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Summary

In this paper a new approach of CFD supported wind tunnehtpss presented
based on investigations of the DLR project ForMEX [1] - [3h€lnumerical sim-
ulation and respectively the analysis of the wind tunnelegxpent considering all
geometrical and aerodynamic conditions show improvenednésiay’s wind tunnel
testing techniques which is outlined in this paper for thediunnel DNW-NWB.

1 Introduction

For the design of new aircraft configurations the wind turengderiment still rep-
resents an indispensable tool in order to predict the a@adjc performance of
single aircraft components as well as the overall configmmeand respectively to
validate numerical procedures. In this context extrapmtatf the wind tunnel tests
to free flight conditions within this process contains certaaccuracies.

The wind tunnel flow does not correspond to the free flight beeaf wall and
model mounting effects. In order to minimize these influertoea large extent, data
corrections of the wind tunnel tests are performed, whicticupow are based on
simple procedures and hand book methods. The wind tunnedureraents usually
are performed with smaller models compared to the origarad, the extrapolation
to real conditions is done by each aircraft company using thven extrapolation
procedures. Aerodynamic performance data resulting fiemind tunnel experi-
ment therefore are still affected by certain systematiersrr

During the last years advanced modern procedures for CFD diowlation
have been further developed. In particular by the use ofuctstred codes for the
flow simulation around complex configurations and geometilso complete wind
tunnel flows can now be handled with the required accuracyjastdied effort.
Thus the critical examination of existing wind tunnel catien procedures and
their improvement is made possible, leading to more rediglsbcedures for the
prediction and extrapolation of the wind tunnel experinterftee flight. Within the
DLR project ForMEx the numerical simulation and respedyitbe analysis of the
wind tunnel experiment considering all geometrical anddgnamic conditions is
performed in order to improve the wind tunnel testing teqei described above.



In the process also model and model mounting deformatiansa@nsidered using
flow/structure coupling methods. From the deviations detéby careful compar-
isons of the experimental data with the results of the nuraésimulation of the
experiment correction rules will be derived. On the one hheg will help to iden-
tify the limits of existing wind tunnel correction methodsdapossibly will lead
to certain improvements, on the other hand they also willeséor validation and
improvement of numerical methods.

Based on the ForMEXx project work the present paper desadtieeSFD poten-
tials to support wind tunnel testing in the low speed windheirDNW-NWB with
a transport aircraft half model mounted in the test section.

2 Numerical Method

The solution of the Reynolds-averaged Navier-Stokes @qnsi{RANS) is car-
ried out using the hybrid unstructured DLR TAU code [4]. Foe ttlosure of the
Reynolds-averaged equations the8ST turbulence model of Menter is used,
which combines robustness with the applicability for padétached flows. Due
to the low Mach numbers and the resulting stiffness of the BAdduations, low
Mach number preconditioning is used. Finally, the cent&dldcheme in combina-
tion with 80% matrix dissipation assures numerical flow #ohs with low numeri-
cal dissipation. To increase the convergence, an impilng-tintegration (LU-SGS)
is implemented in the TAU code.

3 Resaults

Strongly coupled with the experimental simulation of highdonfigurations in the
wind tunnel is the so called half model technique. It resinisn the demand of the
same Reynolds number in free flight and wind tunnel experirteeget the flight
physics as real as possible in the wind tunnel experiment.

On this point the half model technique is introduced usirggabsumption of a
symmetrical flow around the aircraft by cutting it on the syetry axis along the
fuselage and measure this configuration in the wind tunrehdthis technique the
model size can be doubled without changing the test sectidrgatting a doubled
Reynolds number holding all other parameters constant eosdgo the full span.

A reduction in the quality of the measurements results froenibcreased wind
tunnel interference resulting from the model volume andhioeinting of the model
on the tunnel floor or ceiling, in which the model is partiatiyvered by the tunnel
wall boundary layer. To reduce this influence and to redueadtbturbance of the
symmetrical flow the fuselage is often mounted on a cyliradrextension of its
symmetry cut called peniche or stand-off.

But even using a peniche a completely symmetrical flow in yimersetry plane
cannot be achieved, due to the horse-shoe vortex betweérhpean tunnel wall.
Because of this, the unsymmetrical flow cannot be elimind&tgdhanging the
peniche height and this behaviour always leads to a difterbetween a half model



compared to the full span model measurement. Only the aispiant of the peniche
will vary in case of a peniche height change.

3.1 Mode and Wind Tunne

In this paper the ALVAST transport aircraft geometry in larglconfiguration is
considered in the wind tunnel DNW-NWB. The ALVAST model is angric con-
figuration of a modern, twin-engine transport aircraft camgle with an AIRBUS
A320 in scale 1:10. Beside the wing this landing configurationsists of a single
slat and a single slotted flap which is split into an inner antéopart [5].

The low speed wind tunnel in Braunschweig (DNW-NWB) is an egpheric
wind tunnel of Gottinger design with a closed loop. The ¢arion of the tunnel
was finalized 1960 and the tunnel is integrated since 199&iGerman-Netherland
wind tunnels (DNW). The test section has the size of 3.25 n8xn2and reaches a
flow speed of 90 m/s at an maximum drive-power of 1.4 MW.

3.2 Numerical Simulation of a Wind Tunnel

The peniche plays an important role for the half model tegha&iand therefore it
also has been considered and simulated in the investigdg¢iseribed in this paper.
On the peniche as well as on the fuselage the boundary laykeahodel and the
tunnel wall interacts. Therefore the tunnel wall on whick thodel was mounted
has to be simulated viscid. The remaining walls can be tddatéscid to reduce the
numerical effort. However with an increasing angle of dttand thus blockage a
wind tunnel model has a remarkable influence on the boundgey lof the tunnel
walls. Because of this all tunnel walls are treated viscaukis simulation.

In principle the numerical simulation of a wind tunnel canlude the complete
tunnel with test section, diffuser, direction change, erisettling chamber and noz-
zle. Indeed this would be an additional effort to simulateititrinsic flow in the test
section. Therefore it would be sufficient to simulate only tlst section with an in-
and outflow. But the shape of the boundary layer on the tunabi$at the inflow is
not known. By adding the nozzle and the settling-chambérésimulated domain
this problem can be solved because the flow straightenersin 6f the settling
chamber remove the boundary layer and for this reason thet@ipelogy can be
handled numerically at this station.

The boundary conditions for the simulation of the in- andflout serve at the
same time for the control of the flow speed in the numericatitimnel. A detailed
description can be found in [6] and shall not be repeated here

To change the angle of attack of the model in the wind tunnehduhe ex-
periment a turntable on the tunnel floor is used. To simukdtertumerically in the
current investigation the Chimera technique is used. Toex¢he tunnel is meshed
without the model, afterwards the volume is cut out in whilel tonfiguration is
rotated at different angles of attack. In this volume an sdayid is inserted includ-
ing the model. To assure the communication between botls gridche boundaries
an overlap was used [7]. The final grid consists of al2dut10° points.



Three configurations have been used to identify the winddLinfluence on the
flow for a high lift configuration under consideration of thalfhmodel technique.
In Table 1 these configurations are listed. By simulatindnvaitd without peniche
and accordingly with wind tunnel and free flight a breakdowrhie influence of
a finite test section (wind tunnel influence) and the half nhéelehnique (peniche
influence) can be done.

The simulations were accomplished using the followingdtesam conditions:
V = 60m/s, Re = 1.435-10° with a reference length df = 0.41 m.

Further investigations have been carried out on the pemjapepeniche height
and influence of the wing-fuselage junction on maximumifiis additional inves-
tigations are not shown in this paper, details can also beddu[6].

3.3 Peniche and Wind Tunnel Effect

To determine the wind tunnel influence and at the same timéstmguish it from
the peniche influence in this section the so called "diffeegpictures” are used. In
this pictures the flow variables angle of attack, lengthwaisd crossflow velocities
of two configurations are shown in cuts perpendicular to thedtream and to the
wing span direction. Thereby the values of the first soludomdeducted from the
solution of the second configuration. Thus these "diffeeepictures” (Fig. land
Fig. 2 show the changes between two configurations which otherais difficult
to detect. Comparing the local angle of attack for configaretwith and without a
peniche in the wind tunnel (conf. A&B) it can be found Fig. \1laat the peniche
leads to an increased local angle of attack on the inboard efimboutAa ~ 1°
whereas the outboard wing is not influenced. The influencéetunnel walls in
contrast (conf. B&C, Fig. 1b) results in an additional araflattack on the complete
wing span of aboutAa = 0.5°. The superposition of both effects can be found
accordingly between the configuration A&C, Fig. 1c.

The reason for this peniche effect is by the additional hileglof the peniche
in the flow field. This leads to an additional displacementefflow leading to an
increased flow speed and local angle of attack on the modéh. ireasing angle
of attack this effect increases. Further on with increasiisgance (e.g. along the
wing span) this peniche effect decays. Around the fuselagetarplay between the
peniche and wind tunnel effect can be found. ConsideringZéghe main influence
of the angle of attack can be found in proximity of the fuselagpecially in regions
where the horse-shoe vortex is located. The wind tunneteifiecontrast leads to
an increased angle of attack in front of the model of ahfut~ 1° and behind
the configuration to an additional value of abalx ~ 4° compared to the free
flight, Fig. 2b. The reason is the downwash of the wing, whighnot spread out
downwards because of the wind tunnel wall. Again these &ffae superimposed
on configuration A&C.

Concerning the crossflow velocity the peniche influence léeates the flow
above and accelerates the flow below the fuselage, in bo#s cdsaboutAV =
+1 m/s, whereas the wind tunnel influence has no effect (see FigBdgause
of the spatial reduction of the peniche influence the crosstlelocity is mainly




changed on the inboard wing. The lengthwise velocity is eated because of the
peniche influence in front of the model and accelerated athevenodel because of
the wind tunnel effect. These wind tunnel effects lead toalgeconstant acceler-
ation of aboutAu = +0.5 m/s on the complete wing span superimposed by the
peniche influence on the inboard wing. In the same mannerfassttbe effects are
superimposed in configuration A&C.

Concluding the peniche effect, the flow around the fuselagllae flow deflec-
tion are increased leading to an increased flow velocity aodllangle of attack on
the inboard wing. The strength of the peniche effect is floeeea function of the
angle of attack and changes the lift rise, compare Figuther on the configura-
tion without peniche has a reduced lift coefficient of 2.6%oalThe peniche effect
can be found at all angles of attack because the displaceshitig peniche always
takes place.

From the lift curves a change in the maximum angle of attackbesfound with
and without peniche. With peniche the maximum angle of kttacata = 15°
whereas without peniche at = 15.5°. In this case the additional load on the in-
board wing due to the peniche reduces the maximum possigle ahattack. If this
behaviour is triggered by the peniche it is mainly decidedenbe flow separates,
first on the inboard or outboard wing. In the first case the gfemincreases the
load on the inboard wing and intensifies the lift breakdoweréh Using half model
measurements this effect must be always keept in mind.

Comparing the lift curves of configuration A&C (Fig. 3) it itearly visible the
one got from the wind tunnel simulation is shifted above the of the free flight.
The reason is the wind tunnel effect which leads to an inangagle of attack and
flow velocity. The peniche effect leads simultaniously toirereased gradient of
the lift curve compared with the free flight.

3.4 Wind Tunnel Correction

In Fig. 3 the corrected and uncorrected lift curves from theasurement in the
wind tunnel DNW-NWB are shown with the corresponding nurcersimulations
in the tunnel and the free flight. Configuration A correspotadthe uncorrected
measurement, configuration C the corrected one. The camdspy curves of the
measurement and the simulation show a good agreement iiméfae fange.

To get a more detailed assessment of the wind tunnel casrewithout regard-
ing a measurement and with removing possible measurenrens ¢ne lift curves
of the simulation in the wind tunnel are corrected with windrel correction and
compared to the lift curves of the free flight. The wind tunoeirection is well
defined, if this corrected results correlate with free fligimulations. The results
are shown in Fig. 4or configuration A (in wind tunnel), uncorrected and coteel;
and for comparison configuration C (in free flight). The coteel lift curve of the
configuration matches the lift curve of configuration C witklightly higher gradi-
ent and a little bit increased level. The corrected lift @iof configuration B has a
slightly reduced gradient and a lower level compared withftee flight. Without
peniche there is no additional displacement which can cosgie the boundary




layer of the tunnel wall. On the other hand with peniche tlepldicement increases
with increasing angle of attack and leads to an only poirsewnatching of the
corrected wind tunnel measurement and the free flight vadses function of the
peniche height.

Overall the used wind tunnel correction shows a good agreemehe linear
range of the lift curve with the numerical simulations. Heeethe peniche effectis
not corrected, especially in its spanwise variation. Tégsls to spanwise differences
in the pressure distributions (not shown here, compare &ithermore caused by
the variation of the displacement with the angle of attaektind tunnel correction
can only be applied for one angle of attack.

4 Conclusion

A new approach of CFD supported wind tunnel testing is prieseim the present
paper based on investigations of the DLR project ForMExMEX is aimed at more
accurate wind tunnel correction methods and improved patagion to free flight
conditions by using CFD techniques for the complete winai&lflow analysis. The
results show that the numerical simulation is able to idgiltie limits of existing

wind tunnel correction methods and thus can be used as loaisigptove today’s
wind tunnel testing techniques outlined here for the winthl DNW-NWB.

To achieve these results the test section including theladagether with the
ALVAST high lift configuration as half model and the ALVAST Ifispan model
in free flight have been simulated in order to investigatelth model (peniche)
effect as well as the wind tunnel influence. From this ingzgton the following
statements can be outlined: The impact of wind tunnel on the firound a half
model can be divided in a peniche and a wind tunnel influenbe.l@cal angle of
attack and the flow velocity is increased mainly in the inblgzairt of the wing due
to the peniche influence. The wind tunnel wall effect also &ranfluence on the
inboard wing, but with a smaller value. Therefore the winoel influence can be
mainly found at outboard wing parts whereas its effect is@néover the complete
cross section. When reducing the angle of attack of the mibgetorresponding
effects also decrease.
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configuratiofwith penichgwithout penichgwind tunnelfree flight
A o o
B 0 0
C 0 o

Tablel Investigated Configurations

Figurel Difference pictures of (left to right): angle of attack, ssflow velocity in x- and
z- direction. First row (a): config. A&B, second row (b): canB&C, (c): config. A&C.Cut
through the test section in flow normal direction in front foé wing.
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Figure2 Difference pictures of angle of attack (top), crossflow eéjox- (middle) and z
(bottom), left: (a) config. A&B, right: (b) config. B&C. Cut tbugh the test section in flow

direction at the peniche.
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Figure3 Lift curves of config. A with andrigure4
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Lift curves of config. A&B with

without wind tunnel correction to free flighand without wind tunnel correction to free

comparison with free flight simulation C.

flight, comparison with free flight simulation.



