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SUMMARY

An investigation of the experimental and theoretical determination of
flutter derivatives for a series of swept and cropped delte wirigs was initiated
in-1954. This report gives values of the pitching and heaving derivatives for
a number of these planforms in the intermediate supersonic speed range. The
derivatives have been found using supersonlc lifting surface theory.
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1- INTRODUCTION

An investigation of flutter derivatives was initlated in 1954 to assess the
adequacy- of the methods available for caleculating derivatives by making compari-
sons between theoretical and experimental derivative values for arfamily of
cropped delta and swept planforms at subsonic, transonic and supersonic speeds,
The regsearch programme used the six planforms shown in Fig.1. Derivatives were
to be found for various displacement modes, including that of control surface
rotation. This report describes calculations underteken to find derivetives for
the intermediate supersonic speed range and gives results for pitching and

heaving motion.

The method of calculation used is based on the Multhopp-Richardson lifting
surface theory1, and is described in a separate raportz. This relies on replacing
the integral egquation which connects the 1lift and downwash by a matrix equation
connecting the values of the 1if't and- the downwash at two sets of points on the
wing. This equation can be solved to give the 1ift values and expressions can
then be derived for the generalised aerodynamic forces when the wing oscillates
in a mode of any sheps. Standard programme.s3
computations using the method of Ref,2 and modified versions of these were used

on the Ferranti Atlas computer to find the values described in this report.

have heen written to carry out

Most of the theoretical work which was envisaged in the derivative research
programme is now complete, For exsmple, at subsonic speeds derivatives for low
freqﬁenqy parametsrs have been given by Hornsby# while at high velues of the fre-~
quency parameter values have been found by Wbodcocks; in the purely supersonio
speed range, when both ieading and trailing edges are supersonic, derivatives
have been celculated by Barnes » The experimental part of the programme, cover—
ing subsgonic, trensonic and supcrsonic speeds, is being undertaken by
Hawker Siddeley Dynamics Ltds and derivatives for rolling, pitching and heaving
motion have been reported7. A series of measurements of pitching end heaving
derivatives, using rocket models, has been undertsken at the Heapons‘Res?arch
Establishment, Salisbury, South Australiaa, while a series of wind tunnel tests
at supersonic speeds ls being undertaken at the National Aercnautical Establishment,

Ottawa, Canada.

On completion of the theoretical and experimental work it is proposed to
issue a report meking a full comparigon between experiment and theory throughout

'



the speed range. Consequently, this report is restricted to presentlng and
discussing the results calculated using superscnic lifting surface theory. Yo
experimental comparisons are made and the theoretical comparisons which are
carried out are restricted to what is necessary to establish the probable

limits of accuracy of the results.
2 NOTATION
The notation used is as follows:

wing 'aspect ratio
wing mean chord
Mach number

wing area

airspeed

N o< = ol

Cartesian co-ordinate, measured downwards
heaving amPlitude of wing apex

- - T .

angle of pitch

o]

pitching amplitude

=]

frequency parameter = wc/V

air density

£ D <« o @ W N

circular frequency

The flutter derivatives on a.wing oscillating in a heaving mode
z = z{)e:"wc and a pitching mode 6 = 6 c)emt are then given by the expressions

z .
Lift = pVZS{ (éz + iv &E) -_-é—q + (&e + iv Eé) Go}elwt

end

z .
2.7 . o . iwt
Moment = pV Sc[ (mz + iv m‘%) = + (ma + iv me) Bo}e .

The moment, obout the wing apex, is positive in a nose—up direction.

3 THE CALCULATION

2,1  Method

The methed of calculation used, based on Richardson's ex’censmn1 of the
Multhopp lifting surface tliw.ec;ry9, 18 described in Ref.2'wh’1le the mechanisataon
of the method is described in Ref,3. Although the method was originally
mechanised for the Ferranti Mercury computer, the amcunt of computing time
needed for the work described in this report (of the order of 250 hours on
Mercury) made it necessary at an early stage to modify the programmes and take

aldvantage of the increased speed of the Ferranti Atlas computer.



In lifiing surface theory the assumption is made that the lift and down-
wash distributions on the wing can each be represented by double series of 1lift
and downwash functions in the chordwise and spanwise co-ordinates, the
coefficients in these double series being related to the values of the lift and
downwash at sets of pcints on the wing, The, 1lift and dowowash functions are
chogen on the basis of two-dimensional flow for the chordwise functions and
on slender wing theory for the-spanwise functions. The sets of pc‘iﬁt; at which
the 1ift and downwash values are taken are known as the 1ift peints ’and the
downwash points respectively. With these approximations mede, the integral
equation, which gives the, downwash at any point as an integral containing the
1ift can be replaced by e; matrix equation; in this the- downwash at’ the point
is given as the product of an influence matrix with motiw.er matrix coﬁtlaining
the values of the 1lift at the lift pcints. Given a set of unknown downwash
values over the wing, this matrix equation can then be solved for the corres-
ponding lif't values merely by inverting th:l.s aerodynamc influence matrix and
the generalised aerodyna:mc forces and flutter derlvatlves follow. The crux
of the calculation is the formulation of the aerodynamic influence matrix, the
elements of which depend in a complicated manner on & number of surface integrals
teken over that area of the wing cut off by the forward Mach lines through the
downwash p;oint in question. To cvaluate these surface integrals a set of inte-
gration prints is taken over the area being considered, these points lying at
the intersections of a series of chordwise sections and a serics of spanwise

sections which depend on the exact area being considered.

£

At the outset of the calculations, parameters m (mumber of chordwise 1ift
and downwash points), n {nunbcr of spanwise 1ift and downwash points), p (number
of chordwise integration points) and q (number of spanwise integration points)
ngst be chosen. The considcrations which weigh in arriving at a sultable choice
of these are discussed in Ref.3; following trial calculations at zero frequency

the choice (m, n, p, @) = (5, 10, 5, 11) was made,

3,2 (Cases considered

The investigation used wings A, B, C, D, E and P, of which details are
given in Table 1 and which are shown in Fig,1. It will be seen that wings
A, B and C belong to a family of cropped delte wings, -while w:'mg.s Dy, Eand F
belong to a family of swept wings. Each family has a constant taper ratio and
each contains one wing of aspect ratic 3, 2 and 1.25 with the same .leading edge
sweep as the corresponding wing in the other family. The values of the Maeh
number were chosen to yield certain prescribed values of the quantity Aﬁ , and

are summarised helow.



Ap = 1.0 1.5 2,0 2.5 3.0
.
Wings A, D (A=3) M= 1,054 1412 1.20 1430 1o 44
Wings B, E (4=2) M= 1.12 1.25 1o 41 1.60 1.80
»
Wings C, F (A=1.25) M= 1.28 1.56 1.89 - -

Flutter derivatives were calculated for the rigid-body modes of pitch and heave
at frequency paramsters, based on mean c¢hord, of 0.1, 0.25 and 0.5; .in addit;on,
the in-phase 1if't and moment-derivatives due to patch were calculated at zero

frequency.

Methods from other sources were also used to calculate derivatives in
order to establish the probable limits of accuracy in the computations. These

are discussed in detail in section L.1.
L RESULTS

b Derivatives used for comparison

For the wingé consideréd, theoretical derivatives are available from
other sources and these ensble an indepeﬁdent check to be made of the results

of the calculations of this report.’

The method of Allen and Sadlcr10 has been used by Garvey11 to find deriva-
tives for wing C and wing F in the same modes as are considered here and these
are given in Table 2. The methed of Ref.10 is a suéérsonio theory valid for
general frequency, planform and Mach murber, and 1s based on the integral equa-
tion which gives the downwash in terms of the velocity potential. This equation
is solved to give the velocity potential at khe vertices of a fine mesh. For
wings A, B, D and & Barne36 has calculated derivataves using the method of
Hunt12. In this method, a mesh is placed‘over the wing; for sufficiently high
Mach number thq velocity §6tent131 can be expressed directly in terms of the-
downwash and this ensbles the velocity poténtial to be calculated at the ver-
tices of the mesh. The derivatives then follow directly. Results taken from
Ref',5 are also given in Table 2, Thé theories of Refs.10 and 12, and hence
the results given in Refs.6 and 11, are approximate.

Derivatives have been calculated for a delta wing of aspect ratio 3 46

13 the veleocity petential is

and are given in Table 2, In the method used
expressed as a series in the frequency parameter; " for mcdes of simple shape and
for Mach number not too close to unity retenticn of the first few terms of the
series is sufficient and derivatives cbtained by the methed may be regarded as

exact.



For the swept wings D, E and F in steady flow, closed form approximations
to the aerodynamic 1ift and moment derivatives are available and expressions
from which &5 may be calculated are given by Jones and Cohen1h} With the
assumption used in Ref.1l4, that the loading 1s uniform along each section down-
stream from the tip Mach line, the lift distributions given by Cohen15 may be
used to give values for mg. Values of 86 end Mg calculated by these methods are
given in Table 3., Tables which provide 11ft and moment derivatives for oropped
delta wings in steady flow have been given by Smith, Beasley and Stevens16 and
these have been used in finding the derivatives for wings A, B and C which are
given in Table 3. The derivatives of Table 3 will be regarded as being exact

when making comparisons with 1lifting surface theory results in section L.2.
heo2? Discussion

The vealues of the derivatives obtained from the 1lifting surface theory
calculations are given in Tables ) to 9. To present all the results which have
been found in graphical form would require an excessive number of figures, so
representative plots are given in Figs.2 to 18 of the variation of the main
derivatives with Mach number and freguency parameter, In order to obtain an
assessment of the accuracy of the results obtained, comparison is made in these
figures with the derivatives obtained from other sources, given in Tables 2 and

3, which were discussed in section L.1.

From Tables L to 9 it is seen that the greatest variation of derivatives
with frequency occurs for the highest aspect ratio wings A and D, while the
least variation occurs for the lowest aspect ratio wings C and ¥. For wings
C and F, the derivatives &Z and m, apart, the fregquency variation of derivatives
is only about 1% for the Mach numbers considered. For wings A and D there is a
greater variation with frequency; this is more marked at the lower end of the
Mach number range and the greatest variation is that in the pitching damping
derivatives 8é and mge The derivatives 62 and m, are in all cases small; their
variation is usually of no significance in practice and it has not been thought

worth-while to plet them here,

Figs.2 to 7 show the variation with Mach number of the derivatives &e,
o, 66, mg, ¢y and my for the two highest aspect ratio wings A and D. To
illustrate the variation of these derivatives with frequency they have been plot-
ted for the sample frequency parameters v = 0.1 and 0.5. It will be seen from
Pigs.2 and 3 that frequency has a perceptible effect on the in-phase 1ift and
moment derivatives ce and Mg and this effect becomes less w?th increasing Mach



number, Figs.l and 5 show the considerable effect which it is predicted that
frequency will have at the lower Mach mumbers on the pitching damping deriva-
tives 66 and ma. Figs.6 and 7 show the lesser effect of frequency on the heaving
damping derivatives 55 and ms e The effect of frequency on these derivatives
decreases with increasing Mach number, but the effect at high Mach number on

the heaving damping derivatives is slightly greater than that on the pitching

damping derivatives.

Included in PFigs.2 to 7 are the derivatives for wings A and D at
M = 1,53 given by'Barneae. These lie beyond the Mach number range ccnsidered
here and are, like the derivatives of this report, approximations te the true
values. It can nevertheless be seen that qualitative agreement between the
results of this repcrt and these of Ref.6 is good although, since extrapolation

is involved, no quantitative assessment can be made,

The variation with Mach number of the main derivatives for wings B, C, E
and F is shown in Figs.8 to 15. Since there is little variation with freguency
of the derivatives for these wings, particularly in the case of the lower
aspect ratio wings C and F, attention has been restricted in these figures to
the single frequency parameter v = O.1. Ref.6 gives derivative values for wings
B and E at M = 2,0 which again fall beyond the Mach number range considered
here. These values are included in the figures and it can be seen that
qualitative agreement with the results of this report is again good. Garvey11
has given derivatives for wings C and F at Mach numbers of 1.077 and 1.2806;

these are repeated in Table 2 and are shown in Pags.8, 9 and 12 to 15.

In Ref.11 frequency parameters v = 0,087 and 0.1433 were chosen for wing
C and v = 0.1 and 0.5 for wing P, Thus, only for wing F at M = 1.2806 can a
direct quantitative comparison between the two sets of derivatives be made;
Tables 2 and 9 show the maximum disagreement to be one of 3.9% in the
derivative My when v = 0.5. This agreement is very close since, as was
remarked in section 4.1, both the results of Ref,11 and those of this report
are based on approximate theories and this would allow for each set of deriva-
tive values being within at mcst 2% of the unknown exact value, It can be
seen that the derivatives &Z and m, derived by the two different methods
disagree; however they, tegether with the ﬂé and my derivatives, arise from the
1ift distribution due to heaving motion and this has only a very small
in-phage component., The disagrcement is thus of no practical significance.
The wing C derivatives of this report have been evaluated at different freguency
parameters from those of Ref.11 and it can be seen from Tables 2 and 6 that



Ref.11 predicts a slightly greater frequency effect than does this report. The
differences are small, however. Assuming, which is not strictly true, that the
direct camparison can be made between the results of Ref.11 at v = 0,087 and

= 0.433 and the results of thia report at v = 0.4 and v = 0.5 respectively,
the maximum dlsagreements shown are of 5.5% 4n me at the lower frequency
parameter and -6.5% in' me at the higher frequency parameter. "This is well
within the :1limits %o be gxpecﬁed-for comparisons between resultg from §WO

approximate theories,

The variation of derivatives with frequency for wings A and D at 'the
particular Mach number M = 1.054 is shown in Figs.16 to 18. This is the Mach
number at which the greatest frequency variatlon of the damping derivatives
&y and me cceurs and thls variaticn is shown in Fig.17. Figs.16 te 18 alsc
show the variaticn with fregquency of the main derivatives for a. delta WJng of
aspect ratic 3.4L6. This has the same leading edge sweep as the-croPDed delta
wing A so that, in additien to shewing derivatave varlatlon with freqpency,
Figs.16 tc 18 illustrate the gquantaitative effect on the derivatives of cropping
the tip. Tig.16 alsc shcows the exact values of the derivatives 86 end mg when
v =0,

A further check on the results of this reprrt is afforded by direct
ccmparisen of the exact values of the derivatives 86 and mq when v = 0, given
in Teble 3, and the dcrivative values at zerc frequency which are given in
Tables 4 tc 9. The greatest discrepancy is cne of 3,6% between the two
values of my for wing P at M = 1,28, which is also plotted in Fig.16. In view
of this and the compariscns with other approximate theories made abeve it is
suggested that an upper limit cof 4% may be taken for the errcr in the deriva-

tives presented in thas repoert.



10

Table 1

TETATILS OF PLANF'CRMS

Wing Aspe-ct Leading edge | Trailing edge | Tip chord

ratio sweep sweep Root chord
A 3 19.1° o° 0.0718
B | 2 60° 0° 0.0718
c 1.25 70.13° a°® 0.0718
D {3 19.1° 18.43° 0.238
E 2 60° 26.57° 0,238
F 1.25 70.13° 38,67° 0.238




Table 2

DERIVATIVES USED FOR COMPARTSON

Source Wing %j; M v o f.z &e -, ~I 85 | '5(3 ~y ~g '
4,077 | 0-087 | 0,0002 | 1.0730 | -0.0002 | 1,3198]} 1.0629| 1.8598| 1.2939 | 2.6152
S : 0.433 {{-0.0318 | 1.0750 { =0.0497 [ 1.3179]| 1.0317| 1.9608| 1.2610( 2.7361
Quoted in ] 2506 0.087 || 0.0003 | 14,0037 | =0.0009 | 1,2160f 4.,0302} 1.7776) 1.2489 | 2.4963
Ref'.11; . .. ’ 0.433 {|<0.0193 | 1.0372 | =0.,0373 | 1.2518}] 1.0120) 1.7473| 1.2241 | 2.4551
calculated by - |J Y ; .
the methiod of. || - 4,077 | 01 ~0,0004 10,9738 | ~0,0011 | 1.4409) 0.9644 | 1.64121 1,418k 2,2279
Ref. 40 5 . 0.5 ~0,046L }'0,9550 | =0.0749 | 1,1010}} 0.9430! 1.7413| 1.4038] 2.34L7C
1.2806 0.1 ~0,0002 1:0.9538 | ~0.0017 11,1260} 0.9762( 1.6948] 1.1528( 2.3548
‘ . 0.5 ~0.0348 10,9772 | ~0.0633 | 1.4451| 0.9609{ 1.6759 1.4368} 2.3305
. 0.4 0.0282 [i1.6450 | 0.0094 | 1.9690l 1.63831 1.3077] 1.954 | 1.7982
4 11,53 | Q.25 0,014 | 1.6345 | 0.0545 [1.9538|] 1.5946| 1,3173| 1.8967 ] 1.8128
- 0.5 - . 1.60E0 - 1492651 1,915 | 1.335 | 1.7900( 1.8415
: 0.1-- | 0.0018 |.1.0800 | 0,0022 {1.2800]l 1.078% [ 1.1431 | 1.2776 | 1.5639.
Quoted "in B [12.0 0.25 0,008 | 4,0796 | 0.,0132 |1.2793} 41,0691 1.1429 | 1.2651 | 1.5637
Ref,6; 0.5 0.0375 | 1,0786 | 0.1021 [1.2766])] 1,002} 1.1425] 1.2460} 1.563)
calculated by - ; .
the method of Out  § 0.0076 { 1.6862{ '0.104 |2.0524{:4.6900} 1,3218} 2,0616} 1.8456
Ref,12 D }11.53 | 0.25 0.0446 | 1.,6865 ) 0,0688 |2.0569]| 41,6438} 1.3308] 2,056 | 1.8592
0.5 - 1.6870 - 2.06001 1.571 | 1.345F{ 2,039 { 1.8800
0.1 0,0020 | 1.1011 | 0.0027 | 1.343281} 1,0991| 1.,1682| 1.3410] 1.6393
E 2.0 0.25 0,0121 | 1.1012 ] C.0162 [1,3439}] 1.08921 1.4674 | 1.3264] 1.6379
0.5 0.0h2L } 14040 ) 0,1245 14.3433) 1.0573 ) 1.4650) 1.2990) 4.6334
Calculated for | Delta 0. 00005 0 2.49L8 1 0.0001 3.32640 2,49L81 0,2823| 3.3264 0.2;‘2
this roport by | wing (11,054 10.025 | 0.0025 | 2,4867 | 0.0658 |3.3134{l 2,4815] 0.3309] 3.3051 o.5o.zz.’,e+lF
the pethod of  |A=3.L6 0,05 0.0096 | 2.4643 | O.424k4 }3,2780 2.4443 | 046691 3.2660| 0,7301
Ref.13 | 0.1 [ 0,0325 | 2.4084 | 0,2061 |3.1940{ 2.3377{ 0.8641 | 3.0819| 1.3763

b

AT S A TR T A TR S A
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DERIVATIVES FOR WINGS A TO F AT ZFRO FREQUENCY USING AERODYNAMIC

Table 3

THEORY FOR STEADY FLOW

Wing M 39 -1y
14054 | 2.36 | 2.86

1412 2,20 2,67

A 1,20 2.05 | 2,59
1,30 1,90 | 2,34

147 1,76 | 2,15

1412 1.58 | 1491

1.25 147 | 1.78

B | 1.4 1.37 | .66
1.6 1.26 1¢ 5k

1.8 1.17 1o 43

1,28 0.99 1.19

c 1456 0.92 | 1.12
’ 1,89 | 0,85 | 1.03
12054 | 2,31 | 2.76

1.12 2.18 2.63

D 1,20 2.05 | 2.49
: 1430 1491 2.33
1000 | 1,79 | 2,18

112 1.5k '1.84

1425 tel6 | 1,76

E a4 1.37 | 1.66
‘ 1.6 1.27 | 1.55
1.8 1,19 1,45

1,28 0.96 1015

P 1456 0.91 1.10
1.89 0.85 1.03




Table L

LIFTING SURFACE THEORY DERIVATIVES FOR TING A

M v f’z 66 -mz -ne 82 . E’B .—mi -my
0 2.37 - 2.83 b
1,054, 0.1 0.03 ] 2,29 0.03 | 2.72 | 2e24 | 1.43| 2,641 1.73
‘. 0,25 |[0.08| 2,19 0.10| 2.61| 1.99 1 1.82| 2.33{ 2.67
005 O-']l}. 2e 16 Q. 1)4, 2e 58 ) 1.’78 Ze 08 2 08 2a 9?
0 . 2,25 - 2,67 .
4. 42 0.1 0,021 2.20| 0.03 2,63 2.147 | 1.33| 2.58 | 1.96
* e 0,25 }0.08 | 2.41( 0,10 2.52 | 1495 "1.67 | 2.29 | 2.4k
6.5 J{0.157] 2.07| Q.15{ 2,19 | 1.73| 1.95| 2.03.|. 2,80
. o} 2,08 | 2,51 . :
4,00 | Ot 0.02] 2.07] 0.02| 2.49 ] 2.05 | 1.45{ 2.6 | 2.08
* 0,25 [j0.08 | 2.02}..0.09 | 2.42] 4,90 [ 1.57| 2.25] 2.25
0.5 0.15 | 1.951 0417 2.34 | 1.65 [ 1.78] 1.93 ] 2.55
. o 190 2.33 '
1,30 0,1 0,04 1.93| 0.01| 2.2331 1.92 | 1,46} 2.31 ] 2.08
* 0,25- 10,06 |.1.90 | 0.08| 2,29} 1.82 ]| -1.54 ] 2.17 | 2.15
0.5 0.16§ 1,841 .0.18 ] 2.21 ]| 1.60 ] 1.627] 1.87 | 2,31
o ', 1.82 2.18 . .
444 | Os1. {[0.01] 1.811.0,01 1 2,18 | 1,801 1.38 2,16 | 1.96
: 0.25 1{0.05 | 1.79 | 0.07| 2415 | 173} 1.40}| 2,07} 2.00
005 0015 1-7’4- 0.19 2.08 1.55 1.’48 1.82 ’2011

13



Table 5
LIFTING SURFACE THEORY DERIVATIVES FOR WING B

M v - ez 88 -m, ~hg, % Ge -m.é —-mg,
0 1.58 1.89 )
1 12 001 OOOO 1.5? 0001 1.88 1056 2.09 1-86 2.92
* 0,25 || 0,02 | 1.56 | 0,02 | 1,87 1.50| 2.15| 1.78 | 3.00
0e5 0.02 | 14.59 | 0,00 11,91 ] 1.03| 2,161 1.70| 3.01
0 1e 19 1.78
1,25 | 01 0,00 | 1,49 | 0.00 | 1.78! 1.48 ) 1,92 1.77 | 2.68
* 0.25 I 0,02 | 1,49 | 0,02 | 1.78 } 1abh | 1.92| 1.72 | 2.69
0.5 0.03 | 1.49 | 0.02 | 1.80 | 1.37| 1.93 ] 1.63 | 2.70
0 1039 1.67 »
1oL 0.1 0.00 | 1,39 | 0.00 | 1467 ] 1,381 1.70 1 1,66 | 2,38
* 0.25 f} 0,02 | 1,39 | 0,02 | 1,67 | 1,36 | 1.70 | 1,63 | 2.38
05 .|l 0,04 | 1,040 | 0.0 | 1,681 1,301 1.70 ] .4.55 | 2.37

0 1429 1.56
1,60 | 0s1 |l 0s00 | 1229 | 0,00 | 1456 | 1429 | 1450 | 1.55

* 0.25 || 0,01 | 1.29 | 0.02 | 1.56 | 4,27 | 1.50 | 1.53 | 2.10
0.5 || 0.0k | 1230 | 0,05 | 1.57 | 1,22 | 1.50 | 1446

0 . 1.21 1o b6 -
1.80 [ Oe1 [ 0,00 | 1,21 [ 0.00 | 1.46 [ 1,211 1.31 [ 1,45 | 1.84
° 0u25 1| 0,01 1,21 | 0.02 | 1,461 1.19 1 4.31 1.43 | 1.84
0.5 0.05 | 1,21 | 0,05 | 1.46 | 1.15 | 1.31 1] 1. 1.84
Table 6
LIFTING SURFPACE THEORY DERIVATIVES FOR WING C
M ¥ 6Z 66 -, gy f’a 66 -m, -m
0 0.99 1.18
1.98 0e1 0,00 | 0,98 | 0,00 | 1.48 | 0,98 | 1.78 | 1.18 | 2.47
* 0e25 [|-0s01 | 0,98 {-0.02 | 1417 | 0.98 | 4.78 | 1.17 | 2.47
Oe5 (=005 | 04938 [-0.08 | 147 0.99 { 1.78 { 1.18 { 2.46
0 0.93 1e 11
1,56 0.1 0.00 | 0,93 | 0.00 | 411 | 0,93 | 1.53 ] 1.11 | 2.12
* 0.25 §=0.01 | 0.93 |-0.0% | 111 ]| 0,93 | 4.55 | 1.41 | 2,12
0s5 [|=0.03 | 0uG3 |=0.05 | 1412 | 0,93 | 1.52 | 1,12 | 2.11
0 0.87 1.0k
1,89 Oe1 0.00 | 0,87 | 0.00 | 1.05| 0.87 | 1.29 | 4.04 | 1.80
* 0,25 {i 0,00 | 0,87 1=0,01 | 1,05 | 0,87 | 1.29 | 1.04 | 1.80
05 !-0.01 0a87 [-0.03 | 1.05{ 0.87 | 1.29 | 1.05 | 1.79
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Teble 7
LIFTING SURTACE THEORY DERIVATIVES ¥OR WING D
M v bl Y| My M| G | Y my | Ty
Q 2.28 2.67 \ -
1,084 |.9¢] 0.02 | 2.21]. 0.03] 2.58] 2,161 1.18 ] 2.51 | 1.86
: ‘0,25 {|0.08'] 2,42 0,08 2.48 [  1.94 | 4.82| 2.24| 2.70
0.5 .[[0613 | 2.10| 0u11| 2447 1,75 |+ 2.06 | 2.04 2.96
0 2.19 | - 2,58
.92 1 0a1 _f10.021 2,46 0,02 | 2,54 | 2,12 |+ 1,27 | 2,50 | 1491
* 0.25 (0,08 I 2,07 | 0.091 2.43| 1.9 | 1.61] .2.22 | -2.39
Qa5 {[Oath | 2,02 Outl| 2,39 1.69 {190 | 1.98 | 2.75
. 0 2.06 hd 2.11.7 - 4
1.20 0.1 0,027} *2.05} 0,02 | 2.15] 2,03 ] 1.36 | .2.L2 | 1.96
' 0.25 || 0.081-1.99| 0.10}| 2.37| 1.88{.1.L9 ] 2.21 | 2.1&
0.5 (04151 1,91 0.7 | 2.27 | 1,62 | 1,71 | 1.89 | 2.46
0 1,92 2.321 .- .
4,30 [0 0.01] 1.92] 0,02} 2.31] .1.90 | 1.41] 2,29 { 2.00
: 0,25 [[0.061 1,89 0.08 {'-2.27 | .4.81 |- 1,15 | ,2.45 | 2.07
‘0-5 ‘0‘016_' ”1.82‘ 0019 “2918 1.58 _.1.57 ~1085 2-23
0 184 | 2.18 .
1o14 ‘0.1 0.01{ 1,811 0,01 | -2.18 | 1.80 | . 1.34 | 2.16 { 1.91
"y 0.25 HOW06 | 1.791 0.07 | <2415 | 21473 {136 | 2,06 | 1.94
0.5 {016 | 1.7h | 10.19 | 2,08:F 1,55 § 1a43 | . 1.81 [ 2.04
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Teble 8

LIFTING SURFACE THEORY DERIVATIVES FOR WING E

M v ﬁz &e i -m, g &'z &'e -, -mé
0 1052 | 1.78
Ou1 0,00 | 1451 | 0,00 | 1.77 .1 1.50 | 2.02 | 1.76 | 2.81
1412 1 5,95 1 0,02 | 1.51 | 0.01 | 1.76 | 145 | 2.08 | 1.69 | 2.89
005 ’ 0001 1.52 0.01 1.79 1059 2.10 1.63 2.91
0 1o 46 1.72
4 25 Out 0.00 1.’4.6' 0.00 ‘1072 102&5 1-8}4‘ 1.71 2.57
* 0e25 ]| 0,02 | 1,05 | 0,02 | 1.72 | 1e41 | 1.85 | 1.66 | 2.59
0.5 0.0 | 1,46 | 0.02 | 1.72 | 133 | 1.86 | 1.57 | 2,60
0 1437 1.65
1021 0.4 0.00 | 1237 | .0a00 | 1465 | 1437 | 1,64 | 1.6} | 2.28
-* 0625 i 0402 | 1237 | 0.02 | 1465 | 134 | 164 | 1.60 | 2,28
0.5 [1.0.05 | 1.38 | 0.05 | 1.65 | 1.27 :1.6& 1.51 | 2,28
0 1428 1454
1. 60 0.1 0.00 | 1.28 | 0.CO0 | 1454 | 1.28 | 1.46 | 1.54 [ 2.04
* 0625 0] 0,02 | 142871 0,02 | 1.55 | 1.26 | 1.46 | 1.52 | 2.03
0.5 0,05 | 1.29 | 0,05 | 1.55 | 121 | 1,45 | 4.45 | 2.03
0 ' 1-21 10'—[—5
1.80 O 0.00 | 1.21 {,0.00 | 145 | 1421 | 1,28 | 1.45 | 1.80
* 0.25 1| 0,02 | 1.21 1 0,02, | 1,45 | 1419 1,28 | 1.43 | 1.80
0.5 0.05 | 1.21 | 0,06 | 1,45 | 1a15 | 1,28 | 1.37 | 1.79
Table 9
LIFTING SURFACE THEORY DERIVATIVES FOR WING P
M Y 52 &8 ! -m, ~Ing &é aé ~Iy -ma
o] 0.95 1.1
* 025 |[=0s01 | 0495 {-0.02 | 111 1 0495 { 1,71 | 111 | 2.34
0e5 ||-0.05 | 0.9L |=0,08 | 1,40 | 0,95 | 1.70 | 1212 | 2434
0 0.91 1,08
1456 0.4 0.00 | 0,97 | 0,00 | 1,08 | 0,91 | 1,47 | 1.08 | 2.03
* 0.25 ||=0.01 | 0.91 |=0uC1 | 1.08 | 091 | 147 | 1.08 | 2,03
005 "0'03 O|91 "0005 1.0? 0.91 1.)4.7 1.08 2.02
0 0.86 1.03
1,89 0.1 0.00 | 0,86 | 0,00 | 1.03 | 0.86 | 1.25 | 1.03 | 1.73
* 0e25 1} 0.00 | 0.86 | 0,00 | 1.03 | 0.86 | 1.25 | 1.0%3 | 1,73
0.5 0086 ‘0002 1-03 0.85 1-21{- 1-02 1.72

-0.01




“Author

J <R« Richardson

G.Z. Herris,

G’.z‘ Harris

J.3. Hornsby

D.L. Woodcock

.P.G. Barn'es

..G.Q. Hall
L.A, Osborne

D.Jl' B&ines )
R.J. Rockliff

7

REFERENCES

_Title, etc.

A method for calculating the liftiné forces on wings
(unsteady subsonic and supersonic lifting surface
theory ).

A.R.C. R. and M. 3157, April 1955

‘The calculation of generalised forces on oscillating

wings in supersonic flow by lifting surface theory,

‘AR.C. R. and M.-3453, April 1965

Mercury progremmes for lifting surface theory calcula-
tions on wings oscillating in supersonic flow.
A-R.C. CQP. 851, Nove—fnbei" 196&"

Subsonic flutter derivatives for the R.A.E. research
programme calculated using the Multhopp-Gerner theory.
Hewker Aircraft Ltd., Design Department, Report No.1226,
1957

Unpublished M.0.A, paper

Flutter derivatives for wings of five planforms:
Hunt's method.
De Havillend Mathq?ﬂeré(PGB/GEN/ﬁ#(1), 1959

Unpublished Hawker Siddeley Dynamics Ltd,.; report

Department of Supply, Weapons Ragearch Establishment,
Salisbury, South Australis, Unpublished report.



18

No.

10

11

12

13

14

15

16

Author

He Multhopp

D.J. Allen
D.5, Sadler

S.J. Garvey

P.M. Hunt

D.E. Dayies

R.T, Jones

Doris Cohen

Doris Cohen

J.H.B. Smith
J.A., Beasley

A, Stevens

REFERENCES (Cont'd)

Title, ete

‘Methods for calculating the 1ift distribution of

wings (subsonic lifting surface theory).
A.R.,C. R, and M. 2884, 1950

Oscillatory aerodynamic forces in linearised super-
sonic flow for arbitrary frequencies, planforms and
Mach numbers, o

A.R.C. R. and M, No, 3415, January 1963

Calculation of supersonic aerodynamic derivatives.
Vickers Armstrong (Engineers) Ltd., Progress Report
No. BT/11/M8/Tech R/10, 196L

A method for the calculation of three-dimensional
supersonic flutter derivatives, Part II.
Ferranti Itd., List CSj1, 1955

The velocity potential on triangulsr and related
wings with subsonic leading edges oscillating harw
monically in supersonic flow,

A,R.C. R. and M. 3229, February 1959

Aerodynanio oomponents of eircraft at high speeds.

Psrt A Aerocdynamics of wings at high speeds
0.U.P., London, 1957

The theoretical 1lift of flat swept-back wings at
supersonic speeds.
N.A.C.A, Technical Note Nec.1555, March 1948

Calculations of 1ift slope and aerodynamic centre of
crepped delta wings at supersonic speeds.
A.R.C. Current Paper Ne.562, July 1960



WING A WING B WING C

WING D WING E WING F

FIG.] PLANFORMS A TO F OF THE M.O. A,
DERIVATIVE PROGRAMME



30

v&'o’
Y
as___W\
v- \'\
A/
V=o_ \: __‘\‘-
.\i\\_ 1= -me
A b 4y
I'5
10
os ———— LIFTING SURFACE THEORY
x REF, ©
. |
-0 {1 e -3 -4 -5

MACH NUMBER

e

FIG.2 VARIATION OF fa & “m, WITH M FOR WING A

30 l
e W S
:.:OI\\\-—
= '\ ~~~~~~~
a'o \OL‘\*\‘-""‘H ————— = -me
-\.\
\-—:: .
—Tmea L
- ,Le

15
I1Q
05— — LIFTING SURFACE THEORY

x REF. & ’
o |

1 Q I -4 -3 j-4 13 I'e

MACH NUMBER

FIG. 3 VARIATION OF fe & -mg WITH M FOR WING D



20 T
SN0 5
¢s \\
. \._
e-0 ‘\05 i = ::"‘ —
Q"o \ -.‘1:-‘-& -mé
\
-5 — T
\ I ==
b °
-0
o5} —————— LIFTING SURFACE THEORY
x REF &
o |
(O 11 -2 ) (< i-5 -6

MACH NUMBER
FIG.4 VARIATION OF fé & -my WITH M FOR WING A

30

(-]
2-0 : S
o -—..,._:§ -mé
Vig s
v =0l e = —_—

10 ‘
08l —————— LIETING SURFACE THEORY

X REF &
° |

O {1 (4 13 | 4 i 5 )

MACH NUMBER

FIG. 5 VARIATION OF f, &-mé WITH M FOR WING D



30

V:‘o f \‘--..__.
20 --—-EIE'QE oSS B —
= — }mg
— Yo B p i
T~
—— ] 1z
15 ik
1Q
o5 e———— LIFTING SURFACE THEORY
X REF G
OI‘O [ i 2 -3 | 4 5 (7]

MACH NUMBER
FIG. 6 VARIATION OF {3 AND -mz WITH M FOR WING A

%0
-\

— v:o" ~~~~~~~ P X
. S — -
ZO \ _____ __X}-mt

~—=o [T~~~ --x}l.

_______ x| "%
18
O
o5 ————— LIFTING SURFACE THEORY
x REF &
o
1O il | 2 '3 | 4 |5 o

MACH NUMBER

FIG.7 VARIATION OF {; AND -m; WITH M FOR WING D



~—
ININGB \nl.\

. """"'*-..____ [ —
|'5 \ i\-—
— | TS
o -m S
WING C | T e
-0 —a— 04 —
o5 LIFTING SURFACE THEORY
x REF&6 |
o REF I, V= 0-087
) | |
I O 1-2 1-4 2 I8 20
MACH NUMBER
FIG.8 VARIATION OF {4 AND -my WITH M FOR
WINGS B AND C AT v=0.l
20
-__—_'—‘\‘_
WINGE .&\
'S = \k\_
'\ e hhhhhh
__D\ ._____-T
-\_
e ] [y, S -mg |} TTTIom-- x
o }—J
05 LIFTING SURFACE THEORY
X REF.@
© REF. I
e
N 12 -4 e -8 2:0

MACH NUMBER

FIG 9 VARIATION OF 15 AND -my WITH M FOR
WINGS E AND F AT v=0'l



30

a's \ -mé

20 — X

oS LIFTING SURFACE THEORY
X REF ©

: |
(e -4 4 e -8 20
MACH NUMBER
FIG.10 VARIATION OF 'ﬁé AND-m4 WITH M
FOR WING B AT "yv=0-|

30

28 \\

-mé

) -~
&0 T~ \

\ --.-...____“
15

S
--'-
L

-X
1-0
osl— LIFTING SURFACE THEORY
x REF &
o]
1O -2 4 e {8 20

MACH NUMBER

FIG. Il VARIATION OF €5 AND -my WITH M
FOR WING E AT v=0-l



25

)

\

/

\-
(Mo
osl—— LIFTING SURFACE THEQRY
o] REF I, V=0.087
o
10 (-4 | 4 1 & 18 20
MACH NUMBER
FiIG.12 VARIATION OF {a' AND ~mg WITH M
FOR WING C AT v = O
25
e(’_____-—‘—_e\
20 il
— e —— \
15 \iﬂ\
\\
(o]
oshb— . LIETING SURFACE THEORY
o) REF I
: 1 |
-0 12 14 l e i-8 20

MACH NUMBER
FIG.13 VARIATION OF {4 AND -mg WITH M
FOR WING F AT v=0-I



20
\
WING 8 \
-w.k
18 — \
\& hhhhhhh
o -\ b,
WINGC ) ~——— N e |
O
-0 ¢;
0S5 LIFTING SURFACE THEORY
X REF 6 |
o REFI,V=0 087
Qo
| O 12 4 e 8 20

MACH NUMBER

FIG. 14 VARIATION OF {; AND -m;, WITH M FOR
WINGS B AND C AT v=0I

20
——
\ T e
\gz\ --5
— —-2 . S D ~
|
10 O e e e o Q (2 }W\NGF
05 ———— LIFTING SURFACE THEORY
X REF ©
0 REF I
o]
10 f2 | 4 & 8 20

MACH NUMBER,

FIG IS VARIATION OF {; AND -m; WITH M FOR
WINGS E AND F AT v=0-l



PSO-1=W LV G % V SONIM YO4 ¢ Hlim %w- aNv 91 40 NOILVIHVYA 9114

a n
SO +O &0 0 (Re) 9] 50 ¥ O c0C 20 10 C
) _ _ o]
Oz "AAOIHL 1LOWX3 X
B4 € OlLVY LD3JSV ONIMWVAIE0 ———— - == S0
O QONIM — — — —
Y ONIM
o
(o4 o
Oul- L
L e ] U S
/.J...M
os
Ob




$SO-l=W 1V Q 8 V SONIM HO4 ¢ HLIM fw-aNv €2 30 NOILVIYVA (B8 D) LIl

a oNnm () v oNim (®)
a a
SO + O €0 20 10 () SO QO €0 20 10 Q
O _ (]
_
o2¢ £ Olivyg e
193d5v ODNM V1iTBQ —— — — — \\ )
S0 — »r—= SO
Y DN —m—,//—/ VY4
/ r
/
\&v\
/
0.— SQE' O—

/ A

o2

d = s2
gn \ "~
I\\\\ _ e I

Oe




PSO 1= IV Q 8 V SONIM Y¥O4 & HIIM *w-aNV ¥ 40 NOILVIHVA 81914

a
S0 $-0 €0 20 10 0 S0 +$0 eo® =20 10 o)
C i _ Q
94 € 0llvy
12345V 'ONIM v113@ --—m=--emn
—S0O
o )| a BN —— ———
v bNIM
ol
——— — O.N NQ‘
lllllllll” ——

O-€ T

/I
I
/,

- o2

Dd. 135875 K.4

Printed in England for Her Majesty’'s Stationery (Office by the

Royal Avrcraft Establiskment, Farnborough.






AJR.Ca CoPo NOW920 533,64013.422 3
January 1966 53369341
533,693e3
53346401145

SUPERSOLIC FLUTTER DERIVATIVES FOR A SERIES OF SHEPT AND CROPPED DELTA
WSS

Harris, G.Z,

An Iavestization of the experimental and theoretical determination of
flutter derivatives for a series of swept znd cropped delta wings was
initiated in 1954, This rejort zives values of the nitching and heaving
derivatives for a nunber of these planforms in the intermediate super—
sonie sreed ranze, The derivati{ves have heen found using supersonic li{ft=-
ing surface theory.

A.R,Cs CPa NO.% 53306.013“‘2 H

Jenuary 1966 53366931 &
533465343 ¢

mls. G-z. 533.6.011.5

SUPERSONIC FLUTTER DERIVATIVES FOR A SERIES OF SWEPT AlD CROPPED DELTA
WINGS

Ao Investization of the experimental and thecretical deternination of
flutter derivatives for a series of swept and cropped delia wings was
initiated in 1954, This report gives values of the pitching and heaving
derivatives for a number of these planforms in the intermedlate supers

sonie gspeed rance, The derivatives have been found using supersonic 11ft=
irz surface theory,

AOR.C. CIPI NO-?&) 53306001}01322 :

Jemary 1966 53546931 ¢
533.693.3 &
Harris, G.Z. 53346401145

SUPERSQNIC FLUTTER DERIVATIVES FCR A SERIES OF SWEPT AND CROPPED [ELTA
WINGS

An Jnvestization of the experlimental and theoretical determination of
flutter derivatives for a serles of swept and cropped delts wings was
{nitiated in 1954, This report gives values of the pitching and heaving
derivatives for a mmber of these planforus in the intermediate super—
sonic speed range, The derivatives have heen found using supersonic lift-
ing surface theory.

THYROVIEA

i1

8MIVI









C.P. No. 920

© Crown Copyright 1967

Published by
Her MAJESTY’S STATIONERY OFFICE

To be purchased from

49 High Holborn, London wc.1
423 Oxford Street, London w1
134 Castle Street, Edinburgh 2

109 St. Mary Street, Cardiff
Brazennose Street, Manchester 2

50 Fairfax Street, Bnstol 1

35 Smallbrook, Ringway, Birmingham 5

80 Chichester Street, Belfast 1

or through any bookseller

C.P. No. 920
S.0. CODE No. 23-9017-20



