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SULLIARY

Experimental results are reported of the damping
derivative z, for rigid rectangular wings of various aspect
ratios in cascades having gap-chord ratios of 2, 1, %, 1/3, 1/l
The results show fair agreement with two-dimensionel theary.

The ranges of Reynolds numbers and frequency parameters werc
048 t0 2,5 x 10° and Oe1 to 0445 respectively,

The results show a strong dependence on Reynolds
mumber which increases with decrease in gap~-chord ratio, This
effect was eliminated by transition fixation by wires placed
at suitable positions downstream of the wing leading edge.

This report was submitted in 1954 as a part requirement for
the award of the Diplama of the College of Aecronautics,

IEP




Te

2e

e

5

Te
Be

CONTENTS

Iist of symbols
Introduction

Apparatus

2,1 General

242 lieasurement of Wind Speed

243 Measurement of Z,

244 Reynolds nurber and frequency parsmeter

Details of Tests
3¢1 Preliminary investigation
3e42 llain test procedure

Results

Le1 Veloecity calibrations
4e2 Preliminary tests

Le3 liain tests

Discussion of results

51 Preliminary tests

5e2 1llain tests

53 Adr=resonance condition

Acknowledgements
Conclusions
References

Figures 1 - 29

VWWYw NN OO VWU W W U%j
/]

P S
W O

P . "R
o




LIST O SYMBOLS

Natural frequency of oscillation

N
f'R Resonant frequency of oscillation
1 Exciting amplitude
P. Static pressure
S ing areca
v Windspeed
Z Aerodynamic force normal to planform
ER Amplitude of resonant oscillation of wing
v = —g{-“; Aerodynamic damping derivative
z = '{-a%i{’s- HNon-dimensional denping derivative
A Spring stiffness
25t e
w =g Non-dimensional frequency parareter

1e Introduction

The purpose of this experiment was to nmeasure the
damping derivative z_ for rectangular wings in cascade
oscillating with simple harmonic motion,

vork has alrendy been done to determine the derivative
z, for isolated rectengular and sweptback wings (vefs. 1 23 and 4)
and for rectanguler wings in cascade (ref, 2),

The results of ref, 2 are inconclusive for gap~-chord
ratios of 1 and less owing to a Reynolds number effect which
gives rise to very crretic results,

It was found in ref, 6 that adjocent aerofoils in
cascade oscillated approximately 180° out of phase when fluttering,
They may therefore be regarded as images of each other in a rigid
plane boundary between them., These conditions nay be represented
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experimentally by an acrofoil oscillating between two parallel
plates, In theory these plates should be of infinite length
but on approxinmation to the true conditions cen be obtainecd
with plates of finite length,.

Experinents along the same lines as those of ref, 2
werc made at gap-chord ratios of 5 and 1/3, but on the basis of
some preliminary investigations, transition wires were added to
acrofoils and image plates in an atterpt to fix tremsition and
thus eliminate Reynolds mumber cffects,

24 Ilpparabus
2ele General

The tunnel and oscillating rig were basically those
used far the experiments of reference 1 with the addition of
two parallel plates in the working section as shown in figure 1,

Three rectanguler wing models were used all of 3in,
constant chord and having aspect ratios of 5, 4 and 3, The
aerof'oil section was NACA 0010,

Transition wires were fitted to the aerofoils and to
the plates as described in parae 5eie

The frequency of oscillation of the rig was measured
by means of an electrical tachometer which had been calibrated
against a Hasler revolution counter comnected directly to the
eccentric shaft (figs. 2 and 3),

The forcing amplitude was measured by means of a dial
gauge reading directly the stroke of the cccentric, The ampli~
tude at resonance was measured by observing the deflection of
& bean of light shining on a small mirror attached to the rige
The reflected image could be measurcd to within 0,01in, dis-
placenent,

Two sets of springs were used and they were adjusted
sc that the spring tension was the same with each set of springs
in position on the rig,

The stiffnesses of the spr:r.ngs were measured by hanging
weights from the springs and measuring the deflections with a
pair of Vernier Calipers, The two sets are referred to as (A)
and (B) and heve the following stiffnesses.=-
(4, - 210 Ibe/Tte
- ! !
4 sl [ 2 - 230 1‘b./ft.j




(B, = 8545 Iba/fts ]
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242 lleasurement of wind speed

The wind speed was measured by a Prendtl Ilanoneter
comnected to a static hole in the roof of the tunnel, During
the tests two such static holes were used owing to the blockage
D§ the normal hole for gap-chord ratios less then 4, (See fig.
L)e

The normel static hole is situated 1,3/8in. off the
tunnel axis (sece fige 4). Since this static hole could not be
used far the tests at & and 1/3 gap-chord ratio another static
hole was chosen on the tunmel axis (hole Mo, k4, figs 4).

Typical calibration curves for those two static holes
are showm in figs. 5 and 6 These curves werc obtained by
canparing the manometer reading with the truc veleocity as read
by a pitot tube, in the working section between the plates at
the model position,

The static pressure distribution along the tummel
axis is shown in fig, 7 for the 1/3 and + gap-chord ratio
configurations,

The pitot tube used far the calibrations was slso

traversed between the plates at the model positione It was
found that the velocity was constbant between the rlates,

2¢3 The measurenent of z
¥

The method used for the measurement of . is
described in detail in reference 1, ;

For a given value of the exciting amplitude (7)

readings were taken of the resonant frequency (f.) and resonant
anplitude (z..%) at a wind speed (V), &

2e4 Reynolds mumber and frequency paraneter

The range of Reynolds muber (Ve/v) used in these
tests was 0,8 x 10° to 2,5 x 107,
2ﬁfpc

v

The range of frequency parameter o =

Oa1 b0 0445 where 1‘"R is the resonant frequency
¢ 1is the serofoil chord
V  is the wind speed,



3¢ Details of Tests

3e1 Preliminary Tnvestigations

The data of ref, 2 far a gap~chord ratio of %,
indicated that considereble scatter of the results was obtained
which was found to be due to a Reynolds number effect due
rPresunably to transition movements on both plates and serofoils,

It was therefore decided to make e preliminary quali-
tative investigation designed to show the mean treansition pos=
ition under oscillatory conditions, A sublination technique
was employeds The acrofoil was sprayed with a Napthalenc-
Petroleun Ether - Toluenc mixture, TFor these tests a tunncl
speed of 160 f.D.5¢ Was used,

The results obtained were not conclusive but on an
average it appeared that transition occurred at about 60 per
cent chord but no two tests gave identical resultse

On the basis of this information it was decided to
it transition wires at 25 per cent chord on the acrofoil,
The size of wire used was determined fram the accepted relation
for steady flow Vd/v > 600, Since the results of refercnce 2
became irregular in the speed range 70~100 fepeSey 2 Wire
dianeter of 18 thousandths of an inch was used,

It was subscquently found (see para. 5.,1) that this
diameter was insufficient and rather than increase wire dia-
meter, the wires on the aerofoils were brought forward to 10
per cent chord and wires of the same diamcter (18 thou.in,)
were fixed on the plates at 10 per cent of the plate chord,

342 llain Test Procedurc

It was noted in ®ef, 2 that variation of resonant
amplitude did not appreciably affect the value of z , This

was substantiated by a preliminary test at a gap—cho‘x_{d ratio
of 1 in vwhich curves were obtained of =z against 41/V

(fige 8) both keeping resonant amplitude Sonstant and forcing
anplitude constant,

It was therefore decided to keep the exciting
anplitude constant and allow the resonant amplitude to vary,
Purthermore three exciting amplitudes were used where possible$
the largest being limited by the aerofoil banging against the
plates and the smallest limited by the amplitude which could be
nmeasured reasonsbly accurately by the technicgue used,

After experience geined in initial tests the following
values of' exciting amplitude were decided upone=
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»0300in.,  0150in., 0075in.

A1l the main tests were performed with transition
wires of 18 thousin, diameter on acrofoils and plates at 10
ver cent chords Tests were performed for each wing with caech
sct of springs at gap-chord ratios of %, 1/3 and 1/4 using sel-
ected values of the chosen exciting arplitudes.

Before commencing tests it was checked that the
aerofoll incidence was zero by running up the tummel with the
forcing rig stationary, and noting whether the model was dis-
placed fram the central position, If this was the case the
incidence was corrected by 'trisl and error',

To avoid 'banging', the aerofoil was pulled against
the plates and the amplitude set on the scale, The tunnel
was then run at a reasonably high speed, say 80 Lepese, and the
frequency brought to resonance when it could be seen from the
amplitude trace whether the aerofoil was 'banging'! or not, If
it was not 'banging' the tunnel speed was decreased until either
the acrofoil was 'banging' or minirum tummel speed was reached,

For any particuler tummel speed the resonant emplitude
was most accurately and easily measured by going slowly through
the resonant condition in both directions several times,

Graphs of 2 against 1/V were plotted® con=
currently with the test to ensure that enough readings were
being teken to give sufficient accuracy, To allow for hysteresis
effects several check readings were taken while decreasing tunnel
speed, the main set of readings having been obtained while
increasing tunnel speed,

e Results

Le1 Veloeity Calibrations

Velocity celibration curves for & and 1/3 gep-chord
ratios are shown in figs, 5 and 6,

The distribution of static pressure along the tunnel
axis for ¢ and 1/3 gap-chord ratios is shoim in fige 7¢ These
curves are the averages of distributions corresponding %o a
series of tumnel speeds throughout the speed range used in the
teats,

® It was found in reference 1 that ER/T was approxinately
linear with 1AV,



Le2 Preliminary Tests

L.2.1 Gap=chord ratio of 1

Fige 8 shows curves of =z against 1/V for Wing
ITT vith transition wires of 18 tholi,in, diamcter on aecrofoil
and plates both for fixed resonant and fixed exciting anplitudes,

L o2,2 Gap—chord ratic of +

Figse 9 and 10 show curves of Z.q/f against 1/V for
Wings II and IIT with no transition wires “on plates or aserofoils,
and fig, 11 corresponding results for Wing III with transition
wires on acrofoil only at 25 per cent chord,

44243 Gap=chord ratio of 1/%

Figse 12 and 13 show curves of Z against 1/V
for Wings I and II with no transition wires and fig. 14 shows
Wing IT with transition wires of 34 thoueine diamecter on aerofoil
and plates at 10 per cent chord,

L,24,4 Gap=-chord ratio of 1/k

A few results werec obtained for a gap~chord ratio of
025 for Wings I, IT and IIT with 0,018in, dianmeter transition
wires fixed at 10 per cent chord, The results did not give a
linear relation between 3z and 1/V and it was suspected
that the diameter of the transition idres was insufficient to
fix transition in this case,

Lo.3 llain Tests

Le3e1 ER/T against 1/V curves

In figse 15=20 are dravm curves of z_ 71 against
1A for % snd 1/3 gap-chard ratics, for Wngs T IT and ITT
with transition wires of 18 thouein, diameter at 10 per cent
chord on the aerofoils and plates,

Lhe3e2 z against ¢ curves
W

Fron the curves of figs. 15-20, Z is calculated
according to the forrmla :

4 | a3 !
5 TS | ZT‘ZRfN} (refs 1)




_9..

This assumes that frictional dsmping in the oseillating
rig has been neglecteds This is justified since it is shown in
refs 3, Appendix I, that p is only significant when the resonant
amplitude is large (E.R 2> 0,3in,) Throughout these tests the
resonant amplitude was always smaller than 0,3ine

It is shown in ref, 2, para. 34, that the natural
frequency of the system, f., may be taken equal to the resonant
(forced) frequency, f., vwithin the limits of experinental error,
However, in all cases The results were evaluated using the measured
resonant frequency.

Curves of (z_\:_) against o are shown in figs, 21 - 26,

he3.3 Sumary of Results for g = 0,2

In fige 27 arc showmn curves of (~z_ ) ageinst inverse
of aspect ratio for constant gap~chord ratio and these ere extra-
polated to give values of (=z ) for infinite aspoct ratio for
gap=chord ratios of o y 2 -;— 1'3.11(1 1/3.

The curve for gap-chord ratio of 2 is obtained from
ref's 2 and the curve for infinite gap~chord ratio from ref, 5

In fige 28 a curve for each wing is given showing the
variation of (-zw) with gap-chord ratio,

In fige 29 the values of (=z ) for infinite aspect
ratio as cbtained from fig, 26 are ccmphed with the theoretical,
two-dinensional values cbtained from ref, 6 for low gap=chord
ratios and fron ref. 5 for infinite gap-chord retio.

5« Discussion of Results

5e1 Preliminary Tests

Befare eliminating any Reynolds muwiber cffect by fitting
transition wires it was felt desirsble %o try and reproducce the
results obtained in ref, 2, figs, 11 and 12 for a gap~chord ratio
of’ f;_—._ Tests werc thercfore done with no transition wires and
the = against 1/ curves are shown in figs, 9, 10, 12 and 13
for gop-chord ratios of % and 1/3.

It was found impossible to reproduce exactly the results
of figs 11 and 12, ref, 2,

Figse 12 and 13 far gap~chord ratioc of 1/3 show curves
of the same form as fig, 9 but the treand is more sharply defined,
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This suggests that the irreguler curves of =z against 1/V which
are associated with a Reynolds rnumber effect “are also & function .
of gap=chord ratio,

: It was felt that if the Reynolds number effect could
be completely eliminated the curves of z_/1 ~+1/V obtained would
resenble those of figs, 2 =~ 6, ref, 1 which are almost linear,

Fige 11 shows that when 18 thou.in, diameter wires were
fitted at 25 per cent chord on Wing III a partial improvement of
the results was obtained but it was not until the wircs were moved
forward to 10 per cent chord on the acrofoil and similar wires were
fitted at 10 per cent chord on the plates that the desired result
was obtained (see figs. 15, 16, and 17),

The fact that it was found impossible %o reproduce the
results of figs, 11 and 12, vref, 2, suggests that the inconsistencies
shown in these results can not be wholly explained by Reynolds
number effects From experience gained using the spparatus the
authors suggest that lack of rigidity in the nodel supports could
have caused the otherwise unexplained irregularities in the previous
results,.

Conditions without transition wires were very unstcady
and it was difficult to obtain accurate readings of rcsonant
amplitude owing to irreguler movements of the centre of oscillation
of the acrofoil, In contrast, tests performed with transition
wires on aerofoils and plates could be carried through in a straight-
forwerd nanner and the results reproduced at will.

It was found that, for any one set of springs, the
curves of z./1a-1/V for different forcing smplitudes were
distinetly separated when no transition wires irere present, while
the corresponding curves for transition wires in position were
practically coincident (cfe figse 10 and 17)e. In addition test
conditions were found to be much steadier when the stronger set
of springs (A) were used,

be2 lain Tests

5241 Curves of ;R/I against 1/V

Comparing figs. 15 ~ 17 with figse 2 = 6 of ref. 1 it
will be seen that using different sets of springs has the same
general effect on the value of ZR/- .

The curves for a gap-chord ratio of 1/3, figs, 18 = 20,
are similar to those at a gap-chord ratio of % (figs, 15 = 17)
but at low tunnel speeds the curves change slope, It was
thought that this effect was agein due to Reynolds nuriber,
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In order to verify this tests were performed using wires of

34 thouein, diameter at 10 per cent chord on the acrofoil (Ving II)
and plates, and the results obtained are showm in fige 14e These
curves are now very regular and conditions during the test were
found to be cven steadier then those Essociated with the 16 thou,in,
ddaneter wires on aeroftil and vlates, This indicates that the
Reynolds rumber effect increases with decrecase in gap~chord ratio,

54242 Variation of z‘ vith

The curves of (=z_)es w at a gap=chord ratio of
(figss 21 = 23) are similar %o those obtained for & gap-chord
retio of 2 in ref., 2 (figs. 15, 16 and 17) and in ref. 1 for
isolated rectangular wings (figse 7 and 8),

Aeccording to theory there should be a unique curve for
any one wing but this is not borne out by the present results or
the results of refs, 1 and 2, It has been suggested in ref. 1,
para, & that this discrepancy between theory and practice is due
entirely to experimental error, This is borne out,; to same extent
in the present tests, since the curves at a gap-chord ratio of %
(figse 21 = 23) for different springs and different rorcing amp-
litudes are not displaced far from cach other and there does not
appear to be any definite trend in the relative displacenents of
the curves for any particular wing,

The experimental curves for (-z_ )~ 4 at a gap-chord
ratio of 1/3 (figs. 24 - 26) appear to by valid only over a
limited range of frequency parameter and this, as remarked in
barae. D.1, is due to the Reynolds muiber effect reasserting
itself at low tummel speeds, (It can be seen from fige, 14 that
more consistent results would have been obtained if 34 thou,in,
diameter transition wires had been used),

Although the effect of changing exciting amplitude is
still small the relative displacements of curves for difforent ;
springs appear to be much larger than for a gep-chord ratio of %,

In order to demonstrate that the sudden increase in Z
for the A and B springs occurs at the same velue of the Rc:ynolclsw
muzber, let us assume that a Reynolds nuiber effect takes place
at a speed V,s such that for V> V, the variation of z  with

w is small, but for V< V, there is = sudden increcase in the
value of 3z . The resonenjc frequency using springs B is in
the region 8f 7.6 CePe8s &nd With springs A ie in the region of
13 CeDese Thus the values of ® corresponding to the sudden

# All the tests at 1/3 gap-chord ratio had been completed, using
& transition wire 0,018in, diameter at 10 per cent chord on both

the aerofoils and plates, before the tests using a wire 0,034in,

diemeter were performed,



=D
increase in z . (for a fixed speed v1) will be in the ratio,

()b springs , 7.6 _ 1
(‘@A springs 13 Te7

Reference to figs, 24 =~ 26 shows that this is the case
and that there does exist a critical speed V, at which the flow
changes character, A similar effect was observed in ref, 2
where, by plotting z against 1/V 3 curves for different springs
were made to coincide approximately (fig. 17, ref. 2).

It is the different relative positions of the rapid
increase in z_ for the two sets of springs which makes the
curves appear ¥o be displaceds Results obtained using larger
wires would probably eliminate the rapid rise and would give
results similar to those for a gap-chord ratio of % (figs. 21-23).

5e243 Final Results

It is necessary to fix on a value of @ before the
variation of z_ with aspect ratio and gap~chord ratio can be
presented, A value of = 0,2 was taken since it lies in the
middle of the range considered and in the case of gap-chord ratio
of 1/3 the curves at w= 0,2 are above the 'eritical speed!,
V,s for both sets of springs, and therefore not in the range

fected by Reynolds number,

Results for a = 0,2 should be typical of those far
@ general (over the range considered), since, when Reynolds
number effect is eliminated, the dependence of z,6 on o is
small,

In order to compare the results of the present tests
with those derived on the basis of two-dimensional theory in
ref, 6 it was necessary to estimate the value of % corresponding
to infinite aspect ratio at each gep~chord ratio, © As a basis
for the extrapolation the results of ref, 5 for infinitec gap-
chord ratio and rectangular aerofoils were plotted and it was
found (fig, 27) that the extrapolation was linear, Accordingly,
mean straight lines were drawm through the groups of points taken
from the curves of figs, 21 - 26, for each spring and exciting
amplitudes and produced to meet the (-zw) axis (fige 27).

The set of results seems to be consistenty the rate
of increase of Z with aspect ratio being more rapid at smaller
gap-chord ratios,” This is brought out more clearly in fig, 28,

The results of refe 2 for a gap-chord ratio of 1 were
inconsistent with the curves of fige 27 and so were omitted,
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Figs 28 shows that the variation of z with gap=-chord
ratio is similar for all the aspect ratios considered, As gap=
chord ratio decreases, z increascs and for gap-chord ratios less
than 0,5 the rate of incriase is very rapid,

It is improbable that (-—zw) will continue to increase
as indicated in fig, 28 and this was' confirmed in the preliminary
tests made at a gap-chord ratio of 1/4.*

It is showm in fig, 29 that for gap~-chord ratios in the
renge 1/3 to 1/2 very good agreement is obtained between theory and
experiment.s The theorctical curve was derived from approximate
f(‘omu%ae given in ref, 6 which only apply for small gap-chord ratios

< 1),
S

5e¢3¢ Adr-resonence condition

It is pointed out in ref, 7 that for ascrofoils oscillating
between walls in a compressible flow a transversc resoncnce phenom-
cnon cen exist which can greatly change the naturc of the flow,

This is due to the fact that in a compressible fluid there is a
definite time lag betwecn a disturbance initiated ot onc point and
its effect at another, Under ccrtain conditions this phase lag
can give risc to a rcsonant condition (of the air) which involves
large corrcctions,

VWoolston and Runyen (ref, 7) give a curve releting the
critical frequency at which the above resonant condition occurs to
tunnel height and liach mumber, For the Hach number range used
throughout the present tests this critical frequcncy is practically
constant and furthermore this frcequency is much higher than either
of the resonant frequencies associated with springs A and B (13 and
746 cupess respectively),
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7« Conclusions

1e Z has been measured, using a forced oscillation
technique, on rigid rectangular wings oscillating between parallel
plates, The results are applicoble to aerofoils in cascadc when
adjacent blades are oscillating in antiphase,

24 Attention is drawvm to the large Reynolds number effect
on the values of z_, This effect, which increases with decrease
in the gap=chord ra‘f;’io, is associated with the movement of the
transition region on the acrofoils snd side plates, Tecsts show
that the Reynolds number effect can be ecliminated by fixing a large
cnough transition wire to the acrofoil nesr the leading edge of
both the aerofoils and side plates,

e When the Reynolds mumber effcct is eliminated the
dependence of z_  on the frequency parameter is small. The range
of frequency pargheters used in the tg—sts wes Ou1 to 0,45 and the
range of Reynolds number was 0.8 x 102 to 2,5 x 109,

Lo The variation of gz with gap~chord ratio was found for
aerofoils of aspect ratios 5,wl;. and 3 at gap-chord ratios of 2 s 13
zs 1/3 ond 1/he The results » when extrapolated to infinite aspect
ratio, showed fair agreement with the approximate theoretical values
obtaincd in reference 6, The large increase in the value of z.
with decrease in gap-chord ratio, as predicted by theory, is showm
to be true for valucs of gep-chord ratio sbove 1 /3. At smaller
valucs of gap-chord ratio the values of zZ decrease, but the
experinental results were not conclusive in this range.
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