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Abstract The goal of this paper is to provide a numerical flow analysis based on RANS equations in
two directions: the study of augmedthighlift system for acrosssection airfoil of awing up to
transonic regime and the circulation control implemented by tangentially blowing jet over a highly
curved surface due to Coanda effect on a rotor blade wind turbine This study were anatged the
performance, sensitivities and limitations of the circulation control method based on bl@tifog a

fixed wing as well as fax rotatingwing. Directions of futuraesearch are identified and discussed.
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1.INTRODUCTION

It is welkknown that obtaining high lift coefficientsspecially in certain phases of flight
(take-off, landing) is very important in the field of aircrafBut a high lift coefficient is
desirable to bealsoobtained to other devices that run on an air stream, asjdlor example,
turbo machineghe wind turbines being particular casé.here ar@wo different methods to
achieve this goalthe first one that implies changing of the airfshapeand thesecond
method that does not require changing of dhéoil geometry of the win@r blade. These
conventional higHift systems impy the existence of als or slotted flaps running on
trailing-edge or leadingdge ofwing. Some of the maidisadvantagesf the conventional
augmenting liftsystems aremechanical complexityand noise pollution, especially around
airports or in the vicinity of the wind farm turbines.

With the development of technology these disadvantages have been réadubedast
years alternative methodigve been used and studeeia new class of innovative transport
systemscapable to reduce noise around airports aadmissiblelevel of currentstandards
These arethe so-called gapless higlift systens, capableto replace the systems based
complex mechanisnid]. In this worka high-lift configuration like an airfoilis investigated
which utilises trailing edge blowing, as an active flow control. One wing with such a
circulation control (CC)s capable to generathe required lift coeiifientsfor the take-off or
landingflight segment, even if Wisesa fraction ofat most5% of the cold engine flow. Since
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the absence of slots allows obtaining laminar flows on the wing in the cruise flight, the drag
will be redwced, wheh means less fuel consumption.
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Figure 1: Typical circulation control on airfoil netlwetrailing edge

A graphshowing the trailing edge of the airfoil configuration is shown in Fig. 1. The
wall jet emanahgf r om t he pl e n u nlingfedge sudakesdae td tbe Cbamda t
effect [2], causing delayed flow separation and thus increasing circulation and producing
higher lift. The second flow analysis used to investigate the aerodynamic performance of a
wind turbine rotor equipped with culation control technology (blowing jet). The highly
beneficial impact to lifto-drag ratio from using the Coanda jet can be seen in Ref. [3] and
provided the motivation for investigatingchnology irthe presenstudy.
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Figure 2: Sketch of Horizontéixis Wind Turbine (HAWT)

In practice, the rotor axis of a wind turbine rotor is usually not aligned with the wind
because the wind keeps changing its direction continuously. If the blades are connected to «
vertical shaft, the turbine is called a vertieais wind turbine (VAWT), and if the shaft is
horizontal, the turbine is called a horizontal axis wind turbine (HAWT). Most commercial
wind turbines are the HAWT#& HAWT is described in terms of the rotor diamet@), the
number of blades, the tower heidgH), the rated powdP) and the control system. The rated
power is the maximum power allowed for the installed generator, and the control system
must ensure that this power is not exceeded in high winds. The number of blades is often two
or three. Theaerodynamic efficiency is lower on a tdataded than on a thré#aded wind
turbines. A high rotational speed of the rotor is desirable in order to reduce the gearbox ratio
required and this leads to low solidity rotors. In the yawed flow condition, thecéa
velocity varies both azimuthally and radially which makes the aerodynamics of the wind
turbine even more complicated for yawed flow than for axial flow conditions. Under certain
conditions, bladerortex interactions can occur. These factors may tedtbw separation,
inflow gradient across the rotor disk, and dynamic stdik principal effects of separation
on aerodynamic characteristics summariasdollows

1 Increased drag (wide wake)

1 Increased instabilit¢fformation of free shear layer)

1 Loss d lift
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The category of the separatibolw control is related to the flow that has fully separated
(as angle of attack increases beyond stall, fully separated flow developscantebe bluff
-body type flow).

I Separating/separated flows |

| Weak separation | I Strong separation |

I Separation Flow Control I I Separated Flow Control |

- Optimal Shape - Vibrating flaps

- Vortex generators - Acoustic excitation

- Suction and/or blowing

(steady or periodic)

Figure 3:Possible flow control strategies

Attempts at modéhg these effects have been limited due to the computational
complexity. Main active control techniques are boundary layer suction to remove the low
momentum fluid, wall heat transfer to control and modify the viscosity of the fluid and
momentum addition to the boundary layer by steady and unsteady bloGirogilation
control is implemented by tangentially blowing a small kglocity jet over a highly
curved surface, such as a rounded trailing €&gge 1). This causes the boundary layend
the jet sheet to remain attached along the curved surface due to the Effectda balance
of the pressure and centrifugal forces) and causinjgthe turn without separation.

A systematic study is thus needed to fully evaluate the benefitsonflation control
technology fowing orwind turbine rotor/bladeA viscoussolver is used in this study

2. CIRCULATION CONTROL TECHNIQUE AND THEORETICAL
ASPECTS

Circulation control (CC), a passive or active aerodynamic method of changing the psopertie
(lift, camber or angle of attack) has been used as an enhancement to fixed wing aircraft in
conjunction with a Coand surface[4-7]. Just from the beginning must be shown tha

small jetexiting through a slotan have a relatively large influence on the aerodymami
characteristics of an airfoillhe circulation control was initially used on the cylinder and
then aplied to an elliptical airfoil.In 1975, further researctvas completed using the
Theodosen method in a potential flow analg [8]. Later, a Coandasimulation was
conductedvhich under preditedthe decay of the maximum jet veloci§] [

A CJC, =80
slot Coanda
| ]
plenum oy wall jet
v C|
supercirculation
v
¥ boundary layer control
4
R Cy
a) Rounded #iling edge b) Schematic lift behaviour

Figure 4:Basic of circulation control flow
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The jet sheetemainsattached along the curved surface due to the Coeffieet The
rear stagnation point location moves toward the lower airfoil surface, producitiiozal
increase in circulation arounchd entire airfoil. The outer itational flow is also
substantiallyturned, leading to high value of lift coefficient comparable to that achievable
from conventional high liftsystems, as indicated in Fig(bd. In the 1970's the circulation
control research passedttte optimization of the parameters: slptacementthe heightof
the slot, favourablemomentum coefficient, the pressure into plendime expansion of CC
wasusel to submarine and rotary winguring the 1990's2000'sthe CC techniques became
more predictable and the research includes the capability to reduce the amount of additional
hardware to the original system&hey are already used to several previouslynon
investigated varianfsncluding seveal vehicles - not only aircrét - such adractor trailers,
cars wind turbines and water turbieeln the last years numericdlow simulations
capability offers new gportunities to the development of efficidift augmentation systems,
like a blown flas. The current numerical approach is mainly basmd the Reynolds-
averaged NavieBtokes (RANS) equationSeveral models of turbulencgere studied and
evaluated Computationsusing RANSwithout a suitable turbulence model tdake into
account the cuntare effect would fail to predict separation and the lift accuratéhen
using a flow control facility providing mass addition in the system (for exantipdgiet
blowing), mathematically, this involves introducing an additional circulation term takiog in
account the jet reaction forces:

P=rV, ( G +,-et<)5 (1)

where G, is circulation (around the body),

G T (a 4,) @
rv,
and m is the mass flow rate of the jet with tepeed/, , while b, is the jet orientation
(relative to airfoil chord). The following aerodynamic coefficients result:
Clet :Crsin(a + et)
Coje =G cos(a +l?et)

where C.is the thrust coefficient generated by thet. The term provided by the

counteracting force might affect the lift and drag @egend on the angle between the jet
ejedion direction and the airfoithord (Fig. 5).

3

Figure 5: Thrust force due tdflaid flap (fixed jet position)

The efficiency ofa fluid flap (a jethormally orientedto the surface) compared to the
efficiency of circulation control airfoils (a tangential jet on the upper side of the airfoil)
depends on the difference between the induced effects that accompany the pressure fields
I'tds known that both techniques applied
counteracting forces, str ongl1Q,1].dTaepflaichfip n g
airfoil is strongly dependent on theounteractingforce of the jetmomentum The
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Circulation control systems ofiCoandé@ sur f aces Acaptureo th
efficiently and, generally, generate a higher lift than a fluid flap airfoil. tRecirculation

control systems, the jet orientation is rear, determining atemsing force with a restricted
contribution to lift (except the cases when the airfoil curvature leads{paagle) (Fig. §.

The jet in the vecinity of &iCoan@& s u mobddies eéhe inducedtwo-dimensional)
circulation.

Figure6: Scheme of geometric elements associated tdGbanda t ype f | ow

ltds recognized that the efficiency of a
section (dimensids ratio in the section plane). The efficiency studies for rectangutataso

are limited to the aspect ratio of 10 (Aspect Ratiov/h) while for similar studies used in
circulation control this ratio is higher than 130@us the provided results cannbe
extrapolated to determine the recovered thrust. Therefore, for thdimvensional study
presentedthe efficiency of the nozzle might be neglected and it can be presumed that there
are no (pressure) lossaghereas for the circulation contrwvo-dimensional study the thrust
might be assessed at the airfoil exit of theanget using thenomentuncoefficient:

c = Thrust MV 2 hw! jer Vig
mqs qs bc ry V2

(4)

where
m= rjetvjethW (5)

andSis the wing reference surface (considered as rectangular), while

-1

3}

e 1y
2¢RT, jet é a Py [

et = | &l ‘W Q (6)
Jet c-1 Q [0 0, jet 8 |
e |

Optimizing the engine thrust in the case adfculation control involves specifying
geometry details of the airfoil, the geometry of the intake system, pipes, a compressor and ar
outl et . | f these details are missing, t he
by estimating the necesggpower for flow circulation controFor a rough estimation of the
fl uidoég, ipi®mesumed that the jet supplied by a big reservoifhen, the total
power will be at least equéb the power required to supply the tanh device to create the
jet (P.,) plus the lost power in the intake device of the big resenkiy X

P=p, #, =r2™ my 7)

jet ez 5 jet?
Also, the necessary power to be supplied for the flow with the momeraetficient C , is:
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V., & V2
P, =C,—"-d #2-2 anvu 8
f 1772\/'J el Vjit u $ ( )
or dimensionless
P \V/ Vv
CP = : 'm = $m - (9)
! unuS 2Vu \ét

If the nozzle height is constant and known for a rectangular witige fluid power
might be expressed as a function of the monrantoefficient C,, and the nozzle height

/airfoil chord ratio (/c):
cy? 4(h/c)

“ 2/2(hic)é C. (19

Figure 7 shows the dependence of the ideal power coeffcient as function of the
momentum coefficient.

oo

1.5
Ld-
13-
12r
11

0.0005
001
0002
ook 0.003
Cpe nar 0004
07k 0005
ner
05k
04r
n3r
nar
01k

LI

1 1 1 1 1 L L L
0 002 004 006 008 01 012 014 016 018 02

“u

Figure 7:Necessary theoretpower for typicafiCoand® j et s wh/¢ritio di f f er ent
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Figure8: Necessary mass flow (ideally) for circulation contro0,5m;\, =30m/s ] 291K

To optimize the performances thie circulation control system for the lowest mass flow
(jet), it is recessary to know the relation between the mass flayy (he momentum
coefficient C,, and the nozzle geometry. Figure 8 shows the dependency results for

m= f(C,, i/ 9 in fixed condition for exteral flow and a given geometry. Assuming that the
system performance is practically provided by the velocities ngtiov,, reducing the
nozzle heighta redued mass flow will be necessary.

INCAS BULLETIN, Volume, Issue2/ 2014



39 Blowing jets as a circulation flow control to enhancement the lift of eviggnerated power of wind turbir

3. INVESTIGATION OF THE FLOW CONTROL USING T HE COANDA
EFFECT ON AN AIRFOIL

During the last decade, experiments, flight tests and, last but not least, numerical simulation
and experiments have revealed the major benefitsdadby flow control using th€oanda
effect [10, 11, 12]. From those we mation: reaching a high lift coefficientQ, . @8),

while the availability of slafsflaps increases permances; flight evolution ahigh
incidence; modifying th€oandasurface geometry according to the flight conditions leads to
increased aerodynamic performance; minimizing dnaglduble blowing at trailinggdge in
cruising flight; stabilizing the aircraft during different latemanoeuvringetc.

0.100 = 7
r/C=1% r/C=2%/ r/C=3%r/C=4%t/C=5%

4 T/C=6%
0.075 2E ’
A '/r/c=e%

h/r o.050 1 7/C=10%

0.025 1 /
/

_~ optimum domain
(drag criterion for Coanda surface)

“/

0.000 - . |
0.000  0.001  0.002 0.003 0.004  0.005
h/c

Figure9: Effective performances for tfi€oanda@ ef f ect i n c rcompressibld régimglht (s u

Even if such benefits are available, these control techniques are not (yet) implemented in
(mainly, civil) aircraft manufacturing becaustseveral reasons, namelynumber of pipes/
channels are required to ta&eer the blowing flav from the engine; certain configurations
require a special engine positionirigcreases in draduring certain evolutions because of
the thick trailing edge ( whCQoantid icnocnlturdoels sbu

One of the main disadvantagés the controlsystem maintenance, since a high
efficiency requires relatively smadlimension slots, which can be easily obliterated.
Probably this generates high maintenance cost® fdguirement for large radidoanda
surfaces for maximum lift is équently replaced by minimum drag requirement in cruise
flight, leading to small radiuSoandasurfaces, as revealed bydies during the last decades
[10, 11] (Figure 9). For our applications the configuration was selectedhfor= 0.002,
h/r=0.1, whik r/c = 2 %- thered rectangle in Figur® (the Coandasurface is a half circle,

Bjet = 0%. The numeric study was conducted a supercritical profile with the relative
thickness of 17%, having large radius joints at the leading edge to minimize the stall
(separation) phenomenon. The reference airfoil is GAW(1), the modified one N&BWY

LaRC 2D 17%Supercritical General Aviation Circulation Controlled Airf¢tEACC) with a

round trailing edge r/c=2% (the airfoil was generated based on available dagmteixist
scientific literature) [1112]. The Reynolds numbewras set afke=10 to provide a fully
turbulent flow; airflow in the convergent device which generate jet was presumed to be
turbulent. The momentum coefficient is determiriein the equation (8), wherg is the
dynamic pressure for undisturbed flow (far away from airfqif) 7 /2, and the reference

surface isS=b © 1=c. From the computational point of viewhe mesh have a number of
nodes of order 0 near to solid surfaces, a structured mesh is used, providing values
between 0.4 and 1i1foy” (the dimensionless distance from the wadijd between 25 and

300 forDx". The computation domai n hadgistanaerthef i e
boundary conditions being typical for 2D aerodynaamalysisThe RANS model is solved

wi th thebaispadeds sscle me, whil e thek-wweSSE€ct e
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(Shear Stres$ransport Turbulence Model) proposed by Menter [11], which included the
surface curvature effect. Thaolver was unsteady, the time step being the physical one
automatically assessed by the solver [T2yo constructive solutions are analyzed based on
the GACC airfoil: one with a cylindrical trailing edge surface (geometrical dimensions being
previously @fined),anda second configation involving a blowing flap.

The results are shown for thé idcidence and different momentucoefficients C,

while the undisturbed flow hasvelocity V, =30m/ s.

3.1 Test case IFlap with cylindrical surface

The jet leaves the slot undér, =0° angle and has the tendency to remain attached to the

surface on a certain lengtths shown from the representation oftreantines, a low
momentum jet influenced by theternal flow on the upper side of airfoil will bguickly
separate, practically after some degrees, having a minor contribution to lift increase (the
main jet component bajnthrust). The jet attachment depends on the jet momentum
codficient, the slot hajht, theCoandasurface geometry and, not least, on the external flow
velocity (due to friction effects, the jet catches external flow fluid). Increasing the jet
momentum, the separation angle will exceedl (@ jet has a light reverse) and it would
penge¢ r ate the | ow momentum fl ow on the | owe
(or a virtual slat). It should be remarked that the jet has a positive influence on the outboard
flow for moderate incidence limitindhe boundary layer separation

Figure10: Computational domain and meshing details

A jet with high momentum coefficient, correlated with a very lotwratio leads to a
compressible flow regime in the slot and its vicinity, therefore the use of a compressible
solver being preferredyith all thenumercal problems occurring from it.

a. 047 048 019' 05 051 b_ a R
Figurell: Streamlines and pressures field: (a) without external flay (=9 m/s \ =0 m' ¢ and
(b) external flow without jet\(, =30 m/s)

The jet angley,, is a characteristic of theéoandeeffect, while a value higher than 90
x/ c=1) generates the increasing of the suction pressure on the lower sideGidahea
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surface and reduces tharface lift efficiency ree. For input speeds, in the plenum chamber,
higher than 9 m/s (average speed) the numerical result shows a complete jet attachment o
the cylindrical trailing edge surface, with reverse on the lower side of the airfoil, also
confirmed by experiences camzted on this airfoil [1011, 12] (Figure 1). In the figures

12-13 thestreamlines and detail of the pressure field near to trailing edge can be seen, for
different momentum coefficients (only extreme cases were shown).

400 -30 200 1000 100 200 30 400 %0 600_Ton 630

-, S

05
04
01
a1
04

02 01 o 01 02 83 04 05 Q8 07 08
%

Figure 12: Streamlines angressures fieldTE detailson the right) for V., =9m/s \ =30 nv

ot
.
:
s o ’ o o2 7 o o8 oe o o =

Figure13: Streamlinés and pressures fi€lE detailson the right)forv,, =20m/s \ =30 nv

3.2 Test case 2. Flap with double curvature

The secondnumerical test replas the trailing edgeiith cylindrical surfacewith a double
curvatureflap (theflap has a cylindrical upper part with the same radius that in test case 1).
The flap has a S5leflectionangleto enable théetter assessment of blowing efficientip

to a reservoirentrance velocity ofLl0.549m/s (C,=0.0124), the jet is relatively quickly

separating in a domain of 420 (on the cylindrical surface).
The jet isfully reattaching tahe flap surfaceif the supply velocity is higher than H&
m/s. The jet is separating effectivefyom the flap trailing edge, while penetrating the flow
on the lower side of the airfoil.he numerical results are presented in figurésatd15. As
a conclsion regardinghe first two teststhe blowing effice ncy ©Goandda diur f ac
compared with referencfc,,=0) is immediately observed. For the higher impulse the jet

will remai n Goantaa cshuerdf aocne flovheeveesmtendendy.h a
Concerningthe jet efficiency with a reatively high deflection flap (in our case %5it
will be noticed that for momentum coefficient highleanc,,=0.0123, the jet is immediately

reattached to the flap surface, increasing its
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Figure 14: Streamlines and pressuresldi: (a) without external flow\,,, =9 m/s ¥ =0 m 9 and
(b) external flow without jet\, =30 m/s)

a)

b)
Figure15: Streamlines and pressurfedd for two computation cases
a) Vo =10.55m/s, V, =30m/s b) Vo, =20m/s Y, =30 mv/ ¢

momentum coefficient highghanc,,=0.0123, the jet is immediately reattached to the flap

surface, increasing itsfficiency, while the lift coefficienmay increaséo more than 200%
of the reference value, but payitige cost of a drag increase.

It can be stated that Coardda ns y et af@bunabléa e
impact on the aerodynamic characteristics, necessary duringftadanding procedures, as
well as in certain flightmanoeuvregvolving high load factors flight.
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3.3 Test case 3. Crossection of an aircraft wingwith blown flap

The third case considerdererefers to the cross section of an aircraft wifay a medium
size transport aircrgftwith a mean aerodynamic choaf c=6 m. The dimensionless slot

height ish/c = 0.001 for this casdn the cross section the airfoil with aa-radius flap is
shown in Figurel6 [15].

CC Flap
| Griginal
| Coniaur
f

_.--""'_._.-_._._._-_-_______-_-_-_-_‘-_-_'_‘_‘--._ || |lI

Figure:16 A duatradius circulation contrairfoil [15]

A flap of about 10% chord radiysvots around a hinge. Because the upper surface of
the flaphassuch acurvature that th&€€oandaeffect can be exploited even at higher flow
turning angles. There are three options to design the upper surfaedflap, Figurel?.

-

N T U [ C T

- e

; — [ .’; B it

-

Figure I7: Geometric degin version for the blown flap 8l

In the first version (A) the Coanda surfaeglius ishidden in the geometry of the airfoil
during the cuise flight, buit appears if the flap is detted for takeoff or landing.

In the second version (B) the upper surface downstream of the flap is moved downwards
by translation.Thus a small backward facing step is created, because in cruise flight, the
upper surface of the flap &ightly belowthanthemain airfoil.

0.1 0.1 0.1
[——
[ — —
0 N 0 = o —
..--\\ i N i \
0.1 P, Q -0.1 0.1
Dual-radius flap Dual-radius flap
Laree hish-lift h\g 1. generation 1. generation
-0.2 -0.2 -0.2
0.6 0.8 1 0.6 0.8 1 0.6 0.8 1

Figure B: Possible flap geometries for airfoil with CCg]

The last version (Cp a dualradius flap, fist time designed by Englar [[L&'he second
radius for the upper surface of thap is used to obtain additional turning, then a higher lift.
From this type a flaps a second generation was developed with a much better performance ir
cruise, at least for the transonic regime (Figi8e 1

For a relative slot hght of h/c = 0.00L, a ot flow total presste p; o/ P, @L.7 and
the momentuncoefficientsC,,=0.04, a comparison of lift coefficients is shown in Figure
19. The flow parameters for the reference transonioibiused in investigations, ara) for
thelanding M, » 8 ,Re=2.9®0: b) for cruise: M p 8, Re= 3.5 0.

It can be seen that for a flap deflection angles 6fti2® large higHift flap generates a
high lift coefficient up tog ., =3.2 and certainly wil increase if the angle of deflection

will be greater. The slot height can be increased with a beneficial increasbd Idt
coefficient but there ianoptimum height for which a smallamount of bleed air is needed.
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Figure19: Variation (a) for airfoil with different blownflap geometries. h/c = 0.0001
M p 8, Re=2.9®, c,=0.04(=0.03 for the large higfift flap)

It can be concluded that blowing decreases the angle of attack for which the maximum
lift is produced.The data confirm the potential of blowing jet anCoandasurface to
generate high lift good for takeff or climb performance. Additional calculations are needed
to optimize flap geometry and to determine the minimum total pressure and mass flow
characteristics necessary to generate a certain lift, feven 3D wings. Thus we obtain the
needed parameters of blowing jet systems fiamite-span wing

3.4. Blowing jet applied to the wind turbine blade

In the design of a new wind turbine todag have to use the latest aerospace engineering
technology, ieluding aerodynamics, lightweight materialkkg a composite) and highly
efficient aerodynamics (airfoils specially designed for the wind turbines, including
circulation control techniqud®3]. The concepts of circulation control through trailing edge
blowing (Coandajet) will be taken into accounfThe circulation control is implemented by
tangential blowing a small higelocity jet over a curved surfacEdandasurface), suchsa

a rounded trailing edge (TE).

Computational modelling. Since a direct numiegal simulation (DNS) of turbulent flow
involving complex geometry sucts HAWT is very costly, Reynoldaveraged Navier
Stokes (RANS) are used in this study.is necessary that the transition location to be
specifiedl n our st udy, iornodel i€ysqull/]leAn appropriateaunbsiiénte
model will be the Spalatflimaras Detached Eddy Simulation ($¥ES) [18]. This is
obtained from Spalallmaras model by substituting the nearest distance to the dyall
everywhere in the transport equatj by the new DE®ngthscaled , which is defined as
d =min(d,Cogs IP. Coes is an adjustable model constant, apis based on the largest grid
spacing in the, y, or zdirections forming the computation cadh, rhax(qx, qy, gx). After a
proper calibration of the turbulence model, the constant values used in this work are
specified[3]. The model constar@yes = 0.65 was set in the homogeneous turbuldt&g
and is also used in this study. The DES method attemptsribine the best aspects of
RANS and LES in a single solution strate@yhe law of the wall is characterized by a

dimensionless distance from the wall definedyas y, y/n, whereu, is the friction velocity
and n is kinematic viscosity y* is in the rangeli¢y" ¢30C. Because the governing

equations are parabolic with respect to time and elliptic in space, initial and boundary
conditions are required &blve these equations. In general, the initial flow conditions are set
to freestream values inside the flow field, which is enough to get the final convergence
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solution with the time masrldhpiongc osnodh & meo.n sF
for the viscous surface, and Aslipodo crondi't
the CCW simulations, jet slot exit boundary condition must be specified to simulate the jet
flow effects.

Jet Slot Exit. In most circulation control studies, thednig parameter of the jet is the
momentum coefficientc , which is defined as follows:

Cm: mvjet/((]/z) Iy \éf Aef) (11)
wherethe jet mass flow rate is given byi= r Vg, A
In the present study, the reference velo®ity is the rotor tip speed, and the reference

area A is the plan form area of the rotor bladée total pressure and total temperature,

T,, of the jet are specified at the jet slot eXihese were estimated assuming a jet Mach

number and isentropic relations. The jet is assumed to emanate in a direction tangential tc
the blade surface, and the pressure values at the jet are extrapolated from the pressure valu
in the outer flow over thairfoil. The jet velocity profile is specified to be parabolic at the jet
exit. The effects of rotor tower and nacelle on the flow field have not been considered. All
the calculations are done in a th@ecurate manner. At low wind speeds 14,400 time steps
are needed per blade revolution, representing the rotational movement of the blade by 1/4C
deg. of azimuth every time step. At higher wind speeds, where unsteady effects are more
dominant, a smaller time step equivalent to a 1/80 degree azimuth is hgetmé step

used in this study is in approximately1® °s, which is very small compared to the time
constant for dynamic sta(b/(\/\/r)) of NREL case which is approximately 0.81Therefore,

the time step chosen should be able to resolve dynamic stall.
3.5Results and discussion

The validated Ibw solver is used to investigate the aerodynamic performance of a wind
turbine rotor equipped with circulation control technology (blowing jet). The highly
beneficial impact to lifto-drag (L/D) ratio from using the Coamdet can be seen in Ref.

[20] armd provided the motivation for investigating this technology in the study.
Computational results are compared with the baseline rotor results to assess the benefits o
the circulation control technology. Computations have been carried out at selected wind
speeds representing both low and high wind speed regimes. The effects of the jet slot height
or locationon the performance of the Coanj@t have been investigateHor an effective
Coandgjet performance, a design Gband-configured TE has been chosen as in FiQxe

It was used an ideof a flat surface on lower surface near TE and raemi surface on the

upper sidg21]. Further inestigations should be done to determine the proper TE radius and
TE jet thicknessvhich have a critical effect on the effectiveness of this blowing jet system.

J— TE jet thickness ‘J’
. _7""'*--,_,__7__
s -

7\ TIiz=

-

Parallel Tangent line

Figure20: TE construction of the circulation contrmdnfigured airfoil [22
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Computational Grid. The computational grid used for baseline rotor analysis is used here
with a dense grid near the slot and in the vicinity of trailing edge. In this study, the jet slot is
located at 93% ofhe chord on the upper surface of the rotor and the jet slghhés
nominally 0.2% ofthe chord.In the present work, the jet slot runs along the entire span of
the blade. The grid near the rotor surface and the jet slot is shown in Elgure

Figure21: Computational grid around airfoil of CC rotor using for Cdehlowing jet(on theright side- detall
of the mesh near the trailing edge of the bjade

The construction of a high quality grid around the circulation control airfoil is made difficult
by the presence of a small jet slot. In the present study, anaappobtreating the jet slot as
a gridaligned boundary is used as guidance, with the jet slot boundary condition described
in previous section.

Test Conditions Calculations have been obtained for the NREL Phase VI rotor at two
wind speeds (7 and 15 m/and at three yawangles (0, 10, and 30 degree%he jet
momentum coefficient€,, used in this work range from 0 to 0.10. The reference values for

these simulations are: freestream temperalgre 284 K, freestream densify = 1.225
kg/m® and reference chord length= 0.483 m.The assessment of the present method was
done by comparing the predictions witte following measurementgadial variation of the
normal force coefficient (cand tangetial force coefficient € with varying of momentum
coefficient, C,,. Also investigationsvere performedconcerning the effect of slot location

on the L /D ratio and lift augmentation.
3.6 Circulation Control Results

Low Wind SpeedConditions. Only results at a low wind speed of 7 m/s for yaw angles up

to 30 degrees are presentegre A visualization of the computed flow indicates that the
flow is well-behaved and attached over much of therrdtherefore, on the present grid and

the selectedturbulence model, one can expect the results for the baseline case to be in
reasonable agreement with measurements. Due to the Coanda effect, the jet remains attache
to the curved trailing edge and provides enhanced suction on the tradj@gipger surface.

In this work, the jet leaves the surface from a sharp trailing edge which fixes the rear
stagnation point. AL, increases the front stagnation point moves backward on the lower

surface, and there is a significantning of the potential flow (outside of the boundary layer)
over the airfoil causing an increase in circulation around the rotor settiennet turbine
power output was calculated by accounting for the pumping power required to drive the slot
blowing g/stem Figure 22 shows the radial distribution of the pressure normal and
tangential force coefficient® the chord withvaryingC,,. A reasonable agreement between

prediction and measurements of the baseline case is observed riorllosving case at all
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the yaw angles. As expected, the normal forces for the circulation control case are higher
relative to the baseline Howing case. It is also seen that i@creases ag,, increases. At

this low wind speedandition where the flow is welbehaved and attached over much of the
rotor, the lift force is increased and also turned forward as a redhk aficreased angle of

attack. It is clearly seen that C(associated with the induced thrust component of ift
increased when circulation control is used.

3.5
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Figure22: Radial distribution of the normal and tangential force coeffici€pt<Cr, at 7 m/s withvaryingC,,

Thecirculation control technology requires power input into thetesy to generate the jets.
The net power is the mechanical (shaft) power extracted from the wind minus the power
input into the system to generate the jets. There should be a net positive increase in powe
generated for this concept to be attractive. Thasumed power to generate the jet is

proportional to the mass flow rate through the jef, &V

jet

) and the kinetic energy per unit

mass of the jet (Q./2)ijet). Thus, the power consumed in production of the iget

(Y2) riet

A vfet

jet

I hy, Whereh,_ is a parameter that takes into account losses or efficiencies

assof@ted with various component&igure 24 shows the net excess power defined in
percentage of baseline power. It is clearly seen that approxymagted C,,, = 0.070there is

net excess power production and the excess power production is clearly attributable to the
circulation control technology. No net benefit was found at the higheralues.
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Figure 23: The effect of Coarajet location on the
L/D ratio and lift augmentation

Figure24: Net excess power vs @t 7 m/s(0Ayaw)

Figure B showsthe effect ofslot location (in percent of chord) on the L / D ratio and
lift augmentation.To identify an optimal configurationfahe Coandablowing-jet system,
more detailed parametric studyil be requiredincluding the effect of Coanda jet thickness,
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