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- ABSTRACT

Moving §urface' Boundary.-layer Control _(MSBCV)'Wasapplied‘ to several two
dimensional bluff bodies using a higb speed rotating cylinder asa mornenturn‘inject’ing -
dev1ce Flow past a symmetric airfoil; a D-section;.as well as square and rectangular -
pI‘lSInS representing a farnily of shapes with progressively increasing bluffness were.
studied in presence of the MSBC. In the case of the a1rfo1l the leading edge was- -
replaced by a rotatmg cyl1nder while .the cylindrical elernent formed the top and

bottom upstream corners of the D-section, square and rectangular prisrns

Extens1ve wind tunnel 1nvest1gat10n gave data about the effect of system pa- - .

rameters like rate of the rnomentum 1nJect1on angle of attack and the surface condi-
tion of the cylinder on steady and fluctuating components of the pressure d1str1bution
around the body, vortex shedding frequency (Strouhal number), and the lift and drag
coefficients. A gain in the Strouhal number with increasin'g momentum injection
suggest a decrease in the effective bluffness of the body. A siig,niﬁcant reduction in_
the drag (up to 80%) was observed for the prisms at a maximum rate .of' rnornenturn.
injection, Ug /U = 4 (Ug = cylinder surface speed, U = freestrearn Wind speed). I 1
the case of the airfoil, the lift coefﬁc1ent 1ncreased by 160% and the stall angle was |
delayed from 10° to48°. A rough criterion in terms of the location of the stagna—'
tion po1nt was established to help decide the reversal in the direction of momentum

1nJection as a function of angle of attack to ensure continued beneﬁt

. Effect of momentum 1nJect10n in suppressmg the vortex 'resonance and gal- -

'loping type of instabilities were studied. by mounting the bluff prism rnodels on a

dynarnic test rig 1ns1de the wind tunnel test’ sectlon ‘The rneasurernent of- amplltude ’
and frequency of the transverse osc1llations over a range of wind speeds showed com-
plete vibration suppression for ‘momentum injection‘rates Uc/U < 2. Asymmetric
momentum'injection .(ie.g. top cylinder rotating, bottom cylinder stationary).was also /
found to be effective in'disrupt\ing the vortex shedding process and‘thereby inhibiting
v1brations The suppress1on of galloping 1nstab111ty in presence of the MSBC was also -
predicted by the quasisteady: analysis.

A numerical panel method was developed to s1rnulate bluff body fluid dynam-

“{
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ics in presence of the MSBC. The body is descretized rnto a large nurnber of pahels

_(100 150) with each panel comprlsmg of a continuous distribution of hnearly Varylng

‘vorticity and a constant source strength A set of 11near algebraic equations approx1— -

mates the Fredholm type integral equation der1ved from ideal ﬂuld flow assumptlon

The Wake is modelled by upper and lower ‘free vortex layers’ emanating from the
separat1on points on the body. Vort1c1ty is allowed to be shed and dissipated as- it
is convected downstream along the panels on the “free vortex layers’. An analyti-
cal expression relates the point vortex modelling a.rotatlng cylinder to the rate of
momentum injectioh. The I'panel method is capable of tre,ating multielement config-

urations (e.g. a rotating chinder and -the truncated airfoil). An iter_vatirve_s'cherr‘le o
based on the convergence of the wake shape is used to obtain the final solution. The

numerically obtained pressure dis'tribution, the lift-and drag coeflicients agree well

with the experimental results.\‘

Flow visualization studies in a water channel_were performed to'obtain better
physical insight intlo the MSBC process. Plexiglae rnodels vWith rotating cylinders in
co:njunctionlwith a fine 'sdspensioh of polyvi“riyl chloride particlea and slit hghting were
used. to visualize the ;streaklines. The still photographs and video movie‘ r'ecorded,
rather dramatically, the effectiveness of the MSBC in suppressing separation and
vortex sheddlng, making the ﬂow approach the potentlal character |

Overall the present research firmly estabhshes potentlal of the MSBC as a

' versat11e tool for lift augmentation, drag reductlon and vibration suppress1on of several

© bluff bod1es encountered in 1ndustr1al eng1neer1ng practice.

111



TABLE OF _CQ_NTEﬁTs
| ABSTRACT .

TABLE OF COI.\ITEN’]A_‘.S( . S
~ LIST OF SYMBOLS . . . . . -
. LIST OF FI'G‘.URE‘S'.

'LIST OF TABLES
»ACKNO’WLED(;;;E‘MENTv .

DEDICATION

" INTRODUCTION . . . . . . . . L

1.1 Preliminary Remarks

1.2°  Physics of Mdving Surface bBou_nda,ry—layer Contrdl

1.3 A Brief Review of the Relevant Literature

1.3.1 Dynamics and fluid dynamics of bluff bodies . .

1.3.2 Vibrafion» and flow .control (ievices

1.3.3  Numerical sirriu_latiori of bluff body flows . .

- 1.4 Scope of the Present Investigation . .

EXPERIMENTAL INVESTIGATION AND NUMERICAL

- MODELLING. . . . I
2.1 Preliminary Remarks
2.2 Experimehtal Investigations

2.2.1 Bluff body shapes

2.2.2 ,Wind tunnel static expériménts

v

S R

. 1v

Viil

X111

xx1

.oxxil

. Xx11l

. 16

7
17
0
26

41

44
44
44
44
: 53 |



2.3

2.2.3  Static test i)ararneters Ce e )

2.2.4 Dynamiéal experiments in t.h.e W;nd'tunnel .

2.2.5 Dynamic test parameters = . . e
2.2.6 Flow visualization . « . . . . . .. .
Nurherical Analysis C e e e
2.3..1 Formulation of the probler_n‘ v

2.3.2 Single element configuration

2.3.3 Multi—element C(ﬂnﬁguratiOn

2.3.4 Computer implementation . . .

AERODYNAMICS OF AN AIRFOIL WITH MOMENTUM

- 3.2

INJECTION . . . . . ... .. . ... :
3.1 Preliminary Remarks . . . . v .
Wind Tunnei’ Investigation . G
3.2.1 Lift and drqg characteristics -. . -
3.2.2 Pressure distribution . ‘. S
3.3. Numerical Sirﬁula_‘cion )
3.3.1 Pressﬁre'distr‘ibution
- 3.3.2 Comf)arison of the various numei‘ical schemes
3.3.3 Prediction of the lift coefficient . . .
3.3.4 TIteration éharact_éristic and the wake shape |
3.4  Flow Visualiiatipn A Cee
35

Summary . . . . . . e e e e .

FLOW PAST A D-SECTION WITH MOMENTUM
INJECTIQN. . L Lo

4.1

Preliminary Remarks . . . . . . . . . .

33
59
.64
64

66
.66

70
78
80

82
82

82
82
92

94

S

o7

. 103

107

110

111

111




4.2 Wind Tunnel ’Invévsbtig‘ation . . . .. y. o S 113
| 4.2.1 = Pressuré distribution Co. L .. . 113
(422 ‘Wa1'<e pressure and vortex shedding . . . . . . L. 118

423 'Aerodynamic coefficients . . I | .. 123
43 Numerical Simulation . . . . .-. S 1
4.4 Effect of Surface Condition of a Rotating Cylinder Coe .. 131
4.5 _Flow Visualization . . . . . . . . . . ST . .. 136

46  Summary . . . . . . . . . .. 139

"FLOW PAST REYCTANGULAR PRISMS WITH MOMENTUM
INJECTION . . . . .« .. ... ... ... ... ..... M

51  Preliminary Remarks . . . . . . . ... ... ... ... 14

5.2 Wind Tuﬁnel vInves'tiéation_. 142
521 Pressure distibution . . . . . . . . .. ... ... 14 -
5.2.2~Aer{od}'rnamic coefficients . . . . . ... .. .. 152
5.2.3 Wake pressure and Strouhal numbver ... 156

5.3 Universal Strouhal Number ... . . . . . . . . .. . . .. 160
5.3.1 Cbrrelatibn'between some"nbndimen_sio'ﬁ_al numbers . . . 160

5.3.2" Experimental conﬁrmétion. e .,164
54  Flow Visualization . . . . . . . . . .. . ... . ... . 164

5.5 . Summary .. ... 165

BLUFF BODY DYNAMICS. IN PRESENCE OF MOMENTUM -
INJECTION . . . . . .0 . o o I R 1

6.1~ Preliminary Remarks . . . . . . . . . . . . . . . .... 1l
- 6.2 Control of Vortex Resonance Tyf)e Vibrations . . . . . . . . 172

6.2.1 Mathematical description . S 172

vi




6.2.2 Suppression of the vortex shedding S 7. R N (¢

‘ ‘6.3. Control of Galloplng Type of Instability . . . . e 178
: 631 Crlterlon for determmlng the galloplng 1nstab1hty L. 179

6.3.2 Instablhty predlctlon based on static aerodynarmc tests . 184 .

. 6.4 Conﬁrmatlon Through Dynamic Experiments . . . . . . . . 188
| 6.4.1 Dynamical respose of the square prism R 189

6.4.2 Dynamic response of the D-section and the rectangular

prism . . ... ... e . 195
6.5 - Summary . . Cee L .. ,199
7 CLOSING COMMEII\‘IT‘S‘V: oL - ...... 200 -
7.1 SummaryofConclﬁsiéns.‘. ‘. e . 200
) 79 Suggestions for Future Research . . . . . . . . ... L. 202
REFERENCES . . .. ... . ... .. o s
APPENDICES
A INSTRUMENTATiON USED IN THE STUDY . . . . 226 :

B SINGULARITY ELEMENTS AND INFLUENCE

COEFFICIENTS . . . . . . .. ... .... L. 208
C  POWER CONSUMPTION'FOR THE MSBC . . . .. . . . 235
D DYNAMIC SYSTEM PARAMETERS . . . . . .. ... . 238

vil




LIST OF SYMBOLS

AR | aspect ’ra,t‘io of ';'he‘blu{}f body'z ll/ﬁl o
A, By, , Fj; inﬂuencev coefﬁcieqté |
Cp ‘rne‘_ar'l: pressure coeffféiént, (p — po;, )/(1/2)pV2
Cpp mean base pressure coefﬁcient. - |
Cp; " mean pres'su:re coefﬁc.ient at jt‘ile mid-pbiﬁt of the jth panel |
Cp drag coefﬁcient, Fp /(1/2)pI.)IU2. |
4 CL | lift=‘coeﬁciént ,“ HFL/('1~/‘2)'pDU2
Cy | laterai force 'cdéfﬁcier;'p, Fy / (1/2) pDV;?

CL/Cp  lift to drag ratio .

ICp| absolute value of the drag coefficient

|C’L|. . ab‘splut‘e value of ‘the'lift coefficient

c airfioil chord

D gil;a;racteristiF: dimension of the bluff body .

F - force |

Fp _ drag force

Fr, lift force -

wa lafe%;a,l forcg, (Fr cos o —|— Fp sin a)

Hi,;ﬂe, tc.)‘tﬁa_if pressure iris_idé ithe vsvfake\

Hoyter 'Atotal pressurelo'utsi.de thcvl wake

K’ : "p‘roportic})na.lity colnstantl;’ L ‘
M V -totél hufnber of ‘pa.nel.s descretizing each ‘ffe.aev vortex line’

Viil




st
St,p
Sr

SUa SL

- total number of panels descretizing the body for single element airfoil -

cylinder rotational speed’i_iﬁ pm
coefﬁciénfs of the polynomial expansion; i=1,3,5,7 ‘
characteristic radius of the bluff body, D/2

Reynelds number, UD/ .

- circumferential length along the contour of the bluff body

Strouhal number, fy D/U

Strouhal number based on the projected height horr_nél to the Zﬂdw, fvh/U -

- wake Strouhal 'ﬁumber,,fh’ JUp

lengths along the upper and lower ‘free vortex la.yeré’, respectively

freestream fluid speed - S -

" mean velocity at the edge of the bounda,ry_—:la,yer‘at_ sepdratidn

rotating cylinder surface speed
momentum iﬁjection parameter
nonc'li‘mensiona"l wind épged, U/wnh
veldqity at any point

_freestream fluid velogity _

relative wind ve_ldcity ;

critical wind speed necessary to initiate galloping

x-coordinate direction

nondimensional léngth along the chord of the airfoil

nondimensional transverse amplitude, y/wnhy

. longitudinal spacing between two successive vortices in a row-

X



Ab/a,
fo
fuo

h/

k1

1

Sy

Poo
g

Qinner

Qouter

r

Uy

lateral spacing between the two rows of vortices

vortex spacing ratio

. diameter of the rotating cy'liﬁder_

fréquency.

frequency of vortex shedding ‘

- structure natural frequency -

- projected height of the bluff body normal to the flow

distnace between two shear layers enclosing the wake

" height of the bluff body -

stiffness

base pressure parameter, | /1— C’pB. A

length of the bluff body ' .

structure mass per unit length

- mass parameter, ph?ll/2mv

vector denoting normal direction

" pressure at any point in the flow

freestream pressure

fluid speed'at the Jth panél

~ fluid speéd inside the wake.

fluid speed outside the wake
radius of the rotating cylinder, d/ 2
time

tranélationdl_speed of the vortex street




~

:,uw;  fluctuating velocity in the i** and j** dir_ebtions re'sp'e'ctively; ij=123
U, w. X,y components of the velb_éity due to a line Voft_ex

< u;u; > Reynolds stress

T surface velécity of thé rotafing cylinder '
- ug, wj' - perturbation velocity components at-t}l1e jt* panel
W circulér nz;tural fréqugncy; 2nf | |
Wn, . structure circular natural freqqency, 27 fr = \/m '
Wy | éircular freéueﬁéy of Vd.rt'ex shédding, 27 fy
oz  x-coordinate direction
Y * y-coordinate direc?/iqn'.
y1 initial vibration amplitude
Yo o vibration amplitude E.Lf>te‘r‘ @ gycles
r ‘ circulation strength of the point vortex
Te circulation strength'bf .:t‘he,vpoint x./ortex.
AH : decrease in the total pfessure in the wake with.resI‘)e(';t to thaf at infinity

%ACp % change in.the drag coeffcient

%ACL % change in the .lift coeffcient

Q. angulaf velocity ofthe £6tat.i11.g.'_cylindér
a angle of attack |
,B . n.ondiménsional damping éoeffcieht, r1/2mwy,
Y . vortgx strength :
v vort'e?c strength at thexith par}vei
6 | “ fraction of the orginql ,gircu_latiori ’surviv'ing the vortex formation

x1




61 | logarithmic decrement for the decaying vibrations, 1/[(n' — 1)in{y1 /yn)].

¢ - system dam'pi(ng ratiol
(s viscous damping ratio
¢ total effective damping ratio
777 v effciency of nibrﬁentum injéction
A ‘ vor‘tex' dissipatidn factor
v o fluid Viscésity
p - - fluid d(?nsity
.cr ' © source étrengﬁh
T nondimen;ionalized timg, wnt
9 N potentiai fuﬁc‘_cion for‘lfv,lh(‘a ideal, incompfessiblé fluid
oi generaliéed potential function

x11




1-1.

1-2

1-3

1-4

15

1-6

1-7

1-8

1.9

LIST OF FIGURES

Several examples of bluff body flows: (a) normal flat plate with a v_vide :
wake; (b) square section showing'separating shear layers, reattach_ment

bubble, wake and vortex shedding; (c) shear-layer reattachment on a long -

_ rectangular section and effect of aspect ratio on the drag T I

Schematic diagrams showing pr1nc1ples of: (a) vortex resonance; and (b)

galloping instabilities. Here:. 'St Strouhal number V, freestream velocity;

- V,, resultant veloc1ty, fv, frequency of vortex sheddmg, fn, natural fre- -

(-
quency of the system; F(a), force on the prism due to motion; v, transverse

displacement during v1bration e S '5
Some examples of the dev1ces used for the suppression of wind- 1nduced
oscillations. 9
Several applications of arotating cylinder to an aircraft wing: (a) boun‘dary-v
layer control function of a rotating cylinder flap; (b) high-lift leading-edge
rotating cylinder in combination’ with a droop nose; (c) high-lift rotating

cylinder in combmatlon withaslat. . . . .. . . . .. . ... 12

- The North American Rockwell OV-10A aircraft in flight demonstrating a

successful a.pphcatlon of the rotatmg cylinder as a h1gh 1ift device. 13 A
Schematic flow 1llustrat1ng development of circulation around a rotating
cylinder and the associated- vortex shedding into the wake. The circulation
around the circuit Cy embracing the wake l)ut .not the body must have
a positive value I'c. Therefore the c1rculat10n around a’'circuit Cg em-

bracing the body but not the wake has a negatlve value FC, as requlred

by the fact that c1rculat10n around the closed curve C must be zero.. 18

Veloc1ty profiles in the neighbourhood of separation (a) Wall movmg

| downstream; (b) wall moving upstream [65] A

,b A bluff body with a rotatlng cyhnder (a) streamhne patterns, (b) pressure

distribution; i) , no rotation, ii) - , with rotation. :© 20

_Applications of the Moving Surface Boundary-Layer Control (MSBC).pro-,

X111




1-10

1-11

2-1

9.9
9.3

24

25

2-6

2.8

2.9

2-10

- 2-11

‘eedure‘;’..j'(a) airfoil type geometries; (b) ‘bluff bodies such as a flat ‘plate

at a large angle of attaek' rectangular prisms; and tractor- trailer truck
configurations. Boundary layer control and the assoc1ated drag reductlon
through fence type tr1pp1ng dev1ce is also 1nd1cated Coe e 2T
The MSBC concept presents an exmtmg poss1b1hty of appl1cat10ns to next
generat1on of civil englneerlng structures such as brldge towers and. super-
tallburldmgs e T e . T .29

A schematlc diagram showmg the scope of the 1nvest1gat10n ... 43

 Bluff body geometr1es,_ without and with momentum injection, consid-

ered for investigation:l (a) schematic 'diagrams; "(bl) 'ph‘otograph of the -
Joukowski airfoil model; (by) photograph showing details of the pressure

‘taps and pressure conducting tubings; (c) D-section and rectangular prism,;

(d) square prisrnvand_ the dynamical test rnodel.". £
Detailed schematic of the rotating cylinder and drive mechanism. . 51

Schematic diagram showing details of the pressure taps near the rotating

element. . . e 52

A schematic‘diagram of the low; speed, low turbulence, closed circuit wind

‘tunnel used in the test -program. . . . . . . . . . R 54
Exper1mental set- up for static aerodynarmc investigation. - ... 55
Construct1onal details and calibration plots of the disc. probe L. BT

Instrumentatlon layout for vortex shedding frequency and fluctuatlng pres- ‘
sure measurement . .. oo oo .. 58
Rotatmg -cyhnders with three different types of.surface condition: (a)
schematic diagram; (b) photographs showing details. . . . . . 60

A schematlc dlagram of the dynamlc experiment set- up 1nvolv1ng the W1nd

‘tunnel, test-rig and data acquisition system. . . . . . .. . . .. 62

A three dimensional view of the light weight balsa wood model utilised

fordynamlcexperlments I S . .. 63

A schematlc dlagrarn of the closed circuit water channel fac1llty used in the-
flow V1suallzat10n study. Sl1t lighting was used to minimize distortion due

to three d1mens1onal character of the flow. Long exposure provided. path-

Xiv.




212
2-13°

. 2-14-

3-1
3-2

3-3

3-5

3.6

3-7

3-8 .

-39

lines vxrith.ployVinyl chlorideiparticles seri/ing as tracers. The dirnensions
areinmm. . . . . . .. . C [ ... . 65
An arhirtrary two dimensional body. . . . . . . ... L 69

Numerical panel formulation descrihing, (a) single element con‘ﬁgurationb- o

and, (b) multi-element configuration. . . . . .. .. ... .. T2
Nurnerlcal modelling of a rotating cylinder using a line vortex P A
Numerlcal algorithm for the panel method. . . . . o . . . o0 81

Experimentally obtained lift coefficient for the Joukowski airfoil in pres-
ence of momentum injection: (a) smooth leading-edge rotating cylinder;

(b) rough cylinder; (c) sphned cyhnder P - .. 84

| Experimentally obtained drag coefﬁ(:lent for the J oukowski alrfoﬂ in pres—

ence of momentum injection: (a) smooth leading-edge rotat1ng cylinder;

(b) rough cylinder; (c) splined cylinder. . . . . . . .. . . . 87

Experlmentally obtained lift / drag ratio of the Joukowsk1 airfoil in pres-

ence of momentum injection: (a) smooth cylinder; (b) rough cylinder; (c)

splined cylinder. ~. . . . . . . . . ..o o 88"
Varlatlon of Cp, Wlth Cp for the Joukowski “airfoil in presence of mo-
mentum injection: (a) smooth cyhnder (b) rough cyhnder (c) sphned

cylinder e e s s e, 8

A comparative study showmg the effect of cylinder surface durlng momen-

tum injection on the variation of: (a) C’L with «; (b) CL/C’D With
a90
A comparative study showing the effect of surface roughness_and mormen-
tum injection on theilift coeflicient atvhigh angles ‘Of‘ attack. . . . 91
Effect of momentum injection with the splined surface cylinder on the
variation of Cp with a. The smooth cylinder results are also presented to

serve as reference. . . . . .. . . . o000 o o0 o o000 93

Experirnentally obtained pressure distribution for the Joukowski- airfoil

with the MSBC provided by a smooth surface cylinder: (a) & = 5° ; (b)
o =10°; (c) @ = 15% (d)a—20°;(e)a—30° () e =40° . . 95

Cornparison of the numerically obtained pressure distributlon W1th the

XV




3-11

3-12

3-13

3-14

3-15

3-16

4-1
4-2

4-3

4-4

| experlmental data for a- Joukowsk1 airfoil with the MSBC: (a) o = 5° ;
,(b)a_10°()a—15°'(d)a—20° PP °
'Comparlson between the results obtained through the single and two el-

' ernent numerlcal panel formulations in presence of the MSBC: (a) e =
' 10° Uc/U = 0; (b) a =10° Ug/U = 1. The expernnental data are also
- 1nc1uded e : . . . . 100

Cornparatlve studles of pressure plots in’ presence of the MSBC: (a) at-

“tached versus separated flow solutions for a sirgle element formulation; -
- (b) corresponding results for the two element airfoil. The experimental
‘ 'data are also included. . . R EEEEE e 1

‘Relative perforrnance of the attached and separated flow models as apphed

‘to the two element airfoil:(a ) o = 20°, UC/U =2;(b) = 20?, UC/U =

Ao e 2

Numerically obtained lift coefﬁcient as cornpared to the eXperirnental data

for a Joukowskl airfoil in presence of the MSBC. . . . . . . . 104

Iteration characteristic and convergence of the wake shape for a flow past
the Joukowski airfoil in presence of the MSBC. The results were obtalned.
using the two element separated flow nurnerical model. . . . . . 105
Effect of numbeér of panels on the convergence accuracy of the' numerical
scherne'. . 1:06
Representative flow visualiZation pictures showing, rather 'drarnatic_ally, :
effectiveness of the boundary-layer control through rnernentum injection

The observed results compare well with the delay in separatlon predlcted

.bythepanelcode.()a—15° (b)a—45° ... .. ... 108

The 38 storey Prince Hotel in Otsu, Japan; height 137 m. .. . . . 112

Surface pressure plots for the D-section showing effects of the angle.of'

',attack‘and momentum injection a = 0- 30" 40° 75°, 90°- 1‘80° S 114

Effect:of three different modes of momentum 1nJect10n on the surface pres—

sured1str1but10nata-90° e e s 119

© Wake pressure and the Strouhal number for the D- sectlon as affected by |

‘the momentum injection. . . . . . ..o 000 0L 122

xvi




4-5

4-7

4-8

4-9

4-10
4-11

4-12

4-13

5-1

5-2

5-3

' Drag and 11ft characteristics of the D- section as affected by the momentum

1nJection e e 19s
The effect of three dlfferent modes of momentum 1nJect1on on the drag
coefﬁc1ent of the D- section as a function of angle of attack. . - . . 126 -

Comparison between the numerlcally and experimentaﬂy obtained' pres-

sure plots for the D-section.plNote, the numerical scheme accurately pr’e’—A

dicts presence of large suction peaks, as well as rise in the wake pressure

in presence of momentum injection’ a'=0,10°,20°,30° . . . ... 128

- Numerical simulation data showing the effect of momentum injection: (a)

drag coefficient; (b) wake geometry as represented by the ‘free vortex

Clines’. . L. . L. .v C ‘. . . 130

Effect of cylinder surface condition on: (a) drag coefficient; (b) wake pr,efs—.‘
sure132
Effect of cylinder surface ro‘nghnes‘s on:(a) lift co-efﬁcient; (b) lift /drag |
rabio. . .. . 183
Effect of cylinder snrface characteristic on pressure distribution over the

Dsect1on(a)a—0 (b)a—45" el 7. . ..1.34‘_

Flow visualization photographs showing effectlveness of the Moving Sur-

face Boundary-layer Control (MSBC) as a.pphed to the D section. Note,
at Uc /U = 4, the fluid motion tends to approach the potential
character. R PO .1

Effect of momentum injection on the characteristichfeatures of the wake

“and the shed vortex system, as inferred from the flow visualization

study. . ... . L. e CTe .,....1138

Surface pressure plots for the rectangular prism shoviring effects of the
angle of attack and momentum injection: a =0, 15°, 30°, 45,"1 75, 90°,
10551135",180". CE e .v .. Ce e 143A
Surface pressure plots for the sqlia,re prism as affected by the angle of -
attack and momentum injection: o _ 0, 20°, 45°, 75",‘9(»)", 105°.. . 147
Effect of reversing the direction of upstream cylinder on the surface pres-

sure distribution at o = 90°: (a) rectangula,r,prism; (b) square

xvil




55

5-7. .

5-8

5.9

5-10

511
5-12 -

6-2

63

6-4

" Drag and lift . characteristics of the rectangular prism as affected 'by the

momentum injection. .. . . .. . . . .. . o154
The drag and lift characteristics of the square prism as affected by mo-

mentuminjection N 11

Effect of momentum injection on the wake pressure and Strouhal number _

of the rectangular prism. S R 158

- Variation in the wake pressure and Strouhal numbér for the square prism

as affected by the momentum injection. . A 11

Effect of the angle ot attack and bluff body geometries on the universal

- Strouhal number Su: (a) no momentum injection; (b) with momentum

inj‘ection...v._......‘.......'........163

Effect of momentum 1nJect10n on the characteristic features of the Wake

" and the shed vortex system assoc1ated with the rectangular prlsm (AR =

0.5) as observed during the flow v1suahzat10n study S . . .. . 166

 Flow V1suahzat10n pictures showmg effect of the- momentum 1nJect10n on

the wake of the square prism at o = 15". . ‘. N (1
Flow visualization pictures for a square prism at « = 90°. . . . . .‘168
A sch'ematie d{iagram’showing possible strategies of momentum injection
for a rectangular prism undergoing a change in the angle of attack. 169

Schematic diagram showing a bluff structure experiencing vortex excita-

tion: (a) physical model; (b) variation of vortex shedding frequency and

_re.sonance; (c) phase space representation of the dynamical model. . 175

Power spectral representation of the wake pressure showing reduction in
the strength of the shed vortex in presenee of the momentum injection:
@) Uc/U=0; (D) Uc/U=1,2 . . oo . 11T
A bluff structure experiencing galloping and the criterion for _
instabiliby. .. . . . ... .. 180
(a)Inﬂuence of the momentum injection on the’ lateral force coefficient
for_the D-section. The criterion for galloping instability is dCy/de > 0.

Note a marked improvement in the stability with the momentum injection

xviil




6-5 -

6-6

6-7

6-9

(Uc/U = 4); (b)AThe"re'ctangulaar"prism is neutrally stable (dCy/da = 0)
for o S 20° in absence of momentum injection (Uc /U = 0). The stability
is significantly _imprpyed (dCy /'d_'a;< 0) with the cylinder rotation (Ug/U
=2, 4); (c) The square prism- is unsfable (dCy/da > 0) for & < 5°in
absence of momentﬁm injection (Uc/U = 0) With the cylinder rotation
(UC/T‘J% = 2, 4) the stability 1s restored cor;ipletély (dCy /da < 0). . 71'85 '
Dynamic response of ‘th.e' square prism without and with symmetric 'm'd-
mentum injection. Note t‘he presence of both Vortexiresonance and gal-
loping in absence of the mormentum inj.'ectio'n (Uc/U =.0). The square
pris’m"b'ecornes_ completely stable in 'preséﬁce of vthé moméntufn_injéctibn
assmallaasUc/U:-l..'. e .. 190
Effect of an increése in damping on the :dynamic response of the square
prism without and With-symmet;ip momentum injection:. Note, a signifi-

cant reduction in the amplitude, particularly in galloping, in presence of

the momentum injection. ‘As before, the stability is restored for Ug /U =

Effect of asymmetric momentum injection on the dyﬁamic response of
the square prism at various «wind'speeds. .Note; it becomes necessary to
increase the asyrffmetric momentuﬁl injection to at lea,st:' Uc/U =1.5 to

restore complete stability. . . 103

Schematic diagrams shoiwing» dynamics of bluff bodies in the extended

parameter space (Y, Y,V, Uc/U) (a) an.unstable bluff structure displays |

both the vortex-resonance and galloping in absence .of the momentum

injection (Ug /U = 0). Stability is completely restored with small amount

of momentum injection (Ug/U = 1); (b) increase in the system damping !
affects the critical wind speed and system amplitude. . . . . . . 194

Effect of direction of the momentum injection on.the galloping instabil-

ity: (a) for V' > V¢, an inherently unstable system can be stabilized by

momentum injection in the right direction (b) galloping instability at sub- .

critical wind velocity (V' < V) under-adverse direction of the momentum

injection (Ug/U < 0).-. . v oo v ce oo .. 196

Xix




6-10

6-11

B-1
B-2
B-3
B-4

- C1

D-2

D-3
.. D-4

o Dynamic response of the D-section as affected by the momentum injection.

The‘DA—section experiences vortex-resonance, but is stable in galloping.197
Effect of momentum injection'on the galloping instability of a rectangula.r '

prism (AR 0. 5) at a = O Note the prism experlences Vortex resonance,

- but is stable in ga.llopmg ol 108
‘An infinitely long vortex ﬁlament . e . 233
i-th panel W1th constant vortex dlstnbutlon [ L. 233
Reference coordinate system.. . . .. . . .. . . ... .. . 9234
i-th panel with linear vortex distribution. : . . . .. . .. 234

Experimentally measured power consumption of a momentum injection °

rotating cylinder. . . K X £
Amplitude vs. time history'_ of the bluff bod}'t model (square-section) un- -
dergoing free vibrations. . . . . . ... . . : .' . L 240
Natural frequency of the tnbratlng bluff body (square- sect1on) as obtained

through the FFT analy51s of the amphtude VS.. tlrne dlagra.rn L 241 R
Calibration of the dlsplacement transducer. . . Coe e . 242

Calibration.of the spring used for the" dynamle- test set—u-pj ... 243

XX




Table 3.1

“Table 3.2

Table 3.3

Table 4.1
. Table 5.1

Table 5.2

Table 5.3

Table 5.4

7 .LIST OF TA’BLESV '

Comparative performance of thé three rotating cylinders in terms of
the maximum lift c_oéfﬁcier# and the sfa.ll angle for Uc /U =3

and 4. . .. ... ... .... 8
Average values of dCr/da for three rotatmg cyhnders .. .. 8
Average values of dC./ da as affected by the cyhnder surface condltlon
and rate of momentum injection. - . . . ,' R Ce L 86

Drag reduction with momentumbinjecti(:)n. R DL

* Drag reduction for the rectangular prism with the momentum ihjectioh

at various a. . . . e e e S . 182
Change in the lift of the- rectangular prism with the momentum 1nJec—

tion at various c. . . . . .. . ... .. .. O £ %

" Drag reduction for the sﬁudre prism with the momentum injection at

various @. . . ... ... 153 - .

Change in the 1ift of the square f):ism with the momentum inj'ecfion at-

various @. .. . . oo .. ... I 2

© XX1




N

ACKNOWLEDGEMENT .

Here I'wish to express sincere 'appreciation to-those who directly or indirectly

helped me, while I was involved with the present research

First and foremost I would like to thank my supervisor, Prof Vinod J. Modi, ..

for all that he has done for me in last ﬁve years His invaluable insight and techmcal
 advise has been the guiding sp1r1t beh1nd th1s research. I have also imbibed: from him

" the art of better orgamzatlon and presenta.tlon Those frlendly discussions on world
affairs provided useful balance to the academlc pursult as a graduate student.

T wish to thank Dr. Cautam Bandyopadhyay (IIT Kharagpur, Indla) for
helpful discussions (iuring develof)ment of the rlurnerica.l code when he spent one year
as a research associate in our groupi in 1991-92. Iam also g_rate'ful to Prof. Toshio
Yokomizo for makiné available’the 'excellent flow visualization facility at the Kanto
Qakuin University,‘ Japan. Special thanks go to Mrs. Kyoko Yokomizo for arranging

| several sightseeirlg trips lWh'ich made ‘my stay in Jar)an an unforgettable experience.
' Commehts of the committee mernbers Prof. Tan Ga.rtshore,vProf.t" Sander Calisal and.
Prof. Mlchael Qulck are gratefully acknowledged.
- 1 wish to extend my appreciation to Mr. Tony Basm Mr. Ed Abel and Mr.
| John Rlchards at the- depa.rtment workshop for fabrlcatlng the bluff body models as
. Well as the experlmental set-up. A

Of course, I ‘cannot overlook my past and present colleagues and friends,
Satyabrata Pradhan, Mae Seto, Anant Grewal, Spiros Kalantzis, Mathieu Caron, -
Gary Lim, Mark Chu, Shinji Hokamoto, Itzhak Marom, Yuan Chen, Kh'an'_Muneer,

Zhiyong Ma ﬂarry Mah, Afzal Sﬁleman P Alfred Ng, Oliver Ying”, ‘Simon St.Hill An-
drew Dobric, Faqurrudin Karray, Nagaraja Rudrapatna, and Dlpak Ghosh who made '
my stay at the UBC a memorable one. | ‘

The investigation reported here Was sﬁpported'by the Natural Sciences and

. Engineering Research Council of Cdnacla, Grant No_. A-2181.

xxii




Bl

Dedicated to my parents;

whose affection and guidance have always motivated me

xxiil




1. INTRODUCTION

1.1 Preliminary Remarks

Fluid dynamics of bluff bodies, of varying shapes, has been a subject of con-
siderable study ever since the pioneering contributions by Strouhal [1], Prandtl [2],
Karman [3], and others. The concept of the boundary-layer waé first introduced by
Prandtl in 1904. Ever since, engineers and scientists have tried to minimize its ad-
verse effects and control it to advantage. Delay of the wing stall to high angles of
attack, as well as increase in lift and reduction in drag of aircraft have been of c;m—
siderable importance to the aeronautical industry. Rise in the fuel cost and growihg
environmental awareness have led to design of energy efﬁcient road vehicles such as
cars, buses, trucks, etc. Furthermore, wind effects on bluff structures may lead to

vortex resonance and galloping type of instabilities.

Flow-induced vibrations of tall buildings, bridges, smoke-stacks, air traffic con-
trol towers, transmission lines, etc. have been reported frequently‘ by the engineering
industry. Collapse of the Tacoma Narrows Bridge in U.S.A. in 1940, due to torsional
instability, is a well known gxample. Tall buildings have been known to oscillate at
low frequency (< 1 Hz) and large amplitude. Recent advances in material science
and computer aided design have led to structures with redu.ced stiffness making them
prone fo wind, earthquake, és well as ocean waves -a,nd current excited osc—illations..
The twenty first century would witness super tall Buildings (> 1000m) and extra long
span bridges (> 2000m), as pointed out by Kubo et al. [4,5]. A vast body of literature
accumulated over the years has been reviewed byi several authors including Wille (6],
Marris [7]., Morkovin (8], Parkinson [9], Cermak [10], Welt [11,12], and Modi et al. |
[13].

Streamlined objects such as a thin airfoil aligned with the flow suffer little flow




separation, have negligible wake and the drag is primarily due to viscous skin friction.
In contrast, a bluff body immersed in a fluid stream exhibits flow separation resulting
in a wide wake downstream. A large contribution to the drag can be ascribed to the
presence of a signiﬁcanf difference in pressure ‘between the freestream and the wake.
The wake in general carries vorticity, is turbulent and persists for many diémeters
downstream of the body. At low Reynolds numbers and depending on the shape
as well as orientation’of the body, the shear layers separa.tingl from the toi) and
bottom surface roll-up to form alternately shedding vortices resulting in the well-
known Karman vortex street. In the case of a bluff body with sharp corners (e.g. a
rectangular prism) location of the bounda.ry-la}.rer separation is fixed, but for a body
with curved surface, as in the case of a circular cylinder, the point of separation
is sensitive to changes in the Reynolds -number. Figure 1-1 illustrates some typical

examples of bluff body-flows.

Flow past a circular cylinder [14,15] is a good example illustrating the fluid
dynamical phenomena associated with bluff bodies. .At a very low Reynolds number
(Re < 1), the flow is purely viscous and the wake is absent. For 5 < Re < 15,
an attached symmetric pair of Foppl vortices appear in the immediate vicinity of the
cylinder. As the Reynolds number is further increased to around 40; there is a laminar
separation of the shear layers and periodic vortex shedding initiates. The shed vc;rtices ‘
remain laminar up to Re & 150. A transition to turbulence in vortices occurs for.150
< Re < 300. The Qortex street becomes fully turbulent as the Reynolds number
increases further (300 < Re < 3x10%). Around 3x10° the boundary-layér undergoeé
laminar to turbulent transition and becomes fully turbulent at Re ~ 3.5 x 105. Now
the wake narrows significantly, is disorganized, and there is a sudden drop in the total
drag force. For Re > 3.5 x 10° the turbulent vortex shedding is re-established and

the wake widens with a gradual increase in drag, which reaches a stationary value at

some higher Reynolds number.
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Figﬁre 1-1 Several examples of bluff body flows: (a) normal flat plate with a
wide wake; (b) square section showing separating shear layers, reat-
tachment bubble, wake and vortex shedding; (c) shear-layer reat-

tachment on a long rectangular section and effect of aspect ratio on
the drag. '



The portion of the bluff body lying inside the \;vake is referred.to as the
afterbod'y. In the normal range of the Reynolds number of engineering interest
(10® < Re < 10®), a bluff body experiences significant vortex shedding. This cre-
ates time-dépendent pressure distribution on the top and bottom faces of the body
resulting in a fluctuating transverse force. If the frequency of the vortex shedding co-
incides with the natural frequency of the structure it expériences resonance, a forced

vibration phenomenon (Figure 1-2a).

The vortex shedding from a bluff body is mainly a two-dimensional phenomena
but the shed vortices are not g@@i@en}iorﬂalw[lﬁ]. Hence spanwise effects play an
important role in real-life slender structures which may be considered essentially two-
dimensional. As noted by Bearman [16], oscillation of a bluff body dramatically
alters the vortex shedding process. The oscillations provide a means for coupling the
flow along the span of the body, which is reflected in a higher spanwise correlation
of various physical quantities (e.g. pressure fluctuations). The body motion is also
responsible for the capture of the vortex sheddin fréquency by the body 'frequency
bver a certain range of fluid velocity, known as frequency ‘lock-in’. In fact, in case of
an oscillating square prism, the vortex formation process is comprised of the Karman
vortex street as well as a second wake vortex systein created by the transverse motion
of the body [17]. Thus, the term ‘lock-in’ is usually applied to the the region where
there is a strong magnification of the body-frequency signal at the expense of the

Strouhal signal.

In-line oscillations have also been observed for structures immersed in a dense
fluid (e.g. water). Here the frequency of vibration is twice that of the transverse case.
For a circular ;ylinder, the vortices are first shed in symmetric pairs and the familiar
Karman vortex street develops further downstream [16]. Ocean engineering structures

(e.g. off-shore oil explorétion rigs) are more susceptible to in-line oscillations.

As against the vortex resonance, galloping is a different form of instability




Figure 1-2

C/:R‘TEX SHEDDING

FREQUENCY, f,

VORTEX RESONANCE, fy =T

STRUCTURE NATURAL
FREQUENCY, f n

' v o

Schematic diagrams showing principles of: (a) vortex resonance; and
(b) galloping instabilities. Here: St, Strouhal number; V, freestream
velocity; V-, resultant velocity; fv, frequency of vortex shedding; fn,

natural frequency of the system; F(a), force on the prism due to -
motion; y, transverse displacement during vibration.
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referred to as the self-excited oscilldti(')ns. It is exhibited By only a certain family of
‘bluff body geometries (e.g. a square prism). Here the excitation force depends on the
motion itself. The amplitude of oscillation grows until the rate at which the energy
is extracted from the fluid stréam balances the rate at which it is dissipated by the
system (Figure 1-2b). In the quasi-steady théory proposed to study the galloping
motion (18], the excitation force is approximated through a nonlinear negative damp-
ing term in the equation of motion. The theory assumes that the bluff body, at any
instant during the galloping cycle, experiences the same lateral force as -that: when
held stationary at th;e same angle of a.i;tack. In galloping, the plunging amplitude
could be very large under certain circumstances. A classical example is the gallop-
ing of ice-covered transmission cables in an extremely-cbld weather. A bluff body
could also undergo galloping in the torsional mode. In general, experimental results
have compared well with prediction of the quasi-steady approach. Another interest-
ing form of self-excited oscillatic;n is flutter, a multidegrees of freedom phenomenon
which requires phase difference between the system’s géneralized coordinates for en-
~ ergy dissipation.

One of the important shape parameters of a bluff geometry is the afterbody
length. A section with a relatively short afterbody (e.g. a D-section) is generally
stable in galloping. Those with somewhat la,rger.a,ftergodies (e.g. a square and rect-
angular prisms) would gallop; but the am;ﬂitude decreases as the afterbody becomes
longer. Stability is restored for bluff bodies with an aspect ratio (length/ height ratio,
I1/h1) of 3 or more [19]. Irrespective of the afterbody sh'a,peA, all bluff bodies ex-
perience vortex-excited oscillations. Furthermore, the aeroelastic behaviour of bluff
bodies is significantly affected by the geometry of the cqrnérs. In a study by Bokaian
and Geeola [20], it.was found that the galloping vibrations of a square section were

sensitive to the ratio of corner radius to body dimension. An increase in the rounding

radius made the square section less suscgptible to galloping instability; and beyond a




critical value (0.318) no vibrations could be detected.
From the structural dynamics point of view, respon'se of a slender elastic body ,

is determlned by the various v1brat1on modes involved in the motlon Furthermore :

'be51des Reynolds number and body shape the bluff body ﬂows are also mﬂuenced

by factors such as surface roughness, presence of turbulence in the approaching fluid

- streamn and interference effects due to neighbouring structures. ‘A bluff ‘body which..

behaves as a soft. os‘cillatorina smooth flow becomes less susceptible to ga_.lloping

. instability as the intensity of .turbu_lence is increased [21]. In the same vein, a hard

oscillator tends t’o become rela’tively.soft.'

Widespread occurrence of wind ‘induced. instabilities of structures with the -

'assoc1ated problems of comfort and structural damage have forced engmeers to pre-.

~dict and suppress these vibrations i in advance A common approach to control w1nd

1nduced 1nstab1ht1es is to modlfy the ﬂow ﬁeld This has led to the de51gn of he-
hcal strakes, perforated shrouds, slats and s1m1lar dev1ces as shown in Figure 1- 3

They contribute to aerodynamlc dampmg Strakes have been frequently 1nstalled on

stokestacks and ocean based structures, although the associated increase in the drag‘ »

is a limitatiOn The effectiveness of helica‘l -Strakes ‘have been ﬁk_riown todetériorate

* with an increase in 1ntens1ty of turbulence [22] Structural response to wind excita-
.tlon is also quite sensitive to the damp1ng ThlS has led to the de51gn of a Var1ety of

energy d1531pation devices such as tuned mass dampers, -hydraullcdashpots 1mpact

dampers, etc. (Figure 1-3). Approx1mately 3- 4% of the structure weight is necessary :

i for such devices to be effectwe Of course, there s a limitatlon as. to how large the
‘welg_ht could be as the structure grows taller. For example '[23], the _60 storey‘ta‘lli

- John Hancock Tower Building in Boston, U.S.A., requires two 300 tonnes concrete

blocks (one each for two orthogonal directions) for effectlve v1brat1on control at a
cost of US$ 3 million (in 1975) Slmllar dampers have also been installed on the

110 storey World Trade Center Towers, in New York, U.S.A. In the same category



of passive‘ devices belo,ngs:arelativel'y simple‘concept involving, sloshingiof.a liquid
vvithin a closed container. ‘;I‘he dissipation of energy takes place through the action of
v1scous and turbulent stresses assoc1ated W1th wave breaklng The presence of a free
surface permits 31gn1ﬁcant wave motlon of the sloshing llqu1d An ax1symmetr1c torus

shaped. container filled with liquid, known as nutation damper, has been studied by

- Welt and Mod1 [24,25]. As the frequency encoun‘tered'in wind. induced fos’c'illations"‘ B
of a large structure 1s us‘u‘ally less than 1 Hz, the nutation damper is ideally suited

“to. th1s class of .problems. Generally a large array of nutatlon darnpers (Where each -

damper isa fractlon of a meter in d1mens1on) stacked in a'modula_r fashion, are'used

in' real-life structures. Nutatlon d‘ampers have been succes‘sfullyr-installedVin Japan

26,
Apart . from the passive control, there is yet another class of | act.ive devices

requlrmg a supply of energy for their operatlon Boundary layer suctlon or blowmg

fall in th1s category These concepts are more sultable where an apprecrable boundary- |

layer growth occurs. In case of bluff bodies, hke a rectangular prism, there is no

s1gn1ﬁcant growth of the. boundary layer and the ﬂow separates at the top and bottom =

_edges of the front face. In thls s1tuat1on appl1cat10n of the Mov1ng Surface Boundary- '

layer Control (MSBC) appears quite prom1s1ng [5] As the name 1mphes a portion of

'the body-surface exposedto the flow is moving and thus ‘1mparts tangentlal velocity

to the approachmg fluid. Tl.’llS 1nJect10n of momentum helps in keeplng the flow
attached to-the surface in the region of adverse pressure gradient. It could result in

a substant1al 1ncrease in lift, reductlon in drag and ass1st in suppress1on of the flow-

~induced v1brat1ons Extenswe stud1es of the concepts like boundary layer suctlon

blowmg, vortex generators turbulence promoters etc have been carrled out over

the years. An 1ndepth review of the subject has been presented by Goldstein [27]’

Lachmann (28], Rosenhead [29] Schhchtmg (30], Chang [31] and others Desp1te the

spec1ﬁc recommendatlons by the Assoc1ate Comm1ttee on Aerodynamlcs appomted
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Figure 1-3 Some examples of the devices used for the suppression of wind-

induced oscillations.




by the National Research Council [32], the subject of moving surface boundary-layer

control has received relatively little attention.

The astute mind of Newton [33] was probably the first to notice the effect of
spin on the trajectory of a ball without any inkling to its cause. At least twé centuries
elapsed before Magnus [34] applied the concept of a rotating cylinder to generate lift,
replacing the sails of a ship. Further details on the ‘Magnus Lift’ concept Are a,vaila}'.)le
in the reviews by Swanson [35] and Iverson [36]. Prandtl [37] demonstrated his “ship
of zero resistance” in 1910', which had two >counter-rota.ting cylinders. F letfner [38]
'in 1924 applied the priﬁciple to the ship ‘Bachaw’ for propulsion. Goldstein [27]
demonstrated the use of a rptating cylinder at the leading-edge of a flat plate as
a boundary-layer control device. Favre [39] applied the ponéept to an airfoil by
replacing the upper surface with a belt moving over two rollers. The airfoil achieved

the maximum lift coefficient of 3.5 with the stall delayed to 55°!

No significant research on the concept of the MSBC was reported between
1938-'60. A renewed interesf in the subject is indicated through contributions by
Alvarez-Calderon [40,41] who reports a successful application of leading-edge rotating
cylinder ﬂdp to generate high lift for STOL-type aircraft. Flight tests were performed
on a single engine high. wing research aircraft designed by the Aeronautics Division
of the Universidad Nacional de Ingenieria in Lima, Peru. He also suggested possible

[

application of the rotating cylinder for an aircraft wing (Figure 1-4).

During the same period Brooks [42] presented his teéts on a hydrofoil with a
leading or trailing edge rotating cylinders. Between the two configurations, the latter
was found to prbvide a substantial gain in the lift. The primary motivatibn behind
this research was the improvement in fin performance for torpedo control. Sfeele and
Harding [43] #pplied a rotating cylinder to a ship rudder to increase its manuever-
ability. Force measurements and flow visualization studies were carried out using a

water tunnel and a large circulating water channel. Three different configurations of

10




rudder were used. The rotating cylinder :
(ij in isolation;
(ii) at the leading edge of a rudder;

(iii) combined with a flap-rudder, the cyiinder being at the leading -

. » ~ edge of the flap.

From the overall consideration of hydrodynamic performance, mechanical complexity
and power consumption, the configuration in (ii) was preferred. An application to
‘a massive tanker (250,000 tonnes) showed the power requirement for 1 m diameter

cylinder rotating at 350 rpm to be around 400 kW.

Flight tests were also performed on the North American Rockwell’s OV-10A
by NASA’s Ames Research Center. The leading-edge of the flap was replaced by
a high speed rotating cylinder developed by Alvarez-Calderon [40,41]. The flight
test program was designed to assess handling qualities of the propeller-driven STOL-
type aircraft at higher lift coefficients. The aircraft was flown at a landiﬁg speed of
29-31 m/s, with-an approach angle of -8°, corresponding to a lift coefficient of 4.3.
The pilot’s report suggestéd that any further decrease in the approach speed were
limited due to the lateral—direétibnal stability and control characteristics. Exceﬂent

photographs (Figure 1-5) of airplane on ground and in flight have been published in

the Aviation Week and Space Technology [44,45].

As evident from the discussion above, the use of a rotating cylinder was so far
targeted at specific applications and few attempts were made to study the underlying
fluid mechanics involved. An effort was made by Tennant in 1971 to assess the
effectiveness of a rotating cylinder as a boundary-layer control device when applied
to a diffuser with a step change in area [46,47]. The diffuser incorporated rotating
cylinders to form a part of its wall at the station of the area change. Preliminary

experiments were conducted for the area ratio up to 1:2.5, which showed no separation

11




WEAK BOUNDARY LAYER

REENERGIZED
BOUNDARY LAYER

HIGH SPEED POSITION _-AIR FLOW

N\
N\
\ B
X1
/7
{
\\
(b) HIGH LIFT POSITION HIGH LIFT
POSITION
Figure 1-4 Several applications of a rotating cylinder to an aircraft wing: (a)

boundary-layer control function of a rotating cylinder flap; (b) high-

lift leading-edge rotating cylinder in combination with a droop nose;

(c) high-lift rotating cylinder in combination with a slat.
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The North American Rockwell OV-10A aircraft in flight demonstrating a successful
application of the rotating cylinder as a high-lift device.

Figure 1-5



for appropriate moving surface to diffuser inlet velocity ratio. Tennant et al. [48] have
also conducted tests with a wedge shaped flap having a rotating cylinder as the leading
edge. Flap deflection was. limited to 15° and the critical cylinder velocity nécessa.ry
to suppress separation was determined. Effects of increase in the gap-size (between
the cylinder aﬁd the flap surface) were also assessed. No effort was made to observe
the influence of an increase in the cylinder surface velocity beyond Uq /U =1.2 (Ug
:‘cylinder surface velocity, U = fre“e stream velocity). Subsequently, Tennant et
al. [49,50] have reported circulation control for a symmetrical airfoil with a rotating
cylinder forming ifs trailing edge. For zero angle of attack, the lift coefficient (Cp)
of 1.2 was attained with Ug/U=3. Of interest is their study concerning boundary-
layer growth on moving surfaces accounting for gap effects [51]. Ericsson [52] has also

reported use of a rotating cylinder for boundary-layer control on an aircraft wing.

Modi et él. [53-60] were the first to generalize the concept of a rotating cylinder
as a versatile boundarj—layer control device for diverse appiicatidns such as high-lift
airfoils, drag reduction of static as well as moving bluff bodies, control of wind induced
instabilitiés of civil engineering \sfructures, reduction in snow deposition over a roof,
suppression of wave and current induced oscillations of offshore piatforms and marine
risers, etc. Mokhtarian and Modi [55] have studied, in a comp.rehensive manner,
application of the Moving Surface Boundary-layer Control (MSBC) with reference to
two-dimensional Joukowsky airfoils having one ér two cylinders acting as momentum
injecting elements. A Joukowski airfoil fitted with a rofating cylinder on its upper
surface near the leading edge resulted in an increase in the lift coefﬁcient by 200 %
with the stall angle delayed to 48° . Asa further application of the MSBC concept at
a more fundamenta.l'levvel, a flat plate a,n(’i several rectangular prisms with momentum
injection through rotating cylinders were also studied. A drag reduction of about 75 %
was achieved for a normal flat plate with twin cylinders, one at each edge (Uc /U = 3).

Wind tunnel tests on a tractor-trailer truck model with a rotating cylinder at the top
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leading edge of the trailer resulted in a significant drag reduc{:ion of about 26 %.
Flow visualization pictures for the flat plate with the MSBC revealed considerable
narrow}ng of the wake at a cylinder épeed of about Ug /U = 3. Even for a Joukowski
airfoil at a high angle of attack (25°), the momentum injection corresponding to
Uc /U = 4 was successful in making the flow essentially potential (no separation). A -
preliminary analysis of the 'power requirement for a rotating cylinder suggested that
the benefits of drag reduction would easily outweigh the energy demand. This fact
is also confirmed in the report by.Brown [61] on the application of a leading-edge
rotating cylinder flap on én aircraft. The flight tests revealed that the total power

required to rotate the cylinder was less than 2% of the propeller power.

Increasing air traffic is responsible for the growth in size and speed of air-
planes. This, in turn, can only be accomplished by generating higher lift force. Pow-
erful engines producing considerable noise would be required for such applications.
Reduction in jet engine noise is difficult to a,ccomplish WiFhout paying a price in terms
of performance. For communities surrounding an airport, noise-level can be kept to
a fninimurn by employing high-lift take-off and landing at reduced speeds on shorter
runways. Moving surface boundary- layer control represents an attractive solution in
such a situation, not to mention highly maneuverable military airplanes demanding
exacting and superior performance. Every year large amount of goods are transpo;ted
by the trucking industry using the network of highways.- Even a small reduction in
the drag of a tractor-trailer truck could result in a significant saving of the fuel cost.
Applicat'ion of rotating eléments for boundary-layer control presents one possibility
to'tha.t end. In the ever competitive construction industry, the engineers are looking
for effective, economical and implementable solutions to fluid-structure interaction

problems. Here again, application of MSBC represents a potential candidate.

The discussion above touched upon usefulness of a rotating cylinder as an

effective boundary-layer control device in the field of applied aerodynamics. Further
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advances in this technology can only emerge from an understanding of the basic ﬂuid '
dynamics mvolved The: present research aims at exploring MSBC at a fundamental

level with partlcular emphasm on hft augmentatlon drag’ reduction and vibration

control of bluff bodies through a cornprehenswe program involving wind tunnel tests,

numerical investigation, and flow visualization.

1.2 Physics of Moving Surface Boundary-layer Control

; i_ Since. thrs the51s deals w1th boundary layer control usmg a rotatlng cyhnder
1t would be approprlate to outline the basrc flow physics involved. An elegant expla-
nation on the generation of c1rc‘ulationt is given by Lighthill [62] as follows (Figure:
1-6). Consider, a cylinder, irotating in a clockwise sense, immersed in a ﬁuidvﬂowing
-frorn left to r1ght with velocity U.. The tangent1a1 surface veloc1ty of the rotating

cyhnder is Ug. .It is known that the strength of a vortex sheet is equal to-the j Jurnp

in the tangentral veloc1ty across the sheet On the upper surface of the cylinder the

vortex sheet strength is U — Uc, whereas on the bottom surface it is U + Ug. Thus

a more of positive vorticity 1s shed frorn the iower surface_as combared to the top.
The wake receives a net _r)ositive amount of vorticity.‘ The Kelvin’s theorem on the
conservation of the total circulation dict‘atetsthat the body (i.e_-the r_otating cylinder) ~
n turn receive a net negative vorticity “This imparts .a lift to the rotating cylinder in

accordance with the Magnus effect. Another eﬁect of rotation is to move the pornt of
separation on the upper surfacé downstream The external flow veloc1ty at separation

- 1s thus further reduced and so contrlbutes additionally to the reduction in the rate of 7_

shedding of vorticity from the upper surface. _

It is also 1mportant to note the presence of a thin boundary layer on the surface
ofa rotatlng cylinder. Vorticity is genera.ted in the boundary-layer around the rotatlng
cyhnder As shown in Figure 1-7, if the wall is movrng in the downstream direction,

then separation occurs at some height above the wall, and there would be boundary-
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layer flow beneath the separated region. The velocity profiles are also shown in the
inset. If the wall is moving upstream, separation occurs at the wall and there is a

small sublayer of recifcﬁlating flow ahead of the separation.

The wake behind a rotating cylinder is signiﬁcaﬁtly smaller, the streamlines
curve more sharply around the cylinder-and the flow approaches an ideal (potential)
one. If the rotating cylinder is integral to a bluff body (Figure 1-8), the streamlines
bunch together near the rotating element generating a suction pfessure field. The sep-
aration is delayed and the wake becomes smaller. The pressure in the wake increases.
Overall, there is a significant reduction in the drag of a bluff body. The strength
of the shed vorticity is reduced considerably and could disappear altogether if the
momentum injection is sufficiently strong. The changes i)roduced in the flowfield are
proportional to Jc'he size and total surféce area of the exposed cylinder. Tﬂe total cir-
culation generated around a rotating cylinder in a real fluid is always less than that
computed using the ideal flow considerations. An experimental plot of circulation
against rate of cylinder rotation is given by Rauscher [63]. Associated lift and drag
coeflicients are given by Goldstein [64]. A rotating cylinder can provide extremely
high lift but the .drag penalty could become severe as the rate of rotation increases.
An airfoil with a leading-edge rotating cylinder could provide a good compromise

with a higher lift and lower drag.

1.3 A Brief Review of the Relevant Literature

1.3.1 Dynamips and fluid dynamics of bluff bodies

A large number of objects encountered in the industrial aerodynamics pré.ctice
are not streamlined, e.g. buildings, §mokestacks, road vehicles, etc. Even a nominally
streamlined airfoil at a high angle of attack presents a bluff geometry. Strouhal [1]
was the first to correlate thé frequency of vortex shedding to the free stream velocity

of fluid and the diameter of a circular cylinder. The ratio, known as the ‘Strouhal
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Figure 1-6 Schematic flow illustré.ting development of circulation around a ro-

tating cylinder and the associated vortex shedding into the wake.
The circulation around the circuit Cy embracing the wake but not
the body must have a positive value I'c. Therefore, the circulation
around a circuit Cp embracing the body but not the wake has a
negative value -I'c, as required by the fact that circulation around
the closed curve C must be zero.
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downstream; (b) wall moving upstream [65].
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number’, is independent of the Reynolds number in a certain range. The Strouha;l
number varies with shape and orientations of the object. There have been attempts
to define a universal Strouhal number which is independent of the é,ngle of 'a,tfa.ck
for a given bluff body. Modi and Wiland [66,67] have used the projected diameter
iﬁ case of a two dimensional ellipse and the results indicate that the variation of the
Strouhal number with angle of attack is significantly reduced. Pioneering contribution
in understanding of the bluff body flows was due to Karman [3]. He presented simple
but accurate analysis of the stable vortex wake. It showed thaf, for stability, the
alternately shedding vortices should arrange themselves in a ratio of transverse to
longitudinal spacing, b/a, equal to 0.281. Kirchoff [68] was thga first to use the concept
of free streamlines in a hodograph model of the potential flow past a normal flat
plate. But he assumed incorrectly that the base pressure in the wake is equal to the
freestream static pressure and obtained a drag coefficient of 0.88 (the correct value
is 1.98). Roshko [69] proposed a better @?ph\model for a normal flat plate and
. obtained a value of 2.0 for the drag coefficient. The hodograph models are quite
useful but difficult to construct for complicated bluff bodies. A much simpler and
more versatile wake source potential low model was presented by Parkinson [70]. It
uses the concept of wake vortices located on a mapping circle to force separation of
the incoming flow. The method is a.pblica.ble to an airfoil, ellipse, circle, normal flat
plate, etc. The wake base pressure downstream of the body is required as an input
in the analysis.
A number of reviews relating to the bluff body aerodynamics have appeared in
_past. The book by Blevins [71] on flow-induced vibrations provides useful information
to the practicing engineers. Other books related to bluff body aerodynamics, flow-
induced vibrations and other topics of interest to wind engineers include those by
Simiu and Scanlan [72], Houghton and Carruthers {73], Sachs [74], and Walshe [75].

Some of the recent reviews on the subject are by Bearman [16], and Parkinson [19].
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Bearman covers mostly experimentaﬂy observed vortex shedding‘ phenomenon and its
effect on vibrations of a circular cylinder. A paper by Bearman and Davies [76] reports
that, for a.D-section a.-nd' a triangular gedmetry with vertex pointing downstream,
" there ié a decrease in base pressure at lock-in of vortex shedding frequency with
the system natural frequency. The review by Parkinson [19] covers ﬂdw-induced

vibrations of circular, D-section and rectangular eylinders together with a discussion

on the.quasisteady theory modelling galloping instability.

The department of mechanical engineering at the University of British Columbia
has been quite active in studying the flow-induced vibrations of bluff bodies. Several
studies have been carried out by Parkinson and Modi et al. over the years. The first
series of experiments were carried out by Brooks [77] on the galloping characteristics
of rectangular prisms with the aspect ratio (AR) ranging from 0.38 to 2.5. The wake
survey and Strouhal number measurements were also conducted. Smith undertook
"additior‘lal experiments up to an aspect ratio of 6 and also studied the effect of varying
damping on the vibrations [78]. These results indicate that bluff sections with short
afterbodies (AR < 0.5), like a D-section, do not gallop from rest but are susceptible-
to vortex resonance type vibrations. D-section has been found to behave as a hard
oscillator requiring a threshold amplitude to initiate galloping over a certain range of
wind sﬁeeds. Slightly larger afterbodies (AR between 0.75 to 1.5) like a square sec-
tion gallop from rest as the wind speed is increased from zero (soft oscillator). Long
rectangular prisms (AR > 3) are stable in the plunging mode at all wind speeds.
This is probably due to the reattachment of the separated shear layers on the top
and bottom sides of the rectangle. Heine [79] carried out measurements of fluctuating '
pressure on both stationary and oscillating models of rectangular sections with AR
of 0.5 and 2. His results indicate that the self-excited oscillations of a bluff body do
not affect the frequency of vortex shedding and pressure fluctuations. Measurements;

on a circular cylinder by Ferguson [80] suggest presence of amplitude modulations in
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the fluctuating pressufe signai which are in phase with the vortex-excited responsé.
The results also indicate that the modulations are critically dependent on the wind
speed. Santosham [81] ‘conducted force measurements on rectangular and D-section
cylinders and cémpared the dynamical results with predictions of the quasi-stéady
theory as proposed by Parkinson [19]. It was assumed that the bluff body at any
instant during the galloping cycle experiences the same lateral force as that when
held stationary at the same angle of attack. The experimental results compared well

with the theory.

Feng [82] carried out measurements of spén—_wise correlation of wake velocity for
~stationary and oscillating circular as well as D-section cylinders. The results indicate
that the vortex wake is highly three dimensional. The response measurements showed
hysterisis type behaviour, i.e. higher amplitudes were obtained wheﬁ the wind velocity
was increased over a certain range than when it was decreased back over the same
range. The presence of hysterisis is not fully.expla.ined yet, but it is belieyed to be due
to nonlinear interaction between the rwake and the afterbody, and is not associated

with the elastic behaviour of the system.

Wind-induced vibrations of a structural angle section were studied in detail
by Slater and Modi [83]. The frequent use of structural angle section in construction
of towers, antenna masts and bridges, etc. warrants that their galloping and vortex
resonance type response to wind_forcés be controlled. The wind tunnel tests showed
that the angle section is susceptible to galloping in either plunging or torsional degree .
of freedom. The results correlated well with the predictions of the qﬁasi-steady theory
[19]. The quasi-steady theory was applied by Novak [84] to obtain a universal response
curve which can be calculated from static force measurements on a rigid section or

derived from response of an arbitrary model having the same type of cross-section.
From these studies several important points, as listed by Parkinson [19], emerge:

a) Conditions in the wake are primarily responsible for all forms of bluff body
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vibrations and needs further investigation.

b) The Karman vortices are the dominant source of excitation. During galloping,
their effect is to cause an asymmetric mean pressure on the bluff body to

produce transverse vibrations at small angles of attack.
c) The most important shape parameter for a bluff body is the afterbody length.

d) The large amplitude oscillations of a bluff body are essentially nonlinear in
nature.

1.3.2 Vibration and flow control devices

The suppression of wind induced vibrations has received considerable attention
ov_e;r the years. An excellent review of various techniques developed to this eﬁd has
* been presented by Zdravkovich [85,86]. He has classified and compared a Wide variety
'of aerodyna,mic. and hydrodynamic; means for suppression of vortex shedding and
associated vibrations of bluff bodies; The three general categories described are:
(i) surface protrusions (helica,i strakes, wires, fins); (ii) shrouds (perforated shrouds,
gauze shrouds, axial slats); (iii) Near wake stabilizers (splitter plates, guiding vanes,.
base-bleed). In general these vibration confrol devices are passive in character. The
surface protrusions like helical strakes, which are probably the most effective, affect
the separation lines and the shear layers. The shrouds inﬂue.nce the entrainment
condition in the wake. In cont:asf, the nearwake stabilizers prevent interactions
between the entrainment layers. Generally, surface protrusions and shrouds are omni-
directional while the near-wake stabilizers are uni-directional. It is of interest to note
that most of these devices need to be applied only to the top one-third portion of the
structure (e.g. a chimney). Although some of the devices mentioned above are quite
succes‘sful in suppressing the vortex shedding and the associated vibrations, their
application may result in a significant increase in the drag. It has been obser\‘red that
the effectiveness ofl strakes decreases with an increase in the intensity of turbulence

as well as free stream velocity.
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Another novel aﬁproach to control oscillations ;)f structures has been studied
by Modi et al. [13]. It uses the concept of energy dissipation due to sloshing of
liquid in torus shaped nutation dampers. Since the civil engineering structures like
buildings, bridges, smokestacks, airport control towers etc. have a natural fréquency
of about 1 Hz or less, the nutation dampers are ;specially suitable. Originally they
were designed to control the very low frequency librational oscillations of orbiting
satellites. A systematic parametric study involving overall mass of the damper as
a percentage of the structure mass, damper geometry, liquid height and excitation
amplitude, forced and natural frequencies, etc. was carried out by Welt [11-13].
-Several designs of nﬁtation dampers have prdved to be quite successful in controlling

the vibrations of structures and have been implemented in practice.

As mentioned earlier, the concept of moving surface boundary layer control
(MSBC) has been studied in detail by Mbdi et al. [53-60]. Several applicationé of the
MSBC are shown in Figure 1-9. A rotating cylinder is used to inject momentum into |
the boundary-layer in order to keep it attached to the surface in the region of adverse
pressure gradients. A systematic wind tunnel study of the MSBC as appliebd to a flat
plate, an airfoil, rectangular prisms and tractor-trailer truck models has been carried
out by Modi et al. [56,58-60]. A rotating cylinder located at the leading edge of a
Joukowski airfoil increased the lift by ébout 200 percent and delayed the stall angle to
48° . Further liff enhancement could be achieved by locating one extra cylinder on the
‘top surface of the airfoil [53-55,567]. Two counter-rotating cylinders located at the top
- and bottom leading edges of a normal flat plate could reduce the drag coefficient by
’ 75% at Ug /U = 3, where Ug /U is the ratio of the cylinder surface speed to the free -
stream speed. Similar results were achieved for rectangular prismé of varying aspect
ratios. The flow visualization pictures taken during the experiments dramatically
revealed effectiveness ;>f the MSBC in promoting the attached flow and narrowing the

wake. In some case (e.g. a Joukowski airfoil at a high angle of attack of 25°), the
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flow field became essentially potential, i.e.the bounda.ry;layer separation was virtually
eliminated. A 1:12 model of a tractor-trailer truck fitted with a rotating cylinder at
the t&p leading edge of the trailer resulted in a spectacular drag reduction of 26 %
[56,58-60]. The flow-visualization pictures clearly showed that the turbulent vortex
wake adjacent to the bluff body is a.lmosf eliminated at a sufficiently high speed of
rotation of the cylinders. These encouraging results, though preliminary in character,
suggest a need for more serious closer look at the concept from both aerodynamic and
dynamic considerations. Figure 1-10 shows possible future applications of the MSBC
to a bridge-tower and a supertall building. |

1.3.3 Numerical simulation of bluff body flows

- The past four decades have‘seen revolutionary progress in the field of com-
puter technology. Today, the subject of computational methods in fluid mechanics
and wind engineering has evolved into a major field of resea.rch.. Historically, Compu-
tational Fluid Dynamics (CFD) received serious attention since introduction of the
- panel method simulating the potential flow around a physical oB ject. At_ present, su-
percomputing capability has made it possible to simulate the complete Navier-Stokes
equations in three dimensions, accounting for the turbulent flow field. Today, signifi-
cant amount of design and cieveloprnenf activities in the aerospace industry are based
on cornputér simulations. Over the years, several journals and conferences dedicated
to CFD have been established to meet the growing demands of the research com-
munity. Unprecedented growth in computer technology and sophisticated numerical
methods promise a future where cqnsideragle amount of research and technological .
developments in fluid mechanics wo;ﬂd be roﬁtinely perforrﬁed using numerical sim-
ulation tools. This is especially true for the bluff body flows. Hence in any serious
discussion on bluff body fluid dynamics, it is appropriate to provide at least some
appreciation as to the state of the art in this important area. Of course, to review

the vast body of literature on the CFD, accumulated over the years, is an impossible
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Figure 1-9 Applications of the Moving Surface Boundary-La;yer Control (MSBC)
procedure: (a) airfoil type geometries. :
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such as a flat plate at a large angle of attack; rectangular prisms; and tractor-trailer truck config-
urations. Boundary-layer control and the associated drag reduction through fence type tripping
device is also indicated.
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The MSBC concept presents an exciting possibility of applications to
next generation of civil engineering structures such as bridge-towers
and supertall buildings.
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task. Here an attempt is mede to touch upon _only those aspects of the CFD directly
"relevant to the problem of bluff bedy fluid dynamics and bo{mdary-layer control. The
first ever symposmm dedlcated to Computatmnal Wmcl Engmeermg (CWE) ‘was held
in 1992, in Tokyo, Japan. The proceedlngs of the . symposmm represent a window to
appreciate advances in the field [87]. B
The Navier-Stokes equations provide a complete m’a.thematical~descrintion of
the physics involved in a fluid dynamic phen_ome'nen; A set of initial and boundary‘
conditions complement the equations wl1ich.,a,re umque for every fluid }dynamic_«provcess o
and thus impart clistinct cha,racter‘.tov the prdblem under consideration.l_ A selntiOn
would predict fluid flow behaviour such as boundar&—layer‘formation and,senaration, l
vorte.)(.shedding, »molmentum transfer. in the wake, etc. The phenomenon of turbu-'
lence, suspectecl to be a chaotic behaviour of a deterministic dynamical system, is
_. also governed ‘byv the NeVier-Stokes equations‘in conjunction with an eppropriate ‘
turbulence model.' o C a |
Low speed bln'ff b‘edy ﬂows are governed by e mixed set of ellintic-parabolic :
form of the Navier-Stokes equations. A number of books and review artlcles [87-90} |
prov1de a general mtroductmn to the subJect of numerlcal s1mulat10n of the Navier-
" Stokes equations. |
' There are several popnlar_ 'approaclles emong the researchers'tovnumericelly'
" model the Navier-Stokes equations. One of the earliest and still the most wi(lely used |
‘.a.pproach. is the Finite Difference Method (FDM) The governing nenlinear partial -
dlfferentml equatlons are descretized using finite difference approx1mat1ons An iter-
‘atlve scheme is generally necessary to solve the resultlng nonllnear set of algebra1c .
equatrons In the last two decades many algorlthms have been proposed’ to mcorpo- :
rate some kmd of finite d1fference scheme. Also for bodles with comphcated shapes
various ;mesh generating schemes have been d_eveloped. A gqod introvc_luction to the

subject has been given by Roache [88], Patankar [89], Anderson et al [90], and others.
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An alternative _appreach is to use some kind of finite element formulation
procedure [91-94] popularly known as the Finite Eiement Method (FEM). The FEM
technique originated in 1950s to analyze complex structural problems of the airc‘ra.ft
industry. Due to nonlinear and dissipative (viscous effects) nature of the Navier-
Stokes equations, use of the FEM in fluid mechanics was not preferred for a long
time. But the situation is changing rapidly and most of the commercially available
CFD softwares have been dex}eloped based on the finite element method. The FEM
has turned out to be more versatile, since one can readily solve complex problems
involving dynamic interactions between the fluid and a structure. This suggests its
potential in simulation ef bluff body fluid mechanics and fluid-structure interacfion
problems encountered in wind engineering. As compared to the FDM, the FEM
does not require mesh generation programs to descretize a complicated flow domain
involving arbitrarily shaped geometries. |

In addition to the FDM and the FEM, a.v totally different class of numerical
approaches have been developed which are commonly referred to as the vertex meth-
ods. The vorticity transport equation is sifnulated by a collection of distinct vortices.
These methods range from simple to highly sophisticated, requiring the use of a su-
percomputer. One of the methods (or its variation) known as the Discrete Vortex
Method (DVM) has been routinely employed to study vortex shedding past a flat

plate, rectangular and circular cylinders, and other bluff bodies. |

A numerical study of the stability of rows of vortices individually free to move
at induced velocities was made by Abernathy aed Kronauer [95]. The results clearly
show the pattern of vortices observed in the wake of bluff bodies. Similar methods
have been used, eotably by Gerrard [96] and Sarpkaya [97], to model the unsteady flow
around a circular cylinder. An ahalogous model was developed by Laird [98] in which
the attached boundary-layers were also reproduced and new vortices were added at

the separation points. Similar to Laird, Chaplin {99] modelled the flow around a
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cylinder free to execute transverse oscillations. The frequency of oscillations obtained
numerically agreed with the experiments quite well, but the amplitude of the lift
and drag forces exceeded that of the experiments, due to the absence of turbulent

entrainment in the shear la_yers.

Sarpkaya [100] has also modelled vortex shedding from an inclined flat plate
using the discrete vortex method. The vortex shedding and Strouhal number re-
sults agree favourably with the experimental data, .but the calculated normal force
coefﬁci;ent is 20-25% larger than that measured by Fage and Johansen [101]. A sim-

ilar étudy of vortex shedding past an inclined plate by Kiya and Arie [102] shows

good agreement with the flow visualization results. Their results suggest that the

vortex street behind the pla.té inclines as a whole towards the direction of the time-
averaged lift force exerted on the plate. It is also indica,t'ed/ that the vortex shedding
frém one edge of the plate will not occur at the mid-interval of the successive vortex
shedding at the other edge. In another paper, Kiya and Arie [103] have performed
discrete-vortex calculation of the near wake velocity profiles, turbulence intensities
and Reynolds stresses. They have also introduced a simple constant to achieve the -

vorticity transfer from large scales to small scales of turbulence.

Several other bluff geometries have been studied using the DVM, such as the
flow past a square section [104], a rectangular prism [105], a normal flat plate [106],
two parallel plates [107], and two circular cylinders arranged side by side [108]. Chein
and Chung [105] have performed discrete vortex calculations on an inclined and ver-
tical plates using a different approach to determine the strength and location of the
vorticés jus-t shed from the edges of the pla;te. In their model, the vortices are shed in
suéh_a way that their presence in the flow field offsets the singularities that exist at
the plate edges as predicted by the potential flow sblution. A review of various vortex
methods is presented by Leonard [110] and Maull [111]. In a recent study by Leonard

“and Koumoutsakos [112], new advances in vortex methods for the simulation of un-
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steady incompressible flow past a bluff body, the fast-'vdrtex algorithm for convection,
and the method of particle-exchange for viscous diffusion are discusse(i. Results of
a transient flow past a circular cylinder for Re = 40-9500 have lbeen reported [112]
using a vector supercomputer. This method promises to become a powerful tool for
accurate numerical simulation of bluff body flows in three dimensions by utilizing

massively parallel computer architecture.

Pan, Chew and Lee ‘_[1.13] have proposed a new vortex calculation method
using “generalized conservation of circulation model”. By introducing a “generalized
velocity field”, the generalized circulation for a viscous flow is obtained. This simple
algorithm is aimed at reducing the computational effort. In an interesting paper,
Bienkiewicz and Kutz [114] discuss the simulation of unsteady separated flow past a
bridge-deck section employing the discrete vortex method. Their numerical results
show only a fair agreement with expérimental data due to difficulties encountered in
modelling flow reattachment and ideﬁtiﬁcation of the dominant separation nodes. A
paper by Fernando and Modi [115] describes in detaii a mathematical model based on
the DVM for predicting the performance of a Savonius wind turbine. Results show
good agreement with flow visualization and wind tunnel data for both stationary and

rotating Savonius configurations.

In general, fluid flows in nature exhibit turbulént behaviour to some extent.
Turbulence is strongly affected by “extra strains” including stratification, buoyancy,
rotation, chemic;l,l reaction and compression [116]. The structure of the turbulence
varies considerably depending on the flow regime. A unified model of turbulence
versatile enoﬁgh to describe the multitude of phenomena associated with turbulence
is still not available. Bluff body flows encountered in wind engineering could be
quite complex due to one or more structures immersed in a highly turbulent flow, -
without any preferred direction of the wind, and may require a full three dimensional

treatment.
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Although the steady force on an object such as a building can be computed
reasonably well by a Reynolds-averaged Navier-Stokes (RANS) turbulence model,
e.g. th(l‘: k-e model (szurbulent kinetic energy, e=dissipation rate), the intensity and
frequency of the unsteady forces are difficult to predict by such a method. Since
the geometry demands nothing less than a three dimensional treatmeﬁt, the compu-
tational effort becomes too expensive [116]. Generally, simulation of turbulent flows
through the solution of the unsteady Navier-Stokes equations in three dimensions can

be accomplished in two different ways.

In the Direct Numerical Simulation (DNS) of a turbulent flow, the Navier-
Stokes equations are solved for thé largest scale of motion to the smallest scales in
the dissipation range (Kolmogorov range). If the boundary and initial conditions
are applied accurately and the numerical errors are kept to a minimum, the DNS is
capable of reproducing a physical experiment in all of its details. The lim‘itation of
the DNS arises from its ina,bili;.y to deal with complex geometries and high Reynolds
number flows due to the skyrocketing computational effort. In terms of accurate
modelling of turbulence, potential of the DNS is unsurpassed, but it is unlikely to

become a practical engineering tool [116].

In general, at low Reynold.s numbers, the flow is a laminar, two dimensional
periodic motion which ca.ﬁ be studied fairly well with the present-day numerical meth-
ods. At higher Reynolds numbers, which usually occur in practice, stochastic three
dimensional turbulent fluctuations may be sup.erirnposed on the two dimensional peri-
odic vortex shedding motions [117]. Although, in principle, this can be accomplished
by resorting to the DNS, presently it is feasible only at relatively low Reynolds num-
bers. The dissipative part of the turbulent motion has such small scales compared to
the bluff body dimensions that it cannot be resolved in a numerical calculation. The
numBer of grid points required to resolve this motion increases apprqxima.tely as Re3

(117).
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A me‘thod that can be applied to situations at high Reynolds numbers is the
Large-Eddy Simulation (LES) which consider only the larger-scale motions. Howevef,

- the effect of the smaller-scale motions, which cannot be resolved on a given grid, needs
to be aécounted for. This effect is rha.inly dissipative. It can be achieved in two ways
: (i) through a sub-grid scale model for determining turbulenf stresses introduced by
the smaller-scale fluctuations; (ii) the energy dissipation through damping introduced
by the numerical scheme [117]. LES is a very powerful tool but it requires enormous
amount of Computing power and hence very expensive to implement. Attempts have
been made to simulate turbulence in vortex shedding flows with statistical models
which do not resolve any of the stochastic turbulent motion but average it out alto-

gether [117].

‘Several statistical turbulence models are available to compute the Reynolds
stresses < uju; > appearing in the ensemble averaged Navier-Stokes equations sim-
ulating the vortex shedding flow past a bluff body. One approach is known as the
eddy-viscosity model [117]. Alternatively, the Reynolds-Stféss-Equation (RSE) solves
the tfansport equations for the indi%r_idua,l Reynolds stresses < uju; > [118]. With
the various turbulence models, different approaches were tested for handling the near-

wall region. Several strategies are discussed by Deng [119], Nagano and Tagawa [120},
Franke and Rodi [118], Jansson [121], Norris and Reynolds [122], and others.

A good introduction to the LES method can be found in the review paper by
/Ferziger [123]. Until now, the numerical methocis most frequently used for descretiza-
tion of spatial derivativés in the DNS and the LES have been spectral in character.
For geometrically simpler domains with sirﬂple boundary conditions, they offer max-
imum accuracy at a given cost.' This has been reviewed at length in the book by
Canuto [124]. |

It is expected that in the near future the vector supercomputer would reach its

ultimate performance limit at the level of 100 GFLOPS (Giga Floating Point Opera-
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tions per second) [125]. Any further increaées in computational speed is likely to come
from parallel processing.‘technology. The CFD applications represent probably the
most .computational intensive tasks ever presentéd to a computer to perforrﬁ. Hence,
it is natural that research effort’s are being directed towards accelerated implemen-
‘tation of the CFD to other disciplines (e.g structural analyéis) on massively parallél
computer systems. As noted by Murakami [126], in futﬁre, large scale computation
of turbulent flows pést bluff structures will of necessity rely on vthe parall'gl compu-
tation methodology. It would be appropriate to have at least some appreciation of
the present and future developments in parallel processing, which is soon expect;ad to

become a norm.

In USA, the Numerical Aerodynamic Simulation (NAS) Systems Division at
NASA Ames Research Center has embarked upon an ambitiousiprogram of devel-
opment and implementation of parallel pfocessing (Both hardware and software)
technology [127]. The ‘High Performance Computing and Communication Program
(HPCCP)’ at NASA focusses on the use qf parallel proceséing for extremely com-
putation intensive, multidisciplinary applications involvingv aerodynamic, propulsion,
controls, structural and acoustical analysis necessafy in aerospace missions of the
future. Thgse grand challenge problems may involve: 5,000,000 grid points; 50,000
iterations; 5,000 operations per point per second; and 105 operations per p‘roblem!
For an automated design process requiring 0.1-0.01 hour turn-around time, it would
involve 3-30 TFLOPS (Tera Floating Point Operations per second) capabili;cy with

4-40 gigawords of memory storage per problem [127].

An example of the current state of the art in parallel processing as applied to
the CFD can be found in the paper by Kato et al. [125]. Computations were carried
out for an airflow around a two dimensional square rib placed within a boundary-

layer by means of a massive parallel computer consisting of 1024 processors arranged

in a MIMD (Multi-Instructions Multi-Data) network. Since shared memory paral-
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lelism is inapplicable due to a.conflict in mémo'ry access, é. network of loosely-coupled
multiprocessors with each having its own memory was preferred. The fesult of their
investigation confirm the fact that the local memory parallelism reqﬁires a great.
deal of data exchange between the processors. The efficiency of parallel computa- -
tion is significantly affected by the amount of inter-processor communication. It is
also necessary to take into account effects of granularity (ratio of calculation time to
communication time for each processor). For a network of 512 processors the compu-
tational speed was boosted by a factor of 420 compared to that of a single processor,

i.e. an efficiency of 82% (i.e 420/512 x 100) of parallel computation.

The future of parallel processing critically depends on resolving several key
issues regarding the implementation on parallel architecture machines, development
of numerical algorithm for the parallel CFD, performance evaluation and the necessary
computer science involved in achieving Teraflops capability. Such a technology would
be extremely useful in carrying out the DNS or LES simulation of turbulent flows

past complex bluff body configurations.

As pointed out before, the precise numerical solution of a given problem can be
obtained by solving the general time-dependent Navier-Stokes equations incorporat-
ing a suitable turbulence model. However, for realistic values of the Reynolds nurﬁber,
this demands enormous computational effort and cost. On the other hand, judicious
modelling of the flow character can provide information ;)f sufficient accﬁracy for
all engineering design purposes with nominal computational tools and insigr;iﬁca.r}t
cost. To that end extension of the well developed panel code to muitielement bluff
bodies with moving surface bounda.ry-la;yerr control appears quite a.ttra.ctix}e. Numer-
ical modelling of inviscid flows can be accomplished using the panel method. Over
the past several decz;,des, this approach Has evolved to a sophisticated level where
it can successfully.tackle two and three dimensional geometries with flow separa-
‘tion, shock wave formation and unsteady aerodynamic phenomena. Even though the

S
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panel method uses potential flow assumptions, various schemes have been devised to

account for viscous dissipation, flow separation and existence of a finite wake.

In the classical pﬁper by Hess and Smith [128], the authors describe the original
panel method, which replaces the body sqrface by source type éingula,rities to obtain
a numerical solution of the governing Fredholm integral equation of the second kind.
The method is quite general in the sense that it can Be easily extended to realistic flow
regimes past ensemble of bodies, with nonrigid surfaces, moving with réspect to each
other; internal ﬂoWs; suction for boundary-layer control; etc..’ Neverthele:ss, certain
classes of potential flow problems like partially unknown location of bouﬁdéries (e.g.

trailing-vortex wake of unknown position) are excluded [128].

Recently, F: araésat and Brown [129] have applied a particular form of the in-
tegral representation of the velocity potential to study helicopter ‘rotor and propeller
induced noise during flight. Using a similar approach, Lee and Yang [130] have devel-
oped -a. panel formulatio/n to handle complex geometries (e.g. rotors, propellers etc.)
undergoing complicated motions. | |

| Yon, Katz and Plotkin [131] have investigated the effect of trailing-edge thick-
ness on the solution accuracy of a given panel method. The pé.nel method under
consideration uses a combination of source/doublet distribution with Dirichlet type
boundary conditions. The results suggest that both the use of larger panels making a -
bigger angular sepa.rétion at the trailing-edge or an alternate form of Kutta condition
requiring the upper and lower trailing-edge velocities to be equal give much better
results.: The information obfained suggests the seﬁsitivity of the solution to the size
and distribution of panels. Kida et al. [132] discuss the accuracy of the panel method
with distributed sources applied to two dimensional bluff bodies. Their investigation
shows that the panel method with point sources is mathematically superior compared
to that with linear sources. A panel method based on linear sources would diverge

if the number of panels is even, which results in a singular coefficient matrix. Katz
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and Plotkin [133] provide a good introduction to various panel methods and relevant

computational details.

- Mokhtarian [134] has used a type of panel method with boundary-layer cor-
rection technique to predict the separation point on an airfoil with moving surface
boundary-layer control. It accounts for the wall confinement and involves replace-
ment of the airfoil and wind tunnel walls with vorticity distribution in conjunction
with appropriate constraint relations. Inclusion of a source Within the contour of the

airfoil models the wake when there is flow separation from the surface.

A finite difference boundary-layer scheme is used to introduce viscous correc-
tions. The scheme employs potential flow pressure distribution results to calculate
the boundary-layer characteristics at the top and bottom surfaces sta.rfing from the

stagnation point until the point of separation.

The procedure uses the displacement thickness to construct an equivalent air-
foil and then iterates between the potential flow and boundary-layer scheme to con-
verge to the final pressure distribution. Thus the objective is to match the outer
potential flow solution with the inner boundary-layer prediction. The thin shear layer
approximations of the Navier-Stokes equations for steady, two dimensional, incom- -
pressible flow are used. The finite difference method employed for viscous corrections
is due to Keller and Cebeci [135,136]. The eddy viscosity term is expressed as sug-
~ gested by Cebeci an(i Smith [137] which treats the turbulent boundary-layer as a
composite layer consisting of inner and outer regions with separate expreséions for
eddy viscosity in each region. The details of the formulation and the finite difference
procedure followed are those given by Cebeci and Bradshaw [138]. Celik et al. [139]
have reported a viscous-inviscid interz;;:tion method to calculate the mean flow past a
smooth circular cylinder. The method is applicable to flows with a Reynolds number

as high as 108.

To handle separated flow problems as well as other complications arising due
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to geometry, flow chere"c_ter'istics andnbound‘ary _condit_io.ns, ma,ny'extensions of the
basic panel method of Hess and Smith have been proposed. In the method developed '
by Maskevrr and Dvorak {140], the interface between theipotentia,l flow region and the
_tratling.—vOrtex wake ha‘ve-been modelled,ds a.sirnple'shear layer. The enclosed vrake
region between the npper and lower ‘free-v‘ortex .lines is interpreted as a potential flow
region with a reduced tota.lv.,pressure. The model is essentially formulated as mixed
boundary condition problem On the active part of the solid .sur‘fa.ce the position of
the boundary is known but the strength of the panel vorticity is unknown On the
‘free vortex lines’ the inverse is  true: the vortex strength is a known constant but the
position is an unknown. An iteration scheme is required to establish the wake shape,
i.e. the position of the ‘free-vortex lines"hy integrating the induced veloeity vectors.
The particular advantage of the ‘free vortex lines’ model is that the low pressure in
the separated zone can be ealculated dire‘ctly; -

| An insight to the problern of viscous separated ﬂow involving dispersion-of
vorticity field in the wake was given by Pearcy et al. [141] based on experimental
'observatlon of various cylindrical bodies having dlfferent surface roughness In an'
. _attempt to explam the rnovernent of separation pomt from bodies having: srnooth
contours, 1t was a.rgued by the authors that a balance must be maintained between
the rate at which the vort1c1ty field is shed into the wake and its subsequent dispersion’

by d1ffus1on d1ss1pat10n and cancellation among mutually oppos1te shear layers

In the improved model of Ribaut [142], the yorticity field is allowed to dissipa.te‘
along the ‘“free vortexvlines’.i The vorticity dissipation model thus indirectly accounts
~ for the presence of viscosity. Applrring this model to a flat plate and blunt trailing erlge
ise_ction, Ribaut dernonstrated that extent of, and pressure in,.‘the wake are essentiaﬂy
determined by the amount of viscous diffnsion and dissipation.of_ the vorticit}r. _As a
result a finite closed wake is obtained. ‘ |

A nnrneriea.l epproach, based on the first-order panel method employing lin-

40




early varying vorficity plus a constant source strength distribution, has been devel-
- oped by Mukherjea and Bandyopadhyay [143,144] to model the separated flow past a
wedge configuration. The solution obtained by this method, using a linear model of
vorticity dispersion in the _Wake., shows close agreement with the experimental results

over a range of the wedge angle.

1.4 - Scope of the Present Investigation

© A rather brief review of the literature, more relevant to the present investi-
gation, provides some understanding of the presént state in the area of industrial
aerodynamics. With that as background, a cémprehensive prbgrarn of study was
formulated to explore. the effect of Moving Surface Boundary-layer Control (MSBC)
as applied to a family of slender as well as bluff bodies. The two-dimensional mod-
els used in the investigation include a symmetrical airfoil, a D-section and a set of
rectangular prisms representing geometries of increasing bluffness. The focus is on
the effect of the MSBC on the aerodynamics of the models when they are stationary,
as well as their dynamical response during vortex resonance and galloping type of
insta.Bilities. The problem is approached using wind tunnel tests, numerical analysis

and flow visualization thus providing better appreciation of the subject.

To begin with, details of the models used, wind tunnel test methodology, modi-
fied panel method approach and flow visualization procedure are described in Chapter
2. This is followed by the results and their dis.cuséion for the airfoil, D-section and
rectangular prisms in Chapter 3, 4 and 5, respectively. As all the results (wind tunnel
test, flow visualization, etc.) for the bluff body under study are presented together,
the individual chapter tends to be eSsentially self—contaiﬁed. Fina.lly,&Cha,pter 6 looks
at the dynamical response of the D-section and rectangular prisms in vortex resonanée
and galloping with the MSBC. Miscellaneous supporting information is contained in

Appendices. The thesis ends with a summary of important results, original contribu-
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tions, and suggestions for future investigation which are likely to be informative as

well as satisfying. Figure 1-11 presents outline of the project.
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Figure 1-11 - A schematic diagram showing the scope of the investigation.




2. EXPERIMENTAL;_INVESTIGAT-ION AND NUMERICAL MODELLING\

2.1 Prelifninary Remarks

Asjr).ointed out Béfofe, the investigation has three distiﬁct phases: FWind tun-
nel tests, ﬂqw viéualiéation _and numerical simulé;tion'. A set of four tw‘b-dimensional _
bodies, repreéenting increaéiné bluffness, was used during the study: Joukowski air-
foil; D-sec.t"ion‘; fecf;a,ngul#r prism,; an_d squa.fe prisﬁ.- 'Wind tunnel tests to asséss

aerodynamics and dynamics of t.he-r.n.odels are described first. This is followed by

‘an explanation of the.flow visualization study using;“é‘closed circuit water channel.

Finally, numerical analy:sis of ,thel problem using thé_' simple panel rf;ethod is touched

upon.

2.2. 'Experimental ‘Investigations: :
2.2.1 - Bluff body shapes

The set of bluff b6dy sh'apes‘i'nvestigated is shown in Figure 2-1.

‘ Joukowski Airfoil

The Joukowski airfoil (Figure 2-1) is 16% thick _wifh a chord length of 370
mm and is symﬁl_et_;ic about the chord. The rotating cylinder diameter is 10% of the
chord length and 1s lo‘c;tved ailthe leéding edge of the airfoil. It is driven by a 1/4°
H.P., variable speed, A.C. motor. 42 pressure taps, 0.5 mm in dia_metef, ére .loqated
at the_ toi) and bottom surfaces of the airfoil. The bluffness of the airfoil is a '_functi‘on'
of the ahglé of attack (). At zero angle of attack the .air-foi‘l behaves‘aS‘la‘tstrea‘rnli.ne_d '
body.' As the angie of attack is increased the bluffness increases. . Va,riatioh of the -

lift, dfag_.a'nd lift /drag ratio with the angle of atfack,in presence of the MSBC are of

~ primary interest in this study. The details of thevmojcdr connection to the rotating

cylinder are shown in Figure 2-2.
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" The measurement of pressure on the surface of a rotatlng cyhnder posed a prob-
| lem. It was’ overcome in the followrng manner. Five. pressure transmlss1on tubes were.
| located inside c1rcumferent1al grooves as shown in F1gure 2-3. The tubes remalned
statlonary-when_the cylinder rotated. Thus the p_ressureg-taps_ remained immersed in
the boundary-layer and provided accurate estimate of the static pressure.

" D-Section | |

The front face of the‘_D-secti‘on" 1s flat and normal"to the free stream (at o
= 0) whereas the afterbody is Asemi-circula.r. Rotating cylinders are located at the
two corners of the D-section. The presence of the cylinders‘causes rounding of the
"corners,v ie. departure from a sharp,ed:ged_lblu-ff‘ body. Th1s in turn, affects the vortex
" shedding process and drag of the body. .The diameter of ea_ch rotating cylinder is
A21% of the D-section width. Pressure taps are provided around the contour of the

D-section, including taps on the rotatlng portlon As before the cyhnders are driven .

by a 1/4 H.P., A. C. Motors capable of very high rates of rotatlon (upto 22000 rpm).

" The aspect ratio (as defined in the list of symbols) of the D-'sectlon is 0.5. The -
D-section is 'li’kely to exhibit vortex_resonance, galloping as well as autoration [145]:

The present study is aimed at understanding of the D-section fluid dynamics and

' _ﬂow induced 1nstab111ty in presence of the MSBC.

Rectangular Pr1sms

Two rectangular prlsms selected for the study are also shown .m Figure 2-1.
The aspect ratios of the prlsms are 1/2 (vertical rectangle) and 1 (square). The
rotating cylinders are-located at the ‘two corners of vtheprlsm. The rotating -cyhnder
diameter is 2_7‘%'of the prism width. Pressure taps are provided‘ around 'each‘ model.
" The dynamics ofa rectangular brism depends on its.aspect ratio [19] It is-susceptible

“to both vortex resonance and galloplng instabilities. The square prism, bemg a soft

" " oscillator at all angles of attack, is: part1cularly su1table for assessmg ‘the eﬁectlveness

-of the MSBC in supp_ressmg the vortex resonance and ga.llopmg v1brat10n.s. Note,
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Figure 2-1 Bluff body geometries, without and with momentum injection, con-
sidered for investigation: (a) schematic diagrams.
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Bluff body geometries, without and with momentum injection,

Figure 2-1(cont.)
considered for investigation: (b1) photograph of the Joukowski

airfoil model.
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Figure 2-1(cont.) Bluff body geometries, without and with momentum injection,
considered for investigation: (by) photograph showing details of

the pressure taps and pressure conducting tubings.
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'D-SECTION

Figure 2-1(cont.) Bluff body geometries, without and with momentum injection,

considered for investigation: (c) D-section and rectangular prism
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SQUARE PRISM

DYNAMICAL MODEL

Figure 2-1(cont.) Bluff body geometries, without and with momentum injection,
considered for investigation: (d) square prism and the dynamical

test model.
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- the vertical rectangular prism represents a transition between the D-section and the
square prism, thus providing an important insight into the bluff body fluid dynamics.

2.2.2 Wind tunnel static experiments

During static wind tunnel tests the bluff body ’I.Ivlodel is held statiénary. The
wind tunnel use.d in the test-program is showﬁ-in Fig'ufe 2-'4. It is a closed circuit
‘tunnel with a test-section of 0.914m x 0.686m X 2.6m. The test-section is provided
with 45° corner ﬁlle'tls, varying from 0.152m x O.iSZrﬁ: ;co (‘)v.121m X 0.121m.‘_‘which

compensate for the boundary-layer growth. The tunnel cont:acfion ratio is 7:1.

The wind speed can be varied form 1‘ - 45 m/ s A v}ire screen at the inlet to
the test-section ensures uniform velocity with‘a spatial variation of less than 0.25%.
The intensity of turbulence in the 'teét-section is less than 0.1%. The wind speed 1s
calibrated using a Betz manometer which can read a variation of 0.2 mm of water. The
wi'nci tunnel is‘powe'r»ed by a 230V, 57.2A, 15 H.P., D.C. motor driviﬁg a commercial
.axial-ﬂow’ Ifaril. A Wa,_rd-Leonard systerﬁ is used for the s‘peed control of the electric
motor. ‘A s;ix éomponenﬁ pyramidal force balance sits below the test-section "‘a.nd
supports the ;nod_el’ under fést. The output of the force balance load cells are six
electrical signals (one each for the lift, drag, and side forces; and the pitch, yaw and
roll moments) Whi‘éh ;_re transmitted to the computer based aata acquisition system.
Details of the iﬁstruments used during the ¢xperifnents can-be found in Appendix A.

2.2.3 Static test parameters

- (a) The mean pressure distributioﬁ around the body wés m‘easﬁred‘ using pressure -
 taps prov_ided'on th_e circumference of the model. The pressure taps were con-
nected to a scanivalve pressure transducer system. "i“hé scénival?e h;a,s 48 pressul;é
- ports and is driven by a éolenoid controller. Thé pressufe vcovnveying fubés_had
little eﬂ’_eét .‘o'I; é,tt_enﬁeition and phase response of .the Signa.l [.79]. The output "-
signal is dirécfed to the signal' conditioner, ampiiﬁer and finally to the computer
through an analog to digital (A/D) interface card. The experimental sef—ub is
shown iﬁ Figﬁre 2;5. The pressure signals Wére sampled at a ffequenty of 100 Hz
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Figure 2-4 A schematic diagram of the low speed, low turbulence closed circuit

wind tunnel used in the test- -program.
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ing post processing, each signal is averaged to obtain the mean and rms (root
mean square) components of the pressure. The mean pressure field around the

surface of the body was integrated to obtain the aerodynamic force coefficients
' \

(the lift and drag).

Thelﬂuctuat‘ing component of the pressure is obtained by calculating the rms
value from the time dependent signal. The rms value of the pressure signal gives

estimation of the unsteadiness in-the flow field in presence of a bluff body.

As the flow separates around the corners of a bluff body, a vortex is formed and
is subsequently shed in the wake. This vortex creates suction pressure field which
can be detected by pressure taps lying in its vicinity. By performing Fast Fourier
Transform (FFT) analysis on the pressure against time signals, a spéctrum of
frequencies is obtained, with a dominant peak at the vortex shedding ‘frequency.
At times, due to weak strengfh of the vortex, none of the pressure taps could
capture the vortex shedding frequency. In that case, a disk probe was inserted
in the wake close to the body to determine the vortex shedding frequency. The
geometry and calibration charts for the disk probe as well as .the test set-up
are shown in Figures 2-6 and 2-7, respectively. The Strouhal number (St) was

calculated from the vortex shedding frequency.

The experiments were performed in the angle of attack range 0-180°. Important
changes in the flow character occur as the angle of attack is increased from zero.
It was anticipated that as the angle of attack approaches 45° - 60° range, reversal
in the direction of momentum injection éf the upstream cylinder would become

necessary. Similarly, beyond a = 90° the afterbody faces upstream and the

forebody turns towards the downstream flow direction. Again this necessitates

changes in the direction of momentum injection.

The momentum injection parameter (U./U) was varied from 0 to 4 in steps of

one unit.
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(f) For' the Joukowski airfoil and the D-section prism, the effect of roughness of the
cylinder surface on efficiency of the momentum injection process was also invésti-
gated. Rotating cyblinders with three different surface roughness were fabricated.
The baseline case is the cylinder with smooth surface. The splined cylinder has
10 axially parallel surface grooves. The depth of these grooves is about 5% of the
cylinder diameter. The third cylinder is characterized by roughness elements (5%
thick, 18% wide and 55% long - based on cylinder diameter). The three types
of rotating cylinders are shown in Figure 2-8. Tﬁe longitﬁdinal and circumferen-
tial grooves act as tiny vortex generators and it was anticipated that this would

increase effectiveness of the momentum injection process.

2.2.4 Dynamical experiments in the wind tunnel

The study of vortex resonance and galloping instability of a bluff body involved
wind tunnel experiments simulating the dynamic response of a body. The wind tunnel
utilized for static tests was also used for the dynamic experiments. - The model was
suspended on a dynamic test-rig with an ‘arra,’ngernent allowing transverse oscillations
(Figure 2-9).

The rig is constructed of thick steel frame, on which two pairs bf air bearings -
are fixed on the top and bot_tbm support members as shown in the figure. Each air

2, The support frame is positioned in

bearing was pressurized to around 40 N/cm
such a way that the the model is located inside the test-section of the wind tunnel.
- The model can oscillate transverse to the freestream direction. The desired stiffness
* is provided by four springs attached between the model and the supporting structure.
The controlled damping is provided by four eddy current dampers. The damping
is proportional to the current level in the damper. The vibration amplitude of the

model is measured by a displacement transducer. The time dependent signal also

provides frequency of the response through spectrum analysis.

The bluff body model design was similar to that in the static experiments, except
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SMOOTH ROUGH SPLINED

Figure 2-8(cont.) Rotating cylinders, with three different types of surface condi-
tions, used in the test program: (b) photographs showing details.
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Figure 2-10 A three dimensional view of the light weight balsa wood model uti-

" lized for dynamic experiments.
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for‘the pressure taps. The model was constructed frorh balsa wood to conserve weight

(Figufe 2-10). The photograph of the balsa wood model is given in Figure 2-1. The .

. electric motors were mounted on top of the model and are coupled directly to the

rofating cylinders. The rotating cylinders were constructed from hollow aiuminium

to keep the system light. | |

2.2.5 Dynamic test parameters

(a) As mentioned above, the amplitude of vibration was measured by a displacement |
transducer. To identify regions of vortex resonance and galloping it was necessary
to plot the vibration amplitude as a functioﬁ of wind speed. Effect of momentum
injection on the dynamical characteristics of the system was assessed by analyzing »

the amplitude versus wind speed plots at various speeds of the rotating cylinders.

(b) Frequency of the vibration was obtained directly through the spectrum analyzer

and also through FFT analysis of the amplitude versus time signal.

(c) A disk probe, inserted in the wake downstream of the body, was. used to measure .

the vortex shedding frequency. This is further described in Section 2.3.3.
(d) The experiments were performed at zero angle of attack.
(e) The rate of momentum injection was varied from 04 in steps of one unit.

(f) Rotating cylinders were located at.the leading (upstream) edges of each bluff
body model (Figure 2-1d). Instead of rotating both ﬁhe cylinders, 1t was decided
to activate only one -of them in order to4 investigate the effect of as-ymmetric
momentum injection. |

2.2.6 Flow visualization.

Flow visualization represénts a éowerful tool in the study of fluid dynamical
problems as it provides physical appreciation of the complex character of the'ﬂow.
Flow visualization pictures and vicieo movie of the fluid dynamics of bluff bodies in
presence of the MSBC were taken. The tests were conducted by'the author ﬁsing the

facility at the Kanto Gakuin University, Japan.
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The flow visualizatién setup used is shown in Figure 2-11. The experiments were
carried out in a closed circuit water channel. Bluff body plexiglass model fitted with
rotating cylinders was f)laced in the water chaﬁnel. The water was seeded with fine
polyviny! chloride (PVC) pdwder. The PVC particles are almost neutrally buoyant
in the flow and hence do not rise or fall as they move in the water channel. As
shown in the figure, a slit lighting arrangement was used to illuminate a very thin
plane of the test-section. The steédy flow of PVC particles resulted in streaklines
which were viewed from the front of the test-section. The flow velocity in most cases
was fixed at 0.3 m/s. The experiménts‘were carried out in a dark room resulting in a
sharp contrast between the bright strea.kliﬁes and a dark background. A series of long
exposure photographs dramatically captured the streaklines, showing formation and
subsequent diséipation of alternafe vortex shedding process. A video was also taken
to assess time evolution of the process. A sensitive CCD (charged coupled device)

video camera was utilized for the purpose.

A

2.3 Numerical Analysis

2.3.1 Formulation of the problem

The numerical approach is based on fhe well-established vortex panel method.
The surface of a given body is descretized int;) a large number of panels with vortex
and source type singularities distributed on each panel. The overall flow at any point
in the domain is a result of elemental contributions from each panel. Simulation of the
rotating cylinder integral to a bluff body poses a problem. As a first approximation
the rotating cylinder and the rest of the body can be considered a single object and
is descretized into panels accordingly. This formulation is referred to as the “single
element configuration”. In reality, the rotati.ng cylinder is separate from the rest of
the bluff body, with the presence of a gap. In the multi-element panel method, the

rotating cylinder and the rest of the body are treated as two distinct physical objects.
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- The details of both the formulations are described below.

The general two dimensional Navier-Stokes equation is given by [146]

—

T T = Zup e, ey
where: V = fluid velocity at any given point;
= pressure; |
v = kinematic Visco'sity'of the fluid;
p = density of th.e fluid.

The continuity- equation for an incompressible fluid is
v-V=0 (2.2)

All body forces (e.g. gravity) have been assumed conservative and their po-
tentials have been absorbed in the pressure term. For the potential flow situation the

viscous terms vanish and the above set of equations reduces to Euler’s equation
oV o . -1 - '
— V. .v)V=—vyp : 2.3
alt+('.v) % (2.3)
The g‘eneral fluid dynamic problem under consideration is characterized by a
known boundary surface and the normal components of fluid velocity are prescribed
on these boundaries. The boundary condition is

V.il =0, (2.4)

where 7 is the outward normal from the surface ‘S’. The set of equations (2.2) and
(2.3) do not define the potential flow. To obtain potential form of the equation
the condition of irrotationality is invoked. Let V = Ve + v, where: 1700 = free-
stream velocity, satisfies continuity equation; ¥ = perturbation velocity field due to

the presence of the boundary, satisfies irrotationality condition, ¥ = —\/¢; and ¢ =
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disturbance velocity potential. Recogniéing that /- 7 = 0 gives
V2 =0. - o (28)

- This is a linear, elliptic second order partial differential equation. Now V=V, — Vo,

and the bbﬁndary condition takes the form

9 _ G, 7., o (2.6)

with | 7 ¢| — 0 at infinity. The set of equations (2.5), (2.6) represents a well-posed
elliptic boundary value problem with Neumann-type velocity boundary condition.
Once the velocity field is obtained, the pressure is calculated by intergrating equation

(2.3) to give Bernoulli’s equation

1. ., .8 SRR
%:P»(t)~51Vm|2+-‘9—f—, | | (2.7)

where p and V., are the free-stream pressure and velocity, respectively.

Reduction of the problem into an integral equation with singularity distribu-
tion on the body surface is carried out as follows. Consider an arbitrary body as
sketched in Figure 2-12. It shows a combination of unit source and a unit vortex

singularity at a point q(&4, 2,). The potential at any point P(x,z) is given. by

C$=lr(pa)+0(pa),  (28)

where: r(p,q) = \/("” - mq)2 +(z - 34)23 8(p,q) = tan™*[(z ~ 2¢)/(z — z,)]-
In case of a continuous distribution of the singularities, the total poténtial at

any point P(x,z) is a linear combination of such contributions. For a constant source

strength (o) and linearly varying vorticity strength (7) distributed on the contour c_»fv
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Figure 2-12 An arbitrarj two dimensional body.




the body surface, the perturbation poten_tial can be written as

=4 [0 e tr@) Spaa (29)

Applying the boundary conditions and rearranging the terms gives [128],

2rfo(e) +90)] - § - o) 1n r(p,q)+7(q>~e@,q)]4dz: ) T, (2,10

~

~"

(3 | (32)
This is a Fredholm integral equation of the second kind where:(i) represents contri-

bution of the singularity obtained through the limiting process'[147]; (ii) is the kernel

of the integral equation.

The solution of the integral equation is bbtained by approxirna,ting'it as a set of
linear algebraic equations. The body contour is'descretized into a large number of line
elements (panels), whose characteristic dimensions are small compared to those of the
body. Over each panel a distribution of unknown singularities is pfescribed. Thus
the problem reduces to that of obtaining a finite number of singularity strengths,
one for each panel. The form of the singularity distribution over each panel is a

known geometric functiori and hence integration can be performed. Application of

" normal veloc‘i.ty boundary condition on each panel results in a set of linear algebraic

equations relating unknown singularity strengths. The coefficient matrix consists of
r?ormal velocities induced by the panels ét each collocation point for unit value of
the singularity strength. Once the linear equations are solvedA, the ﬂow velocities and
pressures are evaluated readily. |

2.3.2 Single element configuration

In the single element panel formulation, the rotating cylinder and the rest of
the bluff body are treated as a single physical object. The numerical formulation
is described here using the airfoil as a bluff body model (Figure 2-13a). The body

surface is descretized into a large number (N) of panel elements. Each element is a
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combination of linearly varying vortex strengfh (v) and a constant source strength

(0). The end points of any panel are known as nodes, whereas the mid-point of a-

panel is called the collocation point. The collocation point on a given panel serves

“as a convenient reference to evaluate velocity and pressure after implementing the

boundary _gonditions. On an i-th panel, the nodal vortex strength varies from ('y,)
to (¥i+1) in a linear fashion. The source strength (o) remains constant over all the
panels. The source distribution on each panel prevents leékagé of the fluid across the
panel. For a total of N panels, there are (N+1) unknown vortex strengths and aﬁ'

unknown source strength; making a total of‘(N—}—Z) unknowns. .

Modelling of the ‘Free Vortex Sheets’ o

As shown in Figure 2-13(a), the separated flow is represented by the upper and

_ lower ‘free vortex sheets’ issuing from the separation points. They are also descretized

in to a large number (M) of panels. However, the vorticity strength in the wake does
not constitute an additional unknown. At the beginning of the “free vortex sheet’, the
vorticity strength equals fhat at the point of sepalration. If the shed vortex strength is
taken to remain constant as it is convected along the ‘free vortex sheet’, an infinitely
long wake would result with a constant wake pressure. Realistically, the wake is finite

and closed, with a gradual rise in pressure. This can be attributed to the presence of

viscosity in the flow. To account for this effect, the shed vortex is allowed to dissipate

as it is convected downstream along the .‘free vortex sheet’. The rate of dissipation
is an ¢mpirical input to the program. Originally this idea was proposed by Ribaut
[142]. The Kutta condition fequirés zero net shedding-of vorticity in the wake. Thus
as we move along the panels on the ‘free vortex sheéts’, th¢ uppér aﬁd IOV\}e; shed
vorticities remain equal and opposite in strength at all time. If a linear variation of
vorticity dissipation is assumed, then the %rorti(sity strength on the ‘free Vortex’s}’leet's’ '

can be obtaining in terms of the vortex strength at the upper and lower separation
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points. Mathematically it can be expressed as
- | Sv, ' | SL ' '
ve =1l =A==) + v (l - A—=) =0, . (2.11)
where A is the vorticity dissipation ratio, and Sy and SL are the distances along the
upper and lower ‘free vortex sheets’ from the separation points.
The pertﬁrbation velocity componenfs can be calculated by taking the effects

of surface singularities together with contribution from panels on the ‘free vortex

sheets’ as: ‘
‘ N+1 N M M
ui= Y Aj¥i+0Y Cii+ ) Ejiyu + O Bji%Yri - (212)
i=1 ©oi=1 i=1 1=1 L
N+1 N M M
wj = Z Bjivi+0 ) Dj; + Z Fii%y1 + Z FiiYur- (2.13)
=1 =1 =1 T4=1 .

For N number of panels on the airfoil contour, the (N+2) unknowns are obtained by
satisfying the boundary condition of zero normal velocity in eq.(2.14) at N collocation

points together with two auxiliary conditions. The condition of zero normal veloéity

»

at the j-th collocation point on the airfoil surface can be written as

d
= UCOSC!—Z .

dz

dz
Wi — U —
Y » J Jd(ﬂ

— Usina o (2.19)
j .

Satisfying the boundary condition at the mid-points of N panels gives N linear al-

gebraic equations involving (N+2) u_nkﬁown singularity strengths. The other two
equations are obtained as follows. The Kutta condition of zero net shedding of vor-
ticity in th;a wake is satisfied by setting the Vofticity values at the upper and lower
surfaces the same (and equal to the value of the ‘free vortex sheet’). Mathematically,

this can be expressed as:

vs = —v1; _ - (2.15)
Vu = VS s o (2.17)
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Yo = Y1; ' (2.18)

wher¢ 7s is the vorticity strength at the upper separation point and v, and v/, are
the vorticity strengths on the upper and lower wake panels, respectively. bnce the
solution is obtained, the perturbation velocity components may be reobtained from
equations (2.12) and (2.13). In the case of the D-section the auxiliary conditions are
71 =IN+1 and Yoy = Yo

The total velocity can be obtained from

g = \/(u,j + Ucosa)? + (w; + Usina)?, -(2.19)
and the pressure coefficient is given by

Co; : 1-(g/U)% (2.20)

Geometrv of the Wake

Since both the shape and the strength of the ‘free vortex sheet’ are unknown,
the solution of the problem formulated above is obtéined by an iterative procedure.
The wake shape is initially assumed to be a straight line inclined at an angle /2,
the mean angle at which the separation vortices are convected. Once the solution
is obtained based on this assumed wake shape, velocities are recalculated at the
mid~points of the panels on the wake.. The nevx} wake shape is then determined
by piece-wise integration starting at the upper and lower separation points. At each
iteration, the wake influence coefficients only need to be calculated. The computation
is terminated when a convergence accuracy of 1078 is a.chieved. This is usually

accomplished within 50-60 iterations.

Wake Pressure

The pressure in the wake was calculated using the procedure outlined by

Mukherjea and Bandyopadhyay [143]. The base pressure coefficients in the separated
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region can be calculated directly from the Bernoulli equation as

p—P
Cp — ( : ‘270)’
3PV
2
q; “"AH
_— 1 - mnner _ , 2.2
T 2

where @;nner is the velocity inside the separated zone and AH is the decrease in the

total pressure from that at infinity. Since ginner is small, Cp can be written as

AH

— 2.22
%pUz ( )

Cp=1-

The jump in the total pressure across the free shear layer can be calculated by as-
suming zero static pressure drop across it. If the average velocity along the free shear

layer is denoted by

1 ‘
Qav = ‘é’(Qouter + Q‘inner); (223)
then, for upper shear layer:
,YI
Qouter = Qav + ';u; (224)
; o
Qinner = Qav — 'Y;u. (2.25)

Since the vorticity 4., on the upper shear layer is
71’“,, = Gouter — Qinner; . (226)

AH can now be calculated as

AH = Houter - Hinner;

_ _ L 1, 2]

— [pauter + 2P(Qa.'u + 27w'u.)
1 1

[pinner + Ep(f.la.u_ E’Y:uu)2]1

= PGavYiyu- (2.27)
Using eqs. (2.25) and (2.27), the coefficient of pressure in the separated region can
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be calcula.teci as

P(Qinner + %’Y:uu)”)’:uu

Cpo=1-—
r %pUz b
=1- (711uu/U)2a

=1 (ys/U)% | ( (2.28)

Modelling of the Vorticity Dissipation '

The wake in the present model is finite and its extension is primarily dependent

_upon viscous dissipation A. From eq. (2.27),

, .
. S
AH = pgayty = pqouter — 7;“)(1 - A=)rs. (2.29)

At the closure of the wake, its width becomes zero, i.e.
Sy = Sy = ¢/ , (2.30)
With decreased dissipation, i.e. with reduction in A, the wake length increases. The

wake becomes infinite in the case of ideal fluid when A = 0.

Numerical Simulation of the Rotating Cylinder

The effect of the rotating cylinder can be mathematically simulated either.by

a line vortex (Figure 2-14) at the center of the cylinder or by line vortices distributed
| over the discretized cylinder surface. The strength of the line vortex can be related, by
a simple analogy, to the surface velocity and diameter of the cylinder. Ma.thématically

the total circulation around an arbitrary body is defined as
r= fﬂ‘-d_i, | (2.31)

where: |@| = |Ug| =constant; |di| = |r-df|. Thus:

T =Ucgrdy’>ds,
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A bluff body with a rotating cylinder
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I =

cylinder surface speed

cylinder radius

1" = equivalent point vortex

Numerical ldealization

® = exposed portion of
- the cylinder surface
€2 = angular velocity of
the cylinder

Figure 2-14  Numerical modelling of a rotating cylinder' using a line vortex.
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= 2Tﬂ'r't]C')
=IdUq. (2.32)

wherex d=2r. This circulation can be mathematically simulated by a line vortex of
strength T'. The effect of the moving wall can now be incorporated in a simple manner
through the boundary condition by modifying the right hand side of eq. (2.11) for
upper surface collocation points as |
dz , d
wj — u,-(—é = (uc + Ucosa)é — (we + Usine), (2.33)

j j
where u., w, are the velocity components due to the line vortex of strength T situated
at the céntre of the cylindér. In this way it is possible to directly relate the circulation’
strength I to the speed ratio (Uc/U) through eq. (2.32).

2.3.3 Multi-element configuration

The next logical step is to develop a Ihodel for the moving wall problem based
on-the multi-element configuration by incorporating the effects of separation from
both the cylindef and rear airfoil surface. This model, as before, involves distribution
of linearly varying vorticity and sources on (N1+N3) number of panels descretizing
the multi-element configuration (Figure 2-13b). Flow is assumed to separate from
the cylinder surface at top (T) and bottom (B), and pass over tﬁe airfoil surface.
Flow within the gap is assumed to be local with no effect on the external flow field.
On the airfoil, the flow separates at point S on the upper surfa,ce and at the trailing
edge (point 1) on the lower surface. The vortex sheets separating from the cylinder
are assumed to undergo dissipation so that the vorticity strengths (Yyw,Ywi) become
zero at points S and 1. This results in different dissipation ratios for upper and lower

éepa.ra.tion panels given by:

Au = ¢/Sy; (2.34)

A= c/Sz; ‘ » , | (2.35)

78




where Sy, S; are the upper and lower wake-iengths from the cylinder top and bottom

separation points to points S and 1 on the airfoil surface, respectively.

For a flow separéting from the airfoil surface, ‘free vortex'sheets’ emanate from
separation points S and 1. The vorticity strengths of the upper and lower separation
panels can be obtained, as before, in terms of vs and 7; through egs. (2.15)-(2.18).
However, since the shape of thé separating panels are not known ‘a priori’, an iterative |
procedure, similar to the one described in Section 2.3.2, is adopted. The perturbation

velocity components, in this case, may be expressed as:

N1+No+2 Ny N Ny,
uUj = Z Ajivi + oy Z Cii+ o2 Z Cji + Z E;ivwu
' i=1 Ti=1 i=1 i=1
Ny M M _ -
+ Z E;ivut + Z E;ivyy + Z Eiivy; _ ‘ (2.36)
i=1 1=1 i=1 ’
Ni+Ng+2 Ny . .N2 " Ny
wj = Z Bj,;'yi+alszi+azszi+ ZFji’Ywu
=1 =1 C =1 =1
+ Z Fjivwi + Z Fjivyu + Z FjiYy,- | (2.37)
i=1 i=1 i=1 '

Using eqs. (2.36) and (2.37), boundary conditien of zero normal ﬂéw can be satis-
fied at (N1+N32) collocation points on the multi-element configuration surface giving
(N;+N3) equations. To obtain (N3+N3+4) unknowns, auxiliary relations, pertaining
 to flow separa,tiori and Kutta condition, are used. For the cylinder surface, these
conditions require the vortid’éy strengths just upstream and downstream of the top
and bottom separation points be zero. Furthermore, y(n, 42) = Y(Ny+Ny+2) = 0. For
the airfoil surface, these conditions require that vorticity strengths at the separation
points be equal and opposite to the strength of the separating vortex sheets. Also,
vorticity strengths just downstream of top separation point and upstream of lower

separation point are taken to be zero.

Numerical solution can be obtained, as before, by an iterative scheme starting _
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with an assumed wake shape. Once the convergence is achieved, velocity and pressure

can be calculated using egs. (2.19), (2.20), (2.36), and (2.37).

2.3.4 Computer implementation

Computer codes for single and multi-element configurations were developed
using FORTRAN 77. The programs can allow for zero and non-zero dissipation rate,
desired cylinder rotation speed, angle of attack, etc. The total number of panels
varies between 100-200 depending upon the configuration used. The infinite wake in
'c;,se‘of zero vorticity dissipation is fixed at 150 times the airfoil chord. The programs
require about 50-60 iterations to achieve a convergence accuracy of about 106, and
take about 15 minutes on a SUN SPARC 2 work station. A flowchart outlining the
- panel method is described in Figure 2-15. Details of the mathematical expressions

for calculating the influence coefficients are given in the Appendix B.

80




START

ﬁEAD INPUT PARAMETERS

v

DESCRETIZE THE BODY SURFACE INTO
LARGE NUMBER OF PANELS. REPEAT THE
PROCEDURE FOR THE FREE-VORTEX
LINES MODELLING THE WAKE

ASSUME INITIAL WAKE SHAPE
¥

CALCULATE GEOMETRICAL PARAMETERS
FOR PANELS ON THE BODY AND WAKE

v

APPLY BOUNDARY CONDITIONS,
OBTAIN THE R.H.S. OF THE EQUATION
¢ .
SET-UP THE INFLUENCE
“| COEFFICIENT MATRIX
v
INVERT THE MATRIX TO OBTAIN
THE SINGULARITY STRENGTHS
\; .
CALCULATE PRESSURE-& VELOCITY ON
THE BODY AT EACH COLLOCATION POINT

¥

)k - CALCULATE OVER ALL FORCE
' AND MOMENT COEFFICIENTS

v

OBTAIN THE NEW WAKE SHAPE BY
INTEGRATION OF THE VELOCITY ON
UPPER & LOWER FREE-VORTEX.LINES

HAS THE

WAKE SHAPE CONVERGED?
CALCULATE RESIDUAL
(< 10~5)

NO

YES

PREPARE OUTPUT DATA,
PRINT & PLOT

’

Figure 2-15 Numerical algorithm for the panel method.
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3. AERODYNAMICS OF AN AIRFOIL WITH MOMENTUM INJECTION

3.1 Preliminary Remarks

The Moving Surface Boundary-layer Control (MSBC) was applied to a two-
dimensional symmetric airfoil. The 1eading;edge of the Joukowski airfoil was replaced
by a rotating cylinder, which injects momentum into the boundary-layer on the upper
surface of the airfoil. Cylinders with smooth, splined (axial grooves) or rough (axial

‘and circumferential grooves) surface were tested to assess their relative performance.
To begin with wind tunnel results are presented. Effect of various flow parameters on
the aerodynamic coefficients is discussed to emphasize physical changes in the flow
brought about by application of the MSBC. Next, the numerical simulation results
are presented and compared with the experimental data. Results of single and two
element panel configurations with attached or separated flow model are presented
and their relative accuracy is compared. The wake shape iterations and the effect
of number of panels on the convergence accuracy of the numerical scheme are also
discussed. Finally, the flow visualization photographs are presented which clearly

demonstrate effectiveness of the MSBC in delaying the flow separation.

3.2 Wind Tunnel Investigation
' 3.2.1 Lift and drag characteristics

Variations in the lift coefficient with the angle of attack for smooth, rough
and splined rotating cylinders are presenfed in Figure 3-1. The airfoil with a smooth
leading edge cylinder is the benchmark case (Figure 3-1a) and all other results are
compared with it. In absence of cylinder rotation (Uc/U = 0), the airfoil stalls at
around @ = 10° regardless of the type of rotating cylinder errii,)loyed. In case of
the smooth cylinder (Figure 3-1a), as the cylinder rotation speed is increased from

Uc/U = 0 to 4, the stall is delayed progressively to higher angles of attack: 15° at
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Uc/U = 1; 25° at Ug /U = 2; and 30°-35° at Uc /U = 3-4. Thereis a corfesponding
increase in the lift coefficient (Cr) with a. For a momentum injection rate in the
range Uc /U = 3-4, the CL, maz of 1.84 for the smooth cylinder represents an increase
of around 160%! The corresponding gain with the splined cylinder sufface was equally
impressive at 210% (CL,maz = 2.2). As ;x is increased 'beyond 35°, Cr, decreases, b_ut
the stall is very gradual (i.e. it does not fit the nominal definition of a stall, since a
rapid loss in lift is avoided). Even for a as high as 50°, Cy, is about 1.48 (smooth
cylinder), which is quite significant. The rate of change in Cf, with a can be estimated
from the slope dCp/da. There is no significant change in the slope of the lift curve
with the smooth rotating cylinder case. However, with the rough and splined rotating
cylinders, there is a small rise in dC, /da with an increase in t.he momentum injection.
Note, there is no appreciable further benefit in terms of an increase in lift when the
momentum injection is raised from Ug /U = 3 to 4. This indicates a practical limit

to the beneficial influence of the momentum injection.

Compared to the smooth surface rotating cylinder, the rough cylinder has in-
ferior performance (Figure 3-1b). The maximum Cy, is about 1.52 at & = 30° which is
lower than that obtained with a smooth.cylinder (CL,maz = 1.84). The axial grooves
on the splined cylinder scoop the incoming fluid, and thereby improve momentum
injection in the boundary-layer. In the case of the rdugh surface cylinder, the ax-
ial splines are supplemented by circumferential grooves (Figure 2-8), which seem to
disrupt the effective scooping mechanism. The axial splines extend along the axis of
the rotating cylinder from end to énd, maintainiﬁg a two-dimensional flow. On the
otherhand, the circumferential grooves introduce three—dimensionall disturba..nces up-
stream of the two-dimensional airfoil, resulting in a deteriorated performance. Table
3.1 lists CL maz and stall values for the three different cylinder surface con(iitions.
In Table 3.2, average values of the slope dC}/do are listed. ‘It is apparent that the

performance of the spline surface cylinder is relatively superior.
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Figure 3-1 Experimentally obtained lift coefficient for the Joukowski airfoil in
presence of momentum injection: (a) smooth leading-edge rotating
cylinder; (b) rough cylinder; (c) splined cylinder.
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Table 3.1 Comparative performance of the three rotating cylinders in ferms of
the maximum lift coefficient and the stall angle for(Ug /U = 3 and 4.

Cylinder Surface Uc/U =0 Uc/U =34
Qstall CLmaz - Qstall CLmaz
smooth 10° 0.70 35° 1.75
rough 15° 0.80 30° 1.50
splined 10° 0.75 35° 2.15
Table 3.2  Average values of dCy/da for three rotating cylinders (de in radian).
Range of «, deg. Smooth Cylinder | Rough Cylinder | Splined Cylinder
0 - 20° 4.30 3.87 5.01
0 - 30° 3.44 2.87 4.11
30 - 50° -0.86 -1.15 -1.29

The corresponding dfa.g characteristics for the airfoil are shown in Figure 3-2.
There is an almost linear rise in the drag coeflicient (Cp) with « for all the three
cases. For the Jqukowski airfoil with splined cylinder (Figure 3-2¢), Cp remains quite
- small for o < 15°. It attains a maximum value of around 2.5 at @ = 50° for the airfoil
with smooth or rough cylinder. On the other hand, maximum Cp is about 1.95 in
the case of the splined cylihdér. The lower drag coupled with a higher lift in case of
the airfoil With a splined cylinder appears quite promising for practical aerodynamic
applications. In Table 3.3, the slope dCp/da is listed for Ug/U = 0 and 4. Note,
by application of the momentum injection, flow separation near thé leading edge is
avoided and the local pressure on the upper surface remains much lower compared
;co that at the lower surface of the airfoil. This results in a large normal force acting
perpendicular to the airfoil. Since the drag of an airfoil .is ].;)‘.roportic_)nal to the sine
component (i.e. Cp sind) of this normal force, it contributes more to Cp as « is
increased. The rate of momentum injection increases the slope dCp/de in all three

cases (Table 3.3).
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Table 3.3  Average values of dCp/do as affected by the cylinder surface condition
' and rate of momentum injection.

Type of Cylinder Uc/U=0(0<a<10°) |Uc/U =4(0<a <50
Smooth 0.997 2.865 -
Rough 0.229 5865
Sphined 0516 v 2.992

The lift to drag ratio (Cr/Cp) for the airfoil with three different cylinder
geometries is plotted in Figure 3-3. The C/Cp has a peak in the range 0 < o« <
10°, before stall. In-the case of splined cylinder, large Valués of Cr,/Cp are achieved,
resulting frém a combination of high lift and low drag coefficients. Beyond stall, the
CL/Cp ratio drops off rapidly and there is only little effect of momentum injection.
At high angles of attack (o > 20°), both the lift and the drag coeflicients show an
increase keeping thé CL/Cp r\a,tio low. Further appreciation in this regard can be
obtained by examining Cp, vs. Cp plots for the three cases (Figure 3-4). For the
splined cylinder, the steep gradient of the plot suggests a favourable performance. In
Figure 3-5, variation of both C}, as well as C,/Cp.with a are plotted for the three
cases. These results clearly establish significant changes brought about by the surface

condition of a momentum injecting rotating cylinder.

Results in Figure 3-6 focus on the variation of Cy, with & beyond the nominal

- stall angle of 10° (reference case), as affected by thev surface roughne§s of the rotating
element and Ug/U. For the smooth cylinder case, as expected, the lift coefficient
first dips at stall followed by a monotonic rise with an increase in t.he angle of attack
in the range tested (@ < 50°), in absence of the_;)nomentum injection. The effect of
Uc/U is to delay the stall to around 35° for Uc /U = 4 with an increase in C by
~ 160% as mentioned before. Now the discontinuity in the C vs. « plot at the
stall is eliminated. Note, the flat peak suggests onset of a gra.-dua,l stall, a desi.ra.ble

" feature. The presence of the splined surface accentuates this behaviour resulting in
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Figure 3-2

Experimentally obtained drag coefficient for the Joukowski airfoil in

presence of momentum injection: (a) smooth leading-edge rotating
cylinder; (b) rough cylinder; (c) splined cylinder.
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’higher slope of the lift curve, increased C, maz and slightly further delay in the onset
of stall (~ 32°), which contiﬁues to be gradual. The corresponding plots for the C.D
variation are presénted in Figure 3-7. The relatively small increase in the drag for
the splined cylinder case suggests effectiveness of the MSBC even at moderately high
angles of attack. At an angle of attack of 30"; a reduction in the drag coefficient

‘from Cp ~ 1.6 for the smooth cylinder case in absence of momentum injection to
Cp = 0.7 for the airfoil with a splined cylinder at Uc/U = 2 is indeed impressive. It
amounts to 56%.

3.2.2 Pressure distribution

Extensive wind tunnel tests provided a wealth of information in terms of the
pressure distribution with respect to different flow parameters. Some typical results
for the smooth and splined surface cylinders are presented in Figure 3-8 to explain
the physical effects of momentum inje;:tion on the flow past the airfoil. As mentioned
earlie-r,' the airfoil is symmetric about its chord and hence has similar pressure dis-
tribution on the top and bottom surfaces resulting in a zero lift at @ = 0. At «
= 5° (Figure 3-8a), the pressure on the top surfacé of the airfoil is lower compared
to that on the bottom surface. As ¢ is increased further, the -pressure on the top
surface becomes{even lower ‘(Figure 3-8b). On the other hand, there is no chaﬁge
in the pressure distribution on the bottom surface. Also note the presence of a near
stagnation value (Cp = 0.9) at the bottom of the leading edge. The airfoil has not yet
stalled at & = 10°. Introduction of the momentum injéction does not bring about any
noticeable changes in the pressure distribution, as the flow is not separated. With
a further increase in the angle of attack (o = 15°), the airfoil stalls completely in
absence of the momentum injection (Uc/U = 0). As the momentum injection is
increased from Ug /U = 0 to 4, the flow separation on the top surface is eliminated
completely. The pressure coefficient (Cp) reaches a minimum value of 4.0 near the

upper leading edge. Similar trend persists when « is further increased upto 40° (Fig-
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ure 3-8d to 3-8f). ‘The peak negative Cp is about —6.0 at the top facé of the rotating
cylinder (Uc/U = 4), which significantly contribu‘tes to a large increase in the lift.
As expected, in presence of the momentum injection, the point of separation on the
top surface moves tov;ra,rd the trailing edge with an increase in the cylinder rotation

speed.

3.3 Numerical Simulation

3.3.1 Pressure distribution

Figure 3-9 corhpares pressu;e distribution plots on the surface of the airfoil
obtained through the numerical scherne and wind tunnel tests. The experimental
data pertain to the case of the Joukowski airfoil with smooth cylinder. The wind
tunnel test Reynolds number based on the airfoil chord was 143,000. The numerical

results were obtained using the two element panel configuration as described earlier.

At o = 5° and in absence of momentum injection (Ug/U = 0), there is a
good agfeement between the theory and experimental data (Figure 3-9a). However,
at a higher rate of momentum ‘injection,(Uc /U = 4), the numerical scheme somewhat
overpredicts the negative pressure on the top surface of the airfoil. On the other hand,
presence of- a large suction peak at the fotating cylinder is successfully captured
by the numerical scheme. Due to limited number of pressure taps on the surfac.e.
of the rotating cylinder, the suction peak could be captured only paftially during -
the experiment, though a tendency f;owa.rds large negative Cp is evident. Overall,
there is a satisfactory agreéfnent between the numerical and experimental pressure
distribution plots over the complete airfoil. An increase in & to 10° (Figure 3-9b),
makes the suction peak even more pronounpéd. Close to the trailing edge the flow is
almost separated ét Uc/U =0, indicating a tendency to stall. The complete stall at
still higher angles of attack (a = 15°) i_s accurately captured by.the nﬁmerical scheme.

In presence of momentum injection (Ug /U = 4), the point of separation is pushed
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Figure 3-8 Experifnentally obtained pressure distribution for the Joukowski air-
foil with the MSBC provided by a smooth surface cylinder: (a) @ =
5° ;(b) @ =10° ; (c) a = 15°.
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Flgure 3-8(cont.) Experimentally obtained pressure distribution for the Joukowsk1

airfoil with the MSBC: (d) o = 20° ;
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further downstream (X/C = 06) The effect of the momentum injection diminishes
as X/C increases and becomes negligible beyond X/C = 0.6, which is expected due
to the vorticity dispersion and dissipation effects.
3.3.2 Comparison of the various numerical schefries

Figures 3-10 to 3;12 present coinparison of results obtained using the various

numerical schemes described in Section 2.3.

Numerically obtained pressure ‘plots using a single and two elément panel for-
mulations with the attached flow model are shown in Figure 3-10. The results are
essentially similar except for the suction peak, which is larger for the two element
case. Figure 3-11(a) shows comparison between attached and separated flow solu-
tions for the single element configuration. As expected, the separated flow solution
agrees better with the experirﬁental data since it is more realistic. The suction peak
near the leading edge diminishes due to flow separation. The discrepancy near the
trailing edge (Figure 3-10) is also eliminated. In Figure 3-11(b), the results for the
single element airfoil are cérnpa.red with those obtained using the two element model.
Note, the prediction by the two element case shows a slight improvement. The spike
in the suction peak (which is physically unlikely) is replaced by a smooth curve indi-
cating a gradual change in the pressure. Figur'e 3-12 presents results at o = 20° for
the two element airfoil with attached and separated flow models. As can be expected,
there is a significant improvéfnent in prediction with the separated flow model. The
unrealistically high suction peak predicted by the attached flow model is now sib-
stantially. reduced. The modelling of flow separation near the leading edge agrees
more closely with the actual physical process. The discrepancies between the numer- -
ical and experimental pressure values near the leading and the trailing ,edges are also
eliminated.

3.3.3 Prediction of the lift coefficient

In Figure 3-13, the numerically obtained lift coefficient is compared with that
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Figure 3-9 Comparison of the numerically obtained pressure distribution with
the experimental data for a Joukowski airfoil with the MSBC: (a) «

=5 ; (b) & = 10°.

58




12.0

0.0

n(d) E : ]
“+ e = 143000 LINES - THEORY

o SYMBOLS - EXPERIMENT
o=20 -
: O }ucru=o

A }UC/U=4

A -

R R RRRE AR -——u—-—m——%f_fﬁg&@ji
> - | 1 i 1

L L I I L L ] i l 1 L L 1 l

0.5 0.8 1.0

X/C

Figure 3-9(cont.) Comparison of the numerically obtained pressure distribution

with the experimental data for a Joukowski airfoil with the

MSBC: (c) @ = 15° ; (d) a = 20°.

99




experimental data (Re = 143000)
attached flow sclution (single element aerofoil)
attached flow solution (two'element aerofoil)

o=10°

Uo/U=0

=}

experimental data (Re = 143000)
attached flow solution (single element aerofoil)

attached flow solution (two element aerofoil)

Ug/U=1

o= 10°,

Figure 3-10

X v
Comparison between the results obtained through the single and two
element numerical panel formulations in presence of the MSBC: (a)

a=104Uc/U =0; (b) @ = 10°, Uc/U = 1. The experimental data

are also included.
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Comparative studies of pressure plots in presence of the MSBC: (a)
attached versus separated flow solutions for a single element formu-
lation; (b) corresponding results for the two element airfoil. The
experimental data are also included.
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from the wind tunnel tests. The Cr, ‘again‘st a curve agrees closely with the experi-
mental results, especially at low and moderate angles of attack (o < 20°). The airfoil
stall around o = 10° is also captured by the numerical scheme accurately. However,
for & > 30° the numerical results start to diverge from the experimental data. This .-
can be expected due to relatively complex character of the flow. It indicates a need
for improvement in the ‘free vortex layer’ model of the wake at Véry high angles of

attack. " .

3.3.4 Iteration characteristic and the wake shape

The iteration character of the numerical scheme is indicated in Figure 3-14.
The results are for the two element a.iffoil with separated flow model in presence.'
of momentum injection (a =15%, Uc/U = 1). The lift coefficient converges quite
rapidly to its final value in less than 15 iteratioﬁs, which 1s considered very good.
Each iteration cycle affects the shape of the x.iva,ke. Initially, the flow is represented
by parallel upper and lower ‘free vortex layers’ emanating from the separation points.
This .is shown in the inset box. If the wake vorticity dissipation rate (A) is considered |
zero then an infinite wake is obtained, which is unrealistic. In case of the nonzero
dissipation rate ()\ = 0‘.62), the ‘free vortex layers’ converge to a closed wake in about

15 iterations. This takes about 2 minutes on a SUN SPARC 2 workstation.

The effect of number of panels on the convergence of the numerical scheme
was also investigatéd (Figure 3-15). With just 57 panels (airfoil + wake) the residuéfl
(i.e. the maximum difference in wake shape between the two consecutive iterations)
is about 1072 when a cyclic variation sets in. If the number of panels is increased
to 104, the accuracy is improved to 10~%. Finally, with 204 panels, an accuracy of
the order of 107¢ is achieved in 100 iterétions ;vhich is sufficient for all engineering

purposes. This suggests sensitivity of the solution to the distribution of panels.
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Numerically obtained lift coefficient as compared to the experimental

data for a Joukowski airfoil in presence of the MSBC.
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3.4 Flowv Visualization

To get better a,ppreciati'on as to the physical character of the complex flow field
as affected by‘the ang’le of attack and momentum injection parameters, extensive flow
visualization study was undertaken. It also gave useful information a,Bout relative
importance of the various system paranﬁeters and hence assisted in planning of the

experiments as well as the numerical analysis.

The study showed, rather dramatically, effectiveness of this form of b.oun.dary-
‘layer control (Figﬁre 3_-16). For the leading edge smooth cylinder at o = 15° (Re =
29,400) and in absence of the cylinder rotation, a well-defined early separation, almost
at the leading edge, results in a wide wake with large-scale vortices swéepiﬁg away
ciownstrea,m (Figure 3-16a). As the momentum injection is increased to Uc/U =1,
there is flow reattachment of the: separa,fed shear;la;yer at about X/C. ~ 0.6 forming
a large bubble with recirculating flow. However, the momentum injection is not suf-
ficient to keep the flow attached and th.e flow separates again rather quickly, forming
a well organized wake. Compared to the case of Ug/U = 0,. the streamlines move
closer on the upper surface of the airfoil, diminishing the wake width considerably
(~ 0.48C). At Uc/U = 2, the streamlines are very close to the upper surface and
the wake is quite small (= 0.3C). The sépa,ration bﬁbble has disappeared completely.
Note the .presen_ce of a stagnation point near the leading edge on the bottom surface
of ;che airfoil. The separation point is further pushed towards the trailing edge. At
Uc/U = 4, an essentially atteliched‘ﬂow is established over most of the upper surface
of the airfoil, even at such a high angle of atta;ck, consicierably beyond the nominal

stall angle of around 10°. Similar trends persists even at a = 45° (Figure 3-16b).

The flow pattern in the wake of the airfoil was found to be quite unsteady with
the vortex layer separating and forming a bubble on reattachment, the whole structure
drifting downstream, diffusing,' and regrouping at different scales of vortices. Ulti-

mately the flow sheds large as well as small vortices. This unsteady character of the
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Figure 3-16

= = p— - —_—

Representative flow visualization pictures showing,r rather dramati-

cally, effectiveness of the boundary-layer control through momentum
injection. The observed results compare well with the delay in sep-
aration predicted by the panel code: (a) a = 15°.
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Figure 3-16(cont.) Representative flow visualization pictue
matically, effectiveness of the boundary-layer control through
momentum injection. The observed results compare well with
the delay in separation predicted by the panel code: (b) a =
45°.
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separating shear layer and the wake is clearly evident in the flow visualization video.
Thus the flow character indicated by the experimentally obtained time-averaged plots

appear to be a fair description of the process.

" 3.5 Summary

Based on the wind tunnel, numerical and flow visualization results it can be
concluded that significant improvement in the lift coefficient as well as délay in the
s‘ta,ll angle could be achieved by judiciously selecting the rate of the momentum injec-
tion, and the cylinder surface geometry. Arﬁong the three different surface roughness
conditions studied, the cylinder with axial splines was found to be the most effective.
In pres\énce of the MSBC the stall becomes gradual and could be.delayed to 50°. The
numerical scheme provides good approximétion of th’e ‘a.ctual‘ﬂuid dynamics of the
MSBC as applied to an airfoil at high angles of attack. The flow visualization results

dramatically confirm the effectiveness of the MSBC in delaying separation.
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4. FLOW PAST A D-SECTION WITH MOMENTUM INJECTION

4.1 Preliminary Remarks

Over the years, considerable attention has been directéd towards the aerody-
namics and dynamics of circular cyl.inders aﬁd reétangﬁla,r prisms. On the other hand,
. the D-section has received, relatively, less attention. This is surprising because it does
exhibit béhaviour of importance to design engineers. The D-section has a frontal flat
face and a semicircular afterbody. An intelv'esting toy known as “Lanchesters’s-aerial
tourbillion” [148] has a D-shaped cross-section and exhibits autorotation [145]. The
D-section is susceptible to both the vortex resonance and galloping instabilities. Be-
ing a hard oscillator due to nonlinear character of the system, the D-section would not
gallop from rest, but requires an initial threshold disturbance at a given freestream
speed, to execute transverse vibrations. Dynamics of ice-éovered transmission lines
exposed to wind has been studied by employing the D-section as the likely model [149,
150]. In fact, Prince hotel in Otsu, Japan, around 135 m tall, has a cross-section éf
a D-geometry (Figure 4-1).

With this as background, the preéent study focuses on:

(i) Wind tunnel tests with a two-dimensional model of the D-section to assess
its aerodynamics as affected by the angle of attack and momentum injection.
Results show the MSBC.to be effective in delaying the boundary-layer sep-
aration resulting in a significant reduction in the drag, a desirable feature
from the structural design consideration. It also proves to be quite successful
in suppressing the vortex shedding even with a small amount of momentum

injection.

(ii)  Numerical simulation of the fluid dynamics of the D-section, in presence of

momentum injection, using an extension of the vortex panel method. Results
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Figure 4-1 The 38 storey Prince Hotel in Otsu, Japan; height 137 m.
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compare well with the experimehtal data promising considerable saving in

time,/ effort and cost associated with wind tunnel tests.

(iii)  Extensive flow visualization study in a closed circuit water channel using slit

lighting in conjunction with polyvinyl chloride tracer particles. It shows, rather

dramatically, effectiveness of the MSBC as applied to the D-section.

4.2 Wind Tunnel Investigation

Here results are presented for a D-section with smooth rotating cylinders,
which also serve as the benchmark case for comparison with the numerical data.

-

4.2.1 Pressure distribution

Experimentally obtained pressure distribution around the D-section is pre-
sented for a complete range of angle of attack (0-180°) in Figure 4-2. Experiments
were carried out for the rate of momentum injection ranging from Ug /U = 0 to 4 in

steps of one unit, however, for clarity, results are presented for Ug /U = 0, 2 and 4.

‘At @ = 0, the pressure distribution is symmetrical about the stagnation point
as expected. The stagnation point is located midway on the front flat face of the D-
~ section. The D-section has rounded corners due to the presence of rotating cylinders. .
The pressure starts decreasing gradually as the flow approaches the corﬁers and finally
it separates neaf the rotating cylinders in absence of momentum injection (Ug/U =
0). The semicircular afterbody lies completely in the wake with a negative pressﬁre

coefficient, which is constant everywhere on the afterbody. This indicates presenée'of

" a large wake, which is responsible for a higher drag (Cp = 1.3) experienced by the.

D-section. As the momentum injection is increased (Ug/U = 0 — 4) the pressure
distribution is altered substantially. The rotating cylinders have a small effect on
the upstream flow, except that the fluid is accelerated towards the rotating cylinder

resulting in a slightly lower pressure. As seen from the pressure plot for & = 0, large

113




' i s A/ ’ ‘
Co [ | °cg | Re = 66000

oY ‘ —0— UJU=0
- - —A - UgU=2
4.0 o= 300 - . . -0 — UJU=4
1 " ] L 1 L | T S | 1 | 1 1 L 2 1 3 1 i1 I " 2
20 1.0 00 gR 10 20
Figure 4-2 -Surface pressure plQ'ts fof the D-section showing effects of the angle |

of attack and momentum injection (a = 0-30°).
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Figure 4-2(c40nt.). Surface pressure plots for the D-section shovﬁﬁg effects of the
angle of attack and momentum injection (a = 40°-75°).
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Flgure 4- 2(cont ) Surface pressure plots for the D-section showing effects.of the
angle of attack and momentum injection (a = 90°- 180")
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suction peaks appear on the surface of the rotating cylinders. The strength of the
suction peak grows with an increase in the rate of momentum injection. A part of
the suction peak is located towards the front of the D-section, which also contnbutes
to the drag reduction. The injection of momentum also results in a higher wake,
pressufe, i.e. the pressure at the base of the afterbody lying in the wake. In absence

of momentum injection, the wake pressure coeflicient Cpp ~ —0.90, whereas at Ug /U

=4, Cpp ~ -0.74, i.e. a rise of about 22%, which is significant.

As the angle of attack is increased from zero, the symmetry in the pressure
distribution is disturbed. The stagnation point no longer remains at the center of
the front>face. It gradually shifts towards the rotating cylinder facing upstream. The
asymmetry in the flow field results in an adjustment of pressure distribution over
the whole body including the wake. As a result, the suction peaks on the rotating
cylinders are no longer of equal strength. The upstream suction peak is diminished
while the downstream suction peak remains almost unaffected at low angles of attack
(e < 30°). Thus the movement of the etagnation point has important consequences
on the overall pressure distribution. At & = 40°, the stagnation point has moved close
to the upstream corner, merglng with the original loca.tlon of the suction peak. Note,
now the suction peak is no longer v151b1e on the upstream rotatlng cylinder; even at the
highest rate of momentum injection used during the experiment (Ug /U = 4). But the
wake pressure still shows a positive increase in presence of the mement;rn injection.
The suction peak on the downstream rotating cylinder progreséively diminishes. An
increase in & upto 60° produces no further changes in éhe overall pressure distribution.
For 75° < o < 105°, a large suction peak reappears at the upstream rotating cylinder
due to local acceleration of the flow. The rest of the body lies completely in the
Wake on either side of the stagnation point. At = 90°, there is no rise in the wake

pressure with momentum injection. In fact, at a = 105°, the wake pressure becomes

more negative due to adverse effect of upstream cylinder rotation, and the resulting
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drag is higher. This indicates that for & > 90°, the direction of upstream cylinder

rotation needs to be reversed.

At o = 180° the -semicircular afterbo.dy of the D-section faces upstream and the
flat face turns towards the downstream direction. This situation is of some interest,
since at a@ = 1807, the D-section has no afterbody lying in the wake. The rotating
cylinders are now located at the f,railing edges as against at the leading edge. Note,
the front portion» of the D-section behaves like a circular cylinder. The original scheme
of cylinder rotation is obviously detrimental and a large decrease in the wake pressure -

coupled with a very high drag (160% increase) is observed.

As seen earlier, o = 90° represents a special case. The flat face is now aligned
with the flow. The upstream rotating cylinder encounters the flow first. By examining
the schematic of the D-section (Figure 4-3), it is apparent that the upstream cylinder
should be rotated clockwise so as not to oppose the incoming flow. It was decided
to assess the effect of both clockwise and counter-clockwise rotation of the ﬁpstream
cylinder. In addition, a third case involving reversal in the direction of the'downstfeam
cylinder was also studied. The results are presented in Figure 4-3. The reversal in
the downstream cylinder rotation has virtually no effect since it a.lreaﬂy operates in
a separated flow environment (upstream cylinder rotation counter-clockwise). The
other two cases had little effect on the overall pressure distribution, though a small
drag reduction was achieved for both the cases. Thus, for o = 90°, the results suggest
that the D-section has essentially reachéd the minimum drag value and the injection
of momentum has little efféct on further reduction of Cp.

4.2.2 Wake pressure and vortex shedding

The fluid in the wake is separated from the main flow by a thin layer of vorticity
which originate on the body and detaches at the separation points. These surfaces of
discontihuity represent a jump in the velocity and could be idealized as “free vortex

lines” in two-dimensions. In reality, the demarcation between the wake and the outer
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' potentiél flow is not so sharp as the viscosity and turbulence smear this boundary.

The mean freestream velocity at separation (Ug) can be approximated as [16]
Ug® =U?(1 - Cps), , o (40)

where Cpp = base pressure in the wake and U = free stream velocity. rI-'hus the two
shear layers, carrying opposite sign of vorticity, are.responsible for vortex shedding.
‘The presence of a bluff body merely modifies the process by ailowing a feedback
mechanism between the wake and the shedding of circulation at the separation points -
6. |

The rate at which the circulation (T') is ‘she'dded at the sepeixration p‘oinfs can
be approximated as [16] |
' dar U '
- = 3’2 | - (4.2)
It is also known ‘that vortex formation invbl\}es mixing of flows of oppositely signed
vorticity [96]. The strengths of individual wake vortices will be less than the total
circulation shed from one side of a bluff body during a sheddiﬁg cyde. Hence the

fraction of the original circulation that survives vortex formation is [16] .

5= 25Ty
- UD

(1—Cp3)'f, (4

where St = Strouhal number, 'y = strength of a wake vortex, and D = characteristic

dimension of the body.

- The value of § has been determined mostly through experiment and range
from 0.2 to 0.6 for diﬁereﬁt bluff body shapes [6, 16, 151-153]." Even for a given
bluff shape, value of é is not consistent [16]. The set of equations (4.1) to (4.3)
emphasize the strong link that exists between the. vortex shedding and base pressure
in the wake. A higher base preésure, iﬁ geﬁeral, would correspond to a lower rate of
shedding. This fact could be inferred qué.litativel’y from the present experiments with

momentum injection. Thdugh no quantitative estimates were sought, it was obvious
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that momentum injection disrupts the vortex shedding process and, at'a sufficiently
high rate, it Completely suppresses it.

Variation of the Ba.se pressure as affected by the anglve of attack and momentum
injection is shown in Figure 4-4. Upto a = 105°, pressure tap A (as shown in the
schematic of the D-section) was found to lie in the wake. For a = 135 and 1809,
pressure tap B was used for the purpose. The results show that the base pressure is
much lower than the freestream value (Cpp < 0), and increases sigrﬁﬁcantly_due to
momentum injection. On average, almost 30% rise in the base pressure was achieved
for0 < o< 90° Ata= 90°,v the rise in base press'ure was about 8%. For a > 90°, the
wake pressure reduces, indicating a need for >the reversal in the direction of rotation
of the upstream cylinder. For a > 135°, it Becomes necessary to reverse the direction
of both the rotating cylinders (i.e. inward mode of rotation). | This raises the wake

pressure by 10 — 25 %.

In Figure 4-4(b), variation in the Strouhal number is plotted against the angle

of attack. The Strouhal number remains essentially unchanged except in the range

60° < a < 105°, with a peak at « = 90°. The flat face of the D-section is now
aligned with the flow thus making the body relatively streamlined and causing a

jump in the vortex shedding frequency. As the momentum injection is increased from

‘Ug/U = 0 ~ 4, a dramatic change occurs in the wake. At a low rate of momentum

injection (Ug/U = 1), the vortex shedding process was exfremely weak and hence
no clear frequency could be identified through spectral analysis of pressure signal
from the surface of the body. Even a disk probe .(Section 2.2.3) in conjunction with"

an extremely sensitive Barocel pressure transducer (resolution 10~® ,1b/in2, 6.9 x

10“5' N/ Mz) as well as a hot wire anemometer system (DISA Elektronik, Denmark),

both traversing the wake to identify discernible signals, failed to detect a coherent
vortex shedding frequency. Perhaps the small amount of vorticity shed was quickly

dissipated in the turbulent wake (Re = 66,000). Of course, with the momentum
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injection, the shed vorticity diminishes in strength, and for Ug /U > 2 it was virtually
eliminated with the Strouhal number designated as zero (Figure 4-4). The changes in
the wake brought about by momentum injection can be better appreciated through

flow visualization photographs, which are presented later in this chapter.

The elimination of vortex shedding is also indicated by a higher base pressure
in the wake. An increase in the base pressure can be attributed to a smaller width
of the wake and a lower drag coefficient. The rise in the base pressure is similar to
that obtained when a splitter plate of aﬁpropriate length is placed behind a circular
cylinder at a suitable location [151]. The momentum injection is responsible for
delaying and even suppressing the bouﬁdary—layer separation.

4.2.3 Aerodynamic coefficients

Variations in the drag and lift coefficients with the angle of attack are shown

in Figure 4-5. The net drag reduction is summarized in Table 4.1. The drag reduction

(%ACD) is defined as

Cowegv=0) — Co(ug/u=4)

%ACp = x 100. (44)

Cp(g/u=0)
~ The direction of rotation is kept fixed as at @ = 0 throughout.

Table 4.1  Drag reduction with momentum injection for various o

o’ CD(Uc/UZO) NACp (Uc/U =4)
0 1.293 42
30 0.997 : 19
45 0.806 22
60 . 0.583 29
90 : 0.209 75
105 0.306 -13
180 ‘ 0.130 -158

The drag coefficient reduces with the angle of attack and reaches a minimum
at @ = 90°. In presence of momentum injection the drag coefficient is lowered con-

siderably. The drag reduction continues for 0 < a £ 105°. Beyond o > 105°, the
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need for reversal in the direction of cylinder rotation is clearly indicated. Note, the
minimum dragﬂ coeflicient at a = 90° is also coupled with the highest vortex shedding
frcqueﬁcy (Figure 4-4).' The decrease in drag by as much as 75% .(a = 90°) is indeed
impressive. | '

The absolute change in the lift coefficient by itself is of little significance for a
bluff body like a D-section, but the rate of change of lift coeflicient, dCf /da, is quite
important in determining the susceptibility to flow-induced vibrations. A negative
dCp/de indicates a likelyhood for galloping instability at low angles bf a,tté.ck [154].
A Figure 4-5 clearly shows dCy, /da < 0at Ug/U =0, but becomes positive for .Uc /U >
2 indicating that the stability is restored. This results are discussed in more detail in

Chapter 6 in connection with dynamic experiments.

Ata=0and 180"? the D-section is éymmetric with respect to the flow direction
and the lift coefficient is zero. In the range o = 40° — 45°, the lift coefficient is negative
but large in va,lu‘e (CL = -1.0) in absence of momentum injection. However, with
Uc /U = 4, the lift coefficient is increased substantially (Cf, =~ - 0.55, i.e. the absolute
value is reduced). Thus in general, momentum injéction reduces transverse load on

the structure. This could be used to ad\}antage'in their design.

Figure 4-6 shows effect of various strategies of cylinder rotation on the drag
coefﬁéient. As pointed out earlier, for @ < 105°, the outward rotation mode is
most effective in reducing the drag. For o = 135°, the direction of rotation of the
‘upstream cylinder needs to be reversed (i.e. the downstream rotation mode). For
a > 135, both the cylinders are affected (i.e. inward rotation mode) to obtain drag
reduction. In practice, for a tall building , this can be accomplished quite readily
through a microprocessor based switching actuator operating in conjunctioﬁ with a

wind direction transducer.

4.3 Numerical Simulation

A comparison between numerically and experimentally obtained pressure plots,
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Figure 4-5 - Drag and lift characteristics of the D-section as affected by the mo-
mentum injection
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as presented in Figure 4-7, shows good agreement. At o = 0, the numerical scheme
predicts separation at the corners and a constant pressure wake. It suc‘cessfully cap-
tures the existence of éﬁction peaks, and predicts a rise in the base pressure in presence
of momentum injection. For & > 0, an asymmetric pressure distribution coupled with
the movement of the stagnation point matches with that obtained from the wind tun-
nel tests. At higher «, the pressure distribution on the upstream face of the D-section
agrees more closely with the wind tunnel results, whereas in the wake, the difference
between the theory and experiments is relatively higher, though the trend is quite
similar. This, of course, is understandable due to potential character of the panel

method.

Figure 4-8(a) compares the éorresponding drag data. The >numerica,l sch.emé
a.'ccu.rately predicts drag reduction in presence of momentum injection. The com-
parison was extended upto o = 40° to assess the limit of applicability of the panel
method used here. For o > 307, discrepancy between the theory and the experiment
is detected. Thié, suggests that, at high angles of attack, the panel method needs an
improved model for the wake. Figure 4-8(b) shows numerically obtained wake geom-
‘etry at @« = 0. In absence of momentum injection, a wide wake results. It should
be pointed out that only the near wake region (upto X/R ::10) is shown _here. The-
actual wake continues for many diameters downstream, with the ‘free vortex lines’
drawing near each other and eveﬁtually closing. A finite wake is obtained due to
the dissipation of the vorticity rnocielled in the panel code. The vorticity dissipé.tion
factor determines the wake length and is an empirical input to the program. The
value of the base preséure in the wake vx.ra.s found to Be a function of the vorticity dis-
sipation factor. As the momentum injection is increased from zero, the “free vortex

* converge toward each other resulting in a smaller wake width. This feature of

lines’
the numerically obtained wake shape is in good qualitative agreement with the flow

visualization results.
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pressure plots for the D-section. Note, the numerical scheme accu-
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‘tained -pressure. plots for the D-section. Note, the numerical

scheme accurately predicts presence of large suction peaks, as

well as rise in wake pressure in presence of momentum injection
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Thus even a simple panel code in conjunction with vorticity dissipation gives
surprisingly good results, even for such a complex flow phenomena as represented by

a bluff body with momentum injection.

4.4 Effect of Surface Condition of a Rotating Cylinder

A change in the surface conditions of the rotating cylinder could result in
important benefits in terms of more efficient momentum injection. As described in
Chapter 3, a splined rotating cylinder was found most effective in increasing the lift
of an airfoil. Hence it was decided to assess the relative performance of cylinders with

different surface conditions (smooth, rough and splined).

Figures 4-9 and 4-10 preseﬁt relative performance of the three different rotating
cylinders in terms of the drag and lift coefficients, lift/drag ratio and the base pressure
coefficient. In absence of momentum injection (Ug/U = 0), the 'splined and rough
rotatiné cylinder have a higher drag due to wider wake cé.used by early separation.
However, the surface roughness does i’mpfove efficiency of the momentum injection
process resulting in further decrease in the drag and increase in the base pressure
(compared to the smooth cylinder case), particularly for o S 20° (Figure 4-9). On
the other hand, so far as the lift is coﬂcerned, the cylinder surface Iroughness has little
effect even upto « as large as 30° (Figure 4-10). However, beyond that there are some
discernible differences which can be better understood by referring to the pressure -
distribution plots (Figure 4-11). At a = 0, in absence of momentum injection, the
base pressure is lower for the rough and splined rotating cylinders, which explains - the
measured higher drag coefficient. However, with Ug/U = 4, the wake pressure rise
is more for splined and rough cylinders, and strength of the suction peak is slightly
diminished (S/R=1). The resultant effect is the decrease in drag. At o = 45°, the
strength of the suction peak at S /R = -1 is significantly increa.sed with the momeﬁtum

il

injection leading to a higher Cf,.
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4.5 Flow Visualization

Flow Qisu#,liza.tion has always been a powerful tool in studying complex fluid
dynamics phenomena. A set of revealing photographs can convey important informa-
tion about the physical character of the flow, at least qualitatively. Thus it helps in
understanding of possible mechanisms at work that characterizé the flow field. De-
pending on the accuracy of the flow visualization process and parameters of fnterest,
even quantitative information can be obtained through analysis of photographs and -
video movies. The details of flow visualization procedure adopted was described in

Section 2.2.6. Here, results for the D-section are presented (Figures 4-12 and 4-13).

At o = 0 and in absence of momentum injection, the first thing that cap-.
tures the attention is the existence of a wide wake behind the D-section (Figure
4-12). Note, the wake is' significantly wider than the diameter of the D-section. The
Reynolds number was 20,000 and the boundary-layer at separation is turbulent. The
wake vortex structure displays considerable turbulence, with associated mixing and
dissipation. Immédiately behiﬁd the D-section, there is a small region of essentially
stagnant fluid. The separating shear. layer from the top has a sinusoidal chafacter
and divides the wake into well-defined pockets of diffused vorticity, generated from
the X)/iscous dissipation of the shed vortices. The overall configuration of the wake
revefses itself in an alternate manner in phase with the vortex shedding process. kThe
video revealed considerable unsteadiness of the wake, oscillating from side to side d'ue.
to the low pressure region asséciated with the nascent vortex. At a given instant, the
wake is slightly asymmetric (Figures 4-12 and 4-‘13). The shed vortices grow rapidly
as they af¢ convected downstream, diffusing vorticity in the surrounding fluid at a

faster rate.

With an increase in the momentum injection from Uc /U = 0 — 4, the wake
-becomes progressively .ria.rrower, turning into a small bubble at Ug/U = 4. This

suggests considerable influence of the momentum injection on the inclination of the
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Figure 4-12  Flow visualization photographs showing effectiveness of the Moving Surface Boundary-layer Control
(MSBC) as applied to the D-section. Note, at Uc/U = 4, the fluid motion tends to approach the

potential character.
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separating shear layers. For ex;clrnple, the separation angle at the top corner of the
D-section is around 10° at Uc /U = 0 (measured counter-clockwise with respect to the
flow direction), changes; to ~ -10° at Ug /U = 2 and reaches a value of approximately
-35° at U /U = 4 thus resulting in a progressively smaller ca,vi‘ty in the wake. The
oscillafory behaviour of the wake manifests itself in a much weaker form further down-
stream. At low rates of momentum injection (Uc/U < 1), the video clearly showed
a significant increase in the vortex shedding frequency. However, at sufficiently high
rates of momentum injection (Ug /U > 2), vortex shedding is suppressed completely
and the fluid motion approaches the potential flow character. Since t.he “bluffness” of
a body and the width of the wake are related, a reduction in the Wak'efwidth implies,

effectively, a more streamlined body with an associated reduction in the drag.

Number of researchers [153, 155, 156] have pointed out the discrepancy be-
tween the experimentally observed vortex spacing ratio b /a (i.e. transverse to lon-
gitudinal spacing of a staggered row of vortices) and that predicted by Karman’s
stability analysis (b/a ~ 0.281). A close scrutiny of a large number of flow visualiza-
tion photographs revealed considerabie scatter (b/a = 0.23-0.58 for Ug /U = 0 and

depending on «) away from the value predicted by Karman. The Reynolds number

“ being sufficiently high (= 20,000), the separation is turbulent. This could introduce

intermittency and randomness in the vortex formation. Three dimensional effects are

also known to alter the vortex spacing ratio.

At a = 45° (Figure 4-12) the essential features of the wake remain similar.
Even at Uc /U = 0, the wake is narrower compared to that for the o = 0 case, and this
explains the lower drag coefficient. In presence of momentum injectioh the bubble
containing separated recirculating fluid is nearly eliminated. Note, the freestream

leaves the body at an angle due to the momentum injection.

4.6 Summary

The D-section in presence of momentum injection shows significant decrease

o
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in drag a,svrevealed from the wina tunnel, numerical and flow visualization results.
The a.nglevof attack beyond a certain range necessitates reversal in the direction of the
momentum injection fér one or both the cylinders. The reversal in the direction of
- momentum injection is governed primarily by the location of the upstream stagnation
point. A small increase in the drag red‘.uAction can be achieved by changing the cylinder
surface condition. Vofte:x shedding is completely eliminated even at a moderate rate
of momentum injection (Uc/U > 2). A reduction in the drag as well as the lift
coefficient in preéence of momentum injection coupled with- the dynamically more
stable configuration, free from vortex resonance and galloping, are features quite

attractive to design engineers.
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5. FLOW PAST RECTANGULAR PRISMS WITH MOMENTUM INJECTION

5.1 Preliminary Remarks

Rectangular prisms represent a family of two-dimensional bluff bodies defined
by a non-dimensional parameter called the aspect ratio (length to height ratio ab-
breviated as AR). This is not the case with a circular cylinder or a D-section, the
geometries which remain unaffected by changes in fheir dimensions. By varying the
aspect ratio of a rectangular prisfn, a variety of a.erodyhamic phenomena, like com-
plete flow separation (AR < 3), reattachment (AR > 3), galloping instability (0.8 <
AR < 2.5) and vortex resonance (AR > 0) can be studied. A rectangular prism with
AR = 0 is the familiar normal flat plate, while AR — oo (i.e. for véry large values of
aspect ratio, say 20) results in a flat plate aligned with the flow. Rectangular shapes
are encoﬁntéred frequently in actual engineering practice, e.g. cross-sectional shapes
of rriajority of tall buildings and ground vehicles (tractor-trailer trﬁcks; l‘mses‘and
trains). From the structural dynamics point of view, a.varying aspecf ratio implies
changes in the stiffness (longitudinal, transverse and torsional); natural vibrational

frequency; load bearing capacity and internal damping.

Though much attention has been directed towards the basic fluid mechanics
of rectangular prisms, their performance in presence of the MSBC has received little
attention. Important questioné regarding bthe effectiveness of momentum injection
in terms of the overall drag reduction, suppression of vortex shedding, susceptibility
to galloping type df wind-induced instaBility as well as effect on the wake structure,>

remain unanswered,

Two representative rectangular bluff body models, a vertical rectangle (AR
= 0.5) and a square prism (AR = 1.0), were subjected to extensive wind tunnel
investigation. The rectangular prism at o = 90° is aligned with ‘tlv;e flow and has

AR = 2.0. The wind tunnel results in terms of pressure distribution, drag and lift
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coeflicients, wé.ke pressure and the Strouhal number are discussed as affected by the
angle of attack and the rate of momentum injection. The aerédynamic coefficients are
also utilized for quasi-sfeady analysis to assess susceptibility of the prisms to galloping
type of instability. Ah attempt is made to arrive at a universal Strouhal number. The
chapter ends with flow visualization results which reveal intricate character of the flow

field and the effect of momentum injection on it.

5.2 Wind Tunnel Investigation

"5.2.1 Pressure distribution

The surface pressure distribution fesults as affected by the angle of attack and .
rate of momentum injection are presented in Figures 5-1 and 5-2 for the rectangular
and the square prisms, respectively. The angle of attack (a) was varied from 0 to
180° for the rectangular prism and from 0 to 105° for the square prism. Experiments
were carried out for the rate of momentum injection ranging from U /U : Oto4in
steps of one unit as before. Only some typical results useful in establishing trends a.lre

presented here for conciseness and clarity.

At a = 0, the pressure distribution is _symmetric-about the stagnation point.
The entire'front faces of the prisms ‘aI'Cj stagnation zones. Note, both the prisms have
rounded upstréam corners due to presence of the rotating cylinclier‘s. The pressﬁre
starts decreasing, at first gradually, as one moves away from the mid-point, followed
by a rapid reduction on the surface of the rotating cylinder resulting in large suction
peaks. In absence of momentum injection, the flow separates near the cornérs and
the rest of the afterbody lies in the wake. The pressure coefficient (Cp) in the wake is
negative and remains nearly constant on the surface of the afterbody. The bresence
of a large wake is primarily responsible for the high -drag coefficient (Cp =~ 1.2)
experienced by both 1':he rectangular and the square prisms. Note that the pressure

plots for the rectangular and the square prisms at & = 0 are almost identical indicating
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Figure 5-1 Surface pressure plots for the rectangular prism showing effects of

the angle of attack and momentum injection: o = 0, 15°, 30°.
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Figure 5 1(cont.) Surface pressure plots for the rectangular prism showing effects
of the angle of attack and momentum injection: o = 45,° 75°,

90°.
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Figure 5-1(cont.) Surface pressure plots for the rectangular prism showing effects
of the angle of attack and momentum injection: & = 1057, 135°,

180°.
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that in absence of reattachment, it is frontal geometry that primarily determines the

aerodynamics of a bluff body.

As the momentum injection is increased from Uc/U = 0 — 4, the pressure
distribution is altered substantially. The rotating cylinder has a negligible effect in
the upstream direction (i.e. on the stagnation zone), except for the acceleration
experienced by the fluid in its vicinity. The strength of the suction peak grows with
an increasg in the rate of momentum injection. A part of the suction peak located
towards the front of the prism may also contribute to the drag reduction. Of course,
as can be expe.cted, injection of the momentum by the rotating cylinders results in
a higher near wake pressure, i.e. the pressure on the base of the afterbody in tile
wake. At a = 0, the rise in the wake preséure is about 33% and 20% (Uc/U = 4)
for the rectangular and square prism, respectively. This rise in the wake pressure was

reflected in the lower drag coefficients for both the prisms.

As the angle lof attack is increased from zero, the symmetry in the pressure
distribution is no longer present. The stagnation point starts moving towards the
rotatiﬁg cylinder faciﬁg upstream. The asymmetry in the flow demands an adjustment
in the pressure distribution over the whole body. The suction peaks on the rotating
cylinders are no longer of equal strength: the one on the upstream rotating cylinder is
weaker while the downstream suction peak becomes more pronounced (0 < o < 30°).
Thus. the movement of the stagnation point has important consequences on the overall
pressure- distribution. For a &~ 15° — 20°, there are two small stagnation regions, on
either side of the rotating cylinder, for both the rectangular and the square prisms. In
case of the rectangular prism this phénomena persisté upto a = 45°. For o > 20°, the
stagnation point moves very close to the upstream rotating cylinder and merges with
the suction peak, causing the upstream suction peak to disappear even at the highest
rate of momentum injection (Ug /U = 4). For 20° < ¢ < 40°, a significant difference

develops between the surface pressure character of the rectangular and square prisms.
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Figure 5-2 Surface pressure plots for the square.prism as affected by the angle

of attack and momentum injection: a = 0, 209, 45°.
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Figure 5-2(cont.) Surface pressure plots for the square prism as affected by the
angle of attack and momentum injection: o = 75%, 90°, 105°.
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As against the rectangular prism where the wake pressure rose unifdrrnly for
Uc/U > 0, with the square’prism, the wake pressure rises only on the upstream side
(S/R >0) and become;e. lower on the downstream side (S/R < 0). This is reflected in
the minimum reduction in the drag of = 21% compared to the average drag reduction
of = 36% (0 < o < 75°) for the square prism. For a > 45°, the situation near the
ubstrearn rotating cylinder becomes quite éomplicated. The stagnation point has
clearly moved to the side face for both the rectangular and the square prisms. Also,
multiple regions of primary and secondary separations as well as partial reattachment
are present, as indicated by the irregular pressure plots. Similar trend persists in
presence of the momentum injection, except for Vafiations in the magnitﬁde. In
case of the rectangular prism; the suction peak on the downstream rotating cylinder
maintains itself even at o as high as 90°, however, this is not the case for the square
prism. |

For o = 90° and 1059, almost the entire body lies in the wake and rotating the
cyliﬁders in the original direction does not make any difference. Note, the pressure

distribution on the square prism at a = 90° is quite similar to that at o = 0 in absence

' of momentum injection, except for a shift of the stagnation point to the upstream

facing side. It is of interest to recognize that, at @ = 90°, the upstream cylinder is

rotating in the opposite sense to the direction of the low. This suggests a need for
reversal in the direction of rotation. Figure 5-1 also shows pressure results for the
rectangular prism in the range o > 135°. Clearly by not reversing the direction of

momentum inection there is an adverse effect on the overall pressure distribution. .

. The pressure in the wake becomes even more negative in presence of the momentum

injection. This causes a large increase in the drag coeflicient. Direction of rotation
of both the cylinders should now be reversed in order for the momentum injection to

be effective.

The a = 90° is a special case. The face carrying the rotating elements is now
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aligned with the flow. Note, the aspect ratio of thel rectangular prism is now 2. It
is apparent that the upstream cylinder should be rotated clockwise in order not to
oppose the incorhing flow. It was decided to test both the clockwise and counter-
clockwise rotation of the upstream cylinder. The results are shown in Figure 5-3.
It is of interest to point out that reversal in the downstream cylinder rotation had
virtually no effect, since it is submerged in the seﬁarated flow field. For both the
prisms, the pressure distribution is altered in such a way that a net drag reduction is
achieved by reversing the upstream cylinder rotation.

5.2.2 Aerddynamic coefficients

Variation in the dragv and the lift coefficients with the angle of attack and rate
of momeﬁtum injection are shown in Figures 5-4 and 5-5 for the rectangular and the
square prisms, respectively. The net changes in the drag (ACp) and the 1ift (ACYL)
are given in Tables 5.1-5.4 for both the rectangular and square prisms. Note, the %
ACp and % ACy are defined as:

BACH Cowg/u=0) — Cowg/v=4) 9

100; (5.1)
Cbo(vs /v =0) '

Crwe/v=0) = Crwe/v=1)

%ACH = 100. - © (5.2)

Crwg/vu=0)
Table 5.1  Drag reduction for the rectangular prism with the momentum injection

at various o.

o’ CD(Uc/UZO) ‘ NACp(Uc /U = 4)

/

0 1.234 61
30 1.528 , 46
45 1.436 7
60 1.143 25
75 0.527 18
90 70334 15
135 0.540 - 24
180 1.551 17
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Change in the lift of the rectangular prism with the momentum injec-

Table 5.2
tion at various c. . .
a’ Cr(Uc/U =0) BACL(Uc /U = 4)
0 0.0 0
30 -0.310 " 542
45 -0.415 260
60 -0.539 232
75 -0.221 270
90 -0.113 143
135 -0.751 -1
180 - 0.0 0
Table 5.3 Drag reduction for the square prism with the momentum injection at
various .
o’ Cp(Uc/U =0) NACp(Uc /U = 4)
0 1.201 61
30 1.755 24
45 1.846 26
60 1.568 40
75 1.272 26
.90 1.231 -10
105 1.107 -1

Table 5.4 change in the lift of the square prism with the momentum injection at

various «. A
o’ CL(U(;/U = 0) %ACL(Uc/U = 4)
0 0.0 0
30 0.304 210
45 0.101 377
60 - 0.031 1213
75 0.093 1159
90 0.0 0
105 -0.709 -5

. For 0 < a < 75° a significant decreasé in drag is achieved for both the.
rectangular and the square prisms. The drag reduction was fouﬁd to increase directly
with the rate of momentum injection. As explained earlier, at @ = 907, it necessary
to reverse the direction of the upstream rotating cylinder. The projected height of the
rectangular prism is minimum at & = 90° and the drag coefficient attains a minimum

value (Figure 5-4a). In case of the square prism the projected height is maximum
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at o = 40°-45°, and the drag coefficient is the highest (Figure 5-5a). Also, the drag
and the lift coefficients at & = 0 and 90° remain essentially the same for the square
prism as.expected. For 0 < a < 75%, an average reduction in drag was a,round'\36%
for both the rectangular and the sqlrare prisms, which is indeed remarkable. For
90° < o < 1357, introduction of the downstrea:rn rotation is necessary to establish a

favourable -condition for drag reduction. For a > 135°, the inward mode of rotation

(i.e. reversal in the direction of rotation of both the upstream and downstream

cylinders) is required to assure a decrease in drag.

For & = 0, 90° and 180°, the rectarrgular and the square prism are symmetric
with respect to the flow direction and the lift coefficient is zero. But for 0 < a < 75°,
a large increase in the lift is observed as the momentum injection is increased from
Uc/U =0 to 4 (Figure 5-4b and 5-5b). This is also evident from Tables 5.2 and 5.4.

This means a substantial increase in the load acting transverse to the wind.direction

and should be taken into consideration Whlle designing a real life structure. But the

maximum value of |Cp,| at UC/U = 4 is not greater than |Cp| at Ug/U =0 and -
the structure should be able to Wlthstand the load. A negative dC’L/da indicates a
likelihood for galloping 1nstab1hty at small angles of attack. An explanation of the

criterion for stability is descrlbed in Section 6.3.1. At small angles of attack (o < 20")
dCr/da < 0 (Uc/U = 0) and becomes positive in presence of momentum injection

(Uc'/U > =2) indicating that the sfabilityi is restored.

' 5.2.3 Wake pressure and Strouhal number

s

A strong link between the base pressure and the vortex shedding was empha-
sized in Section 4.2.2. Based on the experience gained through the study of D-section,
it was expected that, for sufficiently high rates of momentum injection (Ug /U > 2)

vortex sheddmg would be eliminated completely.

Dependence of the base pressure on the a.ngle of attack and rate of momentum

injection is shown in Figure 5-6 (rectangular prism) and Figure 5-7 (square prism).
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Pressure tap - A was found to lie in the wake for a < 105“’ as shown in the schematic
diagrams at the top of the figures. For & > 135°, pressure tap - B was used for the
purpose. In general, th-e wake pressure coefficient is much lower than the freestream
value (Cpp < 0), and increases significantly in presence of the momentum injection.
In case of the rectangular prism, an average increase of 24% in the wake pressure was
observed for 0 < e < 75° and U¢ /U = 4. Similarly, for the square prism, the average
rise in the wake pressure was around 23% under similar conditions. If one continues
to rotate the upstream cylinder in the counter-clockwise direction, the wake pressure
becomes lower in presence of momentum injection at & = 90°. Obviously, this has an
adversed effect on the drag of the body. By adopting the downstream rotation mode,
the situation is improved significantly in the range of 75° < o < 105° (Fiéures 5-6a
e;,nd 5-Ta). |

Figures 5-6(b) and 5-7(b) show variation in the Strouhal number (St) for the
rectangular and the square prisms, respecﬁvely. In case of the rectangular prism,

-
an interesting feature is the sudden jump in the vortex shedding frequency at o =

90°. In fact this is very similar to.that observed for the D-section (Figure 4-3b).

The D-section and the vertical rectangular prism have a measure of similarity in

this configuration resulting in similar Strouhal number characteristics. At o0 = 90°,
the rectangular prism is aligned with the flow direction and behaves as a relatively
streamlined body. Hence a jump in the vortex shedding frequency can be expected.
The behaviour of the square prism is somewhat differént. It shoWs several small peaks
éver a range of the angle of attack investigated (0 < a < 105°). Since the rectangular
and the square prisrh_s have well defined side faces (unlikevt'he D-section), it was easier
to captufe the vortex shedding frequency 4using the pressure taps,loéated on the sides.
As evident from the results, a small but consistent increase in the Strouhal number
is detected in presence of the momentum injection (UC JU = 1). But the amplitude .

of the dominant vortex shedding frequency is much smaller as obtained from the
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power spectral analysis. At Uc/U = 2, no vortex shedding could be detected. As
confirmed from the flow visualization, at Ug /U > 2, the vortex shedding is completely

eliminated.

5.3 Universal Strouhal Number

5.3.1 Correlation between some nondimensional numbers

The problem of flow past a bluff body has eluded complete theoretical treat-
ment so far. Notable advances in this direction were made by Strouhal [1], Karman [3]
and Roshko (69,151,158-159]. In recent times, the advent of numerical computation
procedures have, to some extent, overshadowed the value of sirnple,v elegant, carefully
designed experiments. It is well known that all bluff bodies are characterized by wide

wakes, vortex shedding and lower than freestream pressure in the wake. As remarked

AY

by Roshko [159], “the wake structure of different bluff bodies is similar. That is, the
sila,pe, or bluffness, of the body has no characteristic effect on the wake other than
. to determine its geometrical and velocity scales”. As seen from the results of bluff
bodies under study, the vortex shedding frequency and the wake pressure arevfunc-
.tions of the angle of attack. Hence it is logiéal to look for a parameter which can be
used to compare the wakes of different bluff bodies, or a single bluff body at different
orientations. Furthermore, it would be of interest to assess the effect of momentum
injection on such a parameter. Attempfs to formulate a universal Strouhal number
are not new. The present approach is based on the contributions by Roshko [159] and
Bearman [155].

The wake of a given bluff body can be modelled as two shear layers, a distance
k' apart with the velocity outside the layers equal to Uy, the velocity at the edge of
the boundary layer at the point of separation. The frequency with which the vortices

are formed can be considered proportional to Uy /h’ and the ‘Wake Strouhal Number’,
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Sr, can be defined as

_ vk
=5 (5.1)

A _ Sr

where fy = frequency of vortex shedding. By applying Bernoulli’s equation to the

flow at the separation point, just outside the shear layer,

Uy=U+/[1 —Cpg], (5.2)

where: U = free stream velocity; and Cpp = base pressure. Putting k1 = /[1 — Cp3g],

the base pressure parameter [15(8]
Uy =Uk,. (5.3)

Now a new Strouhal number St is defined as

_#D

U 1 ! (54)

St

where D= characteristic diameter of the body. Then

_(St)R’

Sr = ) (5.
r %D (5 5)

The value of b’ was originally obtained by Roshko [159] using the notched
hodograph theory. It gives the spacing of the shear layers when they become parallel.
In general, it is difficult to apply the notch‘ed hodograph theory to complex bluff ge-
ometries. One alternative would be to solve, numerically, the Na,vier¥Stokes equation,
but this would require considerable effort and time. As a first approximatiOn, one
may replace the distance b’ by h (the height of the bluff body projected normal to the
flow). This is reasonable because the separation of the shear layers is directly related
to the projected height of the bluff body. Also, h is a function of the angle of attack
and can be evaluated quite readily. The Strouhal number based on the projected

height (St,) is defined as
frh _ (St)h

= > (5.6) -

St, =
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By introdcucing ‘St,’ in equation (5.6), one can define a universal nondimensional

parameter Su as »
_ Stp . fvh

Su="" = . ;
u b Ty (5.7)
For a given bluff body the quantities fi-, h and ky are all functions of the angle of

attack («). Hence for a given wind speed (U),

_ F(o) . |
Su = @. (5.8)

The next step would be to assess sensitivity of the parameter Su to the angle of -

attack and geometry of the bluff body.

5.3.2 Experimental confirmation

Figure 5-8(a) shows variation of the universal Strouhal number, Su, with o
for two distinct bluff bodies (rectangular and square prisms) in absence of momentum
injection. It is apparent from the figure that the p-oints show scatter around a rep-
resenﬁative Su of around 0.155. This suggests relative insensitivity of Su to changes
in the geometry and angle of attack. For a circular cylinder, a flat plate and a 90°
wedge Roshko [159] obtains a mean value of about 0.163. Similarly, Bearman [155]
gave a value of 0.181 for a blunt trailing-edge body Qith either a splitter plate or
‘base bleed. It should be pointed out that their deﬁnitioﬁ‘ of the universal paraméter
(Su. = fyh'/Us) is somewhat different than the one used here. Figure 5-8(b) show ef-
fect of the momentum injection. A small increase in the mean value of Su is observed

for the rectangular prism at Ug/U = 1. In case of the square prism, the universal

Strouhal number is shifted to a higher value with a mean of 0.219.

For a bluff body at a given angle of attack, S, is known from equation (5.6)
and Su can be obtained from Figure 5-8. Now k;, and hence the base pressure |
coeflicient, can be calculated from equation (5.7). -Similarly if the wake pressure is
known then the Strouhal number can be obtained at a given angle of attack. Thus

correlation between St, and k; confirms the observation made by Roshko [159] that
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the wakes of various bluff bodies are similar except the changés in the geometric ana

velocity scales.
5.4 Flow Visualization

Figure 5-9 shows the effect of momentum injectioﬁ on the wake of the rectangu-
lar prism (Re = 16,200). For Uc/U = 0, the wake is wider than the projected height '
(k) of the rectangular prism. In fact, measurements from the photographs show that
the maximuﬁ wake width is around 2k, and océurs, approxima£ely, the distance ‘A’
downstream from the base of the body. .The region immediately downstream of the
bbciy is also the scene of intense periodic pressure and velocity fluctuations caused by
the alternately shed vortices. The size of the shed vortex (Figure 5-9a) is .nearly com-.
parable to the size of the body. The shed vortices undergo rapid dissipation due to
rthe viscous action. As explained in Section 4.5, the overall wake displays considerable
unsteadiness. Introduction of the momentum injection (Uc/U > 0) causes the wake
to become progressively narrower until it becomes the same as the. vertical f_a.cé .of the
rectangular prism. Any further increase in the momentum injection beyond Ug /U =
4 does not have significant effect on the wake. The extent of the wake along the flow
direction is' also progressively reduced hdwever, even at Ug /U = 4, the wake does
‘ lnot close completely. For suﬁ'icienﬂy high rates of thg momentum injection (Ug /U > -
2) vortex shedding is complefely eliminated, the wake becomes quite small and the
overall fluid £notion approaches the potential flow character. The reduétion in the
wake width implies drag reduction, which was confirmed By the wind ‘punn,el tests

results presented earlier.

The results for the square prism at & = 157 and 90° are shown in Figures 5-10 .

and 5-11, respectively (Re = 23,400). As seen in Figure 5-10(a), in absence of any

momentum injection the top and bottom faces are immersed in a separated flow field. -

A large_ vortex can be seen in the process of formation:. As Ug/U is inéreased, the

separation at the top disappears corﬁpletely and the vortex formation is suppressed.
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There is an associaﬁed rise in the wake pressure which causes the drag coefficient to
be lowered as seen before. Note, the stagvnation point on the front face has moveci
away from the mid-poiﬁt towards the bottom corner. In Figures 5-11 (a = 90°), both
the cylinders are rotating in the same direction (i.e. kclockwise) to achieve a maximum
benefit. For Uc /U = 4, the wake is nearly eliminated. Figure 5-11(c) shows th.at the
fluid at the top is accelerated, where as at thé bottom the speed remains ¢ssentially
unchanged. A region of low pressure is created on the top of the square prism which

expla.in.s a large increase in the lift coefficient (Figure 5-5b).

" The flow visualization study brings to attention the fact that to obtain a
further control of the flow separation, it is necessary to provide rotating elements at
all four corners of the body. Figure 5-12 attempts t/o show, schematicallyv, anticipated
flow patterns for a rectangular prism as affected by the momentum injection and angle
of attack. At o = 0 it is necessary rotate at lea,st‘cylinders A and B, but the wake
does not close completely. To achieve the wake closure, it may be necessary to inject
a small amount of momentum (Ug /U = 1 or 2) through rotation of cylinders C and
D. For 0 < & < 90°, cylinders B, C and D are the most important ones to close the
wake. Similarly at o = 90°, cylinders A, B would have to rotate clockwise and the
cylinders C, D in the counter-clockwise direction to eliminate the wake completely.
Such a scheme can be easily implemented usihg a microprocessor controlled switching

actuator in conjunction with a wind direction sensor.

5.5 Summary

The results from the wind tunnel tests and the low visualization study confirm
that application of the momentum injection to the rectangular and the square prisms‘
lead to significant drag reduction. In addition, the vortex shedding is completely
suppressed, thereby elimiﬁating the problem of vortex resonance. The width and the
length of the wake is reduced considerably, thereby reducing the interaction between

the wake and the afterbody, which is primarily responsible for the galloping instability.
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Figure 5-9 Effect of momentum injection on the characteristic features of the
wake and the shed vortex system associated with the rectangular

prism (AR = 0.5) as observed during the flow visualization study.

166



Figure 5-10  Flow visualization pictures showing effect of the momentum injection

on the wake of the square prism at & = 15°.
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a = 90° _ - Uc/U =

——

Figure 5-12 A schematic diagram sAhowing possible strategies of ‘momentum in-
jection for a rectangular prism undergoing a change in the angle of
attack.
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A universal Strouhal number (Su), based on the St and the base pressure parameter
k, is proposed. The ,resultsvﬁvrmly establish effectiveness of the momentum injection

to achieve boundary-layer control of rectangular prisms.

170




6. BLUFF BODY DYNAMICS IN PRESENCE OF MOMENTUM INJECTION

6.1 Preliminary Remarks

Fluid induced vibrations of bluff structures encountered in practice may be
classified into three distinct categories: uncoupled vortex resonance and galloping in-
stabilities, and coupled flutter vibrations. At times, such oscillations could h;ve catas-
trophic consequences. One of the celebrated and disastrous case on record [160,161]
is that of the Tacoma suspension bridge built across the Narrows at Puget Sound
in the State of Washington, U.S.A. It had a central span of about 853 meters and a
width of 12 meters. Based on several studies [162-164] , it is believed that the bridge
was destroyed by a combination of more than one type of vibratory phenomena. At
the outset, the bridge was found to be prone to vertical oscillations (amplitude =~
1.27m, frequency =~ 0.62 Hz). In less than five months after .opening to the public (on
July 1, 1940), the bridge collapsed on 7 November, 1940, in a strong gale of about 167
km/hr. Few -hours before failure, torsional oscillations set-in, which eventually led to
the collapse. The edges of the bridge had a maximum vertical displacement of about

8.5m with a +£45° twist. The frequency of torsional vibrations was about 0.23 Hz. A

rough estimate of the power supplied by the wind is about 4000 kW!

A steady wind blowing around a structure can pump energy continuously into
the system. Such a fluid loading is nonconservative due to the presence of an energy
source. Furthermore, the system dissipates energy through st.ructural and external

- damping. For a nonconservative system the fluid force can not be derived from a
potenfial function and the Hamiltonian is not a constant of the motion [165]. In
the equations of motion describing a structure undérgoing flow-induced vibrations,
the energy source is normally modelled as a nonlinear function of the structural
velocity in the form of negative damping. Such self-excited systems begin to:vibrate

spontaneously when subjected to a small disturbance, the amplitude increasing, until
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a balance is struck between the rate at which the energy is introduced into system
and the rate at which it is dissipated. In self-excited vibrations the force sustaining

the motion exists becaﬁse of the motion itself.

The governing equations of motion describing flow-induced vibrations are gen-
erally nonlinear and their solutions display ‘a. rich variety of physical phenomena
generally not found in a linear system. Examples include frequency entrainment or
lock-in during vortex resonance, hysterisis and jump in amplitude for galloping in-

stability, as well as relaxation type oscillations due to velocity dependent friction,

-and others. The investigation reported in this chapter is mainly experimental. Ac-

companying discussion attempts to clarify the physical mechanism of the process and
emphésize the challenge involved in modelling and controlling low-induced vibrations
in practice.

The phenomena of vortex-resonance is briefly touched upon to begin with.
Next, the effect of momentum injection in suppressing vortex-resonance is discussed
based on the vortex s‘hedding frequency and vibration amplitude measurements. The
basic equation of motion governing the galloping instability in plunging is outlined
and a simple criterion useful in identifying regions of instability is explained. The

criterion is applied using the wind tunnel static test data to predict the dynamic

behaviour of bluff bodies (D-section, square and rectangular prisms). Finally, results

are presented to demonstrate the effectiveness of momentum injection in suppressing
wind induced instabilities, both vortex resonance and galloping. Effect of asymmetric
rotation is also touched upon. The chapter concludes with a short summary.

6.2 Control of Vortex Resonance Type Vibrations

6.2.1 Mathematical description

In order to better appreciate how momentum injection affects the vortex-

excitation response of a structure, a short description of the model describing vortex-
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resonance would be appropriate. The vibrations are in the plane perpendicular to
the incident flow under the action of oscillatory pressure loading created by the al-
ternately shed vorticeé. Ideally, the governing equations for this problem are the
dynamic equation of motion for the bluff body and the time-dependent Navier-Stokes
equations for the fluid flow. Flow separation and vortex sheddiﬁg would be the natu-
ral outcome of their solution, which would also provide the forcing function acting on |
the bluff body. This could be a,ccomplishevd‘through an approf)riate numerical scheme
implemented on a computer. It, of course, would entail enormous amount of time

| and effort.

As a closed-form solution of the Navier-Stokes equations is not available, con-
siderable efforts have been expended in developing simpler models based oﬁ physical
consideratiéns. Among others, the wake-oscillator'fnodel by Hartlen and Currie [166]
and the Iwan-Blevins model [167,168] are quite well known. Consider lthe Iwan-
Blevins model in brief. It utilizes a van der Pol type equation [169-171] with a
‘hidden’ flow variable to simulate the effect of the vortex shedding (Figure 6-1a). The

governing equations are:

d?z U - U /dz 1 /dz dy ,Udy '
+K'——wuz_.(a'1—afl)5(—) —a'—(——) + 3dt2 +G4Ddt (6.1)

dt? UD dt *UD\dt
d?y dy ,,dzU , U
) +2thn +w 43— +ay 1255 (6.2)
* where: af = pD?%a;/(m + azpD?),i = 3,4; a; = aif(ao +a3),7 =1,2,3,4;

wn = V/ETm/[L+ (a2pD2)/ml; ¢ = [(¢C/BIm)wn + (f1/(1 + azpD?/m);

¢t = aspDU /(2muwn,);

¢ = system damping ratio; {; = total effective damping ratio; {; = viscous fluid
damping ratio; k = stiffness; m = structure mass per unit length; p = density of fluid;

D = body characteristic dimension; w, = circular frequency of vortex shedding; wn, =
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system circular natural frequency; U= freestream velocity; u; = translational velocity
of the vortex street; z = ‘hidden’ fluid variable (dz/dt) which can be considered as
the weighted average of the transverse component of the flow velocity within the

control volume; y = coordinate describing transverse displacement, t = time; a; =

‘dimensionless constants; K’ = K / (ap + a3), and K = proportionality constant.

Equation (6.1) describes an autonomous nonlinear fluid oscillator coupled with
equation (6.2), which is a linear differential equation describing motion of the bluff
body. >The first term on the right-hand-side of equation (6.1) represents negative
damping, meaning extraction of energy from the freestream fluid and delivering it to
the structure in motion, which causes build-up of the vibrations. The second term on
the right is cubic (in velocity) which eventually limits the amplitude of the vibrations.
The terms on the left-hand-side of equation (6.1) represent the feedback between the
" wake and the boundéry-layer on the bluff body. The terms on the right-hand side of

equation (6.2) represent the excitation which couple the two equations.

The frequency of vortex shedding (fv ) varies proportionally as the wind speed
is increased frornizero. At some critical value of the wind speed, it coincides with
the natural frequencir (frn) of the bluff structure resulting in resonance (Figure 6-1a).
This can also be explained by employing the concepts of bifurcation'and catastrophe
as applicable to nonlinear dynamical ‘systems in the phase space [172-179]. The
change in behaviour as described by transition from stability to instability and vice
versa due to variation in a given parameter is known as bifurcation. Mathematically,
“Catastrophe” describes a point in some parameter space at which a dyna,micai system
loseé structural stability, so that its solutions change their topological type [174].
Nonelementary catastrophes have a more dynamic nature, one example being the Hopf A
bifurcation [179] to a limit cycle. For a real life bluff structure, generally all parameters
(e.g. stiffness, mass, internal damping etc.) remain fixed, except the fluid velocity. ’

. If the fluid velocify is increased form zero, the solution in the phase space (y,9,t) in
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‘ tﬂe form of a singularity at the origin (i.e. a stable focus representing the equilibrium
position) can transform itself into a growing limit cyde (enclosing an unsfablé focus)
at some critical velocify. An unstable focus under the action of small perturbations
(e.g. a wind gust) gives rise to a limit cycle whose amplitude is a function of the fluid
velocity. Figure 6-1(b) shows schematically the topological behaviour of a self-excited
system. A stable focus/limit cycle acts as an attractor since all perturbations away
from it aré damped out. Similarly, an unstable focus/ limnit cycle acts as a repeller as
all perturbations awé.y’ from it tend to grow. The characteristic equation derived from
the equé,tion of motion has complex roots (eigenvalues) with positive real part in the
region of instability [173]. This situation is the exact opposite of a damped linear
oscillator (which has negative real roots). The m.odelAaIso successfully ekplains the

entrainment of the vortex shedding frequency by the natural frequency of the system.

It is apparent that the vortex resonance vibrations arise o;1t of the nonlinear
interactions between the vortex wake and the bluff body. Unfortunately, the fluid dy-
namics during vortex shedding, especially in the near-wake region, is rather complex
and no e)’cact solution to the fluid-structure interaction problem has yet been found.
Any attempt to control the vortex resonance could greatly benefit by prevénting the
very process of vortex formation. This is where momentum injection could prove use-
ful. The control of boundary-layer separation and resulting suppression of alternate
 vortex shedding would mathematically imply vanishing of the hidden fluid variable
dz/dt and hence an elimination of the forcing terms in equation (6.2).

6.2.2 Suppression of the vortex shedding

Figure 6-2 presents typical set of results showing the effect of the momentum
injection on the vortex shedding for a D-section. Similar results were obta.ined for
all the bluff bodies (D-section, square and rectangular prisms) at various ahgles of
attack, without and with momentum injection. As described in Section 2.2.3, the

vortex shedding frequency and the signal amplitude were obtained by performing
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the F;st Fourier Transform (FFT) analysis on the time dependent pressure signals,
obtained through the data acquisition system. The trailing vortices cause ﬁressure
fluctuations as they are convected downstream in the wake. The dominant frequency
.in the pressure .signa,l is the vortex shedciing frequency. The amplitude of the signal
is a-measure of the strength of the shed vortex. In absence of momentum injection
(Uc/U = 0), Figure 6-2(a) clearly shows the vortex shedding at f, = 7.0 Hz, with a
large signal amplitude. For a small amount of momentum injection (Ug /U = 1), the
vortex shedding becomes much weaker as indicated by the drop in the signal strength
(Figure 6-2b). Also, the frequeﬁcy of vortex sheddi‘ng has increased to about fo =
8.0 Hz. The ;:orresponding Strouhal number (St) increases from 0.208 (Uc/U = 0)
to 0.237 (Uc/U = 1) suggesting a reduction in the effective bluffness. At Ug/U =
2, the vortex sheading is virtually eliminated since no éressure fluctuations could be
detected. This fact is also confirmed by the flow visualization photographs and a video
movie. The complete suppression of the vortex shedding in presence of momentum
~ injection can be interpreted in terms of the interaction between the wake and the bluff
body. Thé introduction of the momentum injection reduces the extent of the wake
and delays the separation of the bouﬁdary-layer. Mathematically this amounts to
setting z and dz/dt equal to zero in equations (6.‘1) and (6.2). The fluid in the wake
no longer rblls-up into vortices. The-momentum injection prevents transfer of the
convective energy in the wake to'the structure thus preventiﬁg growth of structural

vibrations.’

6.3 Control of Galloping Type of Instability

All bluff bodies with noncircular cross-sections are susceptible to self-excited
oscillations referred to as galloping. Pure galloping is a single degree of freedom phe-
nomena in which the body experiences plunging vibrations in a plane perpendicular

to the direction of the flow. Because of the inherent difficulties in modelling unsteady
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aerodynamics around a vibratiné structure, it becomes neceséary to invoke the con-
cept of Qua,si-steady flow, i.e. the aerodynamic force on a bluff body in motion, ha,ving _
a certain ins'tanta..neou,sA orientation, can be approximated by a force acting on a fixed
body haviﬁg the éame angle of attack. Any changes in the aerodynamic force arising

out of the unsteadiness in the flow are neglected. This assumption has proved. gen-

- erally valid as demonstrated by Parkinson and Brooks (180], Novak [84], and others.

The quasi-steady analysis works well at higher fluid velocities in the range of U/w,D
>3 where U = freestream velocity; wnb = circular natural frequency of the: structure; -
and D = characteristic dimension of the structure. For U/w,D < 3, quasi-steady
analysis is questionable due to the likelihood of vortex-resonance. The proBlem of
galloping instability has received considerable attention in the past Awith important -
.contributions from Parkinson [19], Novak [84,181], Richardson [182], Blevins [71],
Lawson [183], and others. In thé next sectioﬁ mathematical description of galloping

instability is briefly reviewed to emphasize key parameters governing the vibrations

: ‘[19,71, 84, 157, 181]. Further details pertaining to nonlinear dynamics of self-excited

vibration can be found in references [172-179)].

6.3.1 Criterion for determining the galloping instability

Consider a_ta;ll bluff structure with square cross-section undergoing galloping
type of oscillations (Figure 6-3). The stiffness (k) and the internal damping (r1) of the
stru‘ctﬁre are assumed to b(.e.linea.r. By convention, the structural motion is consivdered
positive (+y) downwards. The resultant fluid velocity (~g) acts upwards. Please note
that this transverse motion in reality lies in a horizontal pla,neT The instantaneous
angle of a';tack (a) is giveﬁ by |
‘ (6.3)
where y§ = dy/dt‘.A

~ The lateral aerodynamic force (-Fy ) is in the upward direction and opposes the

‘motion. The absolute value of Fy is not of concern héré; but its variation with respect
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to. & determines the stability of thé structure. If Fy increases with «, then a sudden
transverse motion (+y) 'of the structure (possibly caused by a wind gust) would
increase o and hence decrease the aerodynamic force (-Fy) opposing the motion.
This would leave the structure more vulnerable to further displacement. Such a
situation is clearly unstable. For most aerodynamic shapes dFy/da < 0, and the
structure remains stable. But, for some rectangular geometries (0.75 S AR < 3)
there is a likelihood of dFy/dd to be negative in a certain range of a. The D-section
is neutrally stable in a smooth flow (dFy/da = 0) for 0 < a < 309, but becomes

unstable at & = 11° in a turbulent flow [184]. The criterion for instability is

dF,
—2 >0 (6.4)

The aerodynamic forces are given as:

1
Fp = CDEphlVlz; . - (6.5)
1, |

Fr = C'Liphlvl ; : (6.6)

, . i |
Fy = Gy phiU?; (6.7)

with
U
cosa = " (6.8)

Th¢ lateral aerodynamic force can be expressed as
Fy=—(Freosa + Fpsina). | (6.9)
Substituting the expressions for Fp and Fy, in equation (6.9) and simplifying gives
Cy = '—(CL + Cptanc)seca. | (6.10)

Equation (6.11) can be used to evaluate the lateral force coefficient (Cy) from the

drag and the lift coefficients obtained through static wind tunnel tests. At « = 0, the
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instability criterion becomes

- do, . dCp .
do "[ dor +CD] >0 (6:11)
ie.
dcp
=Ly ep <o, :
do TCED< 0 (6.12)

Equation (6.12) represents the Den Hartog criterion [154] for instability.

The equation of motion governing the vibrations is
mj + r1y + ky = F,. -~ (6.13)

The lateral force coefficient (Cy) is a function of @, and therefore of tana = 3/U.
Cy can be approximated by a polynomial'in /U over the pertinent range of . Tt
is an odd function by the reason of symmetry, and requires at least a seventh degree
polynomial for a close fit [18],

3 c 5 L ¢

so-n(B) - @ m@ e
The equation of motion now becomes
g by = %phle'[Pl (%) — Pg(%)s + P (%)5 - P7(%> 7] . (6.15)

The P; (i=1,3,5,7) are the coefficients of the expansion and can be obtained.from
the curve of C, against o using the least square technique. Defining nondimensional

Vafiables as:
Y =y/h; 7 =wt; w? = k/m; V = U/(wh); n = ph%l/(2m); B = r/(2rw);
ie. ‘ '
¥ +28Y +Y = nV2Cy, B (6.16)
l.e. B p
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. = ) zﬂ ‘ Pa . 3 Ps . ) P7 .
Y Y = nP. -y - ‘ 5 7]

+ n 1[( nP1> (pr)Y + (P1V9‘,)Y (P1V5)Y ,  (6.17)

where ¥ = dY/dr. This is a nonlihear ordinary differential equation. As a ﬁrst‘

approximation, neglecting the third and higher degree terns in ¥ gives the total

darnpi‘ng as
206 )

npy (v - 2
’ nP1

Here the term (3 represents the internal damping of the structure, which remains con-

stant. As long as the fluid velocity V < 2,3/(nP1), there is a net positive damping,

i.e. dissipation of energy. At some critical velocity, Vo = 28/(nP;), the total damp-

ing is zero and beyond that the damping becomes negative leading to the galloping

instability. In general, for a given structure, the system parameters (e.g. stiffness,

mass, internal damping, etc.) remain fixed, and the only control variable is the fluid
velocity. The fluid in motion can pump energy into the system causing build-up of

large, low frequency vibrations. The higher order terms in 'equation (6.17) eventually

.limit the amplitude of motion. The resultant oscillatory motion has a character of

a limit cycle in the phase plane (Y,Y) As V increa.s.es from zero and crosses Vg,
a stable focus (attractor) bifurcates into an unstable focus (repeller) with a growing
limit cycle. In fact, as demonstrated by Parkinson and Smith [18], the characteristic
equation representing the gallopiﬁg motion is a cubic and its roots describe a family

of stable and unstable lirﬁit cycles in the phase plane. In equation (6.17), the highest -_ |
derivative being of t-he second order, it is not possible to observe a class of chaotic |
bifurcations known as strange attractors. To put it.'diﬁ'erently, the system loses struc-

tural stability (in some parameter space) so that the solution changes its topological

. character. With momentum injection the system has one additional control param-

eter, Uc/U. Section 6.4 discusses how an originally unstable. bluff body (V > Vc)

can be stabilized by a systema,txc variation of Uc JU.
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6.3.2 Instability prediction based on static aerodynamic tests

The plots of Cy-vs. « for the D-section as well as the rectangular and square

prisms are presented in Figure 6-4. As explained in Section 6.3.1, these results were

obtained from the lift and drag data obtained through the wind tunnel tests. The

test Reynolds number ranged form 52 x 10% - 66 x 103. The D-section is neutraHy
stable (Figure 6-4a) as dCy/da = 0 in the range 0 .S o < 20°. The presence of
rotating cylinders has thek effect of rqunding the corners of the D-section. Parkinson
and Brooks [180] have reported stability study of a D-section with sharp corners. The
results for the two cases (model with sharp corners and round corners) were found to
be identical upto a@ = 20°. As obvious from Figure 6-4, the stability of the D-section
significantly improves (dCy/da < 0) in presence of the momentum injection (Uc /U
= 2, 4). In the range 20° < « <30°, there is a mild tendency towards instability.

The region of concern is 30° < a <40°, where dCy /da = +2.1 at Ug /U = 0, and the

- D-section would exhibit strong instability. The unstable behaviour of the D-section at

around 40° has been reported -by Parkinson and Brooks [180]. However, in presence
of the momentum injection (Uc /U = 4), the stability is restored cémpletely. Overall, |
there is a marked improvement in the stability of the D-section with momentum
injectio.n. |
Results for the rectangular prism (Figure 6-4b) show similar trends in the.
range a < 20°, with the system maintaining neutral stability. This is expected due
to similarity in their shapes. This is in accord with the results obtained by Parkinson
and Brooks [180] for a rectangular prism with éharp edges. In presence of momentum
injection (UC/U = 4), there is a marked improvement in the stability as dCy/de ~ -
-3.7. Even in absence of momentum injection (Uc/U = 0), the rectangular prism is |
stable in the range 20° < a <45° (dCy/da =~ -2.7). In presence of the momentum
injection, dCy/da becomes more negative (= -3.0) suggesting further increése in

stability.
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Figure 6-4(a) Influence of the momentum injection on the lateral force coefficient
for the D-section. The criterion for galloping instability is dCy /de >
0. Note a marked improvement in the stability with the momentum

injection (Ug /U = 4).
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Flgure 6-4(b) The rectangular prism is neutrally stable (dCy/da = 0) for a <
20° in absence of momentum injection (Uc/U = 0). The stability
is significantly improved (dCy/da < 0) with the cylinder rotation

(Uc/U = 2, 4).
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Figure 6-4(c) The squaré prism is unstable (dCy/da > 0) for o < 5° in absence
of momentum injection (Ug/U = 0). With the cylinder rotation
(Uc/U = 2, 4) the stability is restored completely (dCy/da < 0).
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The results for the square prism are shown in Figure 6-4(c). For 0< o <5°,

the system shows strong instability (dCy/da =~ +2.6) in absence of the momentum

injection. For 5° < « 545", dCy/da < 0, and the square prism is stable. In presence.

of the momentum injection (Uc/U = 4), dCy/da becomes ~4.6 (a < 5°) and the
stability is restored. It may be pointed out that ‘Cy vs. a curve for the square prism ‘
with rounded corners is somewhat different from that obtained by Parkinson and
Brooks [180], though the general trend is similar. In the present case, the region of
instability extends from 0 to 5° for the prism with round corners, whereas it is 0 to
15° for the .prism WitAh sharp corners. Thus, interestingly, mere presence of cylinders
at the corners of the upstream face (Ug/U = 0) significantly reduces the range of

galloping instabﬂity of a square prism.

6.4 Confirmation Through Dynamic Experiments

Though the wind tunnel data provide sufficient information to predict possible
susceptibility of a structure to galloping instability, it was considered appropriate to
conform the predictions through experiments. There are several reasons for this. In

actual practice, a structure (e.g. a tall building with complicated geometry) is exposed

to a a fluid stream that is normally turbulent. The structure generally has nonlinear

elastic and damping characteristics. It is also I«(nown‘ that vortex resonance could set
in for any structure if the vortex shedding and structural frequencies are close enough.
Thus it is necessary to confirm the effect of momentum injection in controlling both
the vortex resonance and the galloping type of instabilities through actual dynamic
experiments. Such experiments were performed on elastically mounted bluff body
models (D-section, rectangular and square prisms).free to oscillate transverse to the
flow in the wind tunnel. The description of the experimental set-up was explained in
Section 2.2.4. The determination of the system parameters (t"otva,l damping, natural

frequency, mass, stiffness etc.) and the calibration of the displacement transducer
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are given in Appendix D. The damp'ed natural fréduency of the system was found to
be very close to the undarnped frequency. The experiments were carried out at zero
arigle of attack. Lo

' 6.4.1 Dynamical response of the square prism

- Figures 6-5 to 6-7 show the émplitude response of the square prism at a = 0
as affected by the momentum injection and damping. In absence of the momentum
injection, as the wind speed (V') is increased form zero, the square prism experienées
~vortex- resonance (Figure 6-5) in the range of 0.9 <V < 1.25. This finite band of
velocities indicate the entrainment of the vortex shedding frequency by the system
natural frequency. For V > 1.25, the square prism becomes stable as the vortex
shedding frequency is now >higher than the system natural frequency. With a further |
in;réase in the wind velocity, there is an onset of galloping instability at Vo = 2.0.
Beyond this the amplitude of vibration grows quickly to its limiting value (Y = 0.26).
Any further increase in the wind velocity aoes not change the overall dynamical
response. In-contrast to this, with the momentum injection corresponding to Uc /U
¥1, the square prism does not exhibit either vortex resonance or galloping. The
- stability of the prism is restofed completely. This is in accord with the‘ prediction
based on the simple stability criterion mentioned earlier. It is remarkable that despife
completely different mechanisms ‘resp.onsible for vortex resonance and galloping type

of instabilities, the momentum injection is effective in suppressing both of them.

With an increase in the damping coefficient (8) from 0.2693% to 0.9311%
(Figure 6-6), the maximum amplitude of the vibrations is considerably reduced, both
for the vortex resonance and galloping. As before, a small amount of momentum
injection é,gain restores the stability.

In the previous two cases, both the cylinders were made to rotate so as to
inject momentum downstream One can disrupt formatlon of the vortex street by. ‘

" rendering the flow asymmetric. This can be achieved by rotating only one of the-
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Figure 6-5 Dynamic response of the square prisr.n'without and with symmetric

momentum injection. Note the presence of both vortex-resonance

and galloping in absence of the momentum injection (Ug/U = 0).
The square prism becomes completely stable in presence of the mo-

mentum injection as small as U¢g /U = 1.
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cylinders. Results for this case are presented in Figure 6-7. Note, the vortex excited
vibrations disappear completely for U¢ /U =1 and the galloping is delayed to V = 6.4.
With a small further increase in the injected momentum (Ug /U =1.5), the galloping

oscillation are suppressed for V' as large as 10.

Recently, Kubo et al. [185] have also carried out similar experiments on a
two- dimensional séuare prism. Their results also demonstrate that symmetric mo-
mentum injgction is effective in suppressing galloping response of the square prism.
But the vortex-resonance could not be eliminated completely in presence of symmet-
ric momentum injection, though the peak amplitude showed significant reduction.
To eliminate vortex-resonance completely, it was necessary to introduce asyrﬁrnetric
momentum injection (i.e. only one cylinder rotating). This difference in response
may be attributed to the difference in the relative size of .the rotating element with
respect to the prism. In the present case, ratio of the rotating cylinder diameter to
~ the side of the square prism is about 0.3, whereas for Kubo’s model this ratio is 0.1
(i.e. the momentum injection elements are much smaller). This would mean that at
a given rate of rotation, the cylinders in the present model can deliver larger amount

of energy to the boundary-layer, and hence are more effective.

The oscillatory behaviour of the square prism without and with momentum
injection is represented schematically in the phase space in Figure 6-8. With mo-
mentum injection, there are two control pafameters, V and Ug/U. The oscillations
are represented by tra.jectofies in the phase spaée (Y, Y, V for a given Ug/U). With
Uc/U =0, the dyna,ir;ic behaviour of the >squarve prism can bé obsérved qualitativeiy
as the wind speed is increased from zero (Figure 6-8a). The system demonstrates
bifurcation twice, once during the vortex-resonance and later during galloping. Thé
bifurcation represents transformation of a stable focus (attractor) into an unstable
focus (repeller) with the change in the wind velocity. A stable limit cycle (attractor)

encompasses an unstable focus (repeller). For V > Vg (i.e. in the region of galloping),
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Figure 6-6 Effect of an increase in damping on the dynamic response of the

square prism without and with symmetric momentum injection. Note,
a significant reduction in the amplitude, particularly in galloping, in
presence of the momentum injection. As before, the stability is re-
stored for Ug /U = 1.
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Figure 6-7 Effect of asymmetric momentum injection on the dynamié response

of the square prism at various wind speeds. Note, it becomes nec-
essary to increase the asymmetric momentum injection to at least
Uc/U =1.5 to restore complete stability.
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Figure 6-8 Schematic diagrams showing dynamics of bluff bodies in the extended

parameter space (Y,Y,V_,UC/U): (a) an unstable bluff structure
displays both the vortex-resonance and galloping in absence of the
momentum injection (Uc/U = 0). Stability is completely restored
with small amount of momentum injection (Ug /U = 1); (b) increase
in the system damping affects the critical wind speed and system
amplitude.
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with the momentum injection at Uc/U = 1, the galloping is completely eiiminated.
This is shown by an inwardly .spiralling (stable) trajectory. With an increase in
damping (Figure 6-8b); limit cycles ‘rep‘resenting vortex-resonance and galloping are
separated further, and galloping occurs at a higher critical wind velocity. Also, the

peak response is reduced.

Figure 6-9 is based on experimental observations and clearly emphasizes im-
portance of maintaining the correct direction of rotation of the momentum injecting
cylinders. For V' > Vg, the square prism would gallop in absence of the momentum
injection (Ug /U = 0). However, at UC/U >0, the vibrations become progressively
smaller and vanish eventually when Ug/U > 1.5 (Figﬁré 6-9a). Reversiﬁg the di-
rection of momentum injection of both the cylinders, galloping can be induced even
if V< V! Such behaviour was indeed confirmed during the dynamic experiments

when the direction of cylinder rotation was reversed.

6.4.2 Dynamic respoﬁ»se of the D-section and the rectangular prism
Dynamical responses for the D-section and the re'ctangul.ar prism are shown in
the Figures 6-10 and 6-11, respectively. Both the bluff bodies display vortex-resonance
in absence of the momentum injection. For the D-section it is necessary to increase
the momentum injection to Ug /U = 1.5 to completely suppress the 'métion. On the
other hand, the rectangular prism beqomes stable at Ug /U =1 as the top and bottom
faces promote reattachment. Increasing the wiﬁd speed to a value as high as 10,
does not make either the D-section or the rectangular prism susceptible to galloping.
This is in agreement with the theoretical predictions based on the static wind tunsel
test data. Both the D-section and the rectangular priém a.ré neutrally stable fo
galloping (dCy/da = 0) for o = 20°, in absence of the momentum injection. With
an appropriate level of momentum injection the stability is maintained as suggested

by the results in' Figures 6-10 and 6-11.
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-Figure 6-9 Effect of direction of the momentum injection on the galloping in-
stability: (a) for V' > V¢, an inherently unstable system can be -
stabilized by momentum injection in the right direction;(b) gallop-
ing instability at subcritical wind velocity (V' < V) under adverse
direction of the momentum injection (Uc/U < 0).
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Figure 6-10 Dynamic response of the D-section as affected by the momentum
injection. The D-section experiences vortex-resonance, but is stable

in galloping.
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Figure 6-11  Effect of momentum injection on the galloping instability of a rectan-
gular prism (AR=0.5) at & = 0. Note, the prism experiences vortex

resonance, but is stable in galloping.
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6.5 Summary

The results pertaining to the dynamic response of three bluff bodies under
consideration confirm effectiveness of the momentum injection- in suppressing both
the vortex-resonance and galloping type of instabilities. Even a small amount of the
momentum injection (‘Uc /U = 1-1.5) is sufficient to restore stability. The qualitative
phase space representation provide insight into the complex character of the flow-

induced vibrations and their dependence on various system parameters.
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- 7. CLOSING COMMENTS

7.1 Summary of Conclusions

( The thesis presents results of a rather funda.mehtal study aimed at the Moving
Surface Boundary-layer Control (MSBC) as applied to a family of two-dimensional
bluff bodies represented by a symmetrical airfoil at high éngles of attack, a D-section,
and a set of rectangular prisms. The cc;mprehensive character of the investigation
is revealed by the four distinct approaches involved: static model wind tunnel tes;ts,
numerical simulations, ﬂéw visualization, and dynamical response of the system in
vortex resonance and galloping, without as well as with the MSBC. The study shows
original contributions in every phase. It reveals rather remarkable effectiveness of the
MSBC in increasing lift, reducing drag, and suppression of both vortex resonance and
galloping. Successful elimination of wind-induced instabilitiés establishes the MSBC
as a vibration suppression method based on the control of excitation, aﬁd hence energy
input to the system, rather than dissipation. More important conclusions based on

the study may be summarized as follows:

(a) One of the major parameters‘é.ffecting th; MSBC is the ratio Ug/U. In
most applications the maximum value of Ug /U required to obtain desirable
effect of the MSBC is limited to 4. In fact, the wind induced instabilities can
be completely suppressed for Uc/U as small as 1.5, which agrees with the

predictiohs based on the quasi-stéédy analysis.

(b)  The direction of the momentum injection depends on the location of the up-.
stream sté,gna,tion poinf #nd reduires reversal at criticai orientations to pro-
mote reattachment of the separé,ted boundary-layer. -

(c) Surface roughness of the rotating elements has significant effect on the efhi-
ciency of the momentum injection. In the present study, splined cylinderé

performed the best. .
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(d)

(@)

G)

(k) -

Effectiveness of the MSBC suffers when the rotating element is located in the

separated shear layer.

Measurement of the vortex shedding frequency and signal amplitude shows
that the shed vortices become weaker and eventually disappear as the mo-
mentum injection is increased from Ug/U = 0 to 2. This ié accorripanied by
reduction in the size of the wake, rise in wake pressure (average 23% over 0
< a £ 90° at UC/U %4), delay of flow separation, and reattachment of the

separated shear layer.

In presence of the MSBC (splined cylinder), the peak lift coefficient foi a,: :
symmetric Joiikowsky airfoil increased By 210% with the stall delayedvfrom
10° to 50°! Furthermore, the stall sets in rather gradually, i.e. dCp/da is
ielatively small, which is a desirable feature.

The presencé of suction peaks at the rotating elements céntribute significantly
to the drag reduction of bluff bodies. The peak drag reduction was found to

be as high as 75% with the average over 0 < « < 90° of around 36%

Results of dynamic studics also reveal ¢f‘fect1veness of asymmetric momen-
i:um injection in eliminating wind-induced instabilities, which is based on the
disruption of organized vortex shedding.

Previous as well as present estimates suggest that t}ie power consumption in
implementing the MSBC is'quite small. This makes the MSBC essentially a

semi-passive flow control procedure.

The analysis based on the universal Strouhal number (Su) confirms the obser-
vation that the wakes of different bluff bodies are similar except the changes

in the geometric and velocity scales.

The simple modified panel method successfully predicts correct trends even for -

such complex flow field associated with multielement geometries in presence‘
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of the momentum injection. This suggests that judiciously applied numerical
approach, capturing physics of the system under consideration, can provide

results of sufficient accuracy saving considerable computational time and effort;.

The flow visualization study substantiates, rather spectacularly, effectiveness

of the MSBC.

Such a comprehensive iiivestiga.tion of the bluffj body aerodynamics and dy-
namics in presence of the momentum injection, based on extensive wind tunnel,
numerical and flow visualization experiments, has never been reported before.
It presents an exciting possibility of application to a wide variety of problems

of contemporary interest.

7.2 Suggestions for Future Research

" There are several avenues for further exploration of the fluid dynamics and

dynamics of bluff bodies in presence of the MSBC. Some of the more important

\ ‘
aspects, which are likely to advance the field further, are briefly touched upon below.

(i)

(ii)

The present study focussed on the MSBC as applied to two-dimensional flows.
The next logical step would be to consider its application to three-dimensional
objects which would be closer to the real life situation. This suggests perfor-

mance evaluation of the MSBC in presence of end effects.

Application of the MSBC to supertall buildings of the future (> .1,000 m),
which are in the planning stage, should prove to be challenging both aerody;
namically as well as structurally. Immersed in the atmospheric boundary-layer,
they will be-exposed to random gust-type loading as observed in the case of
the Empire State Building'. The reduced si:iffness of such gigantic structures
(< 1Hz.) will only.a.ccentuate the problem. This iriay require hybrid strategy
involving the MSBC for reducing force excitation as well as ;iassive nutation

dampers for dissipation of energy. It is also imperative to obtain quantitative
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(iii)

(vi)

(vii)

estimate of the optimum size of a rotating cylinder as compared to the overall

dimensions of a tall building.

The next generé,tion of bridge-towers for long suspension bridges have shown

them to be prone to wind induced instabilities during wind tunnel tests. Ap-

plication of the MSBC (without and with nutation dampers) may prove to be

one of the viable solutions.

The present study focussed on application of the MSBC to straight, rectan-
gular wings. There is an exciting possibility of its implementation on a delta
wing and its control surfaces. Injection of momentum may stabilize the twin
helical vortices, delay or even suppress the vortex burst phenomenon and im-
prove the overall aerodynamic performance. Wﬁen applied to control surfaces

(aileron, elevator, rudder), it can lead to highly maneuverable airplanes. A

_real wing is a complex system. Incorporation of a rotating cylinder on such

a wing would require a careful analysis of its effect on the aerodynamics and

dynamic stability of the aircraft.

A numerical study of a rotating cyliﬁder having time-dependent rate of ro-
tation has been reported by Ou [186]. For an aircraft undergoing unsteady
rnanbeuvres, such a time-dependent momentum injection (Ug(t)/U) may be-
come necessary. Further information regarding this concept as applied to an

actual aircraft is necessary.
N

Application of the concept to contfol wing tip vortices and promote their
dissipation may prove to be interesting. - This may eaée the problem faced
by airtraffic controllers, particularly at large busy airports, who are forced to
increase the time interval between successive landings to minimize the effect

of wing tip vortices.

Some wind tunnel model test results aimed at reduction of the aerodynamic

drag experienced by highway trucks, with the MSBC applied at the top lead-
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(vill)

(ix)

ing edge of the trailers, ‘ha,ve- been reported in the literature [59]. However,
systematic road tests are necessary to confirm the results. Even 1% reduction
in the drag can literally translate into millions of dollars of saving in the fuel

cost.

One aspect that is relevant in all the above mentioned studies concefns the
effect of surface roughness of the rotating cylinder on the efﬁciency of the
momentum injection process. In the present study, the cylinder with splined
surface performed the best. There is a scope to arrive at an optimum config-

uration of the splined surface gedmetry.

Recent advances in digital image processing could be useful in analyzing the
flow visualization data to obtain quantitative estimates of the vortex shedding
process. This would provide further information as to the effect of the MSBC

on the structure of the wake.

There is a scope for numerical simulation of such multielement systems using
the complete Navier-Stokes equations in conjunction with appropriate turbu-
lence model. It can provide a rather powerful and versatile tool, applicable to

a large class of systems, when combined with the dynamics of the system.
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APPENDIX A : INSTRUMENTATION USED IN THE STUDY

(1) Pressure Measurement System (SCANIVALVE CORPORATION, USA)
- Model J (500 psi), scanivalve transducer |
- CTLR2/52-S6, solenoid controller
- SCSQ2, signal conditioner '
- accuracy, 2.5381 x 1073 mV/N/m?

(2) Linear Variable Differential Transformer (CHAEVITZ ENGINEERING, USA)
- model 3000 HR-1722
- range = =+ 3.0 inch ('7.5cm), excitation = 3 volts @ 2500 Hz.

- linearity = &+ 0.14% of fullrange output

(3) Real Time Analyzer (SPECTRASCOPE, USA)
- model SD335 - |
_ range = 20 Hz. to 50 KHaz.
- bandwidth = 0.06 Hz.(@ 20 Hz.) to 150 Hz.(@ 50 KHz.)

(4) Variable Transformer (OHMITEA MANUFACTURING COMPANY, IUSA)
- catalogue no. VT8-F |
- input = 120 volts, 50-60 Hz.
- output = 0-140 volts, 7.54, D.C.

(5) D.C. Power Supply (EPSCO INC., USA)
- input = 115 volts, 50-60 Hz.

- output = 0-16 volts, 8A maximum or 0-32 volts, 4A @'0.1% ripple

(6) High Speed A.C. Motors (DUMORE CORPORATION, USA)
. - catalogue no. 6-021, Model 8551, Superflex-623G .
- Specifications: 115 Volts,' 3.8A, 0-60Hz., 1/4 h.p., noload 22000 rpm
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(7) Digital Tachometer (SHIMPO, JAPAN)

- Model DT-205B
- range = 6-30,000 rpm

- accuracy = 2 rpm

A(8)’J A/D Input-Output System (DATA TRANSLATION, INC., U.S.A.)

- DT 2801 Series

- Number of Channels = 8 or 16
- A/D Resolution = 12 bits

- Maximum Gain = 8

- A/D input = 13.7 KHz.

(9) IBM PC/486 Compatible Computer.

(10)Barocel Pressure Sensor (DATAMETRICS, U.S.A.)
- Type 550-5
- Range 10 PSI (690 N/m?)

- Resolution, 107 PSI (6.9x1075% N/M?)

(11)Hotwire System (DANTEC; Denmark, DISA Elektronik; Denmark)
. DANTEG Probe Type 55 P11
- Sensor Resistance at 20°‘C, R.26 :.‘3.49
" - Leads Resistance, R = 0.5Q
- Sensor TCR, ago = 0.36%
- Total Resistance, R = Rzozas0Ra0(Tsensor—To)
- measure Rror at ambient conditions
- DISA Type 55D 25 Auxilliary Unit
- DISA Type 55D 31 Digital Voltmeter
- DISA Type 55D 01 Constant Temperature Anemometer
_ DISA Type 55D 35 RMS Unit

227



APPENDIX B : SINGULARITY ELEMENTS AND INFLUENCE
COEFFICIENTS

B.1 Velocity Induced by a Two-dimensional Straight Vortex Filament

Figure B-1 shows a straight vortex filament with a constant vortex strength

‘T’. According to the Biot-Savart Law, induced velocity due to an element dl is

Tdlx7

5 R
47 |r|3

(B.1)

ot

For an infinitely long (two dimensional) vortex filament the Biot-Savart law gives

+o00 .
5V, = / LeinBy, (B.2)

41 72

Substituting, 71 = rcos 6, | = r1tan B, dl = r1dB/cos?B; and for —co <1 < +o0o0 we
get 0 < B < 7, reulting in
T

7['7‘1

~ r

5§V = (B.3)

/ sin Bdg =

477y

B.2 Panel w{th Uniform Vortex Distribution

Figure B-2 shows a two-dimensional panel element composed of infinitely long
vortex filaments distributed along the length of the panel. Each filament is perpen-
dicular to the plane of the page. In this case one can apply equation (B.3). The
strength of the vortex filament, ; per unit length remains constant from one end of

the panel to the other.

The velocity components du, and dw, at the point (x,z) due to the small

element of vortex distribution on df are:

due(m z) = [(—5—;_]45; _ (B.4)
dw,(z, z) ;’W[(T%@J]dg (B.5)
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Therefore: : ' . ' : '
5;/2 vi 2 ’
- ue(z, 2) :/ : [_—] d§, - (BS)

/227 (2 - €)* + 22
: 6 §:
A WRREES SCTY
(z,2) = 2 |tan~1202 zra _
ue(z, 2) 5 [ an . tan - (B.7)
4e(222) = 1 F (2,2, 6); | (B.5)
. 5;/2 . )
5y z—¢ ]
we(z,2) = — , B.9
(=2) /;5,-/227*'[(1;—5)24-;2 “ (B.9)
T P T S
we(z, z) = f;’_*zn[(’“ ‘ :_)2“ } (B.10)
T+ +2
we(z,2) = v F(z, 2,6;). -~ (B.11)

Since the panels are at different orientations, the expressions of vélocity components
must be defined with respect to the coordinate system (X,Z) of the body '(Figure
.B-3). For the vorticity distribution along a panel i, the Veloéity components u and

w, taken relative to the reference coordinate system (X,Z), are:

uw(X,Z) = 'yi{F(:c, z,6;) cos 0; — G(z, z,6;) sin Gi}; (B.12)
w(X,Z) = 'yi{F(:z:, z, 6¢) sinb; — G(z, z,6;) cos 9,-}; ' (B.13)
where » ‘ ‘
z=(X— Xm.;A) cbsﬂi +(Z ~ Zmi) sinb;; (B.14)
z2=—(X — Xpmi)sinb; +(Z — Zmi)cosb;. - (B.15)

Here Xm; and Z,,; are the mid-points of panel i in the (X,Z) systeni. Th_e_velocity
components on the j** panel (at the center of the panel, called the collocation point)

due to the it? panel are:
- uji = vi(Fji cos 0; — Gji sin 6;); ' (B.16)
w,, = vi(Fji sin 6; + Gjicos 6;). (B.17)

For a collocation of N panels descretizing a body surface, this becomes: '

N N
uj =% Z(Fji cos; — Gj; ;in 6;) = Z‘Aji’)’i; (B.18)

=1 i=1
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N

: N
w; =Y Z(Fji sin6; + Gjicosb;) = Z Bjivi;

i=1 =1
where:

Aj,- = A(z, 2, 6;,6:);
Bj; = B(z, 2, 6;,6;);
Xji = (Xmj — Xmi) cos0; + (Zmj — Zmi) sinb;;
Xji = —(Xmj — Xmi) sinb; + (Zm; _ Zmi) cos B;;
b = [(Xiyr — Xi)* + (Zigr — 2)°); -
cosb; = (Xip1 — Xi)/6i;

sin; = (Zip1 — 2:)/6:.

B.3 Panel with Linear Vortex Distribution

(B.19)

(B.20)
(B.21)
(B.22)
(B.23)
(B.24)
(B.25)

(B.26)

Consider a linearly varying vortex distribution across the panel i between -

6;/2 < z < 6;/2 with strength‘sA v; and 7;41 at x = £6;/2, respectively, as shown in

Figure B-4.

The variation of the vortex strength across the panel can be described as

v :"’Yi+1 +% Ve~ 'Yié,.
2 b;

(B.27)

Using equations (B.4) and (B.5), (B.14) and (B.15), and (B.27), the velocity compo-

nents can be written as:

w(X,Z) = %[7,;4_1{(17'(2, 2,6;) — 2G(z, z, 5,)/(%) — zﬁ(m,z,éi)/(%)) cos 6;

 —(Gla, 2 8) — 5G(z,2,8)/() + 2F (2, 2,6)/(5) — 1/7)sini}
+7{(F(z,2,6) + 2G(z, 2, 6,-)/(%) + zF(z, 2,6;) /(%))cos@i

(6o, 2,6) + 3G (2,2, 80/ () ~ 2F(z,2,6)/(3) + 1/m)sin6i};
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w(X,Z) = % ['y,-_,_l{(F(z:,z,ch) - zG(m,z,cS,-)/(—‘;—i) —zF(z, 2, 6,)/(%1)) sin 6;

| +(G(z, 2,6;) — zG(z,z,&i)/(éz—i) + 2F(z, z,6,-)/(%) — 1/7)cosb;}
+v:{(F (=, 2,6;) + 2G(z, z, 5,)/(%) + zF(:c‘, 2, 6,-)/(%—))31'72,9,-

—(G(z,2,6;) + zG(z, 2, 6,)/(%—) — 2F(z, z, 6,)/(%) + l/w)cosﬂg}] . (B.29)

The velocity components at the j-th collocation point due to N panels on the body

surface can be written in the form:

N N N+1 :

uj =) ajivie1 + by = > Al (B.30)
i=1 i=1 i=1 ‘
N ' N N+1 - "

wi =D eivian+ D diski = ) B (B:31)
i=1 i=1 i=1 ) .

where:
1 : 6i 6i .
. aji :5 [(F(z,z,&-) — 2G(z, 2, 6,,)/(5) — zF(z, 2, 6i)/(5))cos é; |

—(G(z, z,6;) — :z:G(m,z,.rS,;)/(%) + 2F (=, 2,6,-)/(%) - ‘l/w)sinﬂi]; (B.32) | Cw
bji = % [(F(.’c, 2,6;) + 2G(z, z, 6,)/(6-;) + zF(z, 2, 6,-)/(%))cos€i
—(G(m, z,6;) + mG(m,z,&i)/(%) — zF(z, 2,6,-)/(%) + 1/7r)sin9i}]; (B.33)
1 b; iy .
cji = 5 [(F(m,z,ﬁi) - zG(z,z,&i)/(E) —zF(z,z, 6,)/(5)) sin 6;
HG(2,2,6) — zG(m,z,&i)/(-%) + zF(z,z,&i)/(%) - ym)cost];  (B3Y)

dii = 7 [(F(e,2,6) + 2G(2,2,6)/(%) + 5F(s,2,6)/(5))sin

| —(G(=, 2,6;) + mG(?:, z,6.;)/(%) - zF(:z:,z‘, 6.,)/(%) + l/w)coseg}] . (B.35)

Here:

) .
Aj; = aji—1 + bji;

!
Bj; = ¢ji—1+ dji;
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I — . .
I — - .
jN+1 = @jN;
B, =d;q;
j1— %L
/ — -
iN+1 = CjN-

The quantities Xj;, Zj;, 6, cos ;, and sin §; are given by equations (B.20) to (B.26).
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Figure B-1 An infinitely long vortex filament.
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Figure B-2 i-th panel with constant vortex distribution.
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>
Figure B-3 Reference coordinate system.
We
Z | L»
u
(x,2) ©

==
B
A
\

‘ Ll |
_9i : + 9
2 2
Figure B-4 i-th panel with linear vortex distribution.
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APPENDIX C : POWER CONSUMPTION FOR THE MSBC

The MSBC being an active control method a remark concerning the
amount of energy consumption would be appropriate. An aspect of imporﬁance is
the relative gain in terms of power when the MSBC is used as a drag reduction de-
vice. Similarly it would be necessary to know the power required for lift augmentation
on a wing. To answer such questions it was decided to obtain an estimate of the power

requirements for real-life applications.

The rotating cylinder used for the bluff body model had a diameter of
38mm, a length of 733r;1m and weighed 2043 gm. It was fabricated from solid alu-
minium. The power consumption was calculated from the mea.sﬁred voltage and
current required to rotate the cylinder. The cylinder rotation rate was fixed at var-
ious values to obtain appropriate rates of the momentum injection (Ugc/U). The
results of the experiment are shown in Figure C-1. At the maximum rate of the
momentum injection (Ug/U = 4), the power consumption is about 0.22 h.p. Most
of the energy is expended in overcoming the bearing friction, the contribution due to
aerodynamic resistance being marginal. For a full-scale truck, it is estimated that the
rotating cylinder would be ten times as heavy (éssuming a hollow cylinder made of
thin sheet of aluminium). The power consumption also would be ten times as much,
~ 2.5 h.p., The truck engine power is around 400 - 500 h.p. Similar estimates for
a rotating cylinder applied to a 60 sto‘rey (240m) tall building for vibration control
would require a cylinder about 80m long (1/3rd the height of the building). Such
a cylinder would weigh 100 times (& 200 kg) and would need about 25 h.p.. For
‘a building one requires cylinders at all the four corners, and thus the total power
requirement would be about 100 h.p. Note, all the estimates are highly conservative.

A rotating cylinder applied to the leading-edge of the wing of a Cessna
type aircraft has been flight-tested to evaluate its performance. The results suggest
that the power consumption is about 2% pf the engine power. NASA has flown
the OV-10A aircraft built by the ROCKWELL international, which was fitted with
rotating cylinders at the leading-edge of the flap. The OV-10A has two engines, each
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about 730 h.p., so' a 2% power requirement translates into about 15 h.p. per each -

rotating cylinder.
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Figure C-1 Experimentally measured power consumption of a momentum inject-

ing rotating cylinder.
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APPENDIX D : DYNAMIC SYSTEM PARAMETERS

A In the dynamic experiments to study the flow-induced vibrations it is necessary
to determine the system natural frequency and damping factor. The set-up for the
dynamic experiments is shown in Figure 2-9. The system natural frequency and
damping factor were determined from a typical amplitude vs. time signal of the bluff

body model undergoing free vibrations (Figure D-1). The signal sampling period (T)
was 100 sécénds and the sampling rate was 100 times per second. The FFT analysis -
showed that the natural frequency of the vibration (f,) is 1.39 Hz (Figure D-2). The
amplitude of vibrations in Figure D;l is shown in terms of the computér output which
can be calibrated in terms of the displacement. The calibration of the displacement

transducer is shown in Figure D-3.

The logarithmic decrement for the decaying vibrations is defined as,
1 ] Ao
n
H— 1 Ay.—l ,

6= ©p=0,1,2,..., (D.1)

where: Ap = initial amplitude of the vibration; 4, = a.mplitude of vibration after p
cycles; and g = number of cycles. From Figure D-1, the logarithmic decrement § is
determined to be 0.16923. The circular natural frequency w, = 27 f, = 8.7336 rad/s.
The stiffness (k1) of each spring (Figure 2-9) is 40,712 gm/s2. There are four springs
in parallel, giving a total stiffness (k) of 4x40712 gm/s®. Figure D-4 shows the force
vs. displacement characteristics of the spring, as well as the operating range. The
circular natural frequency is given by - ’

n =) (D.2)
The system effective mass (m.) as determined from équation (D.2) is 2,135 gm.

The damping factor (3) is given by

1 .
B = Mm (D.3)

The value of B was found to be 0.002693.

" The system parameters may be summarized as follows:
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model length; Iy = 671 fnm;

‘model height, hy = 127 mm;

system mass, m, = 2135 grams;

natural frequency, f, = 1.39 Hz;

damping factor, 8 = 0.002693,;

total stiffness, k = 4 x 40712 gm/s?;

air density, p = 1.2 kg/ms;

mass parameter, m = phlzll/Zme = 0.003042;

Strouhal number of the square section model, St = 0.161;

critical wind velocity for resonance, V; = f,h1/St = 1.1 m/s.
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Figure D-1 Amplitude vs. time history of the bluff body model (square-section)
: undergoing free vibrations.

240




180 : .

160 sampling rate = 100 Hz

sampling time = 100 sec

140

1
{

120

100

[
{

80

I
1

60 : | ’ | )

- Non-dimensional amplitude

T
1

40

0l— ’ — l
0 0.5 1 15

Frequency (Hz)

\)

2.5

Figure D-2  Natural frequency of the vibrating bluff body (square-section) as
obtained through the FFT analysis of the amplitude vs. time history.
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Figure D-4  Calibration of the spring used for the dynamic test set-up.
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