C.P. No. 249 C.P. No. 249
(18,012) {18,012)
A.R.C. Technical Report A.R.C. Technical Report

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT  PAPERS Ly Ling

Measurements of Pitching Moment
Derivatives for a Series of Rectangular
Wings at Low Wind Speeds

By

P. R. Guyett, B.Sc. and D. E. G. Poulter, G.l.Mech.E.

LONDON: HER MAJESTY’S STATIONERY OFFICE

1956

SEVEN SHILLINGS NET






C.P. No, 24,9

U.D.C. Now 533.691.13 : 533.6.013.952 @ 532.6.011.3

Report No. Structures 185

June, 1%55

ROYAL ATRCRART WSTABLISHEMENT

Measurements of patching moment derivaetives lfor a
series of rectangular wings at low wind speeds

by

P. R. Guyett, B.Sc.
and
Ds E. G. Poulter, G.Il.lech.E.

SUMMARY

The direct aercdynamic moments fer pitching oscillations have been
meagured on w series of rectangular wings having aspect ratics between 2 and
8 for axis vositions at the wing leadang edges and trailing edges. Two of
the wings were also tested with singie end plates which were aercdynamically
effective 1n doubling the wing geometrie aspect ratic. The measurements
were made at low soeeds 1n an open jet wind tunel and covered he range of
frequency parameter (based on wing chord) C.13 to 0.39, The results are in
general agreement with theoretical results due to Lawrence and Gerber.

Similar tests were slso made on a wing fitted with two end plates in an
attempt to optain results for two-dimensional flow. The results do not agree
with other experimental results and two—dimensional theoreticsl values and
indicate that wind tunael interfererce is important for this test configura-
tion.
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1 Introduction

Values of the aerodynsmic foroes »n oscillating aerofoil surfaces are
required for the estimation of airoraft fiutter speeds and in related
problems. This information is needed for each practical aerofolil shape and
its associated modes of oscillation.

Present knowledge of thesc foroes is based largely on theoretical
investigations, although experimental work has been done on the Continent,
and in the U.S.4., a8 well as in this country. Experimental investigataons
can most easily be made for rigid modss of oscillation, thet 1s, modes in
which there is no elastic deformation of the aerofoil. The resulis are
required for comparison wilth theoretical cesults to assess the accuracy of
th?l theoretical method for siample modes before 1% 1s extended to deformaticn
modes.,

This report descorabes measurements of the direot aerodynamic moments
for a series of unswept rigid rectangular wings of vorious aspect ratios
oscillatang ia piteh about their leadang or trailing edges, at low wind-
speeds. The tests were made primarily on plaan full-span wings, buy tests
were also made on two wings fitted with single end plates, and on <ne wing
fitied with $wo end plates. These additional tests were to establish the
effectiveness of the end plates, and to provide a means for cbtaining resulis
for twice the wing geometric aspect ratios and for noaminally two~dimensional
flow.

The aerodynamic moments were found by a direct measurement of the moment
required to maintain the pitching oscillation of the wing in the airvstream.
Measurements were made in the range of frequency paremeter (based gn wing
chord) between 013 and 0.39 at Reynolds munbers between 0. 38 x 10° and
0.13 w 106 respectively.

The resulis for the wings of finite span have been compared with the
theow16s of W. P. Jonesl (1943) and Lawrence and Gerber? (1952). Both give
results for rectanmular wings oscillating in rigid modes in incompressible
flow: Jones for aspect ratios of 4 and 6, ana Lawrence and Gerber for aspect
ratios of 2 and 4. The results for the wing oscillating in nominally ftwo-
dimensional flow have been compared with derivatives tabulated by Hinhinnick?

(1950).

A1l the experaimental resulbts are subgect to wind tumnel corrections butb
so far as the writers lmow thess rmorrections have not been determined for
oscillating wings i1n a circular secticn open—get wind turmel of the type
used in the present tests. There 1s, however, substantial agreement between
the uncorrected results anpd theory except for the two-dimensional flow con-
ditions. Teatative corrections have been applied fto the stiffness deriva-
tives based on the static wind tunnel corrections and are greatest for the
two-damensional flow tests and improve the agreement of the stiffness deri-
vatives with theory. Experimental rssulis for two-dimensional flow in &
closed rectangular wind tumnel, including the appropriate oscillatory
corrections, have been published by Bergh and I EFk {4 953) based on tests
by Greidanus, van de Vooren and Berg,h5 %?952). These results are in general
agreement with theory, which suggests that the wind tunnel corrections for
the present tests simlating two-dimensionsal £low are important.

2 Method of raducing the wing inertia force reactions at the force
measuring points

In technigucs an which the aermdymamic forces on oscillating surfaces
are measured directly sccount mst be taken of the inertia force reactions
at the measuring points. In a sinusoidal oscillation springs can be used %o
reduce or eliminate the unwanted inertia reactions at the measuring points.
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This method was followed in the present tests, in which the noment sbout an
axis of pitch only was measured, and is described in detail below.

The wing ond associlated spring arrangement is showm in Fig.1. The free end
of the earthed linear spring of stiffnesa k is attached to the rod which
oscillates in a direction perpendicular to the mean plane of the wing.

Let Fy, acting along the axis of the rod, be the only external force
acting on the system which has a moment about the axis of pitoh.

If the wang and rod behave as rigid bodies the following pitching moment
equation of motion applies:-

F1&—1c526 = I8 + Db,

where I dis the pitching moment of inertia of the wing amd rod, and D repre-
sents the total (still air) demping.

If the wing is made to oscallate at a frequengy w =near its natural
frequency & Vk/I, then 6 = 6elWt and (2T & ke2. Then

Re = (M2~w21)6+we g 3wDO . (1)

1

The exciting force Fy required thus consisis mainly of a quadrature com-
ponent balancing the damping. If the wing is then oscillated in the airstream
at the same frequenay w, the additional in phase and quadrature components of
the required force Iy (which will be large compared with the still air forces)
give directly the additional serodynamic farces acting on the wing,.

3 Apparatus
a1 Wind tunnel
The teats were made in the RAR 5 £t dammeter open jet wind tunnel.

3.2 V¥Wing models

Each wing was of rectangular plan form, of 6" chord, and had a symmetrical
104 thickmess to chord ratio. The wing section was to RuE 101 profile. Foux
wings were built having spans of 48", 30", 19.5" and 12", giving aspect ratios
of 8, 5, %25 and 2 respectively. All the wings were of sandwich construction
heving a 16 SWG mild steel sheet at the section chord line flanked by s0lig
spruce blocks shaped to the aerofoil contour. At the tips, on the line of the
leading and trailing edges, and at intermediate positlons on the leading and
trailing edges, the steel sheet was extended to form attachment lugs for the
wing supports. Lightening holes were cut out of the centre of the steel sheeb
and the rear of the sheet was cut away between the luge ond plywood inserted
to form the treiling edge. The spruce, mild steel, and plywood were bonded
together with fAraldite!.

3.3 Wing supports

The wings were mounted vertically in the centre of the wind stream and
allowed freedom to pitch gbout either their leading or traxling edges.

The required axis of pitch was defined by two steel pins, attached one at

each wing tip to the appropriate lugs, which fitted into bearings mede from
gteel washers. The washers were each held by four horizontal 24 SWG piano
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wires, two going forward from the washer %o attach to the structure of wind
tunnel entry nozzle, and the remaining two going back to attach to the frame
of the safety screen at the end of the working section. Vertical wires from
the working section floor and roof were atteched to the ends of the axis pins
projecting through the washers., Additional bracing wires attaching to the
intermediate lugs on the pitching axis were fitted across the tunnel (Pige2)e

for the tests in which wings were fitted with end plates an 18 SWG
aluminium plate was attached directly to the wong tip and oscillated with the
wing over the centre of a larger plywood plate which wes fixed in position
in the working seotion on four streamlined fubes extending from the flocr to
the roof structure above. Dimensions of the metal and plywood end plates
are given in Fig.3. The gap between the iwo plates and the size of the ocut-
outs in thz wooden plate, to allow the attachment lugs o pass through, were
made as small as practicable. TVelocity traverses with the wing removed were
made between the two plywood end plates in position for the tests on the wang
of nominally infinite aspect ratic and above a single plywood end plate in
porition for the wests on a wing of nominal aspeot ratic 6.5. The velocity
distributions are shown in Fig.7., They indicate that the flow was reasonably
unmform at the wing position.

2ol Excitetion equipment

The wing oscillations were maintained by foreing with a swash plate
exciter, The angle of tailt of the swash plaic could be smoothly vardied, and
altered the amplitude of oscillation of a plunger rod projecting from the
exciter body. Sinuscidal forcing from the plunger was transmitted through a
spring and connecting rod to the mid-chord point on the wing centre line.

4 force-sensitive measuring unit (section 3.6) was built into the comnecting
rod and ithe syring for inertia balancing was attached to the rod on the wing
side of this unit. ¥Fig.2 shows the system and 1ts supports.

Under test it was found that the reaction of the inertia balancaing
spring forced a vibration in the support pillar. To overcome this an axm,
privoted in the pallar, and linked to the exciter end of the menber connected
to the wing was mass loaded in such a way that the force reaction on its
pivot balanced the spring reasction and reduced the pillar vibration to zn
accephable value.

%5  Freguency measurcment

The test method of reducing the inertis force reactions (see section 2)
depends, for correct measurement of the superimposed loads, upon maintaining
a constant frequency of oscillation.

To provide an accurate means of measuring the frequency an electircniac
counter was developed which enabled *he tame for a mumber of wing oscilla-
tions to be found correct o z.é—o’bh of a second. A similar counter having
e wider application 1s described by Hicks®.

At a frequency of 5 cps the mean bame for 20 oscillations could there-

fore be determined to an accuracy of 1 part in 2400. The counter was made
to operate automatically at approximately 10 second infervals.

Manual adjgustment was made to the field resistance of the shunt wound
D.C. mobor driving the exciter to maintain the mean freguency generally to
within 2 or 3 parts in 2400 of the chosen frequency.



3.6 TForce measurement

The forece required to maintain the wing pitching oscillations was measured
et a unit in the rod connected to the wing. The measuring unit was developed to
provide a large signal ocutput and yet have the high stiffness to avplied load
generally requirad in foroe measurements on oscillating bodies.

Fige4 shows the unit. The tensioned diagonal strips cach carry a wire
reslistance strain gauge forming one axrm of a Wheatstone bridype. An axial load
between the oentre connection and the body of the unit results in an increase in
tension in one pair of gtrips and a decrease in tension in the other pair of
strips producing & currvent, proportional to the load, in the galvancmeter arm of
the bridge ciroudlt.

Output from the Wheatstone bridge wes supplied to one of two pairs of
brushes bearing at 180° on the segments of a two segment commtator mounted on
the exciter shaft and rotating at the oscillation frequency. Fig.D shows the
commutator and the arrangement of the brushes. The two insulated centre seg~
ments each had an oubter slip ring which was directly comnected to the galvano-
meter. The gauge output was thus reversed in direction by the commtator et
half-cyele intervels to produce a signal having a mean D,C. level measured by
the galvanometer. The gauge output could also be switched to the second pair of
brushes at 90° to the first. Caloculations of the galvanometer response are
given in Appendix I. In a sinusoidal oscillation in which the forces depend
linearly upon velocity end displaccement the galvanometer readings allow the
amplitude of the gauge ocutput and its phase relation to the cammutator to be
found, The commutator rotation was not, however, at a fixed phase relation to
the wing motion since the wing forcing was applied through the filtering spring.
A strain gauged cantilever gtrip was therefore ztteched tc the connecting member
to the wing and wired wo that its output could also be supplied to the brushes
on the commutator and measured by the galvenometer. The output from these
gauges was in-puase with the wing motion amd thus from the two sets of measure-
ments the components of the force unit oubtput signal in-phase and in quedrature
with the wing motion was found.

I Method

The effect of frequency parameter upon the aerodynamic derivatives for the
wings oscillating at a set circular freguency was found by making measurements
over & range of wind speeds. The frequency of oscillation chosen was Le97 cps.

For each test condition, the stiffness of the inertia balancing spring was
adjusted until the difference between the inertia force, in still air, and the
spring reaction, as measured at the force unit at the chosen amplitude and fre-
quency of oscillation, was small compared with the anticipated aerodynamic load.
Thisg small in-—phase force and the accompanying in quadrature damping force
required to overcame the still alr aercdynamic and apparatus demping were then
measured. Measurements of the force needed to maiatain the oscillation at the
same frequency and amplitude were made at wind speeds of 40, 60, 80, 100 and
120 ft/sec. After the wind—-on tests a further set of measurements were made in
sti1l air. The aerodynamic forces due to the wind stream at each speed were
taken to be the difference between the wind-on measurements and the measure-
ments made in still air,

The in-phase forcoes found in this way correspond to the aerodynamic forces
due to displacement alone, since the wirtual inertia force, which is present
both with the wind-on and in still air, is excluded by the subtraction.
Similerly, the dorived forces in qusdrature with the wing motion do not include
the still air damping.

The force unit was calibrated dymamically by attaching masses to the wing
and measuring the extra ocutput in an oscillation at the test frequency and
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amplitude. These extra foroes were in-phase with the wing motion and pro-
vided a check on the phasing at the commutator. Calibration loads covering
the range of the asrodynamic loads wer: applisd immediately before or after
each set of wind-on tests.

b Test programme

Results were obtained for the following wing conditions:-~

Aspect . . s Pitching
Ratio Wing ocondition Axci
2 1 Full span L.E. & T.%.
3:25 ull Spaxl LuE. & TuEs
4 ¥ Wing of geometric aspect ratio L.E.
2 with single end plate
o) Pull span L.E., & T.5,
e 5% Waing of geometric aspect ratio L.E.
%425 with single end plate
8 Full span L.E.
o ¥ Wing of geometric cspect ratio L.E. & T.E.
225 with two end plates

¥ Nominal .

6 Presentation of resulis

€e1 Non-dimensicnal derivative coefficients

The aerodynamic stiffness and demping moments about the axis of pitch
may be sxpressed in terms of the non-dimensional equivalent constant strip
deravatives, mg and md, in the followang way:-

2
[] — 4
My' = mygpV Sco , (2)
Myt = mévpVZS c 8, » (3)
where M Bl = amplitude of the stiffness component of the resulbant
aerodynamic moment (in-phase with the motion) and
Me" = amplitude of the damping component of the resultant aerc-
dynamic moment (in gquedrature with the motion) (+ve moment
forcing wing nose up)
= air density
v =  wind speed
3 =  wing area
c =  wing chord



A = pitching amplitude (angle of pitch measured +ve wing nose up)
v = frequency parameter -%9

w =  eclircular frequency of oscillation.
The gbove derivatives my and mg are expressed in temms of tne non-dimensional
equivalent constant strip derivatives referred to the leading edge (see
Templetonl, 1953) as follows

Pitching about the leading edge,

3] a
ms = I0e
G a ?

pitching about the trailing edge,

=
]

£ m ~& ~m
a+a % 5 !

me = 4. Me = -~
ot M by %

The measured values of my and : are given fully in Tebles I end II. The
measured derivetive mg for 2ach of the wing conditions tested is plotted
against frequency perameter in Figs. 9 and 10. The damping derivative mé is
not plotted for the r=ason given in section 7.1.

6.2 Moment coefficients

The eguations at (2) and (3) may be rearvanged and written,

Mt
9
pSag, - mevz’
Mll
) .
p8ca. - myiwe s
1
Mg

Fig.8 shows two typicel examples of the moment coefficients F-S—-E*e—
M n

}?—S_z_e' plotted against V- and V respectively.
e

Departure of the test points (each of whick corresponds to a different
frequency parameter) from a straight line through the origin indicates the
variation of the derivative coefficients mg and m‘e with frequency parameter.

6.3 Resultant moments and phase angles

The aserodynamic moments may also be expressed in terms of the non-
dimensional resultant moment m, and the phase angle, &, by which it leads the
motion vector, thus:-




The measured velues of m and g are given in Tables I and II, and are
plotted against frequency parameter for each of the wings tested in Figs. 13
and 1.

7 Dascussion of results and compariscn with thecry

7+1  Accuracy of measurements

The percentage accuracy of the experimental measurements depended upon
the magnitude of the aerodynamic moments. At the lowest test wind speed,
corresponding to a frequency parameter of 0.39, the magnitude of ths resul—
tant moment m could generally be measursd to an accuracy of 5% and the
phase angle ¢ +to within 5° At the higher wind speeds, corresponding to
the lowesi test freguency parsmeters, m could geasrally be measured to
Wi'bhj-n %% and e to 200

Since the mecsured phase angles were asmall, it follows thot the stiff-
ness derivative my was usually determined to z greater percentage accuracy
than the damping derivative mgs It was therefore preferred to prasent the
demping moments indirectly, in the form of resultant moment and rhase angle,
rather than directly, in the form of the derivative =), o8 the direot pre-
sentation could give a misleeding indication of the order of agreement
between theory and expsariwment in rclation to the accuracy of measurement.

fe2 Still-air damping

It has been pointed out in seotion 4 that the in quadrature moments
found from the wind tunnel tests do nos include the still air demping moments
and consequently do not represent the total aerodynamic damping moment acting
on the wing., The still air damping nay be found from o separate measurement
of the rate of decay of the pitching oscillation in still air.

For this experiment the wing of aspect ratio 2 was chosen and supported
on knife edges to allow it to swing as a compound pendulum about its tralling
edge. From measurenents of the tilue of decoy between two amplitudes and from
similar measurements on a concentrated nnss systen, to deterrine the da.mp:mg
in the knife edges, the aerodymamic damping was found at a frequency of swing
of 1.3 cpa. The damping moment was expresszed as B0 and it was found that
the coefficient B was approxnmately linearly proportional to the mean ampli-
tude of swing. Bratt ang WightS (1945) have shown that B is also linearly
proportional to the freguency cf ogcaillation. Using these relationships the
3t1ll air demping appropriate to the wind tunnel fest amplitude and cirvcular
frequency represents a correction to the measured oub-of-phase derivative of
approximately 25% at v = 0,13 and &5 ~t y = 0.39. If the result 1s also
applied fto the wing of aspect ratio 2 mtchlng about its leading edge the
corresponding correction is 1% at vy = C.13 and 5“2% at v = 0.39,

Since these corrections ave fairly smell and refer only to the test
amplitudes and frequencies they have been omitted and no further tests on
other wings were made.

7+3 Wings of finite aspeot ratic

7«31 Bffectiveness of single end plates

The effectiveness of the end plates can be judged by cumparing the
results for the wings fitted with singie end plates with the results for the
full span wings.

Pig. 13(a) - (f) shows the variation of the non-dimensional resultent
moment m and the phase angle g with frequency parameter for the wings
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pitching sbout their leading edges. Fig. 9(a) - (f) shows the variation of the
corresponding component derivative mg with frequency parameter. The results
for aspect ratios of 2, 3.25, 5 and 8 are from testa on full span wings and the
results for aspeot ratios of 4 and 6.5 are from tests on wings of geometraic
aspect ratios of 2 and 3.25 fitted with single end plates.

The curves indicate, by convenient comparison with the plotted theoretical
values, that the trends and magnitudes of the results for the wings with end
plates are consistent with those for the full span wings. The discrepanciecs
that exist are of the order of the experimental accuracy and of the differences
between the results for the full span wings.

Further indication that the magnitudes of the results are consistent may
be obtained by cross-plotting against aspect ratio or, more conveniently, its
reciprocal. Aspect ratio has a much greater effect upon the magnitude of the
stiffness derivative mg than upon the damping derivative mg, and mg is
shown plotted, for a frequency parameter of 0.15, against the reciprocal of the
aspect ratio in Fig.1i.

The results thus show that to within the accuracy of the measurements and
for the test oscillation the single end plates are effective in reflecting the
flow condaitions,

7432 Theoretical resulis

The theoretical curves plotted in Figs. 9, 10, 13, 14 are based on the
results due to Lawrence and Gerber for wings of aspect ratios 2 and 4 given in
Ref.? and the two-dimensional derivatives for Mach number O tabulated in Ref.3.
The virtual inertia texms have been removed from the in-phase derivetives of
Ref.2 to give the required stiffness derivatives. The stiffness and damping
derivatives were then plotted against the reciprocal of the aspect ratic to
give curves for each frequency parameter gimilar to those in Figs. 411 and 12,
Derivatives were found from these curves for each of the test aspeot ratiocs.
Reference 2 does not, however, give results for damping derivatives at fre-
quency paremeters below 0.25. To facilitate comparison with the experimental
results the theoretical curves have therefore been extended to Jjoin up smoothly
with the appropriate values at zero freguency parameter.

The same theoretical data are given in Figs. 11 and 12, which also include
theoretical values from W. P. Jones] for wings of aspeot ratios 4 ami 6.

7+33 Compariscn with theory

At aspect ratios up to approximately k4 the theoretical stiffness moment
derivative mg shows little variation with frequemcy parameter; sbove 4 the
derivative begins to approach the two-dimensional condition in which there is
a large variation over the teat range of frequenoy parameter. The experi-
mentel resulis for the wings pitching sbout their leading edges alsc show for
the lower aspect ratios that the derivative is practically independent of
frequency parameter, but for the higher aspect ratios show an opposite~to-
theoretical trend. For the wings pitching about their trailing edges, the
experimental trend 1s slightly more pronounced than the theoretical trend.

The variation of the measured derivatives with frequency parameter is, however,
generally small and can best be seen by examining the moment coefficients,
Mg'!, which are directly proportional to the measured moments (see secticn 6.2).
Two typical examples are shown in Fagz.8. The amount by which each test point
lies off the straight line through the origin is a measure of the variation

of the derivative with frequency pearameter.

The theoretical and experimertal derivatives mg have also been cross
plotted at frequency parameter 0,15 against the reciprocal of the aspect ratio
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an Figs. 41 and 12, The graphs show results from the theories of Lawrence
and Gerber? andJones? and indicate that a small difference exists between
them for pitching motion about the leading edge but that they agree closely
for pitching motion about the trailing edge. The exverimental results for
pliching about the leading edge ave in closer agreersnt with the Lawrence
and CGerber resulits but are slightly greater for the low aspect ratios and
are slightly smeller at the high aspect ratios. The experimental results
for pitching motion about the irailing edge are in fairly close agreement
with the theory.

The experimental resulis, however, are subjcct 1o wind tunnel corrections
due to the finite extent of the Jjet stream. BSo far as lbe writers kmow these
corrections have not been found for cscillating wings an an open jet circular
section wind tunnel. From existing work in this subject (e.g. W.P. Jones?,
1943) it appears that the correciiouns are greatest at low freguency parsmeter.
A%t zero frequency parameter, which correspords to the static condition, the
corrections have been determaned for tiwe test wind tumnel, and, to establish
the order of the correction, these static corrections have been applied to
the stiffness moment derivatives* for frequency parameter 0.15. The resulting
derivatives are included in Figs. 11 and 12. The magnitude of the correction
is greatest for the wings of high aspect ratio and generally improves the
agresment with theory for the wiangs pitching about their leading edges and
makes it slaghtly wors- for the wings pitching dbout their trailing edges.

The resultant moment m and the phase angle e are shown plotted
against frequency parameter in Ffigs. 413(a) - (£) and 44(a) ~ (c). The plotted
experimental results are uncorrected for wind tummel interference. The
experimental resultant moment shows a general agreement with theory similar to
that for the corresponding stiffness moment deravative mg, which forms its
principal component. The measured phase angles for pitching motion about the
leading edge are in close agreement with theory at the lowest test frequency
parameters but at higher frequency parameters the measured rvhase angles are
smaller than the theoretical phase angles by an amount generally greater than
the experdmental error. In paitching .otion about the trailing edge the phase
angles are in reascnable agreement.

7.4  Wing fatted with two end plates

The test results are given in Pigs. 9(g) and 10(d) which show the vari-
ation of mg with Trequency parsmeter and in Tigs. 13(g) and 14(d) which
show the variatisn of m and e with frequency parameter., Values for the
derivatives mgy and wmy are plotted against frequency parameter in Figs.

15 - 18.

Figs. 15~18 show that although the measured stiffness moment deravatives
are of the same order of megnitude as the theoretical derivatives, the
measured damping moment derivatives do not show the large theoretical vari-
ation with frequency pesrameter and are of considerably different magnitude,
especially at low frequency parameter.

included 1n the figures are corresponding experimental derivatives cal-
culated from coefficients given by Bergh and Ijff in Ref.4. These coeffi-
cients are based on the results of tests made by Greldanus, van de Vooren,
and Bergh? at the N.L.L. imsterdam on a wing spamning a closed rectangular
section wind tunnel. Wind tunnel corrections have buen applied to the coeffi-
cients. The final derivatives arc in fairly close agreemen’ with theory and
thus 1ndicate that wind tumnel corrections arve important for the arrangement
used in the R AR, bests.

* The statioc corrections do not, of course, give any indication of the
correction that should be applied to the damping derivatives.
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The wind turnel corrections depend upon the size and position of the end
plates as well as upon the wind tunnel configuration. (Fig.3 shows the end
plates in the working section.) For the end plates to have been fully effective
in the tunnel they should have extended to the boundary of the jet stream in the
direction perpendicular to the plane of the wing, forward to the entry nozzle,
and behind the wing over the region in whioh the influence of the wake 1s ampor-
tant., Even under these conditions, however, the oscillatory corrections, so far
as the writers know, have not been determined but the static corrections are
given by Durand10, "These corrections, strictly only appropriate at zero fre-
quency parameter, have been applied to the stiffness moment derivatives and the
results are plotted in Figs. 15 and 17. The amount of correction for the wing
with end plates 1s twice as great as that for any of the other wing conditions
(see Figs, 11 and 12) and considerebly improves the agrsement with theory. This
correction again Coes nct give any indacation of the effect of the wind stream
boundaries on the damping derivatives, for which there is the largest discre~
pancy between the measured results, but suggests that this may be important.

The amount of extension of the ond plates bhehind the wing may also wnflu-
ence the measured moments. The plates extended one and one half chord lengths
distance behind the trailing edge and within this length could reflect the free
vortices from the wing. Beyond the edge of the plate the vortsx system must
clearly degenerate into a trail of finite width. The test configuration is thus
equivalent Yo a wing of infinite span with its vortex trail cut off at a small
distance behind the wing over all the wing span except for a section equal in
width to the distance between the end plates, This effective loss of wake will
influence the foroes acting on the test section. Jordan!! (1953) has found the
effect on the derivatives for a wing of infinite span due to cubtting off the
whole of the vortex trail at a finite distancc behind the wing. Results for
various positions of the cut-off are given in Figs. 15~18, It may be seen that
the effect on the stiffness moment derwivatives is fairly small, but that for a
cut-off at two chord lengths behind the wing (which is a close approximation to
the test condiiion) the modified damping derivetives for pitching about the
leading edge bear the same relation to the unmeodified theoretical derivatives
as the R.A,E. test results bear to the N.L,L. results, and for pitchiug about
the trailing edge the modified damping derivatives are in agreement with the
R.AE. results. The R.A.E. test confaguration differs, however, from that
represented by Jordan due to the prescnoe of the extended vortex trail of
finite width. The likely offect of this vortex trail is to reduce the effective
wing aspect ratio. The small variation of the measured derivatives with fre-
quency parameter for instance is consistent with the results for wings of lowsr
aspect ratic. -Fig.16 also indicates that the effect of the possible cut~off of
the extended vortex trail at the tunnel fan, distance nineteen chord lengths
behind the wing, is negligible,

This examination of <the flow conditions shows that there is evidence that
the resulis for the wing fitted with two end plates, although not in agreement
with the two-~dimensional theoretical amd other measured results, are not
unexpected for the test configuration.

The agreement of the results for the wings fitted with single end plates
with the results for the full spen wings implies that the effect of cutting off
the reflected vortex trail at the edge of the end plate under those test condi-
tions is not so important.

8 Coneclusions

(1) Values of the direct asercdynamic moments for rectangular wings oscil-
lating in pitol about their leailing and trailing edges, based on the calculated
values of Lawrence and Gerber, are in fairly good agreement with the measured
moments for both axes of pitch. The measured and caloulated phase angles
between the moment and disvlacement vectors for pitching oscillations sbout the
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leading edge are in good agreement at the lowest test frequency parameters,

but at higher frequency parameters the calculated phase angles are slaghily

,greater than the measured sagles. The corresponding phase angles for pitch-
ing oscillations sbout the trailing edge are in satisfactory agreement,

(2) Within the test range of measurements the single end plates fitved
to reotangular wings oscillating ebout their leading edges are effective as
aerodynamic reflector platzs.

(3) Wind tummel corrections are important for the test configuration
sumilating two-dimensional flow in which a rectangular wing was oscillated
between two end plates mounted in the windstream of an open jet wind tunnel.
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APPENDIX I

Calculation of the Galvancmeter Response to the Input Signal

The sine wave output from the gauge, S, sin wt, and the brush positions
are shown in Fig.6\a). If thic output 1s supplied o brushes 'A' then the
signal to the galvanometer iz the gauge output reversed in direction at angles
¢, ¢ + 180°, ¢ + 3609, etc., and hag the form shown in Fag.6(b).

The mean galvanometer reading

¢+180°

So 8in wh 28D
= - """""‘"'—"""‘“"-""‘x d(w'c)= "‘"".J't-" COSé-
P

If the gauge ouiput is supplied {o brushes B! then the swiiching ocours at
angles ¢ + 90°, ¢ + 270°, etc.,, and the signal to the galvanometer has the
form shown in Fig.6(c).

The mean galvanomeber reading

Q
$r2707 o , &in wb 29

— cd(ﬁ]t) -";'E?' « Bin ¢ .

n

X
¢+90°
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TABLES OF RESJLTS

All the results are uncorrected for wind tunnel interference.
results refer to oscillations about 2 mean incidencs of 0°.

TABLE T

Results for ovitchine oscillations sbout the leading edge

Wing span 42%. Aspect ratio 2, 90 = 5.080-

v (~m,,) (~mg ) m TV§}~ 187°
0.431 G, 280 0, 08¢ C. 291 15.8
0.158 0.289 0.098 0. 305 18.7
0.197 0. 308 Ce 119 0., 330 21.2
0. 262 0. 310 0. 141 0, 3¢ 2445
C.393 0,282 0,213 C.353 3741

Wing span 19.5%.

Aspect ratio 3.25. 6 = 5.04°.

¥ Gn%) (-vmg ) o £0 — 180°
0a 131 04 390 0.085 0400 124
0.158 04 301 0.103 Ca 07 1.7
0.197 0. 388 0.127 Ce 408 1844
0.262 0. 351 0. 166 0e425 23,0
0. 393 Oudi4s8 04 260 0.519 30.1

AlLL



TABLE I (Contd)

Wing span 12" with single end plate.

Nominal aspect ratio 4. 60 = 5.1&9.

v ‘ ("'me) ("‘vm') m e? ~ 180°
0.130 0.406 0,085 Cel15 11.8
0. 155 0. 41 0.102 0.413 e 3
0.195 0. 397 C.117 Ca bk 1644
04260 C.407 0. 148 0.473 20,0
0. 390 0.4:37 0. 224 0491 27.2

Wing span 30", Aspect ratio 5. 8, = 5.13%,

v (m) (g m e - 180°
0l 0u 230 0.083 0.4.38 11.0
0,153 0. 4444 0.076 0.448 9.8
0,197 0.4y 7 0.090 0. 456 11,4
0.262 0,459 0.103 0.470 1246
0. 393 0.438 0.158 0. 466 12.9

Wing span 49.5" with single end plate.
Nominal aspect ratio 6.5. 6, = 5,09%,

v Gn) | (m) B |eo - 1800
0,130 Ce73 0. 084 0. 480 10.1
0.156 0. 478 0.107 0. 489 127
0,195 0. 491 Cel34 0. 509 15.5
0. 260 0.501 0.185 C.53. 20.3
0. 390 0. 520 0. 206 0.559 2%1.7
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TABIE I (Contd)

Wing span 48". Aspect ratio 8. BO = 4.830.

v (—me) (--vmé) n g” = 18(°
Q.13 0.496 0. 066 0.501 7.6
0.158 Os4 53 0.088 0. 501 10.1
0197 0.498 0.C99 0. 508 11.3
0,262 0539 0. 114 0.551% 12.0
Qe 393 0. 548 C.162 0.571 1645

Wing span 19.5" with two end plates.
Nominal aspect ratio . @ = e 949,

v (-mng) (o) i & ~ 180°
0.130 0,560 0.087 0.566 8.8
0.156 0.568 0. 096 0.576 9.6
0.195 C.566 C.129 0.5 12.9
0. 260 0. 569 0. 140 0. 586 13.8
0. 390 0. 545 C. 210 0. 584 2141







TABLE TT

Results for pitching oscillations about the trailing edge

Wing span 12". Aspect ratic 2. 0 = 5,08°,

y my (--vmé) m 360 - &0
0.131 1,042 0a 03l 1,042 1.9
0,158 1.030 0. 025 14031 1ol
0.197 1,018 0.042 14019 2ol
0.262 1,000 0.072 1,002 La
0.393 1.004 0.123 1,071 7.C

|
Waing span 19.5" Aspect ratio 3.25. 0 = L 84°,
I

y my (—vmé) m 260° « g°
0.4 1,282 0,074 1,280 3.2
0,158 1,267 0,421 10272 5.5
0.197 14250 0.445 (2259 6.6
0.262 1.193 0.151 14202 7.2
0. 393 1,198 0.245 1,223 11.5

Wing spen 30", Aspect ratic 5. 6, = #.980.

v oy (_wne) m 360° w °
0.131 1.576 0e132 1.582 4eB
04158 14541 O 1Ly 14548 5e3
0.197 14507 0179 10514 6.8
0,262 1 48, 0.235 14500 9.0
04393 1449 0. 385 14599 149
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TABIE IT (Contd)

Wing span 19,5" wath two end plates.

Nominal aspect ratio o, 60 = 5.130.

¥ mg (wvmé) m 360° - g°
0.130 4,699 0.173 1,708 5.8
0. 156 1.633 0.183 1643 Goly
0.195 1.622 0.229 1,639 8.0
G 260 > 1 0556 0. 28’-}- 1 0582 10, 3
0. 390 1.502 0. 438 1. 50k 16,3
- 21 -
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PARAMETER: PITCHING ABOUT LEADING EDGE.



™

\ FIG. 13(9)

NOTE FALSE ZEROQC.

Q-8
\\
m S~
\l
0'7 o - —
0-6
— e
0:5
A
o Q2 ~ o4
—e— EXPERIMENTAL RESULTS
-~ =—-THEORY (SEE SECTION 732)
AN
€ DEGREES
+
~ =
200 e

|~
-~
190 / -
-~

180 ="
o o-2 v 0-4

(9) ASPECT RATIO cO.
FIG. 13(g) VARIATION OF RESULTANT
MOMENT AND PHASE ANGLE WITH

FREQUENCY PARAMETER:
PITCHING ABOUT LEADING EDGE.




FIG. 4(a)

b NOTE FALSE ZERO.
bl '
m
-0 A_E_—-—-—'—*l'
o9
| -
o) o-2 \9 o4
—0—EXPERIMENTAL RESULTS
-——-THEORY SEE& SECTIONT32
340
€ DEGREES
350
W__’_-—(:{ _____ ™
360l ~-— —|7 ~ —
o o2 v 04

(a) ASPECT RATIO 2.

FIG. 14(a) VARIATION OF RESULTANT
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PITCHING ABOUT TRAILING EDGE.
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