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Abstract

For wind tunnel test sections with adjustable slotted walls
and 2D-models a “Two-Step-Method” has been developed
for the determination of the residual interferences and the
effective contour of an virtual adaptive wall.

The method is based on two corresponding tests one with
closed and one with open slots, and all other conditions
unchanged. No model representation is required.

The method has been checked systematically in the Tran-
sonic Wind Tunnel Gottingen.

Nomenclature

C, = 5::—?52— pressure coefficient
) 0

Cp drag coefficient (eq. 20)

D profile drag

h test section height

profile chord length

Ma Mach number

u velocity component in x-direction

U= UU—- -1 dim'ensi'onless perturbation velocity in
o x-direction

v velocity component in y-direction

v =—Dy— dirr?ensi.onless perturbation velocity in
il y-direction

w test section width

X, ¥ field point within the test section

angle of incidence

Prandt! factor

y vortex distribution

AH deflection of the test section height on
account of adaptation
density

& coordinates of a running point for the
integration

o open-area ratio of the slotted wall

Upper subscripts:
i wall-induced

m model-induced
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Lower subscripts:
c measurement with closed walls
e test section exit

i test section inlet

/ lower test section wall

s measurement with slotted walls
u upper test section wall

oo undisturbed flow field

4. Introduction

A body in.an unlimited flow field causes disturbances,
which are diminishing slowly with increasing distance from
the body. This has consequences for the investigation of a
model in a wind tunnel, because this flow field is limited
by the test section walls. The so-called “wall interferences”
may be neglected only,

¢ if the model is small in relation to the size of the test
section or

* if the test section walls are shaped especially for the
suppression of the wall interferences.

For subsonic wind tunnels mainly test sections with open
or closed walls are in use. With respect to the wall inter-
ferences both types are not perfect, but of opposite effect

(1.

In a closed test section the blockage of the model induces
a positive interference velocity (i.e. the velocities in the
wind tunnel are increased compared with free-flight con-
ditions). Vice versa in an open test section the blockage
of the model induces a negative interference velocity.

A lifting body effects an upwash in a closed test section
(i.e. an increasing of the lift) and a downwash of the same
value in an open test section.

Therefore it can be expected, that a partially open test
section wall will cause only little or no interferences.

For the required openings in principal an infinity of
arrangements is conceivable. But of practical importance
are only walls with circular holes (perforation) or longi-
tudinal slots. The following investigation is confined to the
latter only.

In general the optimum opening of the slots is determined
empirically. Therefore it is usual to perform test series with
one or more models, from which the interference-free
results are known. The slots have to be adjusted until the
actual results are well in accordance with the interfer-
ence-free results. These interference-free results can be.
obtained:



by tests with the identical model in a considerable
larger test section or

by tests with a geometrical similar, but considerabie
smaller model in the same test section,

It is assumed, that the determined optimum slot opening
is valid also for other mode!l shapes or model positions.

It would be desirable to overcome this empirical proce-
dure by a (theoretical based) method, which allows the
definition of the optimum slot opening without comparative
tests in another wind tunnel or with another model,

In the following a method for the evaluation of the wall
interferences in test sections with longitudinal slotted
walls is presented. One important feature of this method
is, that it is based on the wall pressure distribution only
and requires no mode! representation.

2. Wall Interferences in Test-Sections with Slotted
Walls

For two-dimensional tests in the subsonic range test sec-
tions with two (opposite) slotted walls are well approved.
They are fitted to compensate the wall interferences
caused as well by the blockage as by the lift of a model.

For the valuation of the interaction between slots and wall
interferences it is necessary to analyse the wall induced
flow field. If furthermore the slot opening is adjustable, this
opening may be changed until the interferences are a
minimum.

The "classic” method for the calculation of the wall inter-
ferences is based on the small perturbation theory. The
boundary conditions at the wall are defined as follows:

¢  The velocity component parallel to the wall vanishes

in the slot plane;
i.e. “Boundary condition of the open test section”

The velocitly component normal to the wall vanishes
at the solid part of the wall;
i.e. "Boundary conditon of the closed test section”.

With the assumption of a large number of slots and by
application of the slender body theory local at the wall, it
is possible to reduce the mixed boundary condition into an
equivalent homogeneous one with the same solution in the
center of the test section [2], [3], [4], [5].

It turns out by a thorough analysis as presented by Berndt
[6], that the referred method does not describe the flow
field sufficient. The improvement of the classical method
failed since today, because of the principle impossibility to
calculate the viscous flow effects in the slot region.

Since the width of the slots is small compared with the
width of the test section wall, it may be assumed that the
distinct influence of a single slot diminishes fast with
increasing distance from the slot. Consequently if the
model is not too large, a zone between wall and mode!
exists in which:

¢ the model-induced disturbances are diminished so far

that the application of the small perturbation theory is
admissible and

the slot-induced disturbances are diminished so far,
that the flow field may be treated as homogeneous.
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On these premises it is possible to calculate the wall
interferences at the location of the model from the velocity
distribution on a closed line around the model {7]. But the
practical execution of this calculation is hampered by the
difficulty to acquire the test data. It turns out that both
components of the velocity are required. But especially the
acurate measurement of the normal component is very
difficult, because it is extremly small related to the longi-
tudinal component. One thorough investigated method is
the tube probe (“Calspan Tube” [8]).

The measurement of two components at one line can be
replaced by the measurement of one component at two
lines. A test arrangement based on this method is
described in [9]. It comprises a test section with side walls
of glass and a movable Laser-Doppler-Anemometer out-
side.

Summarizing it has to be stated that all methods discussed
above are not fully satisfying. The basic problem is that the
slope of the streamlines close to the (straight) test section
wall is extremely small. Presently no method is available
to carry out the measurements with the required accuracy
at all. The execution of this measurement under routine
conditions during a wind tunnel test seems an unattainable
goal.

3. Explanation of the Two-Step-Method

Subsequently a new approach is presented for the analysis
of the effective wall contour resp. the residual interfer-
ences in a test section with slotted walls. It is the scope
of this new method to overcome the deficiencies of the
presently available methods.

This so-called "Two-Step-Method” is applicable for slotted
test sections with adjustable slot open-area ratios between
zero (closed) and about 10%.

For the application of this method an algorithm is required
for the calculation of the wall induced flow field from the
velocity distribution at the wall. In a small perturbation
field the u-component is derived from the static pressure
at the wall and the v-component from the slope of the wall.

The fundamental idea of the new method is to take two
measurements for every test point under following stipu-
lation:

1. Measurement of the wall pressure distribution with
closed slots. From these values the complete
description of the model-induced flow field is derived.

Measurement of the wall pressure distribution with
open slots and all other parameters unchanged. Dur-
ing this measurement the model-induced flow field
remains unchanged. The opening of the slots changes
only the wall-induced flow field.

Referring to the investigation of Firmin and Cook [10]
it is assumed, that the pressure distribution in the
center-line of the central slat represents correctly the
u-component of the homogeneous flow and is not
affected by the cross-flow induced by the slots.

From the result of both measurements the v-component
of the homogeneous flow at the wall and consequently the
wall shape can be evaluated.



In general the method can be applied to any wall shape as
far as the linearized theory is valid. Nevertheless the fol-
lowing presentation is restricted to straight walls, because
this case is especially of practical interest.

The analysis of the two partial tests takes place according
to following procedure (Nomenclature see Figure 1):

v ‘ y
AH
Ve X
—— _— —:
a—— |
~—

Nomenclature
Upper and lower wall closed resp. with longi-
tudinal slots

Figure 1.

1. Calculation of the wall velocities from the measured
wall pressure distribution with closed slots:

(Cp)e
ux) = ——5—
v(x) = O (straight walll)

2. Calculation of the wall induced interference velocities
at the location of the wall:

ue(x) = ueug(x))
| ¢
Ve(X) = ve(ug(x))
The simpliest algorithm is the direct method based on

Cauchy’s integral formula [7]. But other methods may
be applied either.

3. Calculation of the model-induced flow field at the
location of the wall:

W) = ug(x) — ug(x)
WOEEAE
Above equations are valid as far as the small pertur-
bation theory is applicable. The measured flow field is

the superposition of the model-induced and the wali-
induced flow field. )

4. Measurement of the wall pressure distribution with
open slots (any position):

)=

Vg(X) =7

Since it is not possible to measure the flow through
the slots, no information about the v-component is
received.

But it is assumed, that the pressure distribution mea-
sured in the centerline of the central slat represents
the u-component at the wall. This assumption is sup-
ported by the test results of Firmin and Cook [10].

5. Calculation of the wall-induced velocity with open
slots:

uy(x) = ug(x) — u™(x)
vis(x) =7

This conversion is based on the assumption, that the
opening of the slots affects only the wall-induced
interference flow field, while the model-induced flow
field remains unchanged approximately.

6. Calculation of the v-component of the wall-induced
interference flow field from the u-component:

vi(x) = g (ul(x))

The wall-induced flow field can be represented by a
singularity distribution at the location of the wall.
Consequently the v-distribution is positive defined by
the u'-distribution (see chapter 4).

7. Calculation of the v-component of the homogeneous
boundary condition:

vg(x) = V() + vi(x)

From the superposition of the wall-induced and the
model-induced v-component the effective v-compo-
nent of the velocity at the wall with open slots is
derived.

8. Calculation of the effective wall shape:

&= x

A = [ v 8

E=x

The integration of the v-component of the homogene-
ous wall velocity leads to the effective wall shape.

The effective wall shape is defined as that homogeneous
boundary condition, which exerts the same influence on
the flow field around the model as the real flow in the
slotted test section. This real flow is non-homogeneous
because it follows partly the straight slats and interacts
partly with the plenum chamber across the siots.

The presented “Two-Step-Method” therefore offers the
opportunity to define a homogeneous flow field giving the
same effect as the complicated flow field in the vicinity of
a slotted test section wall. The procedure requires only
standard wali distribution measurements and no modet
representation.

4. Calculation of the v-component at the wall

The flow field in the test section of a wind tunnel is com-
posed of two parts:

* the model-induced part (flow field around the model
in an unlimited domain).

e the wall-induced part
{influence of the walls to the above mentioned flow
field).

Within the small perturbation theory the measured flow
field is the linear superposition of both parts.

The model-induced part can be represented by singulari-
ties only within the test section. The wall-induced part can
be represented either by singularities at the location of the
wall or by singularities outside of the wall.



The following procedure becomes simple, if the wall-in-
duced flow field is represented by a vortex distribution in
the wall only (Figure 2 ).
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Figure 2. Vortex model

First the u-component induced by the vortex distribution in
an arbitrary point of the upper wall is considered. There-
fore the induced velocity components of both walls wilf be
integrated. The vortex distribution of the upper wall does
not submit any contribution except the vortex in the con-
sidered point [11].

Following result is obtained:

B U, [+ u)]

+-00
1 B-H
no(X) +
L I R

—o0

1 )

2

-y(£) - de

Accordingly we obtain for an arbitrary point in the lower
wall:

Fu [+ u]

+oo
1 1 B-H
=+ ) -5 fﬁg.Her(é_x)z ~yul&) - dé

The compressibility of the fluid is regarded by distortion
of the flow field according to “Géthert’s rule” [12] with the
“Prandt| factor” defined as:

p=J1-Ma . (4)
The analysis is based on an infinite long test section.
Upstream and downstream of the region affected by the
flow around the model the vortex distribution is constant.
This constant part may not be neglected in the integrals
(egs. 2 and 3).
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Consequently the integrals are divided into following parts:
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In the regions, which continue the test section upstream
and downstream, the perturbation velocity can be esti-
mated. Therefore the vortex distribution in these terms
must be replaced by the perturbation velocity.

With

140 = Zl(xi) _ Zu(xi) )
g U, B U,
yil%e) YulXe)
1 = =— 8
+ue Bzuoo ﬂzuoo ()

we receive the induced perturbation velocity in an arbitrary
point of the upper wall:
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Analogous we receive for an arbitrary point of the lower
wall:

1
Thu = + ————y(x)
2. 47U
oo X
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Depending on the height of the test section the first term
of the right hand side of equation 9 resp. equation 10
dominates more or less. Therefore an iterative solution for
the calculation of the vortex distribution is advantageous
with following first step:

n(x)
F-u,,

The iteration converges fast and in all test cases the final
value was reached after few steps.

= 1+uy| (11

From the calculated vortex distribution the v-component
of the wall-induced velocity can be calculated. For the
upper wall it is obtained [11]:

+o0

ﬁ-Uw-Viu(X)= z?ﬂ‘Jélx‘VU(é)dé
oo (12)
TR EoX  e)-de
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Analogous for the lower wall:
+oo
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4
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Because of the constant vortex distribution upstream and
downstream of the test section (see eq 7 and 8) it holds for
the upper wall:
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Analogous for the lower wall:
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5. Experimental Verification

The first experimental examination of the presented "Two-
Step-Method” was conducted in the Transonic Wind Tunnel
Braunschweig [13] [14]. The test section of this wind tun-
nel is designed especially for profile investigations in the
sub- and transonic regime. The side walls are closed and
the upper and the lower wall are equipped each with 6
longitudinal slots with an open-area ratio of ¢ = 2,35 %.
The slots are fix and therefore the tests could be con-
ducted only with this fixed wall-opening and with closed
walls (Slots temporary closed by seif-adhesive aluminium
tape).

The extensive verification of the “Two-Step-Method” was
conducted in the Transonic Wind Tunnel Goéttingen with 1m
x 1m test section size and variable stagnation pressure.
Originally this wind tunnel was equipped with a perforated
test section wall (6% open-area ratio, 30° inclined holes).
After reconstruction in 1987 the side walls are closed. Top
and bottom wall are replaced by 5 longitudinal slats from
which the central one is fixed and the outer four are
adjustable. These slats are comprising slots with an open-
area ratio from zero (closed) to ¢ = 15 %. The investi-
gation below refers only to the tests in the Goéttingen tun-
nel.

The wall pressure distribution is measured in the center-
line of the middle slat. This is the plane of symmetry of the
test section. The lines in the top and the bottom wall com-
prise 32 pressure taps each.

The local perturbation velocity is calculated from the local
pressure by the well-known linearized equation:

u=— (16)

It is assumed that the perturbation velocity vanishes
upstream of the test section:

u=0 (17)

For tests with a model the residual perturbation velocity
downstream of the test section may not be neglected. For
the actual tests this velocity was estimated from the drag
coefficient.

From the momentum equation we receive for the drag:

D=H-W-[pe-U% (1 +uf—p,-UL]  (18)



From the continuity equation we obtain:
Poo* Uoo = Pe+ Uso - (1 + ug) (19)
The drag coefficient is defined as:
Ccp= D

h Poo 2

(20)

Summarizing equations 18, 19, and 20 yields:

L

Cp
uez—-.-—-—»—

H 2

This constant velocity is assumed as perturbation velocity
downstream of the test section.

(21)

The calibration program for the empty test section had to
consider the conduction of tests with 2D-models (profile
tests) and the conduction of tests with 3D-models in the
test section.

For the tests with 2D-models following constellation was
established:

e parallel side walls

*  suction rate optimized for each siot open-area ratio

For the test with 3D-models following constellation was
established:

® o suction

e side wall angle (divergent) optimized for each slot

open-area ratio

This calibration procedure was performed for the subsonic
and the transonic range. The dependency of the calibration
from the Reynolds number was checked, but can be neg-
lected.

6. Tests with the Empty Test Section

The new developed “Two-Step-Method” was first examined
by tests in an empty test section. In this special case the
real velocity distribution is identical with the wall-induced
flow field (wall interferences), because no model-induced
fiow field is present. If a non-disturbing probe (for example
a lance probe) is at disposal, it is possible to check the
validity of the above deduced method directly.

For this test a lance probe was mounted in the center-line
of the test section. Accordingly the wall-induced flow field
has been calculated for this location.

For the compensation of the displacement thickness of the
boundary layer, the side walls of the test section were
adjusted with 0.5° divergence each (Calibration for 3D-mo-
dels).

Figure 3 shows in the lower diagram the measured veloc-
ity distribution in the center-line of the top and the bottom
wall for the closed and the slotted (¢ = 1%) test section.
Although the test section walls are assembled from grind-
ed stainless steel plates, the measured values show some
scattering. From these velocity distributions the velocity
distribution in the center-line of the test section (defined
as wall-interferences) was calculated. The result is shown
in the upper diagram of Figure 3 and compared with the
values measured with the lance probe. It has to be taken
into account, that the perturbations are very small as indi-
cated by the mark for Ap =0,1%. This is the (optimistic
estimated) measuring tolerance. On the other hand it is not
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evident, that it is permitted to utilize the 2D-formula system
in the empty test section without a 2D-model. Under these
considerations the agreement between the measured
points and the related curves seems to be rather good.
Figure 4 shows a similar test result, but with a slot open-
ing-area ratio of & 2%, The comparison of Figure 3 and
Figure 4 demonstrates the typical behaviour of the slotted
wall (outflow - inflow), but the opening of 1% is a little too
small and 2% a littie large. Consequently the optimum
open-area ratio can be assumed between these values.

7. Evaluation and Presentation of the Profile Tests

For the investigation of wall interferences it is advanta-
geous to apply symmetrical modets, because they give the
chance to decide between blockage and lift effects. Since
larger effects can be expected with larger models, the

largest available model, a NACA 0012-profile with 300 mm
chord-length was chosen for the validation tests.

The program for the tests with model comprised the pres-
sure distribution in the center-line of top and bottom wall
and in the center-plane of the profile.

Following parameters have been varied during the tests:

® slot open-area ratio (¢ = 0; 2; 4; 6%)

®  Mach number (Ma = 0,6; 0,7; 0,8)

¢ apgle of incidence («x = 0; 2; 5; 10°)
Only few examples from this extensive amount of results
can be presented.

Presentation of wall pressure distribution:

The evaluation of the wall pressure distribution
for each slot opening is compared with the cor-
responding test with closed slots. The results are
compiled in a group of three diagrams (see for
example Figure 5).

The lower diagram shows the measured pertur-
bation velocity at the wall. The values are
interpolated by a spline. Upstream of the test
section the values are approximating (eq. 17):

u;=0; (X > — o0)

Downstream of the test section the values are
approximating (eq. 21):

Additional the perturbation velocity at the wall for
interference-free flow was calculated and entered
into the diagram.

The middle diagram shows the corresponding
wall deflections. Only the straight closed wall is
a real existing wall. The so-called "slotted wall”
is the contour of a closed deflected wall with the
same influence to the flow field as the slotted
one. Analogous indicates “interference-free” the
calculated contour of an adapted wall for interfer-
ence-free flow around the model.

The upper diagram shows the calculated wali-in-
duced interference velocities for the closed and
the slotted wall. (This verlocity is zero for the
adapted wall as defined).



Presentation of the profile pressure distribution:

The evaluation of the profile pressure distribution
for each slot configuraton contains the measured
and the calculated interference-free distribution
(see for example Figure 6). For comparison a
theoretical calculated pressure distribution from
the well-known NACA compilation [15] has been
added.

The compressibily effects for the theoretical dis-
tribution are calculated by the Prandtl-Glauert-
rule.

With symmetrical profiles it is always difficult to
show the curves as distinct as necessary. There-
fore in the presented diagrams the velocity dis-
tribution for the lower side has been turned about.

Figure 5 shows the evaluation of the wall pressure dis-
tribution for @ = 0° (blockage effect only) and for the low-
est investigated Mach number. The residual interferences
are lowered by the opening of the slots considerable. This
result is supported by the comparison of the wall
deflections. The shifting of the slotted wall contour caused
by the residual v-component does not affect the profile
pressure distribution (Figure 6) and can be neglected in
this discussion. Moreover Figure 6 and Figure 7 demon-
strate a good agreement with the theoretical pressure dis-
tribution. Only in the region of maximum profile thickness
non-linear effects (not coverd by the wall-interference the-
ory) are evident. This effect increases with the Mach num-
ber (Figure 8). Figure 9 (Ma 0,8) shows the typical
pressure distribution of a local supersonic region which is
closed by a shock. This situation is far beyond the appli-
cation range of the “Two-Step-Method” as presented in this
paper.

The evaluation of the wall pressure distribution for a model
with lift (and blockage) is shown in Figure 10 . From the
residual interferences it can be concluded that the u-com-
ponent has been lowered substantially, but the v-compo-
nent increases a little. This may be compensated by dif-
ferent slot openings in the top and the bottom wall. But for
a slender body and small angles of attack the v-correction
may be neglected (Figure 11 and Figure 12).

8. Application of the Two-Step-Method

With the Two-Step-Method we are capable to calculate the
residual wall interferences and the effective wall deflection
from two corresponding tests for a defined slot position.
This procedure is not reversible. Therefore it is not possi-
ble to calculate the slot open-area ratio required for zero
or at least minimal residual interferences and more than
one test may be necessary for the definition of the opti-
mum slot position. Consequently an appropriate procedure
has to be outlined to minimize the effort for optimizing the
slot position.

In general a complete compensation of the wall interfer-
ences requires a variable slot parameter as function of x
for the top and the bottom wall (tailored slots). The slotted
walls of the Transonic Wind tunnel Géttingen are designed
for different slot positions in the top and the bottom wall
and up- and downstream of the test section (tapered slots).
But the recent test program was conducted with one con-
trol value only (all slot positions equal).

The constant part of the residual interferences can be
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considered by a correction of the Mach number (u'=
const) or the angle of incidence (v'=const), i.e. a super-
positon of a homogeneous flow field. But the non-constant
parts of the residual interferences (acceleration or curva-
ture of the flow) can only be compensated approximately.
Therefore the open-area ratio of the slot should primarily
defined with respect to minimize the non-constant parts of
the residual interferences.

The “Two-Step-Method” requires one test with closed
walls. Therefore it failes at higher Mach numbers, if the
local supersonic flow field of the model reaches the wall
and the flow chokes.

9. Conclusion

For wind tunnel test sections with adjustable slotted walls
and 2D-models a “Two-Step-Method” has been developed
for the determination of the residual interferences and the
effective contour of an virtual adaptive wall.

The method is based on two corresponding tests, one with
closed and one with open slots, and all other conditions
unchanged. No model representation is required.

The method is restricted to moderate Mach numbers with
at least non-choking flow conditions during the closed-wall
test.

The method has been checked successfull in an empty test
section by comparison with lance probe measurements.
Systematic tests have conducted with the symmetrical
profilte NACA 0012.
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