 diwly Ghe silnl L(Z) - 2ibe z il
e dlgie (¥) dbly (5)555 o5 )3 el 2(B) sl
B 4 gl glocasidy Joz gyl e (35 JLds
Olaie 3t pdaolSel 3,518 ¢l Joe 53 Lol 3gi a8 S
L(z) j5iln! slesge sliwly 5o (D}, wlaliwel dilse
g 4 Vsb B o3lul g slagylej 4o (V) a5l e
g pleo axgli Lol eisbiie Gialidl b GialS s jumay g o
oLl by el Yae g WSe Jro yio waow 4 jud
Gl Dl 392y Saely g Glol sledge buwgs
dslso 1 2ollS glasge b wles 5l slacgame dawloe
{u; (1)} a5 16515 slgiian T )5 Guow 5 (Ll (V) wliuss
Sq g Selaite g 45y e 5 dwgy yse 4 b

Modares Mechanical Engineering

Obsy wile aijeials glaghy, By M wlaisS )
4 L Proper orthogonal decomposition) ey dolsio duj=i
il g 3514585 )8 oslictasl 350 by ln o 31« (POD L]
sbais] @ b Balanced truncation) (yjlgie oy siile o yig,
Balanced proper orthogonal ) ¢y;lgie opw Jelsie duj=i (BT
Ligy 390 dyj=i g (151 55 (BPOD jLais| 4y Ly decomposition
[16-18] ;5 (DMD ,lais| 43 L Dynamic mode decomposition)
JI3ge (gaujms SuSs Sy BPOD .ailoads 0313 dzuogs 1|
CSaelind pilunas S 511 390 degaze 93 Wilgie &S
DO S el paxie glagzgy> 5 bsssss Jold
JrsS sy & wiws (2 Soed b piliaal dagagyg
Ygemo ju azgys Ngdoe 43S I 4 Jlw by
o Attt oS U g Uyguakenr (goiis puSojl il glmosls
Sl gy ol 39 (bl Jae SQ b o
Ghgs olgie 4 JyUS (555 5 & el pjlsie by U,
adosaliv g ubadytS 035 ojlgte sl ylbiul
23 01l 83 dulyeialS (slagigy 2 59,00 IS 4 i
Uy M Gl ey Jloine lag,labl lelis
53 B s Loy by 5l gl (sl POD (geiipe ialS
OBy ol b g@8ly eslatul 390 5 (2o @Yl SuilSe
9 Lo hlsy @l Seolas Plue o 53 cipopials
S g weleio gl gladly jl glacgao 5 cnl lains
Ooldse 5l AdLals (Jio o5 w230 cwwds Sl JBlas b
ol POD (g, slobnsd aloz 5119220 S (oo sl oLy
] ool s 43 LT 6530 ol Lol 0y 1350 45 ool
by cobsy ool 0 rigen Ao e ol Saelins
s cuolio (g5lodse (sly POD 390 slass d> oS o
G ol 3251 15 155 g (gaile cunl jLizyge (Saeliny
U599y ol Jawgi |y NACA0012 Jugdpl 51 (s gae oadlas axass]
Ay oGhs by el SG 55 lesls 18 Guyp g U= 390
il ghls sz gl gl ) ol wlolisel gladax)
35 i (651000 5 Ghlisel STy cse Llgie (oS
Olsse 5B3 51 POD (g, 51 odel sy sloage az )31 .126]
2 35750 53l peled Ly 5 wius aiugs Wadge (53l
POD (sladge «Jiluco (g3l 53 Lol cigdssa Lol 1y Laosls
1y it camolio 0SB (55 lopagiad (g 53 ealiiul (sl
Soolips 53 I 5l wiilgie isleS ledge aw
b tals sdge ple 1 & oy 515K e
Saelios sl (sly POD (g, .4ipS(ed 5,8 POD
s (Ghy slepbyz 3 Jlie ) LIS Ly b Jlospe
6hls G5 ol 6551 loize b slodge Yac 5 4550 Jae
g Ghipd by b wilgice oS Yb (gl by &
oLl glalgy 1Bl aiS el (lwlish |y 3 @ituc (55l a0kb

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

olslgio! dumg g (galite (lins Libao YV

b als slas js (slaael Siloj wilpusd dsles R™P
1390 235 125 % 4 OTD

N =L-(2)n+ B,c )
alasly ol 5 45 39 iyl € = Ky g 0 S 5lap S
Reduced ) adbLdalS Soad oy uyile K, € RPXT
oslw pj wygo @ (A) daly «cwl (feedback gain matrix
13900

N=Lyen Q)
awbhals Ghe iyl Ly =Ly + B K, (358 dhly 5
.A&lLse (closed-loop reduced linear operator) diuodil>
of ek nalie olnly el gloj 4 dils yoill S Ly
o9l ol sl it Il GialS b ) (6l awlio slio
NIl ol pases (gladioed i) 3L Mo ey (sofag solie

&_«u./dl

1d o lnenn) + (o Lren)
2ac"M T 2 ()
=(U,5r,577>

» plaae! ojlail oS cwl @Y z, ol dads (5wl sl
Sl < 0 sy by el ploy Job 5 aslials glas
dil> alipials Heilnl o)lite (i cunbie 42l )3 S
(Negative definite) (yumo &0 Sy = %(Lm + LT_CT) Lo
45 UIE98 by ar gy sl S g0 S S92l
3350 damlxe y1j wygo
f. = Bc = UQdiag[—(};
+DHANIQTUT (2 an
- Ze)
{ € R* ((Heaviside function) Slugge gl H adayly ol 55

o 5ol 45y selsia unle Q€ R™lyso sially
Sre ol song wolie Aoy 9 Sre pusle slaeiyg
Bluoge 25 Sload Cipe Hlanl U Hlaubil eyguo dy 45 st
5ol 5 b LS ssps o casl ool (pesdie 3
Gl ad) g &S WSe Jes aidly GlalS glady;
GHUS Gox wad e ¢ e siahly prizren gdse
:[A] s> UL-MJ C)IBJL:“ edls w' 3 .\.xSU.o Oy b
1d
Nz == q.2 h.2
Solnll? == " a2+ > A v
;>0 ;<0
@ ol cumdy 9 cwl il olgen [l Sloj wlyuss
g S35 Z, 5L wdls>

VPl cdiguny] b gylodds (FF 0593

(595 2 caradbl-pl)S @i )81 Jlacl a8 ol (53155 (sl ol
3o b plej Jgb ) dwgy wyge 4 {wi(D}in; slaaly
5 45y celstio gloasls el cusl oyl yilo @ alsl g
GHr2e ploj 4 ditunly A slosse plyie Ly ploj 4 il
Jravy 45.\,‘5(_,4 L_,_sL.uLwJ b)'lé L_;La’é 3 (_,_:LQM 45.\539,93
sae LS sl bl ol aSial b sigdise IS (65l 4
ool Sl s )3 (oo QA Milgis0 (33l (639450
3l Jl slml b Sos slaglabl sledles @b |
sl 4 e g LBl by @ ;5 GLSU Ghiye
Comly o gl Mad e 3 el (6)labl
S )i (59 2 O Syl oS JS (e Byme (55 lwdineS
Biws 4 @ite (gilwdinaS ol cul @i Seolips
b byae 02yilaall ding jsb g 3S0 e |y Loy
Aj o pradd
ole; 4 dituly sladly 8L ([ V] )5 oadByme g, 5l Bam
39 dinaS F salols gili o5 (g5 ccoannl ()
r 2
du; (1)
F= ; at
b Jolee (8) (gilwaneS ahaily (53185 45 903 wldl ¢lsise
Wblse ) wYslee dcgezo J>

"

— L(Se, ()

i—-1
iy = L2 — (L@ uug = ) (L2,

=1
up) + (L(Z)u]l(c!ui))uk' 1

<i<r

ge 4 Cunbise daly ool 53 GBI @ (0) dhady 5
lo ay aly ool 53 39 dswlxe J> gl 59, SISl
@Yslee .l OTD slady; {u;}i-; degao g OTD sladge

()

eyl pj enge d uwyile 008 )3 plgie |, OTD
U=LU—-UQUTLU +®) = LU — UL, *
! ols.’z.‘.) U)LE_'LA.)L.? )B.W.JL: LS) [0 Ah.:') C).g').)

OTD (slaage Jawsd e JyuS 1 oS> w¥slso -¥
A Y3 7 €W S5 Sl Glasél il et
b S (Saelns g buwgs z, (wql dlaii by) (Jalss

18 39 50 Chpogd

z=F(z) + Bc M
S dol> sladnj s Sjud slas placdl ypgal et b
S pupile hyei g =UTZ g 4 OTD (glasse
B, = UTB € w30 4 (Reduced control matrix) 4idb ielS


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

PYO by dawgd gl b usite (ildal cexd dilgzal (595 ol sileluly

m"“’:"&uﬂ.
P S g
N
N
Hotas D, N\
sl 0mp
- !
Y s oy,
R "
e R “;"f S22 el
O gy,
A A g,
\ |
' /
/
o /
C:sli . D ey, “"'*O‘iPDNSJ,
T 3RS
L dO] e e
* — 4 ailn,
Ol

5 OTD slodge duwlzo aily gl Jo Jolpe Suiless (W JSi
Sloy o8 S s S 9

233550 ol 325 bails) @30 4 OTD (slosge dslee (yuicean

6ui
Fr Lys(uy) — (Lys(uy), uy;
i-1
AIRTA
- Z ((Lys(up), ug) ¢ )
k=1
+ (Lys (i), u Dy

buly) 5150 J= diels slaje (5500 byid g 0ylans (5500 bydd
33,550 atuieo yj

ui | Fcylinder = 0 (\_\;)
x,llew u=0 (Y-)%)

L &S cwl Sl gl ubb)gil)gl Lys «(\-10) (gadaily s
139 (50 iy 5 wygo b Uy sladas) cuepw 1 el
Lys(up) = =(Up. Vu; — (wi. V)Up

1, , av)
+ EV u; — Vp i

!y OTD wi¥slee g aly bz wisleo J= zolis colsl 53

) [8] grpn 5 o gy blyis b sl (535 ol

b ol Re = €Y (glil @ dilginl (55, ol sly 235

gl 53 5 3o 2ol Ue pplite gbb cusdy |l

g 4 (Limit cycle) dgamo JSw SO o 4 (S3Ygb

AS(0 Jao > wuiy (Vortex shedding) wlsS i,

Llidee ,labl ojg jlade wds S lads Re = 0+ 53 [¥eg¥4]

blyds cluco ol 53 .30 3959 (wSgiwl gl U.h})sﬂ)ﬂ &lp

{sin(my)e, + lady; wygo 4 OTD (slosge  ag

~elS gy hwgi & cul ond ayyes cos(mx)ey};1=1

ol glp el osdd soleio g SO > (dinols (595 ool

Modares Mechanical Engineering

Silodand 2l 9 iuyluzel -F

oby 3l Jlw ol osSsiwligl wislee Jo cdlie ool 5
4 by Direct numerical simulation ) e (5346 (g lodunis
4y [27.28] NEKTAR++ jLgyie S > oS 4 g (DNS jlais|
o eldl (Spectral element method) asb oledl by,
olr Jo 2l Gailiel jshiie 4 lul bl 53 .l
JyuiS @igyoSl wds g wxo g OTD (slvdgo duwl=e DNS
Gy pileshs Jlw gy @ileand mlo gl
o8l Jloel g S g el 93,55 gl (59, 51 (90
XV} L_;)L’xfw g dunlio P gy ol b g il ((JyuS
sl 51 ©oge olyz 635 3 IS EsSl Guos -l
oles b e (g0 Ui b wliliael (320 ;5 Re= 00 b
IS 3550 ) o) i 5 eadh (g5 lwonly ,lb ol sl
OTD (slasge duwlzo iy gliyz J> J=le s Slads ¥
Sl o8 So sl b obyz plise 2 3l LS o
ASe oyl

Glgial 51 (55018 Lz 39450 JSuws (5510l -V-F

(@0 9 Uy LRiweeo)

el I L adgesTying (s Jhw gamss ol Sy
ey b D ks by gldilsinl jl (500 v Suiladzw ey o
Sy = ggn (Sl w¥sles  Ue, wslgsa _sl)‘T obs>
239 (8 )y y5 wyge 4 ly ol

U, 1
TR Uy MU, = —Vp, + R—evzub 0=\

V-U,=0 (Y=\¥)
bbb g o o)l 5y 53 (i) eae (g5 byd puizen
225 By, 5l cadyi @ gl slaiye 53 wleSh ol 5

Pgdse gl
Ub | FCylindeT = (\_\F)
lim Uy, = e, Y-\¥)
X,y —>00

J55 lagiohly husss b 5 olej eips <gisd ¥lse 53
Re = UD/v jaginy sac g U siT lys cpw D dilgiuwl

KUYV RCTIOIRY)

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

olilgel 39 g (g3l lins Libao  YYF

oA —pol Jhagyn "lA] gz

oJef
NRY
‘1‘ of+Y
B eleY
—lo¥
N
—eleA
FOoA W N Yo YE YA FY YE OFe
oles
gz S el s dlgial g5 ploz 53 T cups (F S
(322 03 lyg=ee)

[ i T
/D &
o ma™ . o =\

) (alh
O W > C onw Ny N\
(=) (<)

GLLL cdl> s adlylss OTD (sladge sy ssulS (B JS&
.0TD 093330 (g .OTD ds‘ 390 (29 I 4.!‘94.1.»‘ dgd=x0 (JSsu.u
D @ y0 puiitins pglai (w9 © ol Ghagh bt (¢ g

LU <l (gl 1, 0TD g3 9 ol 90 gajgs y5l5 0 JSb
WSS gl 53 a3 gl sgame JSeuw g 43 Ikl
Ohg3y 53 LLL OTD (slasge duwlxe iweeus johiod;
o33 50 ¥ @z pe 53 o ) Jblite (glayguils s ol
OB 93 2l (45 3 S cuolio Gl oS 45 ! o
> (g3 3 OTD (sladge duwle gl g gy weo g
5900 cduglio jslaiody O JSb 53 el S5 4 05V ABle
OTD slasge i5)z) UQ aidliglys (sladge (g
ol 9yme ¥ ik 53 &S Q 4G Salsio (ylygd Lt yile Jauwgd
el 485 51,8 duglie (slie 9 0ad ey (censl

bk <dl> Gl [, OTD 095 9 sl 390 @ajos )9S T S
33 cewl pasidn T S 5l &S jshiles a0 lid ¢)lite
4 aud OTD g3 9 Jgl sbasge S op)lite bl <dl>
93 ol oy @598 olae 45 wiglas ol b tel )30u50
031y lid (gas (i 53 394 50 cdmliie Siley BV 350
82355 0l ol » S @Sl Jleel b o 39
&9 4 0 JSb cumsy 5l OTD (slasge (51)35 i)
S 5e e TS 53 sy

VPl cdiguny] b gylodds (FF 0593

3ic g (CFL number) «dlygS sae jlme 93 ccwlin Siloj P‘f
33 3,50 53 ka0 ol e (Strouhal number) (Jlag !
oo b dilsial (5 (53593 ol 53 (5t = L2 Jlng
e 1Y 5 o1 03505 53 lsise |y 6l e (slayial L
T=V 3942 55 43S sy ladSow Gilej 093 sy (P31 55
JBlaz olY 51 a8 Siley ol 3551 L Lagy smlgd (amy g9)
coplplin .cubls aalgs 3gzg lwgl JSow o 53 Siloj ‘oLf Y.
sae s ol 55 Giloy o Clacl gouisSagame yially
bl (38 5 sokieds ol (g lodinds 53 391 aalg> il
Jhsme CFL< +/0 byd o> )lul 5 hSen culio
olyz w¥slas Jo> sl 9 B2 el o3y ilej o Ol
sl o 4i8)S a3 55 (dsy (ygau) At = +/++0 .0TD ¢ by
Jlas! 5933 OTD (sla3ge (gdusls g pliy> DNS Jo -\-\-F
GHUS g8
wdle g3 gy by ol Glmadis se8lS (i ol
£33 3 Jsl (sloage Glauadyg cosliste sLL bz 5 slabax)
Lift) Ty cuyd Giley whuss SIS yuizen g OTD
Cudy dgdme w5 lubL 3929 wdls js (coefficient
o1ds (55 B g dusliio ) g0 2slis by 5 o0 ] il gl
9 33l 55 (Swgas pae 9 by 5l 6359l sl el
y Blaage &6 (W) gadally 53 plgie bz glase o3y
GIUS 9 sl 53 1 OTD (gladge (olad g 3903 i
dmolzeo 3 abaily 51 S (59 8 et il gl )3 3903 3l
rewol o0 (g5lwosla g

feau = UQdiag[—()]QTUT (z — z.) Q)
oly> DNS > 51 ol T (Suolinsg nl s gl £ S
LRe =0+ (lil a4, ¥ g2pe g pil> (g )3 sl (55,
e plsie 4 Bl emie Oldl ede amsge plid
5 lis (3939 (sLayiolly culio 2y 1 bey RIwESO
9 JruS oy wdle 53 O0TD (slasge (gjlwdunds gl &)l
Gloluly ol cwl S5 @Y cwl Jyus ghls <l
5 G2 ¥ gz ye 53 i OTD (slasge bawgs Jlws gLz
&0 yol> o 53 g cunl oaib 03l douwgi P g0 53 Guow
©Slolly cuenl cde 310 3525 g5850 ol b (550
C290 958 ool cuz sl g plwgi o5 el ool Ty 9500
90 (53190 Uyme 53 puez )3 Uil 5 Glugd sl
Gkl camss s el padie tUSD I &S jshiles
53 0k DNS > 51 Jol> dilgianl (5T caapd «dgaome JSows
owizen 3l P ez e 0l b g gLl pol> (e
b oS el T=VIVO 35 1y capd @l JSew Sloj 392
G §lbail sximaplias g 3ls BVl 7%e/0 L gy ol


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

VYV Gl haagl lej byt Ll o dilstal (55, ol sileplaly

oo Tpole g "8l g e

o

o[oF
g Y
¥ .
VR ¢
—ufo¥F
N
VY

Yoo P Be A N Y. AR 5
obej

S s Jloel 51 g 9 8 dilgianl (6T o lynss (A S
(322 (g9 aygmma) L= 53

sy 8 bl 3 1 T oyt ol 3ig) A JS (pizeess
&S yshiloan a30 glid &=V loj 53 HUS 595 Jlecl
0y glae » S Gax Jleel jl g wowl pasido
Sy Ll Ghlel candy cow 4 ey 4 4l gl
weanol 48y o 31 (Saelinsg nl calys wlilugs 5 1850
oilael (Byme s gl g9 plyz olall Jyus -v-F
oles U yusie JBuibo (550

5 OTD JyuS gy dal o call (s ol o
olej b yustie Sy 5 Buile (2l Glicel (g5lulaaly
GHUS gy 9 o piliael lide glaytelily il
Ll B9 (S e yielly 9 asge slasicaials Jolid)
5 eabls el ey )3 oo o8 5 (su9les S s S I8
o8l cdalsl )3 39500 sleds 43 OTD S (g, s
S Gl gl @ aaly aingr sleage b gl Jyus
Ciyed glas b ple b usite (6550 piliie! 51 b (1Lt
ohlael sy cwlond (silwosly J8 cwond e
333 55 g0 4 (63959 530 3l piasas 33 3l oo 4y el
w6 dly w)f

u,inlet (t)

= Alsin(2rft)|ey -1<y<1 %)

solgw ilasl uilSy f g pladl gaiels Ay ol 5
Soilad & I3 blie glise 3353 50 3 3T ol
63939 50 5 olej b e Solasel (63959 Jlas! (o9
iy sSI SIS i ol el p3 amd e lid | et
A.(OTD slasge slas) 7 clayiolly yusth gl & GysS
9 038 Ll (Ghae yehl) T (83909 ULl (saial)
950 4l Ty (598 wlysi Wg) g (53lwdand gulis

b Gloj (sabais aiz 3 ) aaly ol g5llanly gy e S
3397 =VYgl=0/V Re=0e.f=e/) (A=+]s0 Lylyi
obis JyuS Jlesl gloj I g9y b At = £e Sloj Jeolgd
298> 5> el pasde JS oal )3 & jshiles a0
» e ol J5S einsSIl j0 (s35y3 hlisel edls
s (wolie (widuyil (OTD (slasge

Modares Mechanical Engineering

‘ -
o) e e 4@
- -
()
-
@ L EEEEB
-

(CD)

(@ dlgil o )lite L wdl> ;3 OTD 330 (ludyg 590l (8 JSid
OTD (93 390 (< OTD Jsl 350

Jlecl L OTD (sloage (sdmwl=o g yliy> DNS > -Y-\-¥
S ey ySl

sls (595 3 o0 b IS @8l ceend ol 53
g 03 &yl 4T ulits g ot ilwosly 8 i 5a oads &l
ol (6,138dmuo g dunlio 19 &> 40 2ol b

luno tlie uwais g gl baslyd (650 Jaslyis cluno opal 4
Qb ol s &2555 588V US55l 1S cuond
&l lsinl Js> 0liyz glase 3 Hleel GHS (59505 &) 9
ol Giles (gabais Wiz ;3T =¥ g ¢ = o) WRe = O Laylys
15 GhES gps sl atide 5 jshilan caol sid o3l
b olos Job 53 3 313 (Syi yalie (621 S g9y (sl
e oz plase 39 S Ikl @lise GlalS
cansy GialS b bl ;s 5 Wbie pels 1 (S (595w
slade 4y 3 (S (g9 coplite bk wdle 4 by gl

AS(5e o o
cﬁ*"kf ‘.z\
.

) (ally
R T K —

@ )
. e

@ ()
° [

@ (@)

90 ="V Re =0 bylyd i (glabam) Ganadyg gajsd 500 (Y S
Sleel S oy (Zezzee ab gl (ol r=Y
=l (g (=V) J3S £95d ploj (w9 il gl lase

=\We (2w t=9. (s <

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

olilgiol a9 g (s3ldte lins ibhao VYA

Yoo e Fe Ae hee AYe F- 38 AL Yeo YY. TF.

abej

sl r=yrg r=) el g3, dilgiwl LgT)Jw)»oL.J‘)J.m(\\JSﬁ
loygma) t = € loj 31 JyuS oy = f=2/V g (=[N c A=1]N

(3= 9
1A — A=/
[+% —A=.]sY
/+¥ —A=0

ol
VA= edls dw s dilginl Ty o ys st (W JS&
)'|J;LIS&g)ﬁJ—f=~/\95=»/\‘T=\'L5|)'|4.)A=~/‘09A=
(325 g Laygme) = £+ oloj

—{=N
s —g=it
N4 —{=V
g‘ /Y
i . Av_r.\
1_./.\"
T_ef
—+fsF
—+fsA
O 2 v T ST 2T

ol
Y0 = o) el dw s dilgivl Ty coypd wlpust (W JSS
S UpS gy —f=eN gA=Na=Yllal=\g(=
(3= g ygme) £= £ loj

V0 L =V edls dw gl 1y Ty capd elpuss W S
Qs f= ol gA=N ar=Y &l 4=V g{=
card il 4wl patide il I &S johiles amse
i &5 b T (59,00 wliliogi (saials (olS 385 (olye
S sl @Y @3l lise Jeledi b glsie aidle glast
Ol33I b izmen . gT sy |y A lae ey cpitaas
Ol ol 2 3l S Sox (bee capd >l Glen
23 (IS @iy9801 g a4l oLy (5531 035 ey ez ge

g1 wlex gl il @

xSt § Eaey -0
olej 4 diwnly s sosge slio p Jlw by Jyus

Serolind @i (gaiiye (Rl ()] )3 oS cwl (s3> i)
G55l bas 1y oloj 4y dialy 5 4 calsito ladyly bawgs

VPl cdiguny] b gylodds (FF 0593

+r

Uipie = Up = $ €x
=>

_%.uinlet = Up + wiped(t) 0

1
Uigler = Uy = + €2

-\

s 530 53 loj b yusito Soagay liiel (63959 Jlael (4 JS&

Wy
| — |

obliiel gsl> dilginl (g5 plyz labimd inys 450l (00 86
r=\‘9(=~/\‘Re=Ouf=~/\ gA=’/'o.bﬁ')jJL.:(\c\)L§39)9

S Jlacl lej 51 g3, L At = £+ ilej el 3

r=Ygr=\cdls g3 Ty o wlyuss 8gy ) JKb
duglio SsSG L f= /N g 0=+ A=) Gl a
%0 3945 sl ol 3 Ty (59,0 wlilwgs (saiels cuolonds
S sohilen cal blice] (g 3959 Lz >l iy
se0 Sy i 31 eslistwl edlo 5 wewl pasdo WSS
o 3l 5 plyz (5leylub 4,56 (S wi,s8Ul OTD
il 7= ¥ el s by aibies eals 6l
IS 53 0l vty ol (T copd g 18l e Gl oLy
g A= [Y A= ]o) el dw )d Ty copd wlypuss K, Y
duglio SaSG Lf=Ngl=Na=Y gl 4Ad=./0
awlodds

LYY A = +[+0 cdls 43 Ty g9y wlilwgs (gaiols WY JS 53
o owizen ol Galiael g3g55 e sl ey
Pl (6399 ULl (sdiols dzyo aS 3950 wdlyyd Az
ol 0S5l 059 (55531 5 potune @lilgd (gaials (il
Il el @ pitu 035 e gloj e 5wl oy
Ao ol


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

PYA L Gy bl gloj U pasite pbliae] cend dilgzal g9y plsz il

&ilio

1- Jovanovi¢ MR. From bypass transition to flow
control and data-driven turbulence modeling: an
input-output viewpoint. Annual Review of Fluid
Mechanics. 2021 Jan 5;53(1):311-45.

2- Schmid PJ, Henningson DS, Schmid PJ, Henningson
DS. The Viscous Initial Value Problem. Stability and
Transition in Shear Flows. 2001:99-151.

Y- Rowley CW, Dawson ST. Model reduction for flow
analysis and control. Annual Review of Fluid
Mechanics. 2017 Jan 3;49(1):387-417.

4- Brunton SL, Kutz JN. Data-driven science and
engineering: Machine learning, dynamical systems,
and control. Cambridge University Press; 2022 May 5.
5- Trefethen, Lloyd N., and Mark Embree. Spectra and
pseudospectra. Princeton university press, 2020.

6- Schmid PJ]. Nonmodal stability theory. Annu. Rev.
Fluid Mech. 2007 Jan 21;39(1):129-62.

7- Babaee H, Sapsis TP. A minimization principle for
the description of modes associated with finite-time
instabilities. Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences.
2016 Feb 29;472(2186):20150779.

8- Blanchard A, Mowlavi S, Sapsis TP. Control of linear
instabilities by dynamically consistent order
reduction on optimally time-dependent modes.
Nonlinear Dynamics. 2019 Mar 1;95:2745-64.

9- Blanchard A, Sapsis TP. Stabilization of unsteady
flows by reduced-order control with optimally time-
dependent modes. Physical Review Fluids. 2019
May;4(5):053902.

10- Kern JS, Beneitez M, Hanifi A, Henningson DS.
Transient linear stability of pulsating Poiseuille flow
using optimally time-dependent modes. Journal of
Fluid Mechanics. 2021 Nov;927:A6.

11- Guckenheimer ], Holmes P. Nonlinear oscillations,
dynamical systems, and bifurcations of vector fields.
Springer Science & Business Media; 2013 Nov 21.

12- Orszag SA. Accurate solution of the Orr-
Sommerfeld stability equation. Journal of Fluid
Mechanics. 1971 Dec;50(4):689-703.

13- Orszag SA, Patera AT. Secondary instability of
wall-bounded shear flows. Journal of Fluid
Mechanics. 1983 Mar;128:347-85.

14- Skogestad S, Postlethwaite 1. Multivariable
feedback control: analysis and design. john Wiley &
sons; 2005 Nov 4.

15- Rowley CW. Model reduction for fluids, using
balanced proper orthogonal decomposition.
International Journal of Bifurcation and Chaos. 2005
Mar;15(03):997-1013.

16- Kutz JN, Brunton SL, Brunton BW, Proctor JL.
Dynamic mode decomposition: data-driven modeling
of complex systems. Society for Industrial and
Applied Mathematics; 2016 Nov 23.

17- Schmid PJ]. Dynamic mode decomposition of
numerical and experimental data. Journal of fluid
mechanics. 2010 Aug;656:5-28.

18- Rowley CW, Mezi¢ I, Bagheri S, Schlatter P,
Henningson DS. Spectral analysis of nonlinear flows.
Journal of fluid mechanics. 2009 Dec;641:115-27.

Modares Mechanical Engineering

G gie slojee Blgice 5 BSGe wge Saeln
Jae g 038 JLis 5 lulis 1, L3S g (aile (slags, bl
9 3 pialS |y layly ol sl ;s gl glayiahly gadlse
OTD (slodge 3gd ymie (gHlubl Bis @ calys j
Jl 55 aimse by |y Las gam 1 (slddyj goyylubl
Snse slesge slasi s gl padde gab; yol>
9 Pl Sy EalS jshieds OTD (glady; JuSis sl
€95 4 5kinse sladge slaed i 3929 ol gkl
S sl atunly S Slanl 5 (Selins et 5 Al
&g sl (59,30 (sdg0 dlai L] gy (ST 3yunly
of wlite pid 5 e Glol Gha Hgilul lubl o
el

2 GRie apeitals S piyefl Gadayil lie ool
Gy ol gl ol 4 diwly gdne glesse
SBaile (25 (ilase] (Byme ;3 ilgial 5l (330 dylieSTys
s el silednd iy wyse 4 gle 4 als
cdle jy &5 sade plid bl cwl osd iweswlus
llogs (gaiels (o 4 diunly JBile (6395 Ll 3525
3 AU gz il a3 5 dilgil p 3ly sTw 9
wedle ol )3 bl abee Gl Ty (o cuz yuss
3 9wl gptdn casal Gy gy oIkl Jyus
93 sl T o s Tl 3yls 5L 5 (g by s
f=Ngl=NA=o]) Gl wr=Y gr=) >
330 Sy L 51 oslitanl b a3 o L 2l - cuslonds il
3 1390 32ls55 by g5kl ly 4 38 (S et LOTD
O 39d0 o> gl 61k ese 93 1 eslaul b
Je0 g A=[¥ A=) b dw ys Ty cops wlpuss
bl cwlosds Al f=+Ngl=Na=Y il WA=
Gdiels wab yi8n (oliael sdiely azye w3 glio
Ty Capd wlymad dlsl )3 ubie (ol pium wllogs
r=Y Gl =V g 0= Y0 =) el aw sl
4 e plid bl cwlosd Judxi f =V g A= /o
0l bz ©5lolul Gl &5 585 Gale e )
JrS @l 5hinge 65X glise Jelxi b olyie abise
Caody (55 Spae shie 1) diay (e capd et
Sy

slocaled Jol> die ol Gele slsize (BN 4anls
ol oBaiungi oxep of @l coo g 035 Biunss hogl
RO

5 wolsdl b el (ol ols sdlic @il (sylel
31,50 sloglojlus

o3 aeli o tung bsgi Gimgdy ol sladie i Ile gylie

ol

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74616-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-10-06 ]

ololel a9 g (g3lde olins Likhao YA«

VPl cdiguny] b gylodds (FF 0593

19- Taira K, Brunton SL, Dawson ST, Rowley CW,
Colonius T, McKeon BJ], Schmidt OT, Gordeyev S,
Theofilis V, Ukeiley LS. Modal analysis of fluid flows:
An overview. Aiaa Journal. 2017 Dec;55(12):4013-41.
20- Moore B. Principal component analysis in linear
systems: Controllability, observability, and model
reduction. IEEE transactions on automatic control.
1981 Feb;26(1):17-32.

21- Lumley, John L. Stochastic tools in turbulence.
volume 12. applied mathematics and mechanics.
Pennsylvania state university park dept of aerospace
engineering, 1970.

22-Taira K, Hemati MS, Brunton SL, Sun Y, Duraisamy
K, Bagheri S, Dawson ST, Yeh CA. Modal analysis of
fluid flows: Applications and outlook. AIAA journal.
2020 Mar;58(3):998-1022.

23- Munday PM, Taira K. Separation control on NACA
0012 airfoil using momentum and wall-normal
vorticity  injection. In32nd AIAA  Applied
Aerodynamics Conference 2014 (p. 2685).

24- Munday PM, Taira K. Effects of wall-normal and
angular momentum injections in airfoil separation
control. AIAA Journal. 2018 May;56(5):1830-42.

25- Kajishima T, Taira K. Computational fluid
dynamics: incompressible turbulent flows. Springer;
2016 Oct 1.

26- Chomaz JM. Global instabilities in spatially
developing flows: non-normality and nonlinearity.
Annu. Rev. Fluid Mech.. 2005 Jan 21;37(1):357-92.
27- Cantwell CD, Moxey D, Comerford A, Bolis A,
Rocco G, Mengaldo G, De Grazia D, Yakovlev S,
Lombard JE, Ekelschot D, Jordi B. Nektar++: An open-
source spectral/hp element framework. Computer
physics communications. 2015 Jul 1;192:205-19.

28- Moxey D, Cantwell CD, Bao Y, Cassinelli A,
Castiglioni G, Chun S, Juda E, Kazemi E, Lackhove K,
Marcon ], Mengaldo G. Nektar++: Enhancing the
capability and application of high-fidelity spectral/hp
element methods. Computer Physics
Communications. 2020 Apr 1;249:107110.

29- Dusek ], Le Gal P, Fraunié P. A numerical and
theoretical study of the first Hopf bifurcation in a
cylinder wake. Journal of Fluid Mechanics. 1994
Apr;264:59-80.

30- Giannetti F, Luchini P. Structural sensitivity of the
first instability of the cylinder wake. Journal of Fluid
Mechanics. 2007 Jun;581:167-97.

31- Jiang H, Cheng L. Strouhal-Reynolds number
relationship for flow past a circular cylinder. Journal
of Fluid Mechanics. 2017 Dec;832:170-88.

32- Jiang H, Cheng L. Large-eddy simulation of flow
past a circular cylinder for Reynolds numbers 400 to
3900. Physics of Fluids. 2021 Mar 1;33(3).


https://mme.modares.ac.ir/article-15-74616-fa.html
http://www.tcpdf.org

