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This contribution discusses the implementation of active flow separation control for a 3D
high-lift wing-body configuration under atmaospheric low-speed wind tunnel conditions. The
slot-actuators are applied on the suction side of the trailing edge flap to prevent local flow
separation. It is the consequent progression of the work presented in Part 1 of this paper.
The active flow control (AFC) method of choiceisnow the pulsed blowing. The experimental
results indicate that this AFC technique is feasible for such applications with a global
performance enhancement. Here, the wind tunnel findings are briefly discussed while the
emphasis is given on the numerical investigations. The verification of the URANS approach
points out that the global enhancement through AFC may easily be overestimated by
insufficient numerical convergence. Thus, high computational requirements are needed for a
consistent numerical evaluation. The computational results highlight the ability of pulsed
blowing at moder ate blowing momentum coefficients to suppress the flow separation on the
trailing edge flap and support the global aerodynamic enhancement. The numerical results
show an acceptable agreement with the experimental resultsfor this AFC application.

Nomenclature
AFC = Active Flow Control
B-LSWT = Low Speed Wind Tunnel at Airbus in Bremen
CFD = Computational Fluid Dynamics
CFL = Courant Friedrichs Lewy [number]
DLR = Deutsches Zentrum fir Luft und Raumfahrt [Germamo&pace Center]
FFT = Fast Fourier Transformation
Iter = Number of Computational Iterations
SST = Shear Stress Transport [turbulence model]
TUB = Technical University Berlin
URANS = Unsteady Reynolds Averaged Navier Stokes [method]
At = Reference Area [fh
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Wing Half-Span [m]

Co = Drag Coefficient [-]

Criap = Flap Chord Length [-]

C. = Lift Coefficient [-]

Co = Pressure Coefficient [-]

C. = Blowing Momentum Coefficient [-]

dc = Drag Count [=0.0001] []

DC = Actuation Duty Cycle [-]

f = Actuation Frequency [Hz]

F* = Dimensionless Frequency [-]

L = Characteristic Length [here, Mean Chord LengtH]] [m
Ic = Lift Count [=0.01] [-]

M = Mach Number [-]

o X = Reference Fluid Density [kgfth

Re = Reynolds Number [-]

t = Physical Time [s]

T = Time of One Actuation Cycle [s]

topen = Time of the Open State for One Actuation Cycle [s]
Ujet = Jet Velocity [m/s]

U, = Reference Velocity [m/s]

y = Spanwise Coordinate [m]

I. Introduction

HE control of flow separations by active flow caittechniques is a promising technology for futtremsport

aircraft. Steep landing approaches and reduceémysteights are of significant relevance for anyeidvigh
lift design. It is expected that active separatontrol can lead to a significant reduction of #ystem complexity
in the case of high-lift configurations.

In the past, the need for increasing lift of civdnsport aircrafts during landing was counterednioyeasing the
complexity of the high-lift system, e.g. by emplogimulti-siotted instead of single-slotted flapRecent research
has proven active flow control (AFC) by means ofspd blowing from the flap shoulder to be an effextand
efficient way to realize the lift requirements. $IAFC method forces the flow to stay attached toftap at flap
deflection angles, at which the flow would separatithout active intervention. Therefore this teajug is
promising to enable the design of high-lift systeshseduced mechanical complexity.

Flow control research in Germany has a long traditat Universities, both theoretical and experirant
Especially for active flap separation control trgbuperiodic excitation numerous experimental ingesions were
carried out in the past at Technical University [BefTUB). Tinnap et af: * ® have proven the feasibility of this
flow control concept in low Reynolds number, lowesd flows. Petz et &." ® investigated the influence of
excitation parameters on the effectivity of AFCa@D configuration consisting of two NACA airfoiés\d Becker
et al? contributed control strategies to these AFC attsimuch experimental investigations performechinpiast
suffered from limitations on the used proprietaagilities, which led to limited model sizes, rested onflow
velocities and thus Reynolds numbers, which arddaofor a real assessment of flow separation cpisctor large
transport aircrafts. More recently, in the GermémwFControl Network, an experimental test bed amal dccess to
industrial wind tunnel facility was provided by DLR4aucke et al® and Wild et al! have demonstrated the
capability of this AFC strategy — the pulsed blogvthrough the flap shoulder — to increase theofifa slatless two-
dimensional (2D) high-lift configuration by 50 lifbunts at Reynolds numbers of uBtel0°.

This article describes the implementation of thigva flow control technique on a three-dimensiof&) civil
aircraft half model and discusses first the resoiftsined for experiments conductedvat 0.2 andRe = 1.5 x10°.
The emphasis is set afterwards on the numericallations of the above mentioned active flow conaoplication.

In contrast to a steady, tangential blowing fordbparation control the pulsed blowing is considéoebe vastly
more energy-efficient, with savings of even oneeoraf magnitude for the blowing momentum coeffitisgquired
by a specific performance increm&nt* In the case of periodic excitation large cohestnictures are generated,
thereby transferring high momentum fluid to theface, thus being characterized as an unsteady flow.

The numerical simulation of active separation agirttirough periodic excitation still requires expeental data
for the validation and the verification of the nuinal approachéa Modeling uncertainties (e.g. turbulence models,
boundary conditions) are often blamed for poor egrent with the experiment. Nevertheless it wasnofteinted

2
American Institute of Aeronautics and Astronautics



out the need for continued high-quality experimgaitain this area. For this reason, here the nurakfinding will
be compared with experimental results where availab

In the followings, the wind tunnel model and th@ermental results are briefly discussed. Aftergatte focus
is set on the numerical investigations. First, ginel generation and numerical method is presersedond, the
computational results are depicted. Here, a chaptecerning the convergence studies of the URANSIlsitions is
introduced. This resembles the verification for tidqueness of the solution with respect to theisedf the
physical time step size and the inner loop convezgeOnly afterwards the performance studies aseudsed.
Thus, a subsequent chapter is dedicated to theemie of one representative AFC parameter, the ibipw
momentum coefficient, on the aerodynamic perforreafioc this transport aircraft configuration. Helegal time-
averaged flow topologies as well as time-dependbaracteristics are presented. In the end the ricaheand
experimental findings are compared through thegbifth with AFC.

1. Wind Tunnel Model and Experimental Results

A. Thewind tunnel model

The experiments described here were conducted wsitigh-lift wind tunnel model provided by Airbus
Operations (Germany) of scale 1:12.7 at the Brebmem-Speed Wind Tunnel Facility (B-LSWT). This fatjls
test cross section measures 2.1m x 2.1m. An imatfeanodel mounted in the wind tunnel is providedrigure 1
(left). Forces and moments are acquired using-a@mponent balance and are corrected for wind funfieences.
All tests were conducted at a Mach numbersaf 0.2 and Reynolds numbersRe = 1.5x10°, respectively. Due to
the comparatively low Reynolds number it was nemgs$o apply transition tripping to ensurerbulent flow
separation and to avoid laminar separation bubflesrefore, a 2@m thick and 1mm wide tape was applied to the
leading edges of the flaps.

The high-lift system of this 3D model with a serpas of 1200mm consists of a slat and a singleesidtap.
For the experiments, this model was equipped wittactive flow control system, which consists ofethmmajor
components: a pressurized air supply, fast switcldalenoid valves to generate pulsed airflow, aoaliedor
chambers. The jet enters the ambient flow througloréice in the flap’s surface as a fast, pulsetd All actuator
slots have a constant width of 0.3mm. Their lengthies depending on their location in the flap. &dtuator slots

proportional control valves  valve manifold blocks i\b flap
T oo | ]
e o ol
supply of ’ése P2 2 valves o g
pressurized | 1
air > setpy | [ 5 valves -t
> setp, 4 5 valves }»
[ setp, | ‘ 5 val ‘
> S > valves i
pressure g
sensors 2
== ‘ amplifier ’4
—=

o\b flap

PC/DSP

= actuator outlet
— © pressure tap
S —» air flow
-» pulsed air flow
-p electrical signal

Figurel. Model owned by Airbus pertions (Germany) in wind tunnel B-LSWT (l€ft); rear view of model
with actuator exit slots marked (right, upper side); sketch of the employed actuator system (right, lower side)
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are inclined downstream with 3gelative to the flap surface. A total of 21 of sleocactuator segments are integrated
into the flaps and cover approximately 80% of the’'s span. A schematic of the AFC system is slaztdh Figure

1 (right). The setup allowed the variation of fooportant actuation parameters, namely the actuatiplitude,
the actuation frequency, the duty cycle of thepailses, and the phase relation of the jets of heighg actuator
slots.

B. Theexperimental results

The lift polar for the case when the flow is ungolied serves as the baseline for the flow corgsgleriments
and is presented in Figure 2 on the left hand didee, the flow is largely separated on the flagas be inferred
from the exemplary pressure distribution on the ffeovided for an angle of attack close to maxiniifimlf active
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Figure 2. Lift polar without AFC (l€eft); pressuredistribution on flap without AFC (right)
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Figure 3. Lift gain for different momentum coefficients

flow control is applied, the flow separation on th&p reduces and the lift of the overall configioa increases.
In Figure 3, the lift gain is presented as a functdf the momentum coefficient for the actively totied flow.

The other actuation parameters were kept constasm actuation frequency of 200Hz, a duty cycléd@¥, and
all actuators were operated in-phase. Comparedeéouncontrolled case, the lift increases by upgttif2counts

for the maximum momentum coefficient applied. Itristeworthy, that the lift gain does not correlbtearly

with the momentum coefficient, but its gradient rexdluced for higher values of.c

C. Observations of the System Outputs

In this subchapter some experimental observatiomsiated for the actuator performance. The resuistaken
with permission from Bauer et §land Haucke et af. The reader is advised that further valuable rémaray be
found in these references.
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Figure4. taken with permission from Bauer et al.">. Normalized static pressure measured in one actuator
chamber and corresponding electrical control signal from a function generator.
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Figure 4 illustrates results from the same tunnel
testing in B-LSWT, for a different flap configurati. It _ _ valve
shows the time courses of the static pressuremitiree [roger sigre! opensd
actuator chambers, which correlates with the rasmec i
jet’s exiting velocity. Data is given for a presswf 8bar ool | ] ] EN
applied to the valves working with a duty cyclelt = i 34
0.5 and a frequency of 200Hz (€ 0.79%). Pressure is
normalized with its respective maximum value. Itswi L
stated that the originally almost ideal square wshape Soaf
of the pressure’s time course directly at the ekithe r 1
solenoid valves (not shown) has decayed and tles tt o2r
is a phase-shift between the electrical contrataigised _J . LJ . \\PJ L
to drive the valves and the course of the pressutee IR ‘tlfrﬁ[-] 2
chambers. For the present work it is of relevarce dosed
notice that the space limitations of the modFigure5. taken with permission from Haucke et al.™.
instrumentation result in deviations of the jett&xi Squarewave excitation signal (trigger) vs. time
velocity from the ideal square-shape. Higher acoud  resolved velocity profilein the center of the jet exit
the pulsed jet-exit’'s velocity was often achieveda@ng without crossflow measured with hot wire.
as the requested space is available in the flappm@uhe
example in this sense is shown in Figatefor a 2D high-lift model, where the velocity sa closes the ideal
square-shape and during the “closed valve -stagedtocity falls to zero.

velocity signal overlap
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[11. Grid Generation and Numerical Method

The hybrid grids for the numerical investigatioristiee pulsed blowing on the trailing edge flap gemerated
with the mesh generation software CENTAYRNd are in-line with the finding of the mesh refiment study
conducted for the baseline flow in part 1 of thagper. For the approximation of the boundary lagleere are 30
prism layers with a target'yalue of 1.0 ensuring an appropriate
resolution of the viscous sublayer. As reporteéant 1 portions
of the slot-actuators are modeled and the pointbasrof the grid
amounts30 x10° points, abou§ x10° points increase compared t
the baseline mesh (without slot-actuators). Eactetenl actuator
increases the mesh size with roughly 250000 pofFigure 6
depicts a 2D-cut for the volume mesh at one aanoatistation.
For the modeled actuator-slots also a hybrid megshpproach is
used with thin prism layers in order to discretittee local
boundary layer.

The flow solver used is the finite volume comprissolver
TAU developed at the German Aerospace Center (LR
second order central scheme is the method of chimicehe Figure6. Mesh topology at theactuator slot
discretization of the convective fluxes. The actdi dissipation
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based upon the original settings of Jameson isieppiith a 2° order dissipation term of 1/2, and 4 drder
dissipation coefficient of 1/64. The URANS simutats are conducted with a dual time stepping appro@aal
time is an alternative means for computations dfteedy flow problems. The time derivate of the aered
governing equations is discretized with backwarfedince formulae, and the resulting algebraicesyssis solved
by iterating to a steady state in an artificialifroduced pseudo time. The inner iteration stromggembles the
iteration for convergence to steady state, sottietechniques applied for efficient steady sta@vergence (see in
Part 1) may be applied.

Concerning the turbulence modeling the advance@S®igess Transport model (SST) from Mefiter applied
with a different wall limiter type for thexequation, where the lower boundfs limited”® based on experimental
assumptions for the wall roughness.

The actuation boundary condition, at the slot'stdrat is of particular interest here. For an inflodeundary
condition of three-dimensional subsonic flow, adiog to the characteristittheory four quantities need to be
specified by boundary values and the fifth conditie taken from the solution inside the flow domditere, we
prescribe the conservative variables for density momentum and use the value of the pressure fhensdlution
inside the domain. This approach for AFC simulaioras previously applied for single actuators aer@-pressure
gradient flat platé and for a slot-actuator on a trailing edge flag2bf high-lift airfoils’ as part of the verification
and validation process. Here, for the pulsed blgvapplication the jet velocity changes over tim¢hva square
shape signal. The jet velocity at the inflow bourydzondition is defined as

ujet(t) = ujet,max>< I [Otpcl] (toffsel)
where I, . ,(t) =1if t O[t,,t,] and zero otherwise.

In order to avoid a sharp jump from 0 to 1, a srhimgf method is applied. A time is introduced ovdtiaih U jet is

increased from 0 to its maximum value. The usemeedftime for smoothing the pulsed signal is typjycawo
orders of magnitudes lower as the time of an aictmatycle. The modeling of parts of the actuatotsslis
considered a necessity, where the formulation efitiflow boundary conditions ensures an accuratssnfiaw.
Moreover, the inclusion of actuator-slots is théyqrossibility to ensure a correct outflow directio

In order to have a close relation to the wind turiests, the setup is initialized with the Mach ren the
Reynolds number, the corresponding reference lenftthe model and the farfield temperature. The riRégds
number of the wind tunnel experimentli$x10° and the Mach number &2, whereas the farfield temperature is
300K. Based on the results of the wind tunnel cagmpaan angle of attack af=7° in the linear regime of the lift
curve has been selected for the present study.

In order to have an evaluation of th A\ W
performance improvements of the active flo \Bq\fj‘ea"'cpi 30 00
separation control it is requested to asses ™
performance without AFC also by the numeric
method. A systematic comparison for the me
refinement and turbulence model studies has guif
us to the Menter SST eddy viscosity turbulen
model, and to a so called intermediate mesh ingel
of the grid refinement study. The impacts due t tje : without AFC
inclusion of slot-actuators in the computation -
domain and due to the new unsteady numeriFigure?7. Reference flow topology without AFC (part 1 of
approach have already been discussed thispaper)
comparison to the RANS baseline results (see pai.
of this paper).

For the sake of brevity we just recall the flow atqmy without AFC as reference for simulations wéttive
flow separation control. Figure 7 depicts the ageraurface pressure and the surface streamlingbdatrailing
edge flap. It is the target of this AFC applicationreduce or suppress the flap separation foobaglperformance
enhancement.

IV. Computational Convergence Studieswith AFC

For the URANS simulations the choice of the phydiicae step size and the convergence in the inmap play
an important role in the verification of the nuncati setup for the AFC simulation. A systematic cangpn of
different magnitudes for the physical time step #r@&number of iterations in the inner loop stay$oicus for this
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work. The number of physical time steps is variedween 50 and 400 for one actuation cycle at atanhs
actuation frequency. For a constant time step &te200 time steps per actuation cycle) the nundfeinner
computational iterations is varied in between 28 @60 and corresponds to a convergence of the aeaodc
coefficients of the order df0® up t010°.

In order to decide on the most suitable numerippt@ach for the selected grid and turbulence mtelmpact
of the two parameters mentioned above is analytgallsy step in the next chapters. The flow corgedlp is fixed
for this convergence study at: blowing momentunffecient C, = 0.1%, frequency &1, and duty cycle DC=0.5.

At this point we inject a comment on the definitiohthe relevant quantities for the AFC applicatim the
experiments the blowing momentum is defined as

C = My XU

u°

Lp.ruinn,

where the jet velocityl ;o is typically obtained from conditions before ositte the plenum combined with

isentropic flow relations. Unfortunately this mettobogy introduces some uncertainties. This errora® might be
suppressed only by field measurements (with criosg)fat the jet-exit plane including velocity andrtiulence
quantities. As flowfield data are not available fihis complex experimental setup we accept thesidak
assumptions used to evaluate the jet velocity.heuantelevant parameters for the pulsed blowingieatbn are the
frequency and the duty cycle. These are defined as

F*= fxL andDC:toﬂ
- T

A. Time step sizerequirements _ Re—1 5x10°, M=0.2, =7° A1=10.00 x 10°S

Figure 8 depicts the lift evolution ove| (with 50 iterations / physical time step) ———-———-——- At=5.00 x10%s
time for four values of the physical time ste| i — 4t=2.50x 10::s
All computations are started from a previot TToomm A= 1250100
quasi-converged steady state solution wi AR \[\MM
continuous blowing and are performed wi M .“-\,’,‘\“t.‘\‘wva"\?vg

FHAYEY i

50 inner iterations for each computed tin
step. A common approach for the URAN
simulations is to select the time step si:
At~0.01xT, whereT is computed based on
reference length and a reference inflo
speed. Thus, with thecm, and U, as g
references/t is of the order ofl0™s. The Snfinfiafy Indadidie Aufnfiafy nfiediede Aafadat Anfiniinfs fndadede hufe
selected computational time steps di@x 0 002 004 006 008 01 012 0412 o016

10°s, 5x10°°s, 2.5x10°s and 1.25x10°s for a time [s]

discretization of each actuation cycle Wiy Figure8. Lift coefficient evolution over time for different
100, 200 and 400 time steps, respectivelyphysical time step sizes

The lift evolution over time indicates

discrepancies between different time step sizesthecomparison of the mean solutions with différsetups the
averaging should be performed for the same timervat. More, this time interval should be large @gloto assure
that additional time will not change the resultingan values. Figure 8 shows that depending onrtteedtep size
different global computational times are neededigefiveraging a solution are meaningful. For coestcy, the
comparison of the different solutions is furtherfpemed only for half of the total computationaht, the last 16
actuation cycles (last 0.08s).

The mean averaged lift coefficient @nd drag coefficient £shown in Figure 9 indicate maximum changes of
the order 00.02 for C. and0.004 for Cp; the smaller the size of the time step the lowdhe error in comparison to
the corresponding magnitudes &t—0 suggested by general fit curves. The maximumtivelaerror of the
aerodynamic coefficients is 1.2% for lift and 2% flsag respectively. The deviations are minor feomplex high
lift configuration with large portions of flow segadion.

[actuation signal]

lift coefficient C [-]

= - - - nNAnn e - - =
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The mean aerodynamic values are not the o
indicators for the convergence requirements of 1
unsteady simulations with AFC. Details of the Ii
coefficient evolution in time given by a fas
Fourier transformation are shown in Figure 1
The highest amplitude is located at the actuati
frequency, f=200Hz. With the last three time st¢
magnitudest<5x10°s the flow response on the
pulsed blowing application shows simila
amplitudes at 200Hz. For the largest time st
At=10x10°s an obvious lower amplitude is
computed at the actuation frequency. We obse
also noticeable discrepancies for the very Ic
frequencies. These are expected as the F
analysis is conducted for the same time interv
while different time step sizes result in differer
resolutions for the FFT results. Neverthelesss it
obvious that flow fluctuations at low frequencie
still exist for this AFC setup and might b
triggered by different local flow separations.

In order to verify the presence of flov
separations and quantify the resulting flo
topologies the time-averaged surface pressure
average flap’s surface streamlines are depictec
Figure 11. Obviously higher suction peaks al
reduced flow separations are computed
comparison to the results without AFC (se¢
chapter V). Nevertheless, the flap flov
separation is not fully suppressed by AFC. Whe
no actuators are implemented (near flap tra
fairings, and at the end of the outboard flap), t
flow topology is mostly unchanged compared
the setup without AFC. A higher blowing
momentum coefficient than applied here, (€
0.1%) could further reduce the flap separation.

lift coefficient C, [-]

10°
dual time step, At [s]

Figure9. Time-averaged lift- and drag-
different physical time step sizes

coefficient

At=10.00x107s
At= 5.00x10°s
At= 2.50x107°s
At= 1.25x107s

1.5

amplitude [-]

IR |

10°

10°
frequncy [Hz]

drag coefficient C [-]

at

is interesting to observe that from all 4 grapf19ure10. FFT analysis for the time dependent lift

only at the largest time step the separation kneCOEfficient for different physical time step sizes
located further upstream in comparison to the
others. Except minor deviations (suction peak |dwelthe outboard flap) the results for all timepsAt<5x10s
agree well with each other.

The importance of the convergence requirementardaunsteady simulation with AFC is made evidertable
1 by the computational times spent for each ofseteps discussed above. It is obvious that the atatipnal time
increases linearly with the decrease of the tingg shagnitude. The smallest time step requests ar@hnof
computing with 256 processors on a high performahester.

The unsteady computations with pulsed blowing @nfllp for active separation control require a tstep size
At<5x10°s for the discussed setup. Thi

corresponds toAt with values less than & At[x10-55] CPUh (x10°%) time on 256 CPUs
precent of the time of one-actuation-cycl 0 >5 2 davs
Thus, more thanl00 time steps need to be Y
resolved for each actuation cycle. In order > 20 8 days
increase the safety for the other actuation seti 25 100 16 days

1.25 200 1 month

(e.g. different blowing momentum coefficients
for the next simulations we selected tt
At=2.5x10"s, 200 time steps for one actuatior
cycle.

Tablel. Computational time spendings
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\mean-cp: -3.0 0.0

with AFC

\ 0

)\ mean-cp: -3.0 0.0

with AFC with AFC

c). At=2.5x10"s d). At =1.25x10°s
Figurell. Flow topology with one AFC setup for different physical time step sizes

. Re=1.5x1 0%, M=0_'2’ 0=7° Inner iteration = 25
B. Inner loop convergence requirements M=25x10° L Inner iteration = 50

In order to analyze the impact of th L(200 time steps / actuation cycle) Inner iteration = 125
convergence level in the inner loop fot S N B bkl Inner iteration = 250
numerical setups have been selected, w
25, 50, 125 and 250 inner iterations for
each physical time stept=2.5x10"s.
Figure 12 depicts the resulting Iif
coefficients over time. In comparison to th
time step size variation (Figure 8) now th
various curves do not show significar
discrepancies for the first actuation cycle g
Yet, the solution is not independent of tr B . = . = .
convergence IeveI_W|th respect to ear o o0z oos o060 oi o012
setup. A ook in the convergenc time [s]

characteristics for each time step is showrigure12.  Lift coefficient evolution over time for different
in Figure 13 for the setup witB50 inner jnner loop convergence

=l [actuation signal

lift coefficient C, [-]

[ NN N M MM M 1 M [ M

iterations. Here, the density residuum Residual (o[ )
decreases 2 orders of magnitude, while the i TR — Res-ift 1AC, /[at) 10
and drag- coefficient residuum are beld®®. | — Res-drag (JAC, /A1)

The levels of convergence at the other thr

setups are indicated in the same figure. T .

highest average residuum level for tr o <10 \

aerodynamic coefficients is of the order®1and i

corresponds to 25 iterations in the inner loop.
Figure 14 depicts the time-averaged lift ar

drag results over the mean convergence level

the aerodynamic coefficients in the inner loo

The maximum changes are of the orderOdf3

for C. and0.004 for Cp; the better the solution is v By —

converged at each time step the lower is the el Inner-iter

in comparison to the corresponding magnitudesFigure 13.  Density, lift and drag residuum for one dual

e—>0 suggested by general fit curves. THimestep (intheinner loop).

S
Res-lift, Res-drag

Residual
>
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maximum error is considered acceptable for
complex high-lift configuration, less than 2% fc

lift and drag. In order to assure errors smallanth T o
1%, it is requested to have a minimu = /\ AN .L 1 &
convergence level @x10%, with at least 75 inner _<-3 i S=—=_ T =
iterations. < / \ 01 o
The fast Fourier transformation of the lif © f YO £
. L . oe . = { of o 1
evolution in time is now exemplified for two time g 'l‘ oy 2 3
intervals in Figure 15. Both analyses exclude t 8 0O L —o | ;
first 4 actuation cycles. The first graph covers z £ { g
while the second graph only the last 8 actuati T T e T Am—T -
cycles, respectively. The amplitude at tt Convergence level for aerodynamic coefficients [-]
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Figurel5. FFT analysisfor thelift coefficient at various numbers of inner iterations

between the two diagrams for each of the four nigaksetups. This assures a meaningful averagitigeo$olution
for only the last 0.04s. It is evident that for thest inner loop convergendée(=250) the amplitude at f=200Hz is
lower as for the other three setups, and high aogds are computed for lower frequencies. Here fltwe is
dominated by large coherent structures at loweypuieacy as the one used by the actuation system.

With the confidence that a time averaging for aetimterval of the last 0.04s is representative, régailting
mean flow topologies are now shown in Figure 1@akbgrage surface pressure and average surface ktresion
the trailing edge flap. With respect to the meapasation line the single outlier is the result witlte smallest
number of inner iterationdter=25, while the other mean solutions match well witlcteather. Beside the local
surface streamlines, the pressure distributionatgoiwards higher suctions peaks for the outboka When the
solution is less converged in the inner loop. While local flow in the outboard flap region reve#ist high
number of inner iterations is requested for a goovergence, at the inboard flap there are noreifiees for the
computations with Itef50.

It is evident that the larger the number of inrterdtions the higher is the requested number of ICfU the
numerical evaluation. Here, for the settgg=250, the computational time on 256 CPUs is of the nade80 days
on a high performance cluster.

We conclude that with the present solver setupingnmum requirement for the URANS computations wNRC
is to achieve a residuum level for each time stepx@0® for the aerodynamic coefficients. In order to asshe
consistency for more than one AFC setup we prodesber with a fixed number of inner iteratioriser=125,
which corresponds to lift residuum levelsle0® for the above discussed test cages 0.1%.

The convergence study for the URANS simulationdwittive flow separation control shows that theitamd
of large physical time steps and low number of interations results in higher computed lift foetbomplex high-
lift wing body configuration. Even though the maxim deviation between all computations discussethis
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Figure16. Flow topology with one AFC setup with different convergenceleve in theinner loop

chapter is lower 7 lift counts (1 lift count = 0)Q1t is of relevance for the AFC application. Rbe discussed
blowing momentum coefficient,C= 0.1% such deviations represent ~ 25% of the &fthdpy AFC. The evaluation
of AFC capabilities is often analyzed through tlife énhancement and drag reduction by a specifawlig
momentum and thus numerical errors of the order28% should definitely be avoided. The exigent nemments
trigger the numerical setup 800 time steps for each actuation cycle 428 inner iterations for all the simulations
further addressed in this paper.

V. Computational Performance Studiesfor the AFC parameter C,

The analysis of the actuation setup with=(.1%, F=1, DC=0.5 was already discussed in the previoagpten.
This AFC setup shows a lift enhancement of 21cliftints, in the linear lift regime, in comparisonthe numerical
results without AFC, while the large flow separatis significantly reduced by AFC, but not suppess$Figure
17). The lift is evaluated as a result of the e&fs
integration for the entire configuration. The pualse
blowing application on the flap has a global effest
shown in Figure 18. The pressure distributionsvat wing
sections, inboard, and outboard respectively, dre
evidence of the global enhancement of AFC: high
suction peaks on the flap with a resulting lowesessure
level for the main wing trailing edge and the fanrth
upstream effects, including the slat pressure idigion. . with AFC
The inboard section shows the suppression of thkal I Separation line with AFC

flow separation, while in the outboard section oaliocal Figure17. Separation lines on the flap with and

reduction through AFC is computed. without AFC (AFC: C, = 0.1%, F*=1, DC=0.5)
The local change over time in the flow topology " ' '

shown in Figure 19 for the inboard section. The twu

instantaneous topologies correspond to the twcestaf the pulsed blowing actuation, on and offpeetively. A
local flow recirculation is present close to thepfltrailing edge in the left view, at minimum liftyhile the
separation is vanished at the second time stagjet riew, at maximum lift). The global lift coeffant varies up to
5 lift counts from the left- to the right- graphhd resulting coherent structures due to pulsed ibpware moving
downstream without a major variation of the aeradyit coefficients in time.
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Figure18. Time-averaged pressuredistributionsfor two wing sections
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Figure19. Local Mach number distributionsin theinboard sections at two time stages (indicated by circles)

Figure 20 and Figure 21 depict the average sunfaessure and average surfaces streamlines forlakheniy
momentum coefficients of G= 0.2%, and C= 0.4%, respectively. The results indicate lift Ewrents of the order
of up to 38 lift counts. The increase of momentwesuits in a reduction of the flow separation, aighér flap

. mean-cp: -3.0 0.0 \_mean-cp: -3.0 0.0

with AFC ~ % : with AFC

Figure20. Flow topology and surface streamlines ~ Figure2l. Flow topology and surface streamlines
on the flap with AFC: C, = 0.2%, F'=1, DC=0.5 on the flap with AFC: C, = 0.4%, F'=1, DC=0.5
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suction peaks are computed. While for the inbokal the flow is attached already downstream theatots at =
0.2%, at the outboard flap the time-averaged floamgs no further separation only gt €0.4%. The portion of the
outboard flap without actuators is always dominabgdlocal flow separation. A benefit of the actoatiis
noticeable on the flap topology also outside theiated regions. At the highest computedtlle extent of the
separation in between the actuation regions iscelin comparison to C= 0.2%, for example near the flap track
fairings.

We introduce here a remark on the time-
dependent lift coefficient. A global and a loc:
value are plotted over time in Figure 22. Tt
global value coresponds to the complete aircr
configuration. The local value results after tt
integration of solely the flap’'s surface 0.18
distribution. Locally, the peaks of Care
associated with the end of the open-valve stag
while globally the maximum lift coresponds to th
closed-valve stages. The phase shift is of theror
of 0.7/ U. and is atributted to the time neede ,
for the upstream elements to react on the chal 0.78
of circulation on the flap. Moreover, it become
evident that the maximum changes in time for | _ ) ) ) )
at G, = 0.2% have the same order of magnitude':'gurezz' Globa+l and local lift evolution over time with
provided by the lower blowing momentur*FC: Cu=0.2%, F'=1, DC=0.5
coefficient G, = 0.1% (see also Figure 19).

The active separation control on the flap showbbaj enhancement of the aerodynamic lift coefficiwith an
increase of the resulting normal force for the tantsangle of attack (Figure 23). The global inceetris triggered
by the actuation on the flap, and in the same timesurface distribution on the main wing is offigrithe highest
increase for the normal force. The time-averagdd dabscribe the typical multi-element aerodynareitscts as
published by SmitH. He stated that an increased circulation of therdtream element causes the trailing edge of
the adjacent upstream element to be in a regidnghf velocity. The increase of circulation on thegpfresults in a
higher speed at the main-wing'’s trailing-edge wistietches up to its leading-edge, and so the spietbe trailing-
edge of the slat is also increased. The successiphration suppression at moderaigif@licates that when
separations occur this AFC technique is a benéfgméution. On the one side this technique mightapplied

global G, [-]

0,19
---> limeJs]

actuation signal

5lc

Flap C [-]

without AFC
B / | | | |— — — with AFC:C =0.1%

— - — with AFC: C =0.2%
woo - -| = with AFC: C,=0.4%

normal force

spanwise -->y

Fuselage Main Wing Flap FTFs

Figure23. Overview of the time-averaged normal force distributionswith and without AFC
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towards replacing the multi-slotted flaps with denglotted-flaps. On the other side this AFC teghei may serve
for the treatment of local separations, for exangtlthe wing-fuselage junction or downstream tla¢'skcut at the
pylon location for under-wing mounted nacelles.

VI. Comparison of CFD Resultswith Experimental Findings

The purpose of this chapter is to provide -
comparison of the numerical results with tt ‘ T rberiment
experiments. The results are judged through - , ! . T
lift gain enhanced with the AFC application b L _ ﬁ‘ .
means of time-averaged data. The numeri
findings are calculated over several actuati
cycles as discussed in the previous chapte
and compared with tunnel measurements o
six-component balance. In Figure 24 the i
coefficient is depicted for several blowin .
momentum coefficients at a fixed angle ¢ !
attack. Both, experimental and numeric l
findings predict lift gains by AFC, with a stee 0.0
increase for low values of Cand moderate
increments for a higher,CAn overestimate of rigyre 24, CFD versus Experiment: lift gain for different
the lift gain is evident in the numerics. It has blowing momentum coefficients
be stated that the numerical approach uses
ideal square-shape signal at the actuation’s slot-
exit. However, the quality of actuation signal lire texperiments was hampered by the limited availaphace for the
instrumentation of the model. One may state thatnthmerical findings represent the ideal implem@nteof the
present AFC technique for trailing-edge separationtrol. Taking this into account, the computeddie are of
acceptable agreement with the experiments.

The impact of including the actuator-slots was aised in Part 1 of this paper with respect to tinmarical
results. The computed lift coefficient was about l@¥ser with slots as without slots. It was statiedttthe lift loss is
not solely triggered by the contribution of thetslotegration. However, Figure 24 includes also élxperimental
and numerical results with and without slots foe thaseline flow. The trend in the numerical residtagain
consistent with the experimental findings. Nevelghg, the selected numerical approach predictegaraeduction
of the lift coefficient due to the larger decrea$eirculation on the trailing-edge flap. This hag disadvantage of
deviating from measured baseline flow, but keegsativantage of allowing the study of this AFC tegba for
slightly larger separations on the flap. Thus, tlgher computed lift gains compared to the expentmesult on a
topology with a higher potential for the separatommtrol, and depict that even at low energy corgion (G, =
0.1%), the aerodynamic enhancement can be signifid&, =0.21).

C.H

inclusion of
actuator-slots

_ + e
¢ (0=7°, Re,=1.5x10°, M=0.2

|
1 ] | | ]
02 0 0.002 0.004 0.006 0.008 0.01

VII. Conclusions

Active flow separation control investigations weried out for a 3D high-lift wing-body configuiat under
low speed atmospheric tunnel conditions. For a Maamber ofVi=0.2 and Reynolds number &e=1.5x10° the
experimental results confirm the concept for thésgd blowing from the flap shoulder as a suitaldel tfor
delaying or suppressing local flow separation vetremarkable global aerodynamic enhancement. Téeessful
and unique experimental setup is a relevant subjectCFD analyses. The verification of the numdrica
investigations points out that large computatidimaés are required for a consistent evaluatiornefiinsteady flow.

It is highlighted that the URANS AFC simulationedeasible with the compressible solver DLR-TAU-Eodihe
numerical results are of acceptable agreement inpadson with the experimental findings and offer wiable
details of the flow topologies. The changes for #eeodynamic coefficients over time do not showeatreme
variation, e.g. maximum 5 lift counts for the Idbefficient when AFC is applied. The global liftremcement is
mainly triggered by increments in the main wingface distribution as result of the improved cirtiada at the
trailing edge flap. The flow patterns at differdaddwing momentum coefficients indicate that a fertbptimization
of the energy consumption may be achieved. Thearnbftap shows the local separation suppressio@fer0.2%,
while only at G = 0.4% a fully attached flow is computed for thebmastrd flap. At the highest investigated blowing
momentum, G= 0.4%, the lift gain is estimated AC, =0.38, while for a ¢ of only 0.1 % a gain of 21 lift counts
was computed. In direct comparison with the expenital findings the numerical results show overeastéd lift
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gains for fixed blowing momentum coefficients. Teagsults are consistent since the limitationshef tunnel
testing remarkably disturbed the targeted actuaiequare-shape signals at high frequency and arsidered as
the main trigger for lower lift increments in th&periments. However, the trends are in reasonafpleeament
between the numerical- and experimental- findidgfurther strategy to better use the available méshmay be to
verify the impact of the “disturbed” jet velocitygdiles by means of URANS simulations.
Nevertheless, all aerodynamic investigations haeenbconducted for a unique high-lift model with a

comparatively high-complexity. Both the experimérgad the numerical application will contributettee further
development of this AFC technique.
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