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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

Accession Fo-r --

NTIS c&
DD1C TAB,-
U~I n ' Qou ced J

Jus tifi c: t io Li

ByV____

_T' 1 S' t. y _ J .-lf_

il ml..........
i __ I

'iA



CONTENTS

Page

PREFACE iii

SUMMARY I

LIST OF SYMBOLS I

PREFACE 2

1 INTRODUCTION 2

2 THE EXPERIMENTS IN OUTLINE 2

3 THE TUNNELS 2

4 THE MODEL 3

5 INSTRUMENTATION 4

6 MEASUREMENT PHASES 4

7 RANGE OF PARAMETERS 4

8 MODEL MOTION 4

9 NON-DIMENSIONAL QUANTITIES 5

10 BASIC STEADY FLOW OVER MODEL 6

11 GENERAL DESCRIPTION OF OSCILLATORY PRESSURE DISTRIBUTIONS 6
11. 1 Influence of Oscillation Frequency and Stream Mach Number for Zero Steady Lift 6
11.2 Influence of Incidence 7
11.3 Sensitivity to Small Changes in M and ot 7
11.4 Influence of Frequency for a Lifting Condition 7

12 TUNNEL-TO-TUNNEL COMPARISONS OF STEADY LIFT 8

13 STEADY FLOW MATCHING 8

14 TUNNEL-TO-TUNNEL OSCILLATORY COMPARISONS 8
14.1 The Cases for Comparison 8
14.2 Porosity Variation in S2 9
14.3 Comparisons between HST and S2 9
14.4 Comparison of HST, I M and 3Ft for Non-lifting Conditions 9
14.5 Comparisons between HST and I M for Lifting Conditions 10
14.6 Comparisons between HST and 3Ft for Lifting Conditions I I
14.7 Comparison of Integrated Chordal Properties 11

15 SUMMARY OF RESULTS 12
15.1 Steady-flow Matching 12
15.2 S2 Tunnel 12
15.3 1 MTunnel 12
15.4 3Ft Tunnel 12
I15.5 Features Appearing in the Oscillatory Pressure Distributions 13

16 OSCILLATORY PRESSURES AT TUNNEL ROOF OR FLOOR 13

17 GENERAL DISCUSSION AND CONCLUSIONS 14

REFERENCES 15

ACKNOWLEDGEMENTS IS

TABLES 16

FIGURES 18

iv



COMPARATIVE MEASUREMENTS IN FOUR EUROPEAN WIND TUNNELS OF THE UNSTEADY
PRESSURES ON AN OSCILLATING MODEL (THE NORA EXPERIMENTS)"

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

SUMMARY October iJs11

..4; To obtain experience of the influence of tunnel wall interfereice on flutter and
other unsteady tests in transonic wind tunnels, a programme of oscillatory pressure
measurements was repeated in four tunnels.nam ly:L-

j-'3ft RAE Bedford, $2 ONERA Modane, .
I lM_ DFVLR Gottingen, HST NLR Amsterdam.

These tunnels differ in the siyQ of working section, their cross-section areas ranginig
from approximately 0.6 to 3.2- they also differ in the form of wall ventilation.

In each tunnel, small amplitu -harmonic )scillations were applied to the same
rigid half-model of a low aspect ratio lifting surface, and chordwise distributioris of
the fundamental components of the oscillatory pressures were measured. Measurements werc
also made of the steady pressure distributions for the mean position about which the
oscillations occurred. Some measurements were also made of th oscillatory pressures at
a wall of each tunnel.

Stream Mach number was varied between 0.60 and 1.10, and the mean steady inlcidence
of the model from 00 to 5.54\ Tvi;t wure made for three frenaL-n cieo of oscillation, -: e
lowest, 5Hz, being regarded as a quasi-steady variation, the others, 40Hz and OIH,
giving values of frequency parameter, based on mean chord, between 0.3 and 0.8 depenlding
on Mach number.

In relation to normal practice, two of the tunnels were large compared to tie model.
They gave results in general agreement thus suggesting that for these no .;, Pulla -
ference effects occurred. Results from the two smaller tunnels provide examples of
interference effects caused either by the tunnel-to-model size ratio being too small or
by unsuitable wall ventilation characteristics. It is shown that the interference vffucto
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.

",The 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" M" 0.5/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 , II
section 9) PI p real and imaginary components of

oscillatory pressure
L, L" normalised real and imaginary amplitude of oscillatory pressure at

components of oscillatory w
local lift (see section 9) tunnel wal

M, M" normalised real and imaginary Pt tunnel total pressure

components of oscillatory
local pitching moment (see R, R(X) normalised real component of
section 9) oscillatory pressure, its chordwie

distribution (see section 1)
M" M" referred to local mid chord

0.5 (see section 14.7) s model span (root to tip)

*The letters of the acronym NORA refer to the names of the organisationo involved: NL%,
ONERA, RAE and AVA (a branch of DFVLH).



V stream velocity E phase angle of oscillatory local
lift (see section 14.7)

x distance along chord fromn local
ledng edge 0 amplitude of model osclilationr

(see section J)
Xx/,. churdwist: Vesitiut,

0, (X) pliase angle of oscillatory pressure,
Chordwise positioi of real its chorawiste distribution, (rsee

comnponent of local lift Zeet ion,~
(see sectioni i4.()

A angle of incidence of model
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Testing in wir.d tunnels plays a:i impor' ant part it, flatter prediction r aridpreitr,
particularly it, toe.t transon ric regier. - tne flow regionl of grcae st uncertainty; it will
conttiniue to au so at ieaict u.til tocioreti!oal predictioni of unsteady aerodyniamics ic;
Lcompletely relialble., * arthierm~re , moudeltein is the o,:,y :eo availabe to, the auro-
elasticiari for gaining exeiec f astu.Lal fluttering curi,uin. Tne ability if wind
tuninels to reproduce trie proper 4 o~dyr,amic coriditioris _f a free atmosphere aid the
avoidance of lrge wlrid-tUrniol 'ierfrernc, eft'ccti are trjerufure of great importanice . Tnet
maximum allowable: rri.Jl siz a: . validity uf measurements obtained close to. sonic: speed
LotIn are quest ions tooa re'nair , l arwr JL.

The importancet if i:,e.rfureno; eauLoei by ho ventiiated walla of tr'ansonic tuninels
:.as ben far from c ea vor1 a je eode aj, tiie! discovery that aeridynamicdapnws

sensr~itive to the amou:.t f ye:. ial leat a spatte f experlment3 and theoretical work
!4imej at estabiliig tfU. mo.3t ALi priuto 1,_rooity o~lt~ for- avoiding these large

efets,. A little iaucr Cear; _f orxr iabiv resuito from transonic tuninels were some-
wniat allayei wner, experimients made "it the .ILh produced virtually the same unsteady pressures
,If a model oscillating it, two tunnelis navitrg quite differcl' shapes anid sizes 4 . On the

thrhand, mire recently work by NAJA, ONEhA anid iBoeirng znowed that appreciable interfer-
COCeffects c ould o'cr onl trairsonic flutter, anid agaii. brought, to the fore the effects of

wail ,.orosity. It was against thiis backgrounu that the presenit experiments were planned.

Essentially thi. NORA experiments have co:.slstud of testing one and the same model in
four trarisor~ic tunnels of different sizes anid hsavirg different wall configurations, the
objective being to gain further knowledge it' the effects of tunnel interference eni oscilla-
tory measurements and thus indlirectly with1 regard to flutter testing. Unlike previous
investigations of unsteady interference, t~Ie tests have included transonic conditions in
which the model is developing steady lift. As well as fulfilling thre primary purpose of
making comparisons between the turine Is, the, experiments have yielded useful knowledge about
oscillatory pressure distributions under a variety of tvruoiynamic conditions.

S THE EXPERIMENT- IN o'jTLJ NL

The experiments were made with a .;igemodel rep-resvnting a realistic traisoriic
'2onfiguratiuoi an~d of sioc .homtiwhat "1too ll rge"l for the s:mallest, and rather "too small" for
tne largest tunnel; it was oscillated as a rigid body and oscillatory pressure distribu-
-oris were measured at, two spanwiste positions3 for a railge ofardnmcconditions. The

unsteady measurements6 were aiway.: obtained with, the same eqiuipment anid moreover they were
always made by the_ :;ame NORHA tearn. oo:4iseratioti was g7iven to matching in the various
tunnels the co)rre.spo)nding meian steady flow cn~i about which the model was oscillated
'A id fojr whicn the- oscillatory co mjarisonoi= were'L Made.

THriE P;NNEL2:
"te turL4 ietisenral sdb he participatilng organisations for their,

osc ill'itory and flutt''r tu:;ts. They are:
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3Ft HAE Bedford (UK)
IM DFVLR Gottingen (Germany)
S ONERA Modarie (France)
HST NLh 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 should be noted tnat 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
5ft 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 fuur 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.

IM Tunnel

All four boundaries are perforated by holes, lOmm dia, drilled at 600 to the
normal to the surface. The holes are in rows inclined at 16.1o 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 600
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 accurding to Mach number as follows:

M Porosity

0.60, 0.80 1%
0.90, 0.95 6%

1.10 1%

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 aerufoil 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 10
depending on frequency. For most of the tests an amplitude of 0.50 was chosen. The lowest
natural frequency (f the mechanical system was torsion of the shaft at about IOOHz. 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 0 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 O.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 arid 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 previous 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 to the model's extrados (see Fig 4a).
The tunnels were oucpied in a series of Phases:

Phase Tunnel Date

1 3Ft Jan 77
S," May 77

3 3Ft Sept 77
4 iM Jan 78

5 HST Aug 78
6 S2 Apr 78

The purpose of the preliminary first phase was to check the assembly of the components
and 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 4 onwards no further failures
occurred and the model remained intact. A number of key conditions in the S2 tunnel were
repeated in Phase u, 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 S2 that are compared with another tunnel are those obtained in Phase u.

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 4 M l.lO
0 < a 4 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 4. Tunnel total pres.;ure, '. was
either u.g9, 0.60 or U.14u bar chosen for each (M, a) combination with regard to the load on
the model; but as far a:; possible the value.; 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 mounting had been perfectly rigid, the imposed sinusoidal oscil-

lation would have been pure rotation about the design axis as shown in iig 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 principle, the precise

model motion depended on the rigidity 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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moj~el. Fur 40hz it stil air a tnual jine lay ciuse to the uesign axis, but when the mooel
was loaded by the oscillatory aerodynamic forces the line bent towards the rear of the mouel
as shown in Fig 5, and the magnitude (f the angular motion increased slightly along the spani.
,ine g4neral conclusion from all measurements was that for 401iz there were no serious tunnel-
t-tun:,el uifferences i. the motion.

Increasing the oscillation frequency to 60Hz led to greater divergencies from the
design axis (Fig 5), 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 60Hz to the differ-
ences in the nodal line positions. Nevertheless 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.

.9 NON-DIMENSIONAL QUANTITIES

From the measured quantities

p steady pressure

p' oscillatory pressure in phase with model displacement

p" oscillatory pressure in quadrature with model displacement

Pt tunnel total pressure

e1 amplitude of model angular motion measured in a fore-and-aft plane,
tne uata prucessors produced the following non-dinensional quantities which are ueu
tnruughout 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 al) rad
-
1, I = -P"/(pt 6. ) rad-

1

Mod and 0, modulus and phase angle of pressure, where
Mod = (R

2 
+ I2 tan

-1 
I/R

Chordwise Position

X E x/c, where x is distance from the local leading-edge and c the local chord.

The unusual form of the non-dimensional pressures calls for an explanation. It will
be noted that the quantities ML 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 ML) 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 O(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 O(X) are essen-
tially 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:

Steady Section Lift and Moment 1

Lift 10 (PI - PE)/P tidX

Moment =fo DPI1 - PE)/Pt] X dX

where I and E refer to. intrados and extrados respectively.

Oscillatory Chordal Lift and Moment (separate contributions from extrados and intrados)I
L' + iL" = (R + il) dXMI + iM"o = f1(R+i).X dX
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In, the descriptions of the oscillatory distributions to fo~llow we shall ae reference
to two main features of the upper surface flow namely, the forward recompressbon anid tile
rear shock. Also it will be necessary to recognise the highly three-dimelnsIonal nIatu re of
tone flow when the incidence of the model is increased.

ii 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
these features to the parameters, incidence and Mach number ; 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 HiST, 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 S2, the other large one, with regard to the shapes of the oscilla-
tory distributions.

11.1 Influence of Oscillation Frequency and Stream Mach Number for Zero Steady Lift

For non-lifting 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 70.80
the results from the upper surface for oscillation frequerncies 5hz, 40Hiz 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.
,t is probably due to a small separation bubble close to the leading edge. Disregarding
these irregularities, we note that the chordwise distributions li(X) anid I(X) for thle hijiher
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 anid negative senses)
close to the leading edge; for 40hiz arid bOHz 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. Thle real
component R(X) is hardly changed and the main effect is to increase the magnitude of tht
imaginary component I(X) and thereby the moduilus Mod(X) anid the phase p(X).
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significant effects on R(X). For Section 2E the forward peak is reduced whilst the rear
1cdi is moved rtarward and its height is ilcreased. With Pegard t thU.. ciages inL thU
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, f = 40Hz 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 5Hz 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
60Hz.

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 lift with incidence and
the position of the aerodynamic centre. Fig 18 shows the local lift for Sections 1 and 5
obtained by integration of tie 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 across 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 lift slope for three tunnels, HST, S2 and 3Ft and the
much lower slope obtained in the iM tunnel in its usual form. However, the closed side-
wall (CSW) modification to the IM tunnel increases the lift slope and brings it more in
line with that for the other tunnels.

Fig 19 shows the local pitching moment plotted against lift, the slopes of the lines
representing the chordwise position of the local aerodynamic centre. Mean slopes have
been obtained from the diagrams to give the local values of lift slope and aerodynamic
centre set out in Table 5. This shows that the IM tunnel in its usual condition differs
from the other tunnels not only for lift slope but also for aerodynamic centre, both
properties being brought more into line by the CSW modification.

A reduction in the porosity of the roof and floor of the S2 tunnel from its usual
value is seen to increase the lift slope by a few percent. Apart from this small effect,
the differences in lift slope and aerodynamic centre for the three tunnels, the HST, 3Ft
and 62 (with the normal value of the porosity) are of the same order as the limited accuracy
of the integrations.

The lift slopes have a tendency to increase with increasing incidence - a fact which
appear:; ujiji; wicn w, cutidcr thu uscilitury lift. For the 3Ft tunnel there is evidence
of a kink in the lift curve for Section 5 between a = 20 and a 3o. This fact will also
be of interest when the oscillatory lift is discussed.

13 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 diff rences 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 ML at the trailing edge and
same steady local lift at Section 3 from integrated steady
pressures. This method was normally used for non-lifting
cases and ended with the local lift being olose to zero
value.

Pressure match (PM): This was the technique used in the HST for lifting cases in
attempts to reproduce the steady pressure distributions
already obtained in the iM and 3Ft tunnels. The procedure
was to adjust M and a until the best match of the extrados
ML 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 the oscillatory tests
began; it usually ended in a somewhat arbitrary compromise.

14 TUNNEL-TO-TUNNEL OSCILLATORY COMPARISONS

1
1
.1. The Cases for Comparison

Within the general ranges of parameters, particular tunnel-to-tunnel comparisons wert
made for the following standard cases:



Non lifting Liftinr

M. Pt M Pt

=0 0.60 0.9 bar 40 0.90 0.6
0.80 0.9 50 0.90 0.6
0.90 0.6 50 0.95 0.46 or 0.6
0.95 0.6
1.10 0.6

Results for 40liz oscillations were obtained in every case, and in many cases
results were also obtained for 5Hz and 60Hz. For the S2 and IM tunnels the comparisons
include the effects of modifications to the tunnel walls.

From the large number of tunnel-to-tunnel comparisons produced by tire experiments
only a limited number cal be presented here. The aim is firstly to demonstrate tile agree-
ment between the two large tunnels; then to identify the respective areas of agreement
and disagreement between, on the one hand, one large tunLnel arid, on tile other, the medium
arid 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 oscillatory pressure, but for the particular test Mach numbers M 0. 0 arid
M = 0.90, consideration will also be given to Ceit :1 overall chordal chiaraicteristic..;
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 R(X) that is present for the 5hiz quasi-steady
oscillation, arid therefore traceable to differences in tire interference on steady or
quasi-steady characteristics. The other is a disagreement ill an essentially unsteady
characteristic, such as a difference in I(X) or a difference in the manner in which h(X)
varies with frequency.

14.2 Porosity Variation iin S2

In the $2 tunnel comparative tests were miade with maximum and minimum values or' tit
roof arid floor porosity. Reference has already been made to the small differences in the
steady lift slope for M = 0.90. Over tire whole range of Mach number arid incideince, it wao
found that 'he change of porosity had only a small effect on the oscillatory pressure,
distributions. Two examples are shown in Fig 20.

The S2 results used il the tunnel-to-tunnel comparisons were obtained with tire

normally used values of porosity (see Section 5).

14.5 Comparisons Betweenli HST arid 02

All tie oscillatory results ob, tined in the 02 tunlel during Phase ( showed good
agreement with the HST in regard to the general shapes of the distributions. Figs .1, rnd
22 show a selection of examples obtained for nominal comparisons. Fig Ilb has been olser
to refer to a condition ill which tile developing sonic ['low leads to irregularities which
are known to be sensitive to parametric conditions. Fig 2- " !, , . :1
tile local steady supersonic flow is well established arid tht ocdillatory distributioin;
have settled into a more doefinitet pattern. Ilr this case, there is remarkably 1.ood ag rc,-
ment for Section 21:, but some disagrculellt over tile forward part of the chord at Sect ion
4E, which indicates that tle forward rcOrirpression is slightly more :lhead ill the S" InelI".

14.4 _omparisoni of IST, IM arid 3Ft for Non-lifting Conditions

M = 0.o0, a 0

No results are shown for this conidition for which there was r0,7ol:lb t :rb t,-
merit between tile tunnels except for :;catter close to tile [.Cadillg edLe.

M = 0.0,O t - 0

Fig 25 shows tile compari sons for Sections 2E arnd 4E. arid frequen1cy t40!L-. For
tile IM turniel tre Iaini point of disagreemlent is ill I(X) over tire1 forward tNit't or' It'
chord, tiLe crossrIg point, 1(X) = 0, Occurring closer to tit' loadillg edg,. Il Co-
trast, ill tire it tuniel tile crossing point is mior, to the rear and iin tll unin tI
another disagreenerrt is tire prominent H bulgu which does riot occur ill tire ot tl'
tunnrrels for this Mach rnuiber; tils fe:rture is alre'ady p'r's'lt for tire quE.i-zit0dy
oscillation but worsens with ircreasinrg fr'equency. Although the steady NM di;rtl'in-
tiois (Fig 214) show ural diIferiCrCLs witir regard to irregularitite os at itl ;1or ,
they offher' no obvious Clues to tie! reasoii for the dii'foCre, nconI ill lilX) ill tie it

tunnel.

M 0. 9o, a 0

Fig 2,)a strows for 4th;; anid Sect tor 21'K the conllipar'i0Slol fo'1 tihe I iUre111 I1 . For
this tuLnn1el, ill its iorriral CoiditiO , the lrsill d ifL''r'lCee; rL'e tire :abst'llce of :a
prominent H bulgL and tilt mo10re po)sitive I(X) over tihe f'or'wnlr'd ii:llr' of tire Ctrd.
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However, the CSW modification reduces these diffe2r:nces3 and imdl d brings i (X) i:.:.

very close agreement with that of the LiST. Fig c"b mLews tile comlari:;un for t!i
5Ft tunnel. In thic tunhel, as in the unmrodifieu if-;, IX) is murk: poitiv- v -z'
the forward half of the chord, but if allowance is Jud, fur catter threre i5 Pean'd:,-
able agreement with the 2i1T in regard tu h(X). Fig 25c shows the comparisons fer'
Section 4E. For I(X) there are large differences uver the fore-chord Which, r.ia-
tive to the HST, are in opposite senses for tile il.I ac 3Ft tunnels. Again thev

difference is lessened by CSW.

Fig -o shows comparisons of the frequency effects ill the :.:. ..
.. " ' , f" . :: L.s I : , f "' -h C J " V'._ s.. m e i h a l l th r ee t u,,!e-s

proaucing a increase in the bulge at mid-chord, but quantitatively they differ.
Whereas both the HST and the 3Ft produce a large f equvncy effect on h(X), the
effect in the IN,1 is much less, at least in the absence of the CSW modificat p

M = .9, = 0

For this condition, due to the occurrence of sonic velocities, all three
tunnels produce oscillatory distriLutions that include irregularities, Fig 17.
Because of the sensitivty to small changes, it is of interest to consider both
nominal and matcied comparisons. For both a nominal (NU) 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 5Ft the
absence could easily be due to the gaps resulting from transducer failures. For
the IM, 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 M1, distributions (Fig 28) for Sections 1E and 35E
show that tno maximum values of ML in the IM tunnel are considerably less than
those in tne other tunnels.

M 1.1O2 U = 0

The oscillatory pressures for Section 2E are shown in Fig 29, the upper surface
11 distributions in Fig 30. Ali 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.2-edge,
from both the 1M and 3Ft tunnels there is evidence of shock peaks ahead of the
trailing edges.

14.5 Comparisons between HST and iN for Lifting Conditions

M = 0.80, a = 40

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 1L 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 ML,
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 2E.

M = 0.90, a = 40

For this case, comparisons extend over four sets of results, nominal and
matched conditions in the lIST, unmodified and CSW-modified conditions in the IM.
Fig 33 shows the oscillatory, and Fig 34 the ML 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, a) condition has already been des-
cribed, Section 11.4, Fig 17. Qualitatively the effect of frequency in the IM 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 35, the upper surface M L 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 Section 2E. A broad
conclusion is that 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. au



14.0 Comparisons but, een HST arid 3Ft for Lifting Conditions

For both tie standard test cases, M 0.90, (I = 4o aid M P. .5, a , t,. t

tunnel produces oscillatory pressure distributions at Section .1% that are in vi A: -
grement with those from the liST. it is sufficient to describe tile e''fect ,f I:x',
incidence for only M = 0.9. Starting from a low-lift conditiun,, Figs "i :t7,d - iw a..W

this differenco, develops with increasing incidence. For a = i', ! (X) is in. cx.-,

merit, but for higher incidences there is a growing divergenire. Initially a:. ,i. .

increased in both tunnels, the forward peaks in h(X) and l(X) arc displaced I'vrwan.i;, : ',

for > 3) in the 3Ft the peak moves forwards to the leading edge , and for
butions in that tunnel resemble those for a non-lifting cunrdit t . IFr :u cti r.i ,
there is better oualitative agreement about the general siiz : th,. U :'.

it is important to note that the kind of differences .snow:, in Fig,s 37 and 1: r.. 1-*
dependent on frequency. Indeed, the tunnel-to- tunnel comparisaor of 1. (X) ar. asus:, u:, s::
for all three frequencies, Si", 40l{z and bOlhz. From the diffr.:,c's c'i'.l .', ..
it would appear that there must be a large differnce in the types if s£ ady ;!ow 0' <,
for that section. The steady MIL distriLutions pre..*:ted in Fit - cc rt:j~y in n 'w t,'±cy
flow differences between the two tunnels fer all the steady measuring Sectionr I , i:
and )E), but when compared with Fig 34, are not so much larger than tnc di ffierics fr rt;,
IM tunnel as to offer a clear explanation of the serious dissimilarity in t:e ,cr. atun'y
pressures occurring at Section 2E. Although it is not surprising, in view cf trw' cLmbineo
effects of model incidence and large model-to-tunnel size ratio tiat tile "I.t shou I.x\nit]l
large interference effects, it is not understood why the disagreement found in tt -sc 1:
tory pressures at Section 2E is much greater than is indicated by tile steady ;r6sLur,.; at
Sections IE and 3E. It seems that in the 3Ft tunnel, the steady flow at Sectioi. E diffTrs
from that at the other measurement sections by being critically sensitive to a Incrl.o<
of incidence, and that, in this respect, tire 5Ft differs from tire other tunnels. 'I'll,
sion is that even for only moderate incidences, the 3Ft tunnel shows serious intcr'or'e.,e
effects by dramatically failing to reproduce the oscillatory pressure distributioi, or tri'
HST.

14.7 Comparison of Integrated Chordal Properties

As already described in section 9, the routine integration procedure yielded value.s
representing tile local complex lift and moment contributions (ie L', L", M', M"), for
extrados and intrados at each of the measurement Sections 2 arid 4. The significance of the
components of moment about the leading edge is not imediately obvious, arid for this reason
another set of quantities has been derived from the following considerations. The classical
form of the real pressure distribution 1(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 replace-
merit for the imaginary distribution, 1(X), has far less meaning for, in its classical form,
tire distribution consists of positive arid 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, M',' and the imaginary lift L".
Finally, since it is preferable to iormalise both M11 arid ; by L'we arrive at the followingt,
four quantities: 0".

L real component of oscillatory lift

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

= tan-
1 
(L"/L

'
), phase angle of lift

m MI / L' , normalised imaginary component of moment about midchord

It is noted that both L' arid X' are "steady-based" because they have significance for steady
and quasi-steady conditions; tire other quantities c arid ni" are essentially unsteady
properties.

M = 0.80 and M = 0.90 were chosen for tire comparisons. M = 0.95 was excluded because,
tire presence of a rear shock causes large irregularities in tire distribution of tire oscilla-
tory pressures and invalidates tire simple integration procedure adopted. Tire distributions
for M = 0.80 arid 0.90 were less troubled in this respect. For all cases,only the upper
surface contributions are compared since it is this sUrface that undergoes tire lartest irid
most interesting changes.

Figs 40 and 41 are for M = 0.80 arid show each of tile chordal properties plotted 1 ri. iy
against frequency for a 0 0 and then against incidence for f = 40ihz,. Figs 42 arid 4 show ili
a similar manner the results for M = 0.90. The only points included for the '2 tunnli ar'
those for 40Hz, but the agreement between this tunnel arid the HST is sufficiently good for
this frequency to assume that the agreement extends to other frequencies.

We firstly consider tire variations with frequency (Figs 40 aid 42). After' makiig',
allowance for scatter, it appears that both of the unsteady quantities, L and m" vary
approximately linearly with frequency. But it is surprising that the liines do nor j
through the origin; tile vertical offsets for f = 0 are indeed consisterit witih the anrI or:
single-sign pressure phase angles for tire 'il.: oscillation (see Fig 10), but the rea:son for
this remains obscure. For M 0 0.80 tile lift arid its phase angle iil tire Ft differ mar','dIy
from those in all the other tunnels; surprisigly the agremernt is better f'or M A. ko. I=.
each case, tile chordal comparisons reflect tire pr'evious compa~rn'oris for H(X) and ilX). Fr



both Mach numbers,when comparison is made with the large tunnels, there is a tundeilcy for
mi to be numerically larger in the 5Ft aria less in the IM, but the agrveement in the latter
tunnel is improved by CLW. For M z. 9Uo, the phase angle varies unly slightly witn fre-
qutncy and the centre of the real component of lift tends to move rearwards.

The variations witn incidence (Figs 3v and 41) show otner aspects. For bot, Mach
numbers an increast in incidence leads to an important increase in the real comporent of
lift. For M = O.OU there is reasonable agreement between the HT, an() IM (no results
fur a > 0 are available from tnt. 3Ft). For M = 0.90 the picture is different. There is
still close agreement between tue HfiT arid L:, indeed it is assumed that the aifferences
wnicn do exist indicate the urder of experimental uncertainty in the integrated results.
The shaded bands have Leen drawn as ai. average and better representation of' the reosults 1'r( -
the large tunnels. For tie large tunnels, the salient effects of increasing incience art,
tnu increase in L'; tnu reduction iin L (wnicn surprisingly shows more sei.sitivity to inc i-
deice than to frequency); and tlhe pronounced rearward displacemut of tile cei.tru of rua.
lift at Sectici 14E for a > 50 .

With increasing incidence, firstly the 3Ft and, later, tnie IM fail to reproduce tnt
increase in L' obtaineu in tne large tunnels, also the differences in tne othier prupurties
tend to worsen. but again we find the CW modification goes some way to eliminating the:i
differences for the IM tunnel. The large fluctuations appearing in the 5FL results are
probably associated with the anomalous behaviour of the oscillatory pressure aistributions
when incidence is increased as previously described.

The variations with incidence plotted in Figs 41 arid 43 were all obtained for Jlrecist,
settings, M = 0.80 or M 0.90 and with exact values of incidence. Other results ar
available from the HST for conditions wnlc:, "match" each of the steady flow coidition1s for

= 40 in the iM and 3Ft tunnels; botri Lne nominal and matched comparisons are piotted at
the right-hand sides of the diagrams. From these an interesting point emerges. Whereas
steady flow matching produced significant changes in the steady-based properties L' and X',
and indeed improved the comparisons, it produced only small changes, and no significanit
improvements in the unsteady properties represented by c and m". This suggests tilat the
unsteady properties are less sensitive than the steady-based properties to small changes f
M and a. On the other hand, the CSW modification in the IM had considerable effects oi. Loth
types of quantity.

15 SUNMARY OF RESULTS

15.1 Steady-flow Matching

Except for the irregularities very close to the leading edge, or to a shocK wave wh;eZ.
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.

For lifting cases, a nominal comparison produced steady flows in the IM and 5Ft 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 ,f
Mach number arid 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 riot 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 oscilla-
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, arid 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 IM 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 lift and differences in the pressure and
lift 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 non-lifting cases this, the smallest tunnel, produced oscillatory pressure
distributions which, in some cases, were in reasonable agreement with those from the larger
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in the Ft is different from that in tie utner tunnels. For tniz Macn rnubter 2'losing the
perforations at the side wali of the iM tunnel, the COW modification has negligible effect,
bott for the case shown, u = u ard for- u = 41.

For M 0.10 (Fig 44c), the normalised pressures are larger than for M 0.(0, but tne
i:crease is reasonably corsi stent with the iicrease with M of tne rormalised pressures at
tne model. For this higner Mach Lumber (M 0.) U), there is a general similarity Letweer.
tn snapes of the distribution alon%- the rail in the different tunnels. It is interesting

ni:ote triat for this Much number the COW modification nas a large effect whicr. is cnsss-
t with the effect it has on the model pressures and forces. It is aiso of interest to

rote that tie results for the unmodified IM tunnel are nearly the 6ame as those for the two
iargo tunneis. It is clear that a change in the ventilation of the side wall has a large
ef fect on the genvL_ pressure field.

JSENERAL LICU OIU)N AND C2NCLU OlN-

The investigation was aimed at providing experience of tunnel ii.terferunce effects on
usist-ady oscillatory characturistics. In considering the results from the different tunnels
it is assumed that any differences that carnn.t (L- accounted for by an excessive sensitivity

parametric settings are due to differebces in tunnel interferer.ce. Common to all tne
somqarisons was tno half-model techniquu in which one side wall of the tunnel is required t,
act as a reflection plane. Whilst the present results cannot provide direct iriformationi
about the ability of a half-model to represent correctly a complete tip-to-tip configuration,
attention is drawn to this question by the effects of changes made to the side-wall ventila-
tion in one of the tunnels.

Absence of serious interference effects in the two large tunnels

When comparing the results from the HST and S2 tunnel it must be remembered that an
agreement between two tunnels is not unambiguous evidence of an absence of interference; it
could mean that both tunnels were affectea but to the same extent. However, th, good general
agreement between these two large tunnels, coupled with their different forms of roof and
floor ventilation and with the insensitivity to changes of torosity 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 size.

Interference effects in the two smaller tunnels

Each of the two smaller tunnels, the iM 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 lift 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 IM 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 open area ratio of about 3%.
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TABLE 4

Values of frequency parameter, 2fc/V

M f = 5Hz 40Hz 60Hz

0.60 0.07 0.56 0.83
0.80 0.05 0.43 0.64
0.90 0.0 0.39 0.58
0.95 0.05 0.37 0.55
1.10 0.04 0.33 0.49

TABLE 5

Lift-curve slope and aerodynamic centre, M 0.90
(Mean values for the incidence range from 0 to 30 greater than zero-lift angle)

SECTION 1 SECTION 3

Tu!.nel
Lift slope Aerodynamic Lift slope Aerodynamic
(scaled)* centre (scaled)* centre

HST 1.00 O.270c 1.i 0.217c

S2 (o% o1tn) 0.99 0.2U) 1.17 0.217

S2 (1 open) 1.04 0.2f)5 1.20 0.217

1 0.81 0. 240 O.6 0.200

11M (CSW) 0.96 0.270 1.o8 0.217

3Ft 0.98 O.2dO 1.07 0.210

*The lift olopes shown above ihave beet. normalised by the value at

Section I in the HST, for which the local dCL/dc 2.r9 iad-l
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1750 2000
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Roof & Floor: perforated 10/ to 6% open Roof & Floor slotted 1201 open

Side walls : solid Side walls solid

Fig 1 Tunnel working sections with NORA model (dimensions in mm).
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Fig 3 NORA model and rotary oscillator (dimensions in mm).
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Fig 41) Transportal meas1urig package.
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Fig 10 Oscillatory pressures, M 0.80, a = 0. Influence of frequency,
Section 2E, HIST.
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Fig 11 Oscillatory pressures, NM 0.90, a -0. Influence of frequency,
Section 2E, HIST.
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Fig 12 Oscillatory pressures, M =0.95, a = 0. Influence of frequency,
Section 2E, LIST.
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Fig 14 Oscillatory Pressures, Influence of incidence, M =0.90, 40liz, HST.
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Fig 16 Oscillatory pressures. Sensitivity to small changes of Mach number.
M =0.95, x 4.750, f =40Hz, HST.
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Fig 17 OsciIllatory prv~stire. .M 0 .90, influ*nct ,t I IquetwNy, HIST.
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Fig 18 Variation of local lift with incidence, M 0.90.
(Note: different lift origins for different tunnels).
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Fig 22 Oscillatory pressures. Comparison of S2 and HST.
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Fig 24 Local Mach numbers at upper surface. Comparison of 3Ft, IM and HST.
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Fig 26 Oscillatory pressures. Influence of frequency in different tunnels.
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Fig -28 Local Mach numbers at upper surface. Comparison of 3Ft, IM and HIST.
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Fig 29 osc illa tory pressures. ( a) Comparison of IM and HIST (b) Comparison
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Fig 30 Local Mach numbers at upper surface. Comparison of 3Ft, iM and HST.
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Fig 38 (Continued from Fig 37).
oscillatory pressures. Effects of increasing incidence in 3Ft and HST.
M = 0.90, f =40Hz.
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Fig 41 Variation of upper surface chordal propertiea with incidence.
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Fig 42 Variation of upper surface chordal properties with frequency.
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Fig 43 Variation of upper surface chordal properties with incidence.
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Fig 44 oscillatory pressures at tunnel roof or floor. a 0, f =40Hz.
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