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SUMMARY

Low=speed tunnel tests on a model of the HP 115 aircraft have provided a
complete set of lateral derivatives for a range of freguency parameters, Over
a range appropriate to full scale flight, the effects of frequency parameter
are small, but for very high values there is a marked reduction in the
derivatives n_, yp and Lv' Some information is included on the derivatives
né, N and &G’ and there is evidence that the wvirtual inertias are asbout the
same wind-on and wind-off.

The Paper also describes some recent improvements in technigue,

*Replaces R.A.E, Technical Report 69018 - A,R.C. 31289
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1 INTRODUCTION

Earljer analysis of the dutch roll behaviour of the HP 115 slender wirg
research airecraft had indicated a strong dependence of the stability of this
lateral mode on what are usually considered secondary aerodynamic derivatives
and that theoretical methods for their prediction were completely inadequate,
Oscillatory wind tunnel tests were therefore made on a model of this asircraft on
a rig developed at R.A.E, Bedford as described in Ref.1, Although these tests
were generally succeasful in providing a complete set of lateral derivatives,
they still did not lead to perfect agreement with flight results, It was
thought that the discrepancy could possibly be due to the fact thaet the rolling
fregquency in the wind tunnel was much higher than that appropriate to represent
the frequency paraveter v(= w CO/V) of the relevant rigid body mode of the full
scale aireraft, Tt was decided therefore to investigate the effects of frequency
parameter on the derivatives. particularly to find out whether it was necessary
to reduce the rolling frequency for routine testing in the 13ft x 9ft tunnel

The frequency could not easily be reduced and significantly higher speeds
were not avatlable in the 13ft % 9ft tunnel The first series of tests described
in the present report was therefore made in the 8ft X 8ft tunnel at speeds from
100 ft/sec to 300 ft/sec the upper limit being chosen to avoid Mach number
effects There was reason to suppose that the steady aerodynamic loads might
affect the characteristics of the support system and most of the tests were
therefore made at a constant value of % p V2 The results of these tests
showed that some of the derivatives (perticularly np and yp) varied markedly
with frequency parameter, Attention was therefore concentrated on reducing the
rolling frequency and it was found possible to achleve this by a modification
to the spring unit. A second series of tests was then made in the 13ft X Oft
tunnel, mainly to try out the modified spring unit. In these tests an unfore-
seen difficulty appeared; with the lower natural frequency in roll the side-
slipping mode became negatively damped over a large part of the incidence range
and this had an adverse effect on the quality of the results (see Appendix B).
For future testing, a range of spring units (with differing roll stiffnesses)
is being made., By a suitable choice of spring unit and more careful design of
models it is hoped that reasonably representative values of the frequency para-
meter will be obtained without encountering unsatisfactory modes of oscillation.

The tests described above have provided a complete set of lateral deriva-
tives for the HP 115 A comprehensive series of flight tests has been made on
the full scale aircraft, and this should permit detailed comparison with the
results presented here The results of a preliminary analysis of the flight
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data are given in Ref.2, but these were derived by using assumed vaiues for

np and the present results show these assumptions to have been seriously in
error, Using the present wind tunnel data, the flight results have now been
reanalysed and have led to virtually perfect agreement, It is particulsrly

noteworthy that only by making proper allowance for the frequency dependence
of the derivative np as revealed by the tunnel tests reported here was this
agreement obtained, An account of this work will be given in a later report,

2 NOTATION

2.1 IList of symbols

b wing span (ft)

C pitching moment coefficient, M/1 p V2 8 e
Cy axial force coefficient, X/i p Veas

Cy normal force coefficient, Z/2 p V S

e, wing centre line chord (ft)

D displacement matrix

e aft movement of reference axis (ft)

F force matrix

g acceleration due to gravity (ft/secz)

H tunnel pressure, inches of mercury

h distance of axis forward of sting root (ft)
Ly rolling moment of inertia (slug fze)

Ly yawing moment of inertia (slug ft~)

I, to I, integrals defined by equations (A-8) to (A-11) and (A-14) to

(A=19)
K to K, constants defined by equations (A-20)
L rolling moment (1b £t)
£ (with suffix) nondimensionel rolling moment derivative
M pitching moment (1b ft)
m mess (slug)
N yawing moment (1lb ft)
n (with suffix} nondimensional yawing moment derivative
P defined in equations {4-21)
? engular velocity in roll (rad/sec)
R Reynolds number based on Cy
r angular veloeity in yaw (rad/sec)
S wing ares (ft2)
v free stream velocity (ft/sec)
v nondimensional sideslip, y/V (angle of sideslip)



X axial force (1b)

e distance forward of sting root (ft)

X distance of model cg shead of reference axis (ft)
Y side force (1b)

¥ sideways displacement (ft)

y (with suffix) nondimensional side force derivative

Z normal force (1b)

a engle of incidence

A flexibility matrices defined by equations (A-1) eand
gl (A-2)

2? bending flexibility per unit length

i} torsional flexibillity per unit length

v frequency parameter, W cO/V

p air density (slug/ft5)

¢ angular displacement in roll (rad)

¥ angular displacement in yaw (rad)

W cireular frequency (rad/sec)

Suffixes

o)

r

v & dencte derivatives with respect to these variables
¥

¢

¥

1 J denotes increments due to steady Z and M

2.2 Axes

The principal results of these tests are given in body axes notation,
with independent variables v, p and r, In the reduction of the measurements
& system of earth axes is used, fixed in the mean position of the oscillating
model, end in this system the model displacements are denoted by v, y and ¢,

Forces and moments are always referred to body axis.
2.3 Derivatives
The derivatives as measured include the characteristics of the spring

unit, which are allowed for by subtracting wind-off values normally measured

at the same tunnel pressure (but see section 5.3). In addition certain other



corrections have to be applied, to allow for the effects of the steady aero~
dynamic normal force and pitching moment (see section 3).

The Aerodynamic derivatives so obtained (such as N, and NE,) are in

terms of forces and moments referred to body axes, and motions referred to
earth axes,

Finally, the aserodynamic derivatives have to bhe expressed in terms of
the motion parameters r, p and v, It is a common limitation of this type of
wind tunnel testing that &s a result of the kinematic constraint on the model
these variables cannot generally be separated, and the results can be expressed
only as combinations, The relationship between the directly measured tunnel
derivatives (N“L, N; ete,, or nondimensionally n&, n;, etc.) and the corres-
ponding body axis derivatives (n - Ty etc,) are given by the following
equations ;-

2
n -mnecosa = 0 = Ng/(zpVSc)
+ne sina = n! = N/(ZpVS c2)
np v - ¢ ¢/ N2 P o)
Vp =¥y cosa = vy = Y‘If/(%— pVS co)

. = - o L
yptyysine = 33 = T/(Gevsc)
2

- I - = Te/(1
L, = ks cos o 2y Lw/(2 pPVSc)
2

. - - 1
Lo+ Ay sina = g = L/(zp Vs c)

2
- = L
-n_cos o = n, = Nlp/(apv 5c.)
= . = o/ (3
n = ns Ne/(Zp VS c,)
2
n sina = n, = N/(zpV Sec)

2
-y, 80 =y, = ¥ /(ZpVS)

v
= * - - 'l
¥y = ¥y Y.ﬂ,/(zPVS)
: 2
y,sino =y, = y /(GpV 3)
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2
- - 1
-4 cosa = 4 L,/(zP V" S c)
= 4. = L.J(}
L, ; Ly/(2 PVSe)
L sina = &, = L /(3¢ V2 S c )
v ¢ ¢/ N2 0
(oo, = N /G v s)
¥ ¥
(These three
derivatives should vy = Yy/(% P V2 S/co)
all be zero) ﬂ
2
= Lf(zp V" S
. e Vs
L
n. = n = K /(3p S c2)
v y y' 2 o
= o = Yeof(L1
s =¥y = G/Eese)
L. - b o= Le/(3p S o)
v NS y/ e )
;o ou/(ke s c)
(These two Iy Hyfiz °
derivatives represent
virtual inertias) by = Lg/{zp S cg)
3 CORRECTIONS FOR THE EFFECTS OF STEADY LOADS

The application of a steady load to a model on a spring unit may inbroduce

cross-stiffnesses.

Consider, for example, the effect of aerodynamic normal force. 1In our
spring units the roll flexability is nearly all forward of the sideslip
Tlexibilaty, so that the normal force, rolling with the model, produces a
sideways displacement proporiional to the roll angle, Thus the presence of
the normal force introduces a cross-stiffness which in the analysis of the
results is included in the aerodynamic derivative Y¢. For our purpose, how-
ever, it i1s equivalent to a mechanical cross-stiffness, and must therefore be
treated as a correction to be subtracted from the measured aerodynamic

derivative,

The magnitudes of this and other similar corrections could be determined

from static loading tests, with suitable measuring equipment, but we have found



it satisfactory to caleculate them from the geometry of the spring units, as
described in Appendix A,

The following equations give in nondimensionel form the values of the
corrections due to the steady normal force and pitching moment. The effects of
axial force are insignificant, and no steady lateral loads have been applied
in these tests. The suffix 1 denotes a correction to be subtracted from the

measured value,

For the original spring unit:-

(ng)y = 0.005 C, +0.391 C_ (3-1)
(yo7 = -0.951 ¢, +1.435 C_ (3-2)
(8,)7 = 0.005 ¢, - 0.609 C_ (3-3)
(27 = 0.0b9 ¢, + 1435 ¢ (3-4)
end for the modified spring unit:-
(ng)y = 0.003¢C, +o0.425¢C (3-5)
(vo) = =0.973 ¢, + 1485 C_ (3-6)
(£,)y = 0,003 ¢, - 0.575 C_ (3-7)
(#); = 0.027 C, +1.485¢ . (3-8)

(Tt may be noted that in each case there are only four independent

constants, )

The largest corrections arise in the case of the derivative Yy, Which
should be identical with Yy sin o, The order of magnitude of this i1s illustrated
in Fig.22. The lower curve gives the values of Yy s5in ¢ obtained from yawing
tests, and by adding to this the calculated correction defined by equation {3=2)
we obtain the upper curve, which represents the values of Ye¢ ‘that one would
expect to measure, The actual measured values, shown by the separate points,

agree quite well, The corrected values of Ye» DPlotted as Yy, sin o in Pig.19,

018
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show a good deal of scatter, which is to be expected when such large correc-

tions have been applied, but there are no systematic discrepancies.

Similar corrections (but with different numerical constanis) are needed
for the effects of gravitational forces on the model, but these are independent
of aerodynamic loads and can be eliminated by subtracting wind-off datums at

the same incidence,

There is another gravitational effect, of a somewhat analcogous kind, for
which a correction has to be applied. When the model at an incidence @ is
subject to yaw and roll displacements ¥ and ¢ respectively, a sideslip

accelerometer in the model will give a reading
y = =g (¥ sina + ¢ cos a)

which must be deducted from the measured } before it is used in the equations
of motion, This is most conveniently done by expressing the correction in the

form

y = f%-(¥ sina + # cos a) .
w

All the corrections described in this section have been applied to the
measured values before using the axis conversion equations given at the end of

section 2.

b DESCRIPTION OF TESTS

4.1 Model and test conditions

A sketch of the model is given in Fig.l and the msin dimensions in
Table 1, The engine air intake was closed and faired over, and a certain
amount of distortion at the rear of the model was necessary to accommodate the
sting, as shown by the shaded areas in Fig.1. No control surfaces were

represented and no arrangements were made to fix transition,
Full details of the various test conditions are given in Table 2,

The ranges of the frequency parameters are shown diagrammatically in
Fig.3. In the tests with the modified spring unit, the values of the frequency
parameter in the rolling mecde were still too high. This was partly because of
the limited speed of the 13ft by Oft tunnel (compared with the S8ft by 8ft) and

partly because at high incidence the aerodynamic roll stiffness (lv sin o)
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makes & significant contribution to the total stiffness and raises the natural

fregquency in roll.

4,2 Brief account of method

The method of test was basically as described in Ref.l and is briefly

summarised here, The more important recent improvements are described below in

section 4.3,

The model is mounted on & special sting or spring unit (Fig.2) which has a
Torward spring providing flexibilities in yaw and roll, and a rear spring pro-
viding flexibility in sideslip. Oscillations are excited by means of an
electromagnetic vibration generator and the motion is measured by means of
asccelerometers in the model, The system has three modes of oseillation, which
are designated yawing, sideslipping and rolling modes., The rolling mode deces
not generally include much yaw or sideslip, but the yawing oscillation has its
axis some distance behind the centre of the forward spring and the sideslipping
mode includes a considerable amount of yawing motion, The test procedure is to
oscillate the model at or near the natural frequency of each mode in turn (since
this is the only way of obtaining reasonable amplitudes waith the small excitation
force available). Eighteen derivatives are obtained by solving the complete
equations of motion, using measured values of the accelerations and excitation
forces {as vectors) and frequencies, together with previously determined values
of the model inertias, The required aerodynamic derivatives are then obtained
298 the differences between wind-off and wind-on values of the derivatives;
(assuming that the mechanical characteristics of the system are unaffected by
the air loads). Since the frequencies are different for the different modes,
it is necessary when solving the equations of motion to assume that the deriva-
tives are independent of frequency. This procedure is not strictly correct if
the derivatives depend on frequency, but it 1s considered adequate because, in
effect, each derivative is obtained primarily from one of the modes with only
small correction terms from the others. The frequency parameters guoted are

ihose for the primary modes for each derivative,

.72  Recent developuents

The following changes have been made in the technique described in Ref.l:

(a) Presentation of results., The mein change is to refer the results to
body axes (see section 3), The results now include some information on

derivatives with respect to V.
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(b) Spring unlt, In the course of the tests the spring unit was
modified as shown in Fig.2, The modification reduced the natural freguency in
roll by a factor of nearly three, while having only a small effect on the
natural frequency in yaw, and reducing the permissible normal forece and pitch-

ing moment by about 3%5%.

(e) Calibration procedure, Instead of the somewhat complicated pro-~
cedure of determining the calibration constants by direct calculation of the
best values to fit a series of calibration measurements, a simple trial and
error method 1s used which 1s more satisfactory in several respects. (See

Appendix C.)
5 RESULTS

5.1 Presendabion

The meln results are plotted in Figs.#-21. A summary is given in
Table 35 which also serves as an index to the figures, Thc derivatives wiih
respect to rolling velcocity depend on both incidence and freouency parameter,
and the frequency parameter itself wvaries with incidence because of the effecl
of the aerodynamic roll stiffness, Lv sin @, especially in the case of the
modafied (more flexible) spring. For these derivatives a full set of results
1S given in Table 4, and the more important points are 1llustrated in Figs.7,
8 and 9.

The spring unit is fitted with ordinary wire resistance strain gauges
forming a five component balance for static measurements, Values of the normal
force and pitching moment coefficients and the static lateral derivatives
measured with this balance in the 13ft by Oft tunnel are given in Table 5,
These values are used when considering frequency parameter effects (V =0
in Pigs.11 and 12).

5.2 Damping derivatives

As usual in tests of this kind, the rotary damping derivatives are
measured in combination with the derivatives with respect to rate of change of
sideslip, G, as follows:-

n, - ng cos o (measured as ni)

n_*N. gina (measured as ny)
PV



12

and similarly for y and 4. In the present tests separate value of the v
derivatives are also obtained, although in practice the results are very
scattered., However, it is concluded in section 5.3 that the v derivatives
are probably small compared with the rotary damping derivatives except in the

case of V3 compared with Yo

The combined derivatives (nr - n; cos a), (yr - ¥, cos o) and
(Lr - LG cos @) are shown in Figs.4, 5 and 6 respectively. The measurements
seem reasonably satisfactory and there is no significant variation with fre-
quency parameter over the range tested (0.36 - 1.02), There is some aindication
that the 13ft by 9ft tunnel tests (shown by triangles) give smaller values of
the yaw damping than the 8ft by 8ft tests (Fig.lt), but this is considered more
likely to be due to experimental error than to a genuine aerodynamic effect,
In all these figures the 13ft by 9ft results show rather more scatter than the
8ft by 8ft results; this is attributed to the slightly less satisfactory support
system in the 13ft by 9ft tunnel, In the Sft by 8ft tests, the scatter is
greatest for the lowest values of the frequency parameter, particularly in the
case of the carcles in Fig.6. This is because the damping forces, which are
proportional to P V, have to be measured in the presence of the main aero-
dynamic forces which are proportional to p V2. At low wvalues of fregquency
parameter, corresponding to high values of the tunnel speed V, the damping
forces are thus a smaller proportion of the total and sre more difficult to

measure accurately.

For the derivatives (nP + . sin a), (y? +y, sin a) and (LP + L& sin a),
the values of the frequency parameter were still rather high, even with the more
flexible spring unit used in the 13ft by 9ft tunnel tests (see Table 4), The
n and vy derivatives show large variations with frequency parameter (Figs.7 and
8), There is considerable scatter, but the variations appear to be greatest
in the middle of the range of frequency parameter, and it is possible that the
curves flatten out at frequency parameters below about 1, The £ derivetive

(Fig.9) shows no evidence of frequency parameter effects,

5.5 Virtual inertias and derivatives with respect to rate of change of
sideslip v

The virtual inertias and v derivatives are difficult to measure

accurately, and we have not so far made any serious attempt to do so. The
present tests, however, have provided some information on these derivatives,
mainly because they cover a wide range of frequency parameters. We have not

presented the actual values of the derivatives, because they would not be
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accurate and might be misleading., Instead, we have plotted the measurements
from which these derivatives can be deduced as slopes or differences; this
makes it easier to assess the significance of the effects and the accuracy

with which they can be measured.

The total aserodynamlic effects on the model are obtained by subtracting a
datum measured in a vacuum, Stiffness derivatives obtained in this way will
include virtual inertia effects, since our method of analysis does not
dlStlngulSh them, and the apparent stiffness NW’ for instance, w21ll represent
(NW - w? Nﬁﬂ, or in nondimensional terms (nw - e nb) (This relation is
not exact because additional terms are introduced by coupling between modes,)
By comparing tests at different values of the frequency parameter V, it is
possible to separate the stiffness ny and the virtual inertia - nw, making

the assumption that both these derivatives are independeni of Vv,

The most important derivatives of this kind are those waith respect to
v (= y/v) because these are associated with the rcotary damping derivatives
with respect to r (and, to a lesser extent, p). The values of the measured
apparent stiffnesses ny, yy ane Ly are plotted against V2 in Fig.,10, These
derivatives have been referred to vacuum datums, and the values should,
ideally, give straight lines passing through zero (since the true stiffnesses
are zero) and with slopes roughly equal to the corresponding v derivatives.
As an indication of the scale, lines have been drawn on Fig.10 representing

certain values of these derivatives,

The plotted points showing the measurements are too scattered to provide
much positive information, but in the case of n. and LG they are not
1nconsistent with small values of these derivatives, It is concluded that the
derivatives with respect to rate of change of sideslip, n: and J%, do not
make a large contribution to the total damping derivatives (n - n. cos o)
and (Lr - Lﬁ cos @) measured in the yawing mode and shown in Flgs.ﬂ and 6.
The value of Yy however, is not small, and could be as much as -0,1, (the
still air value is rather larger than this - see below), This means that
- yg cos & may be the major part of (yr - y; cos a) (Fig.5), and that V.
may be comparatively small.

The virtual inertias ny and J; are of less importance, but are not
without interest. The apparent aerodynamic stiffnesses n, and L¢ have each
been obtained in two ways: the values in Figs.1la and 12a are referred to

wind=-of f datums at the same pressures as the corresponding wind-on tests,
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while those in Figs.11b and 12b are referred to vacuum datums. The latter
curves show systematic frequency parameter effects which in most cases are
practically eliminated when the datum is the wind-off value at the same tunnel
pressure, From this it may be concluded that Figs.lla and 12a give the true
stiffness derivatives, while Figs.11b and 12b include the effects of appreciable
virtual inertias which have about the same values wind-on and wind-off. Fig.12a
also shows that £, (= Lv sin @) has decreased nearly to zero at Vv =14

(which corresponds to a wavelength of only 1% chords), This result is in good
agreement with earlier measurements by Owen., These are described in Ref.?

which also offers an explapation in terms of vortex lag.

The virtual inertias heve been determined in still air by comparing the
apparent model inertias measured at various tunnel pressures, assuming that
the mechanical stiffnesses remain constant and that the aerodynamic stiffnesses

are zZero,

The three primary inertias obtained in this way are shown in Fig.13,
where the slopes of the lines give the virtual inertias. (This virtual mass,
of course, applies to lateral tests only; a different value would be measured
in heaving motion.) The value of y§ is =0.15. As already remarked, this
is rather larger than the value deduced from Fig,10 for Yo (nominally the

same derivative) in the wind-on case,

The still air values of ny and 33 give the numerical values of the
virtual inertias whose existence is indicated by comparisons between Figs.1la
and 11b, and 12a and 12b, respectively. These are not large, and, as already
mentioned, are excluded from the stiffness derivatives by the method of sub-

tracting wind-off zeros at the same pressure,

The still air values of the six virtual cross-~inertias are all too small
to measurc. The results are not presented, but they show that ny and £§ are
certainly not larger than the extreme values of n. and LG shown on Fig,10;

that ngs Ve and LJ are too small to have any significant effect on the

corresponding stiffness measurements; and that the effect of ¥y on the
measurement of Yy is not larger than the scatter of the Yy readings (shown

as v, in F1g.17).

The above remarks are concerned with the effect of datum pressures on
stiffnesses and inertias, but their effect on damping measurements should also
be mentioned. In the present tests the still air damping values were always

small, and only two showed any consistent pressure effects; 56 and ng both
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increased with tunnel pressure. In no case wag the change large enough to

have any significant effect on the aerodynamic results.

5.4  Stiffness derivatives

The derivatives n, vy, and Lv are shown in Figs.14-21. Three sets of
values can be measured for each of these derivatives, distinguished only by
the frequency parameters of the appropriate modes, For example
n, {= - n cos o) is measured as a direct stiffness, (The effects of virtual
inertia have been largely eliminated by using a wind-off stiffness measured at
the same tunnel pressure as described in section 5.3.) The results for

n (= - nw/cos @) are shown in Fig,14. The derivative n: (= nv) is measured
as a cross-damping; these results are shown in Fig.15., Finally, the

derivative ng (= nv sin @) is measured as a cross-stiffness., In this case
accurate values of n, obvicusly cannct be obtained at small values of @ and

the results (Fig.16) are mainly of interest as a check.

Similar sets of results are given for the side force derivatives (Figs.17-
19) and for the rolling moment derivatives (Figs.20 and 21), Fig.12 shows

values of &4 (= Lv sin a), which have been discussed in section 5.3,

Generally there is more scatter in the results cbtained from the side-
slipping motion than in those obtained from the yawing motion, This is partly
because damping measurements are nearly always more difficult to make thean
stiffness measurements. However, the worst scatter occurs in the 13ft by 9ft
tunnel tests (trianguler points in Figs.15 and 18) when the results were pro-
bably adversely affected by the occurrence of a negatively damped sideslipping
mode (see Appendix B).

There is some indication that the 13ft by 9ft tunnel tests give lowver
values of n, than the 8ft by 8ft tests (Fig.14), but this is considered more

likely to be due to experimental error than to a genuine aerodynmamic effect,

Except in the case of £¢ (discussed in section 5.3} the effects of fre-
quency parameter on all of these derivatives appear to be small, and the
generally satisfactory agreement between these stiffness and damping measure-
ments may be regarded as a check on the reliability of the other damping

measurements,
6 CONCLUSIONS

(2) A complete set of low speed lateral derivatives for a model of the

HP 115 has been measured over a wide range of frequency parameter, although the
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lowest values of the rolling frequency parameter that were obtained were higher

than those appropriate to the rigid body modes of the full scale sircraft,

(b) For a range of frequency parameter appropriate to full scale flight,
the variations of the derivatives are small, but for very high values of the
frequency parameter there are marked reductions in the derivatives np, yp and
b .

v

(c) The derivatives with respect to rate of change of sideslip, n%
and L%, could not be measured accurately but there is some indication that
they are smaller than n and "'r respectively. The derivative Yoo however,

is not small and may be larger then Yy

(d) The primary virtual inertias -nw and -J; are found to be nearly

the same wind-on and wind=-off,

(e) Certain stiffness derivatives required large corrections for the
effects of steady normal force and pitching moment, In particular 1t is
impossible to measure LG unless the proper corrections have been applied to

the stiffness derivative by.
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Appendix A

CALCULATION OF CORRECTIONS FOR THE EFFECT OF STEADY NORMAL FORCE
AND PITCHING MOMENT ON LATERAL STIFFNESS DERIVATIVES

Method

From a knowledge of the dimensions and elastic constants of the sting we
first calculate the end displacements V, y, ¢ produced by loads N, Y and L

applied st the end of the sting. This gives us 2 3 by 3 flexibility matrix A
defined by

D = AF (a-1)
where D = |V and F = |N
Y Y
¢ L

jext we calculate the additional displacements IH proeduced by
additional loads Z and M at the end of the sting, applied in the presence of
F. This gives two second order flexibilities AZ and.AM defined by

D, = (ZAZ+MAM)F . (A-~2)

These additional displacements are those which would be produced by
additional forces F1 given by

=1
Fp = A v} (a-3)
and from equation (4-1) we also have
-1
F = A"D (A-4)

so that combining equations (A=2), (A-3) and (A-4) gives

Py | -1
= A A A A A—
F| (z g * M M) D . (4-5)

The derivatives with which we are concerned are those defined by the
equation
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F, =0 0 W5 D (A~6)
0o 0 Y,
L O
y

and their values can be determined by equating corresponding terms in equations
(A-5) and (A-6).

Equation (A-6) includes only four of the possible nine derivatives, This
15 partly because we have not included the effect of a steady axial force X,
which would be very small, and partly because we are dealing with a symmetrical

sting with no stiffness coupling between roll and sideslip or yaw.

Calculation of flexabilities

The calculation of the deflections produced by the combined loadings N,
Y and L, with and wathout Z and M, is done by conventional methods. Only

the results are given here, in the form of general formulze,

The position of a point on the sting is defined by its distance x
forward from the root (earthed) end of the sting. Let M and B be the bending
and torsional flexabilities per unit length of the sting cross section at the
point x. The axis used for moments and displacements i1s at the position
x = h, chosen so that the range x = 0 to h covers all the flexible part of
the sting.

Then the sting flexibality A is given by

A= 1, 1, O (a-7)



where

where

The second order flexibilities AZ and AM are given by

Az=oo
o 0
16 I7

=3
H]
le]
@]

M
0 0
-15 -Ig
h x
=f?\fpdxdx
o 0

._]:9

110
0
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(a-8)

(4-9)

(A<10)

(a-11)

(a-12)

(a-13)

(A-14)

(A-15)

(4-16)

(A-17)
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h X
19=f|-1f(h—x)7\dxdx = I, I, - Ig (4-18)
Q o]
h x
2
%O :fp.f (h-x) ?\'dXd.X = I3 I}-I--IT . (A—19)
(o] [e]

Equation (A-5) can now be expressed in terms of the integrals I by
using equations (A-7), (A-12) and (A~13), and by comparing the result with
equation (A-6) we find that the derivatives can be expressed in terms of four
independent constants K, defined by

N¢=K42+(K2+1)M W
Yo = (B -12z2+KM
- (a-20)
Ly = K 2+rE M
L, = K Z+K; M ~

where the values of K are glven by

fl

i

(1, L -1, I)/P )

(1, Ig - I, I)/P
L (a-21)

il

(1

2 Is = I I}/

K, = (I3 I - I, 17)/P y

2
where P = (11 I, -~ 1) I).

3
Change of axis

These X values apply for the axis at x = h used in the integration,.
For a reference axis on the model at a distance e aft of this, new values

K!' have to be used, given by the equations
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=

Kﬁ + e K3 }

i3

Ké + e K5

> (a-22)
K = 5
Kﬁ = K, te (Kﬁ + K2) + e2 K3 J .

Numerical values

The K wvalues for the stings sketched in Fig.2, with the axis position
shown, are given below. (The dimensional quantities K3 and Ku have been
miltiplied and divided by the centre line chord cy to give the nondimensional
numerical constants in section 3.)

Original Modified
K, 0,049 0,027
L =0.,609 -0.575
K3 1/ft 0.287 0.297
K, Tt .023 0,015

For tnese spring units the yawing and rolling flexibilities are almost
entirely in the forward spring, and this mekes X, roughly -%. The sideslip
flexibility is chiefly in the aft spring, and this makes the value of Kﬁ
small,
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Appendix B
EXPLANATION OF NEGATIVELY DAMPED SIDESLIPPING MODE

In the tests with the spring unit modified to give lower natural fre-
quencies in roll, the sideslipping mode became negatively damped at values of
the incidence above about 8°, The basic mechanism can be described as follows,
an essential feature being that the natural frequency in roll had been made
lower than the natural frequency in sideslip (Table 2). In the sideslipping
mode, a positive sideslipping velocity causes a negative rolling moment since
Lv 1s negative (F1gs.20 and 21), However, this rolling moment is applied at
a frequency higher than the natural frequency in roll and as a result the
model displacement in roll is in opposite phase to the rolling moment and is
therefore in phase with the sideslipping velocity. The sideways component
(due to this roll displacement) of the upward normal force* is then also in
vhase with the sideslipping velocity and thus provides a negative contribution
to the damping of this mode. This contribution increases with incidence
because both Lv and the normal force Increase with incidence, The ordinary
gideslip damping is positive (yv 18 negative) and substantially independent
of incidence (Figs.17 and 18), The result is that the overall damping becomes

negative at wvalues of the incidence above about 8e,

The oscillation was controlled by applying artificial damping by means of
a Teedback amplifier which forms part of the standard ecguipment used for these
tests, and in principle the derivatives obtained are independent of the modes
of oscillation. In practice, however, the derivatives obtained primarily from
the sidesiipping mode (particularly n, and yv) show a considerably increased

scatter when the overall damping was negative,

* The relevant derivative is actuelly the uncorrected y, shown in
Fig.22 which is not exactly equal to the normal force.



23

Appendix C
ANALYSIS OF CALIBRATIONS

The first stage of the calibration procedure is to make & series of
measurements with a special calibrating frame instead of the model, making
systematic changes in the various inertias, From the values of resonance
frequencies and accelerometer signal ratios it 1s then possible to calculate
the stiffnesses of the spring unit, the inertias of the calibrating frame, and
the accelerometer constants., The method is deseribed in Appendix B of Ref.l,
but the calculations are somewhat tedious, and cannot be done easily by a
computer because there is a considerable amount of redundant information which
has been deliberately retained in order to check that the system conforms to

the assumed equations of motion.

We have found it better to use a trial and error method of determining
these constants, that is to say to assume a set of preliminary values of
stiffnesses and accelerometer constants and to use these to calculate the
1nertias for each of the conditions tested, (These calculations are done by
computer,) It is then easy to check whether the changes of 1inertia calculated
in this way agree with the changes actually made, and, if not, to modify the
values of the constants for a second attempt. A further check is obtained from
the fact that each cross inertia can be obtained in two different ways. The
mass moment m x, for instance, can be obtained independently from the yawing
moment and the side force equations, and the two values should be the same,

In practice, the effects of chenging the various constants can be fairly
easily separated, and only a few iterations are needed to obtain a satisfactory

set of values of the constants,

The second stage of the calibraticn procedure is to make a series of
measurements on the model over & frequency range on either side of resonance in
each mode. The resonance tests give the model inertias in terms of the known
stiffnesses, and the off-resonance tests are used to obtain the excitation
calibration constants, Here again a trial end error method is better than
calculating the constents dlrectly from the readings, and the criteriocn is

that there should be no change 1n any stiffness with frequency.

These methods were adopted partly to save time and labour, but they have
other advantages. When redundant information is used for determining the
constants, some discrepancies are bound to occur, and the new method shows

+hese in a much clearer form. In some cases this has indicated that
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additional corrections are needed, as for instance the effect of gravity on
certain accelerometer readings. In other cases, when the discrepancies are
caused by non-linearities or other departures from an ideal system, the
results give a direct indication of the effect of such departures on the

accuracy of the measurements. Finally, like most iterative processes, the
method is self-checking.

<
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Table 1

MAT DIMENSIONS OF MODEL

Scale 1/8

Wing area S 6.76 sq Tt
Wing centre line chord c, 5,00 ft
Wing span b 2,50 ft
Position of reference axis 0.548 c,

Directzon of x sxis, which 1s also the
incidence datum, 1s 1.5° nose down relative

to wing centre line chord
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Table 2

TEST CONDITIONS

Tunnel 8 ft by 8 ft 13 ft by 9 ft
vV (ft/sec) 298 211 107 105 198 137
H (1n, mercury) 15 30 116 60 30 30
R (millions) b7 6.6 12,9 6.6 €.2 4,3
q (1b/sq 1) 52,0 |52.5 | 53.0|26.5 | 47.5 | 22.6
S?*Z: 22%‘;2%21 ) original Modified
Yawing frequency
(cps} 3-4 3-5
Sideslipping frequency
Rolling frequency
(cps) 13.4 L,9 %o 6.3
v (yauving) 0.3¢1 o0.51} 1.,00| 1.02{ 0,52 0.75
v (sideslipping) 0,62 0,83 1.73| 1.75| 0.90 1.30
v (rolling) 1.82| 2,000 3.91| L.o0f o.,77*| 1.11*
to to
1.00 1.18

* See Table 4,




Table 3
SUMMARY OF RESULTS

Quality of
Figs. Derivatlve neagurement Remarks
Damping and stiffneses derivatives
4 n, - 0. ¢os o Satisfactory
7 nP + n‘-r sine Some saatter large effect of high ¥
5 Yp = ¥y cos @ Some scatter
B8 Yo + s sip a Some scatter Large effect of high v
6 .Gr - "’1} cos o Satisfactory
9 ‘P + J‘; 8in o Satisfactory
14 n, {yaw) Setisfactory
15 |n, (sideslip) | Considersbile scetter|| No systematic discrepency
16 n_sina (roll) [ Considerable acatter
17 |y, (yaw) Satisfactory
18 [y, (sideslip) Some scmtter Yo systematie discrepancy
19 ¥, sin a(roll) Some scatter
20 |2, (yew) Setisfactory
2 .Ev (2ideslip) Setisfactory Mo syctematle discrepancy except for effect of high V
12a 2, sin « (rall) Setisfactary

Apparent Stiffness derivatives showing effects of virtual inertias and v derivatives

XX

10 1::1}r Considerable scabter| Variation with v@ gives ni; (= n‘})

10 ¥y Consideralble scatter} Vardation with v2 glves y.';' {= :f;r)

10 L;Y Considereble scatter] Veristion with v2 glves l}-r- (= !-{r)

M By Some scatter veriation with v° represents I{

12 12, Satisfactory Veriation with v° represents &g

Apparent total model inertias In still adr showing effects of virtual iperties

13 Ty Some scatter Vardetion with tunnel pressure gives ny

13 | m (sideslip) Satisfactory Varlation with tunnel pressure gives i

13 (I Setisfactory Veristjon with tunnel pressure glves 4y




Table 4

DERIVATIVES WITH RESPECT TO ROLLING VELOCITY

lenfxtzn?l ft/i.ec 10"6 Rl af{ v np+n{r sin o ypﬂr_e sin a .f.p-hl‘} sin a
8x 8} 298 4.7 o|1.42{ ~0.0015 0,0100 ~0,0123
L 11,42 -0.0016 0,0256 -0,0165

B|1,42| «0,0065 0.0269 -0.0162

12 {1.42]| -0,0072 0,0222 -0,0169

16 (1.43| ~0.0169 ¢.0590 ~0,0153

201,44 | =0,0315 0.0759 ~0.0133%

211 6.6 012,00 0,0002 0.0124 -0,0122
yle,00| =0,0024 0.0207 ~0,0165

8la.00) -0.0034 0.0292 ~0,0168

122,01 | =0.00%5 0,0373% -0,0168

161 2,01 | -0,0116 0.0548 -0,0161

20| 2.,02| =-0,0183 0.0696 «0,01%5

107 12.9 0] 3.9 0.0027 0.0101 00,0118
413,90 0.0017 0,0201 -0,0158

813.90 0.0011 0,0232 -0,0166

12 | 3.90 0.0004 0.0252 «0,0169

16 | 3.91 | =0.0030 0.0341 -0,0168

205,91 | =-0,0099 0.,0659 -0,0164

105 6,6 ol 4.0l 0.0015 0.0126 ~0,0119
414,00 0.0017 0.0216 ~0,0156

84,00 0,.000% 0.0211 =0.0165

12 [ 4,00 -0.0009 0,0239 ~0,0169

16 | 4.00| ~0.0017 0.0316 =~0,017

20| k.01 | -0.0073 0.042% -0,0162

13 x 9| 198 6.2 0]0.77| =0.0009 0,0038 -0,013%0
blo.mr| ~0.0024% 0.0266 =0,0175

8|o0.79| -0.0037 0.0240 ~0,0180

12| 0.81 | -0.0091 0.0464 ~0,018%

160,83 ~0,0149 0.0604 ~0,0150

20 }0.80{ -0,0143 0,0128 -0,0171

20 {1.00]| -0.0260 0,0843 -0,013%5

137 4.3 ol|1. 11| -0,001% 0.0033 ~0,0125
1,12 ~0.0030 0.0180 =0.0171

8(11.13| =-0.0049 0,0237 ~0,0179

12 |1.14 ] -0.0086 0,0455 -0,0183

16 [1.15| -0.0143 0.0466 ~0,0V70

20 {1,18| -0.0219 0,077 -0,0134

201118 ~0.0226 0.0723 «0,0138




Table 5
STATIC MEASUREMENTS
(13t x oft tunnel, R = 6.3 X 106)

a —CZ Cm n, Yy l;v
0 0,058 | -¢,012 | 0.052 | -0,362 | -0.014
Yo 0,172 | -0.019| 0,048 | «0.345 | -0,0%9
8e 0.314 | -0.,029} 0,051 | -0,344 | ~0,072
12° 0.487 | -0,038| 0,056 | ~0.380 | -0.095
16° 0,668 | -0,046| 0,059 | -0.375 | -0.,122

29
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Over a range appropriate to full scale flight, the effects of frequency
parameter are small, but for very high values there ls a marked reduction
in the derivatives np, yp and ﬁv. Some Information {s included on the

derivatives ng, ¥y and&;., and there {s evidence that the virtual inertlas

are about the same wind-on and wind-off,
(over)
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The Paper also deseribes some recent lmprovements in techmique.

The Paper also deseribes some recent lmprovements in technique, The Paper alsc describes some recent improvements in tectnique,






© Crown copyright 1970

Published by
Hes MAJESTY'S STATIONERY OFFICE

To be purchased from
49 High Holborn, London w.c 1
13a Castle Street, Edinburgh EH 2 3AR
109 St Mary Street, Carduff cFl liw
Brazennose Street, Manchester 2
50 Fairfax Street, Bristol BS1 3DE
258 Broad Street, Birmingham 1
7 Linenhall Street, Belfast 512 8ay
or through any bookseller

C.P. No. 1097

C.P. No. 1097

SBN 11 470297 7



