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Simulations of an Aircraft with Constant and Pulsed
Blowing Flow Control at the Engine/Wing Junction
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In take-off or landing conditions, the vortices emgging from the engine strake and pylon
as well as from the internal and external slat tipsof civil aircraft configurations can be the
cause of the so-called nacelle wake flow separatiohhis phenomenon might be responsible
for the wing stall and sudden lift loss; the effecis expected to increase with the coming up of
enlarged nacelles and larger slat cutouts typicalfailtra-high bypass ratio turbofan engines.
In the framework of the European project AFLoNext, DLR and ONERA performed
numerical studies focused on a realistic high-liftairplane geometry. Structured and
unstructured grids were generated to perform RANS omputations aimed at analyzing the
uncontrolled flow features and determining relevantlocation and settings for active flow
control systems. Constant blowing devices with diéirent slot sizes, types and injection
velocities were evaluated with RANS simulations ovecomplete lift polars. The gains in
CLnax Were quantified; they range from 1 to 3% for momentum coefficients compatible with
manufacturer requirements, the nacelle wake separain appearing at angles of attack one to
two degrees higher than without control and the lif levels in post-stall conditions being
significantly improved. Finally, unsteady RANS comptations were carried out to
investigate the potential of a pulsed blowing devic The gains inCL,» and flow separation
containment obtained with the latter are similar tothose of constant blowing devices which

yet exhibit greater momentum coefficient and masddw rate values.
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[. Introduction

The issue of nacelle wake flow separation occurangircraft wings at low flight speeds will be setimng to
tackle with the coming up of enlarged nacellesdgpof Ultra-High Bypass Ratio engines (UHBR). Recgtudies,
such as EUROLIFT I and Il [1,2], demonstrated tiat vortex system emerging from the engine straicepgylon
as well as from the internal and external slatlasl to a possibly massive separation on the migg suction side
at high angles of attack. This so-called nacellkenseparation is expected to be even more extendbdhe new
UHBR nacelles since they require potentially larglat cutout at the engine/wing junction.

As this flow separation in such take-off or landicgnditions might be responsible for dramatic watgll and
associated lift loss, this topic is studied withrgigtence and the European project called AFLoNAgtive Flow
Loads and Noise control on next generation wind)ictv was launched in 2013, includes activities &mxlion the
handling of that phenomenon [3]. More specificalhe 2° work package of AFLoNext is dedicated to the stafly
Active Flow Control (AFC) technologies that could bpplied to contain and delay the nacelle wakearsgipn
[4,5]; and even if the function of fluidic actuasoalways consists in adding momentum to the flowrtbance its
resistance against separation, different AFC devitieh as synthetic and constant or pulsed (undtelmiving jets
[6,7,8] have been considered in these investigation

In the present CFD-oriented publication producedDiyR and ONERA, the German and French agencies
involved in these AFLoNext activities, the focudiveie on a realistic high-lift aircraft configurati including slats
and flap deployed for landing conditions as wellaakigh bypass ratio engine. The AFC systems cozdpand
assessed in this work are constant and pulsed mdpactuators. The first sections will describe #igplane
geometry and the structured and unstructured grsgsl by the partners for their Navier-Stokes (N8ukations.
Then, a section will be dedicated to the studyhefbaseline configuration (i.e. without flow cotfr@ necessary
step to analyze the uncontrolled flow features ahdracteristics of flow separation developments thilows
appropriate location and settings for the flow colntlevices to be determined. A highlight will bieen to a 14-slot
system that will be also considered in other follmyvAFLONext activities. The RANS (Reynolds AverdgRS)
simulations aimed at evaluating the gains providedhe different constant blowing systems underesgwvill be
presented. Global and local physical variables saghift, drag, and skin friction coefficients arsed to quantify
and explain the AFC effects. Finally, the UnstedRIXNS (URANS) computations performed to assess the

efficiency of a pulsed blowing system based oncéargyular signal will be shown.

Il. Geometries and Grids

A. The high-lift aircraft configuration

In this work package of the European project AFLeiNéwo configurations were considered by the défe
partners. Only the realistic one will be handledhis publication, it was computed by DLR and ONERHis
aircraft geometry is a high-lift semi-configuratigport wing) that includes internal and externalts| as well as a

flap; these devices being deployed to match landorglitions. It also includes a high bypass ratigiee of next
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generation which imposes a large slat cut-out enntfain wing leading edge. The engine itself is coseg of a
TFEN, an internal plug and a strake on the inboate. 4t is mounted on a pylon whose shape is sigecif(U)HBR
engines. The dimensions of the aircraft are thieviohg: 46 meters long, 20 m of half-span, a mearodynamic
chord of 5.15 m, a reference surfa&gof 86 nf, and a nacelle external diameter of about 2.9 mes& geometric
features are visible in Figure 1 and Figure 2. dh dbe observed that this is a relatively complexratt
configuration to be handled, especially considetirgURANS issues.

-

X

Figure 1: AFLoNext realistic configuration; a high-lift motorized (HBR type) aircraft.

Figure 2: Focus on geometric features close to tlemgine/wing junction.



B. The structured overset grids

To perform computations with a structured solveighsa complex geometry clearly justifies the useasrset
techniques, also known as chimera [9]. Neverthelssme specificities of the configuration, in peutar the
contacts between slats and wing at the engine/yungtion, made this overset meshing process adgllenge.
The realistic AFLoNext configuration was handled ONERA experts and, after several months of work, a

complete overset grid assembly was successfulligaet.

Figure 3: Structured grids on aircraft surfaces andrefinement boxes in areas of interest.

Details about such procedures can be found in jii@]the basic idea is that the different overseinents are
added gradually. In this case, the wing-body gsillich defines the whole computational domain, weated first
by using the meshing software ICEM Hexa [11] wtilie engine/pylon mesh was generated independeirtty w
POINTWISE [12]. Slat and flap meshes were also cseparately. At last, the strake was included &fidement
boxes were added in the areas of interest. Fintdly,overset grid assembly (including blanking awdrlapping
steps) was completed with the in-house softwarsiGpsée [13].

The specificities of this overset mesh are illatgd in Figure 3 and Figure 4. The managementatfnwshg
contacts is handled by virtual solid blocks whére flow is numerically frozen; they allow the nesmy overset
interpolations between slat and wing meshes. It alan be noticed that collar grids have been useey are
located at junctions in order to precisely desctiEelement intersections, for instance betwedonpgnd wing or
pylon and nacelle. The best practices were apgheterms of grid quality (normalized first cell lgéit v,
orthogonality at skin, low growth ratios) and owsrassembly (consistency between overlapping gsatssfactory
interpolation areas). The final assembly exhibibsonphan/critical cells and no more than 0.02% xfapolated
cells, which is remarkable for such a configuration

The whole mesh is composed of 70 million of stremtiucells in 13 different overset bases. The bldriadls are

not removed from this count. The convergence bemavhich is obtained with the complete mesh isséatiory



(considering the high-lift conditions). As an iltestion, the y distribution for aerodynamic conditions
representative of the present study is given imfed.

Figure 5: y* distribution of overset grids.

C. The unstructured grids

The unstructured grids were created with the geidegator SOLAR [14]. The surface is discretizedalguad-
dominant mesh on which quasi-structured hexahedrerngenerated to cover the boundary layer. Theofetite
flow field is filled with tetrahedrons. Figure 6 @hs the surface mesh of the whole configurationFilgure 7, a

detailed view of the mesh in the region of the Hacand wing behind it are illustrated. The refirmmof the slat



and flap are visible. However, in contrast to threctured grid, there is no refinement over thegnitownstream of

the nacelle since with this mesh no flow contreigstigation in this region was scheduled.
The mesh has 20.4 million nodes and 29 hexahedyerd to resolve the boundary layer. In Figureh8,
distribution is shown. In comparison with the stured grid distribution in Figure 5, it can be ohsal that the near

wall region with the first layer is a bit coarse&solved but is in the region of the wing still goteble for the

turbulence model used.
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Figure 8: y" distribution of the unstructured grid.

[1l.  Navier-Stokes solvers and numerical considerations

A. elsA

In this study, all the structured computations weeegformed with the structured ONERA-elsA Navieol&s
solver [15]. This software uses a cell-centeredt&idolume discretization on structured point-maidtand overset
meshes. Time integration is carried out by a bactivizauler scheme with implicit relaxation. Spatigdaetization
is achieved using a%order centered scheme of Jameson et al [16]. ffidttechniques are used to accelerate the
convergence. In this study, turbulence effectssareilated by the one-equation Spalart-Allmaras fidg. Tests
involving the Quadratic Constitutive Relation (QR@BO0) [18] were performed but it led to no sigrafit effect. To
adapt the numerical settings to the high-lift cdiodis, slight adjustments were considered comptréde standard
elsA parameters generally used for cruise conditiom particular, the artificial dissipation of tdameson scheme
was lightly increased.

As a first step, RANS computations were performed the baseline configuration analysis (withoutwflo
control) and then for the constant blowing AFC o#dtions. Different lift and drag polars were coetpl. As it is
common to proceed for high-lift polars, an init@mputation was launched with a low angle of attéggically
10°) to start from a fully attached flow and thehigher incidence was set to perform a restartguiie previous
solution and so forth. Figure 9 gives an illustratdf the flux convergence process for RANS sinioitet with the
lift (CL) and drag CD) coefficients. For angles of attack at which thewfis attached (10°), the flux oscillation
remains very limited. On the other hand, when sri&l flow separations exist (16°), the fluxes clwow some
oscillations. In this case, the calculation shaldontinued until the fluxes are stabilized aroandonstant mean
value.

Then, some URANS simulations were carried out 8ess the potential of unsteady blowing AFC systeins.
pulsed blowing boundary condition (rectangular alymvas imposed. The Dual Time Stepping (DTS) mativas
chosen. The time derivate of the considered gomgrefuations is discretized with ¥ Brder accurate backward

Euler difference scheme, and the resulting algetsgstem is solved by iterating to a steady staini introduced



fictitious time. The inner iteration strongly reseles the iteration for convergence to steady stedethat the
techniques applied for efficient steady state coyerece may be applied (multigrid method, local tstep). Due to
long convergence processes, only two computaticr® \werformed. These two calculations asked mae tme
hundred of fifteen-hour jobs each to go through ttaasitional regime and achieve constant meanegatlespite
relatively high time steps. More details (time stéeml number of inner iterations) for each case béligiven in the
dedicated section.
All the elsA simulations were executed on a Silicon Graphiastel (SGI ICE 8200) in distributed mode, using

128 to 256 cores.
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Figure 9: Numerical convergence of lift and drag cefficients (CD in drag counts i.e. 1.10) in elsA; same
relative scales in both figures.

B. TAU

The DLR computations were carried out with the flealver TAU, release 2013.2.0, which was mainly
developed in-house [19]. TAU is a finite-volume tearbased solver with an edge-based data struttatemploys
hybrid unstructured grids. Only steady RANS compaote were conducted with TAU in this study.

Some convergence problems with the flow calculati@ne observed. Due to this, the solver was switdbea
second order AUSMDV upwind scheme [20] with scal@sipation for the discretization of the invisdidxes. A
Runge-Kutta scheme was applied for the time integrao steady state. For convergence acceleraidmee-level
multigrid scheme was used. The Spalart and Allmaeggtive (SA-neg) turbulence model [17] was appéad a
fully turbulent flow without any transition was assed.

In the same way as the structured elsA computatibesTAU calculations were started at a lower argjlattack
of 10°. The subsequent angle of attack was alwagspated as a restart of the previous solution. Witheasing
area of separated flow also, the convergence stagisow oscillations of the lift and drag coeféicts for angles of

attack of 16° and higher as often experienceddoh $igh-lift configurations.



IV. RANS simulations without flow control

Prior to investigating the potential of flow cortrib was necessary to perform computations ofciwefiguration
without any control system. This configuration wilk referred to as the baseline in the following.t&€he analysis
of flow field on the baseline is obviously of prinmportance to determine the future AFC positiod aettings in a
relevant way.

The aerodynamic conditions that are consideredttaefollowing: Mach number of 0.20, Reynolds number

based on the mean aerodynamic chord of 24 milaad,angles of attack ranging from 8 to 20°.

First, the global lift polars obtained by DLR an8lERA for this baseline configuration are shown igufe 10.
For confidentiality reasons, as it will be the césethis type of figures, the absolute scalesrenteindicated but the
quantified deltas are given for each variable.

The results that have been achieved both by TAUas# computations show the classical charactesisif
low-speed and high-lift aircraft calculations: theaximum lift coefficient valueCL,. is achieved for angles of
attack close to 15°. Its absolute value is typafatuch configurations (greater than 2.0). Aftex linear region and
CLx point, the lift drops to a minimum value and thedightly grows for higher angles of attack despitmassive
flow separation. Considering this not straightforsvissue of high-lift prediction, it can be noticdtht DLR and
ONERA curves show a good agreement. Only minoedkfices can be observed: e, value of ONERA is
0.05 higher (+2%) and theL drop occurs about 0.5° later. This good agreemerhe same configuration between

different grids and solvers is a valuable cross{anmson that can be considered as a kind of CFdatibn.

i ACL=0,05

g e|sA baseline

- B~ TAU baseline

3
A
- |
V4 —1°0°
= AAoA=1
- <>

Angle of Attack (°)

Figure 10: CL(A0A); baseline configuration; elsA and TAU.



To better understand the above lift polar curgesnpe local analyses obtained with elsA are predantEigure
11. It shows the skin friction coefficient in theeamwise directionGfx) as well as the friction lines over the
suction side of the wing downstream of the engimreaingles of attack from 14 to 18.5°. It can beiceat that a
limited flow separation exists on the wing/pylomgtion even at the lowest angles of attack. Orother hand, the
flow on the wing is fully attached until 15°. Slaiad flap exhibit completely attached flow over thieole polar.
The vortex structures are visible with the frictiimes but will be better shown further. The vogdcemerge from
internal and external slat cutouts and from thegigglon junction. While the angle of attack is ieasing, these
structures tend to adopt crossflow directions erdar part of the wing. The massive flow sepanatésponsible for
the lift drop starts to appear at 15° at the maimgwirailing edge. Its development is sudden: atdfeincidence, its
extent is already substantial. If the angle ofcittimcreases again, the flow separation from thitirig edge joins
the one of the leading edge at wing / pylon junctidevertheless, for angles higher than 18°, itnsethat the flow

separation does not grow anymore.

L,

Figure 11: Cfx distribution and friction lines; baseline configuration; 14 to 18.5°; elsA.

The equivalent DLR results focusing on friction at®wn in Figure 12. Two angles of attack are presk 14°
before theCL drop and 15° for which a massive flow separatopridicted. Here again, it can be noticed that TAU
and elsA results are in good agreement: the ldoal patterns are very similar. A difference thoughthat the flow

separation predicted by elsA is a bit more exteridgte outboard part of the wing and thereforgeigms slightly

greater.
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Figure 12: Cfx distribution and friction lines; baseline configuration; 14 and 15°; TAU.

Pursuing with finer means of local analyzes, therigerion is then used to visualize the vortex sgstwhich
emerges from the different elements: slats, pydtnake. A vortex is characterized by a second iamaof the stress
tensorQ positive, withQ defined as ¥2@;Q;-5;S;), whereQ is the vorticity andsis the rate-of-strain(f represents
vortices as areas where the vorticity magmitied greater than the magnitude of rate-ofisjretigure 13
depicts the results of elsA computations at 14 Eh8°. It can be seen that the strake clockwiséexan particular
is fairly well captured: this is due to satisfagtonesh refinement and good overset interpolatiarthis area. The
strake vortex trajectory is quite far from the wisgrface, especially for incidences close to @ie drop.
Consequently, the effective impact of the strake loa questioned. Considering the other vortices,gieat ones
coming from the slat cutouts are clearly visibleeft are the most external). And coming from theg/gglion
junction, several vortices can be observed, thegl te group together with the angle of attack insee At 16.5°,
with the massive flow separation, it seems thatuwbitices adopt more ascendant trajectories andaicextend
much further over the wing as they did at 14° (gx¢ke one from the outboard slat cutout).

To compare these features with the DLR computatitthresequivalent outcome is given in Figure 14. @hgle
of attack is the one of the stall for TAU: 14.5%¢can observe a satisfactoy agreement betweenaDUFONERA
figures, especially for the external slat vortekieTeffect of the mesh refinment over the wing uedhe elsA
computations is visible here when comparing withUTA'he elsA results show a better resolution aropagation
of the vortices. The strake vortex for example seémadopt the same trajectory as in Figure 13idbuapidly
dissipated.

11



Figure 14: Q-criterion colored by vorticity-x; 14.5°; TAU.

Concluding this section focused on the baselindigoration, it can be said that the global andalagreement
between elsA and TAU calculations gives good canfik in these first numerical results: the uncdlietto

flowfield patterns have been clearly determinedhsd appropriate flow control systems can be define
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V. The active flow control systems

Based on the previous computations and also orestedrried out by other partners of the projeetesal flow
control systems were defined and evaluated by DidR@NERA.

Figure 11 presented above illustrates the charatitsrof the flow separation which is to be haddiy the AFC
system. As it can be observed, a natural positoriife flow control devices is the part of the maiimg leading
edge between internal and external slats. Actutiig, position would be approximately the samehasdane of the
slat/wing slot if the slat was not cut around tlyop location. Besides, this AFC system positionampatible with
installation constraints provided by the aircratimafacturer.

Moreover, DLR studies [5] showed that implement&gC devices in the outboard part of the leadingeedg
between slats is not aerodynamically effectives t@n be expected considering Figure 11. Consigi¢hnia blowing
angle (i.e. the angle between the blowing veloditgction and surface tangent), the usual valug0dfwas used.
As a consequence, all the AFC systems treatedisnsthdy exhibit the same position, same spanwigesame
blowing angle:

- 10% chord behind the main wing leading edge,
- onlyin the inboard part of the leading edge betwsats,
- 30° of blowing angle.

These features of the AFC systems that are inastigcan be seen in Figure 15 and Figure 16. lar&ig)5 is

added a slice (wing section orthogonal to the legqdidge) that will be used in section VI.

=

THEEE
|

Figure 15: Position and initial grid of AFC systems
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Figure 16: Wing section and isometric view showinthe initial slot grids.

Considering the aspects of the AFC system modeliircan be observed, especially in Figure 16, thatslot(s)
from which the blowing velocity comes is fully deibed by an internal grid. This is not only a boandcondition
applied on the wing surface. The grids of the maéslot(s) and the one that is added around tht¢slare well
refined. Typically, there are several tens of poimt normal and streamwise directions and for segeceslots,
between 10 and 20 points in the spanwise diredtoreach slot according to the slot grid refinemieniel. The
number of points in the spanwise direction is ledibecause it must be chosen to be consistenthvétiving mesh
in this area in order to obtain satisfactory oveisterpolations. The condition of injection (mafsw rate and
orientation) is imposed at the inside tip of thetsind the development of boundary layers is captwith a
relevant Navier-Stokes grid on upper and lower slofaces.

Table 1 shows the different AFC systems that wardiad in this work. At this stage, some variabstive to
the flow control settings must be introduced. Irtipalar, the momentum coefficient, which represents a
normalized quantification of the actuation forcenthe flow, is defined as follows:

1 ml;
= Em Eq. 1

whereDC = teivdlteyere IS the duty cyclesn is the jet mass-flow raté); is the jet peak velocityni and L_I]-being
their time averagegp,, andU,, are the infinite flow density and velocity, aB¢is the aircraft reference surface.

As visible in Table 1, two slot widths were test2dnm with different blowing velocities (n°1 and&@&)d 6 mm
(n°3 to 7). The first computations were performethwene long continuous slot and then it was sedetem the
spanwise direction. First, in 7 slots and themss divided in 14 slots to better match real AFStems evaluated in
AFLoNext. To move from 7 to 14 slots, the surroumgdslot grid had to be extended and refined as showigure
17. It allowed a grid effect study on the 7-slovide to be performed (n°4 and 5). Then, the 14-ditice (see
Figure 18) was calculated in RANS constant blowimgde (n°6). And finally, it was computed in puldgdwing
mode (or Pulsed Jet Actuation PJA) via URANS simiaites (n°7). TheC, values for all these AFC systems range

14



from 0.09 to 0.26%, corresponding to mass flowsated blowing velocities respectively ranging fror@5 to 2.56
kg/s and from 250 to 315 m/s. These values are atibtp with current flow control actuator capald# and a

mass flow rate of 1kg/s is typically acceptablesidering industrial requirements.

Table 1: Features of AFC systems.

o . Number of | S|Oth S_:jo:] Peak blowing Mf?an mass C. (%

N Grid level Segmented slots engt widt! velocity (m/s) ow rate u (%)
(mm) (mm) (kg/s)

1 initial No 1 1250 2 250 0.85 0.09
2 initial No 1 1250 2 315 1.16 0.15
3 initial No 1 1250 6 250 2.56 0.26
4 initial Yes 7 100 6 250 1.45 0.15
5 refined Yes 7 100 6 250 1.45 0.15
6 refined Yes 14 70 6 250 2.00 0.21
7 refined Yes 14 70 6 250 1.00 0.10
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Figure 18: The 14-slot system and its implementatioon the aircraft.




Some additional details are given here concerrtiedast AFC device (n°6 and 7). It is composeddbélbts of
70 x 6 mm with inter-spaces of 20 mm. It representength of 1250 mm in the spanwise direction. therfinal
case (n°7), the 14-slot device is used as a pygseystem. The blowing frequency is 60 Hz (it baen determined
by other partner studies and following manufactemrstraints), the signal being rectangular, aeddilty cycle is
0.5. Moreover, the slots blow alternatively: thésea phase shift oft between consecutive slots. The effect can

therefore be compared to the one of a sweepingyitbt two output orifices. Figure 19 represents tiewing

velocities over a period at the exit of slots 18 &4 (outboard side).

0.8 1\ A tessassssssssssnay | “la“‘

0.6

T

Mach_inj

0.2

Figure 19: Blowing velocities of slots 13 and 14 fdhe device n°7.

VI. RANS simulations with constant blowing flow control

Only the AFC systems n°1 to 6 in Table 1 are adm@s$n this section. Besides, only ONERA perforrAéd
computations on the considered configuration. Asm@sequence, all the results presented below datneld with

the elsA solver. The aerodynamic conditions rentlaénsame as in section IV.

Concerning the performance assessment of thereiff AFC systems and more specifically the gldial
coefficients, the results are shown in Figure 2@ah be noticed that some points are referencédRaNS, they
shall not be considered until the next sectiony tieve been added only in order not to duplicateftjure.

The baseline configuration presented in Figura@sl@iven here for comparison purposes. Also, reidtpare
visible. They correspond to computations of theebas but with the surrounding slot grid addedmi¢ans that
there is no slot (no hole in the wing surface) dmlly the grid that will host the AFC system (segufe 15). This is
only a check of a potential grid effect. As it da@ noticed, the results that were obtained showritbeffect over

the whole polar.
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The different AFC systems are presented accordineir C,values, the other characteristics can be read in
Table 1. The first AFC device is a continuous slo2 mm with a lowC,, close to 0.09%. This setup is not powerful
enough to obtain a significant gain compared tdoeeline configuration. However, the lift leveist are recorded
after stall are higher with AFC on, even with tt&vice: at 17°, the lift coefficient is increased+2%.

The second AFC system is still a 2 mm continuoas ®lit with a greater blowing velocity which leadsacC,
value of 0.15%. It can be seen that some lift gairesobtained this time. THeL . is slightly increased (+0.025)
and it is achieved for an angle of attack of 16teéad of 15. Moreover, after stall, once the flaparation is

massively developed, the lift level remains releljvstrong compared to the baseline curve (+ 5% &t

1 ACL=0,05

AAoOA=1°
<>

CL

~—4—Baseline
® Baseline with slot refinement grid

cont. 2mm Cmu 0.09%

w=—g==cont. 2mm Cmu 0.15%
=@ 7 slots 6mm Cmu 0.15%
7 slots 6mm Cmu 0.15% - fine grid @
14 slots 6mm Cmu 0.21% - fine grid dp
~— cont. 6mm Cmu 0.26% ‘V%

Angle of Attack (°)

Figure 20: CL(A0A); RANS and URANS AFC results; elsA.

Then, two identical systems are presented: theip@xh slots 6 mm wide with a blowing velocity 06@ m/s,
which also corresponds toCg value of 0.15%. They allow possible grid effectsvieen the initial and refined slot
grids to be investigated, as explained above. fit loa observed that the red and light green linesa#most
superimposed which is comforting about the initsédt grid refinement visible in Figure 15 and Figut6.
Concerning this device in itself, it can be notitedt in pre-stall conditions, it is more efficigh&an the continuous
slot exhibiting the samé, value: a greateCL is achieved at 16° and it does not provoke deigtian of the
baseline polar at 12 or 14°. These aspects undeti@a potential of segmented slots. On the othed htéhe post-
stall behavior is similar.

The 14-slot system, to be considered here in itstemt blowing version (all the slots are blowimginuously),

exhibits a relatively hight,, value of 0.21% which allows an overall better giian the previous devices, even if
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the CL« coefficient is a bit lower. It is really interesgj to observe that this system in particular setenpsoduce a

fairly smooth stall which might be valuable foraaft handling qualities.

Finally, the AFC device with the highe§f value evaluated (0.26%) is a continuous 6 mmwgloth requires a
mass flow rate of more than 2.5 kg/s which is pbbp&oo demanding in terms of bleed-air requireraekitith this
system, theCL is significantly increased (+0.085) and stall &ayed of about 2°. This represents a substantial
3.5% gain inCL. compared to the baseline configuration and théehfels after stall are strongly improved.

Figure 21 is focused on the global drag coefficidiite impacts of AFC systems on drag are analyzed &
this coefficient is not as important as lift duritige landing phases. To start with orders of magieit it can be said
that both structured and unstructured (not showre)heomputations of the baseline configuration pozd
equivalent levels: roughly between 2000 and 50G@ diounts (one drag count stands for T)1or an angle of
attack increase from 12 to 19°. Concerning the Ibeseurve, it can be noticed that the massive fkeparation
development generates a clearly visible and suddsgrise that is delayed or even smoothed with Af&Eems on.
However, it can also be observed that the blowikg Alevices produce a drag penalty before stall emetpto the

baseline (but only of a few percent which mightbasidered as negligible for landing approaches).

AAo0A=1°

CD (drag counts)

——4— Baseline
® Baseline with slot refinement grid
== cont. 2mm Cmu 0.15%
— @ 7slots 6mm Cmu 0.15%
14 slots 6mm Cmu 0.21% - fine grid

~— cont. 6mm Cmu 0.26%

Angle of Attack (°)

Figure 21: CD(A0A); RANS AFC results; elsA.

Some local analyses will be given in the followjparagraphs to explain the global coefficient evoha. First,
the skin friction coefficient and friction lineseaanalyzed in Figure 22. Four cases are compargd, 416, and 17°,
angles of attack corresponding to pre-stall, stafid post-stall conditions. These four cases aeebidiseline
configuration first and the AFC systems n°2 (2 nontsuous slot), n°4 (6 mm 7 slots), and n°6 (6 iMnslots)
defined in Table 1. As it can be observed in Fiefor pre-stall conditions at 14°, the flow tsaahed for all the
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configurations (nevertheless a tiny beginning @wflseparation can be seen at the wing trailing eafgthe
baseline). Despite the flow is attached for ther foases, even at this relatively low angle of &taome visible
differences can be noticed. Indeed, for the basédlie. no flow control), some of the friction Im&hich start right
after the pylon tend to spread over a large pathefspan, announcing a zone of weak velocitiesthad the
development of a trailing edge flow separation.t@mother hand, for the configurations with flownt@l on, it can
be observed that the more the AFC system is eficiiie more the friction lines coming from the guylremain
grouped. Then, at 16°, the difference for the liasetonfiguration is obvious: a massive flow separmahas
appeared. In contrast, all the cases with AFC systactive still exhibit almost fully attached flowWowever, some
discrepancies are noticeable between the diffatentces. The continuous slot and the 7-slot systemosv flow
features that are similar to what was observed tighbaseline at 14°. They both have friction littest spread
downstream of the pylon and flow separations tteat $0 appear at main wing trailing edge. Finadity17°, the four
cases presented here exhibit quite massive flowragpn. Nevertheless, the fact that the 14-slotcgeproduces a
relatively smooth stall can be understood heressitscflow separation remains particularly limitesmpared to the
other ones. Besides, the last line of Figure 2@allto explain why the lift levels after stall wikFC working are
much higher that the ones of the baseline confiqaraEven if at a given angle of attack, the ABGtems do not

prevent the flow separation development that catieestall, they are still able to contain it.

Figure 22: C;, distribution and friction lines at 14, 16 and 17<lines) for baseline and devices n°2, 4, and 6
(columns).
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Still focusing on local insight, Figure 23 showe titow patterns close to the flow control actuatdrexhibits
Mach number values in the slice defined in Figusead well as through iso-surfaces that describédheinjection
coming from the slots. The three devices preseatedhe same: n°2, 4, and 6. First, it can be @bdethat each
AFC system, by its blowing action, re-creates tbeekeration normally due to the slat/wing slot iis here on the
inboard side). Moreover, it can be noticed that @h@m slot devices (n°4 and 6), which have greatass flow
rates, allow further propagation of the blowingogity than n°2. In all cases, this propagationas eonstant over
the AFC system span. It seems that the global fleevtices coming from the inboard slat cutout antbp in
particular) participates to the injection propagatdownstream of the actuators. The Mach numbéisfia the
considered slice highlight how the injected flowesads over the wing for each system. It is remirttietithe mass
flow rate per slot of the 14-slot device (n°6)asver than the one of the 7-slot device (n°4). Explains why the

injection of the third image of first line is nad atrong as the one of the second image.

dinateZ
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‘ ] | ‘ R . ‘ | I [ ‘
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Figure 23: Slices and iso-surfaces (value=0.45) Mfach number showing the AFC injection at 16° for dgices
n°2, 4, and 6.

The results presented in this section are consisaerexpected, the gain that can be obtainechei&EFC system
is directly related to thé, value which represents the force given to thelflin these constant blowing conditions,
it seems that all the AFC systems evaluated aligwificant lift level gains after stall; this isue even for devices
with C, values too low to improve thélL ... The segmentation of the blowing slot at-i€) seems interesting. In
the end, the results show that if fjecoefficient is high enough, a constant blowing A§Stem can be efficient to
delay and control the massive flow separation whigimally appears in the nacelle wake. The winlj istalelayed
of 1 to 2° of angle of attack and tB& . is improved of a few percent.
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VII. URANS simulations

The results presented in this section are from OAERhe aerodynamic conditions are still the sameo T
URANS calculations were completed: one of the biagetonfiguration without flow control in stall cditions and
one with the 14-slot AFC system in pre-stall coiodis. Only two computations were carried out beeahs CPU
cost of such unsteady cases is extremely highsirhelations took about 60 days of calculation e@AU time). It
asked more than 6 months in real time on the ONERA server. As a reminder, the grids are composethaut

70 million cells.

Figure 20 in the former section gives the averifgedefficients obtained with these two computatio They
are circled and referenced as URANS. First, thelbesconfiguration at 15.5° was studied to in\geti the effects
of URANS on stall prediction. Indeed, it can be etved that this angle of attack corresponds tdodginning of
stall/flow separation in RANS. For the URANS comgdidn involving an AFC system, the 14-slot devicgulsed
blowing mode (n°7) was chosen. The angle of atte#fck6° was preferred because it might be considesethe
point of main interest(L ). Both URANS calculations have been initiated vitte associated RANS solutions
(see Figure 20). In the case of the baseline cordigpn in stall conditions, it should be noticdtttthe RANS
solution presented non-negligible oscillations lod fluxes. This was not the case for the configomatvith flow

control.

For the URANS computation of baseline at 15.5° fatlewing settings were applied:

- runs 1 to 50: time step of 1.67x16 with 200 DTS sub-iterations / iteration — 5@ateons / run,

- runs 51 to 70: time step of 1.67x16 with 100 DTS sub-iterations / iteration — 1G&ations / run (the
number of DTS sub-iterations was reduced to perfarare iterations during a run in order to go
through the transient regime more rapidly),

- runs 71 to 100: time step of 1.67x18 with 100 DTS sub-iterations / iteration — 10€rations / run
(the time step was increased to go through thesigahregime more rapidly, no problem of stability
was encountered).

These steps led to a total physical time of 5. 7®sés. The lift and drag convergence curves ofdbisputation
can be observed in Figure 24. It can be noticetherstioned above, that the RANS computation (beteration 0)
shows large oscillations due to the changing fleatdres at this angle of attack without control nfiment
substantial flow separation development). Theoait be observed that the URANS simulation prediascreasing
lift which has been accelerated with the time stége to finally converge to an average value 62w the RANS
mean value. This decreaseGh is quite significant and leads to levels that angilar to the ones obtained with an
angle of attack of 16° in RANS, angle at which tloev separation is already massive. This is illattd in Figure
25 which gives the RANS and URANS skin friction dridtion lines at 15.5°. It confirms that the UR&Nat 15.5°
is close to the RANS at 16°. This can indicate 8tall might appear for slightly lower angles ofaak than what
the RANS predicted.
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Figure 24: CL and CD convergence curves at 15.5°; URANS baseline (eatdsh is a 15h run — not all runs
extracted from server).

Figure 25: C, distribution and friction lines at 15.5°; baselineRANS vs URANS.

The URANS simulation with the 14-slot device hagdexd 130 runs (10-15 hours each) on 256 cores. The
settings have been chosen according to the blofsrgiency of 60 Hz (rectangular signal with dutgleyof 0.5).
A minimum of 100 time steps by signal period hasrbapplied:
- runs 1 to 50: time step of 4.17x16 with 200 DTS sub-iterations / iteration — 1G@ations / run,
- runs 51 to 90: time step of 1.67X16 with 200 DTS sub-iterations / iteration — 1G&ations / run (the
time step has been slightly increased to go thrahghransient regime more rapidly),
- runs 91 to 125: time step of 1.67X16 with 100 DTS sub-iterations / iteration — 20€rations / run
(the number of DTS iterations has been reducee@tfmpn more iterations during a run),
- runs 126 to 130: time step of 4.17x16 with 100 DTS sub-iterations / iteration — 20&ations / run
(the time step has been set to its initial valumtestigate potential effects).
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These steps led to a total time of 2.05 seconds.lifthand drag convergence curves of this AFC cotaton
are presented in Figure 26. It is important to cethat in Figure 24, for the baseline, the scél€loaxis is one
hundredth vs. one thousandth here (ten drag ceantme forCD). As a consequence, the variation between the 14-
slot device in constant blowing mode (RANS) andvission in pulsed blowing mode (URANS) at 16° isaim
more limited than between RANS and URANS for thedliae at 15.5°. As an illustration, ti decrease that is
observed here is only 0.035. The drag is almostmpacted. This limited lift decrease can be obséiin Figure 20
with the URANS orange circle. It can be noticed tth@ efficiency of the 14-slot device in pulsedwing mode at
16° is almost as high as the one of the device(e@stant blowing continuous slot) which yet extslgreateiC,
and mass flow rate values. This indicates thabtteznate pulsed blowing mode is an interesting@ggh. Besides,
to consider the gain obtained with this AFC systsamputed via URANS in a consistent way when observi
Figure 20, it should be reminded that stall seerappear earlier in URANS than in RANS for the bemektase.
Then, Figure 27 gives a direct comparison at 1&%&en devices n°6 (constant blowing in RANS) and (gulsed
blowing in URANS). It can be seen that both systeh@w a correct control of the flow separation.eTpulsed
blowing system at right exhibits flow patterns tlaa¢ very similar to the ones of device n°2 at ib6Figure 22,

which is consistent with the previous observations.
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Figure 26: CL and CD convergence curves at 16°; URANS 14-slot devicepulsed blowing mode.

23



16° seg. 6mm Vinj 250 m/s { ; 16° seg. 6mm Vinj 250 m/s
slot grid refined - 14 slots g - slot grid refined - 14 slots
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Figure 27: C; distribution and friction lines at 16°; 14-slot device RANS (constant) vs. URANS (pulsed).

Finally, Figure 28 shows via iso-surfaces of Macimber a time at which the slots 1, 3, 5, 7, 9,ad 13 are
blowing. The flow field around AFC actuators is yetose to what was visible in Figure 23 except thahis case
only one slot over two is blowing which allows theass flow rate to be cut in half without provokiagiramatic
loss in global AFC gain.
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VIIl. Conclusions

In the framework of the™ work package of the European Project AFLoNext, Dafl ONERA performed
numerical studies on a realistic high-lift aircrafpnfiguration including slats and flap deployed fanding
conditions as well as a high bypass ratio engife. Jurpose of these activities was to assess tieat@l of active
flow control systems to delay and contain the Haogbke separation that eventually appears on thg suction
side at high angles of attack.

To complete these computations, overset structaneunstructured grids were generated respectieelthe
ONERA and DLR Navier-Stokes solvers. For the basetionfiguration without flow control, the maximulift
coefficientCL . and the angle of attack at which the massive #eparation appears were determined and the flow
patterns, especially the vortex system (from py&bats, and strake), were studied. The DLR and ONE#Rults on
the baseline exhibit very good agreement. Thisssuadidation is satisfactory and gives good confimein these
CFD results.

Following this work, several AFC systems were dafirand evaluated, at first with RANS computations.
Different slot sizes and types (continuous vs. saged) and/or blowing velocities were proposed. ptiential of
each system was shown over a whole polar in cosmanvith the baseline. The gain that is obtaineth wn AFC
system is consistent with it§, coefficient value which represents the actuatiorcé over the flow. In constant
blowing mode, all the AFC systems assessed insthidy produce lift level gains after stall (typigahbout + 5%).

It was demonstrated that fGf; values compatible with aircraft manufacturer reguients, a constant blowing AFC
system is efficient to delay and contain the masfiow separation which extends downstream of tigiree/wing
junction without control: the wing stall can be algd of 1 to 2° of angle of attack with the consédiedevices and
settings, and also be smoothed anddhg,, can be slightly increased (1 to 3%).

As a last step, URANS computations have been peddrto assess the potential gain of a pulsed jattm.
The 14-slot system, which is probably the devieertiost representative of what may be tested induifLoNext
wind tunnel tests, was evaluated with each slowirlg out of phase with its neighbours. The baselinhout
control has also been computed as a reference ipOBWRANS. The gain obtained with the pulsed blogvsystem
is similar to the one of constant blowing deviceatthave greatef, and mass flow rate values, which seems to

confirm that this type of AFC approach can be psing.
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