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ABSTRACT

Circulation control via blowing over Coanda surfaces atsanic freestream Mach numbers
is investigated using numerical simulations. The perfarogaand sensitivity of several cir-
culation control devices applied to a supercritical agtaite assessed. Berent Coanda
devices were studied to assess tffea of; slot height to Coanda radius ratio, nozzle shape,
and Coanda surfaces with a step. The range of operatingtammrifor which a supersonic
Coanda jet remained attached at transonic freestreamtmorsivere extended by increasing
the radius of curvature at the slot exit for Coanda devic#is aconverging nozzle. Additional
improvements were found by: reducing the strength of shacintary layer interactions on
the Coanda surface by expanding the jet flow using a convgigjrerging nozzle, and also
by introducing a step between the Coanda surface and thdenexit. The performance
when using a converging-diverging nozzle can be matchewyusisimple stepped Coanda
device. Itis shown that circulation control has the potdriti match the performance of tradi-
tional control surfaces during regimes of attached flowaatdonic speeds, up to an equivalent
aileron deflection angle of 20In addition, lift augmentation ratiasC,;/C, of over 100 were
achieved.
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NOMENCLATURE

A

Wing Surface Area

AOA Angle of Attack

c Chord Length

cC Circulation Control

Cq Sectional Drag Cd#cient

CFD Computational Fluid Dynamics
C Sectional Lift Codicient

Cm Sectional Pitching Moment Céicient
C, Momentum Co#icient, TlfTLX

Cp Pressure Cdgcient

AC/C, Lift Augmentation Ratio

EXP Experiment

h Jet Slot Height

HMB Helicopter Multi-Block CFD Code
M Mach Number

m; Jet Mass Flow Rate

NPR Nozzle Pressure RatiBy/P..

Po Plenum (Total) Pressure

Pe Freestream (Static) Pressure
O Freestream Dynamic Pressure
r Coanda Radius

Re Reynolds Number

S Step Height

SARC  Spalart-Allmaras Rotatig@urvature
t Skin thickness

TDT Transonic Dynamics Tunnel
UAV Uninhabited Air Vehicle

U; Jet Velocity

Uco Freestream Velocity Magnitude
y* Non-Dimensional Wall Distance
Greek Symbol

a Angle of Attack

1 Aileron Deflection

1.0 INTRODUCTION

In aircraft, ailerons have traditionally been used to altercirculation around the wings for
flight control. Flaps employ a similar principle and are uaschigh lift devices for takefd
and landing. An alternative method is circulation cont@C{ using the Coanddfect; a jet of
air is blown over a rounded trailing edge of a wing. CC usirmihg ofers advantages over
devices such as flaps and ailerons, removing the necessitpvihg parts, possibly leading

to a reduction in aircraft weight.
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Figure 1: Schematic of flows at trailing edge.

The Coandaf@ect describes the behaviour of a fluid moving tangentially tmnvex (typ-
ically circular) surface. The flow adheres to the curvedatefas a result of the pressure
gradients within the jet flow (see Fig. 1a). The position af geparation and stagnation
points at the trailing and leading edges of the aerofoil #szed due to blowing a jet over the
Coanda surface, causing a change in lift.

CC usually requires a high speed jet of air up to 4 times thesfream speédl, which
attaches to the Coanda surface. As this high speed jet nieetslatively lower speed air in
the freestream, the jet entrains the fluid within the freszstr which is then also turned around
the Coanda. The entrainment is due to the mixing within arslagar between the jet and
the freestream travelling at significantlyfiidirent Mach numbers. Figures 1b and 1c show
simplified schematic diagrams of the flows that occur at tbeestit and just downstream of
the slot. The momentum of the jet influences the boundary lagd accelerates the local
freestream flow.

For aerofoils in the transonic regime, a supersonic Coaetls jnecessary to achieve a
significant change in lift. In addition to shear layers thisra possibility of shock boundary-
layer interactions occurring on the surface of the Coandécds, if the jet becomes under-
expandeé). Depending on the severity of the shock boundary layer aatén, the jet can
detach completely from the Coanda surfdteAt transonic speeds, the shock on the upper
surface of the aerofoil also alters the boundary layer floadileg to the CC device at the
trailing edge (Fig. 1b), which carffact the behaviour of the Coanda jet fiGly

For an aircraft to successfully use a CC system it would nedzktdfective over a wide
range of flight conditions, including fierent altitudes. Changes in altitude as well as engine
settings will create dierences in the pressure ratio the Coanda device is opeedtifignere-
fore, itis crucial to consider the CC device for a wide ranfygressure ratios, mainly a range
of conditions with under-expansion and, for cases whereraerging-diverging nozzle is
used, also over-expansion cases.

Studies on transonic CC have shown that the shape of the @sanface plays an important
role in the dfectiveness of the CC device at transonic sp€eds’. Parameters such as the
slot height to (local) Coanda radius ratiffext the attachment of the Coanda jet, and the
range of blowing rates (and nozzle pressure ratios) for vttie jet remains attached to the
Coanda. Experimental investigations into elliptical Cad@surfaces have concluded that more
eccentric ellipses and smaller slot heights perform mastfeably in transonic flow§:7:2).

Alternative methods of promoting supersonic Coanda jetchthent have been studied
in conditions without a freestream flow. Converging-diveggnozzles have been shown to
increase the detachment pressure f&fkby expanding the jet flow further than a converging
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nozzle and limiting under-expansion. The introduction step between the Coanda surface
and the jet exit of a converging nozzle also increased thectietent pressure ratfcd®).

There is a lack of research on supercritical CC aerofoilyy sabsonic studies have been
conducted to dat&”). For this reason, in this work, the performance of a suptirariaerofoil
at transonic conditions with a CC device will be investigiat®V/e aim to assess the aerody-
namic feasibility of replacing ailerons for transonic fligtontrol on a typical supercritical
section. The feasibility of using devices such as converdimerging nozzles and stepped
Coanda surfaces for circulation control with a transonéetream will be investigated. The
abilities and limitations of such devices have not previplieen considered for transonic
circulation control.

In the present work, we focus on th&extiveness of CC devices for a range of nozzle
pressure ratios on a supercritical aerofoil in a transoniise condition. Comparisons against
the characteristics of the supercritical CC aerofoil withadleron deflection, and also with
published experimental results form part of this study. ddition, a design study will be
performed to examine thefect of various CC device configurations. We consider tfeces
of: Coanda radius to slot height ratio, converging-diveggiozzles, and stepped Coanda sur-
faces , which will be investigated for increasing Cfeetiveness for a transonic supercritical
CC aerofoll.

Increasing the Coanda radiug to slot height () ratio increased the NPR that caused
detachment of the jet, with a marginal increase in lift. Tise of a simple step was found
to extend the NPR and momentum oments range for which the jet remains attached. An
increase in usabl€, = 0.004 was found when using the step, this extension incredsed t
lift authority available to the circulation control systdi C, = 0.1 compared with a similar
device without a step. A converging-diverging nozzle desajfor the conditions at which a
jet from a converging nozzle with the samyé separated was found to be equalfieetive as
the stepped Coanda device.

The current paper first reviews related work in CC and sumgcgtoanda flows, followed
by a description of the numerical methods employed. A vélidaexercise of the solver
against experimental results of a supercritical aerofdthwileron deflection will be pre-
sented. The same aerofoil section was modified into a sufeatiCC aerofoil, and forces
and moments for blowing over several Coanda devices wer@awad with those from using
an aileron. Finally, a summary of the findings and conclusiare made with recommenda-
tions for future research.

2.0 REVIEW OF RELATED WORK

CC using the Coanddfect for use as a means of generating an increase in lift ovaeafoil
has been in consideration for at least 60 y&a&rsSignificant focus was invested on improving
the lift of rotor blades with elliptical sections amid despiment of the X-Wing CC concept in
the early 198042. More recently, with concerns over aircraftieiency and environmental
impacts, CC has been studied to improve the lifting cap#dsliof fixed wing aircraft while
keeping within the capabilities of existing airport infragtures!®. On fixed wing UAVS,
it has been shown in subsonic flight that CC has the potemtie¢place moving parts for
manoeuvrability contrdt?. Other active flow control systems are also being studieth as
to allow for a reduction in the vertical tail size of commeidaircraft1>16),

Much of the CC research to date has investigated flow congratds on aerofoils in the low
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speed subsonic flight regime. As a result, modern numetiediess on CC have heavily relied
on these subsonic freestream circulation control experigié1%18.19 sych as those at the
Georgia Tech Research Institute, which were intended palty for CFD validation and had
a trailing edge radius of approximately 10% ch@Pd LDV measurements of the subsonic
jet around the Coanda were made with a freestream Mach nuhibér= 0.12. Momentum
codficients up taC,, = 0.150 were investigated, however it must be noted @)ais inversely
proportional to the square of the freestream Mach numbethdadynamic pressure. This
experiment demonstrated significant wall interference amgle of attack corrections to be
suitable for CFD validation simulatiof?s).

Research on higher speed transonic CC has produced a hahdfyeriments and numer-
ical studies, which mostly took place in the 1980s on aelskitions intended to be used
for helicopter blades on the X-Wing CC conc€pt?25) Such experiments were conducted
in moderate size wind tunnels, which introduced significealt interference fiects?®). The
elliptical X-Wing type sections typically had maximum tkiesses of approximately 15%
chord, which do not have the characteristics of a superatitierofoil, as would be used on
a fixed wing aircraft. A supercritical CC aerofoil has beemadeped'®), however transonic
experiments on this section have not yet been published.

The diference between CC at subsonic and transonic speeds igghiggdiin Fig. 2, show-
ing the lift obtained by Engldf for an elliptical CC aerofoil over a range of Mach numbers.
At low speeds, the “Rounded Ellipse” CC aerofoil outperfechthe purely elliptical section,
however at high speeds this was not the case. Schlecht anerédound that an ellipti-
cal Coanda surface was superior to a biconvex surface fér Ibat subsonic and transonic
freestreams, since the separation point of the jet is fixethéyharp profile of the biconvex
Coanda.

Alexanderet. al.® recognised a void in the public domain of data for transor@ca@ro-
foils, specifically those intended for fixed wing aircraft. s&ries of experiments were pub-
lished in 2005 on a 6% thick elliptical aerofoil with a 0.75%calar cambef” in the NASA
Transonic Dynamics Tunnel over a range of Mach numbers ud te 0.84. Three dier-
ent Coanda designs were considered, each with a range biesiptts. Coanda surfaces with
larger major to minor axes performed more favourably thaalkmelliptical Coanda surfaces;
a greater maximum lift was achieved and detachment of the@gstdelayed until higher mo-
mentum cofficients. A maximum sectiona@lC; = 0.25 was achieved at a pe@l = 0.008
using an elliptical Coanda device with @8 : 1 aspect ratio. The same slot height but with a
1.78 : 1 elliptical Coanda device had a maximw@, = 0.2 at a pealC, = 0.005. Following
these peak values &;-stall” was observed, whereby further increases in blowedyuced
AC; as the jet detached from the Coanda surfaces.

In 2006, Swansomt. al.?* performed two dimensional RANS simulations of the 16%
thick, elliptical 103RE aerofoffV), however the simulations were limited td = 0.6 at
a = 0.0. At these conditions, the flow over the aerofoil remainduocsitical. It was found
that each turbulence model tested (Spalart-Allmaras, 836 T, Spalart-Allmaras with Cur-
vature Correction (SACC) and EASktw) failed to predict the pressure distribution over the
aerofoil surface aM = 0.6. In addition, the separation point of the jet from the Caasdr-
face was poorly predicted. The SACC model gave reasonadldtsdut only after unrealistic
a-posteriori modifications to the baseline model const&htsThis highlights that even with
modern CFD methods, accurate predictions of CC remain ectugs.

Following the previous numerical studies on transonic Cused above, the understand-
ing of the modeling requirements is improving due to inciegsapabilities and experience
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Figure 2: Maximum lift obtained by Englar with fiérent Coanda geometries at range of
Mach numbers fo€, < 0.08.©).

with improved turbulence modelling approaches. Due to #uk lof available experimen-
tal data for CFD validation of CC at transonic conditiondsitifficult to fully address and

identify shortcomings in current CFD approaches. Despiig thowever, CFD is the only
currently feasible way to conduct a design investigatio©@hdevices in conditions relevant
to transonic flight of aircraft.

To limit the detachment due to under-expansion of the jegraverging-diverging nozzle
can be used to expand the flow to the ambient pressure. Inisgrds on supersonic Coanda
jets in still air, Cornelius and Luci$) showed that a simple converging-diverging nozzle
extends the range of operating pressures at which the Cetnéanains attached. Bevilaqua
and Leé?® reported on a method of characteristics design approaathvekiews the velocity
and pressure profile along the jet exit such that the presmuevelocities at the Coanda
surface are lower and higher, respectively. Using the ragiacity and pressure profiles of
an irrotational vortex at the slot exit, jet attachment wasmoted?®),

Other experimental studies have shown that introducingep etween the jet exit and
Coanda surface can promote attachment at higher pressiosehy preventing shock induced
separatioff?). Carpenter and Smiffl, and Gregory-Smith and Seni®rhave studied the
effect of using a step to mitigate thé&ects of the under-expansion. By introducing a step,
the shock waves due to under-expansion interact with thar $énger formed as a result of the
step. The step also aids attachment by providing a regioovopressure which turns the jet
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(a) NPR below detachment ratio(b) NPR above detachment rati¢c) NPR above unstepped detach-
ment ratio

Figure 3: Schlieren of unstepp®@d (a and b), and stepp&¥(c) supersonic Coanda jets near
detachment.

towards the surfad®. Figure 3 shows three Schlieren images from experimentsrbygd@sy-
Smithet. al.?”9, where the nozzle pressure ratio (NPR) is close to the valwdiah the jet
detached from the surface. Shown in Figs. 3a and 3b are yrestepsults before and after jet
detachment, an increase in plenum pressure caused thelgthith. For the same slot height
and Coanda radius, including a step increased the detatipmessure ratio by 25%.

Summarising the findings from this review of the literatuse, find that all transonic cir-
culation control studies considered previously have bipeiteld to elliptical aerofoil sections.
In addition investigations into thefect of diterent Coanda devices for transonic circulation
have essentially only studied the change of curvature aldteexit. This work instead con-
sidered the use of CC on a supercritical aerofoil. We alsotaimdentify that the use of a
stepped supersonic Coanda jet can be uffedtésely with a transonic freestream.

3.0 NUMERICAL METHODS
3.1 Navier-Stokes Solver

The Helicopter Multi-Block (HMB) CFD cod@82°:30:3bjis used for this work. The code has
been validated for a number of applications, includingdugiiers; wind turbines; turboprops;
and high-speed unmanned combat aerial veHit4é$33) In addition, validation of the solver
and boundary conditions for CC has been conducted by Hdffblis

HMB solves the compressible, unsteady Reynolds-averageieNStokes equations on
block-structured grids using a cell-centred finite-volumeghod for spatial discretisation. The
convective fluxes are evaluated using Osher’s upwind sclienits robustness, accuracy, and
stability properties. MUSCL variable extrapolation is dge provide second-order accuracy
with the Van Albada limiter to prevent spurious oscillaaround shock waves. An implicit
time-integration method is employed, and the resultingdirsystems of equations are solved
using a pre-conditioned Generalised Conjugate Gradiettiade For unsteady simulations,
an implicit dual-time stepping method is used, which is base Jameson’s pseudo-time
integration approach.

The solver has a library of turbulence closures which inetuseveral one- and two- equa-
tion turbulence modef$>363738)and also non-Boussinesq versions of ka@ modef3°40,
Turbulence simulation is also possible using Large-Eddi/etached-Eddy Simulation.
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3.2 Momentum Coefficient

The supply of air for the plenum for circulation control igeri taken from bleed air from the
jet engine of the aircraft’). As a result of this theficiency of the circulation control device
is critical; mass flow taken from the engine reduces the pawailable for forward thrust.
The jet momentum cdkicient C,) is often used as a measure of blowing over a circulation
control device, which is defined as

_ MV 1

W (D)

wheremj is the mass flow rate through the slot exit ahib the surface area of the aerofoil.
In circulation control experimentsy; is usually measured using a flow venturi meter &hd
calculated from isentropic equations using the plenumsores Here, the plenum pressure ra-
tio is fixed and the momentum cibeient is calculated a posteriori by integrating the solutio
along the slot exit.

An important and widely used metric for defining th@aency of a CC system is the lift
augmentation ratidC,/C,. Alexanderet. al. state that circulation control performance is
considered as “good” foAC;/C, > 501. In their experiments on the 6% thick elliptical
wing they found a maximum augmentation ratio of 37 kér= 0.8. In addition Abramson
and Roger$) achievedAC;/C, = 27 atM = 0.7 andAC,/C, = 10 atM = 0.8 on their 16%
thick elliptical aerofoil.

3.3 Reservoir Boundary Condition

A reservoir boundary condition is used to fix the desired guesand density ratios based on
the assumption that the supply has been isentropically cesspd. The stagnation pressure
and density are fixed by NPR at the reservoir boundary whikecitees at the face are allowed
to vary with the condition that no gradients form across thertaary.

Force contributions of pressure a@g from this internal reservoir boundary face are in-
cluded in the calculation of the total forces and momentang the approach presented
by Min et. al.*Y. The pressure and viscous terms are calculated on the akéera internal
solid surfaces of the wing, while other surfaces such as Etdgare excluded. Contributions
due to the pressure force and momentum addition of the jet@rsidered at the reservoir
boundary. Figure 4 shows an illustration of the surfacesiclamed for the calculation of the
forces and moments.

Figure 4: Diagram of trailing edge of circulation controtail. The solid lines are consid-
ered as external surfaces, dotted lines are the internglipplenum surfaces and the dashed
line is the reservoir boundary condition.
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Figure 6: Hfect of grid refinement on lift and drag for simulations of theBA032 with and
without (dashed lines) aileron deflection. Hdvle~ 0.715,Re = 5 x 10° at angles of attack
of @ = 1.183 with a 3 deflection andr = 1.342 without aileron deflection.

4.0 TRANSONIC FLOW OVER A SUPERCRITICAL
AEROFOIL WITH AILERON DEFLECTION

The supercritical McDonnell Douglas DLBA032 aerofoil dent(Fig. 5) was chosen from
the AGARD CFD validation databa¥$@ due to the availability of experimental data with an
aileron deflection in a transonic freestream. The DLBA032 sipercritical aerofoil with a
thickness of 12% chord and an aileron of 25% chord length eErEents were conducted at
a Reynolds number range Bé = 5 x 10° to Re = 25x 10, an aileron deflection af = -5°
tos = 5°andM =~ 0.72. To promote transition in the experiments, a boundargriayp was
placed atx/c = 0.15 andx/c = 0.28 on the upper and lower aerofoil surfaces, respectively.
This trip was not taken into account for the present simaitestj where a fully turbulent flow
was assumed.

Two dimensional simulations were conducted on this gegnstice the original dataset
was reported to be suitable for such modelling approd¢hesThe data presented in the
AGARD report included corrections regarding the wind tuninterference. Grids were built
using mesh densities and refinement strategies using coetufrom preliminary grid re-
finement studies of the DLBA032 with flap deflection, which isrsnarised in Fig. 6. The
conclusions of this grid refinement study, indicated thatrapimately 300,000 cells were suf-
ficient to produce grid independent results for both defteated undeflecte aileron cases. The
following cases apply these findings with grids generatesh shaty™ ~ 1 initial grid spac-
ing in the wall normal direction is applied, as required bg k- w-type turbulence models
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o DLBA032 &0 M=0.716 0=1.342 Re=5.028e6 o DLBA032 &3 M=0.715 0=1.183 Re=5.083e6

(a) Without deflectiong = 1.342. (b) 3 aileron deflectiong = 1.183.

Figure 7: Experimental and predicted pressure distribifttothe DLBA032 with and without
aileron deflection am ~ 0.715,Re = 5x 10°.

employed.

Figure 7 shows the pressure distributions for the DLBAO3thwain un-deflected aileron
(Fig. 7a) and a deflection of°3Fig. 7b). Without the deflection the lower surface pres-
sure distribution predictions agree well with the expertaédata, and the shock location
is within 5% chord (Fig. 7a). The upper surface suction isaggethan the experiment, how-
ever the overall trend agrees. Table 1 shows that with ther8&del, the change in lift is
approximately 3% above the measured lift from the expertmen

With the deflected aileron, the suction near the leading edgeer-predicted, and the shock
is predicted approximately 15% aft of the experiment, asvshia Fig. 7b. A similar finding
was found by Londenbel) for Re = 5 x 10 with a 2 aileron deflection. The agreement in
the lift codficient as shown in Table 1 is approximately 11% above the éxpeetal data, due
to the poor prediction of the shock location. It is emphaskisewever in the AGARD report
that there is some uncertainty about the correction metbagdoyed and that the dataset
should be taken for qualitative treriéf.

Table 1: Comparing sectional lift, drag, and pitching moii@rhaviour of the DLBA032 at
M ~ 0.715 andRe ~ 5 x 10° with and without aileron deflection.

Configuration Turbulence mode| C Cq Cn

EXPa=13426 =0 0.7311| 0.01044| -0.1518
CFDa@ =13426=0° k-w 0.7823| 0.0167 | -0.1614
CFDa@ =13426=0° SST 0.7593| 0.0158 | -0.1567
CFD Unblown Coanda = 1.342 | k-w 0.8251| 0.0183 | -0.1710
CFD Unblown Coanda = 1.342 | SST 0.8071| 0.0175 | -0.1672
EXPa=11836=3° 0.8931| 0.01416| -0.1787
CFDa@ =11836=3 k-w 1.0460| 0.0236 | -0.2073
CFDa@ =11836=3 SST 0.9942| 0.0221 | -0.1962
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5.0 EVALUATION OF COANDA DESIGNS IN TRANSONIC
FLOW

The DLBA032 was modified to include a Coanda device by indingathe thickness of the
trailing edge along the camber line. The rear 30% of the adroafis thickened symmetri-
cally around the camber line, changing the trailing edgekiiéss from 0.55% in the baseline
aerofoil to 1.23% to accommodate a Coanda surface. FiguneBssthe modified aerofoll
geometry with a CC device.

The first CC device considered used a circular Coanda suvdhea 0.5% chord radius
and 0.05% chord slot height (10:1 Coanda radius to slot hedgio). The design allowed for
slots on the upper and lower surface, however the curreastigations use upper slot blowing
exclusively, see inset Fig. 8. Between the slot and uppéaiseiof the aerofoil, a thickness of
t = 0.06% chord was applied as a skin thickness. This skin thickmes maintained for all
subsequent shape modifications to ensure comparisonsdretye@metries which were not
affected by a change in this parameter.

This sensitivity study considers fourftérent Coanda designs to evaluate tffects of
shock boundary layer interactions and the radius of curgdhduced detachment of the jet.
To assess the influence of the curvature at the slot exit, ad2zogeometry was designed
with a larger Coanda radius to slot height ratio (21:1). @wging and converging-diverging
nozzles were used to assess tifeas of underexpanded and fully expanded Coanda jets
on CC. In addition, a stepped geometry with a converging leozas investigated to assess
whether findings by Gregory-Smith and Carpefit&rcan be applied to CC with a transonic
freestream. The descriptions of the Coanda devices usdusirstudy are summarised in
Table 2 and Fig. 9, all other geometric features remain theedaetween the four designs.

To establish that the modifications made to the DLBA032 ditdsignificantly change the
behaviour of the aerofoil, the unblown case was comparedutivé un-deflected aileron over
a range of angles of attack. Figure 10 shows the pressufgaests and drag polars for the
DLBAO032 without aileron deflection and with an unblown CC weMitted as shown in Fig. 8.
The shock position of the CC geometry is slightly furthenafiich induces greater lift than
the original shape as shown in Table 1. The shape of therhiftrgolar in Fig. 10b suggests
that the &ects of the thickened trailing edge and CC device are smih, an approximate
0.001 increase in the drag dtieient. However the characteristics of the lift-drag potant
the original aerofoil geometry werdfectively maintained.

Each CC case considered below was simulated at a freest@amofa = 1.342, M, =
0.716 andRe = 5.028x 10°.

5.1 Grid Refinement

Four grids were built with cell counts between approximaté0,000 and 900,000. Each
finer grid was uniformly refined across the entire domain. @itidl grid spacing ofy* =~ 1

=
)

/'

Figure 8: Modified geometry with CC device.
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Table 2: Trailing edge device details (dimensions in % chord
CC Device | Radius | Slot Height| Step Height| Skin Nozzle Type
(r) (h) ©) (®)
10:1 Convg | 0.500% | 0.050% 0.000% 0.060% | Converging
21:1 Convg | 0.525% | 0.025% 0.000% 0.060% | Converging
21:1 Condi7| 0.525% | 0.025% 0.000% 0.060% | Converging—diverging
designed for NPR7
20:1:1 Step | 0.500% | 0.025% 0.025% 0.060% | Converging with step
Q 10:1 Convg 21:1 Convg
t
[
r /
21:1 Condi7 20:1:1 Step
Qt Qt
h h
S
r /r
Figure 9: Diagrams of trailing edge devices.
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(b) Lift-drag polar using simulations from the stan-

(a) Pressure cégcients. dardk-o model.

Figure 10: Comparing unblown CC DLBA032 with original shagehout aileron deflection.
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Figure 11: Hfect of grid refinement on the 21:1 Coanda devichBR = 4.0.

in the wall normal directions was used for all grids, whgrewas calculated based on the
freestream Reynolds number. For a circular Coanda shapeawdfl:1 radius to slot height
ratio, the dfect of grid refinement on the lift and drag on the aerofoil waseased at the
conditions described above with blowingdPR = 4.0

Figure 11 shows thefkect of the grid size on the DLBA032 section with CC. Figure 11a
shows the Mach profile of the jet and aerofoil boundary layéhatrailing edge, taken.Gn
from the slot exit. Minor dferences occur in the jet profiles between the “Fine” and “V.
Fine” grids with 400,000 and 900,000 cells, respectivelyeSe diferences, however, do not
have a significantféect on the surface pressures on the Coanda nor the main ihetnface
(Figs. 11b and 11c). As a result the Fine grid is within 0.0%%&e lift and 0.1% of the drag
codficients from the solution using the finest grid (V.Fine on Hitj), as shown in Fig. 11d,
suggesting that the 400,000 cell grid producdiaently grid-independent results.
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Figure 12: Predicted pressure €ibgents for Douglas DLBAO32 at = 1.342, M = 0.716
andRe = 5.028x 10 for an aileron deflection and with blowing &}, ~ 0.003,C, ~ 0.004
andC, ~ 0.005 for the 10:1 configuration. Symbols here represent thelsted pressure
distribution of the deflected aileron case at the same firemst conditions and turbulence
model.
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5.2 Converging nozzle with 10:1 radius to slot ratio (10:1 Co nvg)

The simulated pressure d&eients for the DLBA032 aerofoil with a circular Coanda devic
with 10:1 radius to slot ratio are compared with an ailerofied¢ion of 3 in Fig. 12. As
with the NASA 6% elliptical CC aerofoil results, the shock ves aft with blowing which
is consistent with an increase in lift and circulation. Tlyenbols in Fig. 12 represent the
simulated results of the aileron deflection case at the sam@itions.

Comparing the predicted results of the aileron deflectiath ldowing over the 10:1 con-
figuration atC, = 0.003, the lower surface and the front section of the aerofikrsimilar
pressure distributions. The rear section of the aerofdth Wwlowing has more suction, and
does not have the characteristic peak in suction at the HimgeThis additional suction to-
wards the trailing edge generates an increase in the 'nosg’ ghitching moment compared
to that of a 3 aileron, Fig. 13.

With increased blowing, the sectional lift, drag and pitdhimoment coficients on the
aerofoil increase. Figure 13 shows the behaviour of thedahdt to blowing, also shown
are predicted loads for the aerofoil at a range of aileroredtfin angles. At a similar lift
codficient to that of a deflected aileron of,3lowing over the 10:1 configuration &}, =
0.003 resulted in a smaller drag increase.

Additional blowing results in separation of the jet from t@eanda surface, due to the
increased underexpansion of the jet. [ = 0.004 the jet separated from the Coanda
surface, however in this case the jet re-attached to thamirfThis re-attachment may be
due to the low pressure within the separated bubble, as stokig. 14a. In Fig. 14b, Mach
contours using a moderately higher blowing rateCpf= 0.005 are shown, where the jet is
detached. The shock impinging on the Coanda surface istmogstor the flow to re-attach to
the Coanda. As seen in Fig. 14b, the separation bubble dedésrnoand so the mechanism
to re-attach the jet is not present.
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The lift characteristics for blowing &, = 0.003 suggest that it is possible to replicate the
lift achieved with a 8 aileron deflection using CC in this flight regime, with a retiloic in
the drag and an increase in the pitching moment, as showmgirlBi For this configuration,
a blowing rate of, = 0.005 caused detachment of the jet. While the jet remainshaitha
lift augmentation ratio oAC,/C, = 84 was achieved.

5.3 Converging nozzle with 21:1 radius to slot ratio (21:1 Co nvg)

The dfect of changing the slot height to radius ratio was invegtidy halving the slot height
of the 10:1 Coanda trailing edge device, resulting in a serfaith a radius and slot height of
0.525% and 0.025% chord lengths respectively, and a 21:hd@oadius to slot ratio. Using
the plenum pressure ratio of 5.0 was found to detach theqget the 10:1 geometry, while
with the 21:1 radius the jet remained attached.

Figure 13 shows that &, = 0.002 (NPR=4.0), the SST predictions gave comparable per-
formance to the converging nozzle over the 10:1 surfaCg &t 0.003 (NPR=3.0) and also the
aileron deflection of 3 For the same blowing rate, the 21:1 device produced apmpiaiely
50% higher lift augmentation ratio than the 10:1 CC deviesuiting in aAC;/C, = 134.

Similarly to the 10:1 configuration, further blowing detachthe jet due to the strongly
under-expanded jet flow &1, = 0.0035 (NPR=7.0).

By increasing the radius of curvature near the slot exit,bthendary layer within the jet
experiences a weaker adverse pressure ratio. As a resjdt ttmundary layer is able to cope
with a stronger shock assosciated with underexpansion igh&tpressure ratio when using
the 21:1 configuration compared with the 10:1, above.

5.4 Converging-diverging nozzle with 21:1 radius to slot ra tio (21:1 Condi7)

Bevilaqua and Lee€®) method of characteristics approach fixes a desired irostativortex
profile along the slot. The two dimensional characteristiggations are solved to determine
the nozzle wall profiles from the slot exit to the nozzle thrima a given pressure ratio and
Coanda radius. This method of characteristics proceduseapalied to the nozzle walls
of the 21:1 configuration to design a nozzle to perfornrN&R = 7.0. At this pressure
ratio, flow from a purely converging nozzle failed to attaat described in Section 5.3 above.
The resulting asymmetrically contoured converging-djugg nozzle is shown in Fig. 9. In
designing the nozzle, the exit slot height from the 21:1 Qodevice is retained at025%
chord. The contouring of the nozzle gave d#lieetive throat height of 015% chord, resulting

in an expansion ratio of 1.67. For choked conditions, thesiits in a reduced mass flow rate.

Figure 14c shows the converging diverging nozzle operatirige design conditioNPR =
7. A relatively weak shock occurs at the slot exit, followgddsmall separation bubble on
the Coanda surface at approximately 1.004.

Although the nozzle was designed to fully expand the jetuexl method of characteristics
did not account for the boundary layer. Theeetive nozzle contour as seen by the flow, due
to the displacement thickness, was found to significantiyuce the expansion rate and so the
jet was under-expanded. This can be seen from the Mach nysnbide at a station at the
slot exit in Fig. 15, where the theoretical irrotational teor profile is also shown. The SST
model predicted a thinner boundary layer than that ofktag however both models gave a
slope similar to the idealised profile at a reduced valuefemhean Mach number.
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For a pressure ratio of 9.0, the jet emanating from the caringrdiverging nozzle under-
expands, however the magnitude of under-expansion igleds®s/ the nozzle. This allows the
jet to adhere to the Coanda surface and gives a lift increofent, = 0.4077 using the SST
model. An approximate linear change in the lift and dragdfiicients using the converging-
diverging Coanda untiT, ~ 0.004 is shown in Fig. 13. Again, due to underexpansion, the jet
eventually detached from the Coand&at~ 0.006 (NPR=13.0).

Figure 16 shows the flerences between the jet profiles using the converging and the
converging-diverging nozzles &PR = 4 andNPR = 7 both with a 21:1 Coanda radius
to slot height ratio. ANPR = 4, theC, of the converging nozzle was approximately 10%
higher than that from the converging-diverging nozzle, éesr theAC, was 54% higher using
the converging nozzle as shown in Fig. 13. The reductiofGnat the same NPR is possi-
bly due to the reduction in mass flow rate through the shonteat height of the converging
diverging nozzle. The underexpansion of the jet from thd Zlonvg device appears to en-
train more of the freestream than when using the 21:1 ConaliZzla at the same conditions.
This underexpansion is an impediment at higher nozzle presatios however, since it also
brings about shock induced separation of the Coanda boyfalear. By expanding the flow,
the extent of the separation is reduced and detachmentleter.

Figure 14d shows contours of Mach number for an over-expandezle on the DLBA032.
Although the flow separated inside the nozzle, the jet reathiargely attached to the Coanda
surface for NPR3.0 (C, = 0.0014). In all over-expanded casé3, (< 0.003) using this
nozzle designed for NP/, a reduction in lift augmentation ratio and thuicGency was
observed. Comparing this with the same radius to slot hediut, AC,/C, with 21:1 Condi7
was 75% of the augmentation ratio achieved from the conmegdy nozzle 21:1 Convg.

In contrast to the other designs, the gradient ofAe vs C,, plot for the 21:1 Condi7 in
Fig. 13 initially increases &S, increases. Up until the design conditionGyt = 0.0032 a
maximumAGC,;/C,, = 105 was found. Following from the design point, the slopaGfvsC,
begins to diminish.

5.5 Converging nozzle with a 20:1:1 radius to slot to step rat io (20:1:1 Step)

Using the initial 21:1 purely converging configuration asdéed above (Section 5.3), the
radius of the Coanda was decreased by 0.025% chord to givdius raf slot height of 0.5%
chord while maintaining the 0.025% chord slot height. Thizduced a step between the exit
of the converging nozzle and the Coanda surface.

Figure 14e shows the behaviour of the under-expanded &t at 0.0027, the shock cell
structure can be seen which begins to follow the Coandacrft NPR = 7 (C, = 0.0035),
the flow from the same nozzle caused the jet to detach fromltHec®nfiguration (described
above), while including the step promoted attachment tdtb@nda surface. Attachment of
the jet remains up tolPR = 11.0 (C, = 0.0057). As shown in Fig. 13, the behaviour of the
jet over the stepped Coanda follows the same behaviour asftkize converging-diverging
nozzle. A maximumC,/C, = 108 up toC, = 0.0038 was found when using the stepped
Coanda. Below the design point of the 21:1 Condi7 nozzlestepped geometry gave a
greaterAC;/C,. At NPR = 110, the jet underexpands such that a shock boundary layer
interaction with the Coanda is strong enough to separatethéespite the step (Fig. 14f).
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over various Coanda surfaces against aileron deflectioh@®DLBA032 atM = 0.716,a =
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Figure 14: Contours of Mach number for various Coanda desiging thek-w SST turbu-
lence model.
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Figure 17: Hect of angle of attack o6, atM = 0.716 andRe = 5 x 1(F.

5.6 Effect of angle of attack

To assess the range of operability of CC in transonic flow, tegresentative CC cases are
compared here with a deflected aileron case. Ttereof increasing shock strength on the
upper surface of the aerofoil is investigated by operatingt@eper angles of attack. Fig-
ure 17 shows theffect of varying the angle of attack on the lift characterist€ CC and a 3
aileron deflection. The two CC cases shown are the 21:1 Camvgha 20:1:1 Step running at
C, = 0.0020 andC, = 0.0027, respectively. Independent of trailing edge geonesh case
undergoes a stall asincreases, due to the stronger shock on the upper surfasangahe
boundary layer to separate and so a progressively smelleas« increased. This gradual
reduction inAC, is due to a strong shock wave separating the boundary layéreonpper
surface of the aerofoil. The rate at whidl; degraded was approximately constant between
the CC and aileron deflection cases as shown in Fig. 17b, whewgtterence between circu-
lation control cases and thé 8ileron are presented. These results suggest that theibehav
of CC is similar to that of a deflected aileron at the higherlem@f attack considered. At
higher angles of attack, degredation of the mean flow ratiar the CC system appears to
be the limiting factor in retaining control of the forces andments. Such a result may mean
that the well understood principles of using ailerons im$@nic flows could be applied to the
use of CC.

Figure 18 shows thefkect of the aileron deflection and CC have on the flowfield at the
trailing edge of the aerofoil. In both cases a strong shoektary layer interaction occured
at approximately 55% chord, with the shock further aft far (BC case from the increased
circulation generating additional lift. With CC the traitj edge separation is reduced in sever-
ity due to the additional boundary layer momenentum fronefgtainment and a favourable
pressure gradient due to blowing. Although not investigétere, it may be possible that CC
may dfer some shock hitet onset alleviation.



ForsTER AND STEDL  DESIGN Stupy oF CoanNpa DEvICES FOR TRANSONIC CirRcuraTiON CoNTROL 21

Mach Number: 0.1 0.2 0.3 0.4 05 06 0.7 08 09 1 1.1 12 13 14 Mach Number: 0.1 0.2 0.3 04 05 06 0.7 08 09 1 1.1 12 13 14
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Figure 18: Mach contours at the trailing edge of aileron défi@ and CC cases at = 5°,
M = 0.716 andRe = 5 x 10°. Inset shows detail of the trailing edges, at the same snale i
both images.

5.7 Summary of results

An increase in the ratio between the radius of curvature hedlot height increased the CC
effectiveness by providing an increase in total lift and alsolith augmentation ratio. This
finding is in line with conclusions from experimental stuglgeescribed in Section 2, where the
local radius of curvature at the slot exit was increased tariag the eccentricity of elliptical
Coanda devicé$?. Here we have shown that an increase in the ratio betweendhada
radius and slot height resulted in an increase in overahdhievable.

The limiting detachment pressure ratio can be extended bygus suitably designed
converging-diverging nozzle. In the cases consideredignpgaper, the converging-diverging
nozzle was designed for the operating condition for whiehjét detached using a convergent
only Coanda device at the same radius to slot height ratidghEuextension may be possible
by designing the converging-diverging nozzle for highezgsure ratios, however a further
reduction in éiciency is likely be observed.

Introducing a step between the Coanda surface and the $l@tlsx promoted a delay in
detachment for CC with a transonic freestream. This was dtleetshock boundary layer in-
teraction being replaced by a shock shear interaction. &grhighly underexpanded stepped
Coanda jets, the reattachment shock was the cause of Separat

As shown in Fig. 13 each of the designs can be compared to emomitieflection angle,
the 10:1 Convg and 21:1 Convg devices achieved a maxit@requivalent to that of ap-
proximately 4 and 5 aileron deflection, respectively. Both converging-divegand stepped
devices gave an equivalent aileron deflection of approxipats — 8° before detachment.
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6.0 CONCLUSIONS AND FUTURE WORK

The current work investigated the simulation of transon@fGr the supercritical DLBA032
aerofoil section. Results showed how, for a supercritieatisn in transonic conditions, flu-
idic circulation control can achieve similar performanedlze aileron with moderate deflec-
tion angles.

The design study involved filerent nozzles, nozzle exit geometries and Coanda surfaces
to investigate which design performs most consistently aveange of blowing cd&cients.
It was found that replicating the lift, drag and moment cktgestics of a 25% chord aileron
até = 4.0° is possible with a converging nozzle and a Coanda radiuotchsight ratio of
10:1. However, a wider range of operating pressure ratiagsfaand for a 21:1 ratio. For the
converging nozzle the limiting factor is the strong shoe#ticed separation created by the
under-expansion of the nozzle flow.

The results for converging-diverging nozzles showed tméxpected, the under-expansion
related shock-induced separation can be delayed to highssyre ratios. Furthermore, for
the converging nozzle, it was found that the shock-induegzhsation can be delayed by
applying a small step in the geometry between the nozzleaextthe Coanda surface. It
was shown that using either the converging-diverging orstiepped Coanda geometry can
perform equivalently to an aileron deflection angle of upto 8

The dfects of angle of attack were in addition considered with aganmson between cir-
culation control and a°3deflected aileron. The performance of the CC devices at dauins
blowing rate performed similarly to the deflected aileromck device considered lodfec-
tiveness at the same rate, due to the mean flow and upperedaadary layer separating
from a strong shock boundary layer interaction.

The present study did not investigate ttigeets of diferent slot heights, nor a converging—
diverging CC device with a step. Further work regarding ¢hassign choices is ongoing. In
addition, an investigation into thefectiveness of the sizing of Coanda devices in transonic
flows is recommended for future studies. In doing so it may desible to minimise further
the drag penalty due to the bluntness of the Coanda device.

For the Coanda device to replace flaps and ailerons comylétel system must be able
to operate over the full flight regime, including také-and landing and blowing over the
lower Coanda surface. It is recommended that future studiedd focus on actuation for
all flight conditions and manoeuvre requirements, inclgdime use of CC as a yaw control
effector. Full system analysis to include the necessary aiplgugnd its d€fects on engine
bleed air and vehicle weight should form part of a futuregnation study. For the system
to be considered for use on an aircraft, tifieet of failure of one or more Coanda devices
should be investigated. Initial tests may possibly incltiteecombined use of flaps and CC
devices, however this would result in an increase of weidtite design and integration of
fluidic control devices such as CC via the Coanflaat are currently being studied as part of
the NATO Science and Technology Organisation task grouf-289¢“4.
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