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SUÏEIARÏ 

Measurements have been made of the derivative z.. for 
rigid sv7eptback ïdjigs mounted at zero incidence and oscillated 
with simple harmonic motion. The Reynolds number v/as in the 
range 1,2 x 105 to 4,1 x 10^, 

The wings were of trapezoidal planform, chosen to in­
dicate the effects of sweepback, aspect ratio and taper ratio, 
In each case the variation of z.. v/ith frequency parameter v/as 
determined, and the effect of amplitude of oscillation 
checked, and found to be fairly small, 

It was found that the effects of the planfom para­
meters on the derivative i/ere, in general, similar to those on 
lift curve slope. The curves obtained, hovrover, suggested 
higher values of (-z.) than given by theory for zero frequency 
parameter, in all cases, 

This Report was submitted in 1952 as a part 
requirement for the avvard of the Diploma of the College 
of Aeronautics, 

MEF 
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1, Notation 

A Aspect ratio 

a Lift curve slope 

c Ilean aerodynamic chord 

C-. Drag coefficient 

CT lift coefficient 

f^ Natural frequency of oscillation 

f„• Resonant frequency of oscillation 

T itaiplitude of forcing displacement 

S Y.'ing area 

V Y/indspeed ( f t , / s e c , ) 

z i\niplitude of osc i l l a t ion of wing 

\ ' • ' • 
Z Damping derivative (= dZ/dw) 

a Angle of incidence 

A Angle of sweepback 

at resonance 
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Notation (Contd,) 

X Taper ratio 

p Air density 

ji Viscous damping coefficient 

o*. „ Spring stiffhesses 

(ü = 2-Kf^c/V Frequency parameter, 

2, Introduction 

A knov/ledge of the aerodynamic derivative z. for a 
wing in unsteady motion is required in making flutter calcula­
tions, In the absence of readily applicable information it 
has been common practice to evaluate z frcn the ejqjression 

-H -— + C_̂ j , corresponding to steady flow. Dimensional 

axialysis, however, indicates that it mec^ depend on frequency 
parameter co and amplitude parameter z/c, as well as Reynolds 
number and Ilach number, in unsteady flow, 

The object of the present series of tests v/as to 
determine the effects of the frequency and amplitude parameters 
on z. for a series of trapezoidal svreptback r/ings oscillating 
with simple harmonic motion. The planfonas were chosen to 
demonstrate dependence on sweepback angle, aspect ratio and taper 
ratios All the \idngs tested were of symmetrical section 
(NAGA 0018 and NACA 0020), having rather a large thickness/chord 
ratio by present standards for sr/eptback wings, 

The Reynolds number of the tests v/as somewhat low for 
reliable extrapolations of the results to full scale to be made, 
A further point is that results are obtained at lovf llach number, 
whereas the main interest in flutter is at speeds T/here coirpress-
ibility effects are important. It may be possible, however, 
using Glauert's correction, or seme other means, to modify incom­
pressible data, as -was done in Ref, 1, 

file:///idngs


TECHNISCHE " ^HOOL 
VUEGTUIGi.,.,.... ..iDE 
Kanaalstraat 10 - DELFT 

3, Previous Yfork using the sarae Test Rig 

It is useful, at this stage, to summarise the main 
points arising from earlier \/ork using the same rig, insofar 
as they have a bearing on the present tests, 

The first systematic prograirane v/as carried cut in 1950» 
and is described in Ref, 2, The equation of motion for the rig, 
with T/ing attached, v/as obtained in the latter paper, based on 
the assumptions thatI-

only viscous damping was present, 
the inertia of the springs v/as negligible, 
the motion was simple harmonic and of constant 

amplitude, and 
the transient effects (free motion) had decayed, 

an e3q)ression for z._. v/as developed from the solution for steady 
state farced motion, ' in terms of measixrable physical quantities, 
It Vi/as found that the effect of the amplitude parameter z/c on 
the value of z v/as negligible for z/c ̂  0.15» a-nd. hence 
efforts v/ere tiomed to measuring the effect of frequency para­
meter w. 

In order to compare the results obtained v/ith those 
derived theoretically by 'lY.P, Jones, rectangular 'vvings of 
varying aspect ratio v/ere used. Tests v/ere also made on tv/o 
45° sv/eptback v/ings of different aspect ratio, '.Then the 
amplitude ratio at resonance, 2.^^ , v/as plotted against the 
reciprocal of the v/ind speed, the points v/ere found to lie 
closely on a straight line, for a particular pair of springs, 
Consequently points taken off the straight lines v/ere used to 
calculate z., Y/hen the latter v/as plotted against frequency 
parameter, w, good agreement v/as found betv/een measurements 
taken using different sets of springs. Scatter v/as greatest 
in the case of t]rie sv/eptback v/ings, 

Curves v/ere extrapolated to oa = 0 and co = 0,5, and 
it was assumed that the effect of v/ind tunnel constraint \TO.S as 
developed for steady flow at w = 0, falling to zero at w = 0,5» 
Fran the results corrected in this v/ay it appeared that z 
increased with increasing aspect ratio, and decreased vri.th 
sv/eepback. The form of the curves v/as very similar to that 
suggested by theory, though actual magnitudes differed somev/hat, 
The latter v/as accounted for by the finite thickness of the v/ings 
tested experimentally, 

In the second tost programme (1951) attention was 
turned exclusively to sv/eptback vdngs. The aim v/as to deter­
mine the effects of sv/eepback, aspect and taper ratios on z., 
and the approach x-%s basically the same as before, Ileasure-
ments appear to have been t&ken at unifona intervals of V, 

(2) 
(3) 

(4) 
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rather than l/V, and only three sets of springs were used far 

each aerofoil. Values of Zp/T were picked off the best straight 

lines, and the z -co graphs derived as in Ref, 2, 
' v/ , • . . • 

The resulting curves (Ref, 3) were much less uniform 
in character than those previously obtadned, and considerable 
scatter v/as apparent in the results f rem different springs. As . 
a consequence it v/as not possible to apply tunnel corrections, 
and only the broadest trends v/ere apparent from the results, 
Since the aspect ratio of the tapered v/ings v/as not constant, 
it v/as rather difficult to separate these two effects, 

4, Preliminary Tests 

In view of the rather inconclusive nature of the tests 
on s\/eptback v.dngs described in Ref. 3, it v/as decided to repeat 
the programme. Since it v/as thought possible tliat partial spring 
closure had taken place during the previous tests, a nev/ pair of 
springs was made, differing from the original ones in being open-
v/ô Ind, In order to give a positive connection i/ith these springs, 
'eye'-type attachments v/ere fitted in place of the hook type, 

Prior to the commencement of tests the calibrations, 
including that of v/indspeed in the v/orking section, v/ere checked, 
using the methods described in Ref, 2, 

As a preliminary to the main programme, scane tests v/ere 
made on the unsv/ept v/ing of aspect ratio 3 to check earlier measure­
ments, Since the condition of the v/eaker springs previously 
used had deteriorated, only the stiff est pair (E springs) v/ere 
used, together with the nev/ open-v/ound F springs. The technique 
used was very similar to that described in Ref, 2, care being 
taken to avoid spring closure by suitable pretensioning. In 
viev/ of the previous findings that the amplitude parameter had 
no effect on results over the normal operating range, a suitable 
exciting amplitude v/as set, and retained vAiile tal:ing measurements 
throughout the speed range. This reduced tlie time needed to 
make a complete run since it obviated the need to stop after 
each reading to reset the eccentric, 

Results v/ere plotted initially in the form 2ip/ï 

against l/V, and found to lie closely on a straight line. On 
making further runs v/ith different exciting aisplitudes, different 
lines v/ere obtained, roughly parallel to the first but corres­
ponding to decreasing 2„/T v/ith increasing T at a particular 

speed. This effect v/as apparent v/ith both pairs of springs, 
Consequently runs were made varying the exciting amplitude so 
as to keep the resonant amplitude of the v/ing approximately 
constant, 



The derivative z was obtained from the faired 
v/ 

straight lines in the usual v/ay for all these runs. For the 
Tvns made v/ith constant exciting amplitude there v/as a general 
tendency for z to decrease v/ith decreasing frequency parameter, 
The results corresponding to constant resonant amplitude, hoT/ever, 
shovi/ed the opposite effect, and agreed v/ith those of Ref, 2 in 
this respect. The actual values of (-z,) v/ere higher than 
those previously measxured. In the case of the E springs the 
values of ẑ /Z v/ere higher than in Ref, 2, but this was more 
than offset by increased spring stiffness, 

Just before the completion of the above tests a failure 
of one of the E springs occurred, A nev/ pair of springs v/as 
made as a replacement and designated G springs. These G springs 
v/ere of similar form to the F springs but less stiff (thinner v/ire 

Later tests on the same v/ing, using F and G springs and 
the constant resonant amplitude technique, gave values of (-â _) 
in good agreement bet\7een themselves but higher than found in 
Ref, 2 (see Pig, 18), 

5, Ivlain Test Programme 

Data on the v/ings tested is given in Table I and the 
planforms shovvn in Pig, 1, As previously escplained, the main 
object of the tests i/as to determine the effects of sweepback 
angle, aspect ratio and taper ratio on z for sv/eptback v/ings, 
It v/as anticipated that the effect of taper ratio v/ould be 
relatively sraall, and therefore it was considered desirable to 
vary it v/hile keeping the other parameters constant. The 
existing models did not enable tliis to be done, and so t\TO new 
ones v/ere made, having a quarter-chord sweepback of 30° aîd. an 
aspect ratio of 4»63 (as for one of the existing untapered v/ings) 
and taper ratios of 1:2 and 2:3 respectively, 

The open coiled F and G springs v/ere used throughout, 
and, follov/ing the experience gained in the preliminary tests 
on the rectangular \/ing, it was decided to use the constant 
resonant amplitude technique, Heasurements \rere taken v/ith each 
pair of springs at resonant ainplitudes of approxiraately 0,3in, 
and 0,4in,, i,e, a total of four complete irins por v/ing. The 
spring pretension (based on extension) was maintained constant, 

Readings x/ere talcen at Vvdndspecds giving roughly 
constant increments of l/V, The method used follca/ed closely 
that described under 'Pinal Procedure' in Ref, 2, except that 
there were normally two operators, 

The difficulties encountered v/ere similar to those 
described in Ref, 2, Close control of the exciting motor 

file:///rere
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speed was not possible, even with the aid of the 'fine-control' 
rheostat. Fluctuations of exciting speed v/ere particularly 
marked v/hen other plant v/as running in the laboratory. As a 
result the rig was run through the resonance speed several times 
at each windspeed and the maximum value of s noted. Early-
attempts to take measiorements at 50 f ,p,s, proved unsatisfactory 
due to the sharpness of the response curve, and much care v/as 
required to obtain resonance at 60 ft,/sec, 

At the higher windspeeds considerable fluctuations 
were apparent in the readings of windspeed as measured on the 
Prandtl mancmeter. The technique used v/as to set the eyepiece 
at the position corresponding to the nominal v/indspeed, and to 
keep the mean height of the fluid column as close to it as 
possible, using the fine speed control. It v/as not considered 
advisable to use the manometer damping system, since the latter 
prevented changes in the mean value becoming rapidly apparent. 
Another feature, also noted previously, was the random variation 
in the centre of oscillation of the rig at high speed (about 
200 f,p,s,). Since resonance is not critically dependent on 
exciting speed at the higher v/indspeeds, hov/ever, it v/as still 
possible to measiire the resonant amplitude fairly consistently, 

Results were plotted in the form (z-r/l) against l/V 
for all four runs with a particular v/ing. 'Yhen it appeared 
desirable, points v/ere checked at the end of each run. As an 
additional check, at the end of the programme, one of the wings 
was retested to indicate any effects arising in fitting the v/ing 
and springs. The previous measurements were repeated closely, 

6, Results 

The expressions used to derive z^^ and oo are those 
given in Ref, 2, 

1 
^w ~ " pVS 

2% f J 
CO = ^ 

Both pairs of springs were calibrated before coitmencing 
the main test programme, and again after its completion. They 
are quoted in lb,/ft, 

-2^ 

2-Kf., z_ 
- V-
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Before Tests 

After tests 

P 
<̂1 

258 

246 

^2 

236 

240 

G 1 

1̂ 

131 

130 

^2 

130 

136 

A linear variation in cr„ during the tests was assumed 
in calculating results, Follov/ing previous practice the natural 
frequency, f„, v/as taken equal to the resonant frequency, f^, it 

having been shewn in Ref, 2 that the difference bet\7een them was 
negligible, 

The curves of ẑ /T against 1/V are given in Figs, 
2-9, The previous practice v/as to draw the best straight lines 
through tiie experimental points. Prom the results of the present 
tests, ho-z/ever, considerable deviations from a linear relation are 
apparent, and in the circumstances it has been thought best to use 
measured values of z™/T in the above expression for z , rather 

that those taken from smooth curves. Values of the rig damping 
coefficient, [i, v/ere taken from the measiorements quoted in 
Appendix I, 

For clarity the results obtained ivith the different v/ings 
are plotted separately in Figs, 10-17, Since the effect of 
amplitude is, in general, fairly small a mean curve is drav/n for 
each pair of springs, 

'fujonel Corrections 

It may be seen fran Figs, 10-17 that, in addition to 
amplitude effects, there is considerable variation bctvreen results 
obtained using the ti/o pairs of springs. In order to use the 
method of correcting for tunnel constraint given in Ref. 2, 
extrapolation to w = 0 and co = 0,5 is necessary, and this can 
not be done accurately in the present case. In these circum­
stances no corrections have been applied to the results, 

Final results 

Pinal curves, based on the mean values for tiie two 
sets of springs, are plotted in Pigs, 19-24 in such a v/ay as to 
separate aspect ratio and sv/eepback effects, and show the effect 
of taper, 

If it is assumed that co = 0 corresponds to steady 
z^ can be found at that point 

dCj/da v/ere obtained from 
floiiT, the theoretical value of 
from z * - i- dCr/da. 

w , "̂  L 
v/ 

Values of 

Ref, 4, and the Yfeissinger correction for sweepback 
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( 

a .,,2 ^N^ 
—^-— = 1 - ~- , T ' p / ''''̂ ^^ a p p l i e d . The corresponding 

=0 / 
va lues of z are sha\"/n i n P i g s , 19-24« v/ 

7, Discussion 

The results obtained for the unsv/ept v/ing, and shown 
in Fig, 18, indicate good agreement between the tv/o sets of 
springs usedo In addition, extrapolation to co = 0 gives a 
value of (-2.) only slightly greater than the tlieoretical 
value corrosponding to this aspect ratio caui trrdling-odge angle, 
On the other hand, the most striking feature of the results for 
si/eptback \Tings (Pigs. 10-17) is the rather large discrepancy 
between the results obtained v.dth the tv/o sets of springs, 

In general the value of (-z.. ) increases as the 
ar̂ iplitudc of oscillation increases, bul: tliis effect is secondary 
to that caused by different springs. As mentioned previously, 
experimental points have been plotted direct,(i.e. not using 
faired curves of "z^Jl, against l/v) and in viev/ of possible 
errors in measuring physical quantities (see Appendix II) a 
certain amount of scatter is to be expected. Nevertheless 
fairly closely defined curves are obtained for each spring in 
most caseso 

The F springs alv/ays give higher values of (-z,), but 
the magnitude of the discrepancy varies from v/ing to "'.•.dnĝ  
Since the imidspeed, at a given value of the frequency parameter, 
does not differ greatly fc3r the two sets of springs, it seems 
unlikely that the effect is associated v/ith unsteady flo-/ in the 
tunnel. The good agreement in the case of the rectangular v/ing, 
hov/ever, would seem to indicate that no important factors have 
been oioitted from the analysis. In the circumstances it is 
difficult to offer any adeqtxate explanation of the effect, though 
one method of checking the results would be to repeat some tests 
v/ith a third set of springs, 

The purpose of the mean curves, plotted in Figs, 19-24» 
is to indicate the broad effects of the planform psraineters on 
z , and to give a comparison v/ith the theoretical values for 
steady flov/. Those shcn/ing aspect ratio effect (Pigs, 19-21) 
indicate an increase in (-z J v/ith increasing A for s\7eepbacks 
of 30° and 45°» ^-^ ^0° sv/eepback, hoi/ever, this trend is 
reversed, Sweepback effect at roughly constant aspect ratio is 
shown in Figs, 22 and 23, In both cases (-z ) is found to 
decrease v/ith increasing sweepback, the effect being most marked 
at the higher aspect ratio in the case of 60° sweepback. In all 
cases the curves suggest higher values then the theoretical at 
CO -- 0, 

file:///Tings
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The effect of taper on a 30 svTcpt wing v/as found to 
be small (Pig, 24), though again values are considerably higher 
than thecxcy, 

The general effects described are in fairly good 
agreement v/ith the findings of Ref, 3» but the magnitudes of 
(-Z ) aî e greater throughout, 

V7 

8» Conclusions 

(i) In general the results obtsdned for (-z_) shew a 
similar dependence on s\7eepback, aspect ratio and taper ratio as 
do lift curve slopes. However, the curves suggest consistently 
higher values than the theoretical as the frequency parameter 
tends to zero, 

(ii) The effect of varying the amplitude parameter is not 
neglibible for a particular pair of springs. It is small in 
relation to the discrepancies arising betv/een different springs, 

(iii) The form of the mean curves of (i-z ) against frequency 
parameter varies scmev/hat from v/ing to \/ing. This is attributed 
to the neglect of tunnel interference effects, 
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TABLE I 

IIODEL DETiO:LS 

¥ing 

I 

' II 

III 

IV 

V 

1 VI 

VII 

<VIII 

Aerofoil 
Secticjn 

NACA 0018 

I 

' 

t 

Niy3A 0020 

I 

NACA 0018 

' ' 

Root 
Chord 

3.80" 
1 

t 

f 

3.75 
1 

3.80 

t 

Aspect 
Ratio 

2,63 

4,74 
t 

« 

3 

5 
2,63 

4.74 

Sv/eepback 
( z chord) 

30° 
1 

t 

» 

45° 
> 

60° 
1 

Taper 
Ratio 

1:1 
1 

2:3 

1:2 

1:1 
1 

' 1 
-' ' i 

APPENDIX I 

The measurement of the viscous damping coefficient ij. 

The method of measuring the viscous damping coefficient, 
[i, by the free oscillation method was described in Ref, 2, It 
was pointed out that practical difficulties arose in using the 
forced oscillation technique for this purpose, but nevertheless 
a further attempt v/as made to do so. With the smallest obtain­
able exciting amplitude (about 0,1mm,), hov/ever, it v/as not 
found possible to obtain readings of resonant amplitude v/ithin 
the limits set by the scale and spring closure, 

Earlier measurements of (i v/ere made \7ind-off, It 
v/as noted in Ref, 3 that spring pretension and amplitude range 
had a marked effect, Mthough li had previously been found 
to be siiiall relative to z , it was decided to make a rather v/ fuller investigation of the subject. This v/as done, using 
the E springs, at the tine v/hen the tests on the unsv/ept v/ing 
v/ere in progress, 

The moving parts of the rig v/cre weighed and the equiva­
lent mass calculated. The tine for a free oscillation to decay 
to half amplitude i/as taken over the tliree amplitude ranges 0,4in, 
to 0,2in,, 0,3in, to 0,15in,, and 0,2in. to 0,1 in,, v/ind off and 
through the speed range up to 200 f ,p,s. In each case the mean 
of about 5 readings v/as taken. As an additional check the tests 
v/ere repeated v/ith three different pairs of v/eights attached to 
the rig, 

file:///7ind-off
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|i was found to be greatest at the higher amplitude 
raoige, and shov/ed erratic, though relatively small, variation 
with windspeed. The v/eights used had very little effect, 

A more limited series of tests v/as made v/ith the F 
springs, and later v/ith the G springs, using the medium v/eights, 
YiTith the G springs particularly, the time for the oscillation 
to decay at high windspeeds v/as rather irregular, depending 
quite critically on the actual v/indspeed, 

T̂hen the results obtained for the unsv/ept v/ing were 
fcjund to give higher values of (-ẑ ) than previous tests, some 
further consideration v/as given to the rig damping. In part­
icular non-viscous damping arising from spring hysteresis v/â  
thought likely to have some effect. It is shov/n in Ref, 5 that 
non-viscous damping can be dealt with for the resonance condition, 
provided it is not large encjugh to affect seriously the simple 
harmonic nature of the motion. The concept used is that known 
as equivalent viscous damping, and is based on considerations of 
energy dissipation. Since the natural frequency, at which the 
rig damping coefficient, p., is measured, is very close to the 
resonant frequency, the hysteresis damping is already taken 
axjcount of in (i, 

Although the values obtained for \i were relatively small, 
those corresponding to the particular amplitude and v/indspeed have 
been used in calculating z • All measurements were made v/ith 
the same spring pretension as used for obtaining z^/T, 

lYJindspeed 
' ft,/sec, 

P 

G 

Zj^=0,5in, 

Zĵ =0,2)dn, 

z^=0.3in. 

Zj^sO.Wn, 

60 

0,0070 

0,0088 

0.0035 

0.0045 

70 

0,0068 

0,0086 

0,0035 

0,0045 

85 

0,0065 

0,0084 

0,0055 

0,0044 

100 

0,0063 

0.0082 

0,0035 

0,0044 

120 150 

0,0063 

0,0081 

0,0037 

0.0045 

0,0063 

0,0081 

0,0039 

0,0045 

200 

0,0060 

0,0078 

0,0029 

0,0039 

Values of u 
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• APPENDIX I I 

EFFECT ON z OF ERRORS IN irEASUREi.IEI]T w 

The percen tage e r r o r i n z due to small e r r o r s i n 
measioring p h y s i c a l q u a n t i t i e s i s foiond i n a -typical case (ïïing 
V I I ) . , 

Type and J!.IaCTitude of measuring e r r o r Corresponding e r r o r i n z 
Vf 

60 ft,/sec. 200 ft,/sec« 

2T (Pull excursion of exciter) n, ''• 
+ 0,005 nm, + 1.5 ± 0.5 

2z„ (Pull excursion of v/ing at 
resonance) + 'I «7 +1,5 

+ 0.01 in, "" *" 

Resonant frequency + è-/» 

Spring stiffness + -g-7, 

Rig Damping Coefficient, \i- +,5% 

¥indspeed 

+ 0,5 

+ 0,5 

+ 0,5 

+ 1,0 

+ 0,5 

+ 0,5 

+ 0,1 

+ 1.5 



n 

in n 

3ZII 

FIG. I. 
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