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Summary.--Tests  have been made on a 90-deg apex delta wing, a 60-deg swept-back wing and a 40:deg.swept-back 
wing to obtain values of longitudinal oscillatory derivatives for various frequencies, amplitudes and Reynolds nmnbers. 
Values of m0 were obtained for all three models and zw for the delta model using free oscillation methods. In addition, 
Zo, zo, mo and m6 were measured by a forced oscillation method for the delta wing and the 60-deg swept-back wing. 

Tile effects of reduced frequency (over the range 0-01 to 0.3), amplitude (-4- ½ deg to 4- 2 deg in pitch) and Reynolds 
number (0.72 × 106 to 3.3 × 106) were found to be small. 

1. Introduction.--Fllght experience on some of the latest a i rcraf t  prototypes has shown a 
reduction of pitching damping in the short-period oscillation at high speeds. Tunnel measure- 
ments of the oscillatory derivatives involved (eight in all) have in the past been mainly limited 
to the most important  one (and only recently have these been made at high subsonic Mach 
numbers 1, 5,,). Theory ~ shows that  to predict the oscillatory behaviour of an aircraft the values 
of all eight derivatives are needed. The minimum requirement for a wind-tunnel experiment to 
obtain this information is a test giving lift and pitching-moment coefficients of stiffness and 
damping at each of two axes of oscillation. The required number of measurements were made 
in these tests, but  the  accuracy, although by  no means poor, was not sufficient to extract the 
basic derivatives from the ill-conditioned simultaneous equations which it is necessary to solve 
(for structural reasons the axes of oscillation were relatively close together). 

The experimental technique is new and it may  be some time before an entirely satisfactory 
experimental procedure is established. Work on these lines is proceeding both at the Royal 
Aircraft Establishment ~ and the National Physical Laboratory in high-speed wind tunnels. 

The value of low-speed wind-tunnel measurements of these derivatives lies in the help given 
to theoretical work G, 7,,. A first a t tempt was made using a resonance method with only limited 
success 9. Tile present report gives the results of further tests on three typical wing plan-forms 
using two distinct experimental methods. First, values of zo, zo, mo and mo each at two axes of 
oscillation (i.e., all the derivatives required for a complete analysis) were measured using a 
forced-oscillation method. The damping coefficients zo and mo could not be measured accurately 
using this experimental method and a flee-oscillation method (in which damping  causes a more 
readily measurable effect) was devised ~o give more accurate values of m0. No similar method 

* R.A.E. Tech. Note Aero. 2208--received 5th June, 1953. 



for z6 was found possible. The forced-oscillation values of zo were not accurate enough to enable 
calculation of z~ and a further free-oscillation rig was designed to measure z~ directly for the delta- 
wing plan-form. 

2. Experimental Methods.--2.1.--Gemral.--The tests were made between June, 1951 and 
July,  1952 in the No. 2 ll½-ft × 8½-ft Low-Speed Wind Tunnel of the Royal Aircraft Establish- 
ment,  Farnborough, at wind speeds of 101, 201, and 290 ft/sec. Three plan-forms were tested 
:as follows • 

TABLE A , 

Sweepback on quarter-chord line . . . .  
Aspect ratio . . . . . . . . . .  
Taper ratio . . . . . . . . . .  

Thickness/chord ratio . . . . . .  

90-deg 
delta wing 

60-deg 
swept wing 

40-deg 
swept wing 

36.9 ° 60 ° 40 ° 
3.02 3 4.4 
0.143 - -  0.311 

10% { 6o/o inboard ) 10% 
12 % at tips 

Two models ol the 90-deg delta-wing plan-form were used, one with a removable body and one 
with no body 0-61 the size of the first. Two models of the 40-deg swept wing were also tested, 
one with and one without a body and fin ; the model with body was 0.88 the size of the other. 
Only one model of the 60-deg swept wing was used ; there was no provision made for removing 
the body in this case. Full details of the models are given in Table 1 and Figs. 1, 2, 3 and 4. 

The programme of tests was as follows" 

TABLE B 

5.485 ft span 90 ° delta wing with 
removable body 

3-35 It  span 90 ° delta wing; no 
body 

60 ° swept-back wing with body 

40 .0 swept-back wing ; no body .. 

40? swept-back wing with b o d y . .  

Measured by  forced 
oscillations in pitch 

ZO, Z6~ ~q40, ~46 
Two axes of oscillation 
Amplitude---- 4- 1.65 ° 

With body 0nly 

ZO, Z6, g]¢O, ~O 
Two axes of oscillation 
Amplitude = 4- 1.70 ° 

Measured by  free 
oscillations in pitch 

mo 
Two axes of oscillation 

Amplitudes = 4- ½o 
4-1o4-1½o4-2o 

With and without body 

m6 
Two axes of oscillation 

Amplitudes = 4-4- 1 ° 4- 2 ° 

m6 
Two axes of oscillation 

Amplitudes = 4- ½° 
4 - 1 ° 4 - 1 ½ ° 4 - 2  ° 

mo 
Three axes of oscillation 

Amplitudes = 4- 1 ° 4- 2 ° 

m6 
Two axes of oscillation 

l o  Amplitudes -= -b 
+1o+1½o4-2o 

Measured by  free 
heaving oscillations 

Amplitudes 4- 4"56%6 
and 4- 9.12%6 

With and without body 
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All these tests were made at a mean incidence of zero, but some extra values of m0 were measured 
over an incidence range for the 5.485 span 90-deg delta wing without body, using the free- 
oscillation method. 

For the oscillations in pitch, the model was supported on two forward struts by means of 
cross-spring pivots inside the wing and was oscillated about this position by means of a rear 
strut attached to a rigid sting bolted to the model. This at tachment was in the form of another 
cross-spring pivot which could have any desired position along the sting. Two pivot positions 
were provided on each model except the 40-deg swept wing with no body where three were 
provided. In order to made an accurate analysis of the result it is essential that  the pivot positions 
should be as far apart as possible, but in these tests this distance was limited by considerations 
of model strength. One pivot position was placed near the aerodynamic centre in each case: 

TABLE C 

~_erodynamic centre . . . .  
~xes of oscillation . . . .  

90-deg delta wing 
(both models) 

0.3155 
0-3285 
0.055g 

60-deg swept wing 

0.3405 
0.2885 
0.05 

40-deg swept wing 
no body 

0.3205 
0.2585 

--0.0515 
0.5725 

40-deg swept wing 
with body 

0.3305 
0-2585 

--0.0515 

2.2. Method of Inexorable Forcing (Figs. 5, 6 and 7).--The oscillatory motion of the model about 
the pivot in the wings was inexorably forced by the rear strut which was attached at the lower 
end to a flywheel and crank. Measurement was made of the oscillatory forces in the forward 
support struts and the rear strut by means of wire-resistance strain-gauges. The model inertia 
forces in the forward struts, which would have swamped the aerodynamic forces, were made 
very nearly zero by arranging the distribution of mass in the model to be such that  the forward 
struts were approximately at the ' centre of percussion ' of the system. A somewhat complicated 
system was used to counteract the model inertia forces in the rear strut. The ' balance ' used 
is shown ill Fig. 6. The rear strut was connected to the end B of a beam BC pivoted to earth at C. 
The forcing crank was connected to the beamBC near to B at A. The force in the rear strut was 
measured by measuring the reaction at the pivot C. This was done by carrying the pivot C on 
strain-gauged strips, E. Solid friction was eliminated by using cross-spring pivots throughout. 
A suitable mass M clamped to the beam BC between A and C compensated the model inertia 
forces ill the rear strut measured at E and the spring S made the effect of any spring stiffnesses 
zero. The dead weight of the model was taken by a support spring above the tunnel and care 
was taken to use the full range of strain permissible in the strain-gauged strips E. These were 
½-in. wide and 0. 003 in. thick and were strained up to 650 × 10 -6* for the maximum pitching- 
moment  stiffness encountered (i.e., -¢-20 lb in the rear strut). The corresponding damping 
component in this instance was a strain of 8 × 10 -6, but in some cases strains as low as 4 × 10 -6 
were measured. The electrical circuit was able to detect 0" 2 × 10 -6 strain and so the measure- 
ments of m0 were accurate to 5 per cent; the accuracy in the readings of mo was much better. 
Similar accuracies were obtained on the lift forces in the forward struts. 

The electrical circuit is shown in Fig. 7. The strain-gauges were arranged in a simple bridge 
on each pick-up. Two opposite corners of each bridge were provided with power and the potential 
across the other two corners was kept zero by means of a graduated helical potentiometer and a 
sensitive mirror galvanometer. The power to the gauge bridges was of square-wave form, the 
switching contacts being operated by a cam on the forcing crankshaft. Appendix I shows that  
by using two square waves in turn, one being ' in phase ' with the forcing motion and one ' in 

* Considered a maximum for accurate strain-gauge work. 
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quadrature ', the mean signals balanced by the potentiometer are proportional to the ' in phase ' 
a n d '  in quadrature '  components of strain respectively, and thus to the stiffness and the damping 
forces in the strained member. Care was taken that  the mean levels of the square waves them- 
selves were zero, since any standing potential would have caused a deflection on the galvanometer. 
This was checked before each reading and adjustment, if required, was made by altering the height 
of the square wave (C1 and Ca). As described in Appendix I, the switching of the square wave 
was made ~/6 late on the ' make ' and ~/6 early on the ' break ' points in order to remove the 
effect of any third harmonic in the model motion. The effect of all even harmonics was auto- 
matically zero, so the lowest harmonic able to cause error was the fifth. The motion was later 
photographed under various conditions of load and found to be virtually free of all harmonics. 

The effect of thermo-electric currents was removed by reversing the bat tery  leads at every 
reading and taking a mean in the usual way. 

The apparatus was calibrated by  applying springs of known stiffness to the sting of the model, 
the damping of these being assumed to be zero. 

The values of Zo and mo at zero frequency included in the tables and figures were measured by 
using the usual tunnel balance on which the model and forcing mechanism were mounted. 

2.3. Method of Free Oscillations.--2:3.1. Pitching oscillations (Figs. 8 a~d 9).--The models 
were mounted on two forward struts as before, but  the rear strut from tile model sting was 
pivoted to one side of a rocking beam above the tunnel. A long pointer fixed to the rocking 
beam recorded the oscillatory motion of the model on a revolving drum, the trace being made by  
sparking through Teledeltas paper. The spring S~ supported }the model dead load. The natural  
frequency of the apparatus could be made small by  clamping weights in the compartments at the 
extremities of the rocking beam, and made large by attaching the springs $1. In this way a range 
of periodic time from about 5 seconds down to about 0.4 seconds was obtained, giving a range 
of reduced frequency from approximately 0-01 (at V = 290 ft/sec) to 0.3 (at V = 101 ft/sec). 

The experiment consisted of recording the decay of oscillation with time after an initial displace- 
ment of 2{ deg of model incidence. From this, values of m6 were calculated at various amplitudes 
dowI1 to -}- ½ deg (see Appendix II). The value of the apparatus damping (no wind) was obtained 
before each wind-on measurement ; the values of m~ given in the tables were computed by adding 
to the difference between these two the still-air damping obtained by separate experiment (see 
section 3). All pivots in the apparatus were in t he  form of cross-spring bearings so the only 
solid friction was that  of tile pen on tile recording drum. This was made very small (equivalent 
to Am6 -"- 0. 0006 at V ---- 101 ft/sec) and in ally case was unaffected by aerodynamic loads and 
thus disappeared in the subtraction of wind-off from wind-on readings. The apparatus damping 
itself increased consistently with the addition of springs or weights t o  the rocking beam. This 
was presumably due to the increased stress in the cross-spring pivots supporting the beam. 

The aeroclynamic stiffness ceofficient mo theoretically could have been derived from the 
measured difference in periodic time due to the wind. Unfortunately, it was only possible to 
measure the periodic time to an accuracy of about 0. 005 seconds (although a very accurate stop 
watch was used) because the oscillations with the wind on decayed too quickly. An accuracy 
of about 0- 0001 seconds in periodic time would have been required to give mo to 2 or 3 per cent. 

2.3.2. Heaving oscillations (Figs. 10 a~d 11).--The model was constrained to move vertically by  
two parallel link frames pivoted to tile tunnel structure. The steel column on which the model 
hung consisted of a thin steel web bolted to a girder ; the web Was bolted to the model at the lower 
end and the girder was pivoted to  the ends of the link frames. The rocking beam used previously 
(section 2.3.1) was used to record the vertical oscillations of the model by  means of a short con- 
necting rod to the lower link frame. The weight of the model and steel column was taken by a 
large number of short support springs, S, arranged in series. The number of thesesprings used 
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determined the frequency of oscillation, but  some extra control on frequency Was obtained in 
some cases by  the use of springs and weights on the rocking beam. A range of periodic time from 
2" 3 seconds down to 0.6 seconds was thus obtained, giving a range of reduced frequency from 
0.025 (at V = 201 ft/sec) to 0- 18 (at V = 101ft/sec). The weight of model and support column 
and the strength of the support spring were considerable ; it was found necessary to use a winch 
and a bomb-release mechanism to set the  system in oscillation. 

The experiment consisted of recording the decay of vertical oscillation of the model after an 
initial displacement of 2½ in. The damping coefficient z~ was calculated at two amplitudes 
:J: 2 in. ± 1 in. (i.e., -¢- 9.12 and :J: 4- 56 per cent mean chord) by  the method given in Appendix 
II. The apparatus damping (no-wind) was obtained before and after each wind-on measurement ; 
the quoted values of z, were computed by subtracting the mean of these two no-wind values 
from that  obtained with wind on. As before, all pivots in the system were in the form of springs 
or cross-springs, the only solid friction being that  of the recording pen. The damping of the 
apparatus itself was small and remained sensibly constant over the period of the tests. 

No difference in periodic time due to the wind was observed above the limits of experimental 
error. 

2.4. Sources of Experimental Error.--2.4.1. Fluctuations ~¢ the tunnel stream.--The presence of 
incidence fluctuations in the tunnel stream having a frequency below about 10 cycles/sec could 
have affected the measurements. To check that  no such fluctuations were present, the larger 
delta wing was clamped at zero incidence and the variation of lift force with time recorded 
electronically using the strain-gauges on the forward support strut. No fluctuations were 
apparent, although the apparatus was sensitive to i 0.05 deg of incidence. 

2.4.2. Internal damping of the cross-@ring pivots.--The cross-spring pivots in some cases were 
subject to aerodynamic loads which affected their stiffness and internal damping. In general 
the loads were very small for the size of pivot, but in the case of the forward strut pivots large 
oscillating lift forces were taken. A bench test showed that  under these conditions the changes 
in damping and stiffness of the pivot were small ; equivalent to an error of 0. 0003 on m0 and 
0" 00002 on mo for the most severe case. 

2.4.3. Harmonics i~ the model motion.--In the tests using the method of inexorable forcing, 
the presence of odd harmonics above and including the fifth would have caused errors in the 
measurements (Appendix I). The model motion was photographed by a, high-speed camera 
under various conditions of load. No difference from the true sinusoidal motion could be detected. 

2.4.4. The effect of rate of decay i~¢ the model motion.--in the tests with free oscillations the 
damping depended on the product of effective model inertia and the rate of decay in the model 
motion. The frequency was sometimes changed b y  altering spring stiffness and sometimes by 
altering the inertia. In the former, the effect of frequency y~as measured directly, inertia and rate 
of decay being approximately constant, but  in the latter the change in frequency occurred along 
with a change in rate of decay. To check tha t  the effect of change in rate of decay was negligible, 
an experiment was repeated with no change of frequency but with a large change in inertia and 
thus in rate of decay. The same damping was recorded showing that  this effect was either zero 
or negligible. 

3. Corrections Applied.--Normal static tunnel constraint corrections to pitching amplitude and 
pitching moment have been applied to the results obtained with the inexorable forcing method ; 
the corrections for oscillating wings of finite span are not yet known. No corrections have been 
applied to the free-oscillation values of m0. The normal static tunnel correction has also been 
applied to the measured values of z,~, since the heaving oscillation causes oscillating angles of 
,incidence subject to tunnel constraint, These corrections were calculated from Ref. 10 and were 
applied to the results over the whole frequency range. The correction to all derivatives on 
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account of angle of pitch was + 4 per cent for tile del ta  wing and + S per cent for the 60 deg 
swept wing. The pitching-moment corrections were + 0.001 and + 0-005 on mo for the two 
models respectively ; tile correction to m6 on account of pitching moment was negligible. 

The discrepancy between the measured values of m0 for the two sizes of delta model is small 
and may be mainly due to the larger strut interference on tile smaller model where the size of tile 
strut  heads was comparatively large (Fig. 18). The present results for tile larger delta model 
agree well With those in Refs. 1 and 2 where quite different ratios of model size to tunnel size 
were used (Fig. 9.6). The general indication appears to be tha t  the tunnel constraint corrections 
for these results must be small, with the possible exception of the 40-deg swept-back wing models 
where the wing tips were comparatively near the  tunnel walls. 

In both experimental methods the still-air value of m0 was lost in the subtraction of tile no-wind 
damping from the wind-on damping. The value of the still-air m6 was measured separately by 
a simple free-oscillation method and was added to the results (equivalent to about 1½ per cent at 
200 ft/sec). No still-air damping was measured for tile z~ tests, so the quoted values will be 
slightly low on this account. The values of z0 are also uncorrected for still-air effects. 

4. R e s u l t s . - - T i l e  values of zo, z~, mo and m~ obtained by  the method of inexorable forcing are 
given in  Table 2 and Figs. 12to 15 inclusive, and the values of m~ obtained by the free-oscillation 
method in Tables 3 to 7 inclusive and Figs. 16 to 24 inclusive. The measurements of z~ for tile 
larger de!ta wing are given in Table 8 and Fig. 25. 

In general tile effects of frequency and amplitude were small over the range of investigation. 
The values of mo and m~, however, for tile 60-deg swept wing showed a tendency to become more 
negative with increase of frequency at the forward axis of oscillation (Fig. 15). There was also 
some marked scale effect present. The comparison between the values of m~ obtained by the 
two experimental  methods is shown in Fig. 13 for the 90-deg delta wing and in Fig. 15 for the 
60-deg swept wing. Of the two methods the free-oscillation method was far more accurate, but  
there was fair agreement in tile values of mo obtained at the rearmost axis position on both models 
and a consistent difference at the forward axis position. A possible explanation of this is that  
the unknown tunnel corrections to damping may be different for the two methods and dependent 
on axis position 11. Tile difference in m0 for the delta model (Fig. 13) is too large to be entirely 
explained in this way, however, since tunnel corrections are believed to be small (see section 3). 

Theoretical derivatives for the delta wing are plotted in Figs. 12 and 136, 7. The low values of 
reduced frequency applicable to stabil i ty work make theoretical estimation less difficult. The 
theoretical values of zo and mo are more negative than tile measured values, but  there is good 
agreement  both with tile actual values of Zo and mo and with tile small frequency effect on all 
four derivatives. 

In tile results obtained with free oscillations there was a small variation in m~ at low reduced 
frequency. The reason for this is obscure. The comparison between tile measurements for the 
two delta-wing models (Fig. 18) shows that  there is a tendency for this var ia t ion  to occur at 
smaller frequencies on the smaller model. Also, in most cases, the slight reduction in damping 
occurs when the tunnel return circuit contains a whole number of wavelengths of tile motion, 
i .e . ,  when disturbances travelling round tile tunnel circuit could be expected to reinforce the 
motion. The possibility of such periodic disturbances travelling through the fan and screens 
seems doubtful, but whatever the explanation, it seems probable that  the phenomenon is due to 
tunnel effects. 

The comparison between m~ obtained on tile two delta models is shown in Fig. 18. The larger 
damping obtained on tile small model cannot be due to a difference in Reynolds number, since 
the Reynolds number ranges for the two models overlapped. The difference in tunnel correction 
should be small (section 3). Tile discrepancy may be mainly due to tile increased strut interference 
on .the smaller model. The same size of s trut  heads was used in the two cases and the pivots 
protruded a little from the lower wing surface of tile smaller model because the wing was thinner. 
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The measurements of damping in pitch for the 901deg delta wing at mean incidences up to 
---- 1S deg are shown in Fig. 19. There was little change up to about c~ = 8 deg when the first 

unsteadiness of flow was apparent at the wing tips, but at higher incidences there was a rapid 
increase in damping associated with the inboard spread of the tip stall. 

The results for the 40-deg swept-back wing with no body are shown in Fig. 24. On all the 
models tested the scale effect on m~ increased with distance of the axis of oscillation from the 
neutral point. The scale effect on the 40-deg swept-back wing was considerable and made 
analysis difficult. Comparison between the results for the two models shows agreement for the 
0.258~ axis position, but a large difference at the -- 0.051~ axis position. The effect of the body 
cannot have been so great as this in view of the small body effect found on the delta-wing plan- 
form at both axis positions. Both 40-deg swept-back wing models were large, the model without 
body being a little larger than the model with body and it is possible, therefore, that the effect 
of tunnel constraint (the corrections for oscillating models of finite span are not yet known) 
may have contributed to the discrepancy ill measured damping. 

The values of z~ obtained on the larger delta-wing model are shown in Fig. 25. No effect of 
amplitude or frequency was found over the range investigated. The body contribution to the 

• damping was approximately 4 per cent of the total. 

Curves of m~ against ' axis of oscillation' position for the three plan-forms are shown in Fig. 26. 
The calculations were made using the equations of Ref. 4 with the static values of z~ (i.ei, assuming 
no variation of z~ with frequency). Experimental values for the delta plan~form from Refs. 1 
and 2, and theoretical values from Ref. 7. are also plotted in the figure and agree well with the 
present tests. 

The small distance apart of the axis positions, fixed by considerations of model strength, and 
the inaccuracy in the measurement of z~ inherent in the experimental method, have made any 
complete analysis impossible. 

5. Conclusions.--On all the derivatives measured there appeared to be only small effects of 
frequency and amplitude and the additional damping due to a body was also small in both 
pitching and heaving. 
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NOTATION 

Wing area 

Wing geometric mean chord 

Air density 

Wind speed 

Heaving velocity 

Frequency of oscillation 

2~f~ Reduced frequency 
V 

Static mean incidence 

Amplitude of oscillatory angle of pitching (to fixed axes) 
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A P P E N D I X  I 

Method of Inexorable Forcing--Measurement of Forces 
I t  was required to measure the amplitude and phase of the oscillatory aerodynamic force in 

the model supports. The principle used was to supply strain-gauges on the supports with an 
alternating voltage synchronous with the motion of the model. This voltage could have been 
produced by an alternatoa5 geared to the forcing crankshaft 5, but  since the Speed of rotation was 
low and the forcing motion could be assumed free of harmonics, a square-wave form of alternating 
voltage was used. This was produced by  a simple cam and had the advantage of giving a constant 
voltage at all rotational speeds. I t  was found to be mechanically convenient to allow a small 
interval between the positive and negative loops of the square-wave voltage and this interval was 
made equal to x/3 as an extra safeguard against error from any third harmonic in the forcing 
motion (subsequently the motion was proved to be virtually free of all harmonics--section 2.4.3). 

To calculate the output from the gauges when fed with this signal, let the strain in the gauged 
member be 

S s in  (or + ¢) .  

If the supply voltage to the gauge bridge is a square wave of the form : 

+ E volts for the interval ~/6 to 5~/6, etc. 

and -- E . . . . . . . .  7~/6 to 1 lzc/6, etc. 

the signal from the gauges is given by the product of the strain and the applied voltage; i.e., i t  
has a mean value: 

, _1 f5=/8 
J = / 6  

This simplifies to 

1 ~11~/6 
(+ E)S sin (Or + ¢) d(Ot) + ~ JT~j~ ( -  E)S sin (.cat + ¢) d(Ot). 

4 cos ~/6 ES cos ¢ .  

Thus the mean value of the signal is proportional to the ' in phase '  component of the strain. 

In  a similar way by using a square wave of the form" 

+ E volts for the interval -- a/3 to + a/3, etc. 

and -- E volts . . . . . .  2=/3 to 4=/3, etc. 

a signal is obtained with a mean value of 

4 cos ~/6 E S sin ¢ 
Y~ 

• being proportional to the ' in quadrature ' component of the strain. 

The effect of a third harmonic in the oscillatory motion is zero, since any component of strain 
of the form sin 3agt leads to a zero mean value in the resulting signal. 

A P P E N D I X  II 

Calculation of Damioing by Method of Free Oscillations 

The equation of motion for free pitching oscillations is of the form : 

. , I~ --  MoO + K o  = 0 

w h e r e / i i s  the moment  of inertia of ~ {he model. 

9 ,~i ~ 



The solution of this equation is of the form" 

0 = A e -  ~ sin (nt + ~) 
where ~ - -  M0 

2 1 "  

Thus if the ampli tude of oscillation is 01 at t ime tl and 02 at t ime t~: 

0j __--~ ea(t ' _ hi 
03 

01/0, 
or ~ ---- log t~ - -  h 

or M0 ---- - -  21 log (01/03).. 
t~ - -  tl 

Similarly in the case of heaving mot ion if the ampli tude of oscillation is 81 at t ime tl and ~ 
at t ime t2" 

2 M  log (~1/$2) 

t~ -- t l  

where M is the  mass of the model.  

TABLE 1 

Model Data 

5"485-ft span 3.35-ft span 60-deg 40-deg 40-deg 
90-deg 90-deg swept wing swept wing swept wing 

delta wing delta wing model model 
Wing with body without body 

Area (sq ft) . . . . . .  10.029 3.783 9.50 13.09 14.948 
Span (ft) . . . . . . . .  5.485 3.350 5.33 7.60 8.124 
Mean chord (ft) 1.828 1.129 1. 780 1.722 1.840 
Thickness/chord ratio (per'cent) i 10 , 10 6 10 10 
Section . . . . . .  RAE102 RAE102 RAE101 E.Q. 10.40 E.Q. 10.40 
Apex angle" (deg) .. 90 90 60 92.46 92.46 
Sweepback of quarterch'o'rd line 

(deg) . . . . . .  36" 9 36.9 60 40 40 
Centre-line chord ift) . . . .  3.200 1.967 2"250 2.627 2.806 
Tip chord (ft) . . . . . .  0"457 0-292 0"169 0"817 0"873 
Taper ratio . . . . . .  0.143 0.143 - -  0.311 0" 311 
Aspect ratio . . . . . .  3- 00 2.97 3 4.4 4- 4 

Body None None 
Length (ft) . . . . . . . .  5- 75 6.75 4.70 
Maximum diameter (ft) ..  0-90 0.58 0.95 
Distance of nose from leading-edge 

centre-line wing chord (ft) •. 0" 98 0" 83 0.4 
Shape . . . . . . . .  aerofoil shaped parallel faired shape 

Mean quarter-chord ~boint 
Back from apex (ft) . . . .  1.572 0.968 2.433 1.973 2.107 

Pivot positions 
Per cent mean chord . . . .  5 .5  5.5 O. 0 - -5 .1  - -5 .1  

32.8 32.8 28.8 25.8 25.8 
57.2 
55.3 
75.6 
9 6 - 2  

Per cent centre-line chord .. 38.0 38.0 
53.6 53.6 

10 

8 8 - 4  5 5 . 3  
111 .1  7 5 . 6  



T A B L E  2 

Results Obtained by Method of Inexorable Forcing 

(~o= = 0 deg) 

V 
(It/see) 

f 
(c.p.s.) 

Amplitude 
(deg) Zo z6 m6 

5.485-ff 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 

span90-deg delta wing 
0 

0.031 
0.0785 
0.125 
0.168 

0 
0.0215 
0.0545 
0.0865 
0"117 

5 .485  ft 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 

span 90-deg delta wing 
0 

0.031 
O. 0785 
O. 125 
O. 168 
0 
0.0215 
0.0545 
O. 0865 
0"117 

(with 
0 

0-55 
1.38 
2"20 
2"97 

0 
0"55 
1 "38 
2"20 
2"97 

(with 
0 

0.55 
1.38 
2.20 
2.97 
0 
0.55 
1.38 
2.20 
2.97 

body) : axis of oscillation at  0.0555 
4-1" 65 - -  1"434 
4-1" 65 
4-1.65 
4-1.65 
4-1.65 
4-1.65 
±1.65 
4-1.65 
4-1.65 
4-1.65 

--1.414 
--1.424 
- -1 .434 
--1.414 
--1"474 
--1"439 
--1.449 
--1.454 
--1.464 

body):  axis ofoscillation at ff.3285 
-4-1.645 --1.445 
4-1.645 
4-1"645 
±1 .645  
4-1.645 
4-1.645 
4-1.645 
-t-1.645 
4-1.645 
4-1.645 

--1.445 
--1-418 
--1-418 
--1.408 
--1.491 
--1.454 
--1-445 
--1.436 
--1.445 

- -1 .308 
--1-096 
--1.125 
--1-081 

--1.135 
--1.244 
--1.135 
--1.140 

- -0 .853  
--0.869 
--0.875 
--0.848 

- -0 .675 
- -0 .787 
- -0 .847 
- -0 .905 

--0.374 
--0.361 
--0.373 
- -0 .377 
--0.374 
--0.385 
--0.373 
--0-381 
--0.393 
--0.390 

+0 .026  
0.027 
0.025 
0.026 
0.026 
0-025 
0-027 
0.025 
0.026 

+0 .026  

--0.546 
--0.574 
--0.582 
--0.582 

--0.466 
--0.564 
--0-573 
--0.579 

--0.326 
--0.320 
- -0 .319 
- -0 .352  

- -0 .323 
--0.302 
- -0 .350 
--0.387 

60-deg swept-back wing : 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 

0 
0.0305 
0.0765 
0.122 
0.165 
0 
0.021 
0.0535 
0.085 
0"1145 

axis of oscillation at O. 05 
0 

0"55 
1.38 
2.20 
2.97 
0 
0"55 
1.38 
2.20 
2"97 

i l  "70 
±1  "70 
-b1.70 
-q-1.70 
i l  -70 
± 1 . 7 0  
-t-1.70 
4-1.70 
+1-70  
4-1 ",70 

60-deg Swept-backwing:  axis of oscillation at 
201 0 
201 0.0305 
201 0.0765 
201 0.122 
201 0-165 
290 0 
290 0.021 
290 0.0535 
290 0"085 
290 0.1145 

o.288e 
0 q-1.69 

0.55 4-1.69 
1.38 ± 1 . 6 9  
2.20 4-1.69 
2-97 ~-1.69 
0 q-1.69 
0.55 + I  .69 
1.38 q-1"69 
2.20 q-1.69 
2.97 4-1.69 

--1.172 
--1 133 
--1 124 
--1 152 
--1 162 
--1 179 
--1 133 
- -1 .143 
--1.162 
--1.152 

- -1 .209 
--1.209 
--1.227 
: -1 .246 
- -1 .274 
--1.232 
- -1 .209 
- -1 .255 
- -1 .255 
--1.292 

--1.160 
- -0 .948 
- -1 .104 

--1-177 
--0-986 
- -1 .090 

- -0 .759 
- -0 .849 

- - 0 . 8 0 0  
- -0 .733 

--O.835 
- -0 .863 
- -0 .836 
- -0 .799 

--0" 375 
--0" 378 
--0.378 
--0.396 
--0.428 
--0.378 
--0"376 
--0.380 
--0"398 
--0.437 

--0.055 
--0-057 
--0.058 
--0.059 
- -0 .078 
- -0 .056 
- -0 .057 
--0.061 
--0.064 
--0"080 

- -0 .707 
- -0 .610 
- -0 .617 
--0.652 

--0.672 
- -0 .  579 
- -0 .  580 
- -0 .639 

- -0 .408 
- -0 .397 
--0.354 
- -0 .349 

--0"309 
- -0 .347  
--0.385 
- -0 .348  



T A B L E  3 

too." Free-Oscillation Results: 5. 485-ft Span 90-deg Delta Wing 

V 
(ff/sec) 

~meaa 
(deg) 

0,) 
T 

(see) 
I 

(slugs ft 2) 
mo 

Amp. = 
4- ½ deg 

mo 
A m p . =  
4- 1 deg 

m6 
Amp. = 
4- 1½ deg 

mO 
Amp. = 
4- 2 deg 

Axis of 
101 
101 
101 
101 
101 
101 
101 
101 
201 
201 
201 
201 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 
290 
290 
290 
290 

oscillation at 0.0555 with body 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.024 
0.038 
0.0745 
0.073 
0.163 
0.221 
0.2635 
0.303 
0.013 
0.0135 
0.0215 
0.0420 
0.0370 
0.0735 
0.113 
0.132 
0.152 
0.011 
0.0105 
0.017 
0.033 
0.026 
0.061 
0"079 
0.095 
0.1065 

4"76 
2.97 
1"53 
1"55 
0.696 
0.514 
0.431 
0-375 
4.32 
4.26 
2.64 
1.36 
1.54 
0.674 
0.504 
0.430 
0.374 
3.65 
3.67 
2.32 
1.19 
1.51 
0.644 
0.500 
0.407 
0.370 

1117"4 
462-9 
127-3 

1175-6 
129-1 
129-1 
129.2 
130.9 

1117.4 
1128.6 
462.9 
127.3 

1175.6 
129.1 
129" 1 
129.2 
130.9 

1117.4 
1128.6 
462-9 
127-3 

1175-6 
129-1 
129.1 
129-2 
130"9 

--0.684 
--0.690 
--0.692 

--0-697 
--0- 743 
--0-725 
--0.743 
--0-650 
--0-661 
--0-654 
--0-678 

--0-649 
--0-676 
--0-682 
--0-699 
--0-694 
--0.668 
--0-672 
--0.677 

--0.692 
--0.673 
--0.691 
--0.686 

--0.678 
: --0.695 

--0.687 
--0.701 
--0.695 
--0.727 
--0.710 
--0.717 
--0.637 
--0.638 
--0.666 
--0"687 
--0-689 
- -0 .675  
--0.684 
--0.680 
--0.683 
--0.691 
--0.668 
--0.650 
--0-679 
--0-695 
--0.680 
--0-687 
--0-691 
--0.683 

--0.666 
--0.671 
--0.671 

--0"682 
--0"718 
--0"711 
--0"753 
--0"614 
--0.627 
--0.647 
- -0 .669  

--0.669 
--0.676 
--0"675 
--0.684 
--0"667 
--0.657 
--0"637 
--0"664 

--0.675 
--0.686 
--0.690 
--0.683 

--0.666 
--0-676 
--0-653 

--0-684 
--0"728 
--0"725 
--0.766 
--0"614 
--0.627 
--0.645 
--0.658 

--0.668 
--0.669 
--0.681 
--0.691 
--0"667 
--0"657 
--0"635 
--0"658 

--0.669 
--0.673 
--0"691 
--0.683 

Axis of oscillation at 0 
101 
101 
101 
101 
101 
101 
101 
201 
201 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 
290 
290 

• 328~ with body 
0"022 
0.0355 
0"070 
0.163 
0.218 
0.261 

0'011 
0'0175 
0.035 
0'0815 
0.109 
0"1305 
0"1465 
0"0075 
0"012 
0.0235 
0.056 
0.075 
0.0905 
0.102 

5.110 
3"180 
1.620 
0.697 
0.521 
0.435 

5"165 
3"224 
1"626 
0"698 
0"522 
0"435 
0"387 
5-280 
3"280 
1"660 
0'706 
0.524 
0.435 
0.387 

798.6 
330" 9 
90.15 
92.3 
92.2 
93-7 

798" 6 
330.9 
90.15 
92.3 
92.2 
93 "7 
95.7 

798" 6 
330.9 

90. 15 
92.3 
92.2 
93-7 
95.7 

--0-361 
--0"373 
--0.333 
--0.348 
-=0.3'36 
--0.307 

--0"418 
--0.277 
--0.340 
--0"311 
- -0 '309  
--0"309 
--0"329 
--0.394 
--0.351 
--0.330 
--0-338 
--0-331 
--0.319 
--0.309 

--0"341 
--0.330 
--0"319 
--0.309 
--0.310 
--0"350 

--0.394 
--0.286 
--0.306 
--0.324 
--0.307 
--0.310 
--0.333 
--0.339 
--0-366 
--0.332 
--0-319 
--0.314 
--0,-325 
--0-337 

--0.337 
--0-324 
--0.327 
--0.322 
--0.302 
--0"324 

--0"356 
--0"269 
~0"307 
--0.308 
--0"309 
--0.298 
--0.303 
--0.357 
--0.358 
--0.347 
b0 .318  
--0-321 
-z0-315 
--0.312 

--0"303 
--0.284 
--0"309 
--0:3i5 
--0-303 
--0-324 

--0:349 
--0.262 
--0.313 
--0"305 
--0.312 
--0.309 
--0.302 
--0.331 
--0.314 
--0.335 
--0.304 
--0"317 
--0" 302 
--0-321 
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TABLE 3--continued 

m~ " Free-Oscillation Results: 5.485-ft. Span 90-deg Delta Wing 

V 
(ft/sec) 

~meaai 
(deg) 

T 
(sec) 

I 
(slugs ft 2) 

mo 
Amp. ---- 
:L ½ deg 

m6 
A m p . =  
+ 1  deg 

m6 
A m p . =  
:L1½ deg 

m6 
Amp. = 
± 2 deg 

Axis of 
101 
101 
101 
201 
201 
201 
290 
290 
290 

101 
201 
101 
201 
101 
201 
101 
201 
101 
201 
101 
201 
101 
20t 

oscillation at 0.3285: wing alone 
0 
0 

- 0  
0 
0 
0 
0 
0 
0 

o 

5"0 
5"0 
7"1 
7"1 
8.35 
8.35 

10.55 
10.55 
12-25 
12.25 
14.80 
14.80 

0-0225 5.068 
0.036 3.172 
0.0715 t . 592  
0.011 5.110 
0-018 3.172 
0.0355 1.593 
0-0075 5.10 
0.0125 3.18 
0-0245 1.593 

0.071 1.60 
0-0355 1.605 
0.071 1- 60 
0.0355 1.60 
0" 071 1.60 
0-0355 1.60 
0.071 1.59 
0-036 1-58 
0-071 1.60 
0-0355 1.60 
0.071 1.61 
0.0355 1.60 
0"071 1.60 
0.0355 1'60 

• 794.9 
326.8 

88.92 
794.9 
326.8 

88.92 
794.9 
326-8 

88.92 

51.61 
51.61 
51-59 
51- 59 
50-46 
50.46 
50.39 
50" 39 
50.51 
50 "51 
49.83 
49" 83 
47.61 
47- 61 

--O" 389 
--0"354 
- -0 .323 
--0"390 
--0 .303 
--0-291 
--0" 374 
- - 0 . 3 8 0  
--0" 303 

mO 
Amp.  
+ ½ deg 

--0-326 
--0" 322 
--0" 342 
--0" 300 
--0"268 
--0"303 
--0- 309 
--0-308 
--0-486 
--0-  377 
--0" 555 
- - 0 . 6 2 5  
--0" 639 
- -0 .566 

- -0 .330 
--0"325 
--0-327 
- - 0 - 3 8 8  
--0"280 
--0 .316 
--0" 390 
--0.315 
--0-327 

m6 
Amp. = 
4- 1 deg 

- -0 .  310 
- -0 .320 
--0"350 
--0 .313 
--0-325 
--0-282 
--0.347 
- - 0 . 2 8 4  
--0.471 
- -0 .363 
--0" 634 
--0.702 
--0.913 
--0.313 

- - 0 - 3 4 4  
--0" 343 
--0.325 
--0" 350 
- -0 .300 
--0.321 
- -0"340 
--0.331 
--0" 343 

m6 
Amp. = 
-t-2 deg 

--0.322 
--0-314 
--0-341 
--0-327 
--0-312 
--0.301 
:-0" 350 
- - 0 " 2 9 8  
--0" 493 
--0.425 
--0.631 
--0"740 
--0-793 

• --0-651 

--0" 309 
--0.314 
- -0 .318 

0.327 
--0-280 
--0-317 
--0-345 
--0.336 
- -0 .  324 

m6 
Amp. = 
:J= 3 deg 

--0-305 
--0- 304 
--0.332 
--0.330 
--0.328 
--0.294 
--0.369 
--0"307 
--0"496 
=-0"509 
--0"630 
--0-712 
--0.790 
--0.592 
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TABLE 4 

mo " Free-Oscillation Results: 3.35-ft S~an 90-deg Delta Wing (Without Body) 

V 
(ft/sec) 

T 
(sec) 

I 
(slugs ft ~) 

m6 mO 
Amp. = 4-1 deg A m p . :  A=2deg 

Axis of oscillation at 0-0555 ~ .. . .  --  0 deg 
101 0.0145 
101 
101 
101 
101 
101 
201 
201 
20-1 
201 
201 
201 
290 
290 
290 
290 
290 
290 

0"023 
O. 0475 
O. 104 
O" 139 
O- 166 
O. 008 
0.0125 
0"0255 
0"054 
0" 0725 
0.086 
0.005 
O. 009 
0"018 
0.037 
O" 049 
0.0585 

4"85 
3.03 
1 "47 
0"672 
O" 502 
0"421 
4-58 
2.36 
1 - 4 3  
0-665 
0"496 
0-419 
4.26 
2"67 
1 . 3 3  
0.654 
0"496 
0.415 

593.0 
248.4 
• 65-1 

66" 1 
66.0 
66"4 

593- 0 
248 "4 

65" 1 
66" 1 
66"0 
66.4 

593-0 
248' 4 

65" 1 
66" 1 
66"0 
66"4 

--0-718 
--0- 740 
-=0.763 
--0- 778 
--0.739 
--0.745 
--0.022 
--0-747 
--0.721 
-- O. 732 
--0.723 
--0.737 
--0.954 
--0.767 
--0" 732 
--0.754 
--0"753 
--0" 739 

--0.721 
--0.718 
--0.714 
--0.721 
--0.718 
--0.749 
--0.848 
--0.718 
--0.751 
--0" 700 
--0" 700 
--0" 722 
--0.895 
--0.740 
--0.750 
--0-753 
- - 0 . 6 9 9  
- - 0 . 7 3 9  

A x i s  of  oscillation at 0 - 3 2 8 5  %~. = 0 deg 
101 0.014 
101 
101 
101 
101 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 

0.0225 
0.046 
O. 103 
O. 165 
O. 007 
0.0115 
0.0225 
0.0515 
0.0825 
0.005 
0.003 
0"0155 
O" 036 
O" 057 

4.94 
3.08 
1.52 
O. 679 
O. 424 
5.00 
3.09 
1 . 5 4  
0.680 
O. 424 
5.01 
3.10 
1.55 
0.678 
0.424 

461 "2 
191 "5 
50.6 
52 "6 
53 -6 

461 "2 
191 "5 
50.6 
52.6 
53"6 

461 "2 
191 "5 
50.6 
52"6 
53.6 

--0"371 
- - 0 " 3 6 2  
--0"372 
--0.339 
--0.358 
--0" 330 
--0.401 
--0" 361 
--0" 359 
--0"368 
--0.437 
--0"394 
--0"370 
--0.350 
--0-361 

--0.335 
--0.372 
--0.371 
--0.415 
--0.384 
--0- 380 
- - 0 - 3 3 5  
- -0 .339  
--0.373 
--0.377 
--0"406 
--0"437 
--0"391 
--0" 365 
--0"377 
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T A B L E  5 

mo • Free-Oscillation Results: 60-deg Sw@t-back Wing (With Body) 

V 
(ft/sec) 

fL) T ." I 
(sec) (slugs ft ~) 

mo 
A m p .  = 
4- ½ deg 

m~ 
Amp. = 
± 1 deg 

mo 
Amp. = 
! 1½ deg 

m~ 
Amp. = 
+ 2 deg 

Axis of oscillation at 0.05: % ~  = 0 
101 
101 
101 
101 
101 
101 
101 
201 
201 
201 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 
290 
290 
290 

deg 
0"0235 
0"029 
0"037 
0.049 
0"0715 
0-1585 
0"212 
0.013 
0"016 
0.021 
0.0275 
0.040 
0.081 
0.108 
0.145 
0-0105 
0"013 
0-0165 
0.022 
0"0315 
0"0585 
0"077 
0.105 

4"743 
3" 846 
3" 155 
2"26 
1"550 
0-700 
0"523 
4"250 
3.424 
2" 676 
2.014 
1"385 
0"686 
0.514 
0.383 
3.684 
2.972 
2.342 
1"768 
1.218 
0" 660 
0- 502 
0.372 

1079.1 
726.8 
457.5 
268.3 
127.2 
128.5 
130.4 

1079.1 
726.8 
457.5 
268.3 
127.2 
128.5 
130,4 
133.6 

1079.1 
726.8 
457.5 
268" 3 
127.2 
128.5 
130.4 
133.6 

--0"659 
--0"704 
--0"664 
--0.732 
--0.698 
--0.687 
-- 0" 730 
--0.663 
--0.612 
--0.625 
--0"643 
--0" 659 
--0" 673 
--0"671 
--0" 708 
--0-629 
--0"622 
--0-639 
--0.602 
--0.641 
--0-634 
--0.  650 
--0- 682 

--0.674 
--0.710 
--0.721 
--0.724 
--0.725 
--0.726 
--0.725 
--0.598 
--0" 622 
--0" 630 
--0" 634 
--0" 635 
--0" 647 
--0.672 
--0" 703 
--0.577 
--0-588 
--0.636 
--0" 597 
--0" 635 
--0" 632 
--0.654 
--0.670 

--0"627 
--0.714 
--0.695 
--0.702 
--0"687 
--0.694 
--0.740 
--0- 638 
--0" 623 
--0-612 
--0-643 
--0-629 
- -0 .644 
- -0 .680 
- -0 .689 
--0-559 
--0"564 
--0.600 
--0"606 
--0.614 
--0.611 
--0- 633 
--0-680 

--0"681 
--0"699 
--0.669 
--0"699 
--0" 688 
--0" 727 
--0" 729 
--0" 609 
--0" 661 
--0.613 
--0-643 
--0-617 
--0-647 
--0.644 
--0-655 
--0.551 
--0.613 
--0"641 
--0"585 
--0" 632 
--0" 656 
--0- 630 
--0-640 

Axis of 
101 
101 
101 
101 
101 
I01 
201 
201 
201 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 
290 
290 
290 
290 

oscillation at 0.2885: ~ = 0 deg 
0.022 
0.0355 
0.068 
0.069 
0-905 
0.215 
0.0115 
0.018 
0.025 
0.035 
0.0355 
0.046 
0.107 
0.141 
0- 082 
0.013 
0-0195 
0.025 
0 -0255 
0.255 
0.0325 
0.075 
0.098 

5.000 
3.128 
1- 634 
1.605 
1.224 
0.522 
4.884 
3.064 
2.22 
1.585 
1.56 
1.206 
0.519 
0.394 
4- 698 
2.938 
1.96 
1.546 
1.528 
1.525 
1.182 
0.516 
0.393 

980- 0 
407.4 
115.1 
115.3 
117.1 
117.7 
980 
407.4 
164.8 
115.1 
115.3 
117-1 
117.7 
118.7 
980 
407.4 
181.7 
115.1 
113.3 
115.3 
117.1 
117.7 
118.7 

--0.  360 
--0" 350 
--0.348 
--0.328 
--0-364 
--0"386 
--0"275 

--0.317 
--0" 340 
--0" 327 
--0.353 
--0" 337 
--0.361 
--0-291 

--0"264 

--0.273 
--0.331 
--0.329 
--0.349 

- -0 .338  
--0"332 
--0.349 
--0.334 
--0.351 
--0.311 
--0" 300 
--0"330 
--0.281 
--0" 329 
--0.335 
--0.338 
--0" 348 
--0"338 
--0-329 
--0.307 
--0"336 
--0"276 
--0.273 
--0"283 
--0.330 
--0.327 
--0" 339 

- -0 .349  
- -0 .339  
--0- 363 
--0.373 
--0.343 
--0" 340 
--0" 323 
--0.310 

--0.316 
--0-334 
--0"323 
--0.340 
--0"327 
--0.317 
--0-302 

--0.292 

--0.287 
--0.320 
--0.318 
--0"336 

--0" 354 
--0" 337 
--0" 353 
" 0 "  364 
--0- 343 
--0" 356 
--0" 339 
--0"306 

--0-318 
--0.332 
--0"330 
--0.356 

--0.328 
--0"299 

--0"287 

--0"292 
--0.310 
--0.328 
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T A B L E  6 

mo" Free-Oscillation Results: 40-deg Swept-back Wing (With Body) 

. V  
(ft/sec) 

O) 
T 

(sec) 
I 

(slugs It ~) 

mO 
Amp. = 
± ½ deg 

mO 
Amp. = 
-b 1 deg 

m~ 
Amp. = 
=L 1½ deg 

mo 
A m p . =  
~ 2  deg 

• Axis 
101 
101 
101 
101 
101 
101 
201 
201 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 
290 
290 

of 
0.0235 
0"0235 
0.0375 
0.0725 
0-153 
0.204 
0.0145 
0.0145 
0" 023 
0.044 
0.0795 
0.103 
0.125 
0.012 
0.012 
0.0195 
0.037 
0-059 
0-074 
0.098 

oscillation a t - -O.0515:  ~ .. . .  ----0 deg 
4.50 
4.48 
2.82 
1.47 
0.695 
0-52 
3-68 
3.68 
2.30 
1.21 
0.667 
0.518 
0.425 
3.00 
3.00 
1.90 
1.00 
0-625 
0.498 
0.372 

1104.0 
1103.6 
467.0 
132.4 
134.6 
133.7 

1104.0 
1103.6 
467.0 
132.4 
134.6 
133.7 
135.5 

1104.0 
1103.6 
467.0 
132.4 
134-6 
133.7 
136.5 

--0.712 
--0-721 
--0-776 
--0.775 
--0.799 
- -0 '877 
--0.688 

--0.737 
--0.767 
--0.769 
--0.776 
--0.790 
--0-787 
--0.788 
--0-776 
--0.759 
--0.733 
--0.725 
--0.728 

--0.742 
--0.714 
--0-750 
--0-771 
--0-803 
--0-815 
--0.690 
--0.685 
--0.740 
--0.758 
--0.758 
--0.753 
--0.765 
--0'803 
--0.775 
--0.743 
--0"736 
--0-730 
--0.720 
--0.724 

--0.719 
--0.714 
--0.750 
--0.750 
--0.804 
--0.809 
--0-734 
--0-685 
--0-741 
--0- 747 
--0.767 
--0.758 
--0.766 
--0.797 
--0.775 
--0.745 
--0.730 
--0.715 
--0.681 
--0-715 

--0-685 
--0.714 
--0"750 
--0.728 
--0.791 
--0.754 
--0.663 
--0.685 
--0.741 
--0.737 
--0;754 
--0"733 
--0"741 
--0"786 
--0"775 
--0.745 
--0.723 
--0"695 
--0.670 
--0.719 

Axis of 
101 
101 
101 
101 
101 
101 
101 
101 
101 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 
290 
290 
2 9 0  
290 

oscillation at 0-2586: ~ . . . .  = 0 deg 
0"022 
0"0355 
0"0685 
0'0685 
0"107 
0"152 
0"202 
0-241 
0"278 
0"0115 
0"0115 
0"0185 
0.0185 
0.036 
0.036 
0. 054 
0.0765 
0.102 
0.121 
0-138 
0.0085 
0.0085 
0.014 
0 . 0 2 6  
0.039 
0.0535 
0.071 

. 0-0845 
0.0955 

4.84 
3"00 
1" 564 
1" 564 
0"988 
0.701 
0" 524 
0"440 
0"382 
4"58 
4-53 
2-85 
2-86 
1.48 
1.48 
0.984 
0.692 
O. 522 
0.438 
O. 384 
4.22 
4.28 
2-68 
0.40 
0.942 
O. 684 
0.518 
0"436 
0" 384 

872" 5 
375" 0 
102"5 
102"5 
103"4 
104"0 
104"0 
104"0 
103 "9 
812-5 
870 -0 
375- 0 
364-2 
102" 5 
102 "5 
103"4 
104"0 
104"0 
104"0 
103 "9 
872 "5 
870"0 
375 ~- 0 
102 "5 
103-4 
104-0 
104-0 
104"0 
103" 9 

--0.257 
--0"319 
--0"315 
--0"349 
--0"339 
--0"350 
--0- 354 
--0"416 
--0" 396 
--0" 324 
- -0 '  320 
--0" 342 
- - 0 "  368 
--0"297 

--0"299 
--0-324 
--0-320 
- - 0 -  352 
--0" 344 
--0"404 
--0"428 
--0" 340 
--0"291 
--0" 304 
--0"318 
--0"314 
--0"327 
--0"310 

--0.361 
--0.328 
--0.325 
--0.323 
--0.324 
--0.340 
--0-386 
--0-426 
--0- 368 
--0- 322 
--0.321 
--0.368 
- -0 '  350 
--0" 307 
--0.313 
,--0"334 
--0"338 
--0" 337 
--0-356 
--0-330 
--0-405 
--0.412 
--0" 340 
--0" 337 
--0" 347 
--0" 318 
--0"331 
--0.331 
--0"323 

--0- 361 
--0" 344 
--0.  322 
--0.  322 
--0.375 
- - 0 . 3 2 8  

--0.372 
--0.376 
--0.347 
--0"299 
--0-302 
--0-351 
--0" 365 
--0. 308 

--0.333 
--0.316 
--0.334 
--0.351 
--0.316 
--0.392 
--0-403 
--0.351 
--0- 330 
--0-341 
--0.322 
--0.332 
--0.321 
--0.311 

--0"361 
-ZO- 344 
--0-309 
--0"314 
--0" 359 
--0" 341 
--0"376 
--0.365 
--0"328 
--0"299 
--0"302 
--0"351 
--0.366 
--0.312 

--0.322 
--0.319 
--0"334 
--0.339 
--0"347 
- -  O. 392 
--0.403 
--0-323 
--0-287 
- - 0 "  333 
--0.311 
--0"317 
--0" 305 

- - 0 . 2 9 3  
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T A B L E  7 

mo ." Free-Oscillation :Results: 40-deg Swept-back Wing (Without Body) 

V 
(~t/sec) 

(D 

/ 
T I . . . . . .  I 

(sec) I (slugs ft ~) 
mo 

Amp. = 4- 1 deg 
m0 

Amp. = ± 2 d e g  

Axis of oscillation a t - - 0 " 0 5 1 5 ~ e a ~ = 0  deg 
101 0-027 
101 
101 
101 
201 
201 
201 
2ql 
201 
290 
290 
290 
290 
290 

0.043 
0-0835 
0"1665 
0.018 
0.028 
0.054 
0 " 0 9 1  
0.1415 
0.016 
0.0248 
0.048 
0-069 
0.0995 

4"23 
2"67 
1"37 
0"689 
3"22 
2"05 
1"06 
0"634 
0"405 
2"52 
1"61 
0"835 
0"576 
0"400 

861-9 
360-1 

97-7 
102-3 
861-9 
360.1 
97-7 

102-3 
1~03-3 
861-9 
360-1 

97"7 
102.3 
103-3 

- -0 .568 
--0-606 
--0 .616 
- -0 .655 
--0-545 
--0 .540 
--0-539 
--0-583 
--0 .625 
--0.511 
--0"491 
--0.494 
--0-546 
--0.549 

--0-570 
- -0 .640 
--0 .612 
- -0 .640 
--0-565 
- -0 .558 
- -0 .585 
- -0 .604 
--0-634 
--0 .539 
--0 .529 
--0.521 
- -0 .568 
--0 .574 

Axis of oscillation at 0.2585 a . . . .  - - 0  deg 
101 0-024 
101 
101 
101 
101 
101 
201 
201 
201 
201 
201 
201 
290 
290 
290 
290 
290 
290 

0.0385 
0-0765 
0-0765 
0.167 
0-268 
0.013 
0.021 
0.0415 
0-0425 
0-085 
0-135 
0-010 
0-016 
0-0315 
0-033 
0-061 

-- 0-0945 

4"77 
2"99 
1 "50 
1"50 
0"689 
0"429 
4"38 
2"74 
1"39 
1"35 
0"675 
0.426 
3-94 
2-47 
1-26 
1-20 
0-653 
0.422 

804" 0 
332.8 

91 "2 
63-8 
91 "7 
92"7 

804- 0 
332 "8 

91.2 
63"8 
91 "7 
92.7 

804-0 
332-8 

91-2 
63-8 
91 "7 
92.7 

--0"278 
--0" 306 
--0" 305 
--0" 308 
--0.319 
--0" 348 
--0 "249 
- - 0 - 282  
- -0 .313 
- -0-  308 
- -0 .293 
- -0 .316 
--0-190 
- -0 .316 
- -0-  304 
--0-290 
--0"280 
--0-282 

- -0 .303 
- -0 .316 
--0"295 
--0-311 
--0.321 
- -0 .363 
--0-287 
--0-317 
- -0-  309 
--0-315 
--0-313 
- -0-  326 
--0-258 
--0-330 
--0-318 
--0-300 
--0-304 
--0-303 

Axis of oscillation at  0.5725 ~ . . . .  ----0 deg 
101 
101 
101 
101 
201 
201 
201 
201 
290 
290 
290 
290 

O" 0535 
O" 084 
0-1615 
0-227 
0-024 
0 -0375 

- 0"0715 
0"107 
0"0125 
0"0195 
0"038 
O. 0675 

2-14 
1-37 
0-713 
0-506 
2 . 3 8  
1.53  
0:804 
0" 536 
3"22 
2"06 
1-06 
0.590 

559.1 
234-0 

64-6 
65-0 

559-1 
234.0 

64 -6 
65.0 

559.1 
234.0 

64.6 
65"0 

--0-411 
- -0-  394 
- -0-  376 
--0-293 
--0"465 
--0"457 
--0"442 
--0"445 
--0"669 
--0" 570 
--0"522 
--0.581 

--0-429 
--0"387 
--0"377 
--0"407 
--0"465 
--0"468 
--0"446 
--0"461 
--0"764 
--0.691 
--0-604 
- -0 .603 

~7 



T A B L E  8 

Values of z~ Obtained by Method of Free Oscillations • 
90-deg Delta Wing (:¢moan = 0 deg) 

5.485-ft Span 

V 
(ft/sec) 

101 
101 
101 
101 
101 
101 
101 
101 
101 

201 
201 
201 
201 
201 
201 
201 
201 
201 

101 
101 
101 
101 
101 
101 
101 
101 
101 

201 
201 
201 
201 
201 
201 
201 , 
201 
201 

0.0499 
0-0505 
0-101 
0-105 
0.119 
0-130 
0.162 
0-170 
0-182 

0.0250 
0.0252 
0.0506 
0.0524 
0.0594 
0.0648 
0.0812 
0.0850 
0.0911 

0.0499 
0"0505 
0"101 
0"105 
0.119 
0-130 
0"162 
0"170 
0.182 

0.0250 
0.0252 
0.0506 
0.0524 
0.0594 
0.0648 
0.0812 
0.0850 
0-0911 

f 
(c.p.s.) 

0.437 
0.442 
0-887 
0.917 
1.040 
1.135 
1.422 
1-488 
1.595 

0-437 
0-442 
0-887 
0.917 
1-040 
1.135 
1.422 
1.488 
1.595 

0.437 
0.442 
0.887 
0-917 
1-040 
1.135 
1.422 
1-488 
1-595 

0-437 
0"442 
0-887 
0.917 
1-040 
1.135 
1.422 
1-488 
1.595 

Amplitude 
(per cent 5) 

4-4.56 
4-4.56 
4-4.56 
4-4.56 
± 4 . 5 6  
4-4.56 
::t::4.56 
4-4.56 
4-4.56 

4-4 "56 
4-4 "56 
4-4 "56 
4-4" 56 
4-4"56 
4-4-56 
4-4.56 
4-4.56 
4-4.56 

4-9"12 
4-9"12 
4-9"12 
4-9"12 
4-9"12 
4-9"12 
4-9"12 
4-9"12 
4-9"12 

4-9.12 
4-9.12 
4-9.12 
4-9.12 
4-9.12 
4-9-12 
4-9.12 
4-9.12 
4-9.12 

~W 
Wing alone 

--1.478 

±1 .475  
--1.486 

--1.456 

--1-489 

--1-486 
--1.506 

--1.519 

--1-442 

--1.443 
--1-446 

- -1 .479 

--1.490 

--1.496 
--1.497 

--1.535 

Z~ 
With body 

--1.476 

- -1 .489 

--1-450 
--1.485 

--1-478 

--1-506 

b l . 5 2 9  

--1.501 
--1.565 

--1.550 

--1"457 

--1"466 

--1-472 
--1.462 

--1.515 

--1.491 

--1-524 

--1-558 
--1.548 

--1.544 

!8 
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L'o, do INS. 

STIN~ 

AXES OF ROTATIONj'~ 
FORWARD 
o,o.~5 ~., O,3Boct- 

REAR 
0,3~.B F., 0,536,ct, 

,FIG. 1. 90-deg delta wing model. 

~CAL~ 
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" R~AR . - ~  "-J  

FIG. 2. 

O 
60-deg swept-back wing model. 
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FIG. 3. 40-deg swept-back wing without body. 

5 C A C g  ' ' ' " " 

~ _ ~ ~  ; 

FIG. 4. 40-deg swept-back wing model with body- 
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FIG. 5. Measurement of longitudinal derivatives by method of inexorable forcing. 
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SCALE 
f 1 
o 20 INS 

ALL CROSS- SPRINr~ PIVOTS SHOWN THUS :® 

~ / / / / / / ( ( t t" / ,-" / "  / / / F / . "  / / / / / / / / , 

~IND 

( 

~---~ ~ 1 STRAIN ~ALI~IES 

MODEL 

RF.AR STRUT 

~ SUPPORT SPRING 

, t  , /  / / / / / / / / I  

TUNNEL R, OOF 

~/IRE. 

FORWARD 5T~LJTS 

WIND $141ELD 

ili E B THE. STRAIN ~ALI~ED 
E STRIPS AT E 

MF.A•URE.b THE FORCE 
ON THE FIXED PIVOT, C, 

CRANK 

FIG. 6. Apparatus for measuring Zo, z~, too, m6 by method of inexorable forcing. 
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IbO 
03 

F, STRAIN ~AU~E BRID~E ~FRONT STRUTS) 
R, STRAIN CAIJ~E 5RIDr~E {.REAR STRUT) 
JSK~ STATIC. BALANC.IN~ POTENTIOMETERS 
L~M, MIRP-,OR ~AL~/ANOMETER~ 
PI~Q, SWITCHES FoR, POSITIVE oR NEGATIVE 

READINr4S. 

/k 

C I 

CAM ON FORClN~4 SHAFT TO ¢IVE 
SQUARE WAV~. POWER DISTRIBUTION 

>6 s>~ V I A '  ' 4~ 
/ z  -]'- \ . t '~N PHAse' CONTACTS 

C~ 

H 

r~ 

F77-A F/ /J 
'IN QLIADRATURE ~ CONTACTS 

A~5,  SWITCHES CIlVIN~ 'IN PHASE' OR 
'IN QUADRATURE' SQUARE WAVE. 

CI~Cz, CONTROL ON HEIGHT OF SQUARE WAVES, 
MAKIN~ MEAN VALUE ZERo. 

13, SWITCH REVERSIN~ BAT'TERY LEADS. 
E~F~ SENSITIVITY SWITCHES. 

~H, HELICAL POTENTIOMETER, S WITH SCALE. 

--If 

D 

:x: 

I I I  I l l - -  I~V ACCUMULATO~ 

FIG. 7. Wiring diagram for inexorable forcing apparatus. 



Measurement of damping in pitch by method of free oscillations. FIG. 8. 
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VOP. 
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WEJ (~HTS_ ~/ .lt' 

II 

CROSS SPRINt 1 
PIVOTS 

,4 
WINCN 

S z 

\, 
..~ROCKING 

BEAM 

/ 
REAR STRUT 

TUNNEL ROOF 

WIND 

CROSS SPRINC~ 
PIVOT 

FORWh,RD STRUTS 

~ / / / / / /  / I f / J 

FIG. 9. 

r 

MODEL 

ND SHIELD 

f \ . . . . . . . . . . .  

U 

Apparatus :[or measuring damping in pitch, ~0, by method of free oscillations. 
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FIG. 10. Measurement of heaving-motion damping by method of free oscillations. 
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! I 
o INS. 80 

WINCH 

LINK FRAME. 
FL E Y,,U RE PIVOTS / / RF-C.ORDI N C~ DRUM 5FLOWN THUS 
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WIND 

FIG. 11. 

C 

5UPPOR, T 5PR, INCI5 S 

RELEASK WIN CH 
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Apparatus for measuring x,o by method of free oscillations. 
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