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Abstract

The adaptive rubber tube test section has been in
operation now for four years. More test results and
experiences have been gained so that the capability
of the test section can be compared with other tran-
sonic test facilities. While previous tests were mainly
performed on thick models producing large blockage
effects more recent force- and pressure measure-
ments were made on models of transport airplanes.
As a first approach to wall adaptation at supersonic
speeds, tests with a cone-cylinder model were per-
formed at a Mach number of 1.2. Most of the test
results reported here could be compared with refer-
ence data which are considered interference free as
they were obtained for small blockage and wing span
ratios in wind tunnels with ventilated walls.

1. Introduction

Previous measurements [ 1, 2, 3, 4, 5, 6] in the adap-
tive rubber tube test section (DAM) of the DFVLR
Géttingen have demonstrated that interference free
results can be obtained even at high blockage ratios
up to 3.6 %. So far, mainly non-lifting modeils or
models with relatively small lift and large blockage
had been investigated (FFA-spindie, ONERA C5 body
of revolution, and AGARD-calibration models). in all
cases the interferences were dominated by blockage
effects, while interferences due to wall induced
upwash were only small.

For models having no wings or only siender wings,
with a small ratio of wing span to tunnel width, inter-
ference free flow can be obtained by merely eliminat-
ing wall interferences along the tunnel centreline. This
can be done e.g., as shown in Ref. 7, in wind tunnels
with only two adaptive walls.

The full 3-D capability of the rubber tube test section
can only be demonstrated if the wing span of the
model is not a small fraction of the tunnel width. For
this reason, measurements have been performed on
models having reiatively large span and small block-
age i.e. models that are typical for transport airplanes.

Previous measurements in the DAM have confirmed
a principal limitation of soiid wall test sections in the
range of transonic Mach numbers. Due to small wav-
yness of the walls, the flow tends to become choked
sooner or later when approaching Ma = 1. It appears
that only ventilated walls permit appropriate test con-
ditions in the near sonic range. On the other hand, for
supersonic Mach numbers, the main limitation is due
to wave reflections on the solid walls, and the ques-
tion arises, if wave reflections can be alleviated by
suitable adaptation of the solid walls. Therefore,
Copyright © 1988 by ICAS and AIAA. All rights reserved.
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additional tests have been made at Ma = 1.2, with a
cone-cylinder model.

In the following, a brief description of the rubber tube
test section (chapter 2) and the principle of subsonic
and supersonic ‘wall adaptation (chapter 3) will be
given. in chapter 4 the various models are described
and in chapter 5 experimental results are presented.

2. Description of the rubber test section

The fully three-dimensional adaptive wall test section
at the DFVLR Géttingen is made of a thick-walled
rubber tube, 0.8 m in diameter and 2.4 m long [8].
The test section was installed in the existing High
Speed Wind Tunnel (HWG) which is a vacuum storage
blow-down tunnel [9]. Fig. 1 shows a schematic
drawing of the DFVLR High Speed Tunnel and the new
test section. A photograph of the test section is shown
in Fig. 2.

A circular cross section was chosen for the rubber
tube as it was easy to manufacture and gives a most
uniform load distribution on the supporting jacks.

The rubber tube is flanged at one end onto the circu-
lar nozzle. The other (free) end extends to the bell-
shaped collector. The tube is supported and can be
deformed by a set of 64 jacks which are connected to
a rigid frame around the test section. The jacks are
driven by stepping motors. At each of 8 cross sections

8 jacks are mounted circumferentially with equal
angular distances between two adjacent jacks. The
hinged connection of the jacks allows for small lateral
displacement. Each jack acts via four support points
on the rubber wall so that the deforming force is more
evenly distributed over the surface. The supports are
vulcanized into the rubber wall.

The holes for pressure measurements are located at
the 1/4 and 3/4 position between the support points in
longitudinal direction and the 1/2 position between
the supports in circumferential direction. These have
been calculated as positions of minimum error due to
wall waviness effects.

Wall pressure and displacement are determined at the
64 positions of the jacks. In addition to the recorded
steps of the motors, 64 potentiometers are used for
the measurement of the wall displacement.

The measurement of the wall data, the wall adapta-
tion, and the model testing is performed fully auto-
matically [10].

A PSI pressure transducer and acquisition system is
used to measure pressure distributions on the test
section walls as well as on wind tunnel modeis.



3. The principle of adaptive walls
3.1 Subsonic wall adaptation

The principle of adaptive walls, which was first
described in papers by Ferri & Baronti [12] and Sears
[13] is illustrated in Fig. 3.

The method requires the measurement of two inde-
pendent flow variables at the wall or at another inter-
face surface, for example normal! (v) and tangential (u)
velocity. An equivalent pair of flow variables are wall
pressure (p) and wall displacement (3).

For a given wall contour a fictitious "exterior flow” is
defined as a potential flow over and exterior to the
wall contour which passes into undisturbed parallel
flow at infinity (Fig. 3).

The exterior flow, which can be computed on the basis
of potential flow theory, is in general not a physical
continuation of the interior flow unless the wall pres-
sure is continuous, i.e., the measured pressure p, at
the inside of the wall agrees with the computed exte-
rior wall pressure p, at every point on the wall sur-
face. The fluid dynamical problem of wall adaptation
is to find a wall contour for which the pressure is
continuous across the wall. Usually this problem is
solved iteratively. A wall contour is computed which
gives an exterior pressure distribution p, equal to the
measured pressure p,. Then a mean value between
the computed and the previous wall contour is taken
as the new wall contour. More precisely, a relaxation
factor (of abaut 0.5) is applied to the displacement
between computed and previous wall contour. For the
displaced wall a new pressure distribution p, is mea-
sured and compared with the new theoretical distrib-
ution of p,. The iteration is continued until the meas-
ured interior and the calculated exterior pressure
distribution agree within a given error margin.

Under certain conditions the wall adaptation can be
achieved with only one iteration step. The one-step
method used with the rubber tube test section is
based on the assumption that the flow is subsonic
near the test section walls and that the wall
deflections are sufficiently small so that flow disturb-
ances due to the wall deflections can be described by
linearized potential flow theory. Under the above
assumption the flow induced by the wall deflections
can be superimposed on the flow induced by the
model. Then, after wall deflection, the resulting flow
variables on the inside of the wall must be equal to
the flow variables on the outside. This condition leads
to a set of linear equations for the wall deflection. The
solution of the linear set of equations gives, with one
iteration step, the interference-free wall contour. A
detailed description of the algorithm for the calcu-
lation of the adapted wall contour is given in [1, 2]
and [11].

It is remarkable that the adaptation procedure does
not require any model representation. The only input
for the computation of the interference free wall con-
tour are the experimental wall data.

In cases where supersonic regions extend up to the
test section wall the proposition of linearized flow
theory is incorrect and a more elaborate iterative
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method becomes necessary for the adaptation of the
wall.

3.2 Supersonic wall adaptation

As in subsonic testing, wall pressure measurements
in the not adapted test section are performed in a
preliminary tunnel run. The wall pressure distribution
allows to compute the interference free wall contour.
If we exclude, for the present, multiple wave reflection
at the test section walls, then the measured c -values
on the straight - not adapted - walls are just twice as
large as those, which would exist in unconfined flow.
In unconfined flow, the pressure distribution is related
- in linear approximation - to the focal flow angle @
by:

Q)] tan®=—‘8-cp jﬂg\/M2_1

2

Assuming now for ¢, one half of the value measured
at the walls, ¢, = 1/2(c )., Eq. 1 allows us to compute
the required wall displacement n in first iteration.

dn _ _B
@) ax " fan @ = 2 (Cohva
If muiltiple refiections occur within the model
region,then further iterations are necessary. The walls
are properly adapted, when Eq. 1 is satisfied every-
where on the wall surface,.

4. Models

All of the models described here have been tested in
the rubber tube test section (DAM) and in other wind
tunnels so that reference data for comparison are
available. The reference wind tunnels; all with perfo-
rated test section are:

1. The 1.76 m x 1.75 m S2 MA transonic wind tunnel,
ONERA

2. The 1 mx 1 mTWG transonic wind tunnel, DFVLR

3. The 0.89 m x 0.85 m Y 4 St. Cyr transonic wind
tunnel, IAT

4, The 4.88 m x 4.88 m PWT transonic wind tunnel,
AEDC

4.1 ONERA M3 model

The model ONERA M3 used for force-measurements
is shown in figure 4. Modei and support are identical
with those tested in the reference test sections (14, 15,
16). in contrast to the AGARD-calibration models, the
ONERA M3 model is quite sensitive to Reynolds
number effects.

4.2 Swept wing model

The swept wing model [17] used for pressure meas-
urements is shown with the principle dimensions in
figure 5. The model is symmetric (profile RAE 101)
with respect to the plane z = 0, i.e. the wing has
symmetric sections and is symmetrically mounted to



the fuselage. The ratio wing span to tunnel width is for
the DAM (rubber tube) 76 % and for the TWG (tran-
sonic wind tunnel) 54 %. The model has pressure
orifices on the suction side of the wing along the wing
sections y/s = 0.215; 0.4, 0.6; 0.925.

The c,-distributions on the pressure side are obtained
by reversal of the angle of incidence.

4.3 Cone-cylinder model

A suitable model for the investigation of shock- and
expansion wave cancellation was a cone-cylinder
model (Fig. 6). The model which was tested in many
other transonic wind tunnels, has a cone angle of 20°,
a diameter of 113 mm producing a blockage ratio of 2
%, and a length of ten diameters [18]. To observe
wave reflection the model is equiped with 26 static
pressure holes along one generating line. The meas-
ured pressure distributions have been compared with
data from the 16 foot AEDC wind tunnel, which has a
very low blockage ratio of 0.008 % and perforated
walls, so that the reference data can be considered
as interference free [19].

5. Resuits

An airplane model, ONERA M3, shown in Figure 5 was
used for force measurements. The identical model
was tested in the ONERA S2 MA tunnel and the
DFVLR transonic tunnel TWG. The ratio of wing span
to tunnel width was 27 % for the S2 MA and 47 % for
the TWG as compared with 67 % for the rubber tube
test section DAM.

5.1 Force measurements for the ONERA M3 model

The reference measurements on the ONERA M3 mod-
el are limited to three representative Mach numbers
and measurements of the drag coefficient versus
Mach number at zero incidence. The aerodynamic
coefficients C(x); C(C,); C(C,) and C, (Ma) are
plotted and compared with reference values from
other wind tunnels in figures 7 to 10.

The lift coefficient C, measured in the DAM, agrees
perfectly with the C _-data from the ONERA S2 MA
tunnel which has a six times larger cross section,
giving a wing span ratio 2.5 times smaller. For Ma =
0.89 the results of the TWG Gdéttingen deviate slightly
from results of the DAM and ONERA S2 MA. These
results show that the perforated test section of the
TWG with an open area ratio of 6 % is too open for
subsonic tests, a result which is known from previous
test experience.

The C/(C,) curves (figure 8) also show good agree-
ment with reference data. The forebody drag C,, {fig-
ure 8) obtained in DAM systematically deviates from
the reference S2 MA-results while the agreement is
better with TWG-data. A possible explanation for the
surplus value of AC,, = 0.002 measured in DAM s,
that the surface roughness of the model may have
increased during the tests, thus giving rise to an
increased skin friction drag.

Figure 10 shows the forebody drag coefficient versus
the Mach number. Apparently, the C,, from the 3 4
St. Cyr tunnel deviate even more to higher value than
those from the DAM. The diviation of the }.4 St. Cyr-
values is, probably, the result of wind tunnel interfer-
ence. The drag rise, according to the definition
0C,/0Ma = 0.1, occurs at the same Mach number for
the DAM and the S2 MA.

5.2 Pressure distribution measurements on the swept
wing model

Figures 11 and 14 show some results of pressure
measurements at the wing sections y/s = 0.4 and 0.6
for test Mach numbers of 0.5 and 0.8 and angles of
incidence from 0° to 10°. The resuits are compared
with reference data from the TWG Géttingen. The fig-
ures also show results from the DAM with not adapted
walls for Ma = 0.5; y/s = 0.6 (Figure 11). The large
discrepancy between “adapted” and “not adapted”
values clearly shows the strong effect of the wall
interference. After wall adaptation the agreement with
reference data is excellent. The agreement is good for
all angles of incidence except for @ = 10° at Ma = 0.5
{Figure 12) where deviations are apparent. These
deviations are difficuit to explain, possibiy a different
type of flow separation because of different free
stream turbulence in the reference tunnel is respon-
sible for the observed discrepancy. The pressure dis-
tributions measured for Ma = 0.8 and angles of inci-
dences of -10 < «® 10 show a good agreement with the
reference data (Figure 13).

Figure 14 shows that even at the most outboard wing
section y/s = 0.925, which is closest to the wall, good
agreement with reference data is obtained.

5.3 Pressure measurements on a cone-cylinder mod-
el at supersonic speeds

Adaptation of solid walis to supersonic flow condi-
tions were suggested already by Ganzer et.al. [20] for
the octagonal test section at the Technical University
Berlin. Similar tests have been performed with the
rubber tube test section DAM [21]. For testing at
supersonic speeds the upstream part of the rubber
tube was used to shape the divergent part of a laval
nozzle. The first 3 segments were expanded radially
to form the contour of an axisymmetric nozzie for
Mach 1.2. (contour no. 2, Figure 15). The Mach num-
ber distribution was found to be constant along the
remaining length of the empty test section.

A suitable model for the investigation of shock- and
expansion wave cancellation was a cone-cylinder with
static pressure holes at one circumferential position
and spaced along the length of the model.

As in subsonic testing, wall pressure measurements
in the non-adapted test section were performed in a
preliminary tunnel run. The wall pressure distribution
was used to compute the interference free wali con-
tours.

The pressure distribution measured on the model in
the straight non-adapted test section is shown on
Figure 15. The bow shock is reflected from the wall
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and hits the model as shown by the pressure rise at
x/d = 5.0. Also, the expansion waves originating at
the model shoulder are reflected and produce a
pressure drop on the model at x/d = 7.5. If the tube
walls are adapted, the interferences are significantly
reduced as shown on Figure 16. The calculated wall
displacement of Ar = 3,5 mm (.138 inch) at the 6th
segment (relative to contour no. 2) produces a convex
curvature at the 5th and concave curvature at the 6th
segment. The expansion waves generated by the
convex curvature at the 5th segment essentially com-
pensate the reflected nose shock, so that only a
strongly reduced shock hits the model. Also, the
compression waves generated by the concave curva-
ture at the 6th segment compensate the expansion
waves originating from the model shoulder.

Obviously, the wide spacing of the jacks precludes
finer wall adjustments and still better cancellation of
the reflected waves. it should be mentioned that the
rubber tube test section was not designed for super-
sonic testing. Nevertheless, a remarkabie reduction
of wall interferences couid be obtained by the rela-
tively course wall adaptation.

Fig. 17 shows, for comparison, the pressure distrib-
ution measured on the same model in the AEDC 16
foot tunnel with 2 % blockage. The tunnel has perfo-
rated walls, 6 % open, and holes 60° inclined. The
figure shows that even the perforated walls do not
yield complete wave absorption.

6. Conclusion

The reference tests presented in this report complete
previous tests in so far, as new models of typical
transport airplanes have been investigated, where
upwash interferences are dominating.

From all experiences so far it can be conciuded that
any kind of models with any wing span and blockage
ratio may be tested interference free in the DAM. The
model size is only limited by the requirement that all
parts of the model must be located within the “clean”
test flow, i.e. outside the boundary layers of the test
section walls.

Presently the Mach number range for tests in the
adaptive rubber tube is restricted to Mach numbers
not larger than about Ma = 0.9, This is because of the
limited number of jacks (64) and limited wall thickness
of 6 cm. Between the suspension points the wall
"hangs down” which leads to biockage at Mach num-
bers approaching 1. This disadvantage can be allevi-
ated in future designs by increasing the wall thickness
and the number of support elements.

First tests at supersonic speeds have shown that
compression- and expansion waves, originating from
the model, can virtually be absorbed at the tunnel
walls by proper wall adaptation. A closer spacing of
the jacks would be desirable in order to obtain even
better wall adaptation particularly in the region where
the bow shock is hitting the wall.
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High speed wind tunnel with deformable
adaptive test section

Fig. 2: Photograph of the adaptive rubber tube test

section
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Fig. 3: The principle of adaptive walls
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