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Abstract

In this paper, experimental results of wind tun-
nel measurements for conventional, symmetrical air-
foil NACA 0012 obtained from the trisonic wind
tunnel of Aeronautical Institute VT1 Zarkovo, Bel-
grade are presented. The measurements of lift coef-
ficient and lift-curve slope are presented. The results
were obtained from tests and integrations of sur-
face static-pressure data over a model of the NACA
0012 airfoil section. Data for the NACA 0012 air-
foil were obtained for a free-stream Mach number
range of 0.25 — 0.8 and a chord Reynolds num-
ber range of 2 x 10% to 25 x 10%. The essential
results of these measurements along with the re-
sults from other authors are presented and evalu-
ated. The principal factors which influence the ac-
curacy of two-dimensional wind tunne! test results
are analyzed. The influences of Reynolds number,
Mach number and wall interference with reference
to solid and flow blockage (blockage of wake) as well
as the influence of side-wall boundary layer control
are analyzed. Interesting results brought to light the
Reynolds number effects of the test model versus
Reynolds number effects of the facility in subsonic
and transonic flow as well as the effects of the side-
wall boundary layer control and wall interference.

Introduction

For the successful aerodynamic designing of a
new modern aircraft it is necessary to know the ac-
curate aerodynamic characteristics of the whole air-
craft, as well as of its individual constituent parts.
Since there is no adequate mathematical model of
turbulent flows, we cannot solve completely the
problem of aerodynamic designing by computer sim-
ulation and calculation. We still have to solve many
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problems related to aerodynamic designing by mak-
ing tests in wind tunnels. However, wind tunnel
simulation is connected with many problems which
cause many distortions of flow conditions around
the tested models, which finally results in inaccu-
racy of the measured aerodynamic values. There
are many reasons for that, but it is quite under-
standable that even the best wind tunnels cannot
provide conditions for the simulation of the flows
around the model which would be identical to the
flows in the free air. Therefore, the resolving of the
problem related to the definition and elimination of
the wind tunnel wall interference is a lasting task to
be solved through experimental and theoretical re-
search, either during the construction of new wind
tunnels or during their exploitation.

A special group of problems are related to the
simulation of flows around the airfoil, i.e. to the
provision of two-dimensional flow conditions. It is
an extremely complex task to create correct two-
dimensional flow conditions in wind tunnels dur-
ing aerodynamic testing. In the transonic range of
speeds this conclusion has proved to be related to
the wind tunnels of all types and dimensions. | would
point out the following principal factors which have
an impact on the accuracy of the results and which
contribute to the uncertainty of the measured values
obtained in wind tunnels. First, this is the effect of
the Reynolds number, the effect of the Mach num-

ber, the wind tunnel wall interference, i.e. the influ-

ence of solid and flow blockage (blockage of wake)
and the influence of side-wall boundary layer (the
problem of creating correct two-dimensional flow
conditions).

The purpose of this paper is to point out the
principal factors which contribute to the greatest
extent to the inaccuracy and diversity of results
of measuring aerodynamic values sxpressed through

21st ICAS Congress
13-18 September 1998
Melbourne, Australia




Copyright © 1998,

by the International Council of the Aeronautical Sciences (ICAS)

and the American Institute of Aeronautics and Astronautics, Inc.

lift-curve slope of conventional symmetrical NACA
0012 airfoil. Accordingly, an analysis have been
made of the available results of tests and theoretical
studies made in the major international aeronautical
research centers (up to Mach number M=0.55 and
Reynolds number MRe=10), as well as of an exten-
sive experimental and theoretical study made by the
VTl-Aeronautical Institute and the Faculty of Me-
chanical Engineering of the University of Belgrade,
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with the aim to extend the existing scope of analysis
concerning the Mach numbers effects to the tran-
sonic speed range (up to M=0.8), and the range of
the Reynolds numbers effects even to MRe=35.

On the basis of the results of this study, an
attempt has been made to give an answer to the
question: What is the actual lift-curve slope of the
conventional symmetrical NACA 0012 airfoil accord-
ing to the Mach and Reynolds flow numbers?
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Figure 1: - Schematic of wind tunnel (PRV - Pressure Regulating Valve)
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Figure 2: - Schematic of test-section walls

Facility Description

The VTI-Aeronautical Institute trisonic blow-
down wind tunnel(¥ has a transonic test section
with two- and three-dimensional inserts. The in-
serts have 60° inclined-hole porous walls with vari-
able porosity adjustment capability. Mach number
is nominally set using either the second throat or
flexible nozzle contour, depending on whether the
flow is to be subsonic or supersonic. Final Mach
number trimming is done using a blowoff system
(with ejector assist if required) in which air reenters
the circuit in the wide-angle diffuser just before the

exhaust stack. Figure 1 shows a schematic of the
circuit airline.

Each of the four parallel walls of two-dimensional
tnsert are 4.6 m long: side-walls are 1.5 m wide and

_the upper and lower wall are 0.38 m. Upper and

lower wall consists of a pair of perforated plates
with holes inclined 60 deg. to the vertical. Vari-
able porosity is achieved by sliding the backplate to
throttle the hole opening, the range being 1.5-8%.
Motion of the throttle plate is forward from full-
open; i.e. cutoff is from the down-stream edge of
each hole. A hole size is of 12.8 mm, and the com-
bined two-plate thickness 14 mm. A splitter plate
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2 mm thick is integral with each hole in the main
plate-splitters are not incorporated into the throt-
tle plate. Figure 2 shows the hole geometry and
"finger” region where the porosity is gradually de-

veloped on a wall. A reference static hole ("ref.”
in Figure 2) located on one wall is used for control
of nominal Mach number during a test run. The
NACA 0012 model has a chord of 0.254 m.
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Figure 3: - lllustration of the collected results of the tests of lift-curve slope in the function of the Reynolds
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The Reynolds Number Effects

Real nature, controversy and complexity of the
problem we are faced with are evident in Figure 3.
There are so many solutions for one at the first sight
simple question of lift-curve slope for the simplest
NACA 0012 airfoil. One of the first attempts to
~ clarify and explain in detail this problem was made
at the gathering of experts called "Wall Interfer-
ence in Wind Tunnels” held in London in 1982(2).
On that occasion the attention was drawn for the
first time to an interesting problem of mutual in-
terdependence of the Reynolds number effects on
the test model and the Reynolds number effects on
the facility, i.e. wind tunnel. The present dilemma
about this interdependence can be also illustrated
by posing the similar question. What is actually
the lift-curve slope a = dcy/da of the conventional
symmetrical NACA 0012 airfoil in the function of
the Reynolds number? In order to give. an answer

to this question an analysis should be made of the
available results of wind tunnel tests which are pub-
lished in international literature about such a subtle
premature as lift-curve slope of airfoil(2-12),

First, in order to exclude from the analysis the
effect of the Mach number, the range of subsonic
flow (up to March number 0.55) has been analyzed
at small angles of attack only, because of which the
possibility of creating and separating the flows and
shock waves have been eliminated. Then the Mach
number effects have been included in the analysis.

“In both cases the effect of the Reynolds numbers to -

the models and wind tunnels has been also analyzed.

The results of this analysis are presented in Fig-
ure 3 for NACA 0012 airfoil. They are grouped
according to 21 sources of quotation. Many of
these results have been achieved by the outstanding
and widely known international aerodynamic insti-
tutions. For example, an analysis has been made of
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some old wind tunnel low speed tests made by NACA
Institute (symbols 2-4), contemporary results of the
NASA (1,5 and 6), the results achieved in the very
good industrial facilities (10-12), detailed studies of
the NPL and RAE (13-15), the results achieved by
AGARD working group 04 DATA BASE (17), the re-
sults of ONERA (16-19), of the VT and the Faculty
of Mechanical Engineering (21), etc.
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Figure 4: - Results of measurement of the distribu-
tion of the static pressure along the upper and lower
side of NACA 0012 airfoil at angle of attack of 2.0°
at Mach number of 0.8

According to this illustration there is a great di-
versity in the achieved results, as a consequence of
the strong influence of the Reynolds numbers effects
on the test models and wind tunnels, of inadequate
conditions of two-dimensional flows in the test sec-
tion and the wall interference in the test section of
wind tunnel. Wishing to complete this study, the
analysis has been extended to the transonic speed
~ range and it has incorporated new tests made by
the VT1 as well as the calculation of wall corrections
made at the Faculty of Mechanical Engineering{*=7).

Experimental tests have been made in blow-
down trisonic wind tunnel T-38 with transonic two-
dimensional working section of dimensions 0.38x1.5
m with changeable perforation of walls from 1.5 to
8% (see Figures 1 and 2). Aerodynamic coefficients
have been calculated by measuring the distribution
of the static pressure in 80 equally distributed tested
points along the upper and lower side of NACA 0012
model with a chord of 0.254 m. For this measuring,

the complete most modern equipment for aerody-
namic measuring has been used. Figure 4 presents
the selected results of the measurement of the dis-
tribution of the static pressure along the upper side
and lower side of the airfoil at angle of attack of
2.0° at Mach number of 0.8.

This additional experimental study has included
the Mach test number from 0.25 to 0.8 and- the
Reynolds model numbers from 2 to 35 MRe. It has
corroborated the conclusions(?) made at the begin-
ning about the influences of the Reynolds number
in the subsonic speed range and at the same time
it has expended them to the transonic range, i.e. to
the Mach number effects to the results of the wind
tunnel tests.
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Figure 5: - Results of the test of lift-curve slope in
the function of the Reynolds number

The Mach Number Effects

In the case of the simulation of transonic flow,
the situation becomes even more complex when
defining the aerodynamic flow parameters. The ef-
fects of solid and flow blockage are even more evi-
dent, the side-wall boundary layer becomes thicker,
the areas of separated flow and shock waves are cre-
ated, which cannot be eliminated even by the full
presence of the ventilated transonic walls. All this
makes it even more difficult to define the exact aero-
dynamic parameters measured in wind tunnels. All
controversy and uncertainty of the achieved results
can be seen in Figures 3, 5, 6 and 7.

The Prandtl-Glauert theory which in the early

ﬂstage of the development of aviation could satisfy

for many years the needs of the experts in aerody-
namics, in the last few decades could not remain
the mainstay for the modern researches carried out
all around the world. This dependency which does
not contain in itself the Reynolds number effects
either to the model or to the facility, can serve to-
day only as a standard measure for classic thinking
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and assessments in this field of the experimental and
mathematical aerodynamics. Such conclusion is ap-
plied on the classic experiments made in the first
stage of the development of wind tunnels, like the
classic experiment made by Gothert (Figure 7).
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Figure 6: - Results of the test of lift coefficient in
the function of the angle of attack

The experiments and theoretical studies carried
out recently by Murman(®), Kacperzynski(®), Chan,
Jones and Catherall(11) and the latest tests made in
NASA, Canada, by the VTl and the Faculty of Me-
chanical Engineering(®=7) illustrate an exceptionally
great interdependence of the Mach and Reynolds
number effects, side-wall suction and the influence
of the wind tunnel walls on test results in transonic
wind tunnels. These conclusions are completely evi-
dent in the results of the lift-curve slopes tests made
by the VTI which are presented in Figure 5, as well
as in the corresponding results achieved in the world
and presented in Figures 6 and 5(4~11),

Wall Tunnel Interference

In all analyses of tests results achieved in wind
tunnels, the question of wall tunnel interference has
been always raised. It has been manifested that,
irrespective of the increased dimensions of the test
section, i.e. of the Reynolds number effects on the
wind tunnel, the effects of solid and flow blockage,
i.e. the wind tunnel wall interference cannot be elim-
inated. If we look at the results of the tests carried
made by the VTI, with high Reynblds numbers and

different Mach numbers which are presented in Fig-
ures 6 and 7, we can establish that these results, if
not corrected, are completely useless from the point
of view of an engineer. Only when the wall tunnel
influence is calculated, for example by the meth-
ods presented in the papers(*~7), these test results
could be accepted as real results which are achieved
in the world today and which could be expected in
the conditions of free air flow.
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Figure 7: - Results of the test of the dependence of
the lift-curve slope from Mach number

During all tests made by the VTI, the calcula-
tion of the perforated wall interference-of transonic
T-38 wind tunnel has been made by the Fourier’s
method used to solve the Dirihlet’s problem in the
rectangle of the wind tunnel test section(4~6),

During this calculation, in order to preserve in
the computer analysis the reality of flows at the
test section boundaries of transonic wind tunnel!, the
boundary conditions which are necessary to know
for the solution of this type of boundary problems,

_have been experimentally defined by measuring the

distribution of static pressure along the upper and
lower wall of the test section in 46 equally distributed
tested points. Figure 8 illustrates the distribution of
measured pressure coefficients along the upper and
lower wall of working section at angle of attack of
2.0° at Mach number of 0.8.

For the solution of the problem of wall interfer-
ence, the concept of local linearization of external
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flow outside and around the model has been applied,
which have been replaced by the singularities of ad-
equate strength.

The problem of boundary value has been ana-
lyzed, while the solution has been adapted for the
application of the Fourier transformation and the
Fourier coefficients have been calculated by the ap-
plication of the fast Fourier transformation(4-6).
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Figure 8: - Distribution of measured pressure coef-
ficients along the upper and lower wall of working
section at angle of attack of 2.0° Mach number of
0.8

Suction of the Boundary Layer From the Side
Walls of Wind Tunnel

In order to create correct two dimensional flow
conditions and uniform spanwise loading of the air-
foil model, it is necessary to apply side-wall suction,
t.e. the control over the boundary layer along the
side walls of the wind tunnel. In the case that the
control of boundary layer along the side walls is not
ensured, this will certainly result in a loss of lift (and
difference in drag) caused by the two basic effects
of the complex flow. First, the loss of lift is caused
by the decreased speed near the wall (by the de-
creased circulation). This effect can be significantly
diminished if the side-wall boundary layer is reduced
to the value which is very small in comparison with
the spanwise of the model. Second, the influence of
the airfoil pressure range will cause nonuniform in-
crease of boundary layer along the side walls which
will result in the creation of some tree-dimensional
effects in the flow around the airfoil. The separation

along the side walls is also quite normal. For exam-
ple, it usually occurs near a rounded leading edge
(in the vicinity stagnation point), approaching the
trailing edge and during the subcritical and super-
critical flow, as well as in the zone of the maximum
local value of pressure.

It is desirable that the quantity of the removed
volume of the air through porous side walls of the
wind tunnel is minimal as required for creating sat-
isfactory conditions for two-dimensional flow. If the
too much quantity of air is removed from the work-
ing section this will cause an extensive axial gradient
of pressure in the wind tunnel, which will result in
(buoyancy) defect in drag and in the Mach number.
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Figure 9: - Dependence of the lift-curve slope from
Mach number

The importance of the correct definition of the
quantity of the removed air is evident from the ON-
ERA tests presented in Figure 3 for its results given
under point 19. The lower point is the case with

_inadequate suction and the upper point with right

quantity of the removed air. Most frequently the
removed quantity of air is expressed through the ra-
tio of normal component of flow velocity through
the wall, to the velocity of undisturbed flow (far
upstream from the model) V,,/V,. In all tests
made by the VTI which are presented in Figures
3-8, the velocity ratio has been within the limits
Va/ Voo = 0.0050 — 0.0054.
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Conclusion

This rather pessimistic picture which one could
get on the basis of the presented results can be par-
tially balanced by the new development of correc-
tions of walls and calculation methods which are
published and used in the world today, and which,
when applied in practice, should increase the confi-
dence in the results of wind tunnel tests. In this con-
text, it is more precise to take the definition of the
correction of walls as "adaptation of walls” which
shall incorporate all mentioned factors which have
an impact on the quality and accuracy of the flow
area of the wind tunnel test section and thereby con-
tribute to the increased accuracy of the measured
aerodynamic values. The results achieved in this
way (see Figure 9) could satisfy the users of "accu-
rate” results of two-dimensional aerodynamic tests
during the design and fundamental research or the
testing of validity of the numerical methods of cal-
culation.

References

[1] G. M. Elfstrom, B. Medved and W. J. Rainbird,
“Wave Cancellation Properties of a Splitter-
Plate Porous Wall Configuration®, Journal of
Aircraft, Vol. 26, No. 10, October 1989.

McCroskey, Round Table Discussion on “Wall
Interference in Wind Tunnels“, AGARD Con-
ference Proceedings No. 335, United Kingdom,
19-20 May 1982.

F. Spaid, J. Dahlin, F. Roos and L. Stivers,
“Static Pressure and Drag Data Obtained
From Tests of a Supercritical Airfoil and an
NACA 0012 Airfoil at Transonic Speeds”,
NASA Technical Memorandum 81336, 1983.

2]

[4] B. Ra%uo, “Mathematical and Experimental
Study of Solving of Two-dimensional Wind
Tunnels Wall Interference Correction Prob-
lem", Bulletins for Applied Mathematics,

BAM-1200, Budapest, 1996.

[5]

[6]

[7]

(8]

(9]

[10]

[11]

[12]

B. Ra%uo, “Two-dimensional Wall Interfer-
ence in Transonic Wind Tunnels, GAMM
Gesellschaft fir Angewandte Mathematik und
Mechanik, The Annual Scientific Conference
at the Charles University Prague, 27-31 May
1996. .

B. Rasuo, “Fourier's Method for Solving
Dirichlet's Problem With an Application for
Two-dimensional Transonic Wind Tunnel Wall
Interference”, Australian Engineering Mathe-
matics Conference 1996, University of Sydney,
15-17 July 1996.

B. RaSuo, “Experimental and Theoretical
Study on Accuracy of Two-dimensional Wind
Tunnel Test Results”, International Aerospace
Congress 1997, University of New South Wales,
Sydney, 24-27 February 1997.

J. Kacperzynski, “Transonic Flow Field Past
2D Airfoils Between Porous Walls With Non-
linear Characteristics”, AIAA Paper 75-81, Jan.
1975.

E. Murman, F. Bailey and M. Johnson, “A
Computer Code for Two-dimensional Transonic
Calculations, Including Wind-Tunnel Wall Ef-
fects and Wave-Drag Evaluation”, NASA SP-
347, Langley Research Center, Hampton, Vir-
ginia, March 4-6 1975.

H. Schlichting und E. Truckenbrot, “Aerody-
namik Des Flugzeuges®, | Band, Springer Ver-
lag, Berlin, 1967. o
Y. Chan, “Perturbation Analysis of Transonic
Wind Tunnel Wall Interference”, Journal of
Aircraft, Vol. 17, No. 6, June 1980.

R. Barnwell, “Effect of Sidewall Suction
on Flow in Two-dimensional Wind Tunnels”,
AlAA Journal, Vol. 31, No. 1, January 1993.




	00001.PDF.pdf
	00002
	00003
	00004
	00005
	00006
	00007

