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Abstract

20 model tests have been made in a test sec-
tion with flexible top and bottom wall. A conven-
tional NACA 0012 aerofoll and a supercritical
CAST 7 aercfoil have been used both with a tunnel
helght to chord ratio of 1.5. It is shown that
wall interference effects can be reduced substan-
tially by wall shaping and that transonic block-
age can be avolded.

The same test section was used for 3-compo-
nent force-measurement on a simple swept-wing-
bady-caombination in order to demonstrate conver-
gence of the adaption process for 3D model tests.

Future work will entail 30 measurements in a
test section with eight flexible walls. The de-
sign of the test section 1s outlined. It has an
octangular cross-ssction. Each of the eight walls
will undergo only two-dimensional deformation in
an identical way to those in the 2D experiments.

1. Introduction

In general the walls of a wind tunnel. test
section effect the flow around the model. The mea-
sured aerodynamic data have to be corrected for
wall interference effects. In addition, at transo-
nic speeds, solid walls lead to blockage effects:
When sonic speed is reached in the cross-section
of minimum open area the mass flow is at its maxi-
mum, The tunnel flow is choked and it 1s not pos-
sible ta increase the main stream Mach number fur-
thermore. Ventilated walls - psrforated or with
longitudinal slots - avoid such blockage. However,
wall interference corrections beccome more diffi-
cult, because of the complicated boundary condi-
tion at the wall.

Adaptive flexible wind tunnel walls, in prin-
ciple, can avoid transonic blockage and reduce
wall interference effects to be negligible. It re-
quires a wall-shaping appropriate to the stream-
line curvature of an unrestricted flow around the
model.

2. The principle of wall adaption

An adapted wind tunnel wall can be considered
as a substitute for a stream surface in an unre-
stricted flow field, Figure 1.

The remarkable property of a stream surface is
that it cannot sustain forces. Therefore the pres-
sure on both sides of the surface must be the
samg; there might be a pressure gradient but no
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pressure jump. This condition can be used to eheck
whether the wall shape corresponds to that of a
stream surface. One can measure the pressure di-
stribution along the wall inside the tunnel. This
is the real part of the unrestricted flow fisld.
Along the outer side of the wall the flow does not
exist, i1t is just fictitious. But ome can calcu-
late the pressure for the fictiticus flow over the
known wall shape taking the same main stream condi-
tion as it exists for the tunnel flow. Only if
both pressure distributions - the calculated and
the measured one’ - are the same, the wall shape
can be considered as adapted.

If there 1s.a difference in the pressure dis-
tributions, this difference can be used- for an
iterative adaption procedurs. Something like a
mean value between the two pressures can be taksn
to calculate a new wall ‘shape which would in the
fictiticus flow produce thils msan pressure distri-
bution. (More precisely a relaxation factor is
used so that not an exact mean value is taken but
more weight is given to the calculated (external)
pressure distribution. The external pressure dis-
tribution is found to be less sensitive to changes
in wall contour.) The wall is then deformed accor-
ding to the calculated new -shape .and again the
pressure-distribution is measured and compared
with -the one just prescribed for the fictitious
outside flow field. The procedurs will be repea-
ted until the differences are within a prescribed
margin.

This principle of wall adaption has been ap-
plied successfully not only to flexible wind tun-
nel walis (1,2,3,4) but also - in an eqguivalent
manner - to porrous walls with variable suction
(5,6,7).
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FIGURE 1. The principle of adaptive walls
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3. The 2D Case

3.1 Test section design and wall control

A sketch of the 2D test-section with adaptive
flexible walls 1s shown below, Figure 2. This is INITIAL WALLSHAPE HOx)
an Improved design based on the experience gained \PUT INTO MICROPROCESSOR
from earlier investigations (3,8]. .

The two flexible walls are made of glas fiber. ° —.¢
Eight jacks are attached to each wall allowing MICROPROCESSOR
wall displacement up to + 25 mm. The Jacks are pdb R
driven by slectro-motors. The displacement can be CONTROL OF WALL LOADING
measured by potentiometers with an accuracy of SIGNAL "READY"
7/100 mm. The entire wall adaption procedure is “T
arranged with fully automatic control by a PROCESS COMPUTER CONTROLLED
HP 1000F Computor. The computcr controles the sca- m?ggggsmmgug%)
nivalves and stores the pressure distribution mea- el

sured along the wall (as well as all test data for
the aerofoill). On the other hand the wall shape is
measured by the potentiometer readings. The first

0
iteration in the adaption process requires a pres- R TEST AR
sure distribution to be calculated which the mea-
gured wall-contour would produce in the fictitious 12
exterior flow. The next step is then to use an in- o PLTATION O NEW WALL Sved
termediate pressure distribution between the cal- H(x)
culated and the measured one for calculating a BY PROGESS CONPUTER
wall contour which would produce this pressure %1 : | TIME/SEC
distribution in the fictitious exterior flow. In QUTPUT OF WALL SHAPE
both cases subsonic small pertubation theory is TG MICROPROZESSOR
being used. Typical computer time for the calcu- 25+ |
lation in the course of cne iteration is 8 se-
conds. The test-section walls are then set accor- {V TERMINAL
ding to the calculated shape. The computcr con- TIME/SEC ]
troles the wall deformation in such a way that |°‘"TA ”mlsmml
all electro-motors start moving at the same time, FERMINAL lpm lH(x)
but their speed is different. The jack which has pr————
to produce the largest displacement is driven C b ™ 22 et Pt
with maximum speed. The movement of the other — 256 %8

jacks is differentiated accordingly, so that they
all reach their final position at the same time.
The method of operation is summarised in the flow
diagram of Figurs 3. More details are given in

FIGURE 3. Flow diagram of wall control and tunnsl
] operation
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FIGURE 2. The 2D test secticn with adaptive walls
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3.2 Test results for NACA 0012 aerofoil

The NACA 0012 aerofoil had beeh chosen as a
test model because of the large amount of data

available for it from tests in other wind tunnels.
The first results obtained in the TU Berlin tunnel

with adaptive walls were presented in 3], They
had suffered from a lack of model accuracy and
from the small number of pressure taps. Therafore
some of the test cases have been repeated using

another model of higher accuracy and with a fdirly

large number of pressure taps. The aerofoil chord

was kept to 10 cm providing tunnel height %te scherd

ratioc of 1.5.
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FIGURE 4, Pressure distribution for NACA 0012
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FIGURE 5. Pressure distribution for NACA 0012
Free transition M_ = 0.50 o= 7.888°
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Test results for subcritical flow condition
compare well with ARA Bedford data, Figurs 4.
The ARA data were taken in 8”x18" tunnel with a
tunnel height to model chord ratic of 3.8. The
top and bottom wall of that tunnel is slotted.
The data had been corrected for interference ef-~
fects '

A series of tests was ??8? at Moo = 0,5 for
a range of angle of attack . The main pur-
pose of these tests was to clarify whether wall
adaption was possible with flow ssparation at the
aercgfeil. As a result it can be stated that adap-
tion was achieved even for angles of attack much
beyond stall. In Figure 5 the pressure distribu-
tion 1s shown just before stall. 0ilflow pilctures
did confirm the sxistence of a small separation
bubble near the leading edge and diminishing skin
frictilon on the rear part of the asrofolls upper
surface. Differences in the pressure distribu-
tions measured at ARA Bedford and TU Berlin are
at least partly attributed to the differences in
Reynolds number.

One way of judging the convergence of the
wall adaption process is by observing the varia-
tion of wall displacement. From one iteration
step to the other the required change in wall
displacement is expected tc decrease and finally
reach some prescribed limit. Usually a limit is
set to the wall adjustment by the accuracy of the
jacks and/or the potentiometer readings. The
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FIGURE 8. Local pressure variation on NACA 0012
Upper surfacsvmoo = 0.50 o= 7.686°



question arises whether the accuracy of the wall
setting can in all cases be taken as a direct
measure of the accuracy of the test data. In par-
ticular when the flow over an aesrafoil gets sepa-
rated, it might be expsected that even very small
changes in wall contour could have a pronounced
impact on the aerofoll flow.

In order to judge the sensitivity of the lo-
cal aerofoil flow pattern to the changes in tunnel
wall shape the pressurs measured has been plotted
for each pressure tap as it varies during the ite-
rative adaption procedure, Figure 8. The adaption
did start from the plane wall configuration (Ite-
ration 0). In the particular case shown the pres-
sure readings indicate some scatter for the 1 %
chord station very near to the leading edge. This
is for the pressure tap just at the separation
line of the small local separation bubble. The
scatter reflects the slightly unsteady nature of
the separation. Similar results for other test ca-
ses including those with fully separated flow
allow the conclusion that for subcritical flow
conditions there is no particular sensitivity of
the flow around the aerscfoil to the changes in
tunnel wall contour. The convergence of changes
in wall displacement or wall pressure distribution
could be taken as a direct measure of the conver-
gence of the aerofoll pressure distributiagn.

For practical operation of a wind tunnel with
adaptive walls however there is the need for a
fast and reliable measure of convergence and at
the same time some information is required about
the residual scatter of the test data. It was felt
that the mean value of the pressure measured at
the various taps on the upper surface of the aerc-
foil will be the best and most adequats measure.
In Figure 7 this value is plotted for the case
with flow conditions just before stall.
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FIGURE 7. Variation of mean pressure

NACA 0012 M__ ='0.50 o= 7.586°

In Figure 8 a similar plot is shown for a
slightly higher angle of attack repressentative
for flow conditions beyond stall. The three curves
show different convergence. This is due to a dif-
ferent relaxation factor used in the adaption pro-
cedure. While for small angles of attack a factor
of K = 0,35 was found to be optimal here a relax-
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ation factor of K = 0,25 was leading to fastest
convergence. Only two ilterations were needed to
arrive at the adapted wall shape.
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FIGURE 8. Variation of mean pressure
NACA 0012 Moo = 0,50 o= 7.686

The high angle of attack case with extensive
flow separation at the aerofoil exhibits fairly
large residual scatter of the mean pressure coef-
ficient. This reflects the unsteady nature of the

flow. Before stall however the residual scatter
is very small, Figurs 9.
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FIGURE 9. Residual scatter of mean pressure
NACA 0012 Moo = o 50

Only two further tests have been psrformed
with NACA 0012 at supercritical flow conditions.

At M_ = 0,55 and x= 8% a small supersonic
region ocgars near the leading edge of the aero-
foil, Figure 10. Compar%%?n with interference-free
test data from Calspan at roughly the same
Reynolds number show discrepancies which might be
due to residual interferences as well as to diffe-
rences in model geometry and/or roughness strip.

At M = p,80 and o = o® a large supersonic
region ex?gts, Figure 11. Comparison with inter-
ference-free data from ONERA indicates the
importance of Reynolds number similarity for
transonic testing. On the other hand great atten-
tion has to be given to the treatment of the tran-
sition strip.
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3.3 Test results for CAST 7 aerofoil

As the testing of supercritical aerofolls
will be the main concern of 2D transcnic wind tun-
nels it seems to be of great interest to demon-
strate the capabilities and the limits of a test
section with adaptive walls by using a supercriti-
cal aerofoil. A test programme that is considered
to be representative for practical transonic aero-
foil testing is shown in the table, Figure 12.

The CAST 7 aerofoil had been chosen as a test
model because 1t is thought to be representative
of the current state-of-the-art supercritical ae-
rofoils and it alsc has fairly widely besn tested
in other wind tunnels. ‘As compared with the NACA
0012 aerofoil it will produce a fairly large su-
personic region with only small terminating shock.
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FIGURE 12. Test program CAST 7 aerofoil

That is to say that the supersonic region might
well extend to the wind tunnel upper wall but the
shock will not reach the wall. Thus, for guite a
few test cases shock boundary layer intsraction on
the wind tunnel wall will not dominate the flow
field but an interaction of the nearly shockless
supersonic region with the wall and its boundary
layer. It remains to be seen whether this will
create particular problems to the use of adaptive
walls in wind tunnel testing.

The first tests with CAST 7 aerofoil .reveal
the sensitivity of a supercritical aerofoil to
Reynolds number and transition fixing. Our test
data had been obtained at Reynolds number slightly
above 1 Million while for direct comparison DFVLR
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data were available -at Reynolds number 6 Million
(12), In addition only a few unpublished data had
been used from DFVLR at 1.5 Million Reynolds num-
ber.

Already at subcritical flow conditions dis-
crepancies occur between the test results for dif-
ferent Reynolds numbers, Figure 13. Results were
also available for Re = 1.48-10° and & = - 0.04,
These are not shown as they are identical with our
results (full points) except for very small dis-
crepancles close to the leading edge and at the
trailing edge.

At higher Mach number the differences in the
pressure readings around the 60 % chord position
become more pronounced for the two tests at diffe-
rent Reynolds number, Figure 14a. These differen-
ces are eliminated when Reynolds number is roughly
the same, Figure 14b. For the comparison of pres-
sure distributions near the nose it has to be no-
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ted that on our model the transition strip was
interrupted to keep the 7.5 % pressure tap free.
But as the pressure taps were located alaong a

curved line across the chord, the 10 % tap was al-
ready behind the full transition strip.

At higher angle of attack the differences in
the pressure curves, Figure 15 and Flgure 18,
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might again - at least partly - be attributed to
the different Reynolds numbers. DFVLR data for
lower Reynolds number are availlable only for dif-
ferent angle of attack. Interpolation between
these data show that for the lower Reynolds num-~
ber the shock position would be further upstream
and the negative pressure level in the supersonic
region would be increased. However the interpola-
ted data do not quite coincide with our results.

All the argumentation above is based on the
assumption that wall interference is negligible
in our test section with adapted walls. Wether
this assumption really holds can finally be proved
only by testing the same model with the same tran-
gition strip at the same Reynolds number in a lar-
ger wind tunnel. Such tests are planned in the
DFVLR 1 x 1 m transonic facility for end of 1980.

4, The 3D case

4.1 A 3D model in the 2D tunnel

As a provisiocnal test of a2 3D model in a wind
tunnel with adaptive walls a simple wing-body com-
bination has been tested in the 2D test section.
The model was available from earlier calibration
testa (13), It has a swept wing of aspect ratilo
/.= 2.75. The body 1s cylindrical with an ogive
nose. '
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FIGURE 17. Pressure along center line of the
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A six-component balance was used for a few
force measurements. The main draw back of the ex-
perimental set-up was that the drag balance was
an external balance giving higher blockage to the
flow than the model.

The main purpose of the test was to show,
that wall adaption is possible even when the model
blockage is comparatively small. (Blockage is de-
scribed by the ratio betwsen maximum cross-section
area of the model and the cross-section area of
the tunnel.) For the 2D tests the blockage was 8 %
while for the wing-body-combination it is just 1.1
%. Therefore small pressure variation 1s expected
along the tunnel wall leading possibly to insig-
nificant changes of the wall contour. Problems
would occur when these changes are just within
the tolerances of the jacks and the displacement
transducers. On the other hand if adjustment of
the walls can be achleved a test section with two
flexible walls could provide a solution to the
problem to transconio blockage. Wall interference
would still be high but amenable to theoretical
correction methods for the boundary conditions
are then much easier as with ventilated walls.

As an example wall pressure distributions
and variations. of wall shape are presented for a
moderate Mach-number of MO = 0.6 and zero angle
of attack. It is shown thaf wall adjustment can
be achieved although the pressure variation due
to the model is indeed very small, Figure 17 and
Figure 18.
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4.2 The 3D test-section design

A sketch of the 30 test-section design with
eight adaptlive walls is shown below, Figure 18.
The eight walls will undergo twodimensicnal defor-
mation in an identical way to that arranged in
the 20 test section, Thus it is obviaus that na
complete 3D wall shaping is intended. However, 1t
is believed that this compromise with regard to a
limited number of variables and mechanlcal com-
plexity will offser a practical solution.




In principle there are two main problems for
the design and manufacture of the test section:
The sealing at the corners between the individual
walls and the installation of the model support.
In addition problems occur from the small size of

the test section: The space for the electro-motors

and the potentiometers is fairly restricted and
very high accuracy is required in particular for
the jacks. Furthermore it is obvious that an in-
ternal drag balance should be available for the
tests. This balance must have a diameter not more
than 8 mm. Wing-body-combination testing will have
to be restricted to force measurements. Surface
pressure measurements will be possible with a body
alane.

The sketch of the test-section design indi-
cates that solutions have been found for the main
problems. Spring steel lamellas can provide an
adequate sealing of the octagon corners. In a
mock-up it has been demonstrated that the surface
can be kept very smooth. First wind tunnel tests
with only one corner of the octagon iube show that
the ventilation through the lamellas can expected
to be negligible.

The model support provides an angle of at-
tack range of o= - 3~ to + 13°, It is arranged
to slide through the flexible walls. For reasons
of flow symmetry as well as structural stiffness
it was decided for a symmetrical support. The
problem of allowing wall adjustment in the neigh-
bourhood of the support was solved by a lateral
displacement of the jacks, with a slightly diffe-
rent jack design.

The test section is expected to be ready for
first tests at the begin of 1881.

4,3 The 3D test-cases

The main model to be tested in the cctagon
test-section will be a wing-body combination known
as ZKP-F4, It is an Airbus-like configuration with
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FIGURE 20. ZKP F4 model, Sting mounting

supercritical wing sections and wing aspect-ratio
of A = 9.5, Figure 20.

As -the span of the model is only 12 com the
relative accuracy is fairly poor. Interference free
data will have to be obtained by testing the same
model in a large wind tunnel. Therefore tests are
being made with this model in the DFVLR 1 x 1 m
transonic facility. ’

As a second modsl ONERA C 5 body of revolu-
tion will be tested, Figure 21. With this model
pressure distributions can be obtained for a Mach
number range up to low supersonic 5??%?. Interfe-
rence free data are available from .

It is hoped that with these two models it
will be possible to demcnstrate that in principle
the octagon test section with adaptive wall can
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JACK—
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HEIGHT

15 cm
WIDTH 18cm
LENGTH 85cm

FIGURE 18. Design of the 3D test section with adaptive walls
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avoid transonic blockage and reduce wall interfe-
rence.

5. Conclusions

Test results for the conventional NACA 0012
and the supercritical CAST 7 show that substantial
reduction in wall interference can be achileved and
transonic blockage can be avoided in a test sec-
tion with adapted walls. In addition tests with a
3D model in the tunnel with two adaptive walls
give hops that the principle of wall adaption will
generally be applicable to 3D model testing.

In ordsr to get a comprehensive idea of ths
capability and limitations of the adaptable wall
concept complete test series have to be carried
out for a representative range of Mach number and
angle of attack. The same models have to be tested
in a large wind tunnel in order to obtain reliable
interference free results for comparison,

Theoretical methods will have to be developad
for residual wall interference corrections. At
least for the 3D model tests such residual inter-
ferences are expected to be necessary. These in-
terference corrections should be based on the
measured wall pressure distributions.

At present calculation of the fictitious ex-
ternal flow fisld uses subsonic small pertubation
theory. On the other hand no account is made for
the boundary layer along the test section wall.
The need for a fast calculation procedure makes
desirable to stick to that method, but 1t might
become necessary to take into account transonic
effects for the external flow field calculation
and boundary layer development along the wall in
the test section.

it
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