‘ Lk
| . e ! _ AGARD-R-702

AGARD-R-702

AT AL S

R e

AGARD REPORT No.702

Compendivm of R
Unsteady Aerodynamic Measurements ¥

«

| e

This d*-*"munt x‘ms heon qppacmdj
publiz reiease and sale
!rzbuum\. x*‘ umn.umi

AR
'\;“..-w-‘-‘“’)

J.n\ APrrawma

oy \\1\:(«.;’ ) «“:

S eva aTaTe e

NN

DISTEABUTION AND AVAILABILITY S
ON BACK COVER '

s

FLEoppY 89 3y 89 13y




AGARD-R-702

NORTH ATLANTIC TREATY ORGANIZATION
ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRAITE DE L’ATLANTIQUE NORD)

AGARD Report No,702
COMPENDIUM OF UNSTEADRY AZERODYNAMIC MEASUREMENTS

This Repast was sponsored by the Structures and Materials Panel of AGARD.

- - WP

R - .
ol e e e s o e i e e o st e s e




R

am
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— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field;

- Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

- Recommending effective ways for the member nations to use their research and development capabiiities for
the common benefit of the NATO community,

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
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PREFACE

The Subcommittee on Aeroelasticity of the AGARD Structures and Materials Panel (SMP) has produced two
recent publications on the AGARD Standard Configurations for Aeroelastic Applications of Transonic Unsteady
Aerodynamics: AGARD Advisory Report 156, "AGARD Two-Dimensional Aeroelastic Configurations" and AGARD
Advisory Report 167, "AGARD Three-Dimensional Aerocelastic Configuratioms,"

Now that the AGARD has established standard aeroelastic configurations, the next effort is to encourage
aercelasticians in the NATO countries to develop improved methods of predicting transonic unsteady aerodynamics
and aeroelastic response and to evaluate them with respect to the AGARD configurations. This Compendium
assists that development and evaluation by collecting the known unsteady aerodynamic experimental data for the
AGARD configurations, It is due mainly to the efforts of Mr Norman Lambourne, recently of the Royal Aero-
nautical Establishment, with Mr H C Garner of the RAE as a major collaborator.

The next phases will come under the guidance of facilitators for aeroelasticity:

France: Mr R. Dat
ONERA
29 Avenue de la Division LeClerc
92 Chatillon
Paris

Dr W, Geissler
DFVLR-AVA
Bunsenstrasse 10
3400 Gottingen

Netherlands: Mr R. 2Zwaan
NLR
Anthony Fokkerweg 2
Amsterdam 1017

United Kingdom: Nr H C Garnev
RAE
Farnborough, Hants GU1I4 6TD

United States: Pr J. Edwards
NASA Langley Research Center
M3 140
Hampton VA 23665

These facilitators will encourage contributions and communications among fnvestigators in the RATO countries
for a Tew key tvo~dimensional and three-dimensional standard cenfigurations. They will prasent propress
reports to the AGARD Structures and Materials Panel {SMP) in the Autumn of 198). The vffort will culmirate {n
4 Speeialists’ Moeting on “fransenic Unateady Aerodynamics and Aeroelastic Application” at the SMP meeting in
vall 84, We encourape selentists in the BATO countries to comawaicate with one of the adove facilitators to
eoordinate thelr contributions, : S )

S J. OLSER
alryan
D/SNY Subcosaittoe on Acroelastivity
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COMPENDIUM OF UNSTEADY AERODYNAMIC MEASUREMENTS

SUMMARY

The Compendium contains a selection of wind-tunnel measurements made on some of
AGARD Rercelastic Configurations already chosen as computational test cases. Present
tion of the numerical data in the form of separate Data Sets is preceded by a general

review that discusses the various aspects concerning experimental measurements and compari-

sons with theoretical computations,
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DATA SETS

2=D Configurations

1 NACA 64A006. Oscillating flap
by R.J. 2waan, NLR

2 NACA 64A010 (NASA Ames madel). Oscillatory pitching
by Sanford 5. Davis, NASA Ames :

k] _NACA 0012, Oscillatory and transiont pitching
by R.H. Landon, ARA

4 NLR DO auparcritical airtotl. VOsaillatory pitehing and_'
osclillating flap : :
by R.Js éwaan, NLR

5 NLR 7301 gupereritical atrfoil, Oseillatory pitohing
: by Sanford 5. Davis, NASA Ames .

3-D Contiguratieons

6 ‘RAB ulnq A. Qsctllacinq flap

7 NOwA aodel. OIcillaetou about suopt axis
b}’ NeCe mm

Yurther Datad Sots may be issued later, as addenda, when experimental rosults
for othexr configurations boconn available,

Noto: Although the Ceneral vatew and the Data Sets are scparate contribue
£lons, a consistent scheme of nunbering the pages, veferences, tables and
_figures 1s used throwghout the Compendiws, Thus, for instance Table m.n is
the nth table of Data Set m. For the Goneral Rovleu m« 0,
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GENERAL REVIEW
by
N. C. Lambourne*

INTRODUCTION

Interest in the kind of unsteady aerodynamics considered here arises from the need
for information relevant to the aeroelastic stability of aircraft. The continuing need
for studies is due to design developments extending to different types of flow and to
new structural configurations. At present there is special interest in transonic and
separated flows, in wings specially designed for supercritical flow, and in surfaces
operating as part of active control systems.

Advances in computational fluid dynamics are giving impetus to the development of
new theoretical methods for unsteady aercdynamics. The development of satisfactory
methods, whilst depending ultimately on comparisons with experiment, is considerably
helped by comparisons between one computational method and another. To assist these
developments a Working Group of the AGARD Structures and Materials Panel has already
chosen a series of 2-D and 3-D configurations and for each a set of test cases, including
a priority subset, to be used for comparisons. These test cases are fully identified in
Refs 0.1 and 0.2, which are the documents that have set the scene for the present
Compendium. The chosen configurations are known as the AGRRD Aercelastic Configurations
and it is now convenient to denote the chosen cases associated with them as the
Computational Test {or CT) Cases.

Although some of the configurations and some of the CT Cases were chosen purely for
theoretical interest and do not have experimental counterparts, others were chosen because
they had been, or were shortly to be, the subject of unsteady measurements. For the most
part, these measurements had been made independently by various researchers and the result-
ing data are situated at separate locations or in diverse documents. The present
Compendium was conceived with the idea of collecting into a single document the experimental
data most important for the proposed comparisons.,

Whilst the prime purpose is the presentation of numerical data, it seemed desirable
to include information about the axperiments themselves and to mention their more important
results. Also, when experimental data are to be used for numerical comparisons, some
indication of their reliability is needed: for thic reason a general discussion of the
various experimental procedures and the limitations of experimental data is included.

For the presentation of the material, it has been found convenient to follow the
kind of arrangement already used in an AGARD document, Ref 0,3, giving a data base for
steady aercdynamics, . i

2 GUIDE TO COMPENDIUM

The completa list of AGARD Aeroslastic Configurations is given in Table 0.1, #or
thoso configurations having Data Sets in this Compendium this table alzo gives the CT
Case numbars (as defined in Refs 0.1 and 0.2) for which there are experimental data,

For those configurations not having Data Sets the present positisn regarding the experi-
ments is stated, It is intended to issue further Data Sets :henaver possible. -

The Compendium consists of a General Review, of which thti‘pt&sﬁnt gaction 18- pure,
followed by seven self-contained bData Sets. Each Data Set provides: :

- "means for identifying and locating all the unsteady measuresents that could
. ba made avajlable; a . —

- a brief overview of the salient featuraes of the experimental results;
= - numerical data from thoss tests that relate direstly to ths CT Cases.

Alxd, by means of a standard form, each Deta Set gives key infornation about the test
equipment and test conditicns - informatioa that may be found important when comparing

experimental and theoretical results,

It is hoped that the information contained in tha Data Sets will satisfy the
- theoretieian through tha first stages of comparing calculation with experiment., At sose
later stage the need may arise for comparisons with exparimentil cases bayond those
selected to correspond with the CT Cases, It is for that resson that sach Set lists &ll
the experimsntal tests for which data could be made available 1f requusted fron the
original source, : , . ' ’ :

the tables presenting the numsrical data are mostly coplies of couputir listings
fros the original data banks. Therefore the forms and notations differ across the
various Data Sets. To have reformatted the daca to a standard notaticn and lay-out would

* praparation of the feview and editing of the Conpendium vas fuaded by US Air Foxce Office
of Scientific Research, European Office of Aerospace Ressarch and Development. o




02

have required much labour and incurred the risk of introducing errors - apart from which,
a familiarity gained with the original form makes for easy communication if similar data
are required for additional cases.

It will be seen from Table 0.1 that the present Data Sets extend over a range of
2-D section shapes and 3-D planforms., The unsteady model motions are basically either
some form of rigid-body pitching or control-surface rotation; they are mostly small-
amplitude oscillations, although Data Set 3 includes large-amplitude oscillatory and
transient motions. The experimental cases also include a variety of types of subsonic
and transonic flow, but it is necessary to refer to the Data Sets themselves for detailed
specifications.

It may be noted that not every CT Case has an experimental counterpart.
2.1 Correspondence between experimental and computational cases

Although it is true that the related CT Cases were chosen from the available
experimental tests, the degree of relationship between them differs over the complete
series.

The type of unsteady motion is basically the same for corresponding experimental and
computation cases. In some CT Cases the specification of parameters such as amplitude,
frequency, Mach number, Reynolds number, model incidence and flap angle are in exact agree-
ment with the experiments, But for Data Sets 4 and 5, which both relate to the super-
critical aerofeoil NLR 7301, there are differences between the experimental and CT values
of model mean incidence L and Mach number M. as shown in Table 0,2.

Wwith regaxd to Data Set 4, the explanation is straightforward. The airfoll was
designed by a hodograph theory which predicted shick-free flow at M = 0.721 and oy

-0,19 deg. In the NLR experiments this type of flow did not cccur for those theoretical
values of M and L but wag approximated as closely as possible for a different

combination: M = 0,744 and % =0,85 deg, ‘The- differences"vere mainly due o viscous

effects and tunnel interference. Thus the CT specifications. were chosen such that theory .

would produce flows similar to those observed in the experiments, on the argumont ‘that -.
these specifications will compensate for the two effegts, . )

The gituation with regard to Data Set 5 is rather more complicated because, at the :
time the CT Cases were chosen, these data, generated at NASA Ames, were not available,
As in the NLR tests, the exporiments from which the data are absiracted were run for com=-

binations of M and O which gave classes of steady flow corxesponding to thoge pre=-

dicted by the aerofoil design theory using the CT epecitications. Thus the cases of
Data Set 5 can be related tc the CT Cases oh the basis of similar flows but for this Set
tho vaives of the frequency parameters do not match the CT Caaea exactly.

Data Sots 4 and 5 form a unique combination in providing lndapendcne mcasuremnnts of
comparable data for the samo aexocfoil. However, as shown in Table 0,2 there are
differances botween the Reynolds numbers for the two sets and also differences in- regard
to the use of boundary=-layer transition trips. iIn addition there is an appreciable -
differance betwaen the two ratios of tunnel to wodel size, which as discussed latex, may -

be rtant in connection with the effects of tunnel interference. Exanplni of coupari-»-;.,

~ sons between these two Data Sets are. diccusled in section 7.

Certain implications arising from the diftexencas betucen thn exparincnhal and ¢t
specifications will be discussed later in section 8.

3 ‘GENERAL NATURE OF UNSTERDY DATA

. The practical requirdment is for asrodynamic information for lifting surfaces and

. control surfaces undergoing arbitrary time-dependent displacements or deformations. Basic
studies are usually centred on 2-D or 3-D model configurations performing pxaucrihed :

. unsteady motions in 2 uniform stroam with steady perturbationa.

In consideriny the general forms of the uerodynamic quantities it is convenient to
- restrict the discussion to pressures, the quantities that are moasured, Since it is the

- distribution of pressure that determines the resultant forces and moments it will be
readily appreciated that similax reparks can apgay to quantities such as lift, pitching
mopent and control-surface hinge-monent, time being discussion will be concerned
vte?lpisonure denoted by p , the 1ntroduocion of nousainencional coofficlunt- being’ lete
unt “.l’a .

for a given uodel configuration in a given flow, interest lies in the pressure dis-
tributions assoclated with an unsteady change in a model displacemsnt parameter @ , which
- 4s a general coordinate to denote angle of pitch, control-surface deflection or somae other
S quantity defining the unsteady motion. Tho bnuic problem is to determine p(t) for the
prescribed time-wise variation ¢{t) .

Experiments are sometimes made with non~harmonic forms of ¢(t) , and indeed Data
Set 3 includes tests in vhich incidence is increasced appréximately linearly with time,
but most unsteady experiments have besn made for oscillatory conditions. Although there
are special interests in large-asmplitude moticns, the -atn concern is with small '
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perturbations and the most usual form of testing is with small-amplitude continuous
harmonic oscillations. For this reason it is the pressure quantities relating to

harmonic oscillations that will now be discussed.

We consider a rigid model undergoing oscillatory pitching motion. In addition to
specifying Mach number and Reynolds number, the condition of the model is defined by

- a mean condition about which the oscillatior occurs, specified by a mean
incidence ap 3 ]
- an oscillatory motion specified by the sinusoid ¢ = 00 sin ot .

Associated with this oscillatory condition will be the following classes of pressure
quantity:
- steady pressure for the steady mean condition;
- unsteady pressure for the oscillatory condition: this includes a mean and .
an oscillatory component;

- steady pressures resulting from steady model positions which correspond
to successive instantaneous positions during the unsteady excursions,

When a system can be regarded as linear (Ze p varying linearly with ¢ ) there are
just four kinds of pressure quantities to be determined: :

(1) steady pressure Pg for the steady mean condition identical with Pp ‘the i
mean pressure during the oscillation; '

(2) in-phase coméonent normalised by motion amplitude, p'/oo ]
(3) in-quadrature component normalised by motion amplitude, P”/Oo 1

(d) steady pressure derivathe,' dp/de

t As an alternative, a mndulus and a phase angle can replace the in-phase and in-quadrature
components.

“The distribution of Pg characterizes the type of flow, which in many respects

‘influences the oscillatory aad derivative pressures, Conponents '/00 and p'/‘ are,

- in yeneral, dependent on the freguency of oscillation, and their variations with frequency
give an 1ndication of the effects of unsteady aerodynnmics. In a linear system the
" dexivative dp/de is the zero-freguenay equivalcnt of p /00 s and provides a useful

datvw from which the effects of unakeadinesa can be assessed,

. TBhen nok~linearitics are present, eha pressure vnrineton can bo expressed as the
TTrad a6 series: . .

pit) = Py * p' sin wt + p‘;oaa\ui,* bi sin 20t + p} cos 2ut

‘plus highex hagmonics. In the general non-linsar case the Fourier coefficients are not
neceesarily proportional to the motlon amplitude 4 and the mean pressure Py - is not

necessarily the sane as the steady pressure Py Also the steady derivative dp/de .
necds to bo replacea hy -anothaz concept which wsll be discussed in the following section,

h For aetached Eon serious non-linearities in pressure usually ocour only for posi-
tions close to either a leading-edye, a flap hinge~line or a shookwave, Conseguently
being localised, the non-linearities tend to disappear when the pressures are integrated

to nge forces ahd powents. It is for this reason that even vhen non-lineagity is
- present, practical interost continues to be centred o tha fundamental components p'/.o

and” p‘/’ + In most of the experinants included here, nc attempt wes made to measuxe

any of the higher haxaonioa alehough lazge, non*linuaxtciou vere. knnuu to be ocouxring at
a shockwave, e N B . -

' HOYRTION

varioui aynhollc notations axe nsnd in the aocunant- from which the information in
the Data Sets has been obtained. Because the data listings are presented in their
originax form. it 18 necessary to explain tha iaﬁtvsaual notations in each Data Set,

Sone unifornaty in nutatten 18 however desirable !or future discussions and for
this reason-dland, in Refs 0,1 and 0.2, has recosmended s basic notation, This has been
esntended in this Compenidiua and, although the data listings retain their original forws,

a move towards a standard notation has beon nndn in ptcparing tho diagraxs and descriptive -

uatnxial !0: the. Data Sitl.
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The following scheme is consistent with that proposed by Bland although there are a
: few minor changes. The sign conventions and socme of the major definitions are shown in

i Fig 0.1 reproduced from Ref 0.2, The present scheme includes the basic notation and an
extension to deal with the unsteady aercdynamic quantities.

BASIC NOTATION

! _ Model gecmetry

; local chord: c
i N ) root chord: c,
i . model span: s
i
full-gspan aspect ratio: AR
sweepback angle: A
taper ratio:r A = tip chord/root chord
streamwise position aft of root leading edge: =x
chordwise position aft of local leading edge: &c
spanwise position: ns
: ' local position of pitching axis: x
f ' local position of flap hinge: Xy
; - incidence: « . 3
v flap angle: & (measured in‘a streamwise section) :

L
proner

gy

i G T A

a

Stream , k
Mach number: M
Reynolds number based on root chord: Re

. valocity: "V

R . - static pressure: p,

; . total pressure: P

. dynamic pressure: q - . R

‘total temperature: T, '

ratio of spoclfio heatss vy

P T LI

PR —

o —— e =

PSP
+ ot A e R & m s e
¥

V Hadel presaure (steady or: 1nstantanaoua vaiusl)

surface’ pzoueurex p L : e . N

i pressure cosfficient: L p,)/q '
pressure ratior P/py ' '
prossure reoultnnt loaﬂinga 8¢, = (Cp luwar p uppes)

)

o s gt

-

e Rttt s 1y AT S S R 0057 SR Sty S

-t,..._.,,‘,m‘-‘ -~

Nodel surface flow

e e

local Mach number "B daternined from a noasured preséura r;eiu by the isentropie - i

e Al + retrs \ M P b At

rolation: \
) ; 2. .. , -t
4 w - i) ]
B ) : Ll - K gl
o Section force coefficients 7 o
a , . ) S
4 i : i . T
¢ 4 3 lifes o, = jwpa(x/e)_ ' - i
: pitching mosent:’ o, - i ac, (x,. /c « x/ehd(n? c) ‘
) o . ’ , 0
i
Yo ) g (Note: This definition of ¢, 1is more general than thnt in pPig 0.1 becaune it
i g - relates to the moment about point x, which need not be the same as x, about , :
v " which the model is pxtchmg.) T 7 B
Lo '!h_p Mfer o4 - [ ecwse .
! é “6/0 o d
! i : . ‘
i f; % . . ta A
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P Section force ccefficients (concluded)

1
b flap hinge moment: ey = f Acp(xslc - x/c)d(x/c) ;
xg/c !

UNSTEADY NOTATION
Model motion

! time: t
non-dimensional time: t = 2vt/c

i general coordinate for model motion: ¢ ' !

; arbitrary motion: ¢{t) or ¢(x)

g oscillatory motion: ¢ = 40 sin ut (or 4o cos wt)

| oscillatory amplitude: ¢, representing ay, 8, or 6, (Data Set 7)

. mean incidence during an oscillation: an

; mean flap angle during an oscillation: ém

; oscillation frequency: £ (H2), or 2«f = w (rad s

! reduced frequency: k = wc/2V, or we,/2V

-1)

Unsteady pressures
For an arbitrary model motion ¢ = ¢(r} , the time-wise variation of instantaneous
pressure is defined as '

(0 = fptr) -P.)/q . ,

Oscillatoxry nressures
For the oscillatory motion ¢ = ¢, sin ut , a general equation for oscillatory
pressure is ;.
pit} = P p' sin ut *'p‘ cos wt + pi sin 20t + p: cos 2ut + etc b

or the alternative,
pe) = by ¢ [pg sinlet & o) + By wini2et + ) ¥ ote] .

M s wma——  a m—yame e

s R vt g,
B st it

The aign outside the brackets in the last equation is a matter of choice, lHowaver, it ia
most convenient to choose the negative sign for the upper suxface of the model and the ’
‘positive for the lower, then usually the phase angles €y in degrecs for both surfaces

will tend to 2ero, and not 180 dey, as the frequency tends to zero. Also this choice of !
‘signs (s consistent with the usuel method of plotting chotdviuc distributicns of oscilla- :
. £ .-

tory pressure.

I T
R SR P —

Moun pressure during oseillation: .cﬁﬂ » (p, = D)/

Fundapental (lst harwmonic) qgglitudn-norntltcnd”uﬁmggnuntu ' o ' N e

n ' . in-phise (or real compohent): c'/oo » p'/qey
' 1n-qundrature {or imaginary conponun&): c"/o0 - p /%4,
here an oueillatory quunttcy can be cxpxausad as a conple: anplxtudu a bar 43 unad thunu

-,
[ ]

conplex wplitudes 'cp/oo . (C)/eg) + 4UCH 0 = e (lcplIOO)v

e e e

modulus s : | [ oy = iC'/o 2 . ic'/of)2 }

' '9_/0 o po .
: . : ) tad

) ' ghase amjle: ¢y = t;n“ (c'/c') . <

~ Following thn recommendation of Ref 0.1 the motion normalised quantities definsd above are ) §
reprosantsd by u combined syibol includiang the normalising amplitude 4o ¢ which {n par- fg
|

D -,

ticular cases will be raplaced by age ‘0 or ao + It should be noted that in some

existing notations the normalising anplstudc is omitted from the symbolic representation, - RS
and: c; :aspcccsvoly tor ths quantities cplo° : 1

Thus an existing notatici may use cp
and c;/oo per radian as nov propoissd.

N
}
i

=
e
4 T,

T g g




0-6

The (n+1)th harmonic

in-phase component: c;n/oo = pp/a¢,

- . " = n"
in-quadrature component: Cpn/t0 pn/qéo ie

- i . - (iE n
cgmplex amplitude: Cpn/¢0 = ‘Cén/‘o’ + i(Cpn/oo) t(lcpnl/oo)e with modulus
Icpn}/oo and phase angle ¢

n

Unsteady forces and moments

The sectional unsteady forces and moments are c¢btained from the pressures by integra-
tion of the separate in-phase and in-guadrature components. The amplitude normalised

coefficients are represented symbolically by using Gy Cper Sy etc in place of Cp

Thus 52/@0 represents the normalised complex amplitude of 1lift,

Use of Py rather than g as a non-dimensionalising factor

In the preceding notation, apart from pressure ratio p/pt in the expression for
local Mach number ML + all the aerodynamic pressure and force quantities have been

divided by g to rake them non-dimensional. An alternative which, as will be discussed
in section 8, has advantages in certain circumstances is to use Py in place of q .

Thus the complex pressure amplitude ﬁ/ptéo is an alternative to EP/OO +« Of course the
two forms are related through the stream Mach number by the relation:

v/{y=1)
pe/a = 1+ -1 /m2 .

Uniti
Incidence, control angle, amplitude of angular motion and phase angle are conven-
tionally specified in degrees. Oscillatory pressure or force when ncrmalised by an
angular motion are usually specified 'per radian'. The amplitude of a linear motion is
- greferably made non-dimensional by dividirg by a model dimension. o ‘

gunai-otqadx and gtcadg Eg:eurbatton pressuras

Several kinds of steady, or quasi-steady, gquantities ave used as equivalent
quantities to provide comparisons with the unsteady ones; the application in the linear
case of tha steady quantity 4¢_/d¢ has already been mentioned. The following discus-

sion :: intended tu olarify the distinctions botween the various forms thess quantitics
can take, : ’ . . . ' :

. The term ‘guasi-steady' is usually applied to sll such quontities but for the

~identification of experimental data it 1d ssem preforable for this term to be agslsed
only to those gquantities that are measured in the sape vay as unsteady guantities but
for slow rates of change. 3Such.a guasi-steady oscillation, dencted by k + 0 - would
yield for each in-phase component a quasi-steady value, for instance (Cﬁ/oo)q,-.

Data Sets 6 and 7 both include measureents for coiparatively low-frequency oscillations
which are regarded as quasi-steady. . : " o .

The term ‘sztoady perturbation pressure’ i» a better description of those guantities
obtained by steady pressure moasurcients made for two or more staticnary conditicns of the
model close to tha mean condition. The simplest of these ls an approximation to the
derivative dC /d¢ obtained frod weasurad steady pressures € . and cp, corgesponding

respectively to the two conditions "01 and 0, . The quantity taken to be comparable
with the unsteady ;nuphasg coaponent c;/oo is then &C /é¢ = (€~ C JN/2y, with the
deflection ¢, chosen %o be the same as, or related to, the amplitude of dscillation
¢p + bData Sets 1 and 4 contain dats obtained in thie manner. A
Nore detailed information could be obtained if measurements are mads for several
Ancresents of ¢, so that the form of steady ¢ {¢) over the oseillation anplitude is
. xevealed, Thenh an average slope dcp/do could ba obtained, say. by ‘least squares®,

~

To make allowance for non«linearities it 18 An principle possible to extend the
peasuremsnts further so that thay becoms sguivaleit to the steady guasi-oscillation
¢ = 0gsind , with 0% ¢ <u/2, Provided the chosen values of HVf'are sufficlently
numerous, the measured steady nressures can be regarded as sampled data from which the
fundaasental and higher harmonic valuss tan be calculated, ¥n particular such measurements
woild yield a steady quantity (C!/oo).- which {s directly comparable with its unsteady
U counterpart c&l.o . Although none of the present Data Sets contains quasi-oscillatory
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quantities of this nature, it may be possible to derive such quantities from data available
from the original sources.

In short, under the customary generic title 'quasi-steady', three of the possible
kinds of quantity comparable with the unsteady cé/¢0 are:

(1) Low-frequency equivalent (CI')/QO)qs measured for k + 0 ;
(2) Steady derivative GCP/GQ , or dcp/dQ :
(3) Steady quasi-oscillatory quantity (CE',/OO)s .

In many cases a low-frequency change will become equivalent to a series of steady
conditions as the rate of change is reduced. But there are special circumstances where
this is not so -~ where even the slowest rate of change includes an unsteady event, Such
a situation occurs when the motion, however slow, leads to the onset of fluw separation
where the actual process of shedding vorticity ocecupies a period of time largely independ-
ent of the rate of change., That is the condition k + 0 1is not always the same as the
condition k = 0 .

In addition to the fundamental differences in the form of these three quantities it
may be necessary to take into account the differences between the meihod used to measure
(1) and that used to measure the steady pressures from which (2) and (3) are derived.
Sometimes different instrumentation is employed to obtain unsteady and steady measurements,
in which case also, the unsteady and steady measuring positions may not be the same, Thus,
whilst (C!')/oo)qs and -the unsteady Cé/to are obtained with the same instrumentation, a

comparison hetween Cé/oo and a steady perturbation quantity may involve different
measuring systems and different accuracies.

5 EXPERIMENTAL PROCEDUKES AND INTERPRETATION OF RESULTS

The intention here is to give & brief account of some of the procedures commonly
adopted in the experimental measurements and, by so doing, to draw attention to the
possible limitations of the data. It is also hoped that this account will lead to an
appreciation of the significance of the details of the test equipment and test conditions
that are given in a standard form in each Data Set, A more extensive account of experi-
wontal technigues used in unsteady asrodynamics is contained in Ref 0.4.

Bach zeries of teats involves a model, equipment to provide the required unsteady
motion, instrumentation to measure the model motion and prassure distributions, and a wind
‘tunnel to provide tho appropriate test. conditions. - o

The characteristics of the tunnel and the interforonco .effects produced are of
especial importance and form the subject of section 6. - :

5.1  Nodel motion

-In wach of the present oxpsrimants the model was dasigned to perform rigld<body
~ motion, ALl the 2-D aerofoil models (Data Sots 1 to 5) wore stiff ensugh to be regarded
a9 rigid, but for the half-models of Data Sets 6 and 7, flexibility led to the basic
appiied motion being augmanted by a small amount of elastic distortich depondent on
oscillation frequency and aerodynamic loading. -

_ ‘The andel motion, oven when elastic deformstion oecurs, is usually defined by the
output of a displacesent transducey arranged to measure the motion roference covrdinate
¢ , and to provide a timoe-varying electrical signal which is used as a phase reference
for harsonic analyuais, When the model cannot be regarded as rigid, some asscsusent of
the actual motion which incledes the unsteady deformation may be obtainsd from 4 distri-
bution of acceleramsters installed inside the model. By this ®eans the trus swtion ¢an
be related to the measuvements of ¢ . iy E ' : S o

$,2  Heasuresent of pressure

“hets are various schemes for seasuring surface pressuree. All of them depend on one
‘of aore pressure transducers to provide electrical cutputs which are the actual guantities
that ure processed and eventually seasured. Sometimoes, as in Data Sets 2, 5, 6 and 7, tuwo
differant systems are used in the sate eXporiment: one to measute preissures in the ateady
state, the other for asasurements in unsteady conditions. Then the steady and unsteady
distributions may not be measured for the same positions, as in Data Se. 7. One type of
unsteady seasuring system uses small transducors installed within the wmodel and connected
to orifices at the model surface. But in another system, as uveed for Data Sets ) and &,
-unsteady pressuras are piped to a location cutside the tunnel and switched ({n ssquence to -
& single transducer. With any system the msasuremsnt that iy sought is the surfacs
preosure which would be acting at the position of the orifice: what is actually measured
13 the pressure aéting at the diaphtagm of the transducer. Therefore, ufiless the trans-
ducer is actually part of the surfsce there is always a question about the transfer
fuhction botween the pressure acting at the orifice and that at the transducer. 1In
systems where the unstaady pressures are piped to a distant seasuring device, the dater
mination of these transfer functions is a vital part of the calibration. Whan the '
transducer is situated very c¢lose to the crifice and the enclosed volume of air is small,
the effects of transmission are usually neglecced. However, a featurs, which is common
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to all systems and very difficult to simulate in bench calibrations, is the effect of the
flow across the orifice.

L3

s

3 Whether or not the transfer function between orifice and transducer diaphragm is

: significant, the calibration factor relating the unsteady electrical output to unsteady
pressure is of paramount importance. Whereas good standards of steady pressure are
commonplace, there is no readily available definitive standard for oscillatory pressure.
Although the experimenters will have taken great care over this matter, it is easily
appreciated that a systematic error in the calibration could lead to undisclosed errors
in all the measurements of a series.

5.2 Signal processing

In oscillatory tests, the electrical signals from the pressure transducers are
usually processed in some manner to yield harmonic¢c components phase-referenced to the
sigunal representing the motion coordinate ¢ . However this is not so for Data Set 3 in
which the pressure and motion signals are sampled to provide instantaneous values at a
series of known time-intervals.

It is unnecessary to describe in detail the methods of processing the electrical
signals, but it is important to be awace of the nature of the signals and to understand
the kind of gquantities that result from the processing. Almost inevitably the signal
from a transducer sensing an aerodynamic pressure includes, in addition to the wanted
signal, random-like fluctuations from various sources. Transonic tunnels with their
slotted or perforated walls are prone to produce stream flows with some degree of inherent
unsteadiness, Model flows which are supercritical, or separated, may themselves provide
another soarce of unsteady disturbance. Thus even when the model is stationary the
pressure signals may include fluctuations. When the model is undergoing a prescribed
unsteady motion the complete pressure signal will represent a combination of random
fluctuations and the response to the motion,

i e P 87 Ll lnin it e (R et A N W i o AL e MR, R i S S S R YR g S vt

Depending on the type of signal processing employed, the result could be

- an instantaneous value;
- a time-average;

- a cycle~average of instantaneous samples taken at corresponding times in a u |
number of cycles; %i

- a series of harmonic components obtained by Fourier analysis over either a 3
whole number of cycles or a certain period of time, F

Steady pressures are usually measured as averages over short periods of time. In 3
general, time or cycle averaging is beneficial in reducing, if not always eliminating, 4

the effect of random fluctuations. In some circumstances, where the unsteady process E
. under investigation itself includes some form of randomness, averaging can obscure o
e features of the individual cycles. Because the experiments from which Data Set 3 was 4

A extracted included an element of randomness in each oyclic onset of flow separation,
Co both quasi-steady and unsteady pressures were measured as instantaneocus values,

5.3 Occurrence and effects of extraneous fluctuations

L when extraneous pressure fluoctuations, independent of the applied model motion,
.\ T~ are produced by an instability of the flow over the model they are a proper feature of
s - the flow phenomenon and as such should appear in the results and require theoretical
AR _modelling. It is for this reason that items 5.31 or 5.12 of the test specification have
o peen requested in each Data Set,

s R M 53
-

R When the fluctuations are the result of turbulence or other unsteadinces in the

S -7 tunnel flow it is desirable for their effects to be reduced by averaging, Whethexr they

.0 -7 .can_ be completely eliminated by averaging depends on whether they are linearly superposed
©.7 .. . on the pressure response to the prescribed motion or whether there is some form of non-

i AR ALY, 1

"y~ + A Sy et e i

Do - linear interaction. In highly non-linear situations in the closs vicinity of a shockwave,
e -0 - extraneous fluctuations can lead to erroneous data, Exanples of such interference are
v - -mentioned in Refs 0.4 and 0.5. - :

PSR

3 li“-:t - 5;4 ' &on-linearit1es

o

- _For small excursions away from th: mean condition the pressure over much of the model

{ .. - surface will vary linearly with steady uisplacement ¢ . Exceptions to this become evident
’ " when measurements are made near to a leading edge or a controle=surface hinge-line, or

olosa to a shockwave, Non-linearities in the steady prezsure variation are accompanied

by the presence of higher harmonic compconents under oscillatory conditions; the manner in

whéoh theaedare7produced i{n the close neighbourhood of a shockwave has been desoribed in

Refs 0.6 and 0.7.

Measurements ol harmonic components are often limited to the fundamental on the
grounds that this is the only component of importance in pwactical problems of aero-
elasticity. Only Data Set 4 includes any numerical data fox higher harmonios although .
Fig 6.6 of Data Set 6 gives graphical information on the speotral content of the pressures
for transonic flow, Also Data Sets 2 and 5 include instantaneous pressures over a cycle '
of osaillation, which show non-linear features. : S
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If in some circumstances the presence of higher harmonics in tha oscillatory
pressures is found to be independent of chordwise position, it is advisable before
attributing these to non-linear aerodynamics to verify that the model motion is truly
simple harmonic. This comment is relevant to any Fourier analysis that might be made on
the instantaneous data presented in Data Set 3 which gives information on the harmonic

distortion in the model motion.

When non-linearity is present, the values of the amplitude-normalised quantities
C'/Qo and c;/¢0 and the steady quantity 5cp/c¢ are liable to be dependent on the
displacement amplitude. This point needs to be borne in mind before placing toc much
emphasis on the peak values of these quantities obtained at the position of a shockwave.
Interesting examples of amplitude dependence are shown in Fig 2.3 of Data Set 2 and
Fig 5,7 of Data Set 5.

Irregularities in the chordwise Gistribution of the oscillatory pressure components

are sometimes found near to the leading edge. These may be due to non-linearities
associated with a local separation or with the disturbance produced by a transition-trip.

Such irreqgularities usually appear only for small amplitudes, and disappear when the
amplitude is increased.

To summarize, indications of non-~linearity include:

- non-linearity in Cp(é) H
- amplitude effects on the fundamental componants c§/¢° and c;/oo 3

- non-sinusoidal time histories;

= higher harmonic comporients from Fourier analysis;

irregularities in chordwise distributions of the oscillatory components.

5.5 Reduced frequency

The exact values of the test frequencies are often chosen for practical reasons such
as the need to avoid unwanted resonances of the model or its supports. .Almost invariably, -
tests are made for sets of fixed frequencies of oscillation so that for each constant
fraquency the reduced frequency k , varies with Mach number M and stream total
temperature To . For a fixed M, k varies inversely with /TD(K) « .Total temperature

in a tunnel is not always closely controlled so that the value of k can vary during a
tunnel run, but even in an extreme case where temperature changes from 25°C to 35°C the
value of k would change by only 2%. Such a change is hardly likely to have a serious

offect on the unsteady aerodynamices. .
When

No uniform procedure has been adopted in spscifying the test values of k ,
either an average or a nominal value is quoted for each combination of X and £ , it
will be appreciated that the true valus may differ by a few percent.

Tests made with substantially different values of frequency are included in most
series of measurements, For rigid models the interpretation of the results is straight-
forward, but if model flexibility is significant, care has to be taken to eliminate any
effects of changes in the oscillation mode with £reguency.

5.6 Mach numbar and model incidence 7

These are the main parameters that defino tha basic flow from which the unsteady
changes axe made, 1n sowe casss the actual incidences and turrel Mach aumbers wmay be
found to ba alightly different from the specified nominal values.

For models with symmetrical sections, the datum incidence a = 0 4s usually set to
align with the known flow direction of the tunnel. For models having ssctions that are
. not symmetrical the method of setting incidence is given in item 5.7 or 5.9 of the

‘spacification in each Data Set. ,
Whege measurenments of tunnel Mach nusbor and model incidatice ars subject to standard

corrections for wall interference, the datails are given in item 9.6 of each ipccxtipatton. .

5.7 Tunnel pressure and Reynolds number varistions

. ‘the Reynolds nunbex for a test ddpanan'on the pressure and tepperature of the flow
" in the tunnel. Usually flow temperaturs is not closely controlled so that thsre may ba
small variations in Reynolds number throughtut a series of tests. For those test series

“whore tunnel total prassure xemaing cohstant, the Reynolds number is different for each

"Mach nusber., In tunnels where total pressurs can be changed, variation of this quantity
provides a means of obtaining data over a rangs of Reynolds number for each Mach vumber,

But as well as changing Reynolds nuisber, altevation of total pressure can produce
.4de-effocts whivh, unless recognised and taken into account, may lead to apparent trends

with Reynolde number that axe in fact spurious. - :
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For instance, an increase in total pressure means an increase in all the unsteady
pressures, with a consequent improvement in the measurement accuracy. This in turn may
mean a reduction in random errors and result in smoother pressure distributions. Also a
changa in total pressure alters the mean pressure level at which the transducers are
operating and, in the presence of non-linearity, this can lead to a change of transducer
sengitivity factor. If not acvcounted for in the calibration this could appear as a
spurious Reynolds number effect,

An increase in the aerodynamic loading on the model is also produced by increasing
the total pressure, and if the flexibility of the model is significant, this can lead to
distortion of the model and to modifications to the mode of oscillatory motion. Data Sets
2 and 5 include data for a range of Reynolds numbers, but for these there is no possibility
of unwanted 2eroslastic effects because of the rigidity of the 2-D models,

5.8 Transition fixing and Reynolds number

Most of the tests were made for Reynolds numbers less than full-scale. To avoid
unwanted effects assoclated with laminar boundary layers, trips to fix the transition posi-
tion were fitted to some of the models, No trips were fitted for the measurements of
Data Set I because the Reynolds numbers of the tests matched those of the full-scale heli-
copter biades to which the experiments were directed. Data Sets 1, 6 and 7 present
numerical data for only models with transition trips, whilst for the experiments of Data
Sets 2 arnd S no “rips were attached, Data Set 4 gives information about the effects of
fixing transition; in this Set transition was fixed for soame cases and for others it was
free. Data Set 6 contains a brief discussicn of transition fixing in terms »f increasing
the thigckness of the boundary layer, and provides graphical jinformation about the effect
this has on the unsteady loading produced by an oscillating control surface.

" Data Sets 4 and 5 which give measurements for models having the same aerofoil shape,
offer comparisons, as already shown in Table 0,2, between (a) tests with transition fixed
at comparatively low Reynolds number, and (b) tests with free transition for a vange of
Reynolds number. Some of these comparisens will be discussed in section 7.

The desirability of fixing transition and the best position in the chord for
attaching the trips are debatable matters. On the one hand if transition remains free,
a laminar boundary layer may lead to types of flow separation and shockwave boundary-
layer interactions that are unrepresentative of full-scale. Also it is possible that,
when natural transition is delayed to a rearward position of the chord, the cyclic
excursions of the transition point due to a model oscillation may engonder non-typical
oscillatory pressures of no practical interest., On the other hand when transition trips
are used, the turbulent boundary so produced is usually too thick over the rearward part
of the chord, thus cver-emphasizing viscous effects which can be ‘especially serious for a
trailing-edge control, see Pig 6.4.

Wwith regard to tests with over-thick boundary layers, Binion, Ref 0.8, points out
that with medern designs of wings, even at high Reynolds number, viscous effacts are
likely to be so large that worthwhile calculation methods must be able to take these
effects into aeccount, The conclusion then is, albeit for ateady conditions, that provided
the class of flow is ropreaentative, tests with thick boundary layers do provide a useful
challenge to thaoretical computations, The objective of fixing tranaition thorefore
depends to some extent on whether the experiments are aimed at providing data appropriate
to full-gcale Reynol4s numbers, or pxoviding data to validate viscous calculatichs.

5.9 Accuracy of moasuvemoents

The acouracy with which the relevant quantities are measured is clearly an iﬁportant

-mattor although, as will be discussed in subseguent sections, the quality and reliability

of exporimental data involve uider considerations concerning the test environments.

It may bo taken for granted that steady pressure, Nach number, incidence, steady
deflections and oscillation frequency are measured with adequate accuracy. It is the
acouracies o£ ungteady prossure gquantities such as C'/oo ard C“/QO that give cauve

for concexn. Each of these guantitien is derived from geparate mnnlurnucnhl of moall
changes in pressure and small displacoments of the model., The measurements are made with
insvrumentaiion opérating under dynamlc, not steady conditiona, and their acouracy dependa
arucisily on the calibration procvedure,. It is easily seen that a systematic errov (n the
measurement of a praessure hazmonie’ cauponaut. or of a motion amplitude, could affect the
whole set Of moasurvments.

tthereas the resolution of che instrumentation or the duy-to~dnx‘:epcatabilLty. both
of which set limits to the accuracy, are fairly eary o determine, the ovarall accusacy of
4 noasurarant iu axiramely Jdifficult to jquantify. Usually the most that can be expected
is a statement to the offuct that the measurcaent ¢f juantity A is no better than _

x percent, Such statentnts ard usually made on psrsonal, and to sooe extent intuitive,
assessménts based un the experience of the experimenter., To demand nore would be
unceasonable, for a thorough analyais of palsiblo erzors could aanlly nneall as much work
as tha naauurennnee thauunlvoa.
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6 TUNNEL INTERFERENCE

All measurements obtained from wind tunnels are liable to suffer from the effects of
~unnel interference. That is, the data obtained may differ from those which would be
obtained with the same model moving in a free and uniform atmosphere. With that as a broad
definition, the various sources of interference are:

(1) ¥all constaint on the flow.

(2) Shockwave reflections from the walls,

(3) Side-wall boundary layers in 2-D tests,

(4) Reflection-plane boundary layer in half-model tests.

(5) Support interference in complete model tests,

(6) Flow fluctuations inherent in the tunnel flow.

(7} Curtailment of wake vorticity by tunnel corner, shockwave or fan,
(8) Reflection of acoustic disturbances at the walls.,

(9) Occurrence of tunnel resonance,

(10) Acoustic disturbanies propagated through a plenum chamber.

Items (1) to (6) affect both steady and unsteady measurements, whereas items (7) to
(10) are neculiar to unsteady conditions. General accounts of the effects of interference
on unsteady measurements are ¢iven in Refs 0.4 and 0.5. Of all the possible causes of
interference, the only ones lixely to be important to the present data are the constrajut
and reflection pror-rties of the walis (items (1), (2) and (8)) and, i€ flow separation
oscurs at the rnodel, the effects of “he side-wall and reflection-plane boundary layers
{items (3) and (4)). Tunnel resonance is known 1o be possible in 2-D tests (Ref 0.9) but
no occurrences are rerorted in any of the Data Sets.

Bacause of its more compliciuted aature, interference on unsteady measurements is
poorly understood in comparxison with interfcrence on steady measurements. Since some part
of the total effect on an unsteady mcasucement can be attribuied to steady interference -
indeed for supercritical conditions the steady effect may be the majer contribution - it
is important to clarify the distinction and aee how much of the total ~ffect can be
accounted for by steady consideratione,

Consider for the moment ~ specific event in whick a model initially at a steady
ingidence o is rapidly moved to a new steady ir-idence ap o After suificient time

has elapsed we can assame that the flow has reached a new steady state appropriate to the
new steady incidence. If the event ocouss in a wind tunnal, the initial flow for A

and the final flow for ap are both subject to gteady interference. The manner in which

the flow changes with time, and indewd the time taken for the flcw to approach its final
atcoady state are subject €o unstead¥ interferense. The totality of the i.terference on the
unateady event is¢ a combination o ess 3taady and unstoady contributions.

For the moze usual type'of'unuteudy tost whors the mcdel is given an oscillation of

small amplitude ¢, cbout a wean incidence &, ar) conditions are linear, the aero-
dynamic prenpu:e;cha:actu:fltioi are fully desoribed by

) gy for steady ‘o .
2y -(|ap|/.o)q. , the amplitude for a quasi-stead; oscillation identical with
ac /de : : '
(37 variations with freguency of amnlicude. I§p|/0°, qnd-phnno angle ¢4 .

Quantities {1} and (2) are rffected by on1¥ steady intexference and provided thase effects
ffects ars thosa concerning the phass angle and

variations with frequency, (3).

‘A-crucial question is whether the serodynamic measurements can be corrected for the
irterference effects, For supereriiical flows simple forms of corvection are generally
imposeible, but it {s still helpful to approach the question from the standpoint of purely
subsonis flow, CLlawsical theoty for steady subsonic flow xegards wall constraint as con-
sisting, in eifeut, of incremental changes in ' T

o ~ stream velocity dus to blockages

~ model incidence dur to induced upwashy
.« 1ift and pitching moment due to stresnline curvature.

on Shis sinple basis, which neglects buoyancy effects dus to the streiamwise gradient of

" blockage, tha condition of & model in a tunnel can be regardod as egquivalent to tha
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condition in free air of another model with a different camber set at a different incidence
in a stream of modified velocity. For subsonic conditions values of the incremental
changes can be obtained by theoretical calculations if the boundary conditions at the walls

can be mathematically defined or if the wall pressures are known, or possibly by empirical
means if the wall conditions are unknown.

The concept of an equivalent free-air system suggests, if the effects of streamline
curvature are simplified, that the steady part of the wall constraint affecting oscillatory
measurements might be equivalent to changes in stream Mach number and mean incidence., This

leads to a possible basis for making comparisons between theory and experiment which will
be discussed later in section 8,

For the oscillatory type of test mentioned previously a possible correction procedure
would consist of applying corrections to:

(1) M and o~ to account for steady interference on the mean condition;

(2) (Icp|/¢0)qs ~ to account for steady interference on the quasi-steady
perturbation;

(3) ,Cph/oo and e, - to account for the unsteady interference.

The procedure is illustrated schematically in Fig 0.2 which shows a hypothetical variation
of CpL/¢0 and € with reduced frequency k . It is assumed that the measured steady

Cp obtained for the steady condition (M,um) would be obtained in free air for another
steady condition (M,um)' . The curves labelled 1 are those measured in the tunnel for
(M,um); those labelled 2 would be obtained in free air for the mean condition (M,um)'.
Steady interference is responsible for the displacement Al . I1f curve 1A is drawn
parallel to curve 1, or more strictly to give 8 proportional to the modulus of total
lift, then the additional and unsteady interference effects are represented by A2 and
4y Ability to apply corrections to the measurements requires knowledge of the transla-
tion from (M,um) to (M,am)' and the values of 3,, 8, and 4y .

For subsonic conditions, corrections to M and a, and corrections of the type
LY applicable to lift and moment may be obtained theoretically or empirically. In
principle, corrections of types 4, and 47 could be obtained from the extensions of

clasgsical interference theory to unsteady conditions, as described in Ref 0.10. But, as
for the steady corrections, the calculationn depend on an adequate dafinition of the wall
boundary conditions which, for the unsteady case, includes time dependence.”

For the pregent data, any purely theoretical forms of intorference corrections are
liable to be unreliable because of inadequate definition of buundary conditions for the
ventilated walls of the tunnels in which the data wese obtained.

Broadly speaking, the steady constraint effacts in a ventilated tunnel depend on the
degree of ventilation; in principle at least, careful matching of the wall geometry and
wall porosity to themodel geometry could result in negligible interference (sew for
instance Ref 0,11), More usually, the measurad slopo of the steady lift curve for a
?articular model will be too large or too small depending on whether the tunnel walls are

too cloged' or ‘too open'. Algo it is to be expucted that the larger the model is
relative to the tunnel, the greater is the influenve of wall constraint,

Even 4if the wall boundary conditions can be adequately dafined, theoretical correc-
tions to the measurements are simply rot possible for supercritical flow conditions, A
useful discusgion of steady' interference under transonic conditions is given by Binion,
Ref 0.8. He points out that, where the supercritical region is no longer small with
respect to the tunnel dimensions, the effect of wall constraint can no longer bs regarded
An the classical terms of blockage, upwash and streamline curvature; instead it must be
regarded as a complicated distortion of the flow field which can strongly influence the
shockwave and separation patterns. In which cass, theve may no loager bs an eguivalent
freo-air condition corresponding to ths model in the tunnel.

It is unfortunate that the foregoing discussion has done little excapt dticrihe the
difficulties of naking corrections to the measurod unsteady data.

In none of the Data Sets are any corrections made for unsteady interference but in

some Sets, steady-based corrections are sither made, or the nw or applying them is
desoribed. “Th 5§€a Set 4, although the presented data include no interferance corrections

whatsoever, formulae are given for making correctiona to the incidence, and to the lift
and moment for steady conditions. In Data Sets 4 and 5, as already explained in gection
2.1, somo adjustments have been made batween the experimental values of N and L and

those chosen for the CT Cases; to socie axtent these adjustments are intended to account
for the steady interference effects.

* Addendum: The author's attention has bean drawn to racent methods of including the effect R}

-of the valls in unsteady calculations for asrofoils and controle (ses Refs 0.13, 0.14).
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Data Set 5 comprises results obtained with a model having the same basic shape as
the model of Data Set 4 - two examples of comparisons between the sets will be discussed
in section 7. In making other comparisons between the two Sets it should be noted that,
in addition to the differences shown in Table 0.2, the ratios of tunnel height to model
chord are 3.1 for Data Set 4 and 6.7 for Data Set 5. However, because of the beneficial
effect of wall ventilation, which to some unknown degree applies to both tunnels, it
cannot without further analysis be concluded that the interference effects on Data Set 4
are necessarily larger than those on Data Set 5.

In Data Set 3 where the unsteady data are presented as instantaneous values of C

and sectional force coefficients for instantaneous values of incidence o« , the tabulated
values of the incidence and the force coefficients, but not C_ , have been corrected fcr

tunnel constraint as if each instantaneous value were obtained for a skteady condition.

Data Set 7 is unique in being abstracted from an investigation into tunnel inter-
ference. 1In the light of the evidence ohtained from several tunnels it is believed that
the data for the two largest tunnels are free from any large effects due to tunnel con-
st.aint interference,

7 UNCERTAINTIES OF EXPERIMENTAL DATA

If experimental results are used only as qualitative information questions of
accuracy and reliability hardly arise. But when making guantitative comparisons the user
of experimental data will certainly want to know the confidence that can be placed on
the measured values. Basically the question is how well do the measured unsteady aero-
dynamic quantities relate to the specified configuration, its motion, and to the test con-
ditions defined by parameters such as M, Re, 40 and k . The answer is seldom straight-

forward, It depends not only on the accuracy of the measurements and the manufacturing
accuracy of the physical model but also on the appropriateness of the wind-tunnel test
conditions and the uncertainties of wind-tunnel interference. 1In critical situations in
the presence of shockwaves or separations the answer also requires knowledge of the sensi-
tivity of the measured data to small changes in the parameters.

A general insight into the uncertainties of measurements and an idea of the confi-
dence that can be placed in experimental data can be obtained from a comparison of results
obtained in different ways. For instance, confidence in the technique of unsteady
pressure measurement was obtained when, on several occasions in the past, different
organisations made comparative measurements using their own forms of instyrumentation,
Usually, however, such comparisons are not completely independent because they use either
the same model, oxr the same tunnel, or both.

Examples of comparisons obtained with the same model in two different tunnels, thus
providing evidence of the cffects of tunnel interference, are given by Figs 7.20 and 7.21
of Data Set 7, In these comparisons the model was small in relation to the sizes of the
tunnels; unfortunately the confidence gained by thego comparisons does not necessarily
apply to every other situation. In the same Data Set, Figs 7.16 to 7.19, also provide
evidence of the sensitivity of the measured oscillatory pressures to small changos of
M and % for some examples of transonic flow.

The two investigations from which Data Sets 4 and 5 are drawn provide a rare
opportunity for comparing two independent sets of measuremoents. The data available for
comparison relate to oscillatory pitcohing of the NLR 730) supercritical airfoil. It is
important to note that the two sets were vbtained with difforent physical models in
different wind tunnels by different experimenters using different instrumentation, As
such the two experiments worc completely independent.,

At the outset, before making comparisons of the mcasured data, there are three points
to be noted: firstly, there are differcnces in the degroc to which each physical model
represents the deasign shape of the NLR 7301 aerofoil; secondly, in neither case has thero
been any attempt to apply tunnel interferenct corrections to the measured unsteady datai
and thirdly, there are no exact correspondences between the parametric conditions of the
two tests,

Pig 0.3 provides comparisons betwaen the measured and the design ordinates for a
portion of the upper surface of each physical model. The ordinates for the NLR physical
model are taken from Tables 4,1 and 4.2 of the present document; those for the Anes model
are taken from Ref 5.4 which mentions that, owing to an expansion of the manufacturing
mould, the model is slightly thicker than it should be. The same report alsoc contains a
suggestion, which is supported by Fig 0.3, that the surface of the model is not as smooth
as the design shape.

Two examples of data comparisons will now ba discusged, Not only do they provide
evidence of the kind of uncertainties surrounding esxperimental data, but they provide a
forataste of situations requiring judgements to be made when comparing calculated and
exparimental results, In each example the unsteady quantities being comparad are the
distributions of the oscillatory pregsure comporients, c'/oo and c;/ao ¢ for the upper

surface only. The differont tosts are identified by the NLR Run No. or the Ames Dynamic
X - :
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The first example, chosen because of the aerodynamic simplicity of purely subsonic
flow for M = 0.5, relates to CT Case 2. The three tests being compared are identified:

Test M Re x 10°° Transition

an (deg) ag (deg) k
NLR 1301 0.498 0.85 . 0.26
Ames 185 0.508 0.58 . 0.20

Ames 170 0.508 0.58 0.20

. Fixed at 0.3c
. Free
. Free

The steady pressure distributions are shown in Fig 0.4a. Whilst examining these
it may be noted that there is adequate agreement between the test Mach numbers and that,
because the flow is subsonic, no great significance need be attached to the small difference
in the values of o . Also it is reasonable to regard the difference between the Reynolds

number of the NLR test and that of the Ames 185 test as not being too large. Although in
both the Ames tests transition remained free, it was fixed in the NLR tests, but it is
important to note that the roughness band was as far downstream as x = 0.3c, Since it
appears from a comparison of the Ames and NLR steady pressures that fixing transition .
causes no dramatic changes downstream of the band, it seems reasonable to conclude that
the band has no significant upstream effect. Thus the results from the Ames 185 test
should be comparable with those from the NLR test at least ahead of x = 0,3¢. In fact,
comparison of the steady pressures shows that although there is a disagreement between
the Ames and the NLR pressures at the lower surface, the three sets of results for the
upper surface are in reasonable agreement in regard to the basic shape, but that there are
more irregularities in the Ames distribution, possibly because of surface waviness,

Before comparing the oscillatory measurements, it should be noted that the difference
between the Ames and the NLR values of k would not be expected to lead to significant
changes in the real component C'/a0 » although it would have a small effect on the

imaginary component, C“/u0 » The distributions of the oscillatory components are shown
in Fig 0.4b and ¢c. With regard to C'/u0 » in the region ahead of x = 0.3c there are

considerable differences both between the two Ames sets and between tha Ames and NLR
sets, The dip in the reqion 0.1c < x < 0,2¢ ir well established by three points in the
Ames test at the higher Re, but is only just in evidence with a single point at the lower
Ra, This is mentioned in the Introduction to Data Set 5 where it is concluded that this
dip is not spurious but must be attributed to a viscous effect, Interestingly the NLR
distribution for an even lower Re also shows a single-point dip.

For the distribution of the imaginary component, c;/uo the main difference is the

vertical displacement between the similarly shaped @istributions of NLR and Ames tests,
This can be ascribed partly to the known influence of changing k from 0,20 to 0,26.
Another contributory factor may be differences between the unsteady effsots of wall inter-
ference in the two tunnels, '

The second example is a comparison of tests that relate closely to CT Case 8 which
correaponds to a supercritical design case, The tests chosen for comparison arei

LSRR

Test

M

a, (deq)

ag {deg)

k

Re » 10™~°

Transition

NLR 6708
Ames 191}
Ames 148

0.744
0,752
0.751

0.85
0.37
0.37

0.6
0.5
0.5

0.18
0.20
0.20

2,2
3.3
11.4

Free
Free
Froe

O L e R ‘A.-','.M«.,,_:'.nﬁ'.'.fr;,\':l..'ij‘x"‘n < el I D

ALl the tosts were made without fixing transition and the Reynolds numbers for the NLR
teat and the Ames 191 are sufficiently close for the viscous characteristics of these two
tests to be comparable. The third set, Ames 148, is included to show the effects of a
large increase in Reynolds number. .

There are differences between the NLR and Ames tests in regard to Mach number and
mean incidence. As already explained in section 2.1 these differences are deliberate, each
(M,um) combination having been chosen by the experimenter during preliminary trials to

achieve a steady flov that matched the flow calculated by an inviscid theaory for the
superoritical design case., In a sense, the differences in the parametric settings in

the NLR and Ames tunnels can be regarded as compansating to some extent for the differences
in steady interference effects and for the differences in the shapes of the models.

The distributions of local Mach number, “L » for the steady mean incidences, as

shown in Fig 0.5a, have the same general shape, are in reasonable agresment on the general
level of in the supercritical region and agres on the chordwise position, % = 0.6c ,

at which the deceleration from supercritical flow occurs. However, as for the subsonic
examplo, the Ames distributions have & waviness over the forward half of the chord that is
not present in the NLR distribution. Also there are significant differences in the
deceleration gradients dN, /d(x/c) where the abrupt deceleration begins,

Comparisons of the oscillatory pressures are shown in Fiy 0.5b and ¢. Each set of

results include peaks in ~Cé/o° and -C;/¢° close to tha beginking of the deceleration
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from supercritical flow, the highest Re producing the highest peaks. Whilst the waviness
in the Ames distributions is not unexpected in view of the waviness in the ML distribu-

tions, there are serious differences between the Ames and NLR results in reyard to the
mean level of C;/ao in the region 0.3¢c < x < 0.6c.

Also there are serious differences for both C'/a0 and C;/no in the region

0.6c < x <1,0c where, surprisingly, it is the Ames results for the higher, and not the
lower, Re that agree better with the NLR results. It is remarkable that over the rear of
the chord, 0.7¢ < x < 1,0c, there are such large differences between the three sets of
unsteady pressures when the steady pressures there are in relatively good agreement.
Probably the explanation is that the unsteady pressures over the rear part of the chord
are dependent on the convection of the vorticity generated by the unsteady processes
occurring upstream - in the present case the unsteady behaviour where the supercritical
flow is first decelerated. In other words, over the rear of the chord, the effects of
changing test conditions on the unsteady pressures are more likely to correlate with the
effects of the changes on the steady pressures at more forward, rather than local,
positions,

~N

It will now be clear that both of the previous examples include discrepancies that
cannot readily be attributed to differences in the models or in the test parameters,
Since the ratio of tunnel height to model chord is 6.7 for the Ames tests and 3.1 for the
NLR tests it is tempting to ascribe at least some of the discrepancies to differences in
tunnel interference and furthermore to give more 'weight'! to the data from the tunnel with
the larger ratio. However, whilst interference may indeed by the reason, without further
evidence and analysis it may be better to regard the differences simply as typical
uncertainties inherent in unsteady wind-tunnel measurements.

8 COMPARISON BETWEEN THEORY AND EXPERIMENT

_ The use of experimental data as qualitative information requires no special comment -
it is when the data are to be used for numerical comparisons with theoretical computations
that difficulties arise.

The principal aim of computational development is naturally directed towards full-
scale aircraft. One of the difficulties in making comparisons with wind=-tunnel results
arises because the experiments include features, particularly tunnel interference, which
have no counterparts in the aircraft situation. The difficultias of applying interference
corrections to the measurements have already been discussed, If no assurance can be given
that the interference effects on a particular set of data are negligible, either theory
must be diverted from its main aim and extendaed to include a mathematical representation
of the tunnel boundaries in the computational model: or, if that is not possible, the
probable importance of the effects must be assessed from whatever information on the
subject has become available when the comparisons are being made.

A full specification of an unsteady experiment in a tunnel includes:

Model and basic flow

Model shape;

Oscillatory motion: mode, amplitude and frequency:

Stream Mach number, M:

Mean incidence, o, (also possibly mean flap angle, $p 1t
Viscous characteristics

Reynolds number
Transition positiong

Tunnel boundary characteristics

Wall geometry)
Ventilation properties,

.

Comparative computations can vary in type from (a) those that include only tho model and
basic flow, to (b) those that include the full experimental specification., But at the
start of any programme of comparison it is most likely that the chosen type of computation
will omit the tunnel boundaries; furthermore the computational model may not fully )
represent the viscous characteristics of the experiment. In this case, apart from the
shape of the model and the oscillatory motion, the main parameters entering the computation

will be M and a, + If tunnel interference (or viscosity) has had a serious effect on
the measurements, then it ias hardly likely that computations made for the oxporingntnl

specification (n.un)s'will.yleld results in agreement with the expariment.

In the particular case when a shockwave is present, it is clear that the experimental
and theoretical distributions of unsteady pressure will not agree unless there is already
an agreement with regard to the mean position and strength of the shock. But wmore .
generally for all types of flow, it would sesm that an agresment cn the steady pressure
distribution is a prerequisite to an agresment on the wisteady pressures.

Whilst it may be true that there is generally no free-air cqnivilnntiof the tunnel
condition, it is possible that an improved comparison of unsteady pressure may result if
the caloulations are made for a different condition (M.uu)c which gives better agreement
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for the steady pressure distributions. In effect, the comparison will no longer be based
on identities of stream Mach number and mean incidence but instead on similarity of the
steady pressure distributions or, more aptly, on similarity of the distributions of local
Mach number ML . If such a method of comparison is adopted, steady computations would

need to be made over ranges of M and a, to seek some agreement in the distributions of
ML before any unsteady calculations are performed. As previously mentioned in section
2,1, such adjustments to the steady mean conditions have already been suggested for the
supercritical design case for the NLR 7301 airfoil of Data Sets 4 and 5.

A caution is necessary here. Should a theoretical condition (M,um)C be found that
gives an ML distribution exactly matching that of an experimental condition (M,am)E,

thus supposedly compensating for the steady interference effects, it does not follow that
the compensation extends to the unsteady interference or even to the interference on a
quasi-steady change. This should be clear from Fig 0.2. The point needs to be kept in
mind whon making unsteady comparisons between theory and measurements for the steady-
matched supercritical design cases of Data Sets 4 and 5,

When a comparison is made across an appreciable difference in stream Mach number,
there is a question of choice concerning the form of the non-dimensional unsteady aero-
dynamic quantities that are to be compared. This arises because local Mach number ML

is related uniquely to p/pt but not to Cp : obtaining identity in the values of ML
entails a difference in the values of C_ ., Then, since in effect p/pt rather than cp

is being used for the steady matching, it would seem more appropriate for the comparison
of unsteady data to be made for non-dimensional quantities such as p/pt¢° (already men-

tioned in section 4) rather than the conventicnal quantities typified by Ep/oo = ﬁ/qoo .

To give an example: if the two stream Mach numbers over which the comparison is_being
made are M = 0.80 and M = 0,85, then an exact agreement between the values of p/pt¢°

would entail a difference of approximately 7% in the corresponding values of Ep/¢0 .

However, for small differences in M , the matter is usually unimportant, particularly if
the differences lie within the range of experimental uncertainty. Note that the unsteady

measurements of Data Set 7 are presented as values of p/ptoc because they were originally

used for comparisons between different tunnels,

The preceding discussion has assumed that the tunnel walls are not taken into account

in the calculatiors, 1If the intention is to include the tunnel boundaries in the computa-
tional model it may be difficult to define a mathematical boundary condition sufficiently
representative of the ventilated walls of the experiment., It may then be desirable to
make separate calculations for each of the two extreme conditions representing closed and
open boundaries, as has been done in Ref 0.12 and possibly make a third calculation for
some intermediate homogensous boundary condition,

In sumwmary, the basis on which the experimental and computational unsteady data are
compared may take any of the following forms: . o

= Same class of flow;

= Similarity of “L distributions

- Identity of basic flow parameters (M,a
metexrs, Re and transition position;

= Full experimental specification including the tunnel boundaries,

m

9 - BUGGESTIONS FOR FUTURE EXPERIMENTS

The need for further oxperimental data will naturally depend on the early compari-
sons with the present data. If the agreement is good, the only question to arise would
be whether all the significant features associated with full-scale aircraft had been
catered for. In this connection it will bs noted that, although a supsroritical scotion
is included in the Compendium, thero are no data for a superoritical wing. However, this
omission will bs overcome when oscillatory prassure measursments bacomeé available. for the
LANN wing whose geometry and C? Cases are defined in Ref 0.2,

In the nmore likazﬁgovent of differences being found botwesn the computations and the
experiments, there xay be a need for new experiments. Before discussing what form these
should take, it needs to be noted that the experimental programpes from which the present
Data Sets were abstracted predate the cholce of the CI Cases, Not all ths experiments
were spcci:écally designed to provide data for the kind of close numerical comparisons
now proposed, ‘

In future it may be desirable to give more attention to overcoming the uncertainties
of tunnel interference, say by including in any new tests the effects of changing the :
characteristios of the tunnel walle., The desirabllity of fixing traasition needs to be
ve~examined, Thore could bes advantages in making measuremsnts of boundary-layer thickness
under steady conditions so that these could be related to viscous calculations. Also it
may be necessary to take mors account of, or to place graater restraint on, the elastic
distortions when 3-D configurations are being tested, : - I

). Possibly also 1d§ntity of viscous para-
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In addition there are two general matters that merit discussion and which to some
extent are interrelated. These are (1) the form of the comparisons and (2) the method of
communicating the experimental data.

Regarding the first of these matters, it is evident that the importance of variation
of the main parameters was fully recognized when the CT Cases were selected. Completion
of the computations for all cases for a configuration and their comparison with experiment
is intended to demonstrate how well theory can cope with the different situations. But the
intervals between consecutive values of the parameters are necessarily rather wide so that
the comparisons tend to appear as a series of single-point correspondences. That is, for
each case the experimental results for a particular condition (M,am)E will be compared with

computed results for the same or a related condition (M,um)c. Whilst single-point compari-

sons may be satisfactory for comparing one computational method with another, they may not
be ideal for comparing computation with experiment: one reason being the inevitable
uncertainties and sensitivities of the experimental results. It would be preferable to make
comparisons of the variations of the aerodynamic quantities with the main parameters such

as M and a , in"the Immediate vicinity of the corresponding condition (M,a), thereby

taking account of the parametric sensitivities. In practice this could mean a comparison
between, on the one hand the data for a pivotal condition, and on the other, data for a
mesh of points surrounding the pivot point. Whether in a planned programme, the matrix of
data is provided by the computations or the experiments will probably depend to some
extent on the relative costs of computation and experiment, On this matter it is noted
that although the capital cest of mounting an experiment is large, the running cost of
additional measurements may be relatively low.

The possibility of using a greater quantity of experimental data leads to a considera-
tion of the second matter, the means by which the data are communicated, It is obvious
that printed tables camnnot be used until they have been read and some manual action
performed. This procedure is acceptable provided the listings are not to extensive, but
the labour involved, quite apart from the amount of paper required, inhibits the use of
large amounts of data in this form. Rather than printed tables it is suggested that in
future the data be communicated by computer-readable magnetic tape. To give an example of
the practicality of this suggestion, all the results of the NORA tests from two large
tunnels, some 177 cases in all, can be made available on a standard 200 mm diameter
magnetic tape. By using this means of communication, a computer available to the
theoretician could present visval displays of the effects of parametric variations and
indeed show the comparisons themselves. N
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Table 0.1

THE AGARD AEROELASTIC CONFIGURATIONS

Configuration

Experimental data

Present position

2-Dimensional

Parabolic arc

Pitch and plunge
oscillations

No experiments

NACA 64A006

Flap oscillation

Data Set 1.
CT Cages 1,2,3,5,6,7,8*%,10%,11

NACA 64A010

NASA Ames model

Pitch oscillation

Data Set 2.
CT cases 1,2,3,4,5,6%,7,8,9,10*

NACA 0012

Pitch oscillation
and transient

Data Set 3.
CT Cases 1%,2,3,5,6, 7 A

MBB-A3

Pitch and plunge
oscillations

Steady data only

DO Al

Pitch oscillation

No experiments

NLR 7301

Pitch oscillation

Data Set 4, ’
CT Cases 1.2,3,4;5;6'8*

Data Set 5.
CT Cases 1.2,3,4.5,6,7,3*,9

Flap oscillation

Data Set 4.
CT Cases 10,11,12,14

3=Dimensional

Rectanqular

wing

Pitch oscillation
about 2 axes

RAE

Experiments p:ahned for 1984 .

RAE wing A

Pitch oscillation

RAE

Possibility of future experiments

Flap oscillation

RAE

Data 80t 6,
CT Cases &, S 8,9%;11

NORA model

Oscillation
about swept axis

GAﬁTBur*

Data Sat 7.
CT Cases 1,2',3,‘,5*;6'.7.8.9

ZKP wing

Flap oscillation

VEW

Data available in 1983

LANN wing

Pitch coscillation

NLR

Data probably uvailhble in 1983

Danctes the priority cases for computational tests.

The NORA experiments were mads undsr tho aucpicea ot the Group tox A.:onautical Research
. and Teohnology in Europe. .
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Table 0.2

NLR 7301 AEROFOIL PITCHING ABOUT 0,.4c

0-19

Flow Case Rgr; gg' M o €9 k Transition
CT Case 1 - 0.500 | 0.40 | 0.5 | 0.098 -
Data Set 4 1601 | 0.499 | o0.85 | 0.55 | 0.098 1,70 Fixed
184 | 0.508 | 0.58 | 0.50 | 0,050 2.53 Free
Data Set 5 { 168 | 0.505 | 0.58 | 0.51 | 0.049 9,33 Free
Subsonic
CT Case 2 - 0.500 | 0.40 | 0.5 | 0.263 -
Data Set 4 1300 | 0.498 | 0.85 | 0.44 | 0.262 1,70 Fixed
185 | 0.508 | 0.58 | 0.50 | 0.197 2.53 Free
Data Set 5 { 170 | 0.505 | 0.58 | 0.50 | 0.198 9,33 Free
CT Case 3 - 0.700 | 2.00 | 0.5 | 0.072 - -
Data Set 4 3805 | 0.696 | 3.00 | 0.42 | 0.072 2,11 Fixed
204 | 0,710 | 2.53 | o.50 | 0.050 3,14 Free
Data Set 5{ 197 | 9.700 | 2.53 | 0.49 | 0.050 | 12.0 Free
Transonic | CI-Case & - 0.700 | 2.00 | 1.0 | 0.072 - -
with pata Set 4 3905 | 0.696 | 3.00 | 0,98 | 0.072 .1 Fixed
shock 206 | 0.700 | 2.53 | 1.01 | 0.050 2,14 Free
Data Set 5{ 199 | 0.700 | 2.53 | 1.00 | 0.050 | 12.0 Free
CT Case 5 - ‘lo.,700 | 2.00 | 0.5 | 0.192 - -
Data Set 4 | 52705 | 0.695 | 3.00 { 0.55 | 0.192 2.12 Fixed
205 | 0,710 | 2.53 | 0.58 | 0.1%9 3.14 Free
Data Set 5{ 198 | 0.700 | 2.53 | 0.49 | o0.201 | 1200 Free
CT Case 6 - 0.721 | -0.19 | 0.5 | o.068 - -
Data Set 4 9608 0.744 0.85 0.46 0.068 2.2} Free
190 | 0.752 | 0,37 | 0,50 | 0.050 3,30 Free
Data Set 5 ; 132 | 0.752 | 0.37 | 0.50 | 0.050 6.20 Free
144 | 0.751 | 0.37 { 0.50 ] 0.050 | 11.4 Free
CT Case 7 - 0.721 | =0.19 { 1.0 | 0.068 - -
Data Set 4 - 0 7-52 0- 7 Noomeaourgg\gnto 6 -2 o ; -
136 . 3 1,01 0. » Free
Super- pata set 5{| 130 | 2763 | 0.37 | 1000 | 0.080 | 114 Free
critical
design CT Case 8¢ . 0.721 | -0,19 | 0.5 | 0,181 - -
Data Sut 4 6708 | 0,744 | 0.85 | 0.61 | c.101 2,22 Frae
19t | 0.752 | o0.37 | 0.50 | 0.200 3,30 Free
Data Set 5 ; 134 | 0,752 | 0.37 | 0.49 | 0.200 6.20 Free
, 146 ] 0.751 | 0.37 ] 0.50 ] o0.200 | 11.4 Free
C'S‘ ca" 9 - 05721 "‘0.‘9 0.5 0.‘53 - -
bata Set ¢ ; 0 ;52 0 - go g_easurgmgnts 6 ; o -
135 . «37 -] 0,30 o Frae
Data Set 5 { 149 | 0,751 | 0.37 0,301 | 11.4 Free

0.50

* Danotes a priority

case for computaticns
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Free air for (M,dm)l
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0-21 r!
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teasured in tunnel
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Reduced frecuency k

Free air tor {M,&m)’
&

Measured in tunnel
for {M,dm)

ttis assumed that a steady condition | M,am) ; ]
in the tunnel is equivalent 1o a steady condition i
M, am) in lree air, i
Displacement &y is an effect of steady interference ;
82 and B) are the eftecis of unsteady interlerence

Fig 0.2 Schematic diagram illustrating tunnel interference }
on the wodulus and phase of osciliatory pressure .
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DATA SET 1

NACA 64A006 OSCTILLATING FLAP

by
R.J., Zwaan, NLR

INTRODUCTION

The wind tunnel model. which had a NACA 6LA0CO6 eirfoil section, was fitted with a trailing-edge flap
of 25 per cent of the chord. The meximum thiciness of ihis symmetrical airfoil is 6 per cent and is
lo.ated at about 28 per cent of the churd. During the test the main surface was clamped at the wind
turnel gide walls, whereas the flap could be driven in a harmonic motion about an axis at T5 per cent of
the chord. The flap had no aerodynamic balance,

In the set of two-dimensional aeroelastic configurations this airfoil represents the category of
smail thickness.and conventional airfoils (roof-top type). The characteristics are illustrated in figure
1.1, presenting the development of the stesdy and unsteady pressure distributions with Mach number for a
given frequency. Passing the critical Mach number, M*m0.85, the measured unsteady pressure distributions
start to deviste from the caleulated distributions under the influence of shocks at both sides. The

calculated results are based on lifting surface theory.

Lift and moment coefficients are given in figure 1.2 for a frequency of 120 Hz. An at least qualita-

tive agreement exists between experiment and theory up to Mw 0,85, Results are also given for k =

0, see

figure 1.3, The differences between experiment and theory are appreciably lsrger uow, which can be
aserited partly to tunnel wall interfereace..

1 ATRFOIL -
1.1 Designation NACA 64A006
1.2 Type of airfoil Roof top. 6 % thick, symmetrical
1.3  Geumetry See Table 1,1
1.4 Design condition Not applicable

3 WIND TUNNEL .

3.Y Designatien
3.2 Type of tunnel - Centinuous, eloged eirouit
3.3 - fest.-eotion dimensions - " Rectangular; see Fig, 1.4
- e : - height 0,55 w, width 0.k2 @
- 34 Type of rour and floor 10 § slotted top and bomu m;a, mwate wp and
T . bottow plenums )
~3:5 - Type of side valls . SoMd side \mle-.;
A6 Ventilaticn geemetry - See Plg, b :
B | &‘hiamia of side v&ll bunﬁ.dnry hyer Thickness 10 s of teat net.ioh s&ui-vmtb, 6o epae.-ial .
o © treatment .
3.8 Thickness of bounau-y h\yen at Hot -weaguredy prabably capu:'me vmx aide \iﬂl
: roof and floor - Lo boutdary layers
3.9 Wethod of measuring Mach u@b&r.  Derived frow stutiec pressure messured upnwu of
R S S : wode) aid from total xmssm wma in sezuiu
o . olasbey--
T30 Unifouity of lleh n*a\ber over teu - ﬁu ﬂg.
S0 weetien -
S 3,11 Eources and levels: of notae . ﬂ;*mucmolnoiae hw&. see m. L
: turbumxca iu dupty tmm). ’ _ -
3 mm nwwwu - " evideaze

Roforenceu oh tiodel

1,5 Additional remarks -
1.6 References on airfcil Ref. 1.1}
2 . NODEL QEOMETRY
2.1 Chord length 0.8
2,2 Span ' 042 m -
2.3 Actua? wrdel coordinates and agouracy
of measurements ‘Bee Table 1,2 :
:2,4 ° Plap: hinge and gap details “Hinge axis ap 0.75 o; gap width 0.1 =
2.5 Additional remarks ' - o Co
2.6 o

BLR Phlot Tuned
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3.13
3.14

Additionsl remarks

References on tumnel

MODEL MOTION

U
k.2
k.3
boh

4.5
L.6

hl?

4.8

Mode of applied motion
Range of amplitude

Range of frequency
Methed of application '

Purity of applied motion

Natural frequencies and normal modes

of model

Static or dynamic elastic distortion

during tests
Additional remarks

TEST CONDITIONS

5.1
5.2
5.3
5.4
5.5
5.6

5.7
5.8
549
5.0
5,1

5412
5.13

6.1

6.3

6

6.5

86
6

6.9

" 6,10

6.1
6.42

. 613

Tunnel height/model chord ratio
Tunnel widtn/model chord ratio
Range of Mach number '

Range of tunnel total pressure
Range of tunnel total temperature

Range of model steady, or mean,
incidence

Definition of model incidence

Position of tramsition, if free

Position and type of tnp. if
transition fixed

For mixed flow, rosit.ion of sonie
‘voundary in relation to yoof and

floor

Flow. instabilities durin; teata
Mdition_nl remarks

References describing tests

* MBASUREMENKTS AND ‘OBSERVATIONS
. Steady pressures for the mean conditions

Steady pressures for emall chnnsea from the mean conditione
Quusi-steady pressures

Umtew preésurss

Steady forces for the wean couditiom .

Gteady forces for. smsll pmea.m-_thé sean conditions

Quui-si-uiy; forces

Unsteady forces

‘Hewsurement of acvual wotion at points on madel
‘Observation or seasurémsent of boundary luor propurtio-

Visualization of surface flow

Visualivation of nhockuvc mvmnu

Adduioml ruu-u

For two-dimensionality of the flow see Ref. 1.3
Ref., 1.2

Flap oscillation
(3]
§ o® 1

=0 to 120 Hz; k = 0 to 0.4

_Electrodynamic excitation at both sides of the flap,

using sdjustable spring stiffmess
Checked by spectral analysis; no data stored

No interference with natural vibration modes

Negligible

3.1

2.3

M=0.5t0 1.0
Atmoepheric .
NI 1K

) « wWh© [ 1 =0 ¢
U t'°,-°;~'6m' 3° vo 3

Zero-incidence defined by matching upper and lower

.~ static pressure distribution (applicable because of
- .airfoil symmetry)

Not applicable

. ‘2.5 ma atrip of carborundum grains at 0.1 ¢

Not measured

- No evidence.

Ref, 10" |

[pencured directly
lintegrated press.

* fmoasured directly
integrated press.

“lintegrated press.

sured direoctly

: { neasured directly
{integrated wea. )
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© 9ub - Non-linesritiey <"

INSTRUMENTATION
T.1 Steady pressures

T.1.1 Position of orifices spanwise and
chordvige

T.1.2 Type of measuring system
7.2 Unsteady pressures

T.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices
T.2.3 Type of measuring system
T.2.4 Type of transducers

T.2.5 Principle and accuracy of
calibration

T+3 Model motion
7.3.1 Methcd of measurement
T.3.2 Accuracy
7.4 Processing of unsteady measurements

T.4.1 Method of acguiring and
processing measurements

f{.5.2 Type of analysis

7.4.3 Unsteady pressure guantities
obtained and sccuravies achieved

7.4.4 Method of integration to obtain
forces

7.5 Additional remarks
7.6 References on. }echpiquns

DATA P!!SSSNTATION

. 8.1 Test cases for vhich data could

be made available

8.2 . Test cauem for vhich data are
_included in this document

8.3 Stoady prénu'reo
B Quni-atuds or steady perturbation
. prescures

N 5.5 5 “Unsgen\v pressures

» 8.6 _ Steady fofces or moments
T 8.7 Quasi-stesdy or steady- perturbation

forces
8.8 - Unsteady forces and woments

8,9 Other forms in wvhich data could be
made aveilable -if required

T Be%0 References giving other pressntations

- of data

COMMENTS ON DATA. ~ - . .
9. Ascuracy

9414t Mach mumber

" 9.1.2 Bteady incddence

--941,3 Reduced frequency

© 9etib - Steady pressure coefficients

. 941.5 . Steady pressure derivatives

©. 7 94146 Unstewdy pressure coefficients o
.94 mttiviiy to saall ohuagn ot :

_parameter

See T.2.1

See T.2.3

See Fige 1.7 and 1.8

0.8 mm
38 pressure tubes + 6 in situ pressure transducers

32,5 psi and %5 psi Statham differential pressure
transducers, and- 5 psi Kulite miniature pressure
transducers

Calibration usss transfer functions of pressure
tubes, see Ret'. 1.4; for accuracy see 9.10

See Fig. 1.7
See 9.10
See Fig. 1.9

Signal analysis of TFA over 20 cycles for f = 30 Hz
and 60 cycles for £ = 120 Hz

Fundamental harmonics; for accuracy see 9.10

Trapezoidal rule

Refs 1.4, 1.5

Table 1,3
"rsble 1.4

Nean pressures in Tables 1.5 to 1,18

‘Steady preasure derivatives in Tables 1,5, 1.8, t.11,

1,14 and .17
Tables 1.6, 1.7, ‘.9. 1, 10, 1. 12. 1. \3, 1. ys. 1.16

md\%&

oo Bk -

' Bee 8.5

Ref. 1.6 .

10,002
-20.02°

000005
U Bot known . -

" Bot known -
Bot known

- v’l_opviwé'f" ‘

Ko evidence

- Part of mxym of. cxperinnm mum. wo Bat, 1

v
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9.5 Influence of tunnel total pressure -

9.6 Wall inter*. vence corrections No corrections included
9.'7 Other re.evant tests on game model None
9.8 Relevart tests on other model of Unknown
nomina’.ly the same airfoil ,
9.9 Any remorks relevant to comparison Comparisons of experiment and theory including
between experiment and theory ) various calculation methods are given in Ref. 4
9.10 Additional remarks No systematic investigations of separate accuracies

have been performed; accuracy of lift and moment
coefficients is estimated to be 5 to 10 per cent in
magnitude and 3 to 6 degrees in phase angle

9.11 References on discussion of data Refs 1.4, 1.7

10 PERSONAL CONTACT FOR FURTHER INFORMATION

R.J. Zwaan, National Aerospace Laboratory (NILR), Anthony Fokkerweg 2, 1059 CM Amsterdanm,
The Netherlands
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1.3  H.A, Dambrink Investigation of the 2~dimensionality of the flow around a profile in the NLR

1.4 H. Tijdeman

0.55x0,42 w® transonic wind tunnel
NLR Memorandum AC-T2-018, 1972

Investigations of the transonic flow around oscillating airfoils
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1.9 PJH. Fuykschot DXDRA - Datalogger for dynamic measurements
L.J.N. Joosten NLR MP 69012 U, 1969

1.6 H. Tijdeman
P. Schippers

1.7 R. Houwink

1.8 §8.R. Bland

Results of pressure measurements on an airfoil vith oscillating flap in
tvo-dimensional high subsonic and transonic flov (zero incidence aud zero mean
flap pesition)

NLR TR 73078 U, 1973

Some rewarks on boundary layer effects on unsteady airloads -
AGARD-CP-296, 1981

AGARD Tvo-dimensional aercelastic configurstions
AGARD-AR-156, 1979 '

12 NOTATION AND LIST OF SYMBOLS

" DATA SET
"ALPHA
e

cp

,oseillatory flap hinge roment. coetfieient. _-2 Eh/ﬂ rad”
total pressure, . p,, Pa -
. dynnic prassure, 4, Pa :
o ,Voaeinutory flap 1ift coefficient, 5“h6 rad
- Heynolds number based on viac cm. Rc »
{ourtix) upper side
© Asugeix) lover wide . .

STANDARD
mean ving incidence, é‘a' deg
flap amplitude, 60, deg; see MNote 2 belov

- steady mean presoure ccefficient, C

osciliatory pressure coefficient (k & 0), tabuletsd as REal, IHaginary, HODulus and
.ARGumnt, equivalent to 95/6 s in vhiah
7 rad s ARG in deg. If k =

/84 (c/chi(cla}mm NOD in-
than D0P = - (06 )-03(-3 )1/23‘,’ oft T .

Bean flap angle, 6,, deg .

. frequeney, f, liz

veduced frequency, k * sfe/V

- ogeillatory ving 1ift coefficient, abh& . e
‘aean local Kach aumber, “h

oscillatory ving: pitehing moment cootricicnt (ahout. 0.25 e). -2 _5.-{:6‘,. raa~
- A
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Note 1: Symbols not mentioned here conform to the notation in the Genersl Review

Note 2: The oscillatory motion is defined as § = & sin wt, in accordance with the Genersl Review. The

aquation for a corresponding oscillatory pressure reads:
p{t) = p + p'sin wt + p'cos wt + ete.

Similar expressionas hold for the aerodynamic coefficients.

TABLE 1.1

Contour dats of the NACA 64A006 airfoil

x (Fe)lz(Zc)]x(Ze)lz (% c)
0 0 Lo 2.999
0.5 0.485 45 2,945
0.75 0.585 50 2,825
1.25 0.739 55 2.653
2,5 1.016 60 2,438
5.0 | 1.399 65 2,188
7.5 1.684 70 1.907
10 1,919 75 1.602
15 2,283 8o 1.285

20 2,557 85 |.0,967
25 2.757 90 0.649
30 2,896 95 0.331
35 2,977 100 | 0.013

L.E. radius: 0.2L6 % ¢

TABLE 1.2

Actual contour data of the NACA 64A006 airfoil

(measures per cent of chord)

z 2
X upper | “lower

1,25 0.742 | -0.Th2
2,50 | 1.025 | -1.025
5.00 | 1.405 | -1,k05
7.50( 1.686{-1.686
10,00 | 1.919 | -1.922
15.00 | 2,283 | -2.283
20,00 | 2,558 | -2.555
25,00 | 2.758 [ -2.758
30.00 | 2,894 | -2,889
35.00 | 2.975 | -2.969
40,00 | 2.991 | -2.989
45,00 | 2.942 | -2.936
50,00 | 2,822 | -2.819
55.00 | 2.655 | -2.642
60,00 | 2,k30 | -2.k425
65,00 | 2.194 | -2,169
70.00 | 1.908 |-1.894
75000 - -
80,00 | 1.310 | -1.310
85.00 | 0.989 | -0.989
90,00 | 0.668 | -0.668
95.00 | 0.346 |-0,346
100,00 | 0.027 | =0.027

TABLE 1,3
Test program for the NACA 6LA0CS airfoil with {lap
FREQ. MACH NUMBER
Test, conditdon | (ys)' 750 <15 715 B0 025 .85 .B75 .00 .92 8L .06 90 1.0
0 ® X X x N % x x X x x X
10 X 2 x x x _ X
0 0° 20 x X
8= 0° 30} x X X t I ] %
90 % ‘ S X * X x
120 | = 2 x x X L S X X X X X X
’ 0} x x x x x % x x x x x 3
On" O: 30 x® X % X R
=3
n . 120 % x x % ® H X x x x
u a0 0| x % x x X X PO T T
- no 30 E ® % X X : -
6= 0O
= 120 ] EH % X x . X x % X ]
o 50 ol x x «x X x x x x % x %
e | n| x  x % %
L) 120} x x % x 2 XX X
., : . o]l x = x x x x x ‘x x =x 2
B -l ¢ 30 | x x 2 %
.= =3
. 120 | x x % E S E .
' _ ol x x x 2 x x x x x
R IR - T '
8, O° 30| x % X
120 x % % X X % X % x '

 AMPLITUDE. OF OSCILLATION: § = 1 DEQ
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TABLE 1.4
Test cases for the NACA 64A006 airfoil with flap included in Data Set 1

Fl CT Casge ~_Data Set °
o o RS k [RunNo] M | 8o | 8m ' Kk |Rexio—®

Subsonic | z1 0.800 0 - 0.800 5 0 0 .34
1 0.800 0.064 | Logok | 0.79k 09| 0.15 ] 0,064 | 2.32
2 0.800 0.253 | 40807 {0.80k 11| 0.00 | 0.253 | 2.35
- 5 0
0

.

22 10.825 0 0.825 0 2.36
3 0.825 0.062 | 10905 | 0.824 0.15 | 0.062 | 2.36
4 |o.,825 0.062| No measureme
5 0.825 0.248 | 140305 |0.822 | 0.9 0.248 | 2,28

JEFOY N PO
.
OOmeOm

-

e e et = etereen 5 ot i AT B ST Y

Transonic 0.850
0.850
0.850
0.875
0.875
0.875
0.875
0.960
00960
0.960

0 - 10.850 |1
0.060 | %0906 | 0.853 | 1
0.240 | 40806 | 0.85L | 1

0 - 0.875 | 1
0.059 | 40907 | 0.877 |1
0.059 No measurement

1

1

1

t
|

o5 0 2,39
o1 0.060 | 2.k40
.0 0.240 | 2.1
5 0 2.43
o 0,059 | 2.43

« o .

OO\nOO‘O\ﬂOO\J‘t

0,234 | 2.4k
0 2,51
310.00 |0.054 | 2.53

0
]
0

. .

0.23% | 40807 | 0.879

0 - 10,960
0.054 | 40911 } 0,966
0.21k No measuremen

PN | P
.

Remarks on Table 1.4

Cases 21 to 25 are extra to the computational cases identified in reference 1,8, They correspond to
zero-frequency (k = 0) experimental data that are closely related to the CT Cases for which k # O.
The asterisks denote Priority Cases.

In all cases ay = 0. Transition is fixed at 0,15 e,

ALPHA = 0,00 KC =
DELTA = 0,00 MC =
C m 1.5 NC =

UPPERS INE . ' LOWERSIDE

e . N
QF .

«A02? 3,552 +TRT

«A70 2292 : 0&65

+«ARY 1.813 : ' .e8R)

o907 14680 - . - . 908

© «922 1,710 . S " o924

- +932 1.R90 . +933

924 iy K .- . 0921

o813 1.890 ) ’ ] 81

T TeRAR 14948 ' BERPY 1}

Y. 1. ) B 2,008 : L - . "+ARO

L] . P.218 - . - o HOS

T oASe 24597 . 0 R . QAT

«RAT . 2e90] o ¢ - . «838

oAA) B YY % ) O I T e19?

- A3 L B S A4

- oR21 . - 2,807 : T - «8)%

’ ;'0805 41055‘ ’ '»“v o “el02
«T90 T+ L S ) T - o sTRG
<770 . o458 S . o768




x/C

«010
+050
6100
«200
300
400
0450
+500
0250
«600
650
o100
128
« 750
115
+800
+850
«900
«950

&/C

+010
0030
+100
«200
«300
«$00
«480
«500
+530
«800
+880
+T00
o125
o130
15
«800
«850
900
o950

TABLE 1.6
RUNNO 40904
M= ,794 Fs= 300 ALPHA® 0
PO= 10429 DELTAx .15
RE® 2,32E6 Ks 4064 Cs 1209
Q = 3037430
RE M RE N
KC=  1.016 =04260 RC® ¢2766 e0}12 X5=
MCs 2640 +01C NCs +0388 00023 1.1
UPPERSIOE
CPe Me DCPe ocpe
RE M MOD ARG
0,035 +811 6T1 #1474 1,619 =65
“0e¢175 «873 9342 -0 7853 <827 =66
04226 «897 e657 0,853 1,077 52
-0¢252 2909 991 =0,787 14266 =3B
=0.219 «921 14248 =0,683 1,420 =29
=0e304 932 1+628 <=04554 14719 =19
=0,.,287 2925 1,744 0,403 1,790 ~13
»+263 914 10826 =0e30} ‘caso -9
=0e222 «895 14915 =-04198 14925 -6
'0.190 .881 2003‘ -OQlla 2'038 -3
~04159 866 2,155 =0,136 2,159 -4
-04125 o851 2,258 =0,253 2,272 -6
-0+108 +Bé4é 2,858 =y.213 24667 -5
=0+ 068 «B25 4,948 409 44965 S
=0+085 833 44097 o264 44103 3
~0+058 «821 3,038 +335 34057 6
=04018 «803 14751 +212 1,764 7
021 «786 |959 0100 1364 ]
«069 o164 374 #0123 374 ]
TABLE 1,7
RUNNO 40807
H s ,804 F® J20s0 ALPHA® 0
POW 10484 DELTA®=0400
RE™ 2,35E6 Kw 4253 Ce loll
Q3 3097.63
RE 1{] RE N
KCE 4830 =0,394 ACs L3090 « 0480
NCR o756 +«0¢019 NC®= L0419 0118
UPPERSIDE
CcPe Ne 0cPe Qcpe
£ ] MOD ARG
-o.ogx +818  ~1,00) -oogvz 16396 -}30
-0,113 «882 20,494 «0,5) o710 =134
=0428% 0906 ~04416 =0,768 873 -118
“0e252 o919 =04081 <=1.121 1 124 =94
=0,2080 +932 o828 1,351 417 -T2
=0e308 DR 1,240 1,468 1,921 <8
=0.2689 o930 10647 <)4277 2,084 ~30
“0e2b1 923 1,943 1,118 2,242 <39
“0oe23 o905 24146 =0,900 2¢327 “
=0.108 +000 2,336 =0.829 2,420 ~1Y
=0.196 #0875 2,502 <-Q.%28 2,017 =9
“0e126 D61 2,720 -0.180 2,735 -4
04108 052 30859 =04)39 3,262 -2
0,045 024 7,180 +060 7,188 0
=04083 «04) ~.;av o130 4,429 2
'0.055 828 2339 YY) 3.348 8
=0s007  JB1)  Je986 480 2,045 14
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TABLE 1,16
RUNNO 40807

Mm 879 Fs 12040 ALPHA= 0
Po= 10474 DELTA= o0}
RE® 2,44E6 K= +234 C= 1408
Q= 3426423

RE In RE M
KC= o579 =0.,479 RC® ,3998 « 0592
MC= 757 =06327 NC= +0552 «0148

UPPERSINE LOWERSIOE

xX/¢C CPe DCPe DCpe rree DCP=-
RE I+ 5 -Re RE Ix
o010 «052 =(4375 422 =229 oH2. $393 = 44)
«060 =0,129 04146 »213 -236 928 «270 =0430b
0100 =04194 =0.176 «213 -23¢ #9523 o284 =1,312
0200 =0.262 =04216 .192 =222 14006 415 -;,312
.300 -0.330 =04336 0231 =214 1.042 683 «)e228
400 =0.406 04669 «187 =196 leud3 «858  =(,087

=04445 =04795 «078 -186 l.108 1,211 £33,

0,467 =1.389 =j,752 =152 1o071 3,179 4,753
-0,35¢6 3,250 =6,962 -115. 14032 ST 7,528
~0s244 1,224 =7,095 =89 T W9T9 ~3,824 4,949
-o.l‘a ‘0090 -2,598 -32 -9‘\1 -‘er., 1.605
=0.103 4,239 =(,825 =11 917 =4,569 480
4,625 '00489 -6 '907 -".56‘ .271
° 80368 'Otle -1 «860 =714} +» 059
!7’5 ‘0005‘ S.768 =04015 -G +886 -5.,277 ~0e203
+800 0,037 4,402 6 «88y  =4,239 <p,463

880,005 2,628 12 . <856 2490 =0.631
o900 045 1+391 2¢ o889 =1,48) -0.626
.’so 0092 534 27_ «829 -0 .657 .00398

TABLE 1,37

ALPHA = 0,00 KCwm .07
DELTA = 0,00 MC ==, 183
C= 1.5 NCa <0219

UYOPERS INE LUMERSLDE

N oe PO = H -

4

(L1

e

+«9Re
1.062
1.089
1169
1.16A
1.19]
1.207
1.21R
1.227
1.23%
la236
1.267
1.P%2
1eP00
1084

967

92}

AH3Y

953

«978
1.033
leOHY
1stal
lelhs
1189
te208
i.220
1.230
1.237
le242
1193
1,222
l.232
1.186

<943

«930

* 5 2 e e o
DO

DO O220TIITID B e
.

. e

. o
S0

COD2DODI2IDD
a s e 0 s 6 e
CIIDDODIIDO




TABLE 1,18
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DATA SET 2

NACA 64A010 (NASA AMBES MODEL) OSCILLATORY PITCHING

it (TR
i
. T

by

Sanford S. Davis, NASA Ames

INTRODUCTION AND DISCUSSION

The test program on the oscillating NACA 64A010 airfoil was designed to expand the existing unsteady
aerodynamic test envelope to a higher Reynolds number and more diverse flow conditions. The data base
for this airfoil, as reported in Ref. 2.1, contains 114 different combinations of Mach number, Reynolds
number, mean angle of attack, oscillation frequency, and motion mode. A subset of 66 runs corresponds to
the motion of pitching about a nominal axis at 0.25¢. The purpose of this Data Set is to present the
matrix of test conditions corresponding to these 66 runs, to tahulate numerical data belonging to the
ten AGARD CT Cases supplemented by a shock-stall case (8SC) of special interest, and to present an over-
view of certain parametric variations of the data. The data should be useful in ascertaining the perfor-
mance of those numerical codes that predict unsteady transonic flows with shock-wave boundary-layer
interactions.

Each combination of motion mode and the five input parameters M, am, Re, ag, and k are identified
with a unique number - the dynamic index (DI). The output was the measured instantaneous chordwise
pressure distribution on the airfoil. These data were digitized and processed on-line (Ref. 2.2} into
a form that was suitable for interpretation and analysis. Subsequent off-line processing converted the
data into the conventional normalized quantities presened in this Data Set. The notation generally
follows that advocated as the AGARD standard. The nomenclature used here and an explanation of the
table headings are included in Section 12 nf this Data Set.

The following processed data are included for each of the AGARD CT Cases:
i
A, Steady upper and lower surfaca pressurs distributions. .

B. Fundamental frequency upper and lower aurface pressyre ﬁistributious.
C. Steady lift and moment coefficieny:s.
D. Fundamental frequency lift and moment coefficients.

The following detailed duta are presented for AGARD CT Case § only:

E. Instantangous upper sutrface pressure distributlon.
P. Instantanecus lift and moment coefficients.

Some of thé data hsve been presented and/er discussed in previous publications. Xtems A, B, C, and
D were included in the tabulated and graphical daty of Wef. 2.1, The data were compared amony themselves
and with thaory- Ln Refs. 2.3 to 2.6. :

Table 2.1 prosents a complete list of the entira test program in chronological ordexr. Table 2.2
ghows the subzet of 66 U1's conxidered in thiz Data Set. A small subset of 10 DI's, designated in
Ref. 2.7 as AGARD OF Casos and the extra shock-gtall case (55C), are identified in Table 2.3 along with
the relevant £low parameters. A sketoh of tho oscillating airfoll test apparatus is shown in Flg. 2.1.
e axperimental arrvangoment is deecribud in detail in Refs. 2. 1 and 2.8.

Tabuldted data for the AGARD CT Cavea and the SSC are presenced in varying detail in Tables 2.4 to

2,18, Table 2.4 shows the Steady Values and tha €andamental frequency complex amplitudes of lift and

_ooment,  (Note that the real and imaginary parts of the complex nunbers in Table 2.4 are identical to
the single~ ard doubdle~primed quantities in the astandard AGARD notation.) The maean and fundamental
fraquency preasute distributions are tabulatcd in Tables 2.5 to 2.14 and 2.17. These data are taken
divectly from the slorofiche recvids enclozed lo Ref. 2.1. A wore basic data set, rapresunting the {n-
stantaneous load vn the aivfoll, i3 presunted in Table 2,18 fcx CT Case 6. Along with these data, the
fundanental froguency componsnt of the lift and moment is incvluded for couparizon and reference. 7The wost
‘dotailed data get, from wvhich all cha previouy data were derived, ie the lnstantansous pressure distribu«
tion, These daka are presentsd -dn Table 2.16 in the form of chordwise pressure distributions at 6°
phage incgaments for (7 Case 6. The valus of phase shown at the head of each celuan may be correlated
with the noadizansional time, oy the load, by crose-chocking with Table 2.15.

with thesy ACARD L‘T data, one should be ablae to verify in detail the predictive capabllity of all
foviscid vudes and thouwe vizcoun codes that include mild shock-wave/boundary-layer interactions. In
Buf. 2.0 {T Cash 6 was thoroughly analyced and, being selected For priority analyeis in Ref. 2.7, should
* be the firet trinsoniv case to compute.

Soauo of the first harmwonic data were investicated for parametric tronde. These data are pressated
in graphical form in Pige. 2.2 to 2.5. Pig. 2.2 shows the sffect of varying Nach number with other
" parameters held constant. As the steady shock wave develops (uppermost row), tho unsteady pressure dise
tribution evalves into the paaked distridution usually awsoclated with transonic {law. Althdugh tho
. unsteady presaurs drops at N = 0.#4, comparad to H ~ 0,80, one shuuld aot cunsider this to be a typical
response with invesusing velocity in the transonic spesd range. The data in Plg. 2.2 are prexented ac 8
roducad Frequancy k-» 0.4, which is high enough to reduce the shock motion considerably. Tha interaction
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between frequency and shock strength may be such that this dramatic drop in peak loading would not
occur at lower values of k. <.fortunately, data at other frequencies were not measured at M = 0.84 so
cross~trends cannot be determined experimentally.

Figure 2.3 shows the effect of varying the oscillation amplitude with other parameters held constant.
Following the conventional notation, the presgure data (output) is norxrmalized by the oscillation amplitude
(input) to indicate the linearity of the response. Data presented in Ref. 2.4 showed that the force coef-
ficients were linear functions of [ but the individual pressure data do not seem to follow this trend.
The shock-wave excursions, being minimal at lower oscillation amplitudes, induce peaked unsteady pressure
distributions. However, at higher oscillation amplitudes the increased shock motion affects a larger por-
tion of the airfoil. The net result is a balance in the loads even though the individual distributions
vary. It is expected that this trend holds at other oscillation frequencies.

Figure 2.4 shows the frequency variation with other parameters held constant. As reported in
Ref. 2.4, the pressure peaks and leading edge loading all decrease with increasing frequency. The trend
is smoothly varying for this transonic flow condition, but this may not hold true for other conditions,
such as shock-induced separation. Por further discussions, refer to Refs. 2.3 and 2.5.

Figure 2.5 shows that scale effect is quite minimal for this flow condition. Sublimation photo-
graphs indicate that transition occurs at the shock wave at Re = 3.3 x 106, while leading edge transition
was observed at Re = 12.6 x 106, Even though the point of transition varies widely, the unsteady pressure
distributiong are similar over the entire Reynolds number range. This benign behavior should not be
congidered a general rule; airfoil geometry and other mean flow conditions may be important factors (see
Ref, 2.5). P

The complete unsteady pressure distribution is shown in Fig. 2.6 for CT Cases 4 and 6. Certain
features are common at both low and high frequencies: pure sinusoidal motion upstream of the shock wave,
severe harmonic distortion at the shock, and minimal response towards the trailing edge region. The dis~
torted wave forms in the shock region are caused by the frequency-dependent shock motion. These pressure
data can be considered typical of that induced by ungseparated, transonic flow over an oscillating airfoil.
Although harmonic distortion is evident over part of the airfoil, the forces and moments are almost pure
sinusoids.

ADDENDUM - A SHOCK-STALL CASE (SSC)

The AGARD CT Cases for this confiquration refer to mean flows without separation. A more severe
challenge to computational methods is the case where the airfoil jitches zbout a steady flow condition
that supports a stronger shock wave. Some data from DX 89, a case not included in the AGARD Series but
specified in Table 2.3, is presented for analysis and computational verification.

The fundamental frequency and steady pressure djistributions are tabulated ip Table 2.17 and the
instantanecus pressure distribution in Table 2.18. Figure 2.7 depicts the complete unsteady pressure
distribution on the upper surface at two frequencies, There is much more harmonic digtortion, and the
contrast with Fig. 2.6 is striking. The low fregquency data at the shock wave in Fig, 2.7 are 180° out of
phase when compared with CT Cage 4 in Fig. 2.6, and a strory unsteady reponge per<ists to tho trailing
edge. Unlike the unseparated flows of the CT Cases, these complox flows require full Navier-Stokes
modeling to predict both the steady shock wave position and the subsequent time-dopendent motion.

1 AIRFOIL
1.1 Dbesignation
1.2 Type of airfoil
1.3 Gaomatry
1.4  besign condition
1.5  Additional remavks
1,6 Referonces on alrfoil Rot, 2.8

NRCA 64A0LO (NASR Ames Model)
Conventicaal - Laminar Flow
Refor to Ref. 2.8 for theoretical profile

2 NODEL GEOMETRY
2.1  Chord laength 0.50 s (19.068% 4n,)
2.2 3Snan 1.35m (53.2 in.)

2.3 actual modal coordinates and Rafor to AGARD=AR-156 (Ref, 2.7)

accuracy of measuremant
2.4 Plap: hinge and gap details rone
2.5 Additional reacks Model mounted bBatwecn splittar plates - weo ¥ig, 2.1
2.6 Reforences on todel Rafs. 2.1, 2.2, and 2.9

3 WIND TUNKHEL
3.1 Deswignation NASA Aman 1l- X 1l<Poot ‘Transonic wWind Tunnel
Cloted roturn, variable dennity

3.5 % 3,05 X 6.7 m (X1 X ML X 22 £¢t.)

3.2 %ype of tunnel
3.3 Test section dimansions

34 Type of xoof and floor daffled slot
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WIND TUNNEL (Continued)
3.5 Type of side walls
3.6 Ventilation gecmetry

3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at
roof and floor

3.9 Method of measuring Mach number

3.10 Uniformity of Mach number over test

section

3.11 Sources of levels of noise or
turbulence in empty tunnel

3.12 Tunnel resonances
3,13 Additional remarks
3.14 References cn tunnel

MODEL MOTION
4.1 Mode of applied motion

4.2 Range of amplitude
4.3 Range of frequency
4.4 Method of application

4.5 Purity of applied motion

4.6 Natural frequencies and normal
modes of model

4.7 Static or dynamic elastic
distortion during tests

4.8 Additional remarks

TEST CUNDITIONS

5.1 Tunnel height/model chord ratio
5.2 Tunnel width/model choxd ratio
5.3 Range of Mach number

5.4 Range of tunnel total pressure
5.5 Range of tunnel total temperatuye

5.6 Rango of model stoady, oY mean,
incidence

$.7 Definition of model incidence
5.8 Pposition of transition, if free

59 Position and typy of trip, if
transition fixed

$.10 For mixed flow, position of sonic
boundary in relation to roof and
floor

$.11 Plow inetabilirios during teets
5.12 additional remarks
$.13 Refaroncen descoribing tests

. NEASUREMENTS AND OUSERVATIONS

6.1  Steady pressures for tho mean conditions
6.4 Stoddy prensurez for small changes from the 2ean conditions

6.3 Quasi-gteady prensurey
6.4  Unsteady preasurea

Same as 3.4
1,78 em (0.7 in.) slots,

24.4 cm (9.63 in.) slats. Open area
ratio ~ 8% between splitters

Very thin due to splitters
~Approx. 7.6 am (3 in.)

Static taps on splitters, see Refs. 2.2 and 2.9
+0.002

Not investigated

None noted

Ref. 2.2 and 2.9

Pitching nominally about 0,25¢ and 0.50c, also
plunging

$0-2 deg; 1l cm
0-60 Hz

Four graphite epoxy push-pull rods with differential
motion of forward and aft pair, Fig. 2.1

Pure sinusoids
lowest mode: torsion at 60 Hz

Not measured

3.5 m/0.50 m = 6.7

1.35 m/0.50 m = 2.7 (between splitter plates)
0.5=-0.8%

50 kN/m2 - 225 kii/m? (0.5-2.25 ATM)

250 K =~ 320 K

0-4 deg

Chord line relative to wind tunnel

Limitod transition studies ware attempted ueing a
sublimating matorial. At N » 0.5, a = 0, irregular
patterns were obsorved without a definitive transi-
tlon point, At M« 0,8, a = 0, Re = 12.6 x 106
trangition was observed at %/c = 0,05, At M = 0.8,
a w0, Rew 3,4x 100 tranaition was observed at
%/c » 0.5 (the shosk wavaj. )

Not measured
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MEASUREMENTS AND OBSERVATIONS (Continued)

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12
6.13

Steady forces for the mean conditions

Steady forces for small changes from the mean conditions

Quasi-steady forces

Unsteady forces

Measuremant of actual motion at points on model

Observation or measurement of boundary layer properties

Vigualization of surface flow
Visualization of shockwave movements
Additional remarks

INSTRUMENTATION

7.1

7.2

7.3

7.4

7.5
7.6

Steady pressures

7.1.1 Position of orifices spanwise
and chordwise

7.1.2 Type of measuring system
Unsteady pressures

7.2.1 Position of orifices spanwise
and chordwise *

7.2.2 Diameter of orifices
7.2.3 Type of measuring system

7.2.4 Type of transducers

7.2.5 Principle and accuracy of
calibration

Model motion
7.3.1 Method of meagsurement

7.3.2 ARAccuracy
Processing of unsteady measurements

7.4.1 Method of acquiring and
processing measuremonta

7.4.2 1Type of analysis

7.4.3 Unsteady pressure quantities
obtained and accuracios
achieved

7.4.4 Mothod of integration to
obtain forces

Additional ramarks

Roferances on techniques

DATA PRESSNTATION

. 8,1

8.4

8.3
6.4

8.5
8.6

Tost cases for which data could ba
made available

Test cases for which data are
ineluded in this document

Steady preasures

Quasi-gtoady or steady perturbation
prossures

Unsteady prezsures
Steady forcWs or moments

measured directly

integrated pressures

measured directly

integrated pressures

measured directly

integrated pressures

measured directly

integrated pressures

4
14
- Y
fmited]
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%

Mid-span, 20 upper, 20 lower; see Table 2.5 for
locations

Pneumatic

Mid-span, 20 upper, 20 lower, see Table 2.5 for
locations

1.02 mm (0.040 in.)

Strain-gauge-type miniature pressure trangducers
installed cloge to orifice with minimum cavities.

Kulite model XCQL-7A-~093.

On-line calibrationg. Up to 2% change in gtatic
gensitivity before and after run allowed

Motion of four push-pull rods with LVDT {raactive-
type) transducers, Phage synchronism checked with
wing-mounted accelerometers

~ 1%

Real~time digitization with on-line calibration and
diagnostics. Signal averaging over about 100 cycles
to suppress random noise (if present). Variable
gampling time adjusted to yield 60 data points per
cycle.,

On=line processing for frequency content of pressure
digtributions and comparigons with linear theory
and other data.

Signal-avoraged (ossentially instantanoocus) pros-
sured distributiona. Harmonic analysis of prossgure
distributions.

Numerical quadratures (see Appendix A of Ref. 2.1)

Ref. 2.2

Tableoa 2.1 and 2.2
Table 2,3

Tables 2.5 to 2.14 and 2.17
N/A

Tables 2.5 to 2.14 and 2.16 to 2.18
None
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1
: 8 DATA PRESENTATION (Continued) V'
: ; 8.7 Quasi-steady or steady perturbation N/A , v
- L forces |
8.8 Unsteady forces and moments Tables 2.4 and 2.15 P
8.9 Other forms in which data could be Magnetic tape
made available if required
l i 8.10 References giving other presenta- Refs. 2.1 to 2.6 '
o tions of data
i
i H .
: 9 COMMENTS ON DATA P
, ! 9.1 Accuracy i [ '
. 9.1.1 Mach number £0.002 !
i 9.1.2 Steady incidence $0.05 deg.
|
! 9.1.3 Reduced frequency +0.005 ) .
| 9.1.4 Steady pressure coefficients 1%
e 9.1,5 Steady pressure derivatives N/A
J
: 9.1.6 Unsteady pressure coefficlents 2%
, 9.2 Sensitivity to small changes of No evidence of undux: sensitivity, see Figs. 2.2
i parameter to 2.5
! . 9.3 Spanwise variations Probably small . '
; 9.4 Nonlinearities Depends on data set i |
-, 9.5 Influence of tunnel total pressure Minimal on model distortion | \
' 9.6 Wall interference corrections No corrections made l o
' 9.7 Other relevant tests on game model None i
! ) 9.8 Relevant tests on other mndels of None |
| . nominally the same aerofoil. . ‘
| . .. ! 9.9 Any remarks relevant to comparison Ref. 2.4, 2.6 | i
; between experiment and theory !
‘ 9.10 Additional remarks )
. , 9,11 Retferences on discuasion of data R f8. 2,1 to 2.6
| ! : i
' ‘ i
| i 10  PERSONAL CONTACT FOK FURTHER INFORMATION b
‘ Sanford Davis, Rerodynamics Division, NASA Am:s Rusearch Center, Moffett Field, CA 94035
| , ' 3
: ‘ 11 REFERENCES _ i
2.1 8. pavis and Experimental Unsteady Aerodynamice of Conventional and Supercritical Airfoils. 4
{ G. Malcolm NASA TM~81221, Aug. 1980, il
1 ' ’
2.2 S, Davis Comput: t/Experiment Integration for Uns%eady Aercdynamic Reseaxch, !
: Intl. Congress on Ins.rumeniation in Aurospace Simulation Pacilities, ;
, ICIAS * '79 Record, Sept, 1979, pp. 237-250.. P

i
Unstiady Aerodynamics of Conventional and Supercritival Airfoils. . !

2.3 8. Davis and
G. Malcoln AIFA Papor 80-734, Seattle, WA, May .980. | P
2,4 S. bavis and +*zansonic Shock-Wave/Boundary-Layer Interactions on an Oscillating Adirfodl. ! :
G. Malcolm £4\A_Journal, Vol. 18, No, 11, Nov, 1980, pp. 1306-1312, |4
2,5 8. Davig Bxporimental Studies of Soale Effects on Oscillating Alrfoils at Transonic r ;
. Speeds. ! ,
by AGARD=CP=296, Peb, 1981, pp. 9-1 to 9-6. ! :
‘, N it }
i . ; 2.6 W, Chyu, S. Davis Calculation of Unsteady Transonic Flow over an Alrfoil. f !
- g - . and K. S. Chang AIAA Journai, Vol. 19, No, 6, June 1981, pp. 684-630. 5‘ .
) N it
! y 2.7 S. R. Bland AGARD Two=-Dimensional Aervelastic Configurations. i
8 ! AGARD-AR~156, Aug. 1979. i
i 2.8 I. Abbott, and Theory of Wing Sections. |
.t o A. von Doenhoff Dover Pub., New York, 1959. !
“. .. i 2.9 G. Malcolm and Nov NASA-Amas Wind Tunnel Techniques for Studying Adrplane Spin and Two- ; {
$

, §. bavis Dimensional Unsteady Aeradynamics.
In Dynamic Stability Paramnters.
& AGARD CP-235, Hov. 1978, pp. 3-1 to 3-12.
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12 NOTATION AND EXPLANATION OF TABLES*

GENERAL NOTATION
c,c chord of airfoil, m
DI dynamic index, data identification number
£,FREQ frequency, Hz
k,K reliuced (nondimensional) frequency, %:—;-
M free-stream Mach number
Re, RE Reynolds number (based on chord)
time, s
free-gstream velocity, m/s
distance along airfoil, m
pitch axis position relative to leading edge
Instantaneous incidence, deg (am + ao cos wt)
mean incidence, deg
oscillatory pitch amplitude, deg
radian frequency, rad/s (=2vf)

steady lift, 4+ve up [09,]
steady moment, +ve nose up about 0.25c [cm]
normalized complex amplitude of lift’coefficient, +ve up, per radian ‘[ci/ao +icE/a°)]

normalized complax amplitude of moment coefficient, +ve noseup, about 0.25¢c, per radian
[c‘;/uo + icx’!“/(xol

TABLES 2.5 to 2.14 and 2.17
ALPHA mean incidence, deg [cm]

PTOT total pressure, N/m2 (e,]

PINF static pressure, N/m2 [Pw}

QINF dvnamic pressure, N/m2 [q]
CPU(CPL) steady upper (lower) surface pressure coefficient [cp]

CPU,A normalized complex amplitude of upper (lower) surface fundamental frequency pressure coefficient,
(CPL,A)  per radian [c!;/ao + 1c;/u°]

TABLE 2,15

TAU nondimensional time [v = 2vt/c)

WT phase angle re a(t)mx [wt)

ALPHA oscillatory incidence [clo cos wt]

CL UP upper surface contribution to 9,

CL W lower surface contribution to ¢

cL instantancous 1ift coefficiont [cl(t)]

CLNwl instantancous value of fundamental frequency componont of lift coefficient
CH Up upper surface contribution to Cn

[e B8 73] lower surface contribution to Ca

N instantancous moment coefficient, +re noseup, about 0.25¢ [cn(t)l

CHN=1 lnstantaneous value of fundamontal froquency compongnt of mowment coefficient

TABLES 2,16, 2.18

PHASE phase angle ro u(t)mx[ut]

ALPHA oscillatory incidence [uo con{wt) )

cp instantansous prossure coofficient [cp(c)]

«

‘Squuo-brwkotod quantities indicate standard AGARD notation.




TABLE 2.1. DATA BASE FOR NACA 64A010 AIRFOIL

Rex10”® Motion

oy
N~

Plunging 0.35 cm (0.137 in.)
Pitching 0.94 deg about x,/c = 0.236
Pitching .95 deg about Xq/Cc = .512

Plunging 1.01 cm (0.396 in.)
Pitching .96 deg about x4/c
Pitching .96 deg about Xq/C
Pitching .96 deg about x,/c
Pitching .97 deg about Xq/C
Pitching 1.01 deg about x4/c
Pitching 1.98 dey about x4/c
Pitching 1.45 deg about xy/c
Pitching .94 deg about x4/c
Pitching 1.27 deg about x4/c

Plunging .89 cm (0,349 in.)
Pitching .95 deg about xy/c
Pitching .96 deg about x4/c
Pitching .98 deg about xy/c

Plunging .38 cm (0.346 in.)
Pitching 1.10 deg about xy/c = .505
Fitching .01 deg about xy/c = .046
Pitching .99 deg about x4/c = ,257
Pitching 1.07 deg about x4/c = .504

Plunging 1.02 cm (0.400 in.)

Plunging .44 em (0.173 in.)

Piunging .00 cm (0.000 in.) |
Pitching .00 deg akout x,/c =
Pitching .24 deg about xy4/c =
Pitching .51 deg about xq/c
Pitching 1.02 deg about xg/c
Pitching .26 deg about xq/c
Pitching .50 deg about x,/c
Pitching 1.00 deg alsut xy/c
Pitching 2.01 deg about y/c
Pitching 2.13 deg about xy/c
Pitching 1.06 deg about x4/c =

Plunging 1,01 cm (0.399 in.)
Pitching 1.00 deg about x4/c =
Pitching 1.07 deg about xg/c =
Pitching 1.00 deg about x,/c =

Plunging 1.01 om (0,396 in.)

Plunging 1.02 cm (0.401 in.)

Plunging 1.03 cm (0.405 in.)
Pitching 1.02 deg about x,/c =
Pitching 2.04 deg about x,/c
Pitching .97 dag about x4/c
Pitching 1.0l deg about xy/c
Pitching .30 deg about x,/c
Pitching .25 dag about x4/c
Pitching .51 deg about xy/c
Pitching .50 deg about x,/c
Pitching 1.03 deg about xy/c
Pitching about x4/c
Pitching about x,/c
Pitohing about xq/c
Pitching about x,/0
Pitching about x,/c
Pitehing about x,/c
Pitching about s, /c
Pitching about x,/c
Pitehing 1. about x,/c
Pitching about x,/c
Pitching about ¥./¢
Pltching about x,/c
Piivhing about x,/c
Pltoning about x,/c =

cm (0,39 in.)
om (0.401 in.)

Slunging cm (0.400 in.)

viurging 1.0 em {0.400 in.)

Plu. \ng 1.04 ca (0.409 in.)
Pitching Y.01 deg about x,/0 =
Pitching .91 deg about x,/c =
Plecning 1.01 deg about xy/c =

Piubh lng .44 cm (0.173 in.)
¥ leehing 1.02 deg about x /¢ »

.
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TABLE 2.1. Continued.

"
N

M Motion

<2
)

0.805 Pitching 2.03 deg about xy/c
.805 Pitching 2.00 deg about x,/c
.794 Pitching .64 deg about xy/c
.782 Pitching .25 deg about x,/c
.782 pitching .25 deg about x,/c¢
.782 Pitching .51 deg about x4/c
.792 Pitching 1.01 deg about xy/c
.793 Pitching 1.02 deg about x,/c
.789 Pitching .51 deg about x4/c
.789 Pitching 1.04 deg about xg/c
.789 Pitching 1.03 deg about xg/c
.789 Pitching 1.02 deg about xg/c
.789 Pitching 1.0l deg about x4/c
.789 Pitching 1.01 deg about xg/c
.789 Pitching 1.0l deg about x,/¢
.789 Pitching 1.00 deg about xy/c
.789 Pitching 1.08 deg about xg/c
.789 Plunging .84 cm (0.330 in.)
.789 Pitching 1.08 deg abcut xy/c =
.789 Pitching 2.00 deg about x,/c =
.741 Pitching 1.02 deg about x,/c =
.642 Pitching 1.0l deg about x4/c =
.504 Pitching 1.02 deg about xu/c =
+506 Pitching 1.09 deg about xy/c =
.506 . Plunging 1.01 cm (0.397 in.}
.506 Pitching 1.09 deg about x,/c =
.508 pitching 2.14 deg about x,/c =
.790 Pitching 2.0l deg about x,/c =
.503 Pitching 1.01 deg about xg/c =
.503 . Pitching 1.09 deg about xy/c =
.503 Plunging 1.02 cm (0.401 in.)
.503 Pitching 1.08 deg about x,/c =
.642 Pitching 1.02 deg about x,/c =
.747 Pitching 1.02 deg about x,/c =
.797 Pitching 1.09 deg about x4/c =
.797 Plunging 1.01 cm (0.398 in.)
. 797 Pitching 1.09 deg about x4/c =
.848 Pitching 1.01 deg about x,/c =
.840 Pitohing 1.01 deg about x4/c =

.
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TABLE 2.2. DATA BASE FOR NACA 64A010 AIRFOIL, PITCHING OSCILLATION
ABOUT 0.,25c NOMINAL, ARRANGED IN PREQUENCY SWEEPS

Rex10-6 :29 kw0026 kw005 k=0,20 k=015 k=0,20 k= 0.25 k = 0.30

58

10 20.25 27 30
10 $0.50 28 k) |
2,5 $) 7 2
$) 21
29 32
11
44 33
45
46
12
48
50 o Trangonic
16 P ) weak shock

58 . : -
64
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. TABLE 2.3. SELECTED NASA AMES TEST DATA ASSOCIATED WITH ‘ .
v AGARD CT CASES AND THE SHOCK STALL CASE (SSC) }
, l
. CT Case DI M R Rex10~6 ag £ k Xq/C
i 1 7 0.490 -0.01 2.52 0.96 10.4 0.100 0.233
’ 2 29 0.502 -0.22 9.98 1.02 10.8 0.100 0,269
. 3 51 0.796 -0.21 12.56 1.03 4.2 0.025 0.249
: 4 52 0.796 -0.2) 12.56 1,02 8.6 0.051 0.246
: 5 53 0.796 -0.21 12.56 1.02 17.2 0.101 0.248 !
! 6 55 0.796 -0, 21 12,56 1.01 34.4 0.202 0.248 | :
! 7 57 0.796 -0.21 12.56 0.99 51.5 0.303 0.252 : i !
i 8 49 0.796 -0.21 12.56 0.51 12.1 0.101 0.247 . ,
| 9 65 0.797 -0.08 12.40 2.00 17.2 0.101 0.239 , H
'. 10 12 0.802 0.00 3.38 0.94 33.2 0.200 0.232 :
r '
} SsC 89 0.789 4.00 11.88 1,01 35.1 0.204 0.249 ' !
! i :
; !
! !
' TABLE 2.4. STEADY AND FUNDAMENTAL FREQUENCY LIFT AND .
; MOMENT DATA FOE SELECTED CASES .
Steady Data
Case DI oL Car CL,a CM,a . .. :
CcTl 7 0.006 -0.002 6.139 - 1.1491 0.165 - 0.1631 | , '
cT2 29 0.016 0.001 6.163 - 1,0361 0.167 - 0.201i \ ! '
cT3 51 ~-0.029 =0.903 9.316 - 1.3781 0.000 - 0.1021i t o I |
CT4 52 -0.029 -0.003 8.622 - 2.47941 -0.005 - 0.2321 : ! !
CT5 53 -0.029 -0.003 6.790 - 3.3871 -0.061 - 0.388% i l
cre 55 -0.029 -0.003 4.887 ~ 2.5214 -0.189 - 0.6531 b
cT7 57 -0.02% ~0.003 4.635 - ,.905i -0.374 - 1.0231 ; ! t
! CT8 49 -0.029 -0.003 6.795 - 3,4031 ~-0.195 - 0.014i oy !
: CT9 65 -0.018 -0.002 6.141 - 3.1131 -0.239 - 0.302i v !
CT10 12 0.009 -0.002 5.308 - 2.4714 -0.384 - 0.546i by
ssc 89 0.531 0.001 9.349 -~ 0.4061 -2.068 + 0.198i :

TABLE 2.5. MEAN AND PUNCAMENTAL FREQUENCY PRESSURE DATA
FOR AGARD CT CASE NO. 1; DYNAMIC INDEX 7 ' i

WING MODEL - NACA 644010, CwOADe 300 WCTERS

el T

< e o e+

NG MOTION PITCHING 98 QLG ADQUT #/Ce 23D

OYRANIC INOEX 7 STATIC IR 8

‘o
R L] 490 LA 80364 K 190 N i
; v T TR aw 1w L0 10 ¢ A
g 2008 " 43169 . :
. !
[ 3 . - : H
3 , - trarsracnenreesenesasslPPER QEFALLs s rssansersorininen sesassatareesnstosnnr o lOVER SURERLEs oo ssavrcvernonssnn ves - . ‘H
SITADY DATA WEIADY DAt $1L0r DAtk | UNBICADY DAT o ;
d . cesslBraras CerrsirisceesseeslB Aeorvoarissanciaes Y P evvesenasirrenensiL Arresteasvasntenas : :
. W W 7, S T S T VR P17} VY M OMAL M MG RAR | L
- [ T ) 03 .1 MW 3M8 1201 S b o) 108 L I T ) 0o oaEm [ :
4 M - 02 9y 218 P MM on e OM 1L USS L2ET LN M o N
49 o . 00 ST 18 19N T4 TR ] WM oW 200 s 2 o ,
Lo Y . 40 34 LM S M X M I e Ty : H
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TABLE 2.6.

FOR AGARD CT CASE NO. 2; DYNAMIC INDEX 29

WING HOCEL . NACA 64A010, CHORD: 500 HETERS

MING HOTION PITCHING | 02 OEG ABOUT X/Cs 269
OYNAMIC INDEX 29 STATIC INOEX 24

N 502 pPYOT 203152 K 100
ALPHA -2 GINF 30199 FREG 108
RE 1 OCE 07 PINF £71000

teccerernssancesmesacsalPPER SURFACE-+evrsorscrccnsnancanns

MEAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA

ccrsnsrcerorarssocanas s ONER SURFACE-c+esssceccrsacsnannane

SYEADY OATA UNSTEADY OATA STEADY OATA UNSTEADY DATA

Rt o - | LY PPN secscevssscacssofPlY Asesccaarncncncans LR« - RTTT R avsstsecasnaa see-CPlL Ascrmcecccsranvone
X/C [%27] x/C REAL 1HAG NAG PHASE X/¢ Py x/C REAL IHAG MAG PHASE
0% -~ 138 033 ~10 116 2.6%% 10 459 165 29 032 - 034 034 11 019 -2 959 ). 4i0 -15 03
o]} -.177 052 -7 608 I 954 7 888 165 33 093 . 142 054 9 381 -2 296 9 829 -13 80
142 -.223 031 -6 377 1 434 6 826 Wy 3 142 - 227 094 6 781 -1.88% 6 98¢ -13 18
211 -.253 .40 -5 231 1181 5 62 67 28 199 -6 L1415 469 .t 122 5 593 -12 10
243 - 265 &9 -4.289 L7918 4 440 169 75 244 - 289 200 4541 -.837 4 617 <10 45
.292 -.287 243 -4 026 679 4083 170 44 .293 - 298 .43 4078 -.892 4133 -9 €8
.34t - 304 .94 -3 810 576 3 183 171 &t ) - 268 3 am -.500 3.218 -8 9
.399 - X9 &2 -3 165 .364 3.186 173 43 .39 - 84 .41 3.099 -. %87 I LTS
. 440 - X0 M0 2 N3 226 2398 174 60 440 - 08 .34 2.647 -3 2 682 «5 94
407 . 267 488 -2 020 102 202 176 93 490 - 276 4 2 W7 . 164 2 L= R 1}
5% - 228 $¥ -t 723 023 ' 171928 37 .. 222 490 2 014 - 080 2.018 228
.585 - 190 694 -1 388 - Q27 1388 178 % 583 -« 183 %582 1 4N 0N 14N 122
834 - 137 .833 -1 188 - a7 1190 <1768 32 68 -. 148 .83t 1 203 082 1.204 29
632 -. 114 62 -9 -.108 %3 173N 419 -1 878 979 A2 38 8 50
3 - 081 .73 -8l - 137 .82% 170 48 ™ - 087 19 189 1 769 909
827 016 nm - 813 . 180 €3¢ -16% 39 ] - 018 m 897 (b .8t 11 s8
an 05% ey - 582 - 170 %97  -183 1% 82 ae .83t 410 e 430 1?9
9 o9 a2 -3 - 148 By 158 08 888 -on 08 .38 o A 19 1%

-1 -.097 - 110 147 <131 23 941 121 23 .18 .07 199 8.9

TABLE 2.7. MBAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA

FOR AGARD CT CASE NO. 3; DYNANIC INDEX 51

VING HODEL - NACA 644010, CHORD» 3500 NETERS

VING MOTION PITCRING | 03 OEG ABOUY X/Cs 249

OYNANIC 1MDEX 81 STATIC INDEX X0
" by prOY 200 x 0
AFHA - 2 QN 1999 o 42
& | XEO PIvF 13002

sanssmasrreccrcranccsas PR UBFALE cocecrcnnsnrenvanannte

serresertsassactsseses LNER SUNACE s ssesssssssscsnnsssene

mag
IR RN

STCADY DATA UNSTEADY DAtA STEAUY OATA UNSTLADY CATA

RS TS teencrnssesesass sl Avssiesanrnnsrnnns cessQMeare sresesusssrnsnaatf Aeseseavsranssecsa
L 724 [1,]] r/C L CN 1RAG rAG matl 7 (L% e [ O8N G nag
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| OYNAMIC INOEX 52

L] 7%
. ALPHA -2
RE 1 XE 07

TABLE 2.8. MEAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA
FOR AGARD CT CASE NO. 4; DYNAMIC INDEX 52

WING MODEL NACA 64A010. CHORDs 500 METERS

VING MOTION PITCHING | 02 DEG ABOUT X/ 248

STATIC INOEX 30

PrOT 20132 3
QI 59195 FREQ
PINF 133912

054

..... aesscesearecseseselUPPER SURFACE evevrevenenassasososas

venessncacancaseasacsas OVER SURFACE -~ sameorsanmsacnaaanes

STEADY DATA
eseolPlacens
X/¢ cPL
053 - 207
093 - 178
2 -6
199 -0
L4 -~ 457
23 - s00
k111 « 536
.393 - 629
440 - 71y
490 « 777
337 - 3
2 -8
[+, 3 -~ 198
619 .y
734 - 070
008
832 04
05 1y
71} 120

UNSTEADY DATA

cosressccsacessscfPL Asacsevecscansones
X/C  REAL tHAG HAG PRASE
03¢ 10999 -3 944 11 g8S 1973
034 9286 -3 301 9 956 -19 57

094 7994 -283 8 48t -19 83

141 7 267 -2 615 7123 -19 79
00 63540 -2 40 6 946 <19 69
43 s . 987 8 099 190

293 43 -1 784 5117 <20 04

MUy 5825 -200 6 189 -19 22

L399 8638 .1 958 $ 912 <19 24

490 13385 3652 138 <15 26

582 (4] 591 897 4119
o - 2 2¢8 794 190 ¢7
818 - %8 (]} ™ 1a s

133 -8 14 81 113 0

- 88 390 L3 HI N
6 . 218 363 488 127 18
"0 - 206 W4 ng 1% 22
1?2 - @7 1% 1% 138 «

TABLE 2.9. MEAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA
FOR AGARD CT CASE NO. 5; DYNAMIC INDEX 53

STEADY DATA UNSTEADY DATA
i‘ PRPRN.- 1200 evesevervenccasslPY Aocanasaccnn earens
i x/C Py x/C REAL 1MAG HAG PHASE
! 0% - 088 033 -9518 333 10086 160 71
, o9t - 193 052 -8%580 2979 9091 160 BB
| 142 - 292 091 <7723 2634 3160 181 I8
K 210 .38 140 -6 821 2449 T 247 160 26
! .24 . 418 209 61 200 6400 16 18
: 292 - 481 243 6282 2192 663 16078
, TP 7 29 6270 2245 8660 180
i 399 - 65 402 <725 2434 769% 181 09
; “ -1 40 <793 2648 B 161 %6
! 47 - 594 458 13828 IS4 14 326 164 82
! 537 - 32 53 2389 -208 2398 17503
' 585 - 259 8¢ 860 1073 18 -8 0
64 - 181 35 ] 153 . N7 M 179?
| &2 - 12 733 -1 .47 406 103 24
i 773 - 081 M1 - 009 - 398 398 .91 26
e2? 041 829 on . F 2N T
37 092 872 08) - I 20 1318
924 121 94 01 . 17 120 1% 00
1
{
!
} :
P
b VISG MODEL. AACA 844010, CHOHOY 500 NETERS
i
’ - VING NOTIOM. PITCHING | 02 OEG ABOUT 2/Cs 248
1
: OYMNIC OEXY 83 STATIC IMOEX X
' " I PIOT 20 % 1
} VTS (L4 W Q172
| L 4 100 O [ J1° 4 103
t
. ' T R INT . LY O < ST T TYT T TT T T FINu e
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} TABLE 2.10. MEAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA
FOR AGARD CT CASE NO. 6; DYNAMIC INDEX 55
1
!
% VING MODEL - NACA 64A010. CHORD* S00 HETERS
| !
VING FOTION. PITCHING 1 QF DEG ABOUT X/Ce 248
OfNAHIC INDEX 55 STATIC INOEX 30
M 7% PTOT 20331 K 202
) APHA -2 I 59395 FREQ 34 4
. o1 30E 07 PIN 133912
L
! teeteeransnnenen “seccaslPOER SURFACE~-~ovmvensnenn eeamienns D T TP PE IR LOVER SURFASE-~eosvnes .
. STEADY DATA UNSTEADY DATA STEADY DATA UNSTEADY DATA l
! ceesCPUsaane cenessacanctecse el Areranareasossrane cetelPLevson eresseacscssareeslPL Assscravesvareennn N
X/¢ [=21] X/0 FEAL IHAG RAG PHASE x/C A x/C REAL IHAG HAG PuASE
030 -~ 086 033 <4346 4572 6308 )36 08y - 27 03 4663 S8} Ty .49 30 "
09 . 193 052 -3397 4217 S0 133 48 093 173 054 3979 -4 675 6139 4960 !
, 142 - ¥ 090 <3469 ISHT 4969 14 142 - 26 094 3497 4 0M 831 49V :
M -3 (140 +3038 3205 4% 13346 99 - 220 L1410 3236 LI 767 4966 -49 34
. 23 - a8 209 -2880 I 40 109 EZ I 1] 200 2666 2792 3881 -46 22 .
\ 22 - B 243 23023 3178 43 12) 60 9 - 500 243 079 3498 4648 -48 8 i
i £} . 54 24 -3002 J0T9 40 1M My . 538 293 2382 278 380?910 f:f:
i 9 - 83 402 -4 081 37 8524 137 64 ¥y - & L3473 3084 4 s .19 :,
. “we -1 40 4989 4046 6423 140 58 «“Q 73 e 1210 2902 4 -42 89
! @ .5 M6 -11 922 4TS5 1282 1B 9 - M 430 11 828 017 12387 1576 :
| s -2 520 1672 2119 2Te 12003 837 L 2 1 692 &18 2 8% 216! 7712 {i
| 35 - 39 584 128 -2 600 280 97 19 £9) .- 88 o o? 2 480 2 480 a9 83 B
i 634 . 18t 613 <120 2064 2068 - N &3 - 198 TGI8 <188 2 0% 2097 94 60 ¥,
H 6 IR 733 -052 1INt N 92 22 79 -y 23 BN S PT-Ti t 508 97 9% .
| M - cs 181 088 -1 202 14 0588 2 TR <N 135 1T T > 1 97 42 L
i 627 Qat 829 181+t 088 L oyr .81 88 ™y - 08 8y . 398 [IRRL] [T} 109 48 N
i [14] 092 872 158 - Nt m 11 8 L 22 [T} 0 - e e M9 109 16 3
R4 T4t 4t Q87 .- W Pl R 1) @s 13 | 2 B ¥ ] 483 434 11 2t . o
i

: ' 1Y 170

TABLE 2.11. MEAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA
POR AGARD CT CASE NO. 7; DYNAMIC INDEX 57

! VISG KOOCL KACA B41810 hOP0s 330 REHERY i
VIND PO PLTONNG 99 ORS RNT Cs 292 : i

DHaNIC IR 8 ST 1M X

s a e s vancn

» " oy mnn LI )
L2 "SR O o [1}; ) ~e i g )
o XX or e NG i
) tesveiciarasnresnaaens SN QPRI reossriesnrsetossanes sensnreriae e essen ONER REERLE ve e eonnrreananne.
! STADY DAt WD (At SHADT Cata URBIEADT Dads ;
1
;' CERRN{_ TTX TSN veacanssnnen e asfIRS Besinarisirinannan sen g tares R A LRTRTETRNY - . W LYY TR PRI -
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TABLE 2.12, MEAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA
FOR AGARD CT CASE NO. 8; DYNAMIC INDEX 49

WING HODEL. NACA 64A010. CHORD: 500 METERS
WING MOTION. PITCKING 51 DEG ABOUT X/Ce 247
OYNAMIC INDEX 49  STATIC INDEX 30

H 796 PYOT 203321 X 101
ALPHA -2 GINF 59395 FReQ 7.9
RE 1.XE 07 PINF 133912

------ teseecerecneia o OVER SURFACE«<essecsesens
STEADY DATA UNSTEADY DATA

eeecCPlevess cvscesscconsnacasCPL Asvnscrasaccasscan
X0 cPL X/C REAL 1HAG HAG PHASE
052 207 034 86899 -56724 10377 -33 18
093 By 05¢ 6579 -4 989 8 578 <35 %6
Y F 316 094 6.041 -4 187 7339 <34 80
199 320 LF41 6 340 -3 828 6 571 =35 64
4 « .7 200 -2 819 $ 000 -34 N
293 500 243 -J 708 € 340 <35 80
LN 53¢ 293 . -2 818 4 368 -3 18
3 330 393 . -2 932 S 141 =33 43
3 414 440 . 394 -2 983 S 43 «33.32
10 O7¢ 490 . 490 -4 €39 11 8%8 <23 02
-t 872 837 1 o 1. 74 93 &
-t 987 %83 . . 1.802 1 858 108 00
-1.149 .625 . . 1190 [ 72 103 42
- 752 879 . 943 962 101 61
- 642 - . . ns ki 97 5
- 593 89 . 680 "2 112 08
- 431 812 . .488 .486 109 70
-.175 -8%6 . . 210 X8 118 18

TABLE 2,13. MEAN AND FUNDAMENTAL FRSQUENCY PRESSURE DATA

FOR AGARD CT CASE NO. 9; DYNAMIC INDEX 65

WING HODEL. NACA 64AQ10, CHORDs SO0 METERS
VING HOTION PITCHING 2 0O OCG ABOUT %/Cs 239

OYNAMIC 'NOEX 65  STATIC «NOEX 31

L} 797 PTOT 203186
ALPHA - 03 QINF 53423
RE 1 H4E O7 PINF 133724

tecacasssrnsenvsasceseclUPPER SURFACE =ssetsostosrsassesanes cresersacsssassasscoss OMER SUNALE - reccanansasacesananse
STEADY DATA UNSTEAQY JATA S1EA0Y GATA NSICADY DATA

reaslPernen cervenvesaasesienCPU Avanreeesoriaeny cevelPLosens vevssresnssnsane sl Asaversrcosanasars
/¢ ey WC REAL 1MAG MG BuUSE e o Ve oML mg Me east
0% - 099 033 -6 824 06 839 18 M 090 on 03¢ 8553 821 IMN? Mu
09 - 200 052 662 830 80X 45 B4 053 er 054 67 MY B0 D
W2 .28 0ol -8 300 YIS U NNTTR a2 W 0 368 3N 42 D
an %% 140 <4 808 2 59 s 07 T 0 ML B30 2813 g4 M
a4 425 -4 837 06¢ 8 491 148 10 Py 2 ] o 000 4000 3 3P 00 PR
22 -.488 a8 3039 5B M8 87 a 37 M A8 W s W
3 L3 . 3 2 98 4 2N 138 948 393 [+ 9 a8 Q24 410 32 48
99 (18] 4846 J0C ST97 148 89 o " ME 208 BN I 0
4 e 187 303 S9N 149 62 w0 ™ M AIM QK M e
87 729 828 4227 v WM LE) 399 0 0N 241 Bt ATy
837 223 7658 32 838 18812 Wy .o s 2 W 1w se
sus 2 NPT IR BT B 13 ) m o 10 )
€4 - 180 . - 087 8 g3 (1) " ™ N0 " m rm
682 - 1% . 150 ”w ITE R TR m on . 003 Py &% 019
7 - 080 002 e TR T 1 008 m o om " AL I B
827 012 "2 I N T w o4 w1 “ w o o
an 092 103 41 .19 00 "0 <189 m M e
92¢ .40 .88 24 M W i

B

- i e

prs




? ’ ‘ TABLE 2.14. MEAN AND FUNDAMENTAL FREQUENCY PRESSURE DATA
. i FOR AGARD 7T CASE 'N,O..ll'); DYNAMIC INDEX 12
| WING HODEL NACA 64A010. CHOADs SO0 METERS ! :
!
H WING MOTION. PITCHING 94 OEG ASOUT X/Ce 232
> . ‘ OYNAMIC INDEX 12 STATIC INDEX 13
: i
. . : " 802 prorY 50763 K 20¢
[ PR - 00 LI 3 12953 FREQ 33 2
. o . RE 3 40€ C6 PIN 33251
i
l‘. A i
y . ] seesecmcncracaionscacaalPPER SURFACEsveracvanaaan- veseaten creeecactaiananccsnanscLOWER SURFACE<=neos cosasceansoanans
. '. LTCADY DATA UNSTEADY DAT. STCADY OATA UNSTEADY DATA
i T P sememmscsascesacaCPU Aeorenrtiaantnancs conaCPLornres sevescsenasanceaslPL Acactcrrosvonaaann
. : XC [£l) x/C FEAL 1HAG HAG PHASE X/C cPy x/¢ REAL 1HAG HAG PHASE
. ko] - 033 -3 850 4490 5915 130 62 053 - 186 000 us . 322 412 -43 03
1 052 . 169 T -4 21 399 5 752 131 06 093 - 223 034 4863 -4 986 6 950 -43 6t
| N - 42 09t -3 825 3 394 S 114 138 42 142 - 315 05¢ 4 415 -4 477 6 298 <45 40
' 142 - 339 140 -3 325 284 4 369 139 5§ 199 - 358 094 3797 -3 665 5.2717 «43 99
: . 24 - 42 209 -2 9% 2 804 4099 136 86 244 - 448 141 Y8 -3 3409 4 955 ~43 52
. 2243 - 4685 243 -3 110 3128 441 134 85 29 - 503 00 331 2883 435 -41 23
292 - 522 339 -3 189 2 587 42370 136 89 ! - 881 43 ) %8 2928 4 459 41 Q0
341 . 576 492 -4 3N 1788 S 792 139 46 93 - £27 293 I 196 2803 4 04 43 08
. 440 - 633 440 -S®9 3es8 68719 taz 18 440 - 872 41 38718 -3 096 4 73t -40 87
. 49?2 - 659 488 -6 677 4 218 7 952 147 12 490 - 873 394 38 2697 4 527 X5 58
o ' 357 - 3% 538 -1 290 3%58 1t g4l 162 47 537 - 353 41 60i18 2918 88y -2% 86
) : 589 .22 Se4 - 470 -2720 2 760 -39 B1 883 . 4 450 883 3.3 9 448 -20 6%
-3 : €34 - 160 633 055 2592 259 -88 89 (> - 173 537 12 %47 20% 12109 2 02
2 ! : 682 . 115 682 09 -2120 2 142 -81 72 679 - 124 582 e 2608 2mM 70 06
| : 733 - 032 733 256 -1 860 t S8 -89 67 T4 - 08t e - 459 2 Nt 2 %8 ol 20
5 s i 9 -0 ™ ces -1 494 1 497 -88 72 169 - 004 676 - 449 2 02 207 102 32
| a7 o 829 032 -1 181 1 134 .88 08 32 43 1y .43 9 1 269 110 00
' . 974 ose 872 088 <t 029 ran -8% 12 838 103 - 183 1 088 t 09 9 88
St k] 941 009 - 643 54) -89 QS 24! 180 M . 882 "2 t s 140 46
l : LI ) ] 062 N 169 €9
] 21 -9 484 5N 14 d0
; ) TABLE 2.15. INSTANTANEOUS UIFT AND MOMENT DATA; CT CASE NO. 6, DYMAMIC INDEX 5%
y ,! tar M1, OFG ALpuE fL 4P L otn ry ciigt £ w [N cn Favel
’ ! I oS wn,ad L) e udne NPy a9 uHdp Ludty LIS R E
i ¢ o RS [SNF B Y RS N MRUEL LTS L B o h0g) iy E
d | ] Wt LYY Tahd ey it et . e TN RETHS ) ENTE TU RO | :
i | G 1,1 [P JND e hady RAL AL} LA S A EPCIBTE | ELIUTE] *
: H L DY T R L T N T T I AL TV IO T RS E
" A e A KIEECNTTTT SR Y I RS SN T BT car il 3
| t ? “oh TYPEY JBR wgvagn LE L u%q) M L YN v Jova? B
’, i . (81 [PURN | B e gty REYX RTINS SEID et 2 bRt o
! ! “ L 4 At AT PCE R FOLTEN RELL) UCD E IR N E 1) S U E
! [ T O L T (N e I Y T L ny? 3
ty ! At LY SR V) ] IR JhALs SRRHE w b UK R JFudky 3
b ¥4 % e ml RN L LY S L 1 ATEY e BBy uask L engd ]
. 1t LY na LRy ot e tAnn it Y] RO 3 1N ., fiitdy Atfien RG] '»
I (X4 ot 1At R S T rAY) Jhangy NOL LY Pl PR L FEIERY E
- (R Ny Te N2 39 e ndny X 2ir] UYL RS TR 2 ¢ LIRS FLIRE)
: 1 den aw St LS B P TS RELLSY AIBL e o s PREEIN TR
¢ . 1} o LR ) L N AT RERL it it e et PETRAN et
} e L Y LIS Z- R 1Y e ORh PR R E R B URTIEE 7 3 PRl ity
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Fig. 2.1. General arrangement of oscillating airfoil test apparatus in NASA Ames
11- by ll-Foot Transonic Wind Tunnel.
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DATA SET 3

NACA 0012, OSCILLATORY AND TRANSIENT PITCHING
by

R. H. Landon, ARA

INTRODUCTION

These results are extracted from tabulations of wing pressures resulting from the
3rd series of pitching tests about 0.25¢c axis made in the ARA 2-dimensional tunnel, using

the pitching and heaving rig, Ref 3.1,

The main purpose cf these tests was to examine the conditions of dynamic stall and
recovery at scaled time rates similar to those of a typical helicopter application.
Dynamic similarity was maintained also in Reynolds number; the approximately guarter scale
blade section was therefore run, for all the cases reported here, at a tunnel stagnation
pressure of 4 bar to match low altitude flight of the helicopter. Consequently, no arti-
ficial boundary layer transition trips were applied to the test wing,

The output of dynamic pressure transducers was sampled at fixed intervals, the
instantaneous pressures and reference conditions having a matched and filtered response

within 3 dB up to 460 Hz,

The results represent one specific cycle, and are not averaged over a number of
cycles. The data bank at ARA contains at least 4 cycles of each dynamic condition. Ramp

motions have only s single transient,

Up to 6 increments of mean incidence and amplitude, singly or in combination, could
be run: the present programme called for 3 increments (called programme steps or PSTEP) of
mean incidence, ay as shown in Table 3.4.

The time-dependent results are presented without harmonic or spectral analysis,
Note that the harmonic content of the pitching motion is relatively high, due to the
intrusion of other modes of the drive system:

) Harmonic content and phase angle relative
AGARD case (;;) to the fundamental
First Second Third - Fourth
1,2,3 50,32 2.44\,-10“ 2.45%,-39° 0.5%, -510 0.388, 0°
5 62.5 0,224,-13° 2,604, 34 0. 37\,-»10 0. 07\,-)6°

The instantancous Mach number varies in sympathy with the drag of the wing: the flow
momentun logs changes the effective area of the choked throuat that controls the flow down-
stream of the model, thus making speed dependent on drag. Mach number is thus given for
ench data point in the results.

The heave mode (no results presented here) allowed the wing to be placcd up £
63.5 mm (2.5 in) above and below the tunnel centre linc. Some pitching tests are
roporteéd . in Ref 3,2 to show possible effocts on dynamic resdings of wall proximity: there
has boon no analysis of wnsteady tunnel interforence, but corrections appropriate to steady
interference have been appliocd to sose of the measured guantities,

Notes on the data

The ordinates of the NACA 0012 airfoil are given in Table 3.1. The chordwise and
spanwigse locations of the 30 preasure holes and their ciannel numbete are given in
Table 3.2, and the arrangement of the data 48 explained in Table 3.3,

Ten data sets are proscnted to provide experimental comparison with AGARD CT Casas.
These axa extracted from the full set of tusts ldentiffed in Tables 3.4 and 3.5,

Por the priority CT Case 1 the tabulated data are presented as 32 sots of pressure
coofflicieants at equal time intervals during a cycle of anctllatton. extracted from 64
sets in the original data, For the othexr CT Cakes of oscillatory pitch the nurber is
reduced to 8 sets. The ramp motion and guasi-steady data have 16 points, chosen to give
approximately equal incidence incremants, again taken from tiwre clogely spaced original
data, Tables 3,7 to 3.10 include a pitch damping factor which {s Arrelevant for the
presont purpose and its value ig¢ also shown in cach of the oscillatory plots, Note also
that the ramp incidenco rate is an approximate or nominal value: the fncidence rate
a = da/dt {8 not constant, and when calculated from different ranges of incidences, will
give diffecrent values, Approximato representations of the moticns in Hef 3.6 are
recommended for comparative calculations at given a .. No moasurdments were made for
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strictly steady conditions, but instantaneous pressures were measured for very slow

oscillations of incidence.

in Tables 3.14 to 3,16,

Oscillatory pitch about 0,25c:

The results of three of these quasi-steady tests are given

BRSNS

Related | Run No. Experimental conditions 5
AGARD and . e . i"ia
CT Case | P step M %m %o k Re x 10~ Sets able
(deg) (deq) (Hz)
1 87-1 0,600 | 2.89 2,41 50,32 0.0808 4,8 32 3.7
2 89~1 0.600 | 3,16 4.59 50.32 | 0,0811 4.8 8 3.8
3 87-3 0.600 | 4.86 2,44 50.32 | 0,0810 4.8 8 3.9
5 128-1 0.755 | 0.016 2,51 62,5 0.0814 5.5 8 3.10
Ramp motion about 0.25c:
Related Experimental conditions bat
ata
AGARD Run No .
° a range -6 | Approx a table
CT Case b | (degq) Re %10 (deg/s) Sets
6 218 0.30 | -0.03 to 15,54 2.7 1280 16 3.11
7 227 0.57 | ~0.01 to 14.80 4.6 425 16 3,12
8 230 0.56 | -0,01 to 14.97 4.5 1380 16 3,13
Quasi-steady:
« range -
Run No, M in table Re =10 6 Sets gﬁﬁ?z
(deg)
6 0.30 | -0.12 to 15,55 2.6 16 3,14
11 0.58 | -0.,13 to 11,56 4,6 16 3,15
151 0.75% | =3.27 to 3.35 5.5 16 3.16

Figs 3.2 to 3.4 show typical results extracted from Ref 3.2 for oscillatory pitching
at M = 0,6 and 0,75, showing the effect of reduced frequency parametexr on normal force,
pitching moment and a damping factor DF. The related AGARD CT cases 1, 2, 3 and 5 are
1ncéuded in these figures. Figs 3.2 and 3,3 are for respective amplitudes ap = 2,5% and
5,00,

Fig 3.5 shows curves of Cy against o f£rom the guasi-steady data and for the two
ranp rates at M = 0.57 to illustrate tho lag in tho growth of Cpy and the delayed stall
under dynamic conditions.,

1 AIRFOIL

1.1 Designation NACA 0012

1.2 7Type of airfoll Symmetrical 12% thick

1.3  Geomatry See table 3.1 and foxmula in Ref 3.6
1.4 Desigh condition - '

1.5 Additional remarks -

1.6 Roferoncos on ajrfoil Refs 3.6, 3.7

2 NODEL GEONETRY

101.6 e (4 in)
293.2 mm (8 in)

See Fig 3.} and Table ).1. TE thickness =
0.383 mn, ie dpproximately 0,127 mm too thick

2.1 Chord length
2.2 Span

2.3  Actual model coordinates and
agecuracy of measurcments

2.4 Flap: hinge and gap details -
2.5  Additional semarks -
2.6 Raeferences oa model -

ECs

A ML
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WIND TUNNEL

3.1
3.2
3.3
3.4
3.5
3.6

3.7
3.8
3.9
3.10
3.11

3.12
3.33
3.14

MODEL
4.1
4.2
4.3
4.4

4.5
4,6

4.7

4.8

Designation

Type of tunnel

Test section dimensions
Type of roof and floor
Type of side walls
Ventilation geometry

Thickness of side wall
boundary layer

Thickness of boundary layers
at roof and floor

Method of measuring Mach
number

Uniformity of Mach number
over test section

sources and levels of noise
or turbulence in empty tunnel

Tunnel resonances
Additional remarks
References on tunnel

MOTION

Mode of applied motion

Range of amplitude
Range of frequency
Method of application
Purity of applied motion

Natural frequencies and
noxmal modes of model

Static ¢: dynam.ic elastic
distortion during tests

Addition:l remarks

TEST CONDJTiIONS

5.1

5'2

5.3
5.4

9.8

5.6

9.7

5.8

5.9

Tuunel helght,model chord
ratio

tunnel width/wodei chord
rvatio

Rangs of Rach numbar
Range of tunael total prossire

Range of tunnal total
tenpeorature

Range of model steady, or
wean, incidence

Definiticn of model incidence

Position of transzition, if
froo

Position and type of trip, if
transition fixed

For mixod flow, position of
souLic boundary in selation to
roof aad floor )

Flow instabilities during
tests :

additional remarks

Roferencos describing tasts

33

ARA 2-dimensional tunnel

Intermittent blow down

h = 457.2, b = 203.2, length = 1251 mm
Slotted, 3.2% open area ratio

Solia

Roof and floor each have 6 slots and 2 half
slots at corners. Plenum chambers 133 mm
deep connected by large ducts, Top and
bottom walls diverge,

28*/b = 0,015
Not known

Static hole in side wall 5 chords ahead of
model

Centre line distribution within #0.0015 in
region of model

No gerious disturbances

No evidence

Ref 3.8

Pitching about 0.25c, oscillation or ramp.
No heave results

Osciliation $9.59; ramp 0 to 30° (limit 449)
0 to 60 Hz (limit 100 Hz)

Hydraulic actuator

See Introduction

Lowest is bending at 600 Hz

No significant distortion

4.5

2.0

0.3 to 0,87
14~4 bar

250 K approximatoly, uncoatrolled
211 deq (limit 44%)

On chordline: datum matched on chordwiso
progoure distributions

Not %&nown ]
No tripr \n p:u@#atcd data hacause model we
consistent wiinm fuile-r-a ¢ helicoprer blade

~

» o simple dangwer: Yefer Lo ARA

Peuivica of modol 0.:5¢ As & chords downstroam

0f start of slots .

Poeks 3.1, 3.3

Vit v
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MEASUREMENTS AND OBSERVATIONS

6.1 Steady pressures for the mean conditions

6.2 Steady pressuvres for small changes from the mean conditions

6,3 Quasi-steady pressures

6.4 Unsteady pressures

6.5 Steady Zorces for the mean conditions

Steady forces for small changes from the

mean conditions

Quasi-steady forces

Unsteady forces

6.9 Measurement. of actual motion at points on model
6.10 Observation or measurement of boundary layer properties
6.11 Visualization of surface flow

6.12 Visualization of shockwave movements

6.13 Additional remarks

INSTRUMENTATION

7.1 Steady pressures

7.1.1

7.1.2

Position of orifices
spanwise and chordwise

Type of moasuring system

7.2 Unsteady pressutres

7.2.1

7.2,2
7.2.3
Fo2.4
7.2.5

Position of orifices
apanwise and chordwise

Diamptar of orifices
Type of measuriny systoem
Type of tranuduceors

Principle and acouragy of

calibration

7.3 Kodal motion

7.3.1
7.]01

Nethod of measurchent
Accuracy

7.4 Processing of unstoady
peasuremants

7.4.%

7.4.3

7.4.3

7.4.4

Mathod of poguiring and
processing meaguraments

Type of analysis

Unsteady pressure
quantitics obtained and
aseuracies achieved

Nothod of integration to
obtain forcas

7.5 Additional reiaarks

7.6 Roferences on tuchniquos

measured directly
integrated pressures
measured directly
integrated pressures
measured directly
integrated pressures
measured directly

integrated pressures

Pressures for quasi-steady conditions measured

with same system used for unsteady pressures

See Table 3,2

0,25 mm '
30 transducers in model (seo Rof 3.1}
Kulite XCQU absolute

Calibrated undor steady conditions against
Texas Qu- retz Pressure Tast Sot.
Asouracy: ¢2,7 mb -

Shaft encoder
Resolution: :0.1 deg

Signals saapled at known time lntnrvals,
same points in cycle

Instantanecous pressuyes reduced to non~
dimensional coeffilcionts

Approximately 10,01 in Cp

Stardard curve fitting procedure

Tab