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Pitching moment derivatives have been measured by a free 
oscillation technique on wings of rectangular planform and of double wedge 
section with a thictiess/chord ratio of 0.12. The wings of aspect ratio 
1, 2, 3, 4 and 5 were oscillated about the half-chord axis in flows of 
Mach number 1.79, PI5 and 2.43. The Reynolds number and frequency 
parameter of the tests were less than I@ and 0.03 respectively. Tunnel 
boundary-layer effects were avoided by the use of a reflection plate. The 
influence of a body (non-oscillating) with various nose shapes was also 
investigated. 

On the plain wings it was found that the general trend of the 
variation with aspect ratio was predicted by theory but the numerical values 
differed considerably. The presence of a body tended to reduce the value 
of the damping derivative. 

. 

I. Introduction 

A previous report' describes measurements of pitching moment 
derivatives made on aerofoils oscillating in two-dimensional supersonic flow. 
The present report describes a continuation of these tests with finite 
wings to determtie the influence of aspect ratio, and to provide experimental 
data for comparison with calculated derivatives. The influence of the 
proximity of a body (non-oscillating) with various nose shapes was also 
investigated. 

The measurements were made by the free oscillation method using 
a half-span model mounted on a reflection plate to by-pass the tunnel 
boundary layer. The length of the body used in the tests was limited by 
the size of the reflection plate, and this size was fixed by considerations 
of the interference of the flow over the model by disturbances from the 
lea&g edges of the plate after reflection from the tunnel walls. These 
limitations were most severe at the lower Mach numbers and necessitated a 
compromise between length of body and the lowest test Mach number. The 
model proportions adopted are shown in Fig. 1 and were suitable in the 
14 h. x 11 h. working section wind tunnel used for Mach numbers above 
l-7. A few of the tests were repeated with the reflection plate removed 
and the model mounted on the tunnel wall. 
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Published with the permission of the Direotor, National Physical LaboratorY. 



-2- 

The wings tested were aIll of rectangular planform and were of 
double-wedge seotion with a thickness/ohord ratio of O-12 and the aspect 
ratio was varied from I.0 to 5-O. Tests were made at Mach numbers of 
1.79, 2-15 and 2.43, the Reynolds numbers of the tests ranging from 
0.86 x A@ to o-62 x I@. For all the tests the wings oscillated in 
pitch about the half-chord axis with a frequency parsmeter of about 0.02. 

2. Notation 

M Mach number 

v wind speed 

P air densi* 

C wing ohord 

S wing semi-span. For the present purpose this is 
taken to be the distanoe between the outboard and 
inboard edges of the model half-wing, and does not 
include the body radius 

2s 
A.R. = -, aspect ratio 

C 

I moment of inertia of osoillating system 

CT elastic stiffness coefficient of oscillating system 

K apparatus damping coefficient 

% aerodynamic stiffness derivative 

-% -m z 
0 

pVW3 
non-dimensional form of -M 0 

-h$j aerodynamic damping derivative 

-%I -m 6 Z- 
pvc3 s’ 

non-dimensional form of 444 

f frequency of osoillation 

w = BLf, angular frequenoy 

6 lOgarithmic decrement of osoillation (natural logarithm 
of the ratio of the amplitude of successive cycles of 
oscillation). 

e angular displacement in pitching motion (radians) 

Suffix o applied to the quantities f, to and 6 denotes the values 
assumed by these quantities for tests in vacua. 

3. Basic Formulae 

The aerodynamic moment acting on the aerofoil is written 

and for simple harmonic motions of frequency ~/2x, &is expressed in 
terms of its non-dimensional in-phase snd out-of-phase oomponents as 
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where V Z w/v. 

The equation of motion of the aerofoil performing free 
oscillations in pitching motion against a spring oonstraint is then 

6 + (K-M@ + (C-M&3 

On substitution of the solution 

Z 0. 

and assuming, as was found in the experiments, that $$, XC ddo and 
P; <-c do, the following exprssions for -Me and -A$ are found 

-Me = 2 (f-fo)(f+fo) 
G 

-Mh = 21(f&-fo60) 

where the suffix o denotes quantities measured in vaquo. 

4. Description of Apparatus 

The wind tunnel 

The tests were oarried out in the N.P.L. continuous flow 
supersonic wind tunnel which was fitted with a working section of height 
14 in. and width II in. The tunnel stagnation pressure could be reduced 
from one atmosphere to about one-quarter of an atmosphere. The tunnel 
humidity was controlled by introducing dry air both before and during the 
run, the surplus air being extracted by pumps. Humidity effects were 
avoided by only testing at frost points of -15OF or lower.* 

The model mountings 

Use was made of one of the two mountings used previously for 
the tests on two-dimensional aerofoils spanning the tunnel. The 
arrangement is shown diagrammatically in Fig. 2 and a photograph of the 
mounting is reproduced as Fig. 3. 

The oscillating system was mounted on a rigid bracket fixed to 
the tunnel wall and consisted essentially of a cylinder suspended on two 
sets of cross-spring bearings and a torque bar to provide the required 
stiffness against rotation of the cylinder. The inner end of the cylinder 
terminated in a circular plate to which another circular plate with a 
flange for attaching the model wing, was fitted concentrically. The model 

. wing after passing through the rectangular hole in the reflection plate and 
the rectangular tube which connected the reflection plate to the air-tight 
box, was attached to the flange on the outer circular plate. Par the body 
proximity tests the half-cylindrical body, which had a speoially shaped 
hole to allow the wing to pass through it, was fixed directly to the 
reflection plate as were the interchangeable body noses. The box and 
its connections to the reflection plate were made as air-tight as possible 
to prevent air leakage into the tunnel over the model wing from either the. 
outside of the tunnel or from the space behind the reflection plate. The. . 

system/ 
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system was made to oscillate by means of a sprtig loaded plunger whioh 
operated agatist an arm fixed to the rotating cylinder. 

The models 

The I$ thick double-wedge model used for the previous 
two-dimensional tests was cut to provide a rectangular wing of aspeot 
ratio 5. This model was successively cropped to give aspeot ratios of 
4, 3, 2 ami 1 l (Note that to facilitate the comparison of results in the 
body proximity tests the aspeot ratio is defined as the total wing span less 
the body diameter, divided by the chord.) The diameter of the oylindrical. 
body was made equal to the chord of the wing, so that the A.R.5 wing became 
the A.R.4 wing for body proximity tests and so on. 

The measuring and recording equipment 

The electronic equipment was the same as used in the previous 
tests and is fully described in that reportI. Briefly the system oonsisted 
of a simple oondenser gauge, which, used in conjunction with the 
Southern Instruments F.M. equipment produced a D.C. voltage proportional to 
the angular displacement of the model. This voltage was displayed on one 
beam of a double-beam oscilloscope; the other besm was fed with time pulses 
at O*Ol set intervals. A film record was made by photographing the screen 
with a continuously moving film camera, and this record was analysed in a 
specially designed optical viewer which allowed the peak to peak amplitude of 
tidividual cycles and the frequency of the osoillation to be readily 
measured. The logarithmic decrement was then determined in the usual way. 

5* Method of Test 

The logarithmic decrement and the frequency were determined as 
described in the previous paragraph. The elastic stiffness was obtained by 
a static experiment snd the values of the apparatus damping and the in vaeuo 
moment of inertia of the system were obtained from free oscillation tests 
carried out with the tunnel evacuated to about i atmospheric pressure. This 
was the minimum pressure attainable. 

6. Results 

As in the previous tests the value of the damping derivative 
-ma 0 was found to be generally dependent on the amplitude 0 but very little 
variation with amplitude of the value of the stiffness derivative -mC was 

observed. All the experimental results are tabulated (Tables 1 to 5) but 
the values of -rni which are plotted refer to a standard amplitude of 
e = O*Ol rads. The results for plain wings are plotted against aspect 
ratio and against Mach number in Figs. 4, 5 and 6 and the results for the 
body proximity tests are plotted in Figs. 7 and 8. The values of -mi, 

and to a lesser extent those of -mC, measured at b! = I.79 and 
SoI5 on the plain wing of A.R.5 and at M = l-79 on A.R.4 wing do 

iot=conform to the general trend indicated by theory (Fig. 6). various 
explanations for this based on shock wave interference on the tip of the wing 
were e xamined but none of these can be substantiated from the geometry 
of the tunnel and the reflection plate. A possible explanation is that the 
wind load, which would be a maximum in these oases, might have been 
sufficient to deflect some part of the oscillatory system to cause slight 
friction. 1% was unfo3dx.m.a~e that these results were not confirmed before 
the aspect ratio of the model was reduoed. 

The values of the damping and stiffness derivatives (-rni and -me) 
were small,as would be expected for the mid-chord sxis position. The actual 
change in damping and frequency between the twind on' and 'jn vacuol conditions 
to be measured was less thsn in the corresponding two-dimensional tests 

because/ 

. 
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because of, the smaller wing area and, as the aspect ratio decrease& the 
amount to be measured became progressively less. The accuracy of 
measurement was therefore not very high but it was suffioient to demonstrate 
the general trends and to show that there was no very large change in the 
derivatives due to the flow over the tip of the wing. 

7* Discussion of Results 

(a) Plain wing tests (Figs. L+, 5 and 6) 

The experimental results are compared with the values obtained by 
Acum's modification of Van Dyke's theory to rectsngular wings2. The values 
of the derivatives are numerically larger than those predictedbut they 
conform to the general trends indicated by theory. A similar result was 
found in the two-dimensional tests', the results of which are also shown on 
the plots of Figs. &, 5 and 6. For the larger aspect ratios the 
experimental and the theoretical values differ by about the same amount as 
was found in the two-dimensional tests. 

(b) Body proximity tests (Figs. 7 and 8) 

The derivative values obtained with the body present showed 
considerable scatter, especially with the lower aspect ratio wings, and it 
is therefore difficult to assess the trends due to changes of the nose shape. 

As might be expected, the influence of the body was most marked 
with the low aspect ratio wings, substantial reductions in the value of the 
damping derivative -m; being obtained when the body was present. 

(c) Comparison of results obtained with model on tunnel wall an-~ 
with model on reflection plate 

t 

. 

Measurements with the model mounted on the tunnel wall were made 
with wings of aspect ratio I and 2 only. The differences between the 
values thus obtained and those obtained using a reflection plate were most 
marked with the wing of A.R.1 (Table I). These tests were carried out 
with the body present whereas those with the A.R.2 wing were made with the 
plain wing. It should be noted however that the distance between the wing 
tip and the reflection plate was the same for the A.R.2 plain wing and the 
A.R.1 wing with body. Similarly the distance between the wing tip and the 
tunnel wall was the same for the tests with the model mounted directly on 
the tunnel wall. The differences found with the A.R.1 wing may, therefore, 
have been due to the inaccuracies of the measurements on the low aspect 
ratio wings. 

Conclusions 

I. For the, plain wings the trends of variation of the derivatives 
with aspect ratio are predicted by Aoumts2 modified Van Dyke theory but the 
numerical values differ considerably. 

2. The presence of a body tends to reduce the value of the 
aerodynamic dsmping -m;. The reduction is most marked at the lower 
aspect ratios. 

30 The accuracy of the data obtained does not permit the influence 
of the shape of the nose of the body to be determined. 

References/ 
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Table I 

Results for Aspect Ratio I 

-l r Experim6 t 

-m* 0 

'OS' 1 M 1 

-7 % 
-m 6 -ma e 
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O*ll 
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0.13 

0.22 

0.17 

-Q-l75 og149 

.l 
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None 
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2.15 

te 

0~019 

Ogival 2.15 

15O Cone 2.15 

30' Cone 

45O Cone 

2.15 

2.15 

0*01p 

o-019 

0*01p 

O*Ol p 

On Reflec 

None 

Ogival 

ti ,a1 :on Pl 

2-43 

2.43 

se 

0*018 

0*018 

15O Cone 2.43 0*018 

30° Cone 2*43 09018 

45O Cone 2.43 0*018 

- 

-0.14' 

-0.15 

-0.15 

-0.14 

-0.23 

0*22 
0916 

0.08 

0*07 
O*(J4 

0.08 

0=1p 

-09131 09105 0*016 
0*005 

0*018 
0=006 

0*015 
o*oo& 

0*018 
o* 005 

0*01p 
o*oo5 

O-19 

0*08 

0.05 

0.08 

O-19 

0.23 

0.12 

0.17 

O-08 

0.07 

-0.13 

-0-2-l 

-0*1p 

-0.16 

-o* 14 

O-23 

0.17 
0.05 

017 

o-09 
0.07 

O-11 
0*05 
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Table 2 

Results for Aspeot Ratio 2 

v . 

Nose Experiment Theory 
bl . . 7 

!bv 
lJ % -m 

0 -m* e -m 0 r- -m* 0 

On Refleotion Plate . 

None I.79 0*021 O*OlS -0.17 0.23 0.20 -@I37 0*1-!2 
0*013 0.20 
@O@t O-11 

Ogival d-79 0*021 0*015 -0.16 0*14 O-11 
0*014 0.13 
0.006 O-10 
0.005 0.07 

15O Cone I.79 0*021 0=016 -0.15 o-14 0.12 
O-006 O*lO 

30° Cone I*79 0*021 -0.15 0.16 0*16 

45O Cone I.79 0*021 -&16 0.17 0.17 

On Tunnel Wall 

None f-79 0*021 -0.17 0.18 0.18 

On Refleokion cte 

None 2.15 O-019 -0.15 0*16 0.16 -0*107 0.087 

Ogival 2.15 O*Ol y 09012 -0.13 o*oy 0*08 
@W 0.05 

f5O Cone 2*15 0*01y -0.14 O-08 0.08 

30° Cone 2.15 on01 y -0.15 O-09 o*oy 

45O Cone 2*15 O*OlY -0.12 O-10 O-10 

On Reflection Pl&te 

None 2.43 0*018 -0.15 0.17 0*17 -09097 (Jo075 

Ogival 2*43 0*018 0*014 -0.12 O-11 O*lO 
0.004 o-09 

15O Cone 2.43 ObOl8 -0.12 0.08 0.08 

30° Cone 2.43 0=018 -0.15 o*oy O-09 

45O Cone 2.43 0*018 0*012 -0.14 O-11 O*ll 
Pm4 O-10 

On Tunnel Wall 

None 2.43 0*018 0*014 -0.13 0=15 0.13 
0% o-09 
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Nose 
M 

~ 

%-see 

On Reflection Pl 

None 1.79 

Ogival 1*79 

15O Cone I*79 

30° Cone I-79 

45O Cone l-79 

On Reflection Pl 

l- 

None 

Ogival 

15O Cone 

30° Cone 

45O Cone 

2*15 

2.15 

2.15 

2.15 

2.15 

V 

te 

0*021 

0*021 

0*021 

0*021 

0.021 

;e 

O*OlP 

o-019 

O*Ol p 

0*01p 

00019 

None 2.43 

Ogival 2=43 

15O Cone 2.43 

30° Cone 

45’ Cone 

2.43 

2.43 

-P- 

Table 3 

Results for Aspect Ratio 3 

On Reflection Plate 

0*018 

0*018 

0*018 

0*018 

0*018 

0 
C 

0=015 
0*005 

0*01p 
O*Oll 

o*w3 
0*003 

0*015 
0*005 

0*020 
0*015 

0*015 
0*005 

0.015 
0=005 

tipetiment 

-m 6 

-0=15 

-0.17 

-0.16 

-0.16 

-0.17 

-0.14 

-0.13 

-0.14 

-0.13 

-00 14 

-00 14 

-o* 13 

-0.13 

-0.12 

-O*ll 

-m* 0 

O-18 
O-20 

o-14 

o-15 

0*029 
0*014 

o*op 

0.12 
0*20 

0.12 

O-IO 
0013 

0=08 
O=lO 

O-11 

0e-16 

O-11 

O*ll 
o-09 

O*lO 

O*lO 
0.12 

O*lP 

0.14 

0=15 

o*o-I2 

o*op 

0915 

o-12 

0.12 

0.13 

O*ll 

0.16 

O-11 

O-10 

O-10 

O-11 

Theory 1 
-m 0 

4-124 

-O*lOO 

-o*op1 
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Table 4 

Results for Aspeot Ratio 4 

, 1 

M e 

V 

Experiment T Theory Nose 

me 
-m e -m 0 -me e 

0*28 -0*118 @QY4 

-me 0 

0.20 
0.28 
0~32 

0.13 

O-13 

O-11 

0.15 
0.14 

0.16 

o-13 
0.15 

o-13 
o-15 

0.16 

0.12 

0.13 

0912 
O*ll 

0.14 

0.14 
0*12 

o-12 
O-11 

On Refleotion Flite 
, 

ti 

l-79 

I.79 

I*79 

l-79 

I.79 

0921 

o-21 

o-21 

0.21 

0.21 

0*018 
O=OlO 
0.005 

0.025 
O*OlO 

-0*1y 

-0.15 

-o*-f6 

-0.14 

O-13 

o-13 

O-11 

0.14 

-- 

-0.036 0*07'8 

None 

ogival 

15O Cone 
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-o*l5 
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-0.15 
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0.16 

o-14 

0.14 
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0.12 

O-020 
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0*020 
0*005 

o-13 

O-11 

o-14 

o-13 

O-11 

-0*088 0=069 -o-l4 

-0-13 

-0.16 

-0*13 

-0*13 

0=015 
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0*015 
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0*015 
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Table 5 

Results for Aspect Ratio 5 

Tests with this aspect ratio were made only without the body. 

Nose I Experiment 
M . 
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2*1!-5 00019 -0.17 -o* 093 o-076 
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predicted by theory. 
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