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Abstract

Complex configurations such as transonic transgicstafts are well suited for testing modern taaflaircraft de-
sign. These tools are computer based systems hasweind tunnel test devices. This paper repdrtaiacom-
bining theoretical, numerical and experimental téghes to analyze and influence specific aerodynami
phenomena such as the flow quality in the wing ewvet.. Large size wind tunnel models are needenwéstigate
the flow around such specific parts of the modéke &im of controlling transonic flow quality at theng-body
junction in a small wind tunnel has motivated tlesign for an incomplete and modular configurat®pecific
devices are needed to simulate a lift distributiesulting from the complete model: Circulation GohSplitter
Blades (CCSB) are replacing the wing tips. The stigated high wing configuration is a generic mddela new
military transport aircraft. The model, called theR-F9, was tested at the transonic wind tunnel @)t the
DLR Géttingen. Results from numerical simulatior anfirst set of experiments using CCSB’s are rigubr

1. Introduction

Our knowledge base about supercritical wing teatgwl[1] is used to define shapes which will hayeoaitive
influence to the aerodynamic efficiency of an aiftrWith very local shape modifications often leayto a bet-
ter aerodynamic performance, it is necessary te lsérong control of the geometric data. The preseestiga-
tion is focused on the wing-root area of a highguiransport aircraft configuration. The wing-bodwgtion is of
particular interest.

In this paper investigations on a high wing confaion are described with a model called the DLR-H8s con-
figuration is laid out for research with adaptiveponents. Due to the modular construction of tleelehit is
possible to interchange different aerodynamic camepts.

A relatively large model is needed for wind tuntests to investigate the role of local geometryatams, Here,
a model scale of 1:30 was found suitable and red&ukh model span of ~1.2m. To fit the model ifte adaptive
test section of the 1x1m Géttingen transonic wimthel (TWG), the wing tips had to be cut off anplaeed by
control devices to ensure the local flow qualitytg incomplete aircraft model, which is compaeata the com-
plete configuration with wing tips. Due to theiles@urpose of influencing the spanwise lift distion, we call
these control deviceSirculation Control Splitter Blades (CCSB). Allowing for a more or less comfoktaad-
justing of these devices, the present goal is tdrobthe local flow quality in the wing-body junch area. This
should be feasible in a first experiment; laterghecedure might be accelerated by automated device
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Figure 1: Lift distribution on a finite wing; load deiction on the wing with clipped tips.



In the following, the theoretical concept for CCStrived from basic lifting wing aerodynamics igpkined.

Some numerical results for simple wings, using 20 aD flow analysis codes will show that there aeous

options to define the geometrical shapes of CCSBis.practical applications in the present casdystwe use
the results of an Euler code analysis of the flmhdfaround the complete wing-body configuratiom$timate the
range of adjustable CCSB’s mounted on the clipped wips in the wind tunnel.

2. Aerodynamics of incomplete wings

The distribution of aerodynamic load on a speaifing of finite span in the simple, classical ca$eneiscid
flow, is determined by lifting wing theory. An idegliptic load (circulation) distribution is sketched in Figure 1
as function of the span. A clipping of the wingstipould result in a substantial reduction of botaltlift and sec-
tional load, also in the center section.

Maintaining the elliptic distribution of the origahwing along the wing with clipped tips would régumeans to
control the flow around these clipped tips, suclerd plates contoured like stream surfaces ofltwe fpast the
original wing..

Maintaining the elliptic distribution of the origghwing along the wing with clipped tips would régumeans to
control the flow around these clipped tips, suclerd plates contoured like stream surfaces ofltwe fpast the
original wing.

Flow analysis codes and a field evaluation posgssing are needed for a systematic design of datéspo be
mounted onto the clipped wing tips. Simple 3D flgvest a swept wing and past an elliptical wing vwstuslied
to determine the geometrical details of platesioimg the ideal flow to a physically limited portiof the wing.

Swept wing theory allows an efficient use of 2Cf@lranalysis CFD codes to determine the flow gastnfinite
swept wing. Experiments carried out [2] with elefseaf such wings mounted between wind tunnel wals
quired a contouring of the walls to compensatdtierenforcing of plane flow boundaries. Figure @strates the
application of swept wing theory to create a sweipg element between suitably contoured wall boueda2D
airfoil flow with the normal component of the Maolhmber plus a tangential component allows for irgtgg
the flow field starting from selected upstream Hoss.

Figure 2: Swept wing and experimental setup for satind) an infinite swept wing with contoured sidi
walls.

Differences in upper and lower flow vector disttibas result in a gap of a stream surface at tikrtg edge, see
also Figure 3. This gap is proportional to circuatand therefore poses a major problem for runtests with

varying angle of attack and hence varying lift: gtilae contoured walls allowing for gap variationswd be

needed. For model calculations we used Drela'sibiahalysis code, extended to an expert systemafd] our

3D CFD postprocessing software HIGHEND [4].

The technique of contoured walls is well-known bequires substantial modifications to the wind gin®ur
goal is to minimize these additions and make thamgf the wind tunnel model itself. This seemsozable for
the planned investigations of local flow phenombaotimay open other possibilities for future testiidpartial
models in small wind tunnels’.



Figure 3: Stream surface integrated from infinite ptveving flow field, starting from given initial cue c
Note the discontinuity downstream of the wing ingiledge.

Another set of results was obtained from applyimga CFD Euler/Navier-Stokes code [5] to a fini28ing in
transonic flow. Stream surfaces near the wing dips for varied angle of attack were computed, métion is
obtained for the proportionalities between lift ayap size, and to test the CFD code for a detaihedysis of the
complete wind tunnel configuration with CCSB’s. &ig 4 and Figure 5 illustrate results for streamame$ near
the wing tips. Similar to the 2D phenomena govegrniitfinite swept wing contoured walls, we obserfattthe
stream surface has strong twist near the wing seiffiiesulting in the above mentioned gap, and &gbing an
undisturbed sidewall plane in larger distance ftomwing, corresponding to the far field behavibthe 3D lift-
ing wing horse shoe vortex singularity.

Figure 4: Stream surfaces past elliptic wing at 90¢halfspan, larger gap resulting from higher lift.



schematic tunnel cross section view
with CCSBs

Figure 5: Swept wing in wind tunnel: Finite size at®iof contoured CCSB's with smoothened gap. (F
posal for an experiment to study swept wing shazkaliary layer interaction control).

3. Design of Circulation Control Splitter Blades (CCSB’s)

Practical devices simulating a bounding streamaserfshould be finite and adjustable to variousutatons.
Relative to model size and to the wind tunnel csmssion a choice has to be made for the size laayoesof end
plates serving as special winglets (CCSB’s) forwdation control across span between the devicesptomises
have to be made and parametric investigations semrassary. Figure 5 shows an idealized geometrhéor
CCSB's, based on the integration results with acthrened gap and at most only suitable for one avfgig¢tack.

For a 3D wing-body configuration, the complete maslaecessary if aerodynamic performance is tmbasured.
For detailed studies not requiring the integrahdatpartial model to increase the model scalesutiice if chang-
es in the boundary conditions are under controtuBimg investigations on the fuselage and wing aweg, we
may cut off the wing tips if we compensate for kbgses in circulation near the wing center plangute 1). For
the configuration to be further explained below; effiorts to control this compensation are illutchin Figure 6:
An inviscid (Euler) CFD flow simulation sheds lightthe flow quality in the plane of constant spérere a CCSB
is planned to replace the wing tip. A practicalité size CCSB to be chosen suitably is designedlatype double
winglet with antisymmetrical adjustable flaps. Figé (below) shows a finite size CCSB with a syminatrsec-
tion and flaps, it is the device chosen for appiarato the clipped wings DLR-F9 experiment
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Figure 6: Flow deflection in plang = 0.6 (M,=0.74, a(C__ \ing=0.6)) (above); actually built CCSB wit
flaps (below).

4. DLR-F9: test case for CFD and CAD

The goal of providing precisely defined case stadie the development of computational aerodynariscs
achieved in a satisfactory way if surface geomdtta for aircraft and its components are createdifoitrary
preprocessing of CFD and experiment. This requgexsmetry definition for both CFD grid generatiorddor
CAD experimental model data production. At the DinRG6ttingen a first case study DLR-F5 [6] was teea
experimentally tested and both the surface geonagtyexperimental results made available to the €&bDmu-
nity. This configuration consists of a clean wiradftmodel in a closed wind tunnel, with a largetspt blade and
suction device removing the tunnel boundary layemfthe wall where the wing is mounted. Providingei-
mentally measured inlet, exit and wall flow conglits, boundary conditions for a transonic flow peoblare
completely defined and have been used by variaesarehers for development of their Navier-Stokekeso

Figure 7: DLR-F9: general arrangement in TWG windrieh



Figure 8: Unstructured grid for Euler flow simulation

With the new case study DLR-F9 (Figure 7), this itiad of providing a precisely defined shape is toaned.
This time it is a wing-body configuration derivebrin a complete aircraft generated with our geomgiof
([71.I8]), plus geometry defined for model suppgting, sword) in the adaptive section of the teams wind tun-
nel and - our topic in this paper - CCSB's moumteclipped wing tips (Figure 6). This configuratibas modular
structure; parametric variation of the wing bodwdture is the primary target of comparing experitneith re-
sults from computational optimization strategiesithermore, the aerodynamically critical componefithe af-
terbody and the wheel gear box may be interchanfyidwing the advice to be given by computational
optimization. These phenomena are to be observeeriexentally in the area of the fuselage, with agnugiven
and (for this series of investigations) not to beied.

For this incomplete wing with clipped tips, the uedd aspect ratio has to be compensated by CCBidirst
experiment with this configuration is aimed at itggtthis auxiliary device itself, besides collegtidata with a
first set of modular parts.

Numerical simulation of the complete configuratigithin the wind tunnel TWG is carried out to seleptimum
flaps deflection for a few flow conditions (Ma). Euler analysis must suffice for this first apgeb, with a flow
anglea correction expected to become necessary in therement. The code [5] requires an unstructured grid
(Figure 8), which was generated with a commerciaDCdystem [9] after the geometry preprocessor soéwa
provided dense surface grids for each component.

Adjustment of the flaps deflection was first estiathfrom the previous computation of the flow pagtens in the
CCSB span plane for the unclipped wing (Figure ®&va. This idealized result and basic aerodynamiisicer-
ations for airfoils with flap suggested a choicdlap deflections of 1Doutwards for the lower half and of Af-
wards for the upper half of the CCSB (Figure 6, b@loThis configuration was computed and pressure
distributions were compared with the unclipped witaga. The wing was designed fog,M 0.72 using geometry
preprocessor functions with parameters which ased@n an earlier research project collaboratidh thie air-
craft industry [10]. Pressure distributions showb@rs parallel to the lines of constant sectiorrdtamd also the
stronger shock in off-design conditions {M 0.74, G = 0.6) which sits at nearly constant chord from tibot to

the tip. A measure of obtaining the circulatiortlté complete wing in the inner portion of the cBppwving with

a suitably adjusted CCSB is therefore the presdigtebution and the shock location.

Another sensitive measure is the size of the visedlsonic bubble, compared to the one on the ymetl wing



Figure 9: Visualization of sonic surfaces on originghg and on clipped wing with CCSB’s.

Figure 9 shows an overlay of the graphics for bd@Gimulations: the configuration with full wing free flight
and the clipped wing with CCSBs and model suppdtinwthe wind tunnel. Displayed are the sonic Haebbor
both cases, showing the area of relatively undistirwing flow on the clipped wing up to a span elts the
CCSBs. Wall interference, displacement and circutagieneration show that the CCSBs themselves eeplyl
immersed in the local supersonic flow bubble. Aaded analysis will suggest how this device in film@ire may
be refined.

5. First experiment with DLR-F9

The confirmation through numerical simulation ttiee concept of CCSB with flaps may work in practdata of
all components for a CAD system were provided leygaometry generator and the model was manufactifed
stress here the use of the same software to serpgeeprocessor for both CFD and CAD input data ypetdn.
The present case study serves the purpose of rdighése two routes in applied aerodynamics asehipeark
example. Figure 10 shows a photograph of the modisle Gottingen wind tunnel test section.

The first experiment, in addition to running a wdgkries of Mach numbers and angles of attackaivasd at
selecting a 'best fit' to the numerically founduastinent of CCSBs. For this purpose, a run-time datdysis was
used during the experiment to decide whether theegat worked and where the design criteria were Aedpid
and effective detailed analysis of the flow fieldswnecessary. The analysis involved the evaluafigmessure
distribution and local lift at various cross sen8mf the wing (see Figure 11) as well as an autiordatection of
the shock position along the wing span. This wasethout with a special advanced data processiog11].

Figure 10: DLR-F9 wind tunnel model in Géttingen tehifWG.
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Figure 11:

As mentioned above, one of the selection critesiad&fining a set of flow parameters that allowsvalid aero-
dynamic testing with corrected scale and wing iclfjuence was the position of the shock on the ugpeface of
the wing, for the selected flap deflections of @&SBs the shock should be parallel to the traiédge of the
wing.

The software provides extraction of the shock parsiby analysis of the steepest gradient in thesune distribu-
tion after interpolating the pressure profile. Tisiperformed for all measured cross sections efiting.

Figure 12 shows a comparative visualization of theck position x versus chord length c of the four wing sec-
tions plotted against angle of attawkThe CCSBs fit optimally to the flow conditionstlife shock positions coin-
cide to a reasonable accuracy which indicates ekslooation at constant chord or in general, a flowthe upper
wing surface equivalent to that on an unclippedgwin
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Figure 12: Lift coefficient and shock location vsgémof attack, four wing sections. (Flow parameteqsiiv-
alent to Figure 11)



Extracting the shock position for a series of flomigh varying angle of attack, as shown here, aflda detect
trends in the motion of the shock wave. This mayded for an optimized procedure to adjust thegtesingle of
attack for a given set of CCSBs. The diagram shinasthe desired condition seems to be fulfilletiroglly at

an angle of attack af = 4.5

For additional information the lift curves are péat in the same window. This is important to chieclflow sep-
aration and the appearance of buffet conditionsid&s the four wing sections of interest here, aresmeasure-
ments on selected body sections, as well as roliingrag and moment measurements were carri¢fl@] and
represent the first part of data for this studyhvetseries of modular model components.

6. Conclusion and future prospects

An experimental transonic wing-body configuratioithnan incomplete wing has been developed to afilaw
special investigations in the wing-root area. Téehhique of using a new device for circulation colnat the
clipped wing tips has been described, numericaihyukated and verified in a first experiment. Thevide is a
special winglet and is termed here Circulation @ariplitter Blade (CCSB).

Its use is planned for parametric variations of EtdR-F9 modular transport aircraft model to stublg tole of
variable and optimized components in the wing-bjehgtion area. Adaptive components should also @ruse-
ful for other concepts influencing local phenomenah as shock-boundary layer interaction control.
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