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SUMMARY

The Arnold Engineering Development Center
(AEDC) has had a continuous program to develop
techniques to determine or minimize the effects of wall
interference in wind tunnel tests of three-dimensional
aircraft at high transonic speeds. Advances in three
major technologies have evolved from this program:

i) pretest predictions of 3-D transonic wall
interference are now routinely performed for
production wind tunnel tests using advanced
numerical techniques and an improved
mathematical description of perforated walis,
i) in situ wall interference assessment/correction
techniques have been developed for 3-D
transonic flow and a preliminary evaluation
using numerical simulations has been
performed, and,

iii) a 3-D variable-porosity adaptive wall system
has successfully eliminated wall interference at
near sonic conditions.

The basic development and status of each of these
technologies is summarized in this paper.
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1.0 INTRODUCTION

Wind tunnel wall interference has been
recognized as a potential source of error in
aerodynamic developmental testing almost since the
first wind tunnel data were obtained. One of the first
wind tunnel-to-flight correlations was done by G. I.
Taylor (as recounted in Ref. 1) and the correlation
produced reasonable resuits only after the wind tunnel
data were adjusted for blockage effects. Some of the
writings of aerodynamic pioneers like Prandtl (Ref. 2)
and von Karman (Ref. 3) reflect their awareness and
interest in this problem. Prandtl’s lifting line theory
was an important catalyst for the development during
the 1920's and 30's of rather comprehensive wall
interference theories for solid wall and open jet wind
tunnels. Theodorsen's work (Ref 4) clearly established
that wall interference could be minimized by a mixed
(partially open and closed) boundary. Of course, the
work of Stack and his colleagues (Ref. 5) in the 1940’s
showed that such a ventilated wall not only reduced
wall interference but was necessary to permit tunnel
operation through the speed of sound.

Much developmental work was done in the
1950's to refine the ventilated wind tunnel wall.
Emphasis.at AEDC was on the perforated hole walls and
a complete summary of this work is given in Ref. 6.
One of the concepts to emerge from these
developments was the 60-deg inclined hole wall which
is currently used in all the AEDC transonic wind tunnels.
A typical wall pattern is illustrated in Fig. 1. The
primary theoretical developments in wall interference
during the 50's and 60's was an extension of the earlier
concepts for solid-wall and vpen-jet tunnels to tunnels
with either the perforated hole or slotted walls. These
developments are summarized in Refs 7 and 8. All of
this theoretical development was based on subsonic,
linear theory.

In the early 1970's, two major technical
advances provided a new impetus to wall interference
technology. First, rapid advances were made in
computational fluid dynamics (CFD) and calculations of
nonlinear transonic flow with embedded shock waves
became practical. Second, new insights were gained
into the understanding and treatment of wall
interference through the adaptive wall concept
developed independently by Ferri and Baronti (Ref. 9)
and Sears (Ref. 10). The adaptive wall concept was



revolutionary in that it clearly established that a
complete definition of wall interference is contained in
the distribution of two flow variables measured near
the tunnel boundary. This insight also spawned passive
methods for wall interference assessment/correction
{WIAC) technigues that could be applied to any wind
tunnel.

AEDC has had an extensive technical effort to
develop these advanced wall interference technologies
for implementation in transonic wind tunnels . Because
AEDC’s transonic testing mission is primarily for military
aircraft, the objective has been to develop the
techniques for three-dimensional configurations at
high transonic speeds. In this paper, observations of
wall interference effects at these transonic conditions
are made. Moreover, the advances that have been
made in wall interference prediction methods, WIAC
techniques, and the development of the ventilated
adaptive wall concept are presented.

2.0 SOME OBSERVATIONS OF TRANSONIC
WALL INTERFERENCE

In many wind tunnel tests, wall interference is
dismissed as unimportant because it is generally
assumed that if the model is small enough (i.e.,
blockage less than one percent) the wall interference is
negligible.  Many times, if incremental tests are
performed, any wall interference that exists is
presumed to be common to the various configurations
tested and hence is removed when the increments are
determined. In addition, wall interference is generally
assumed to be independent of other wind tunnel
parameters, for example, the Reynolds number. Hence
when the wind tunnel data base is extrapolated to full-
scale canditions, wall interference is not included in the
extrapolation. From time to time, AEDC has had the
opportunity to test systematically various models in the
4-foot (Tunnel 4T) and 16-foot (Tunnel 16T) transonic
wind tunnels. These tests have provided valuable
insight into the nature of wall interference at transonic
speeds. In this section, some observations made from
these tests and the lessons learned will be summarized.

MODEL SIZE EFFECTS

In Fig. 2, the experimentally measured [ift
interference on a series of different models is
conveniently presented as the classical upwash
interference factor, 89, which is in effect a normalized
angle-of-attack error induced by the wind tunnel walls.
The upwash factor was determined by taking the
difference in the lift-curve data in Tunne! 4T from the
lift-curve data in Tunnel 16T {(assumed to be
interference-free) at a fixed value of C|.

One can see from Fig. 2 that, even for modeis
well below the standard one-percent blockage criteria,
there is measurable lift interference for 0.8<M<1.0.
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The significance of the liftinterference factor in Fig. 2is
best illustrated by examining the potential influence of
the wall interference induced error in angle of attack

‘on the performance of an aircraft. The error in angle of

attack is

Aa = 57.3 (Aw/Ap) 8§oCL, degrees

where Ay, is the wing reference area, At is the tunnel
cross-sectional area, and C; the lift coefficient. Hence,
for given values of C¢ and with &g = §o(M) from Fig. 2,
lines of constant Ao can be overlaid on a general
aircraft performance map (C vs M). This isillustrated in
Fig. 3 for the F-111 aircraft using data from a modei
with blockage less than one-percent. Two particular
isoclines of Aa are presented on Fig. 3. The first value,
Aa= 0.03°, represents the accuracy in angle of attack
required to determine aircraft range within one
percent. Clearly, the cruise performance of the F-111in
the transonic range could not be determined to that
level of accuracy if the wall interference is not
accounted for. The cruise performance of a fighter-
bomber aircraft like the F-111 generaily would not
have such a stringent criteria, but the results of Fig. 3
are suggestive of the impact that wall interference
could have on cruise performance of more critical
transport configurations.

The second isocline in Fig. 3, Ax= 0.2°
represents the aliowable error in angle of attack which
still permits good vehicle stability analysis. To
determine this value, a systematic study of error
propagation through the six degree-of-freedom
equations of motion was made at AEDC to establish the
resulting effects on the frequency and half amplitudes
of various oscillatory modes. The parameter influence
on the short period, Dutch roll, and roll convergence
modes was investigated for a typical fighter aircraft.
Allowable errors were defined as those which
produced changes in the aerodynamic coefficient
siopes which would result in less than a 5-percent
change in frequency for a 10-percent change in half
amplitude for the given motion. The most critical of all
the parameters examined was the pitching moment
coefficient slope for the short period mode, which,
because of its effect on the frequency, limits the
tolerable flow angle error to £0.2°. Referring to Fig. 3,
since the bulk of data required for stability analysis
would generally be obtained between the limits of
cruise and buffet onset, all the stability data in the
range of 0.80<M< 1.0 could be significantly affected
because the error induced by lift interference 1s greater
than 0.2° in that region. Of course, in the development
of the F-111, wall interference was accounted for by
tests in numerous tunnels but the message to be
derived from Figs. 2 and 3 s, that if wall interference is
ignored simply because the model is less than 1%
blockage, significant errors in the data at the high
transonic Mach numbers are possible.



On the other hand, it is important to note from
Figs. 2 and 3 that, for M<0.8, the lift interference is
practically negligible even though the model sizes
range from 0.6 to 2.5-percent blockage. Thus, the
passive inclined-hole walls used in the AEDC tunnels do
an excellent job of essentially eliminating the lift
interference at the lower Mach numbers and moderate
lift coefficients.

INCREMENTAL EFFECTS

Frequently, incremental data are obtained for
various configurational changes and then added to
baseline data to predict flight performance. Many
times the baseline data may even be flight data from a
prototype configuration. This is generally a good
developmental technique and allows the designer to
© overcome various shortcomings, including wall
interference, in the wind tunnel data. The inherent
assumption in this procedure is that effects introduced
by the wind tunnel are constant and hence included in
the absolute measured values for each configuration
tested. Therefore, when increments to the forces and
moments are obtained, it is presumed that the errors
are cancelled. However, if the wind tunnel effects
change with the configuration tested, these errors can
be introduced into the incremental data.

Wall interference can change with
configurational changes and consequently introduce
errors in the incremental data. To illustrate this effect,
consider data obtained on the A-10 aircraft in Tunnels
4T and 16T with and without stores. If the increments
with and without stores in forces and moments were
independent of wall interference, the increments
measured in Tunnel 16T would be equal to the
increments measured in Tunnel 4T. Another way of
saying this is that the wall interference (the difference
between 16T and 4T) should be the same with and
without stores.. That this is not the case is shown in Fig.
4 forthe A-10 at M =0.75. InFig.4, Aa =a1g7 - agrat
agiven C, ACm - Cmyg7.Cmygr,and ACp = CpieT- Cpar.
Note that the wall interference effect on drag is
approximately 40 drag counts higher with the stores on
than with the stores off. Hence, the incremental loads
attributable to carrying the stores could be 40 drag
counts in error because of wall interference. In this
particular case the clean A-10 model had 1.55%
blockage and the A-10 plus stores had 2.11% blockage
in 4T; hence, large amounts of wall interference were
expected. When stores are added to clean aircraft
models, frequently the combined blockage can
significantly exceed one percent. The experience
gained at AEDC suggests that as long as a model
configurational change does not create a significant
change to the pressure signature of the model at the
tunnel boundary, then incremental data are valid. Of
course, the only way to guarantee incremental data is
to measure the pressure distribution at the wall to
verify that configurational changes have not altered
the level of wall interference.
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REYNOLDS NUMBER EFFECTS

An important observation that has been made
at AEDC is that changes in unit Reynolds number can be
coupled with wall interference effects. As will be
discussed in more detail in Section 3, the fundamental
behavior of a perforated wall tunnel is strongly
dependent on the boundary layer displacement
thickness which in turn varies with unit Reynolds
number. To illustrate this effect, again consider data
taken with the clean A-10 model at different unit
Reynolds numbers in Tunnel 16T and Tunnel 4T. The
differences attributable to lift interference at M =0.75
are shown in Fig. 5 for unit Reynolds numbers of 2.2-
and 3.6-million. In Fig.5, Aa and ACn, are defined as in
Fig.4, while ACp; is the induced drag coefficient
associated with Aa (i.e, ACp; =Aa - CL). Asillustated
clearly in Fig. 5, the lift interference effects vary with
unit Reynolds number. Consequently if the variation
with Reynolds number of data from 4T were used to
extrapolate for Reynolds number effects, the
extrapolation would also include wall interference
effects, not just unit Reynolds number effects on the
model boundary layer. Similar coupling between unit
Reynolds number and wall interference has been noted
in Refs. 11 and 12.

In conclusion, as illustrated by these
observations, wall interference can produce significant
errors in transonic wind tunnel data. The use of small
models or the acquisition of incremental data does not
necessarily eliminate wall interference as Mach number
approaches unity Also, it is possible to mistake wall
interference effects as “true” Reynolds number effects.
Consequently, it is important to be able to determine
accurately and to isolate wali interference at transonic
speeds. In the next three sections, advances made at
AEDC in techniques to handle wall interference will be
presented.

INTERFERENCE PREDICTION
METHOD

3.0 WALL

In designing a wind tunnel test program it is
usually desirable to be able to estimate the wall
interference prior to the test.  Hence, it is important to
have the capability to predict wall interference effects.
Wall interference prediction methods are based on
analytical or numerical descriptions of the test article
and the tunnel boundary. In the past, these methods
relied on a linear'theory of singularities to simulate the
model and a homogeneous boundary condition to
describe a ventilated wind tunnel wail. The major
shortcomings of this approach are that the linear
theory is unreliable as Mach number approaches unity
and the homogeneous wall boundary condition does
not describe adequately the behavior of a perforated
wall test section.



Advances in computational techniques have
made it possible to remove the restriction of linear
analytical techniques. Moreover, studies on ventilated
wall behavior, (Ref. 13), have indicated that the
characteristics of perforated wall geometries in use at
AEDC could be conveniently correlated to provide a
sufficiently accurate mode! of the walls for use with the
new computational techniques. Consequently, the
tools were at hand to provide an improved approach to
predicting wall interference.

NUMERICAL METHOD

The numerical approach used at AEDC is to
solve the Euler equations. The Euler method was
selected over potential flow methods because it is not
restricted by Mach number or test article geometry. An
additional, important consideration is that the isolation
of wall interference effects in the computation requires
an identical computational mesh be used for both the
tunnel solution and the free-air solution. The necessary
mesh topology required to embed the tunnel region in
a larger computational free-air domain is constructed
more conveniently for the Euler equation solvers.

The Euler equation solver developed at AEDC by
Jacocks and Kneile (Ref. 14) solves the three-
dimensional, unsteady Euler equations in Cartesian
coordinates using a finite volume approach. The basic
numerical algorithm is the explicit predictor-corrector
method of MacCormack (Ref. 15). The computational
mesh is a spherical mesh generated by a variant of the
method of Thomas (Ref. 16). Two coupled Poisson
equations are solved to yield interior mesh coordinates
from specified boundary coordinates. A typical mesh is
illustrated in Fig. 6. A necessary requirement for
computing wall interference using numerical
techniques is that the mesh be identical for the flow in
the tunnel and in free-air. To minimize any gridding
effect, the computational mesh for the free-air case is
simply the tunnel mesh with points added to its
exterior to form a much larger tunnel (effectively
unconfined flow).

PERFORATED WALL BOUNDARY CONDITION

In addition to the use of CFD, however, the
major improvement in wall interference prediction
capability made at AEDC is through the improvement
of the perforated walil boundary condition. The
classical ventilated wall boundary condition presumes a
global description of the perforated wall characteristic.
However, the measurements made in Ref. 13 of local
flow properties of various ventilated walls indicate that
a local specification is necessary. The data of Ref. 13
show that the boundary layer displacement thickness
on the tunnel wall is one of the most important
parameters to consider in quantifying the wall
boundary condition. Moreover, because of the
pressure gradients imposed at the wall by the test
article, there is a large variation of boundary layer
displacement thickness within a ventilated wall test
section.
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The boundary conditions on the tunnel surfaces
account for boundary layer growth over the perforated
walls. The boundary-layer influence is used to update
both the pressure and normal mass flux boundary
values. Zero normal gradients are assumed for density
and the other two components of mass flow. with
energy being calculated from the state equation. 'I_'he
pressure boundary condition is expressed as a deviation
from the free-stream pressure,

dCp
=p —q8 — n
Py=P,— 40 o

where p, and ¢ are the free-stream static and dynamic
pressure, respectively, and @ is the local flow angle
defined such that outflow from the test section is
positive. dCp/de defines the characteristic behavior of
the perforated wall. In classical approaches, dCp/d8 is
assumed constant over the wall, whereas in the current
approach dCp/de, as will be shown below, is
determined from the local behavior of the boundary
layer. The corresponding boundary condition for the
normal mass flux is

) d
(Pvn)bc =Py, - 2(pv,l + — (pub* -—puA)) (2

where vy, is the velocity normal to the surface, u is the
velocity in the streamwise-direction, §* is the boundary
layer displacement thickness and \ is the wall mass flux
also defined as positive for outflow from the test
section.

In Eqs. (1) and (2) the values of pu and 8 at the
tunnel boundary are provided from the most recent
time step of the Euler code. To update the pressure
and norma! mass flux at the boundary, %, A, and
dCp/deé must be correlated with pu and 8. The
correlation of 8* and A with pu and 8 is determined
from the behavior of the boundary layer at the tunnel
wall. An approximate integral form of the continuity
equation may be written as

L4 ousnre-r=o0 (3)
u dx

To complete the correlation, in principle, the
streamwise momentum equation of the wall boundary
layer is needed. However, experience from Refs. 13 and
17 indicates that 6 and A are related asshown in Fig. 7.
This relationship is expressed as

8- =01250[4—6(55 + 2500) — 0.002 (4



With pu and 8 provided from the most recent time
step, Eq. (3) can be integrated using Eq.(4) to provide
8*. The upstream condition required for the
integration is provided by a correlation of data from
three transonic wind tunnels at AEDC. The correlation,
shown in Fig. 8, relates the displacement thickness at
the test section entrance to Reynolds numbers and
tunnel size

Rey, = 0.11 (Re,)*® (5)

Thus, the wall boundary condition is a function of
Reynolds number in the sense that the magnitude of 5*
at the test section entrance is dependent on Reynolds
number; but the distribution within the test section is
assumed independent of Reynolds number. The
adequacy of this approach to determine §* isillustrated
in Fig.-9 where results from Eq. (3 ) are compared with
measurements from Ref. 13.

Finally, the description of the perforated wall
requires the correlation of dCp/de with the other
parameters. The data of Ref. 13 indicate that the local
pressure coefficient and flow angle in the vicinity of a
perforated wall are a function of wall porosity (1), wall
thickness (t), hole diameter (d), and boundary layer
displacement thickness. These data have been
correlated by Dr. James L. Jacocks in the form

dCp _ (Ez 6)
do ‘f(d)Reﬁ*)> ©

as illustrated in Fig. 10. The correlation required the
introduction of an additional length scale to achieve
proper dimensionless groups and the unit Reynolds
number was selected. Note that the Reynolds number
was not an independent variable in the experiments in
Ref. 13. Therefore, the correlation relationship may
not be universal. However, for the range of wall
parameters included, the correlation is descriptive of
the behavior of the AEDC perforated walls.
Furthermore, it is reinforced in Fig. 10 that the
characteristic behavior of the perforated walls also
changes with Reynolds number; i.e., as Reynolds

number increases the perforated walls behave as if they

were more open.

RESULTS FROM THE WALL INTERFERENCE PREDICTION
CODE

The AEDC wall interference prediction code has
been evaluated with two- and three-dimensional
experimental data and is now applied to production
wind tunnel tests. A typical result for the wall
interference on a fighter aircraft at M = 0.6 in the AEDC
Tunnel 4T is shown in Fig. 11. The measured wall
interference increments were determined by direct
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comparison with interference-free data obtained on
the same model in Tunnel 16T. At low angle of attack,
the wall interference is negligible as compared to the
data precision. However, at higher incidence, the wall
interference is measurable and the Euler code predicts
the general level very well. By way of comparison, the
classical subsonic wall interference prediction methods
would underpredict the level of wall interference by an
order of magnitude.

Included in Fig. 11 are measurements and
predictions of wall interference at two. values of
Reynolds number. Recall that the calculations are
inviscid and Reynolds number enters the predictions
only through the porous wall boundary condition, not
the model boundary layer. Hence as Reynolds number
increases, the walls behave as if they were more open
and the magnitude of the “open-jet” type wall
interference is increased. This reinforces the
observations made in Section 2.

As another example of the utility of the
prediction method, computations were made for a
transport aircraft tested in Tunnel 16T. During the test
program, unit Reynolds number was varied from 2- to
4x106. The difference in the pressure distribution at
the 78% wing span station because of this unit
Reynolds number variation isillustrated in Fig. 12. Also
shown in Fig. 12 is the difference in the pressure
distribution computed by the wall interference
prediction code at the two values of unit Reynolds
number. Recalling that the Reynolds number enters
the wall interference prediction code only through the
tunnel boundary condition, Fig. 12 suggests that the
apparent Reynolds number effect may be caused
primarily by the change in wall interference. The
prediction of wall interference is necessary, in many
cases, to interpret properly the trends measured in a
wind tunnel.

A primary consideration in using the 3-D Euler
wall interference code for predictions, as for any 3-D
CFD code, is the issue of mesh resolution. Because
shock waves are generally captured over three-mesh
points, if the mesh is relatively coarse it can be difficult
to resolve the influence of wall interference on the
shocks on the wing surfaces. in addition, the mesh
generally becomes even more coarse near the tunnel
boundaries. Hence it may be difficult to model the
influence of the shock wave pressure rise on the
crossflow characteristic boundary condition. To resolve
questions about mesh resolution versus the accuracy of
the porous wall boundary condition, Dr. John A. Benek
employed a mesh embedding technique he developed
(Ref.18) to predict the wall interference on a 3-D model
tested in the AEDC 1-ft. tunnel. By mesh embedding,
he effectively increased the mesh from the nominal
number of 30,00 mesh points normally used to
approximately 300,000 mesh points. By comparison
with detailed pressure measurements made near the
tunnel boundary in Tunnel 1T, Dr. Benek was able to
show that the porous wall boundary condition
characterizes the flow accurately near the perforated



walls if the mesh is adequately resolved. Of course,
computational time increases considerably with mesh
refinement. However, experience at AEDC has shown
that even for a relatively coarse mesh, one can
confidently estimate the magnitude of the transonic
wall interference using the Euler code and local wall
characteristics if at least a few static pressure
measurements are made near the tunnel boundary.
The additional benefits of making near wall
measurements will be discussed in the next two
sections.

4.0 WALL INTERFERENCE ASSESSMENT /
CORRECTION METHODS

In contrast to the prediction method, the wall
interference assessment/ correction (WIAC) methods
and adaptive wall techniques require in situ
measurements of flow variables near the tunnel
boundaries. The WIAC techniques are derivatives of
the adaptive wall concept: in WIAC the measure of
wall interference contained in the tunnel boundary
measurements is applied directly to assess or correct the
data; with adaptive wall methods these same
measurements can be used to guide adjustments of the
tunnel boundary to reduce or eliminate the wall
interference. The WIAC and adaptive wall techniques,
although complementary, are discussed separately in
this paper.

WIAC approaches can be categorized as one-
variable or two-variable techniques dependent upon
the number of flow variables measured at an interface
near the tunnel boundary. Smith (Ref. 19) classifies
these techniques as Schwarz- or Cauchy-type,
respectively, based on the mathematical statement of
the boundary condition. The one-variable methods
generally use measured static pressure distributions at
the interface. This measured information must be
supplemented by a simulation of the test article to
determine the wall interference. In contrast, the two-
variable methods make use of static pressure and flow
angle and, at least for linear subsonic flows, can avoid
simulation of the test article. Of course, the trade-off
compared to the one-variable method is the added
difficulty of making the measurement of flow angle
near ventilated walls. A practical technique for making
such measurements will be discussed in Section 5.0
relative to adaptive wall requirements.

Application of WIAC techniques to two-
dimensional flows is well established, and the current
state of the art for 2-D flow is summarized in Ref. 20.
However, the challenge is to extend the WIAC concept
to 3-D transonic flows. A major difference between 2-
D and 3-D WIAC techniques is that the surface pressure
distribution on the model is generally available in 2-D
whereasin 3-D only integrated forces and moments are
generally available. This difference has a significant
impact on the WIAC procedures in 3-D
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flows. The progress made in 3-D W!IAC techniques at
AEDC is summarized in this section

ONE-VARIABLE METHOD

Kemp (Ref. 21) was the first to suggest the use
of measured wall pressure distributions with a
nonlinear transonic code to compute 2-D wall
interference, and Murman {Ref. 22) subsequently
extended Kemp's concept. Rizk and Murman (Ref. 23)
extended the approach to three-dimensional tunnels
and developed a computer code, TUNCOR, for this
purpose. TUNCOR has been installed on the CRAY
computer at AEDC and has been undergoing further
development and evaluation under the auspices of
NASA Langley Research Center and AEDC.

The basic TUNCOR code provides corrections to
Mach number and angle of attack. Lift, pitching
moment, and pressure measurements near the tunnel
wall are required. The correction procedure may be
divided into two steps. First, the flow about the test
model is simulated numerically with an inviscid
transonic flow code using the pressure measurements
near the tunnel walls as boundary conditions. In this
step, the wing and tail angles of attack, ar,w and at,
are determined such that the calculated lift and
pitching moment of the simulated model are equal to
the measured lift and pitching moment. The angles of
attack will generally be different from the
experimental values aew and aet because of viscous
effects present in the experiment as well as geometrical
differences between the test model and simulated
model. in the second step, the flow about the model in
free air is simulated numerically. Angle-of-attack
corrections and a free-stream Mach number correction
are determined such that the calculated model lift and
pitching moment match the experimental values, and
the calculated Mach number difference on the model
surface in the tunnel and free-air is minimized. A
summary of the correction procedure is given in Fig. 13.

Preliminary evaluation of the TUNCOR code at
AEDC suggested several refinements. One of the major
refinements was a conversion of the code to cylindrical
coordinates to accommodate the pressure
measurements that are made on a cylindrical surface in
the AEDC 1T Tunnel. This modification is summarized
in Ref. 24. Additional modifications being
implemented are: (1) defining a global angle-of-attack
correction instead of independent corrections to wing
and tail angles of attack, (2) including the body lift to
evaluate corrections to angle of attack, and (3)
interpreting the wall interference in terms of a
correction to the local pressure distribution instead of a
correction to angle of attack and Mach number.
Detailed numerical simulations have been performed
to evaluate the TUNCOR code, and these results wil be
discussed below in relation to the two-variable
methods.



TWO-VARIABLE METHOD

The accuracy of the single measured variable
method is dependent on the accuracy of the model
representation. In contrast, by using two measured
variables at the interface, it is possible to eliminate the
need for representation of the model, at least for
subsonic, linear flows. An effective model shape can be
determined from the second measured variable. In
addition to the pressure distribution, the second
variable typically measured is the flow angle. Hence,
the two-variable method (TVM) is closely related to the
adaptive wall techniques to be discussed in Section 5.
The measurement system used to measure pressure and
flow angle for WIAC applications at AEDC is the same
system described in Section 5 for the adaptive wall.

For subsonic flow, where linear Prandtl-Glauert
theory can be used, the wall interference can be
determined directly from the two-measured variables
without an explicit determination of the effective
model shape. This has been clearly shown by Lo (Ref.
25) and Kraft and Dahm (Ref. 26) for two-dimensional
subsonic flow. The use of linear theory has also been
extended to 3-D subsonic flows at AEDC.

For nonlinear, transonic flows, however, it is
necessary to define an effective model shape from the
two measured variables. In principle, one can define an
arbitrary reference surface surrounding the model and
using, say, the measured pressure at the interface,
iteratively determine the normal velocity distribution
on that reference surface that is compatible with the
measured flow angle at the interface. This normal
velocity distribution on the reference surface (the
equivalent model shape) can then be used in an infinite
domain calculation. Comparison of the equivalent
body in the tunnel and in free-air then defines the wall
interference.

An approach to the transonic two-variable
method has been developed by Dr. J. C. Erickson, Jr.
Instead of an arbitrary reference surface, Dr. Erickson
starts with the test model geometric shape, then
adjusts this shape using the measured interface
pressure distribution to match the interface flow angle
distribution. Straightforward mode shapes, such as a
constant, a linear distribution, or square root
distribution are added to the geometric shape until the
flow angle is matched at the interface. The selection of
these mode shapes is guided by simple boundary layer
approximations. This approach is equivalent to the
two-variable technique described above but with the
reference surface collapsed to the model surface. The
use of the model surface as the basis for determining
the effective body shape is, at the present stage of
development, a more robust way to determine the
effective body.

Although the approach by Erickson requires the
test model shape, the important difference between
this TVM approach and the one-variable approach is
that the effective shape determined includes an
approximation to the viscous effects inferred from the
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second measured variable. The one-variable technique,
such as TUNCOR, uses only the inviscid geometric
shape. Of course, if the search for the equivalent shape
is bypassed in the two-variable method then the code is
equivalent to the TUNCOR code.

EVALUATION OF WIAC TECHNIQUES

To evaluate the 3-D transonic WIAC techniques
systematically, a series of numerical simulations has
been performed. The flow over a generic wing-body-
tail model, illustrated in Fig. 14, was numerically
simulated with a transonic small disturbance code in a
transonic wind tunnel with an open jet boundary
condition, u = 34/3ax =0, at the tunnel boundary. This
particular model was used in fundamental WIAC and
adaptive wall experiments in Tunnel 1T and has a solid
blockage ratio of 2.5 percentin Tunnel 17.

In the numerical simulations of the flow in the
wind tunnel, viscous effects on the model wing were
included using a simple integral boundary layer theory.
Since the test simulations and the WIAC techniques
both rely on the same inviscid transonic smail
disturbance equation solution procedure, the effective
body shape determination would be trivial unless the
viscous effects are included. Inclusion of the viscous
effects on the model also allows a better evaluation of
the relative merits of various ways to interpret wall
interference corrections,

Traditionaily, wall interference effects are
interpreted as corrections to the wind tunnel speed (or
Mach number) and model angle of attack. The
inherent assumption in this approach is that gradients
induced by wall interference are negligible. .As shown
by Ashill & Weeks (Ref. 27) this quite frequently is not
the case. An advantage to this approach, however, is
that the pressure distribution and boundary layer on
the mode! in the wind tunnel are approximately the
correct distributions at the corrected tunnel conditions.
Of course, this implies that a corresponding free-air
condition exists for the flow established in the wind
tunnel. At high transonic speeds this is not necessarily
the case.

The alternative to correcting the tunnel speed
and model incidence is to correct directly the pressure
distribution. Integration of the corrected pressure
distribution leads directly to corrected forces and
moments at the Mach number and angle of attack
defined in the wind tunnel. The advantage with this
approach is that strong gradients imposed by the walls
are also included. The disadvantage of this approach is
the interpretation of the influence of the corrected
pressure distribution on the boundary layer. For
subcritical, attached flows the influence of the
corrected pressure on the boundary layer is probably
inconsequential. On the other hand, if strong shocks
and/or separation are present, the corrected pressure
distribution may infer a different boundary layer on
the model. To date, wall interference correction
procedures have not attempted to correct
simultaneously for an alteration of the boundary layer



between the wind tunnel and flight. At high transonic
speeds, the implication is, however, that it may be
necessary also to include some sort of boundary layer
correction. in either event, a thorough evaluation of
WIAC techniques at high transonic speeds also requires
a controlled comparison of corrected speed and flow
angle versus corrected pressure distribution.

A preliminary assessment of the various WIAC
techniques and correction schemes is presented in Fig.
15. For this case, the entire wing-body-tail model was
simulated at M=0.85 in an open jet tunnel for
numerical convenience. For corrections to the lift
coefficient, presented in Fig. 15a, a correction to either
tunnel conditions or pressure distribution produces
excellent results. However, at a =2° there is already a
suggestion that the two-variable method may give a
more accurate correction than the single variable
method. Although the results from the TUNCOR code
are not displayed in Fig. 15, they are equivalent to the
solutions from Erickson’s method for the flow
condition corrections or the one-variable corrections to
pressure shown in Fig. 15. For the numerical
simulations performed, it appears that correcting the
tunnel conditions provides a better correction for
pitching moment as illustrated in Fig. 15b. At this
Mach number the flow on the model is mildly
supercritical. The implication is that with shock waves
present, 3 more refined interpretation of wall
interference on the local pressure distribution,
including corrected shock locations, will be necessary
for proper correction of the pitching moment. The
current 3-D WIAC techniques alter the shock location,
but not necessarily in a correct fashion.

A more detailed evaluation of WIAC techniques
was performed using a simulation of the wing alone at
zero angle of attack. The spanwise distribution of the
chordwise rms error in the pressure coefficient as
compared to the free-air simulation was evaluated for
various WIAC procedures at different Mach numbers.
The results are presented in Fig. 16. At M=0.70 and
0.80 it is seen that the residual error in the spanwise
pressure distribution is essentially zero if the TVM is
used to correct the pressure distribution. This TVM
method produces the smallest residua! error over the
conditions simulated. At M =0.86 the shock waves are
stronger and there is a corresponding increase in the
residual error of all techniques. Thisincrease in residual
error is a direct result of the interpretation of wall
interference when there is significant displacement of
the shock between the tunnel and free-air conditions
wherein the shock/boundary layer interaction changes
significantly.

The overall rms residual error in the pressure
distribution on the wing versus Mach number is shown
in Fig. 17. Correspondingly the overall rms residual
error at various angles of attack is shown in Fig. 18 for
M =0.80 and 0.86. Clearly, for all conditions simulated,
the correction of the pressure distribution with the
two-variable method yields the least residual rms error
in pressure distribution. There is also an indication that
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all the WIAC techniques lose accuracy rapidly at the
higher transonic Mach numbers suggesting that either
the WIAC techniques will be limited in their range of
applicability or a more refined interpretation of
corrections, which includes the differences in shock
location between tunnel and free-air conditions, will
be needed.

These preliminary numerical evaluations of
WIAC techniques suggest that the two-variable method
is preferrable. However, a systematic experimental
evaluation of these techniques must be made to
confirm the relative merits of the techniques. AEDC is
in the process of performing this experimental
evaluation using the model shown in Fig. 14. These
results will be reported in the future.

5.0 THREE-DIMENSIONAL TRANSONIC
ADAPTIVE WALL WIND TUNNEL

It is envisioned that WIAC techniques will be
used widely in future transonic wind tunnel! testing.
However, it is also expected that for some
combinations of mode! and test conditions, tunnel data
will be uncorrectable to the free-air case.
Consequently, it will be necessary to reduce or
eliminate wall interference by adaptation of the tunnel
boundaries. The basic concept underlying adaptive
wall technology and the accompanying wind tunnel
verification for two-dimensional, subsonic flows was
presented at the 10th ICAS Congress in 1976 (Ref. 28).
Since then considerable progress has been made in the
United States and Europe. Today this concept is firmly
established and has been well demonstrated for two-
dimensional transonic flows.

AEDC began initial research on adaptive wall
tunnels in 1975 with two-dimensional experiments.
These experiments are summarized in Refs. 29 and 30.
However, wind tunnel testing of three-dimensional
configurations is the primary test mode at AEDC.
Consequently, the technology has been directed
toward development of a three-dimensional adaptive
wall test section. Moreover, since the primary concern
about wall interference is in the high transonic flow
regime, the adaptive wall development at AEDC is
based on use of perforated wind tunnel walls in view of
their excellent shock cancellation characteristics.

Preliminary 3-D adaptive wall experiments were
performed in the AEDC Tunnel 4T in 1978 using the
four independently variable but uniform porosity walls
and plenum pressure to provide, in essence, a five
degree-of-freedom adaptive wall tunnel. These early
experiments, summarized in Ref. 31, were quite
successful but strongly suggested that spatial
distribution of porosity contro! would be necessary to
eliminate simultaneously wall interference on the wing
and tail. Based on the success of these preliminary
experiments, a commitment was made in 1980 to



develop a fully automated 3-D, transonic adaptive wall
test section for the AEDC Aerodynamic Wind Tunnel
(1T). The essential features of a 3-D adaptive wall test
section that had to be developed were the adaptive
walls, the interface measurement system, the
computational procedure for the external fictitious
region, and the control logic for adapting the walls.
These features are briefly described in this section.
More detailed descriptions of the systems are available
in Refs. 32 and 33.

ADAPTIVE WALLS

Since the primary mission of transonic testing at
AEDC is directed toward military aircraft that operate
near sonic velocity, it was imperative to consider
ventilated walls to attenuate pressure waves that reach
the tunnel boundaries. A systematic evaluation was
performed of various ventilated wall concepts
including a slotted wall configuration with variable-
angle baffles in the slots, a 5-percent, 60-deg inclined-
hole porous wall with segmented plenum chambers,
and a variable-porosity configuration with segmented
porosity control. Considering the effectiveness of
control in the upper transonic Mach number regime
and the relative ease of implementation, a 60-deg
inclined hole, segmented, variable-porosity
configuration was chosen as the best candidate for the
3-D test section walls. The basic design of the variable
porosity segments is identical to the global variable-
porosity design of the Tunnel 4T walls in that a
backside piate for each segment can be independently
translated to vary the porosity from 0- to 10-percent. A
photograph of the Tunnel 1T adaptive walls is shown in
Fig. 19.

INTERFACE MEASUREMENT SYSTEM

A complication of using ventilated adaptive
walls is that the requisite measurement of two flow
variables cannot be made conveniently on the tunnel
wall as can be done for a streamlined wall adaptive test
section. In addition, an added complication of a three-
dimensional adaptive wall tunnel is the requirement to
make rapid, accurate measurements at a sufficient
number of locations to define adequately the
distribution of two flow variables over a 3-D surface.
Various techniques were explored including laser
velocimetry, stationary and translating multiple probe
arrangements, and two-velocity-component static
pipes. Based on considerations of accuracy, speed, and
robustness, the static pipe offered the most promise for
current applicationsin a 3-D transonic adaptive tunnel.

In the AEDC adaptive wall development, the
streamwise and normal components .of the
perturbation velocity (or equivalently, the static
pressure and flow angle) were selected as the necessary
flow. variables. These velocity components are
obtained from the two-velocity-component pipes as
follows. Diametrically opposed pressure orifices are
located on a circular cross-section pipe along the
direction of the normal to the interface measurement
surface as illustrated in Fig. 20. The static pressure is
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measured at both orifice locations so that, locally, the
average static pressure and the pressure difference
across the pipe diameter can be evaluated. In effect,
this can be regarded as measuring the local static
pressure and its normal gradient. The streamwise
derivative of the normal velocity 3vn/3x, midway
between the two surfaces can be calculated by
assuming the flow to be irrotational. The advantage of
this measurement technique is that static pressure can
be measured precisely, rapidly, and with good spatial
resolution. The detailed analysis of this technique is
discussed in Refs. 34 and 35.

For the 1T application, it was impossible to
mount a sufficient number of pipes in the relatively
confined one-foot square test section. Consequently,
the interface measurement system is comprised of two
static pipes that are mounted diametrically opposed
and are rotated so as to describe a cylindrical interface.
The pipes are rotated such that the pressure
differential is measured and thus the velocity
determined in the radial direction. The interface
measurement system is illustrated in Fig. 20. This
rotating pipe system is necessary in 1T because - of size
limitations; in a larger wind tunnel an array of fixed
pipes would be preferred.

EXTERNAL REGION COMPUTATIONAL TECHNIQUE

The principal theoretical aspect of the adaptive
wall method is the evaluation of the functional
relationships that satisfy the conditions for unconfined
flow in the region exterior to the interface. This
requires the solution of a 3-D field exterior to the
interface with the distribution of one of the measured
flow variables prescribed there as the boundary
condition. Previous experience at AEDC demonstrated
that the streamwise disturbance velocity is the most
effective indicator of required wall controf adjustment.
Consequently, vn is used as the boundary condition in
the exterior region to calculate the static pressure at
the interface which corresponds to the unconfined
flow condition. Thus the extetior computational
region is well-posed.

The application for the AEDC 1-foot adaptive
wall tunnel is in the transonic regime, hence,it is
necessary to use a nonlinear transonic computational
technique. Because the interface is sufficiently far
removed from the model that the disturbances are
attenuated, it is sufficient to use the transonic small
disturbance equation (TSDE) in the exterior region. The
TSDE is generally formulated in terms of the potential ,
¢, but can be defined equivalently for the streamwise
disturbance velocity component or acceleration
potential, u = 34/3x. Since the differential static pipe
data yield auw/ar directly, formulation of the TSDE in
terms of u eliminates the requirement to integrate
numerically the pipe measurements to provide the
boundary condition for the exterior region. This is a
major simplification in the use of the pipe data. A
careful derivation of the numerical differencing
procedure was performed by W.L. Sickles for both the ¢
and u equations in order to assure total consistency



between the two basic formulations. Numerical
solutions to either form of the TSDE were obtained by
the Murman finite difference method. Agreement
between results from both formulations is excellent.
Both formulations were implemented as subprogram
options in the control algorithm and either can be
selected by a prescribed input parameter. Virtually all
of the experiments discussed in this paper, however,
used the u formulation as it is more direct.

ADAPTIVE WALL CONTROL ALGORITHM

A major aspect of the three-dimensional
adaptive wall tunnel system has been the development
of an automated technique to implement the overall
adaptive wall iterative procedure, both accurately and
rapidly, without a tunnel operator in the loop. For the
ventilated wall concept, the relationship between an
adjustment to an individual porosity segment and the
resulting change in static pressure on the interface is
not confined to the immediate locality of that control.
Hence, the relationship between the adjustment of a
wall control variable and the response of the flow
variable to be set is'not a direct one. Therefore, the
control algorithm must be capable of directing the
adjustments of the wall segments and the plenum
pressure to obtain a best fit of the measured interface
pressure distribution compared to the desired
distribution that results from the exterior calculation.

The heart of the adaptive wall control
algorithm is a constrained gradient projection method
optimization code. The code used is based on the
optimization code first written by Levinsky, et al (Ref.
36) for optimizing wing profiles and subsequently
modified at AEDC to accommodate more general wind
tunnel testing applications (Ref. 37). In the present
application, the optimization code was greatly
expanded by Dr. J. C. Erickson, Jr., to control the entire
adaptive wall iteration process as outlined
schematically in Fig. 21. The code is implemented on
the host PPD-11/73 minicomputer located in the Tunnel
1T control room and dedicated to these experiments.

Initial conditions for a test are selected and set
in the tunnel so that baseline mode interface
measurements can be made. As described above, the
resulting differential measurement, au/3r, is used as
the boundary condition for the exterior-flow
calculation which returns the desired interface pressure
coefficient distribution, Cpg, for the first iterative step.
The overall control code then evaluates a merit
function, ¥, that is defined as an appropriately
weighted integration of the rms difference between
Cpq and the measured pressure coefficient distribution,
Cpm. Constraints are also defined, if desired, by
requiring the equality of Cpg and Cpny at specific points
on the interface. The differences between these values
are the constraint error functions, g.

At this stage, if ¥ is less than some specified
value and if the constraints are satisfied within a
specified tolerance, the case has converged, thé test is
complete, and the model data are interference-free
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within that tolerance. [f not, the tasks continue to
make a complete pass through the procedure in Fig. 21.

The next step, if convergence has not been
achieved, is to perform the Incremental Mode to
determine gradients of ¥ and the g functions with
respect to the plenum pressure and wail-control
variables. The gradients are found from additional sets
of measurements of Cpy at wall settings obtained by
perturbing each control variable, in turn, about its
Baseline Mode setting. Next, it is checked again to
determine if all the constraints are satisfied to within
the tolerance. If any one or more of them is not
satisfied, a restoration process ensues to bring them to
within tolerance. This is accomplished by minimizing
the sum of the squares of the individual g functions. f
all of the constraints are satisfied, a minimization of the
Lagrangian function, which is the sum of ¥ and the
product of the g functions and Lagrange multipliers,
follows. [f there are no constraints, the Lagrangian
function reduces to the merit function, ¥, and it is
minimized.

Both the restoration and minimization
processes are termed One-Dimensional Searches
because they proceed with a constant step-size
increment in a single direction. This search direction is
defined in terms of specific relationships among the
wall control variables that have been found from
appropriate operations on the experimentally-defined
gradient information. A One-Dimensional Search is
continued for the successive steps until the restoration
function or Lagrangian function has passed through a
minimum. The resultant optimum state at this
minimum value is considered to provide the best fit to
Cpg and is selected as the next Baseline. As shown in
Fig. 21, the procedure is repeated until Cpyy and the
newly calculated Baseline Cpq agree.

EXPERIMENTAL RESULTS

Initial experiments in the one-foot adaptive
wall tunnel! were completed in 1983 and are
summarized in Ref. 33. The automated features of the
test section performed well during these experiments,
but convergence to unconfined-flow was not obtained.
Subsequent analysis indicated that the accuracy of the
interface measurements was inadequate to permit a
satisfactory determination of interference-free
conditions. During 1984, the interface measurement
system was completely redesigned, and a new system
was fabricated and instalied. After an extensive
calibration of the new system, which showed that the
desired accuracy of the interface measurements could
be achieved, adaptive wall experiments were resumed
in January 1985. These recent experiments, performed
by R.L. Parker, ir., and Dr. j. C. Erickson, Jr., are
reported below.

The adaptive wall experiments were performed
on the wing-body-tail mode! that has a solid blockage
ratio of 2.5 percent. The model was instrumented with
134 pressure orifices located at the positions indicated
in Fig. 14. More details about the model and reference



data are contained in Ref. 33. Similar to previous
experience at AEDC, measurable wall interference was
not observed on the model for M<0.85, even for the
high blockage ratio. Hence, all the adaptive wall
experiments were performed at Mach numbers of 0.9
and higher.

Merit Function Optimization

In the optimization procedure that adjusts the
wall segment porosity and plenum pressure, the merit
function is used to describe the relative fit of the
measured interface pressure distribution compared to
that desired. A typical static pressure distribution at
the interface is shown in Fig. 22. Four discrete regions
have been identified on the pressure distribution.
Regions 1 and Iv are those areas upstream and
downstream, respectively, of the model location.
Regions 1I and Il are those areas of flow acceleration
about the model wing and tail, respectively.

Experiments have shown that it is relatively
important to match the measured pressure to the
desired pressure in Region 1, or to establish the proper
Mach number approaching the model. it is extremely
important to match the measured and desired pressure
distribution in Regionsil and Ml in order to obtain
unconfined data on the model. Matching of the
measured and desired pressure is least important in
Region Iv.

As described, the merit function is an
appropriately weighted rms difference between the
measured and desired pressure distributions. The
experiments revealed that the optimization procedure
was highly dependent on the weighting function of the
merit function. The earliest experiments employed a
uniformly weighted merit function. This form of the
merit function placed too much emphasis on Regions
and v since these regions contribute heavily to the
total area between the measured and desired
distributions. The results with this merit function form
were consequently dominated by global features such
as Mach number and gave inadequate attention to
local requirements in the vicinity of the model wing
and tail.

A more effective form for the optimization
procedure was found by defining two separate
uniformly weighted merit functions for the wing and
tail that spanned Regions 11 and 11, respectively.
Subsequent experiments proceeded by conducting two
wall optimizations. One addressed the wing
requirements using a merit function defined for Region
It and one addressed the tail requirements using a
merit function defined for Region M. The most
effective resuits obtained to date have been with this
individualized merit function strategy.

Control Strategy

One control strategy with the separate merit
functions was to minimize the merit function in the
wing region and then minimize the merit function in
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the tail region. The interface pressure distribution for
the baseline point, or Oth iteration, for conditions of 0.9
Mach number and a model angle of attack of 4 deg is
shown in Fig. 23. Both the measured pressure
distribution and the calculated, desired pressure
distribution are shown. The data are for an interface
azimuthal location of 65 degrees and are typical of the
entire interface. The baseline wall configuration is an
arbitrary, uniform 3-percent porosity, and the test
section Mach number is established by the
conventional empty tunnel calibration values. The
pressure distribution, after optimizing the wing region
merit function, is shown in Fig. 24. The adjustment was
accomplished with Mach number control only. The
data for the model are shown in Fig. 25. The
adjustment resulted in excellent agreement between
the adaptive wall data and the reference data from
Tunnel 4T for the wing. The tail data were affected
adversely by these adjustments as evidenced both at
the interface, Fig. 24, and the model, Fig. 25. An
attempt to reduce the tail merit function with wall
control was unsuccessful.

An alternate control strategy was to minimize
the tail region merit function. The interface
information after the optimization based on the tail
region merit function is shown in Fig. 26. Again, this
adjustment was accomplished with only Mach number
changes. The model data are shown in Fig. 27. In this
case, the wing data have been affected adversely
compared to the reference data. For this control
strategy, however, wall adjustments were effective in
reducing the wing region merit function. This will be
discussed later.

These two examples are given to illustrate
several points. The consistency between the interface
and model information instills confidence in the
adaptive wall systems including the static pipes and
exterior flow calculations. It is also impressive that
simple adjustments in Mach number to match local
desired conditions are effective for minimizing
interference in discrete portions of the flow field.

However, the tongitudinal gradients about a
typical wing/tail configuration require longitudinal
variation of the boundary condition. These examples
also illustrate the conflicting boundary requirements
for the wing and tail and, consequently, show why
global forms of the merit function proved to be
inadequate in previous experiments. The effective
manipulation of the wall and Mach number control is
highly dependent on the control strategy employed in
the optimization procedure.

The caontrol strategy that began with a test
section Mach number adjustment, based on the tail
region merit function, yielded further improvement
when wall porosity control was imptemented based on
the wing region merit function. The results of the wall
adjustments are shown in Fig. 28 for the 65-degree
azimutha! interface location. The wall adjustments
were effective in providing good agreement between
the measured and desired interface conditions in the



wing region. The minimum Cp, or pressure peak, near
station 23 is slightly below, or more positive, than that
desired. The measured pressure in the tail region does
not match the desired pressure as well as the previous
iteration shown in Fig. 26, but the tail region was not
considered in this iteration.

Converged Results

The results on the model are shown in Fig. 29.
The baseline data, which were for uniform 3-percent
porosity with Mach number established by the
conventional empty-tunnel calibration, are included as
well as the previous iteration also shown in Fig. 27. The
wall adjustments compensated for the adverse effects
of the Mach number adjustment based on the wing
region at the interface. There is good agreement
overall with the reference data obtained in Tunnel 4T.
The model tail data still show good agreement with the
reference data even though the match at the interface
was adversely effected by the wall moves. This implies
that a match of the measured and desired interface
conditions in the tail region is a sufficient, but not
necessary, condition for unconfined data on the model
tail. Apparently the manner in which the interference
is manifested in the model tail region is dependent on
axial flow gradients in the test section. Allowable
tolerance limits on the disagreement between the
measured and desired interface conditions have yet to
be addressed. it appears as though the tolerance limits
might be dependent on the nature of the
disagreement instead of simply some constant value of
the rms difference.

The results shown in Figs. 28 and 29 were
repeatable for the same initial conditions and
optimization strategy. The results were also repeatable
for different initial Mach numbers. Experiments were
started in the same iterative manner for different wall
configurations. Measurements appeared to be
converging toward the same results. However, this was
not verified since the experiments were halted in view
of time constraints and facility availability.

At this juncture in adaptive wall development,
effective wall control strategy appears to be the critical
problem area. The effectiveness of the optimization
strategy is strongly dependent on the form of the merit
function and the construction of the incremental and
One-Dimensional Search Modes. Improvement of the
resdlts and ultimate general success of the adaptive
wall technique developed at AEDC thus far depends on
further refinement and understanding of the
optimization strategy.
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6.0 STRATEGY FOR IMPLEMENTING WALL
INTERFERENCE TECHNIQUES

In routine production wind tunnel testing, data
must be obtained rapidly because the cost of testing is
a major consideration. Consequently, the
implementation of techniques to treat wall
interference must be done in a manner consistent with
economic considerations. The pretest prediction
method does not effect test productivity. On the other
hand, WIAC procedures and adaptive wall methods can
have a direct impact on the productivity of the wind
tunnel and, therefore, must be applied only when
required to meet test objectives.

Computation of transonic wall interference by
current 3-D WIAC techniques takes approximately
twenty minutes on today’s supercomputers. Thus it is
prohibitive from a cost and productivity standpoint to
apply these WIAC technigues on-line to all data points.
An appropriate strategy for implementation of WIAC
would be to correct selected data in an off-line mode.
On-line calculations would be reserved for the
assessment of critical data, i.e., those data for which a
decision must be made about their quality before the
test can proceed. Of course, it is anticipated that
improvements in WIAC development, in addition to
experience gained through each application, will lead
to major reductions in application time.

The computations for the 3-D adaptive wall
method are very efficient and take approximately one
second on a Class VI computer. In addition, the
acquisition of the interface data can be accomplished in
less than one second by means of electronically scanned
pressure transducers. However, the control logic and
iterative cycle, as currently used in the adaptive wall
system, can take several minutes. This would prohibit
iterative adjustment of the walls for each data point.
The proper strategy for implementing the adaptive
wall will probably be a fully adapted tunnel for a few
critical design points such as the cruise conditon. The
adapted wall settings would then be used while the
remaining data is obtained. Of course, the interface
data can be obtained continually, and on-line
assessment or off-line corrections can be made with the
WIAC techniques. These selected adapted wall settings
could be obtained at the initiation of a test program or
even obtained on a small scale, more economical
model. It is also anticipated that as adative wall
experience is gained for a variety of configurations,
there may be optimum wall configurations for classes
of models, e.g., transports, fighters, missiles, etc. Small
tunnels could be used to gain a data base,
inexpensively, to aid in the strategies for application of
WIAC and adaptive walis to larger, production wind
tunnels.



7.0 CONCLUSIONS

The three major technologies associated with (i)
pretest predictions, (ii) wall interference assessment/
correction, and, (iii) adaptive walls, have been
developed for three-dimensional transonic flows.
Development of the first two at AEDC is directed
toward implementation in a production wind tunnel.
Further development of the adaptive wall method is
dependent on an evaluation of these two technologies.

it is now possible to make pretest engineering
calculations of wall interference in 3-D porous wall,
transonic wind tunnels. Key advances which make this
possible are new CFD techniques for modeling 3-D
transonic flows as well as a description of local porous-
wall, boundary conditions based on empirical
correlations. These pretest predictions are now made
routinely to aid in the design of test programs.

One- and two-variable WIAC techniques for 3-D
transonic flows have been developed and evaluated by
numerical simulations. The final evaluation of these
techniques will be based on controlled experiments in
the AEDC one-foot transonic wind tunnel. This
evaluation will be used to judge the relative merits of
one-variable versus two-variable methods as well as the
utility of Mach number and incidence corrections versus
force and moment corrections. In addition, the
experimental evaluation will define the range of
applicability of WIAC techniques in the upper transonic
regime and so provide a basis for assessing the need for
an adaptive wall system. It is expected that a 3-D
WIAC technique will be evaluated at AEDC in transonic
wind tunnel 4T.

The AEDC one-foot transonic adaptive-wall
wind tunnel has been operated successfully near sonic
conditons with a generic 3-D wing-body-tail mode!.
Viability of the concept for eliminating wall
interference has been demonstrated. However, further
refinements in the control strategy of the perforated
wall elements are indicated. Strategy for final
implementation of this concept will be integrated with
WIAC techniques to provide the most cost effective
system for minimizing and correcting wall interference.

In the wind tunnel testing environment at
AEDC, consideration must be given to tunnel
productivity as well as to improving the quality of
data. Therefore, added techniques which

assess/correct or eliminate wall interference should be
used only when required to meet test objectives.
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