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PREFACE

The European GARTEUR organization initiated, a few years ago, a cooperative
programme in order to obtain an understanding of the effects of the walls of a wind tunnel
on the behaviour of dynamic models used for the flutter certification of aircraft.

Tests have been completed by the same team, on the same model, in four European wind
tunnels and the results, collected in the same form, have been thoroughly analyzed. The
output of the cooperative programme and the practical conclusions that came to light seemed
so important that the Sub-Committee on Aeroelasticity of the Structures and Materials Panel
proposed that a presentation should be made to an AGARD audience.

The report describes the experiments and presents the most important results; it is
thought to be valuable to all the NATO community.

G.COUPRY
Chairman, Sub-Committee
on Aeroelasticity
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COMPARATIVE MEASUREMENTS IN FOUR EURUPEAN WIND TUNNELS OF THE UNSTEADY
PRESSURES ON AN OSCILLATING MODEL (THE NORA EXPERIMENTS)®

N Lambourne (RAE) K Kienappel (DFVLR)
R Destuynder(ONERA) R Koos (NLR)

SUMMARY October 1y7y

I’ To obtain experlence of the influence of tunnel wall interference on tlutter and
other unsteady tests in transonic wind tunnels, a programme of oscillatory pressurc
measurements was repeated in four tunnels:wamely: ~

— ' 3ft RAE Bedfgrd, > g2 ONEKA Modane, 4,
-.1M° DFVLR Gottingen, .. HST NLR Amsterdam.

These tunnels differ in the s%%g of working sectlon, their cross-section areas ranginug
from approximately 0.6 to 3. ZE«Q they also differ in the form of wall ventilation.

In each tunnel, small amplltudE‘hﬂkéonlc oscillations were applied to the same
rigid half-model of a low aspect ratio lifting surface, and chordwise distributions of
the fundamental components of the oscillatory pressures were measured. Measurements were
also made of the steady pressure distributions for the mean position about whicli the
oscillations occurred. Some measurements were also made of the oscillatory pressures at
a wall of each tunnel. T,

Stream Mach number was varied between 0.60 and 1.10, and the mean steady incidence
of the model from 0% to 5.4 «  Tests were made for three fregucncies of ovscillation, tue
lowest, 5Hz, being regarded as a quasi-steady variation, the others, 40Hz and GLOHu,
giving values of frequency parameter, based on mean chord, between 0.3 and 0.8 depending
on Mach number.

In relation to normal practice, two of the tunrels were lurge compared to the model.
They gave results in general agreement thus suggesting that for these no svrivus inter-
ference effects occurred. Results from the two smallier tunnels provide examples of
interference effects caused either by the tunnel-to-model size ratio being tvo small or
by unsuitable wall ventilation characteristics. It is shown that the interference o¢ffects
become more severe in the presence of mixed flow with shock waves at the model surface and
when the model is at incidence developing steady lift.

‘LThe results of the comparisons, whilst unable on their own to lead to rules regarding
acceptable model~-to-tunnel size ratios, tend to confirm current procedure.in this respect..
They do, however, draw attention to a possible defect in the practice of mounting a half-
model at a tunnel wall that is itself ventilated. -/

Separate from the subject of interference, the results from the larger tunnels form a
collection of data, well-authenticated by the comparisons, which is useful to the general
understanding of unsteady transonic conditions.

LIST OF SYMBOLS

b width of tunnel working section m"” O 5/L (see section 14.7)

c local chord M stream Mach number

c mean chord ML local Mach number at model surface
f oscillation frequency, (Hz)

Mod, Mod(X) normalised modulus of oscillatory

h height of tunnel working section pressure, its chordwise distri-
bution (see section 9)

I, I(X) normalised imaginary component

of oscillatory pressure, its p steady pressure
chordwise distribution (see v on . :
section 9) Dy, P real.and imaglnary components of
oscillatory pressure
) ”" . . >
L, L normalised real and imaginar = . :
’ components of oscillat%ry ¥ Pw amplitude of oscillatory pressure at
local 1lift (see section 9) tunnel wall
M, M" normalised real and imaginary Py tunnel total pressure
components of oscillatory
local pitching moment (sec R, R(X) normalised real component of
section 9) oscillatory pressure, its chordwise
" " distribution (see scotion o)
M 0.5 M" referred to local mid chord
: (see section 14.7) s model span (root to tip)

*The letters of the acronym NORA refer to the names of the organisations involved: NLRE,
ONERA, RAE and AVA (a branch of DFVLR).




Y stream velocity € phase angle of oscillatory local
lift (see section 14.7)

X distance along chord from local
leading edge b amplitude of model ovscillation
(se¢e section )
X x/¢ chordwise position
¢, 9(X) phase angle of uscillatory pressurc,
X' chordwise position of peul its chordwise distribution {see
component uf local lift cection 4).

(see sectivn i4.7)

1 angle of incidence of model

PREFACE

Tne settling for Lne experiments wus So unusuul as to cull for comment.  The work
Wus doulLe ulider Lne ausplices of tne droup for Aerunautical Research and Teennology
10, Burcpe oaARTEWGr). I depeleded o very close codlaboration at woerring level
Lomenters s four cano erpaniontlons and made use of a Lransportabic
W o paveue Mude=wg o o varloasly=oated pleces of cqulpment, Asoo iv s
Lecvosaly Lo mde 2ioal that tne authors of Lhils aocument, whose maln conoersn
a5 Levn. the experimental proegriamme and the interpretation of the resuits, were
WLULLY Jdepetaent o Lhe worg of

SRR I
Lrolwe

Medadut

FoLobvs (UNERA) i cLange  (LFVLE) and B L Welsh (KAL)
wWio 1t €d 1 travelsiny internatlonal teum and were responsivle for installiing
and upr Chie measuring and data processing ejuipment inoall the teste.  For

Al andlvidus. Ll

clmwn Iy Ceverns jersvnc from ol itourganisaticn playes
vital roles) QUANGWIedpgenonts Lo them are more appropriately ieft Lo a olatler

sectlon of vnis report.

N INTRCDUCTIUN

Testing in wind tunnels plays an impor*ant part in flutter prediction and prevention,
particularly in the transcnic region = Lhe flow region of greatest uncertainty; 1t wiil
continue to du so at leust untll theoretical prediction of unsteady acrodynamics is
completely reliable. Furthermore, model testiug 1s the only metnod available to the aero-
elastician fur galuinyg experlence of actual fluttering conditions. The ability of wind
tunnels to reproduce the proper azsrudynamic conditions of a free atmosphere and the
avoidance of large wind-tunnel interfercnce effects are therefore of great importance. The
maximum allowable m.odel silce and the validity of measurcments oblained close Lo sonic speed
toth are gquestions that remalrn Lo Lo answered.

The importance of interference causced by the ventiiated walls of lransonic tunnels
nas been far from clear.  over o decade apo, the discovery that aeruvdynamic damping was
sensitive to the amount of verntilationt led ¢ a spate of experiments and theoretical work
aimed at establisning the most approepriate porosity conaitions for avoiding these large
«ffects<»5. A little later fears of unrelilable results from transonic tunnels were some-
wnat allayed wnern experiments made at the NLh produced virtually the same unsteady pressures
onoa model oscillating in two tunnels having quite differen® shapes and sizes“. On the
sthner hand, more recently work by NAZA, ONERA and Boeing? showed that appreciable interfer-
erce effects could oceur on transonic flutter, and agaln brought Lo the fore the effects of
wall porosity. It was agalnst this backgrouna that the present experiments were planned.

Essertially the NORA experiments have consisted of testing one and the same model in
four transonic tunneis of different sizes and having different wall configurations, the
objective being to gain further Knowledge ot the effects of tunnel interference on oscilla-
tory measurements and thus indirectly with regard to flutter testing. Unlike previous
investigations of unsteady interference, the tests have included transonic conditions in
which the model is developing steady lift. As well as fulfilling the primary purpose of
making comparisons between the tunnels, the experiments have yilelded useful knowledge about
oscillatory pressure distributions under a varicty of acroudynamic conditions.

< THE EXPERIMENTC IN wUTLINE

The experiments were made with a single model representing a realistic transonic
configuration and of uvize sumewhat "too lurpge” for the omallest, and rather "too small" for
tne largest tunnel; it was oscillated as a rigld body and oscillatory pressure distribu-
tions were measured 4t two spanwise positions for a range of aeruvdynamic conditicns. The
unsteady measurements were always obtalned with the same equipment and moreover they were
always made by the same NORA team. Consideration was given to matching in the various
tunnels the corresponding mean steady flow conditions about which the model was oscillated
and for which the oscillatory compariseons were made.

5 THE TUNNELD

The tunneis are tnose normally ased by the participating organisations for their
uscillatory and flutter tests. They are:

. e AR,
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3Ft RAE Bedgord (UK)

1M DFVLR Gottingen (Germany)

5 ONERA Modarne (France)

HST NLK Amsterdam (Netherlands)

The principal dimensions and characteristics of their working sections are shown in Fig 1.

Two of the tunnels have slotted walls and two have walls perforated by inclined holes.

It shculd be noted that for the latter, the open area ratios are based on the total area

of holes measured perpendicular to the axis of the holes. Also it should be noted that the
3ft tunnel has a working-section height considerably less than its name implies. The sub-

sequent paragraphs provide more details of the working sections and wall ventilations.

3ft Tunnel

The ventilation consists of four slots and two half slots in the corners in
both roof and floor. The slots are covered by perforated metal plates in the plenum
chambers which by normal standards are shallow.

1M Tunnel

All four boundaries are perforated by holes, 10mm dia, drilled at 60° to the
normal to the surface. The holes are in rows inclined at 16¢.1° to the stream
direction, so that only every fifth hole is in line. For the tests in this tunnel
the model was mounted at a small solid panel set in an otherwise perforated wall,
Fig 2. That was the usual condition for the tests, but a few comparisons were made
with the perforations at this wall covered on the flow side by a thin membrane.
This condition will be denoted as "closed side wall" (CSW). Measurements of the
boundary layer at this side-wall were made in the empty tunnel for both conditions.
There was some variation in the shape parameter but little change in the boundary
layer thickness.

S2 Tunnel

Ventilation is provided by perforations in the roof and floor drilled at 60°
to the normal. Behind each perforated wall is another perforated sheet which when
slid along the wall produces an effective change in the wall porosity from 1% to 6%.
In normal use the equivalent porosity is set according to Mach number as follows:

M Porosity
0.60, 0.80 1%
0.30, 0.9% 6%

1.10 12

Most of the measurements in this tunnel were obtained with these values of porosity,
but some comparative tests were made to determine the effect of changes between the
maximum and minimum values.

HS Tunnel

Both roof and floor consist of five slats separated from one another by four
slots and from the solid side walls by half slots.

4 THE MODEL

A model already in existence was modified for the investigation. The planform is
shown in Fig 3 and additional numerical details are given in Table 1. It has a thickness-
to-chord ratio of approximately 5% and a section based on a symmetrical aerofoil in the
NACA 66 series but with a small updroop near the nose; it represents a horizontal tail
surface. The model-to-tunnel dimension ratios are given in Table 2. The model had been
constructed from aluminium alloy as an internal framework covered with top and bottom skins.
It was supported by a shaft in two bearings and was oscillated as a rigid body about a swept
axis by a hydraulic rotary actuator producing pure torque and giving amplitudes up to 1°
depending on frequency. For most of the tests an amplitude of 0.5° was chosen. The lowest
natural frequency ¢f the mechanical system was torsion of the shaft at about 100Hz. In
every tunnel the model was mounted so that its root was just clear of the tunnel side wall
with a small fairing to cover the aperture, Fig 4a. Following a common practice of half-
model testing, in each tunnel the wall at which the model was mounted was required to act
as a reflection wall. Oscillatory pressures were measured at two spanwise positions,
Sections 2 and 4 (Fig 3), by Kulite transducers installed inside the model and connected by
short lengths of tubing to pressure orifices in plugs set into the surfaces. Steady pres-
sures were measured throughout all the experiments at Sections 1, 3 and 5, and in the more
recent tests also at Sections O and 6. Pressures were measured at both "upper”" and "lower"
surfaces which, to avoid any ambiguity consequent on the model inversion necessary in some
of the tunnels, are identified as E (extrados) and I (intrados) respectively, the extrados
being the surface that experienced the greater suction when incidence was increased. The
positions of the pressure holes are listed in Table 3.

Transition bands were glued to the extrados and intrados at 5% chord. These consisted
of metal tapes with castellations about 0.09mm high. However, tests made in the HST with
the bands removed showed they had negligible influence on the results.
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Six accelerometers distributed in the model were used to determine the dynamic
deformation of the model during each test.

5 INSTRUMENTATION

Apart from the pressure transducers and accelerometers installed in the model, the
main instrumentation making up the measurement package, Fig 4b, comprised a servo-loop to
drive the hydraulic actuator and a system to analyse the transducer signals into real and
imaginary Fourier fundamental components, respectively in-phase and in-quadrature with
the model displacement. The actuator controlled the mean incidence as well as oscillating
the model. A potentiometer attached to the model drive shaft was used to measure the mean
incidence and the oscillatory motion; it also provided a phase reference for the pressure
and accelerometer signals. To avoid the possibility of differences coming from the instru-
mentation, in every tunnel the signals were processed by the same equipment up to the stage
of producing steady voltages representing the real and imaginary components. In each set
of tunnel experiments these voltages were fed to a suitable "local" computer for processing
and visual presentation. The storage of the processed data on disc allowed immediate
on-line comparisons to be made with the results from previocus tests in the other tunnels.

The calibration of the instrumentation was made as a matter of routine during the
course of each tunnel experiment.

o MEASUREMENT PHASES

The main measurements in all the tunnels consisted of oscillatory and steady pressures
on the model. In some of the tests oscillatory pressures were also measured at a rail
attached to either roof or floor whichever was nearest Lo the model's extrados (see Fig 4a).
The tunnels were occupied in a series of Phases:

Phase Tunnel Date
1 3IFt Jan 77
2 S» May 77
3 3kt Sept 77
4 M Jan 78
5 HST Aug 78
6 52 Apr 78

The purpose of the preliminary first phase was to check the assembly of the components
ard the working of the system and to provide measurements which, when compared to those of
Pnase 3 in the same tunnel, tested repeatability.

It was originally intended that once the transducers had been installed and the skins
of the model put in place, the model should remain intact throughout the comparisons.
However, instrumentation failures in the early stages led to the model being opened and its
surface re-smoothed on several occasions; but from Phase Y4 onwards no further failures
occurred and the model remained intact. A number of key conditions in the S2 tunnel were
repeated in Phase b, which chronologically preceded Phase 5. These, unlike the original
measurements in S2, suffered no instrumentation failures and, for the sake of consistency,

the only results from 32 that are compared with another tunnel are those obtained in Phase o©.

Unfortunately, the experimental scatter in the 3Ft results is somewhat greater than
for the other tunnels, and for this tunnel, because of failures, unsteady pressures were not
obtained at all the chordwise positions.

7 RANGE OF PARAMETERS

The general ranges of tunnel Mach number and model incidence covered in the tests were:

0.6 s M € 1.10
o] s a & 5.50

The standard frequencies were 5, 40 and 60Hz, the results for 5Hz being regarded as repres-
entative of quasi-steady conditions. Values of frequency parameter, based on mean chord,
corresponding to these frequencies are given in Table L. Tunnel total pressure, Py Was
elther U.9y0, 0.60 or O.4b bar chosen for each (M, a) combination with regurd to the load on
the model; but as far as possible the values of total pressure remained the same between
the different tunnels.

On various occasions during different tunnel phases, ancillary tests were made to
check repeatability, amplitude linearity, and the influence of sampling time. From these
we conclude that the main test results are not invalidated by such extraneous effects.

8 MODEL MOTION

If the model and its mountlng had been perfectly rlgld the imposed sinusoidal oscil-
lation would have been pure rotation about the design axis as shown in i'ig 3. Because of
flexibility, the model motion differed from this ideal, the differences depending on the
frequency of oscillation and the aerodynamic loadings. Also, in prlgc1ple,_the precise
model motion depended on the rlgldlty of the tunnel mountings; thus it was important to
ensure that there were no large variations in the actual model motion between the different
tunnels. In all the tests, the motion was monitored by the accelerometers mounted in the
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model. For 40He in stiitl alr a nogal line lay close to the design axls, but when the model
was lvaded by the oscillatory aserodynamic forces the line bent towards the rear of the model

a3 shown In Fig 9, and the magnitude of the angular motion increased slightly along the span.

Tne genheral conclusion from all measurements was that for 40lz there were no serious tunnel-
to-tuntel differences io the motion.

Increasing the oscillation frequency to 60Hz led to greater divergencies from the
design axis (Fig %), and more importantly to some differences between the various tunnels.

However, some calculations made using the doublet lattice method suggest that the
unsteady pressure distributions should not be too sensitive at 40Hz and 60Kz to the differ-
ences in the nodal line positions. HNevertheless a general conclusion is that whereas the
40Hz results can be considered to be quantitatively correct, those for 60Hz should be
regarded as more qualitative in nature.

I NON-DIMENSIONAL QUANTITIES
From the measured quantities

steady pressure
p oscillatory pressure in phase with model displacement
oscillatory pressure in quadrature with model displacement
Py tunnel total pressure
8; amplitude of model angular motion measured in a fore-and-aft plane,

the cata processors produced the following non-dimencsional quantities which are used
throughout the comparisons.

Steady Flow

ML’ local Mach number at the model as deduced from the measured steady pressures
using the isentropic relation.

Oscillatory Pressure

R and I, normalised real and imaginary pressure components, where

R = -p'/(pt 8,) rad™t, 1 = -p"/(pt 8,) rad™!
Mod and ¢, modulus and phase angle of pressure, where
Moa = (RS + 19} o = tan'l I/g
Chordwise Position
X = x/c, where x is distance from the local leading-edge and ¢ the local chord.

The unusual form of the non-dimensional pressures calls for an explanation. It will
be noted that the quantities My, and R and I require only one measurement relating to tunnel
flow, namely tunnel total pressure, in addition to the pressure measurements made at the
model. They do not depend on knowledge of tunnel Mach number or of dynamic pressure and
thus do not invoke the flow calibration of the tunnel. They are equally suitable whether
the comparison of oscillatory pressures is made for identical tunnel Mach numbers, or for

matched steady flow conditions at the model surface (ie same Mp) but different tunnel Mach
numbers.

Usually it is the chordwise distributions R(X) and I(X) that are compared one tunnel
with another, but sometimes comparisons of the distributions of Mod(X) and ¢(X) are prefer-
able. It may be noted that R(X) and Mod(X) are steady-based quantities since they have

significance for changes of steady incidence. On the other hand, I(X) and ¢(X) are essen-
tialiy unsteady quantities.

As a matter of routine during the data processing, the steady and oscillatory
pressures were integrated across the chord to give local lift (strictly normal force) and
moment about the local leading edge. The integrated quantities thus made available for

comparison are:
1
fo |:("1 - pE)/pt]dX

1
fo [(pI - pE)/pt:\ X dx

where I and E refer to intrados and extrados respectively.

Steady Section Lift and Moment

Lift

Moment

Oscillatory Chordal Lift and Moment (separate contributions from extrados and intrados)
1

L + AL = j; (R + iI) ax

/l (R + iI) . X aX
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A vely simple numericual procedure was used for the integralions; the results snousd te
regarded 48 wWelghted means of the prescure rather than accurate values of Lift andg momerns.

D tnher jaantities that feature in the presentations are:

1, mean incidence ol model measured as lne angle betweern tne noricontal ana o
modelo Qatum, the surface of the mounting block Integras with the root of tne

modvl avg,

ar Maen number; cither o nominal valus or a precise reading proviacd
mas tunnel lnstrumentatlion,

Looiesutivn 'rejuency, (Ha).

-
‘ »

s

nal o gquantities 20 O, referred 10 free Slrean aynanic
reudl oy o cbtualneu vy mJELi;&ying R, and I Ly tne valu: 28 Lo/
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aanmsert.

nesimens i
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The Jdistrituwtions of local

N naamber, P Uver Lne upper suriace of Lhe noae

Jeduded rom the $leddy pressuere feacuremsnts in the nll are cauw:n i Figs o, 7, 2na for
MozouLtU, Uedo oalid ow. g,

When tne lncldence 1o rnear Lo cero, for all M, there 15 o small reglion of nign cuciion
and a4 recompression situatee clise L0 tae fedadlng edge. with lncrease of inclde: for

caon subsonic M otne nlgn suctlon reglon exlends backwaras over the cnord and 1s terninat-d

Ly 4 Steep pressure gradient - Lne forward recompression.  For nigner subsconic ¥otnis is
frliowed Ly anotuer expanvlen region, which for M= G.3% 1o termirated by a shoes wave e

4r SOoCK, in o wne vicinivy of mid-c

ce=dimenzicnal rature of the flow wonenl
wdel 1s at incluence can be seen

were 1S LU 4outt vne existence of the rear zhock, the exact nalure of
rorward e chnord is not atsolutely clear. Although for some
tiue loucal Mac unbers in this forward region are superscnic, it is

: involives a snouck wave. Certainly there 1s no
.20 even at tne nlghest incidence. It ic vherefore
e that the generals shape of the forward recompressior. remains essentially

wWhereas o

flow over o

the Test

: obvious

pou3ssibilivy of a snocek wave for o
. P

Dt e N
important Lo no

“Le same as X increasesd up te its nighest subsonic vaiue [ = U.s,. Furtnermere, tune Lign
arngie of sweeptacs of tne lsomacas in the forward recomprecsion regilon as seen in Fig i,

SUEEests Lhat a $n0Ck wave Wwill not pe present. Instead it is provable that for much of
ne incidence range and for all subsonic Mach numbers, a leading edge separation vcertex
=Xtendas across tne upper surface.

In the descriptions of the oscillatory distributions to focllow we shall make refererce
t0o tWwo main features of the upper surface flow namely, the forward recompression and tne
rear shock. Also it will be necessary to recognise the highly three-dimensional nature of
tne flow when the incidence of the model is increased.

i GENERAL DESCRIPTION OF OSCILLATORY PRESSURE DISTRIBUTIONS

Before coming to the tunnel-to-tunnel comparisons it will be helpful to identify some
of the main features of the oscillatory pressure distributions that are, in some respects,
common to all the tunnels. Also, it is necessary to examine the sensitivity of certain of
tnese features to the parameters, incidence and Mach numberj for without knowledge of these
sensitivities, a mere comparison between tunnels could be misleading or meaningless. Later
we shall return to a more detailed discussion of some of the features when we have seen
the varied results from the different tunnels.

For a general description, it is most convenient to use only the results from one of
the large tunnels, the H3T, in which the parameter coverage was most extensive. But it
should be noted here, and will be demonstrated later, that there are no large differences
between this tunnel and SZ2, the other large one, with regard to the shapes of the oscilla-
tory distributions.

1l.1 Influence of Oscillation Frequency and Stream Mach Number for Zero Steady Lift

For non-1ifting conditions the general shapes of the oscillatory pressure distribu-
tions at Sections 2 and 4 were similar. Fig 10 shows for a tunnel Mach number M = 0.80
the results from the upper surface for oscillation frequencles 5Hz, 40Hz and 60Hz. The
irregularity seen in each of the distributions at 2.5% chord should be noted as it was
common to all the tunnels and was present in many other cases for incidences near to zero.
1+t is probably due to a small separation bubble close to the leading edge. Disregarding
these irregularities, we note that the chordwise distributions K(X) and I(X) for the higher
frequencies bear a resemblance to the classical distributions of subsonic thin-wing theory.
Both R(X) and I(X) have forward peaks (respectively in the positive and negative senses)
close to the leading edge; for UOHz and 60Hz the phase angle ¢ varies almost linearly
across the chord from a lag at the leading edge to a lead at the trailing edge. In this
example for M = 0.80, the effect of an increase in frequency is as expected. The real
component R(X) is hardly changed and the main effect 1s to increase the magnitude of the
imaginary component I(X) and thereby the modnlus Mod(X) and the phase ¢(X).

i o




chittlg

werease Loolos 0, Lelld o Ll N

TGl

sy o =oAL TN Lhe alutributiony e ol . h
changes of L., but quite sencitive to Lo I
Ir. The gistritutions ror Joction B oaoronaimite

. . ‘ . L
o very sharg, itomay Juou booaceteeratle rroemoondy ~
cvens be "last" Letwes! neasur citlons an we

negative

Cleds ooy Lot Shiowe oo

Ciud Infiuence of Froegueney foroa Lifulng Condition

17 snews For o = G.gt, a = 49 the effect of dncreasing frogqueney wien e mweael

is developing steady LI, As well as causing numerical incereases in Lyy), tlheve are




significant effects on R{(X). For Section 2E the forward peak is reduced whilst the rear
peak 1s moved rearward and its height ls incrcased. With regurd to these changes in the
rear peak, for this particular case at least, the effect of increasing frequency is
remarkably similar to the effect of increasing Mach number. Thus starting from the
condition M = 0.9, £ = 4OHz the effect of changing frequency to 60Hz (Fig 17a) is similar
to effect of changing Mach number to 0.91 (Fig 15b)., Likewise the change to “Hz bears a
resemblance to the effect of decreasing Mach number to 0,89,

At Section 4E an interesting feature is the appearance of a double peak in R(X) at g

o0Hz . ;
5

12 TUNNEL-TO-TUNNEL COMPARISONS OF STEADY LIFT &

Before comparing the oscillatory properties, it is worth briefly examining two
general indicators of interference,namely the variation of steady l1ift with incidence and
the position of the aerodynamic centre. Fig 18 shows the local 1lift for Sections 1 and 3
obtained by integration of the measured steady pressures. The Mach number 0.9 has been
chosen as being most suitable for these comparisons because, unlike M = 0.95 with its
strong shock wave, the integrations are reasonably reliable. Nevertheless, even for
M = 0.90 we must bear in mind the limited accuracy of the integration procedure with only
10 steady pressure positions acgross the chord at each surface. Firstly we note the varia-
tions between the tunnels of the incidence for zero lift and that the difference is
greatest for the two largest tunnels. The more important and striking feature of the
comparisons is the similarity in 1ift slope for three tunnels, HST, S2 and 3Ft and the
much lower slope obtained in the 1M tunnel in its usual form. However, the closed side-
wall (CSW) modification to the 1M tunnel increases the 1ift slope and brings it more in
line with that for the other tunnels.
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Fig 19 shows the local pitching moment plotted against 1ift, the slopes of the lines
representing the chordwise position of the local aerodynamic centre. Mean slopes have
been obtained from the dlagrams to give the local values of lift slope and aerodynamic
centre set out in Table 5. This shows that the 1M tunnel in its usual condition differs
from the other tunnels not only for 1ift slope but also for aerodynamic centre, both
properties being brought more into line by the CSW modification.
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A reduction in the porosity of the roof and floor of the 32 tunnel from its usual
value is seen to increase the 1ift slope by a few percent. Apart from this small effect,
the differences in 1ift slope and aerodynamic centre for the three tunnels, the HST, 3Ft
and S2 (with the normal value of the porosity) are of the same order as the limited accuracy
of the integrations.

NI Y3

The 1ift slopes have a tendency to increase with increasing incidence - a fact which
appear:s wnilin whiell Woe consider the oscillutory 1ift. For the 3Ft tunnel there is evidence
of a kink in the 1ift curve for Section 3 between a = 2° and a = 3°, This fact will also
be of interest when the oscillatory 1ift is discussed.

15 STEADY FLOW MATCHING

If the basis for an oscillatory comparison were simply the same tunnel Mach number
and the same model incidence there could be a difference in the steady flows which, from
the outset, could lead to diffﬁrences in the oscillatory characteristics as found in the
experiments of Bergh and Zwaan”. The purpose of matching was to eliminate as far as
possible such differences in the datum flow conditions. Three different methods were used
for selecting the corresponding settings of tunnel Mach number and incidence in the differ-
ent tunnels for which oscillatory comparisons were made. These are:

Nominal comparison (NC): Same tunnel Mach number and same incidence.
Lift match (LM): M and a adjusted to give same Mj at the trailing edge and

same steady local 1ift at Section 3 from integrated steady
pressures. This method was normally used for non-lifting

e O 7 T Ry Py

cases and ended with the local 1lift being close to zero
value.
Pressure match (PM): This was the technique used in the HST for 1ifting cases in

attempts to reproduce the steady pressure distributions
already obtained in the 1M and 3Ft tunnels. The procedure
was to adjust M and a until the best match of the extrados
My, distribution was obtained. In some cases attention was
concentrated on the forward recompression,in others
emphasis was placed on the rear shock. It was carried out
as an iterative procedure before Lhe oscillatory tests
began; it usually ended in a somewhat arbitrary compromisc.
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14 TUNNEL-TO-TUNNEL OSCILLATORY COMPARISONS

14, The Cases for Comparison

Within the general ranges of parameters, particular tunnel-to-tunnel comparisons were
made for the following standard cases:
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Non lifting Lifting

a M. Py a M Pt

=0 0.60 0.9 bar 40 0.90 0.6
0.80 0.9 49 0.90 0.6
0.90 0.6 50 0.95 0.46 or 0.0
0.9% 0.6
1.10 Q.6

Results for 40Hz oscillations were obtained in every case, and in many cases
results were also obtained for SHz and 60Hz. For the S2 and 1M tunnels the comparisons
include the effects of modifications to the tunnel walls.

From the large number of tunnel-to-tunnel comparisons produced by the experiments
only a limited number can be presented here. The aim is firstly to demonstrate the agree-
ment between the two large tunnels; then to identify the respective areas of agreement
and disagreement between, on the one hand, one large tunnel and, on the other, the medium
and small tunnels. For the latter purpose it is most convenient to use the HST as the
sole comparator.,

The comparisons will be mainly concerned with the shapes of the chordwise distribu-
tions of uscillatory pressure, but for the particular test Mach numbers M = 0.80 and
M = 0.90, counsideration will also be given to Jerinin overall chordul chuaruacteristics
as represented by integrations of the pressures. The restricted number of comparisons
presented in this report was selected after a consideration of practically all possible
comparisons. During the general examination of results a watch was kept for two classes
of disagreement. One is a disagreement in H(X) that 1s present for the HHz quasi-steady
oscillation, and therefore traceable to differences in the interference on steady or
quasi-steady characteristics. The other is a disagreement in an essentially unsteady
characteristic, such as a difference in I(X) or a difference in the manner in which K(X)
varies with frequency.

14.2 Porosity Variation in 352

In the S¢ tunnel comparative tests were made with maximum and minimum vilues of the
roof and floor porosity. HKeference has already been made to the small differences in the
steady lift slope tor M = 0.Y0. Over the whole range of Mach number and incidence, it was
found that the change of porosity had only a small effect on the oscillatory pressure
distributions. Two examples are shown in Fig 20.

The 82 results used 1n the tunnel-to-tunnel comparisons were obtained with the
normally used values of porosity (see Section 3).

14,3 Comparisons Between HST and 82

All the oscillatory resulls ob'uined in the 32 tunnel during Phase o showed pgood
agreement with the HST in regard to the general shapes of the distributions. Figs .1, and
22 show a selection of examples obtained for nominal comparisons. Fig 21lb has been choesen
to refer to a condition in which the developing sonic rlow leads to irregularities which
are known to be sensitive to parametric conditions. Flyg 20 rotors to o coraltion Doownion
the local steady supersonic flow is well established and the oscillatory distributions
have settled into a more definite pattern. lo this cose, there is remarkably pood aproee-
ment for Seetion JE, but some disagreement over the forward part of the chord at Seetion
4, which indicates that the forward recompression is slightly more ahead in the 50 tunnes.

L4 4 omparison of HST, IM and 5Kt for Non-liftimg conditions

M= 0.00, u >0

No results are shown for this condition for which there was reasonable aprees
ment between the tunnels except for scatter close to the leading edge.

M = 0.80, a =0

Fig 235 shows the comparisons for Sections JE and 4 and fregqueney 40is. For
the 1M tunnel the maln point of disagreement is in 1(X) over the torward part of the
chord, the crossing point, I(X) = 0, occurring closer to the leading ecdpe.  In ocon-
trast, in the 5Pt tunnel the crossing point is more to the rear and in this tunnel
another disagreement is the prominent R bulge which does not oceur in the other
tunnels for this Mach number; this feature is already present for the quasi-steady
oseillation but worsens with increasing frequency.  Although the steady M) distribu-
tions (FMig 28) show small differcnces with regard to irrepularities at Section Sl
they offer no obvious ¢clues Lo the reason for the differences in H(X) 1n the Rt
tunnel.

M= 0.90, a = U

Fipg 2va shows for HO0H: and Sccetion 2E the comparisons for the IM tunnel.  For
this tunnel, in its normal condition, the main differences are the absence ol o
prominent R bulge and the more positive 1(X) over the torward halt of the chord.




14.5

However, the CSW modification reduces these differcices and indeed briags [(X) inv.
very close dgreement with that of tie HOU. Fig 290 shows the comparisons for Lhe
3Ft rtunnel. 1o this tunnel, as in the unmodified Ib, I1(X) Is more positive over

the forward half of the chord, but if allowance 1is made for scatter there is reawoan-
able agreement with the HUOT in regard to K(X). Fig 25c shows the comparisons for
Section 4k. For [(X) there are large differcences over the fore-chord which, rela-
tive Lo the HST, are in opposite senses for the IM ang 3Ft tunnels. Again tne
difference is lessened by CSW.

Fiy o shows comparisons of the freguency effects in the w0 o0,
e LN Ly Lo olfects Sf Tiorunioing freopdenicy e Ve chame lnoall thiree tunnelco,
producing an increase in the bulge at mid-chord, but quantitatively they differ.
Whereas both the HST and the 3Ft produce a large fiequency effect on R(X), the
effect in the 1M is much less, at least in the absence of the COW modificaticr.

M= 0.9, u = U

For this condition, due to the occurrence of sonic velocities, all three
tunnels produce vscillatory distrituticns that include irregularities, Fig 27.
Because uf the sensitiviivy tvo small changes, it is of interest to consider both
nominal and matched comparisons. For both a nominal (NC) and a pressure matched
(PM) comparison, the HST produces clear evidence of a shock peak in R(X) but there
is no similar evidence from either of the other tunnels, although for the 3Ft the
absence could easily be due to the gaps resulting from transducer failures. For
the 1M, although there is the possibility that a very sharp peak has been lost
between measuring positions (as inferred from Fig lba), it seems much more likely
that no peak exists. Indeed the My, distributions (Fig 28) for Sections 1lE and 3E
show that the maximum values of My in the 1M tunnel are considerably less than
those in tne other tunnels.

M= 1.10, a =0

The oscillatory pressures for Section 2E are shown in Fig 29, the upper surface
My distributions in Fig 30. All three tunnels produce irregularities across the
chord in the oscillatory pressure distributions and for these there is little agree-
ment. However, there is agreement with regard to the general shapes of the distribu-
tion, apart from the vicinity of the trailing edge. Whereas for the HST it seems
likely that the oscillatory pressures retain a non-zero value up to the trailir,-~edge,
from both th2 1M and 3Ft tunnels there is evidence of shock peaks ahead of the
trailing edges.

Comparisons between HST and 1M for Lifting Conditions

M = 0.80, a = 4°

Both a nominal and a pressure-matched comparison are presented. Fig 31 shows
the oscillatory distributions for Sections 2E and 4E, and Fig 32 shows the My dis-
tribution at sections adjacent to those at which the oscillatory pressures were
measured. It will be seen that matching significantly improved the agreement of Mp,
particularly with regard to the strength of the forward recompression. For the
oscillatory distributions it produced an improvement at Section 4E, but worsened the
comparison of I(X) at Section ZE.

M = 0.90, a = 40

For this case, comparisons extend over four sets of results, nominal and
matched conditions in the HST, unmodified and CSW-modified conditions in the 1M.
Fig 33 shows the oscillatory, and Fig 34 the M distributions. The matching process
sought to achieve agreement with the unmodified 1M, not the CSW modification, and
greatest attention was paid to the strength of the forward recompression at Section
3E; this resulted in the subsequent expansion and second recompression remaining in
disagreement. However, the CSW modification brought the steady flows in the two
tunnels into much closer agreement. Fig 33 shows that the combination of pressure
matching and the CSW modification did indeed bring the oscillatory pressure distri-
butions into reasonably good agreement. The effect of a change of frequency on the
distributions in the HST for this particular (M, o) condition has already been des-
cribed, Section 11.4, Fig 17. Qualitatively the effect of frequency in the 1M tunnel
was similar. That is, the forward peak in R(X) was reduced, and near mid-span R(X)
increased with frequency.

M= 0.95, a = 5°

The oscillatory pressures are shown in Fig 3%, the upper surface Mj distribu-
tions in Fig 36.

For a nominal comparison there is a large difference in the steepness of the
recompression behind the rear shock, and to achieve a reasonable matching it was
necessary to reduce the tunnel Mach number in the HST by a large amount (0.03). The
oscillatory pressure distributions in the two tunnels have the same general form
except in the vicinity of the rear shock peak which occurs at S8ection 2E. A broad
conclusiorn is tnat the comparisons are improved by pressure matching although
considerable differences remain over the rear of the chord. There might have been
further improvements had the CSW modification been tested for this Mach number.




l4.b  Comparisons between HST and 3FL for Lifting Conditions

For both the standard test cases, M = 0.90, a = 49 and M = 0.Y5, a = Y, tne Sk
tunnel produces oscillatory pressure distributions at Section ok that are in serl ous alsas
greement with those from the HST. 1t is sufficlent to descrive tne effects of luore
ineidence for only M = 0.9y, starting from a low=1lift condition, Figs 57 ang 27 show o
this difference develops with increasing incidence. For a = 19, H(X) Is In excellont o=
ment, but for higher incidences there is a growing divergence. Initiaily as luclacnee o
increased in both tunnels, the forward peaks in R(X) and 1(X) arc displuced roarwards, but
tor a > 32 in the 3Ft the peak moves forwardsto the leading cdpe, and for a = 57 tne alotri-
butions in that tunnel resemble those for a non-lifting condition. For Scetion -k,
there is better aualitative agreement about the general shapes of the distribations

L

LoWever,

1t is impourtant to note that the kind of differences snown In Plgs 37 and S0 oare noe
dependent on frequency. Indeed, the tunnel-to- tunnel comparisons of R(X) arc mucn oo Come
for all three frequencies, HHz, 40H: and 00Hz. From the differcnces ccourritg, st Jecti oL b
1t would appear that there must be a large difference in the types ol steudy ©low b Leact
for that section. The steady M distritutions prescited in Fig 3¢ certainly chow oteaay
flow differences between the two tunnels for all the steady measuring Jections {(i- li, 3k
and 5E), but when compared with Fig 34, are not so much larger than the differences Uor e
IM tunnel as to offer a clear explanation of the serious dissimilarity in the osci.latery
pressures occurring at Section 2E. Although it is not surprising, in view of the combinea
effects of model incidence and large model-to-tunnel size ratio thuat the SFU should exnibie
large interference effects, it is not understood why the disagreement found in the cscilla-
tory pressures at Section 2E is much greater than is indicated by the steady pressures ul
Sections 1E and 3E. It seems that in the 3Ft tunnel, the steady flow at Sectlion (b Jdiffers
from that at the other measurement sections by being critically sensitive Lo an lnerease
of incidence, and that, in this respect, the 3Ft differs from the other tunnels.  The corncio-
sion is that even for only moderate incidences, the 3Ft tunnel shows serious intertference
efflects by dramatically failing to reproduce the oscillatory pressure distributions of the
HST.

14.7 Comparison of Integrated Chordal Properties

As already described in section Y, the routine integration procedure yielded values
representing the local complex lift and moment contributions (ie L', L", M', M"), for
extrados and intrados at each of the measurement Sections 2 and 4., The significance of the
compeonents of moment about the leading edge is not immediately cbvious, and for this reasorn
another set of quantities has been derived from the following considerations. The classical
form of the real pressure distribution R(X) shows that it can readily be replaced by a lift
(ie normal force) component L' acting at a certain chordwise position X'. A similar replavce-
ment for the imaginary distribution, 1(X), has far less meaning for, in its classical form,
the distribution consists of positive and negative contributions which may be nearly equal;
it is more in the nature of a couple. For this reason it is more appropriate to replace the
distribution I(X) by an imaginary moment about mid-chord, MY . and the imaginary 1lift L".
Finally, since it is preferable to normalise both M" and hﬁ)by L'we arrive at the followiny

-
four quantities: 0.5

L real component of oscillatory lift

X' = M'/L', chordwise position of real component

€ z tan'l(L"/L'), phase angle of 1ift

m" H MS.D/L" normalised imaginary component of moment about midchord

. 1 . . .
It is noted that both L' and X' are "steady-based" because they have significance for steady
and quasi-steady conditions; the other quantities e and m" are essentially unsteady
properties.

M = 0.80 and M = 0.90 were chosen for the comparisons. M = 0.9) was excluded becausc
the presence of a rear shock causes large irregularities in the distribution of the oscilla-
tory pressures and invalidates the simple integration procedure adopted. The distributions
for M = 0.80 and 0.90 were less troubled in this respect. PFor all cases,only the upper
surface contributions are compared since it is this surfacce that undergoes the larpest and
most interesting changes.

Figs 40 and 41 are for M = 0.80 and show each of the chordal propertics plotted frirstiy
against frequency for a = O and then against incidence for £ = 40Huz. Figs 40 and 435 show in
a similar manner the results for M = 0.90. The only points included for the 82 tunnel are
those for 40Hz, but the agreement between this tunnel and the HST is sutficiently pood for

this frequency to assume that the agreement extends to other freguencies.

We firstly consider the variations with frequency (Figs 40 and 4.). After making
allowance for scatter, it appears that both of the unsteady quantities, ¢ and m" vary
approximately linearly with frequency. But it is surprising that the lines do not oo
through the origin; the vertical offsetls for £ = 0 are indeed consistent with the anomalous
single-sign pressure phase angles for the HH. oscillation (see Fig 10), but the reason tor
this remains obscure. For M = 0.80 the 1lift and its phase angle in the 3FL differ markedly
from those in all the other tunnels; surprisingly the agreement is better for M = 0,90, In
each case, the chordal comparisons reflect the previous comparisons for R(X) and 1(X). For
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both Mach numbers,when comparison is made with the large tunnels, there ls a lendency for
m  to be numerically larger in the 3FU ana less in the 1M, bul the agreement in the latter
tunnel is improved by CUW. For M = U. U, Lhe phase angle varies only slightly with fre-
Juency and the centre of the real component of lift tends to move rearwards.

The variations with incidence (Figs %y und 41) show otner aspects. For botn Mach
numbers an increase in inclidence leads to an important increuse in the real component of
lift. For M = 0.0U there s reasonable agreement between the HOT, S¢ anag 1M (no results
for a > U are available from the 3Ft). For M = 0.90 the plcture is different. There is
3till close agreement between the HST and §J, indeed it is assumed that the aiffercnces
whicn do exist indicate the order of experimental uncertainty in the integrated recults.

The shaded bunds have been drawn as an average und better representation of the results from
the large tunnels, For thne large tunnels, the salient effects of increasing incidence are i
the increase in L'; tne reduction in e (which surprisingly shows more sensitivity to inci-

dence than to rrequency); and the pronounced rearward displacement of tne centre of real
lift at Secticu 4E for a > 39,

With increasing incildence, tirstly the 3FU and, later, tue LM tuil to reproduce the '
increase in L obtained in the large tunnels, also the differences in tne olhier properties 3
tend to worsen. But again we tind the COW modification goes some way Lo eliminating these
differences for the 1M tunnel. The large fluctuations appearing in the 3FU resulis are
probably assoclated with the anomulous benhaviour of the oscillutory pressure aistrivutions
when incidence is increcased as previously described.

The variations with incidence plotted in Figs 41 and 43 were all obtalned for precisc
settings, M = 0.80 or M = 0.90 and with exact values of incidence. UOther resulls are
available from the HST for conditions wuicu "match" each of the steuady flow conditions for
a = 4° in the 1M and 3Ft tunnels; botn tne nominal and matched comparisons are plotted 4t
the right-hand sides of the diagrams. From these an interesting point emerges. Whereus
steady flow matching produced significant changes in the steady-based properties L' and X',
and indeed improved the comparisons, it produced only small chgnges, and no signiricant
improvements in the unsteady properties represented by € and m . This suggests that the
unsteady properties are less sensitive than the steady-based properties to small changes of
M and a. On the other nand, the C3SW modification in the 1M had considerable effects on both
types of quantity.

15 SUMMARY OF RESULTS

15.1 Steady-flow Matching

Except for the irregularities very close to the leading edge, or to a shock wave Wil
one is present, the oscillatory pressure distributions for non-lifting cases were not sensi-
tive to small changes of incidence or Mach number; thus steady-flow matched comparisons
were little different from nominal comparisons.

PSP

For lifting cases, a nominal comparison produced steady flows in the 1M and 3Ft tunnels
that differed from the flow in a large tunnel. Some improvements in the agreement between
the distributions of steady pressure could usually be obtained by the combined adjustment of
Mach number and incidence, but an improvement in one aspect would often lead to a worsening
for another., Thus, for a lifting case a complete steady pressure match was not usually
possible; there were residual differences that could not be eliminated by any further adjust-
ment of Mach number and incidence.

Nevertheless, the matching procedure usually did make some improvements to the oscillu-
tory distributions, and there is some evidence to suggest that the improvements were greater
for the steady-based properties than for the unsteady ones.

15.2 S2 Tunnel

Changing the wall porosity had only a small effect on the steady lift at high angles
of incidence, and produced no significant effects on the shapes of the oscillatory pressure
distributions. When results obtained in the S2 with its usual wall configuration were
compared with those from the HST the agreements were generally good.

15.3 1M Tunnel

For most of the tests in this tunnel the reflection wall, that is the sidewall at
which the model was mounted, was perforated like each of the other boundaries of the working
section, (see Fig 2). In this condition, the tunnel gave a much lower steady lift curve
slope than any of the other tunnels and there were significant differences in the oscilla-
tory characteristics, including lower oscillatory 1lift and differences in the pressure and
1ift phase angles. Closing the perforations at the model wall had a large effect on both
the steady and the oscillatory properties, and generally brought the results more into line
with those from the large tunnels. Measurements in the empty tunnel showed that closing the
perforations had little effect on the thickness of the sidewall boundary layer, but there is
some doubt as to the relevance of these empty tunnel measurements to the circumstances when
the model is in place.

15.4 3Ft Tunnel

. _Although for nog-lifting cases this, the smallest tunnel, produced oscillatory pressure
distributions which, in some cases, were in reasonable agreement with those from the larger




13

tunnels, it failed Lo reproduce correct results when incidence was incereased.  This inter-
rerence effect dppears to lead Lo oa critical change in the type of steady flow al the upper
surtuce at a particular spatwise pusition, Seetion cke Surprisingly, in view of this dis-
agreement, the steuady iocal Lift at other spanwise locations is in reasonable agreement
witn tnat oblulned in the larger tutinels.

vy Peatures Appeuaring in the Uscillatory Pressure bistributions

MOSt uf tne features tnat show tunncl-to=tunnel differences are connected with the
pproach tu, o Ve Jdeveropment of, local supersonic fluw., They are: the K-bulge, its
sensitivity Lo frejuency, and the irregularitics in both the real and imaginary distribu-
vions caused by Shooe waves.  Both the H-bulge and the peaks ussoclated with a shock are
cnaaneed by Lolnorvase o e juen For lnstalce Lhere are examples where no shock peax
1o present for o juaaoi=stead)y suciliatlon, tab one appears for 4 nol-cero freguency.

The h=lalge, arvady Iecognlocd by Vigdeman® andg originaily vonsidered to be u pre-
Cul'cor Lol OnL. Je wWave, Wilh tne prescnt mouel oat ozero incldence first becomes definite in
T for o= L., 1ol the tannels it o 1s more prominent at the more inboarda section.
Altneugh Whe coro-inclgence Moodistributions are almost the same 1o all the tunnels, tne
e Lape 2Lffers from tutnel Tootunnel. For freguaencies up tu oOHz it is
naraly discerdat.e fn ot wnmegifica oMo un tne other hand, in the 3Ft iU is clearly evi-
dent for Mozt oang suno oven be detected for Moz Uty for these conditions the highest
soval Macn o nanters A couarce far from o Sonle. IV thus seems that the pnenomenon cannhol
Lo opolubted Seiely U Siee booeial Muen number aU Uhe model surfuace.  Fossibly its occurrence
dup Mor'e wio She §Popertles o Loe decper Plow field away from the model surface.  That
Lo, jer'niyg s

PO wwlo Caooway elatod Lo nhear-gonde velveltles gt thie model surface and
Lbal net necessarily nearssonice) velocitles away from the model, ang to tne
rnel o waolis nave on thio aueper tlow flesd. Thern the more 'open' bounduries

1 othne M oarng Ve o .
’

Do U Lnie il

Snlsattioe the

roproximity to tne model of the roof and floor of the 3FU might Lo
smaller tunnivls Lave opposite tendencles, at least up Lo (ubic, in

Ll PEUSOn WLy Lhuose U
comparison Lo the larger

Lservat 1ons on the H-tulge may bLe expirained gualitvatively with vne
Propagating acoustic waves presented in reference t. The speod
o, emitted from the tralling edge, propagate towards the leading
Lothee amount U nead Wind they encuvdnter. The higher the local Macn
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ot GUDLLUATOREY PRECOURRND AT TUNNEL Kool Ok FLOUR

The oscliadb ry pressule 4l Lhe rool or toe floor of cach Luhnel was measured with o
serics of transducers inotalled i a weeden rail.  Cepending on the sense in which the moaed
was mounted, the rall was attached cither to the roof or to Lhe floor whichever was adlacent
Lo the model extrados (le "upper surtace ') Ino the IM and 80 tunnels the attachment was
directly to a perforated surfuace, in the hOT fnd MU tunnels the rall was attacned o oa
convenient slut. The plian position of the raill with respect to the naodel is shown in
Fig w92, The smuil giffersnce between the pesition o otne 00 lunnel and tnat o in the o
vunnels is not regarded as important in the interpretation of the results.

Measurements were made of the amplitude of the pressules oo ol wivi, e & g .
sscidllution and these were normalised 1 the same manner as the model pressures. The results
for the 1M oand HOT were attalined on-iine with the egquipment used for analysing the moded
pressures, those for the 3Ft and O30 were obtained from tape recordinggs using cther analysis
equipment. It is therefuore possible that small systematic Jifforences may be present between
the results using the two methods.

A general examination of the results for various test cases shows that the pressure
amplitudes tend to increase, but only slightly, with cscillation frequency and to become
inrger when the model is set at incildence. Examples of tunnel-to-tunnel comparisons are
Ziven in Figs #44b and 44c¢ which show distributions of the normalised pressure amplitude
(5w/pt 01) along the rail. I is noted that all the wall pressures are small ln comparison
with the oscillatory pressures at the model. After making allowance for the low accuracy of
the measurements, the main conclusions are as follows. For M = 0,00 (Fig 44b) the ampli-
tudes for the twe large tunnels are in peasonable agreement and are small when comparced with
Lhuse oceurring in the smallest tunnel, the SFU. Intermediote values are ottained from the
IM tunnel. In relation to the distances between the rail and the model the pressure ampli-
tudes in the different tunnels are correctly ordered, although the shape of the distribution
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in the 3Ft is different from that 1n the other tunnels., For this Mach number closing the
perforations at the side wall of the IM tunncl, the CEW modificatlion has negligible effect,
poth for the case shown, a = O and fur a = 4°,

For M = 0.30 (Fig 44¢), the normaliced pressures are lurger than for M = 6,00, but the
ircrease 1s reasonably consistent with the lucrease with M of tne normalised precsures at
the model. For this higher Mach number (M = 0.90), there 1s o general similarity between
thie shapes of the distribution alons the rail in the different tunnels. It is interesting
to note that for this Mach number the CUOW modificatlion nas a large effect which il consls-
tent with the effect it has on the model pregsures and forces. It is also of interest Lo
note that the results for the unmodified IM tunnel are nearly the same as those for the two
Ltarge tunnels. It 1s c¢lear that a change In the ventilation of the side wall has a large
cffect on the gencvi. pressure fleld.

. GENEHAL DICCUSBSION AND CONCLUSIONS

The investigation was aimed at providing experience of tunnel interference effects on
unsteady oscillatory characteristice. In conslidering the results from the different tunneles
I+ Is assumed that any Jdifferences that cann.t b accounted for by an excessive sensitivity
L, purametric settlugs are due to Jdiffercnces in tunnel lnterference. Common Lo all the
coumparisons was tne half-model technique in which one side wall of the tunnel 1s required to
act as a reflection plune. Wwhilst the present results cannot provide direct information
about the ability of a half-model to represent correctly a complete tip-to-tip configuratic:,
attention is drawn to this guestion by the effects of changes made to the side~wall ventilu-
tion in cne of the tunnels.

Absence of serious interference effects in the two large tunnels

Whern comparing the results from the HST and S2 tunnel it must be remembered that arn
agreement betweern two tunnels 1s not unambiguous evidence of an absence of interfereuce; it
could mean that both tunnels were affected but to the same extent. However, the good general
agreement tetween these two large tunnels, coupled with their different forms of roof and
floor ventilation and with the insensitivity to changes of ,orosity made in one of them,
points strongly to the conclusion that for the NORA model neither of these tunnels produced
large interference effects. This gives confidence for future testing with that ratio of
model-to-tunnel sice,

Interference effects in the two smaller tunnels

Each of the two smaller tunnels, the 1M and 3Ft, under some conditions gave results
that differed from the larger tunnels. It is reasonable to assume that these differences
were caused by interference either due to the tunnel being too small or due to unsuitable
wall ventilation. For both tunnels the worst interference effects on the oscillatory
pressure distributions occurred when the local flow at the model was transonic or when the
model was at incidence and developing steady lift. For non-lifting conditions, that were
either completely subsonic or completely supersonic, the interference effects on the distri-
butions were sometimes small.

Most of the results from the 1M tunnel were obtained with much of the reflection wall
remaining perforated. For these, it is not possible to relate the respective interference
effects in this tunnel and those in the 3Ft tunnel simply to the sizes of the two working
sections. For instance, for the particular Mach number examined, the slope of the steady
lift curve measured in the smaller tunnels when compared with the larger tunnels was too
low for the 1M tunnel but in excellent agreement for the 3Ft tunnel; yet the working section
area of the 1M is approximately 1.7 times that of the 3Ft.

Closing the perforations at the side wall in the 1M tunnel, the CSW modification,
brought the steady 1ift slope much closer to the large tunnels and improved also the agree-
ment for the oscillatory characteristics, but only a few results were obtained with this
modification. If the CSW modification had been used for all the tests in the 1M tunnel it
is probable that the agreement with the larger tunnels would have been generally improved*.

In spite of the good agreement between the steady lift slope in the 3Ft and that
obtained in the large tunnels, interference caused serious effects on the oscillatory
pressure distributions when incidence was increased away from the condition for zero-lift.
It is concluded that the tunnel-to-model size ratio for the 3Ft was too small.

Effects due to interference differences in the mean steady flow. Steady flow matching

The experiments have provided abundant evidence that the oscillatory pressure distri-
butions can be highly dependent on the steady flow over the model. Thus, interference
causing tunnel-to-tunnel differences in the steady pressure distributions is naturally
likely to lead to differences in the oscillatory characteristics. Broadly speaking it was
found that the greater the differences in the steady pressure distributions, the greater were
the differences in the oscillatory distributions.

*It has been known for some time that the 1M tunnel is too open for interference free
testing. To overcome this problem the tunnel is presently being equipped with a slotted
test section with an cpen area ratio of about 3%.
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Attempts to eliminate tunnel-to-tunnel differences in steady f'low by adjustment of
tunnel Mach number and model incidence in one tunnel relative tu the scttings in another,
Wwere not generally successful, except for zero 1lift conditione under completely subsonic
conditions. Nevertieless, by this means it was sometimes possible to reduce the steady
differences, for example those relating to the position or strength of a shock wave, and
when this was done the oscillatory characteristics also were usually in better agreement.

Unsteady interference

No example was encountered where an interference effect on an unsteady quartity w
net accompanied by differences detectable under steady conditions. Thus, cven whnern
pessible to obrain a match of the mean steady flows (for instance at Lore lnelac: s o
tunnel-to-tunnel differences occurred in the oscillatory pressure distributions ror o=
ero fregquencies they were accompanied by differences for guasli-steady changes.  howoever,
cxamples were found where the differences became greater as frequency inercuased; Lhese wels:
doually associited with the approach to sonic local flow or with thv presence of ohooe
Wives.

Type and amount of wall ventilation

The differences between the results trom a large tunnel and those from the 1 witn
yerforations at the reflection wall are likely to be due Lo the fnatility of @ ventliat
wialle L0 a0t as on adejuate reflection plane,  bBut regarded more generaily, the effeets
cavslng the side=wall perforations draws attention to the role played by the Lype una
: toof wall ventilation in reducing tuntiel interferchnce - 1 role which aoubtless bee e
more crucial as model-to-tunnel sice ratio increuases.

.

Model=to-tuntel sice ratios reguired Lo avoid large interference offects

Whilst the present results cannot themselves produce any ponoril ules dboeatl acce) b=
wae model Slov, they add considerably teo tne general expericnce on wnleh juapelento oo
oove made In praciice.  Jn the wnole, they tend to confirm conventional practice.
Sugrgest that for a model of the NORA type and sise, a tunnel having o working section of
atout Ime would be marginally suitable.  However for a tunnel of tinis sice it le importas
tnal thie walls have appropriate ventilatvic  characteristics.

Uscillatory measurements in transonic flow

The sensitivity of the oscillatory pressures to small parameeric changes and thv
irregularities that were found in some of the chordwise distritutions have peneval img 2icu-
Liots WITh regard to pressure measurements In transonic fiow. Unieus o sufficient numtor
o measuring positions 1s included and an adequate range of parinetlers is covelvd, tho
regults obtained in the presence of local scnie or supersonic fiow could be misiceading.

general information on unsteady transonic conditions

Cistinet from the subject of tunuwl fnterference, the measurements oblalned in tne
tunnels, considercd to be free from lurpge interfercnce eoffects, torm a coilectivn 0
Dntormation useful Lo the understanding of unsteady transonic conditions, ana of i o

U incldence. The incercase dn oscillatery LIift that was found to oceur with inercneing

fneidence 1o 0 Lo o oot dmplications with regard Lo the general protlen of
flatter.
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TABLE 4 :
Values of frequency parameter, 2nfc/V ¥
M £ = 5Hz 40Hz2 6OHz
0.60 0.07 0.56 0.83 §
0.80 0.0Y 0,43 0.64 :
0.90 C. 0y 0,39 0.%8 ¥
0.9% 0.0% 0.37 0.5 ¢
1.10 0.04 0.33 0.49 i
&
*
}
¢
§
¢
.
TAELE 5 X
Lift-curve slope and aerodynamic centre, M = 0.30 ?
(Mean values for the 1ncidence range from O to 3V greater than zero-lift angle) 14
r
' SECTION 1 X SECTION 3 ”
Tunnel - - L - 4
Lift slope Aerodynamic 4“ Lift slope Aerodynamic i
(scaled)* centre (scaled)* centre :
. ]
i HST 1.00 0.270¢ 1.11 0.217¢c 4
|
1 82 (0% open) 0.99 0.265 1.17 0.217 ¢
l r
| 2 (1% open) 1.04 0.205 1.20 0.217 k
1x 0.81 0.240 0.853 0.200 §
| .
CAM(CouW) 0.96 G.270 ; 1.08 0.217 :
) , | 4
3Ft | 0.78 0,280 ; 1.07 0.216
. i | S

*The 1ift slopes shown above have beer normalised by the value at
Section 1 in the HST, for which the local dC¢p/da = 2.9t rad-l
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RAE 3Ft Bedford

Roof & Floor : siotted (496 open
Side walls : solid

DFVLR 1M Gottingen
L4000 .

Roof & Floor : perforated 6°%o open
Side walls : perforated 6% open

ONERA S2 Modane

F4>42. ; 1770

........................................

Roof & Floor : perforated 1°/o to 6% open

Side walls : solid

NLR HST Amsterdam

2000

o 1600
4425

Roof & Floor : slotted 129 open

Side walls : solid

Fig 1 Tunne] working sections with NORA model (dimensions in mm).
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Mounting arrangement in IM tunnel showing root chord of model in

relation to the perforated wall.
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l VA
50° 35°
0/ ® 7// ®
650 -
L ____'_1/

Section | Position Pressures

0-133s Steady
0-389 Steady
0-52¢ Unsteady
0-612 Steady
0-712 Unsteady
0-786 Steady
0-895 Steady

® Accelerometer

O W e NN = O

Fig 3 NORA model and rotary oscillator (dimensions in mm).
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Still-air

Oesign and
Still-air T~

Fig 5 Position of oscillation axis as deduced from aceelerometers.  bnt luence
of frequency and incidence.  (HST).
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Fig 6 Local Mach numbers at upper surface, M = 0.80, in HST.
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Fig 7 Local Mach numbers at upper surface, M = 0,90, in HST.




M Section 1E Section 3E Section S5E
14
12 Q\ & %
W W\ W
\ \
10 P ‘\\‘ W
ocs & \ . Iy
2° 2° \ 20
° 0 o
08 0 L A 'l 0 I J X
1 1
16
M Section OE Section 6E
-4
oc= 4
12 2
00
\
\\ ‘\
10 )
—— 49
2,
08 1 — O A ] x
0 H
Fig 8 Local Mach numbers at upper surface, M = 0.95, in HST.
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Real Modulus
R Mod
o 60Hz
+ 4L0OHZz
o 5SHz(quasi-steady)
X - X

0 0 1
120’
1 Phase
0 X ¢ /
I Imaginary
0 . — X
1
-3
-60’
Fig 10 Oscillatory pressures, M = 0.80, a = 0. Influence of frequency,
Section 2E, HST.
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1

0 0
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Fig 11 Oscillatory pressures, M = 0.90, a = 0. Influence of frequency,
Section 2E, HST.
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Fig 12 Oscillatory pressures, M = 0.95, a = 0. Influence of frequency,
Section 2E, HST.
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Fig 13 Oscillatory pressures, M = 1.10, a = 0. Influence of frequency,

SEction 2E, HST.
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Fig 16 Oscillatory pressures. Sensitivity to small changes of Mach number.

M~ 0.95, a = 4.75°, { = 40Hz, HST.
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Fig 17 Oscillatory pressure. M = 0,90, 1 = 4
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Section 1 °

© S2 1%, open
o S2 6% open
¢ HST
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Fig 18
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Section 3

Moment

Variation of local lift with incidence, M = 0.90.
different lift origins for different tunnels).
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Lift

Variation of tocal pitching moment with life, M = 0.90,
different moment origins for different tunnels),
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Fig 22 Oscillatory pressures. Comparison of S2 and HST.
M =0.95, a = 59, f = 40Hz.
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Fig 23 Oscillatory pressures. Comparison of 3Ft, 1M and HS5T. M = 0.80
v 0, f = A0Hz.
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Fig 24 Local Mach numbers at upper surface. Comparison of 3Ft, 1M and HST.
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Fig 26 Oscillatory pressures. Influence of frequency in different tunnels. 5
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M = 0.90, f = 40Hz (continucd in Fig 38).
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