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Abstract

In this paper a new approach of CFD suppor-
ted wind tunnel testing is presented based on
investigations of the DLR project ForMEx [1,
2]. The numerical simulation and respectively
the analysis of the wind tunnel experiment con-
sidering all geometrical and aerodynamic con-
ditions show improvements of today’s wind tun-
nel testing techniques which is outlined in this
paper for the wind tunnels DNW-NWB and
ETW.

1 Introduction

For the design of new aircraft configurations the
wind tunnel experiment still represents an indis-
pensable tool in order to predict the aerodynam-
ic performance of single aircraft components as
well as the overall configuration and respect-
ively to validate numerical procedures. In this
context extrapolation of the wind tunnel tests to
free flight conditions within this process con-
tains certain inaccuracies.

The wind tunnel flow does not correspond to
the free flight because of wall and model
mounting effects. In order to minimize these in-
fluences to a large extent, data corrections of
the wind tunnel tests are performed, which up to
now are based on simple procedures and hand
book methods. The wind tunnel measurements
usually are performed with smaller models
compared to the original, and the extrapolation
to real conditions is done by each aircraft com-
pany using their own extrapolation procedures.
Aerodynamic performance data resulting from
the wind tunnel experiment therefore are still
affected by certain systematic errors.

During the last years advanced modern proced-
ures for CFD flow simulation have been further
developed. In particular by the use of unstruc-

tured codes for the flow simulation around com-
plex configurations and geometries also com-
plete wind tunnel flows can now be handled
with the required accuracy and justified effort.
Thus the critical examination of existing wind
tunnel correction procedures and their improve-
ment is made possible, leading to more reliable
procedures for the prediction and extrapolation
of the wind tunnel experiment to free flight.
Within the DLR project ForMEx the numerical
simulation and respectively the analysis of the
wind tunnel experiment considering all geomet-
rical and aerodynamic conditions is performed
in order to improve the wind tunnel testing
technique described above. In the process also
model and model mounting deformations are
considered using flow/structure coupling meth-
ods. From the deviations detected by careful
comparisons of the experimental data with the
results of the numerical simulation of the exper-
iment correction rules will be derived. On the
one hand they will help to identify the limits of
existing wind tunnel correction methods and
possibly will lead to certain improvements, on
the other hand they also will serve for valida-
tion and improvement of numerical methods.
Based on the ForMEx project work the present
paper describes the CFD potentials to support
wind tunnel testing in the low speed wind tun-
nel DNW-NWB with a transport aircraft half
model mounted in the test section and the tran-
sonic wind tunnel ETW with a transport aircraft
full span model at cruise condition.

2 Numerical Method

The solution of the Reynolds-averaged Navier-
Stokes equations (RANS) is carried out using
the hybrid unstructured DLR TAU code [3]. For
the closure of the Reynolds-averaged equations



the k-®-SST turbulence model of Menter is
used, which combines robustness with the ap-
plicability for partly detached flows. Due to the
low Mach numbers and the resulting stiffness of
the RANS equations, low Mach number precon-
ditioning is used. Finally, the central JST-
scheme in combination with 80% matrix dissip-
ation assures numerical flow solutions with low
numerical dissipation. To increase the conver-
gence, an implicit time-integration (LU-SGS) is
implemented in TAU code. All shown results
are computed with fully turbulent flow.

3 Results

3.1 Half Model Technique on Example of a
Low Speed Wind Tunnel DNW-NWB

Strongly coupled with the experimental simula-
tion of high lift configurations in the wind tun-
nel is the so called half model technique. It res-
ults from the demand of the same Reynolds
number in free flight and wind tunnel experi-
ment to get the flight physics as real as possible
in the wind tunnel experiment.

On this point the half model technique is intro-
duced using the assumption of a symmetrical
flow around the aircraft by cutting it on the
symmetry axis along the fuselage and measure
this configuration in the wind tunnel. Using this
technique the model size can be doubled
without changing the test section and getting a
doubled Reynolds number holding all other
parameters constant compared to the full span
model.

A reduction in the quality of the measurements
results from the increased wind tunnel interfer-
ence resulting from the model volume and the
mounting of the model on the tunnel floor or
ceiling, in which the model is partially covered
by the tunnel wall boundary layer. To reduce
this influence and to reduce the disturbance of
the symmetrical flow the fuselage is often
mounted on a cylindrical extension of its sym-
metry cut called peniche or stand-off.

But even using a peniche a completely symmet-
rical flow in the symmetry plane cannot be
achieved, due to the horse-shoe vortex between
peniche an tunnel wall. Because of this, the un-
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symmetrical flow cannot be eliminated by chan-
ging the peniche height and this behaviour al-
ways leads to a difference between a half model
compared to the full span model measurement.
Only the displacement of the peniche will vary
in case of a peniche height change.

3.1.1 Geometry / Configuration

In this paper the ALVAST transport aircraft
geometry in landing configuration is considered
in the wind tunnel DNW-NWB. The ALVAST
model is a generic configuration of a modern,
twin-engine transport aircraft comparable with
an AIRBUS A320 in scale 1:10. Beside the
wing this landing configuration consists of a
single slat and a single slotted flap which is split
into an inner and outer part by a thrust gate [4].
The low speed wind tunnel in Braunschweig
(DNW-NWB) is an atmospheric wind tunnel of
Gottinger design with a closed loop. The con-
struction of the tunnel was finalized 1960 and
the tunnel is integrated since 1996 in the Ger-
man-Netherland wind tunnels (DNW). The test
section has the size of 3.25 m x 2.8 m and
reaches a flow speed of 90 m/s at an maximum
drive-power of 1.4 MW.

3.1.2 Numerical Simulation of a Wind Tunnel
The peniche plays an important role for the half
model technique and therefore it is also con-
sidered and simulated in the investigation de-
scribed in this paper. On the peniche as well as
on the fuselage the boundary layer of the model
and the tunnel wall interacts. Therefore the tun-
nel wall on which the model was mounted has
to be simulated viscid. The remaining walls can
be treated inviscid to reduce the numerical ef-
fort. However with an increasing angle of attack
and thus blockage a wind tunnel model has a re-
markable influence on the boundary layer of the
tunnel walls. Because of this all tunnel walls are
treated viscous in this simulation.

In principle The numerical simulation of a wind
tunnel can include the complete tunnel with test
section, diffuser, direction change, drive, set-
tling chamber and nozzle. Indeed this would be
an additional effort to simulate the intrinsic
flow in the test section. Therefore it would be
sufficient to simulate only the test section with
an in- and outflow. But the shape of the bound-
ary layer on the tunnel walls at the inflow is not
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known. By adding the nozzle and the settling-
chamber to the simulated domain this problem
can be solved because the flow straighteners in
front of the settling chamber remove the bound-
ary layer and for this reason the flow topology
can be handled numerically at this station.

The boundary conditions for the simulation of
the in- and outflow serve at the same time for
the control of the flow speed in the numerical
wind tunnel. A detailed description can be
found in [5] and shall not be repeated here.

To change the angle of attack of the model in
the wind tunnel in the experiment a turntable on
the tunnel floor is used. To simulate this numer-
ically in the current investigation the Chimera
technique is used. Therefore the tunnel is
meshed without the model, afterwards the
volume is cut out in which the configuration is
rotated at different angles of attack. In this
volume an second grid is inserted including the
model. To assure the communication between
both grids on the boundaries an overlap was
used [6]. The final grid consists of about 21x10°
points.

Three configurations have been used to identify
the wind tunnel influence on the flow for a high
lift configuration under consideration of the half
model technique. In the table these configura-
tions are listed. By simulating with and without
peniche and accordingly with wind tunnel and
free flight a breakdown in the influence of a fi-
nite test section (wind tunnel influence) and the
half model technique (peniche influence) can be
done.

configura- with without | wind tun- | free flight
tion peniche peniche nel
A o o
B o o
C o o

The simulations were accomplished using the
following freestream conditions: V = 60 m/s,
Re = 1.435 10° with a reference length of 1 =
0.41 m.

Further investigations have been carried out on
the peniche gap, peniche height and influence
of the wing-fuselage junction on maximum lift.
This additional investigations are not shown in
this paper, details can also be found in [5].
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3.1.3 Peniche and Wind Tunnel Effect

To determine the wind tunnel influence and at
the same time to distinguish it from the peniche
influence in this section the so called ,.differ-
ence pictures* are used. In this pictures the flow
variables angle of attack, lengthwise and cross-
flow velocities of two configurations are shown
in cuts perpendicular to the freestream and to
the wing span direction. Thereby the values of
the first solution are deducted from the solution
of the second configuration. Thus these ,,differ-
ence pictures® show the changes between two
configurations which otherwise are difficult to
detect. Comparing the local angle of attack for
configurations with and without a peniche in the
wind tunnel (conf. A&B) it can be found (Fig.
1a) that the peniche leads to an increased local
angle of attack on the inboard wing of about Ao

~ 1° whereas the outboard wing is not influ-
enced. The influence of the tunnel walls in con-
trast (conf. B&C, Fig. 1b) results in an addition-
al angle of attack on the complete wing span of
about Ao ~ 0.5° . The superposition of both ef-
fects can be found accordingly between the con-
figuration A&C, Fig. lc.

The reason for this peniche effect is by the addi-
tional blocking of the peniche in the flow field.
This leads to an additional displacement of the
flow leading to an increased flow speed and
local angle of attack on the model. With in-
creasing angle of attack this effect increases.
Further on with increasing distance (e.g. along
the wing span) this peniche effect decays.
Around the fuselage an interplay between the
peniche and wind tunnel effect can be found.
Considering Fig. 2 the main influence of the
angle of attack can be found in proximity of the
fuselage especially in regions where the horse-
shoe vortex is located. The wind tunnel effect in
contrast leads to an increased angle of attack in
front of the model of about Ao ~ 1.0° and be-
hind the configuration to an additional value of
about Ao ~ 4.0° compared to the free flight, Fig.
3. The reason is the downwash of the wing,
which cannot spread out downwards because of
the wind tunnel wall. Again these effects are su-
perimposed on configuration A&C.

Concerning the crossflow velocity the peniche
influence decelerates the flow above and accel-
erates the flow below the fuselage, in both cases
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of about Av =+ 1 m/s, whereas the wind tunnel
influence has no effect, Fig. 1. Because of the
spatial reduction of the peniche influence the
crossflow velocity is mainly changed on the in-
board wing. The lengthwise velocity is deceler-
ated because of the peniche influence in front of
the model and accelerated above the model be-
cause of the wind tunnel effect. These wind tun-
nel effects lead to a nearly constant acceleration
of about Au = * 0.5 m/s on the complete wing
span superimposed by the peniche influence on
the inboard wing. In the same manner as before
the effects are superimposed in configuration
A&C.

Concluding the peniche effect, the flow around
the fuselage and the flow deflection are in-
creased leading to an increased flow velocity
and local angle of attack on the inboard wing.
The strength of the peniche effect is therefore a
function of the angle of attack and changes the
lift rise, compare Fig. 4. Further on the config-
uration without peniche has a reduced lift coef-
ficient of 2.6% also. The peniche effect can be
found at all angles of attack because the dis-
placement of the peniche always takes place.
From the lift curves a change in the maximum
angle of attack can be found with and without
peniche. With peniche the maximum angle of
attack is at o = 15° whereas without peniche at
o = 15.5° In this case the additional load on the
inboard wing due to the peniche reduces the
maximum possible angle of attack. If this beha-
viour is triggered by the peniche it is mainly de-
cided were the flow separates, first on the in-
board or outboard wing. In the first case the
peniche increases the load on the inboard wing
and intensifies the lift breakdown there. Using
half model measurements this effect must be al-
ways keept in mind.

Comparing the lift curves of configuration
A&C (Fig. 4) it is clearly visible the one got
from the wind tunnel simulation is shifted
above the one of the free flight. The reason is
the wind tunnel effect which leads to an in-
creasing angle of attack and flow velocity. The
peniche effect leads simultaniously to an in-
creased gradient of the lift curve compared with
the free flight.
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3.1.4 Wind Tunnel Correction

In Fig. 4 the corrected and uncorrected lift
curves from the measurement in the wind tunnel
DNW-NWB are shown with the corresponding
numerical simulations in the tunnel and the free
flight. Configuration A corresponds to the un-
corrected measurement, configuration C the
corrected one. The corresponding curves of the
measurement and the simulation show a good
agreement in the linear range of the lift curve.
To get a more detailed assessment of the wind
tunnel correction without regarding a measure-
ment and with removing possible measurement
errors the lift curves of the simulation in the
wind tunnel are corrected with wind tunnel cor-
rection and compared to the lift curves of the
free flight. The wind tunnel correction is well
defined, if this corrected results correlate with
free flight simulations. The results are shown in
Fig. 5 for configuration A (in wind tunnel), un-
corrected and corrected, and for comparison
configuration C (in free flight). The corrected
lift curve of the configuration matches the lift
curve of configuration C with a slightly higher
gradient and a little bit increased level. The cor-
rected lift curve of configuration B has a
slightly reduced gradient and a lower level com-
pared with the free flight. Without peniche there
i1s no additional displacement which can com-
pensate the boundary layer of the tunnel wall.
On the other hand with peniche the displace-
ment increases with increasing angle of attack
and leads to an only point-wise matching of the
corrected wind tunnel measurement and the free
flight values as a function of the peniche height.
Overall the used wind tunnel correction shows a
good agreement in the linear range of the lift
curve with the numerical simulations. However
the peniche effect is not corrected, especially in
its spanwise variation. This leads to spanwise
differences in the pressure distributions (not
shown here, compare [5]). Furthermore caused
by the variation of the displacement with the
angle of attack the wind tunnel correction can
only be applied for one angle of attack.
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3.2 Sting Effects in the European Transonic
Windtunnel (ETW)

The ETW (European Transonic Windtunnel) is
a transonic cryogenic facility with a Mach num-
ber range up to 1.3, which can be pressurized up
to 450 kPa and can be cooled down to 110 K, in
order to reach Reynolds numbers of up to 50
million for full span models [7]. In order to
avoid blockage at transonic wind speeds, the
top and bottom walls are slotted and allow the
flow to deviate into a large plenum chamber.
Fig.6 shows an overview of the test section.

The aim of the project work for the ETW is to
create a simplified numerical model of the ETW
test section (Fig. 6), in order to evaluate the in-
fluence of different support types on measure-
ment results. The focus is on having a model as
simple as possible, while capturing all effects of
the model support precisely enough to compare
and improve different support types and to gain
knowledge on the mechanisms of support inter-
ference. Another aim is to investigate whether
such a simple model can deliver improvements
to correction methods. The numerical investiga-
tion has been performed using the DLR CFD
code TAU [3, 8].

3.2.1 Wall-free model

The resulting grids should be medium to small
size, enabling the computation of several polars
of Mach number variation with justifiable ef-
fort, 1.e. CFD grids with well below 10 million
nodes. Also, the boundary conditions should be
well-defined, i.e. it should be easy to identify
the influence of the support and distinguish it
from other effects, originating e.g. in a simpli-
fied wall model.

Slotted walls in transonic wind tunnels as real-
ized in the ETW are calibrated in order to min-
imise blockage. Thus the effect they have on
test results is much closer to free flight than to a
solid wall. This is also reflected in small correc-
tions applied at the ETW for slotted walls [9].
This means that actually, a transonic computa-
tion with a far field and no walls comes very
close to the real situation in ETW.

From several considerations regarding the simu-
lation of solid side walls without top and bot-
tom walls or developing a special “slotted wall”
boundary condition, for the present investiga-
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tion the final conclusion was that for sake of
simplicity there should be no walls at all. This
way it is also possible to have a defined envir-
onment for assessment of support influence,
without the need to differentiate between sever-
al interference sources.

For determining the level of simplification the
straight sting model support with an axial probe
mounted on it (SAP — Short Axial Probe) was
regarded. Simply isolating the part inside the
tunnel test section would result in the geometry
shown in Fig. 7. The problem with this config-
uration is that the flow could pass the upper and
lower end of the sector. This would result in
vertical flow components that are not present in
the actual wind tunnel and would also lower the
stagnation effect caused by the sector. To
counter this, the sector was extended vertically.
This was done by a straight extrusion of the sec-
tor profile at the point where the sector meets
the tunnel walls and can also be understood as
“mirroring” the sector geometry. This way the
effect of the sector meeting the walls behind the
test section is included in the computations. A
parameter study was conducted in order to de-
termine how far the sector has to be extended.

3.2.2 Calibration and Validation

In the ETW, the flow characteristics are adjus-
ted so that inside the test section at a reference
position at the wall a dynamic pressure and
temperature is reached that corresponds to the
wanted Mach and Reynolds number at the mod-
el position. In order to obtain flow conditions at
the model comparable to an experiment within
the computation, a corresponding flow condi-
tion at the far field has been applied, similar to
the real wind tunnel experiment [9]. To determ-
ine the necessary far field conditions a correla-
tion which links far field values to correspond-
ing values at the model location has been estab-
lished in the computation using an iterative ap-
proach by replicating some of the calibration
measurements done in the ETW using an axial
probe (SAP). This was done on the assumption
that the necessary change in far field Mach
number was similar to the Mach number differ-
ence at the point of model rotation between
computation and experiment, using equal total
conditions. After roughly five such iterations,
the flow properties at the model location match.



Further computations featuring a model on the
support and with the same model in a far field
without support show that the flow around a
model on the straight sting support has the same
Mach number characteristics as without sup-
port, when using the model Mach number de-
termined with the SAP geometry as a far field
value, see Fig. 8. Thus, it is a valid approach to
use the Mach number correlation that was de-
termined with the SAP geometry in order to de-
termine the necessary far field Mach number for
the “model plus straight sting” geometry. For a
different support a new Mach number correla-
tion has to be determined, using the described
method.

For the case of a Mach number M=0.85 and
Reynolds number Re=4.2 millions a comparis-
on between experiment and CFD calculation
was done, using the same SAP geometry that
was used for calibration. Fig. 9 shows the pres-
sure distribution along the SAP and the conical
part of the straight sting. At the point of model
rotation (x=0), the measured and computed
pressures match exactly, as this was part of the
calibration. Apart from that, while in general
both curves fit well together, a small gradient
can be observed in the computed pressures that
is not present in the measured data.

The reason for this is that during the ETW cal-
ibration phases the re-entry flaps and the wall
angle have been set up to deliver the lowest
possible axial pressure gradient. This means
that in the ETW the walls and re-entry flaps
compensate a support effect that is visible here,
namely the slowing down of the oncoming flow
ahead of the sting boss and the sector.

Without taking into account that the actual wind
tunnel walls neutralise this gradient, a precise
correction procedure cannot be derived using a
far field model. However, the additional buoy-
ancy coming from a known constant gradient
can be easily subtracted from the results. Thus a
comparison with experiments is possible at least
for cases where maximum lift is not reached.
Details of the proceedings can be found in [10].

4 Conclusion

A new approach of CFD supported wind tunnel
testing is presented in the present paper based
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on investigations of the DLR project ForMEXx.
ForMEX is aimed at more accurate wind tunnel
correction methods and improved extrapolation
to free flight conditions by using CFD tech-
niques for the complete wind tunnel flow ana-
lysis. The results show that the numerical simu-
lation is able to identify the limits of existing
wind tunnel correction methods and thus can be
used as basis to improve today’s wind tunnel
testing techniques outlined here for the wind
tunnels DNW-NWB and ETW.

For the low speed wind tunnel DNW-NWB res-
ults of a numerical simulation have been shown.
To achieve these the test section including the
nozzle together with the ALVAST high lift con-
figuration as half model and the ALVAST full
span model in free flight have been simulated in
order to investigate the half model (peniche) ef-
fect as well as the wind tunnel influence. From
this investigation the following statements can
be outlined: The impact of wind tunnel on the
flow around a half model can be divided in a
peniche and a wind tunnel influence. The local
angle of attack and the flow velocity is in-
creased mainly in the inboard part of the wing
due to the peniche influence. The wind tunnel
wall effect also has an influence on the inboard
wing, but with a smaller value. Therefore the
wind tunnel influence can be mainly found at
outboard wing parts whereas its effect is present
over the complete cross section. When reducing
the angle of attack of the model the correspond-
ing effects also decrease.

For the investigation of the ETW test section a
simplified CFD model has been developed
which represents the ETW model support inside
a far field. With a typical model mounted on the
support, a CFD grid contains roughly four to
five million nodes and is thus suited for relat-
ively fast computations of wind tunnel test
cases.

With the pressure gradient at the model station
a complete correction method cannot be estab-
lished for the complete envelope. However, the
comparison and evaluation of different support
types, and the investigation of support interfer-
ence mechanisms, possibly including improve-
ments to existing support correction for small
angles of attack, are not influenced by this fact.
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1 Fig. 1. Difference pictures of (left to right): angle of attack, crossflow Velocity x- and z- di-

rection. First row (1a): config. A&B, second row (1b): config B&C. Cut through the test sec-
tion in flow normal direction in front of the wing.
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Fig. 1, cont. Difference pictures of (left to right): angle of attack, crossflow velocity in x- and
z- direction. (1c): config. A&C. Cut through the test section in flow normal direction in front of the
wing.
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Fig. 2. Difference pictures of angle of attack, Fig. 3. Difference pictures of angle of attack,
crossflow velocity x- and z, config. A&B. Cut crossflow velocity in x- and z, config. B&C. Cut
through the test section in flow direction at the through the test section in flow direction at the
peniche. peniche.
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Fig. 6. Schematic side view of the ETW. The upper and lower walls of the test section are slotted, the
whole volume inside the outer wall acts as a plenum chamber. The second throat behind the sector in
the symmetry plane of the test section. (Source: ETW)
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L

Fig. 7. The wetted parts of model support with Short Axial Probe (SAP), mounted on the straight sting,
plus second throat.

\

Fig. 8. Mach number contours of a wind tunnel model. Full lines: Model mounted on straight sting.
Dotted lines: Model without support with far field Mach number set to model Mach number, Mach
contours at the model centre coincide while they differ at the rear end, due to support interference.
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Fig. 9. Comparison of computed versus measured pressure data for M=0.85 along the SAP and the
conical part of the straight sting.
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