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WIND TUNNEL PERFORATED WALL CORRECTIONS FOR
THE ONERA M4R MODEL

Mihaela BURGHIU (MANEA)!?*, Corneliu Ioan STOICA! , Adrian
BURGHIU'?

Improving the testing capability of wind tunnels was always a priority. The
efficiency of data acquisition, as well as data accuracy are of great importance. One
of the main ways of improving data accuracy is to eliminate the wall interference.
Over time, several correction methods have been developed, the first being those that
use theoretical, idealized boundary conditions, followed by methods that use
measured boundary conditions. The purpose of this paper is to determine the
perforated wall corrections using the one-variable method and measured boundary
pressures, for the ONERA M4R calibration model.

Keywords: wind tunnel, perforated wall interference, ventilated walls, pressure
bounday measurements.

1. Introduction

In order to assess the wall interference problem in a wind tunnel, several
methods have been developed. These include methods based on the rotational non-
viscous flow hypothesis or the viscous fluid hypothesis, but the most commonly
used are the ones based on the potential flow hypothesis [1]. Their main advantage
is given by the fact that they have a simple shape and, implicitly, a high computation
speed. The results obtained using potential flow methods are accurate as long as the
model is relatively small compared to the test section.

It was demonstrated both experimentally and by means of computational
techniques, that the characteristic properties of the flow through the perforations of
a ventilated wall are dependent on the boundary layer [1]. However, this has not
prevented the development of various correction methods based on idealized
boundary conditions. The most significant advantage of using this type of boundary
conditions is the necessity to only measure the parameters that are directly related
to the model tested in the wind tunnel. However, the importance of measured
boundary conditions has long been recognized, due to the fact that they describe
more accurately the behaviour during the experiments. The difference between the
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theoretical approach and the use of the experimentally obtained boundary
conditions, consists in replacing the idealized boundary condition with the
measured one.

The one-variable method is probably the most widely used technique in the
assessment of wall interference that uses boundary pressure measurements, because
it only requires the measurement of a single variable, the streamwise component of
the interference velocity. The basic assumption of this method is that the potential
near the walls is governed by the Prandtl-Glauert equation.
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By differentiating the potential ¢ with respect to x, the streamwise
component of the perturbation velocity, u, can be determined. Using the linear
superposition, u can be represented as [2] [3] [4]:

U =1uy + uy 2)

where uy is the streamwise component of the disturbance potential of the model
placed in an infinite free stream and uyy is the streamwise component of the wall
interference potential.

In order to compute the wall interference at high subsonic Mach numbers it
is necessary to apply a compressibility correction. This can be achieved by
introducing the Prandtl Glauert compressibility factor, f [5], which converts the
original coordinate system, defined by (x,y,z) in a coordinate system defined by
(%,9,%), where:

y=Y 2=z (3)
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As indicated in [2], uyy satisfies the Laplace equation in the entire test section.
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Free air velocity can be computed if the model is represented by singularities.
= = (1 cp + 22 )
Uy =u—uy =—p > p ax

The pressure coefficient, Cp, is computed using the boundary pressure
measurements. If the walls are sufficiently remote from the model, only the far field
aproximation of u,, is necessary.

This paper presents the assessment of the primary perforated wall
corrections using a panel method.

(6)
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2. Wall interference computation

Equations (2) and (5) describe an interior Dirichlet problem, for which there
are several methods of solutioning. The Dirichlet problem stated for Laplace
equation, to which equation (5) can be reduced, has a unique solution in the interior
of a region , provided that the boundary conditions are specified at any point on the
surface. If the interference potential is specified on the surface, it is necessary to
define an appropriate Green function, that vanishes on the surface, leaving:

9G
dy (p) = f (¢ —ou) a—rde (7)

Once the Green function, Gp, is defined, and if the perturbation velocity potentials
are known over the entire surface, the above integral can be evaluated [6].
As stated in [7], uy, can be represented by using the double layer potential.

wy (o) = ,U I(r) on 47T|T'0 —r|>d$ ®)

where [ is the doublet density, S is the test section surface and the position vectors
7o = (%0,y,2) and r = (X,y,z) define a fixed observation point and a point
running over the test section surface.

As 7y approaches a smooth surface point 7, uy, can be described by using
Fredholm integral of the second kind for the doublet strength [2].

1 d 1

Uy (Fi) = _El(Fk) + ff 1@)&(@) ds 9)
The wind tunnel test section is divided in rectangular panels. The model is
represented by using singularities. Thereby, the disturbance velocity potential
induced by the wing is aproximated by a discrete distribution of 20 horseshoe
vortices placed on the quarter chord line, the fuselage is represented by a
distribution of 8 three dimensional doublets placed on the fuselage axis, and the

wake effect is aproximated by a point source placed on the trailing edge.

Fig. 1: Horseshoe vortices distribution Fig. 2: Three dimensional doublets
distribution
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Fig. 3: Test section representation

The potentials describing the representations mentioned above are:

A r z 14 X
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where @i describes the wing, @3, describes the fuselage and ¢ describes the
wake. I', d and o are the singularities strengths, V is the fuselage volume, S is the
reference surface, C; is the lift coefficient and Cj, is the drag coefficient.

Pu = Py + Pu + O (16)

If the test section is divided into N rectangular elements and 7, is
positioned at the centroid of each element, the following linear system results:

N
ZAkjljzuk, k=1,.,N (17)
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After the determination of doublet strengths, u,, can be computed at any point in
the test section.

The blockage interference factor and the angle of attack correction are
computed as [2]:
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1
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where Xj is the coordinate of the reference plane.

The blockage in the test section influences the free air velocity, therefore it
is necessary to correct the reference flow quantities, such as Mach number and
dynamic pressure. For a small € and y = 1.4, the liniarized corrections are
presented below [8]:

My =M -[1+ (14 0.2M?)¢] @1

G =q - [1+ (2 - M?)e] (22)

3. Boundary pressure measurements

The experiments in which the pressure distributions on the test section
perforated walls were measured were performed in the INCAS Trisonic wind
tunnel, using the ONERA M4R model. The tunnel is equipped with a perforated
wall test section measuring 1.2 x 1.2 meters. The porosity of the walls can be varied
between 1.5% and 9.1%. The length of the test section is about 4 meters and the
perforations are inclined at 60° and their diameter is 10 mm.

ONERA M4R is part of ONERA calibration models family and has a typical
transonic transport configuration. The wings have a 30° sweep, a 7.31 aspect ratio
and a taper ratio of 0.3. Both wing and tail airfoils have a ‘peaky’ type symmetric
cross section [9] [10]. The main dimensions for ONERA M4R model are: 0.635 m
wing span, 0.0889 m mean aerodynamic chord, 0.05516 m? wing surface, 0.684 m
fuselage length and 0.08033 m fuselage diameter [11].

# 1 i ’.'c o . . ' - & ,
Fig. 4: INCAS Trisonic wind tunnel Fig. 5: ONERA M4R model
perforated walls test section

Boundary pressure measurements were performed by using two cylindrical
probes, placed on the top and bottom walls of the test section.
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The tip of the probe has the shape of a cone with a semi-angle of 10°. The
tip is followed by a cylinder with a 28 mm diameter and 3200 mm length. The probe
was fixed on the wall using 14 mounting brackets and M4 screws. On the probe are
installed 44 pressure taps, from which only 32 were used in this experimental
campaign.

At the same time with pressure measurements, aerodynamic loads and flow
parameters measuremets were also performed. A base pressure correction was
applied to the measured data. The experiments evaluated in this paper are presented
in the next table.

Table 1
Experiments with ONERA M4R
Experiment Number Mach Roll angle Total Pressure [bar] Angle of attack
number [deg] sweep [deg]
10101 0.5 0 1.4 -8;+10
10102 0.7 0 1.8 -8;+10
10103 0.85 0 1.6 -5;+15

The main source of inaccuracy in the boundary pressure measurements
based methods for determining the wall interference is the limited number of
pressure measurements. It is necessary to interpolate or extrapolate the existing data
in order to be able to define the boundary conditions on the entire domain and to
solve the Dirichlet problem. The computations performed for this paper required
that u; to be known at the center of each rectangular element and therefore the
measured pressure coefficients were interpolated using spline interpolation. The
restricted number of measured pressures and also the lack of measurements for
upstream and downstream portions of the domain are the main reasons why the
corrections are only aproximate. The pressure coefficients were computed using the

formula presented below.

P — Ds Y
C, = T q:ipst (23)

where p is the measured pressure, py is the static pressure, ¢ is the dynamic
pressure, ¥ = 1.4 is the specific heat ratio and M is the flow Mach number. A
regular case of pressure distributions is presented in Fig. 6. Also, Fig. 7 displays an
exemple of interpolated pressures on top and bottom walls of the wind tunnel.
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Fig. 6: Pressure distributions exemple for Fig. 7: Interpolated pressure dfstributions on
M=0.85 top and bottom walls

4. Results

In order to to correct the data obtained during experiments, the upflow and
blockage corrections factors for ONERA M4R were computed using the procedure
described in previous chapters. First, the angle of attack is corrected with the upflow
angle, Aa. Next, the Mach number is corrected using the blockage factor, €. The
change in the Mach number influences the dynamic pressure, therefore a correction
of measured aerodynamic coefficients is also necessary. A comparison between
uncorrected and corrected lift and drag coefficients for 0.5, 0.7 and 0.85 Mach
numbers is presented in this chapter.

For the case of M=0.5 the lift coefficient is compared with the results
obtained by Mokry for the ONERA M5 model in the 5ft. X 5 ft. NAE wind tunnel,
at a Mach number of 0.505. However, it must be mentioned that the results in [12]
are corrected only with the lift interference.

The results for M=0.7 and M=0.85 are compared with those from [13],
obtained for the ONERA M5 model placed in the 2m X 2m JAXA Transonic Wind
Tunnel. The wall corrections in [13] were determined by applying Mokry’s method
to the experimental data and are also taking into account the model support
interference.
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Fig. 8: Corrected vs. uncorrected lift Fig. 9: Corrected vs. uncorrected lift
coefficient, M=0.5 coefficient, M=0.5, detail view
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Fig. 10: Corrected vs. uncorrected lift
coefficient, M=0.7
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Fig. 12: Corrected vs. uncorrected lift
coefficient, M=0.85
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Fig. 11: Corrected vs. uncorrected lift
coefficient, M=0.7, detail view
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Fig. 13: Corrected vs. uncorrected lift
coefficient, M=0.85, detail view

The curves in Fig. 8 to Fig. 13 display the corrected lift coefficient as a
function of corrected angle of attack and the unccorrected lift coefficient as a
function of uncorrected angle of attack.

It can be observed that the magnitude of lift coefficient corrections increases
as the angle of attack increases. For angles of attack higher than 8 degrees its value
is very high, being situated between -0.011 and -0.014. Also, the lift coefficient
corrections increase with increasing Mach number.

In the case of M=0.5 it can be noticed that the corrected results seem to be
comparable with those of Mokry, even though the latter have only the lift
interference correction applied.

Both corrected and uncorrected results for M=0.7 and M=0.85 do not
perfectly fit the results obtained in the JAXA wind tunnel, but it can be seen that
the corrected ones have the same tendency as the ONERA M5 results. For an angle
of attack of aproximately 2°, the relative error between corrected and uncorrected
lift coefficient for ONERA M5 is 1.2% at M=0.7 and 1.46% at M=0.85 while for
ONERA M4R is 1.5% at M=0.7 and 1.7% at M=0.85. The differences may occur
due to the fact that the two models are not identical, they were tested in two different
wind tunnels and also the results presented in this paper do not take into account
the model support interference. Moreover, the magnitude of ONERA M4R
corrections is higher than the magnitude of the ONERA MS5 corrections. This could
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be explained by the fact that the blockage caused by the ONERA M4R in the
INCAS trisonic wind tunnel is higher than the blockage caused by ONERA M5 in
JAXA wind tunnel, therefore resulting that the test section walls influence on M4R
is more significant than that on MS5.
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Fig. 14: Corrected vs. uncorrected drag Fig. 15: Corrected vs. uncorrected drag
coefficient, M=0.85 coefficient, M=0.85, detail view
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Fig. 16: Corrected vs. uncorrected drag Fig. 17: Corrected vs. uncorrected drag
coefficient, M=0.85 coefficient, M=0.85, detail view
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Fig. 18: Corrected vs. uncorrected drag Fig. 19: Corrected vs. uncorrected drag
coefficient, M=0.85 coefficient, M=0.85, detail view

The drag coefficient is presented in a similar way with the lift coefficient in
Fig. 14 to Fig. 19. Also, it shows the same tendency as the lift coefficient, increasing
as the angle of attack increases.
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At aproximately 2° angle of attack, the relative error between corrected and
uncorrected drag coefficient for ONERA M5 is 0.93% at M=0.7 and 0.6% at
M=0.85 while for ONERA M4R is 1.3% at M=0.7 and 0.7% at M=0.85. Regarding
the comparison with the results from [13], it can also be noticed that there are
differences between the two sets of data, but the possible reasons for the appearance
of these differences are explained above.

5. Validation of corrections

Concerning the validation of corrections determined in this paper, the
method used in [14] is applied. In this reference, the autor uses a theoretical wall
pressure distribution generated by a porous wall boundary condition interference
prediction method as a benchmark test to asses the corrections obtained using the
one-variable method.

Similarly, in this paper, the pressure distributions on the walls were
generated using the method described in [15] [12]. Also, by applying the same
method, the angle of attack correction was computed for ONERA M4R model, 0.7
Mach number. Next, the generated pressure distributions were used as ‘measured’
input for the method presented in this paper. Having the boundary conditios
defined, it was easy to compute the angle of attack correction.

The pressure coefficients, C,, were determined from the theoretical
boundary conditions by applying the liniarized equation [12]:

dg
Cp=—2— (24)

The results are presented in Fig. 20. Even though there are differences
between the two sets of corrections, they are in general below 10% and may occur
due to the differences in computation of corrections between the two methods. In
the first method, that uses a porous wall condition, the test section is assumed to be
infinitely long, while in the second method the test section is limited by upstream
and downstream boundary conditions.

M=0.7

O Porous-wall boundary condition
% One-variable method

Fig. 20: Angle of attack correction computed using two methods — M=0.7
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Another way to verify the corrections, used for NASA TWICS correction
system is presented in [16]. Although the method is applied for slotted wall
interference, it can be assumed that it is also valid for perforated wall interference.

Mach number and angle of attack corections are represented as a function
of uncorrected angle of attack. In the case of the Mach number, the corrections
should be negative throughout the entire domain, having a value that increases with
increasing incidence. In the case of angle of attack correction, the curves are
expected to be liniar if no flow separation region appears. Also, they should have a
negative slope.

As it can be seen in Fig. 21 and Fig. 22, Mach number and angle of attack
corrections fall within the requirements specified above.
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Fig. 21: Angle of attack correction as a Fig. 22: Mach number correction as a function
function of uncorrected angle of attack of uncorrected angle of attack

6. Conclusions

The purpose of this paper was to determine the primary perforated wall
corrections for the ONERA M4R model placed in INCAS Trisonic Wind Tunnel
by using boundary pressure measurements. The corrections were computed using
the one variable method, developed by Mokry in [7] for a half-model placed in a
rectangular test section. The results obtained for the case of a full-model were
computed using the pressures measured with only two probes placed on the wind
tunnel walls.

As expected, the magnitude of corrections for lift and drag coefficients show
a significant increase as the angle of attack and Mach number increase.

The corrections were validated by computing ‘artificial’ pressure
distributions and using them as inputs for one variable method.

The accuracy of one variable method is dependent on the accuracy of wall
pressure measurements and also on the accuracy of model representation. Even
though the use of only two pressure probes could lead to less accurate results, the
corrections seem to fall within the expected results.
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The use of singularities becomes problematic at high angles of attack, when
the flow separation regions are not precisely known, and also at high Mach
numbers, when supersonic flow regions might appear.
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