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Experimental Study of Drag Force
Reduction in Flexible Structures

In this paper, we study and introduce the drag force reduction in Y. Jafari”, PhD  Student,
flexible structures. Firstly, a review of the inspiration of this Department of  Aecrospace
phenomenon by nature is presented, and thenthe amount of drag force Engineering, Sharif University of
reduction in the flexible structure is measured experimentally. The Technology

obtained results show that this reduction can be up to 50% of the total
drag force. In addition, influential factors on this phenomenon have *Corresponding  Author, Postal
been investigated. Code: 8639/11365, Tehran, IRAN

Keywords: Drag Force Reduction, Flexible Structures, Experimental Study,

jafariyaser@ae.sharif.ir
Flutter




Sly > 9d 0 0hd LS yidn ) (eges jobdr D5l e
23 0435 Sldgge SVl K 3055 9 s pyBllasl (ul 52
[5-0] 59 o0 gl Sl Lain sl oy Ciliseo glgil blio
bulys b gl Jds 4 glals JSG i 505 (g ]
SighiS 6B il e Gl Wl e
ol ool Shlus (oblS cudls spu 5 Slidhes )
LA-Y] sl 38 3 sl (S5 pope 5 Syn

» gl e Jite 51 wad oly lse pegde
ohos Jhw ol S Jlio 3 piydlas] S3L sl bt
5 amse Ll |y @l Jsl o obuls @yl Js! |
St (il 3)Sdes om0 clp Ol Cue
@ gl e uln 25 ol (Soigdan 5 (swine
2 ipl cdby bley Jold wdine lapians
o3kl b 55,1y, Seo (gloSis o [V ] bappiincns g 550
Slapiuge I olbaiges 35 olal S ySllgsn sl
ok 3l bl o ol @bl sl Wle (Sigdsn
Sl Jsl Gll g V] GUis )5 clagsss ool (S
s )lisle 65, 8a jl esliul b b Uy 5
DIV] e ghuae JSC

Sl S92 S Jelos 2590 5 )b Sl
e Juw gl Blie > a8)F 515 phblasl jlsls
S5 L 55 ol o ol sl plas asl sl o plosl
Ll & sy olg5 ool (F @ U%) el )18 s ooy 5l
ol Jlie > 4d)S )13 plhddlasl jlbbe g9 5 b
loylislo Glay oy e g Wl Oglite Jbw
@ S (ol Jlie glate paw (ialS o) pdyllas]
sl ) ahl 4 dg b cwl a8 clo glajlisle
{F 0 U%) ol clite oo 293 ol b Ly (5988 oo
S g el phdlhasl cb)ldle sluy il e
Gl 0dds (g5lw oS v ‘“Jf” Olg Olgie Cod dm g dae
F) ol conliio )b y> e o 24V 1 b 505 oyl 455 y5bay
SBLS (2 48 Gl S g Bagiome 3 (Y JS) (0 U
sl Jgomo jlade o =V oy oly eind e S oS
g phdlasl lsle JSS 5l g8 g JSS nlpogdle
I Se ¥ IS sl S, s ol Wy
soilasl claylisle ) ekdl sl clacdls oy ool
il ey el oad aniliS Lale 4 ol e
Slp Iy 5 28 o s F 0 U™ g0 Ly sltomio
[P-¥] 34 w3 F o UY &0ty by piscillas! oyl

2. Fluid-structure Interaction (FSI)
3. Vogel

Sy gy

doddo

255 SNk Cod (Sl Jgens Cou g b slaojls
Ol 9w b aralye 3 alS « blie Ak > 0)la S
b S i sl vl G 2 S o
Juw 8L cod als IS pod Aiue S5 dlb
Dedise @)L Culd 4 x5 LBk L) e Sl e
Sl 8 g8 e ool €oly s LIS jsbay sy )
S sl pogdle 21 pludl (S5 ogllast
ol sk & Slgi e 9 0o Jloel Jlow (5)1355L Lawgs oS
)y Cas yr § dwdid ol Gl g 0ol o 1y ol jlis b
S s ddllae (sl (9015 5501 dmosy cpl 298 el
Gy LS Gilise gl b, syl Canb 3 lals
Hlord ialefl eVl by b Wl 8,0 )y
ol e > Glals JSb puis 1 gl Sy cnl pogde
eyl Bl 5L e & ol (sl g Jboo
@ eyl il el ol Cuwdty Wb i ¢ byl il

So il g JSb s clal lepisle i Sy
byl N S Cawl 0 Cands 3 LS 5 55l (sl

e s 53130 o e 3 Do U5 s

Db 312 gl (e ol JS puii =) S8

ok b phdlasl 5 SIU slajlisle e (28

e S g (oolibCun) > Slold 2l Sl
)J..\JA_BUQ;;" Dl.; JSw: )...uu J.AL.U Lbb).g)lg U" )l L?)J .b)‘b
xS dy ol Gl bl bl L b bwy
S0 SVl 9,50 )0 SVl GUI jus o5 5 Sl
ol oy ls o phdilasl jbdle sl [F-Y]
oSy il g ond Wl od)ly (cluy g9y il sl Jhos
Ol (plpgidl S e xpSele lalS (iusls g b
2 odly i el cage lalS b ped)ly (Slay (590
» DLS W}" dL@M )l 45 ‘>9“°Lf° °l‘.‘.§ b C9]a.w
& b Jgol piille a8 0 659> Jbw by Jlhe
Jbw by blie  lalS SVl gla S juss Jols

1. Wind Damage

¥ ol /o9 Jbs [TAY sl

a0t ke atibad )3 (5)9LLS
ladlgo waigo ¥F



lhslgn pwiigo YO

SF95 ele aclibas )3 (5)gLLS

il gla il Ly 59y 2815 05 Solae

/7 k&, FxU?
p " ! /o g rigid F o U2
L/ 2 .
: o] 00 flexible
| s
i o
. (@ O N
. _..___--a,g y . flow velocity U
? . | i ff / Do clafiblo b dwslio  piycllan] clafblo (dly il =Y JSo
STTELETT el " (g —
@l ol oy & by (g9 S 2L s —F JSG —
(o & =I5+ (W SS95 s b olys o piyillan] oo k5L .
[YJv=—/As (59 v="2/V\ (z ¥ =—+/0Y
() (©) @ ©)

2 byl gl iloand gl Jsere jobas s o il gl oo ol 5o 5 ¥ S
£55 930 US55 395 o odlitsl o3k (cla o I olSitloj] b 208 iyl sla Sl o2l sl JSS 1t -

2 Ygano 1o ol ccal 00 03l i b Jdo oy sosbes ]
0,5 0 )15 Gialejl 3y90 Cilisee (slace o )3 oL i
slcew bl pl K6 0w el £ S
Hy dalllas &L ool (sla Jdo g5 oyl Canl Db fig5 calisee
sobdy Gl Cagb )0 dgnge Bl plcillasl sla,lisle
b5y S JS it ) (6l e B0 ¥ S5 55 ol

ol 0d 031y L pdsllass] S

0l i | domhas (S (0 s y3ne oy Lamsgs oAB e 4 S, (il
{F] rgome Gl lawgs oad 03y JS5 puis o)

LS 15l Canbs 5 g0 miicbllan] (sl sl

ol Gl S olg S (sesomn claylisls Yaass

03j (pest (ilejl 5 Suye8 Hobas Yoo bnjlisle

o1 03,0 @l ol ntere (B ) gie 3 Nisd oo

Sor ges (2hLl s ¥ USS ) (pizen

Jolsie sloylsl (Sl gl copw sy Ly
ol 013 423UIS tlos & oS

(a)

I¥] Sos olgs 225 9 Sye8 polie =Y Jgoo

b

¥ ol / 095 Jls /Y TAY

[F1192 by )3 piydlasi

Vogel
. ) Structure
wlo)lsle Giolesl (ly o oaliel exle sla Jio -0 JSW exponent V
Srs (b g il Ll o (2 oo 5 piviillasd Theory Beams and plates (linear) -0.667
’ o ’ Beams and plates (non- (0.5 -1]
{F] pddlas linear) Present o
Daffodil (Nar'ussus -0.60
pseudonarcissus)
Fountain Grass (Pennisetum
-0.52
setaceum)
Poplar (Populus nigra) with _071
2] leaves
= -
GEa Water parsnip (Berula ~0.80
= erecta)
D
g -
2 Irish mo§s (Chondrus ~0.60
= crispus)
Aquatic leaves (mean value) -0.60
Aquatlc species (41 057
different, mean value)
ksl bl elys 00 oozl soles (sla e yuuis o555 —F JSed Terrestrial species (12 ~0.80
different, mean value)




SNLL Coonw ay 48, b Lol oyl Sluis MBS o e
Do ga b MBS cpl Slugal

STABLE

1w

o

CHAOTIC

PERIODIC

1o 10¢ 104

y
o pipillan] la,kile 4 bgsye sluy (2ol s —A JSKS
D] b bz Jlio > Lot

oialojl el Byosi 9 (ol

lo)lisls cluy (g9 Sl 3,90 10 a6l Bamlie Can
opl s el g b olejl i oo sy plucsllasil
oBiily (claslen 8uSlisly ob by 5l ool b Liales
S5 e e o b i (ol i ol iy o
bl 4ol 5 e VY Cop iSls by o /Y Ao L
el & (Sloxo (gpmaly GU S 05l 1) e glgil plo]
obp Blie pidlasl Jlsle glye 4 el £XOY
ab JSs Solous b allas 35 515,10a55 &b 0945 o odlatl
23U 6551, bgzu b lis A S el oads b
S Omgd 6518 8950 1 (Sledd 9 3L iy s datie

Amd e i 1y ksl UK s

Camera

alaie )3 JS5 5 Cf g0 9 ppydllanl o (81,8 g —4 JSS
b by s

Copo b culio) b Sy w3 25505 b Sulej]

Ll b s > 35 S5 i < g (oad dbul by

Ol bl 4y sl odds plosl (gyls s uSe ey 3 ealaiul

SH B Sl ls B )3 dgy Cygod Sk Jigi 858

US55 5 il 8 o] 4 bgape o s draslons b 038 o

She gy

S by Sp S S a5 (L8, (g5l S 5920 =Y S0
DYl 58 Gl

0355 )1 phbllasil sl )lidle la Sazmn jl S
2l M b 4 oty 3 &) by e
o Ll M By Sl Gy S el & ()9
Jlie p dalerio Jisle (Selod (gyLL o9 sayld
9 SVl oyl lagps ASpap 5l & Jlw ol
clo)lile et ony ol e dgh (Seslidgy
oEin lonlsa wile oy blwg 0 5 Cumd plycillasi!
Al oo s (slojluil 4 (Seolndgpl g (o yol (slvg s &S
5 0> Cuwd 3l ) dgn s dluwy o slaylidle oS
Db b 5 WS (o Joe dlasis JlBle S ©)god
by oy pials Jao ;K0 M (ylull oo &5 b
(F o U™) gl o S &ypot Copu Gal3l oy
PN oy (0D 9 b 1w e Cuwd Sl ) 095 Ll
Al 3l Gl flie jlSle > Sleg 6)lull S
Gygo 4 debdl )3 g Cunl (b S8 4 bl ) legs
Slugsl by S 4 oy pMasl 13 5 s e IS
o by (S950 (LS B0 () S 9 o0 A5
e Sl phdlas glajlisle 3 ol cae g Rl
O ygods obeS dae D so 0kl * g8 Sas o &y ey
7] 298 0 iy SVl 985 4 gyl 985 S
G, = Lyt m
J3le (oye 9 Jdb W Locilp cepu Ul o 8
Jode b ylis ey a4 1 g B ¢y cunl pdybllasi]
b b el il Sl i) les o L]
9 olhb bl G Glgi e S 2 (il oy
ausliS isled 4y s (pl A S5 53 b plogl Hlubl
Mkl g olul (A5 93 4 Lay (g9)05 Rl 4ol sl 0nd
ool gl Bgg Sl daily jluly Gisk )3 09 e o
5 Swp Cend 93 4 bl Gise .l B S
by GalS Sudgy Aol )0 dgdise paeds Sligd

4. Flutter
5. Cauchy Number

¥ ol /o3 Jlus YAV sl

s ele aclibad )3 (5)9lis
ladlgo cwaigoe ¥7



lslgn cwiigo TV

SF95 ele aclibas )3 (5)gLLS

il gla il Ly 59y 2815 05 Solae

Eord Y By ol 5l ey Lol dey oo 5 203 04 B Ly
Caobll By G M By aSepl W @ b e
o by 2l e 5l (% w038 Gl cnlnle
5 5 i 5 sl Lo Sy 35 e 5399
ooy ol i slrodly Ll "j Sy e Sy
AWl s o i 1y by sl 56 cusyw liae ialS
5 ol A wlis slace pw o by Gials p» Sl
A yo yd oS ol ol pol cpl 5 313 D939 ey il
Sl 35 @SB gl e Sy 4 cuis
ol UKo s e oplply g ool cand ) 358 IS
ol ydy (Sl

asliS Lioles 4 o (glaybdlo b duwglio 5 ond Liolol
yols inlojl zols a5 smd o LS H3ges pl a0
JUs o & |y Ly (2l (sl sl 590 sy MalS
5wl g2lye 1 aSTY S5 alio b o illad ol S e
ool L3 BB Y IS

Al el sl bedly oiby s Al e o 5L
5 Eard FM By o Wb e adl bal b Lulp il
Gl b e ol oy Sligdl 56 clls 4 b a8 43,
2 4l b aldo 1) oedh 0)bg> o mamd o talS ) ol Jigs
oS (50 S DS b S8 il El Al e

558 slabyges 5 edlatwl b by s dl>ye
oy Sy a1y dleye o > By )8 0L Jigs
o b pSe ookl b s oS (o ot 458 2 i
b S o Al |y 5 (a5 (S s e o
Jlio Sl Colus s e (g (i Luly) L
&l 2 290 balyy b ormen 35 dnslxe |y (b
5 G 23 Ly iy Ol (Cp = 115+ 7.657)
L lay sy cales 5 [F] ol dnnle LB odly IS5
ol J2lgd Cunddy lug (ialS liee o

=W

b gloodly iy 5l edel Cousday @l ¥ Jgis 5
b lge Joso cpl laodly ol oad olo s

S o Gl Ly LS oliss e I3 L S

Sl B by 3 483 )18 (Sl G5l Jol sle el polie =Y Jgoa

b

¥ ol / 095 Jls /Y TAY

=
> \w N = = S = =
& |3 > > o ) 51 = < b 2
S 32fEe|E| 58 % 3 g 2 |22
5 |2 E|€ E|l€ E| =S 3 cd ) & < RS
g 2 E2e|22|z2 | = £ 2 R
= B = = s 3 s a a do do
== 1 1 S g @ < <
= |2 | - Z a _
0 0 0 0 0 0.0072 1.492 0 0 0 0
2 03 | 0.178 | 0.112 | 0.0029 0.007026 | 1.48¢ | 0.000580) 0.000562935 1.71E-05 2.96
4 0.4 | 0.802 | 0.723 | 0.01525 | 0.006285 | 1.44% | 0.001031Y 0.00087399 0.00015728 | 15.25
2 6 0.51 | 1.689 | 1.612 | 0.03301 | 0.0052194 | 1.39A | 0.001676° | 0.001138662 0.00053779 | 32.08
<
2 8 1.59 | 2.232 | 2.302 | 0.04534 | 0.0044796 | 1.36Y | 0.0162947 | 0.009259996 0.00703472 | 43.17
9
g 10 241 | 2.768 | 2.724 | 0.05492 | 0.0039048 | 1.33° | 0.0374358 | 0.018172759 0.01926300 [ 51.46
12 5.02 flutter
13 6.87 flutter+
14 8.44 flutter-chaos
13 6.87 flutter+
12 5.02 flutter
10 2.41 | 2.792 | 2.803 | 0.05595 0.003843 1.333 | 0.0374358 0.017845832 0.01958992 52.33
D
§ 8 1.59 | 2.302 | 2.288 | 0.0459 0.004446 | 1.361 | 0.0162947 | 0.009179777 0.00711494 | 43.66
t =
= 6 0.51 1.688 | 1.791 | 0.03479 | 0.0051126 | 1.393 | 0.0016765 0.001111315 0.00056514 33.71
a
4 0.4 | 1.004 | 1.062 | 0.02066 | 0.0059604 | 1.433 | 0.0010313 | 0.000820028 0.00021124 | 20.48
2 0.3 | 0.388 | 0.286 | 0.00674 | 0.0067956 | 1.473 | 0.0005801 | 0.000540459 3.96E-05 6.83
0 0 0.012 | 0.01 | 0.00022 | 0.0071868 | 1.491 0 0 0 0




S 25 45 g (G R0

2 by G gedgen; &5 oad aw ooy cnl
J)Mf asls 3D 04 C)]a.a colo )| )i..\:dUa_u‘ Lgljzs)l.olw
DBy g adlls 350 2Eilofl psboa Jlw ol
Toee aiej (il 3 oad plsl cla)lS  (5y5pe ) 55
Olge 4 (Bbuo Gl g ol Jig )3 5 3y ale] b
3 Gahie WS Jolbs ol s pbul phidllas! ksl

hb sulefl Sgsba .l e iy gloasl
b picilas] sl clay (o L Ao B b osd

J> @ ggdge cpl amde LS |y ol co g Gl
0395y ool Cawdds guls 4 4395 b g 29390 LISl ( S5
A1y ol gy p e0yuS ddllas g (uyp Sl ol
groge ool Gl gy pdlo (ds) 9 38 ooy
oo 3 35 455 Al L il (6,5 5% > Slg
Do &8l Mbo Hluwn i Cauwd &dlw 65U5S slacaio

&>

[1]Hassani, M., Elastic Reconfiguration of Bending and
Twisting Rods in Air Flow, (PhD Thesis) Ecole
Polytechnique de Montréal, Montreal, Quebec,
Canada, 2016.

[2]Bhatiy, A., Sawanniy, R., Kulkarni, K. and Bhardwaj,
R., “Role of Skin Friction Drag during Flow-Induced
Recon_guration of a Flexible Thin Plate”, Accepted
for publication in Journal of Fluids and Structures,
Dec 2017.

[3] Langre, E., Gutierrez, A. and Cossé, J., “On the
Scaling of Drag Reduction by Reconfiguration in
plants”, Comptes Rendus Mecanique, Vol. 340,
2012, pp. 35-40.

[4]Gosselin, F., De Langre, E. and Machado-Almeida,
B., “Drag Reduction of Flexible Plates by
Reconfiguration”, Journal of Fluid Mechanics,
Cambridge University Press (CUP), Vol. 650, 2010,
pp-319-341.

[5] Denny, M. and Gaylord, B., “The Mechanics of
Wave-swept  Algae”, Journal of Experimental
Biology, Vol. 205, No. 10, 2002, pp. 1355-1362.

[6] Harder, D.L., Speck, O., Hurd, C.L. and Speck, T.,
“Reconfiguration as a Prerequisite for Survival in
Highly Unstable Flow-dominated Habitats™, Journal
of Plant Growth Regulation, Vol. 23, No. 2, 2004,
pp. 98-107.

[7] de Langre, E., “Effects of wind on plants”, Annual
Review of Fluid Mechanics, Vol. 40, 2008, pp. 141-168.

[8] Koizumi, A., Motoyama, J., Sawata, K., Sasaki, Y.
and Hirai, T., “Evaluation of Drag Coefficients of
Poplar-tree Crowns by a Field Test Method”,
Journal of Wood Science, Vol. 56, No. 3, 2010, pp.
189-193.

[9]Gosselin, F. and de Langre, E., “Drag Reduction by

Reconfiguration of a Poroelastic System”, Journal of
Fluids and Sructures, Vol. 27, 2011, pp. 1111-1123.

She gy

GRlB L by oy B s Bes VY SS
ol e bt (b ST cuwl odd ooy L Caspw
S a5 4y a8 ol Sy > 8 el
Ol ORSL e pus 5 0b5 b g e e Lt ST
o)lgd Mgy pl M Bdgasme 4 ad o5 L b e
B0 M8 Bagaoe 4y i S905 b &Bly p0 b e ials
B S 5 G iy e s 3 Coluo inls
2 Colus (a8 518, cpl il ply WS o Glog 4 g9y
Sor Sl Y S5 38 o b Ly 5 )3, (5,
ohles 4 1y Copr ol g ials Al je 93 5o 3 ) Ly
Oglds ouds 48 Y ol zrsgr ) oS yeb led Ll dLiliS
oo 8y 5 ol g BB S oges g (il 413,
A3 ge i |y € s G Ly inls

0035 -
—o— F Rigic
0.03 - - m - F-Flexible

0.5 1 15

[
el
]

Flow Velocity {m/'s)

duslie ,d 0d Liolojl pilas] gla )kl (sluy ials =Y e JSWS

o ela sl
15 R
148 - ~~5
i\ =—0— Increase U-Step
146 - \
y — B - Decrease U-Step
144 - 1
142 -
=
“ |
14 - )
138 -
136 -
134 -
132
o 0.5 1 15 2 25

Flow Velocity (mys)

b dunlio > oad (yislol piocdlasil (claylisb (gluw ials Y IS
o (sl LS L

0.02 Y
—O— Increase U-Step

— @ — Decrease U-Step
0.015
0.01 /
0.005
ﬂ /

&

Dag Reduction (N)

o ®

0.5 1 15 2 25
Flow Velocity (mys)

sl ey al8l g tlS A s 93 5 Ly (5958 LhlS VY S
o igleg] il cclalis Lo

¥ ojlesd /093 Jlo YAV b

TS ele dolibad )3 LS_J‘JM
laolgm waigo YA



laslgm waigo T

SF95 ele aclibas )3 (5)gLLS

Y 0 jlowi [ 095 Jo VYAV 5uly

Bl gl il )3 Ly (5935 il (005 dellaa

[13]De-langre, E., ‘“Methodological Advances in
Predicting Flow-induced Dynamics of Plants Using
Mechanical-engineering  Theory,” Journal  of
Experimental Biology, Vol. 215, No. 6, 2013, pp.
914-921.

[14]Leclercq, T., Peake, N. and de Langre, E. “Does
Flutter Prevent Drag Reduction by
Reconfiguration?”, Proceedings of The Royal
Society A Mathematical Physical and Engineering
Sciences, 474 (2209): 20170678 , January 2018.

[10]Beeby, S.P., Tudor, M.J. and White, N.M., “Energy
Harvesting Vibration Sources for Microsystems
Applications”, Meas. ci. Technol, Vol. 17, 2006,
pp- 175-195.

[11]Weissenbock, N.M., Weiss, C.M., Schwammer,
H.M. and Kratochvil, H. “Thermal Windows on the
Body Surface of African Elephants (Loxodonta
Africana) Studied by Infrared Thermography”, J.
Therm. Biol., Vol. 35, No. 4, 2010, pp. 182-188.

[12]Mills, Z.G., Aziz, B. and Alexeev, A., “Beating
Synthetic Cilia Enhance Heat Transport in
Microfluidic Channels”, Soft Matter, Vol. 8, No. 45,
2012, pp. 11508-11513.



