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INVESTIGATION OF TIB NORMAL FORCE CKmCTEIIISTICS OF SLEX9ER DELTA 

W3'XS WITH VARIOUS RHOBIC CROSS-SECTIONS IN SUBSONIC CONICAL FLOW 

D. L, I. Kirkpatrick 

This report describes an experimental technique which was developed to 

determine the aerodynamic normal forces associated with the conical flow fields 

round slender wings at incidence. With this experimental technique it is 

possible to obtain the accurate information necessary for the investigation of 

the theoretical similarity of the conical flow fields round slender wings with 

different cross-sectional shapes. The reqort presents the results of the tests 

on four low-aspect-ratio wings with rhombic cross-sections whose leading-edge 

angles were 7c/6, x/3, n/2 and 2$/3. These results show that the development 

with incidence of the normal force is appreciably affected by the magnitude of 

the leading-edge angle. The normal force component associated with the leading- 

edge vortices, which are characteristic of the flow round slender wings, develops 

much more slowly with incidence when the edge angle is large than when it is 

small. As the leading-cdgo angle is reduced, the slope of the normal. force 

characteristic at zero incidence increases in the manner predicted by slender 

B body theory, though the measured values are slightly smeller than those predicted. 

*Replaces R.A.L. Tech. Report No.65291 - A.R.C.27990 
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1 IKIRODUCTION 

Since early tests on slender wings revealed that their lift at moderate 

. 

to high incidences was considerably greater than had been predicted by simple 

cross-flow theories, it has been found that the flow field round a slender wing 

at such incidences is dominated by a vortex system which is associated with 

boundary-layer separation at the leading odgcs. Because this vortex system has 

an important effect on the aerodynamic characteristics of the slender wing it 

has been the subject of many theoretical studies and experimental investigations, 

but its structure , properties and development are still not fully mderst00d. 

There is still no reliable metnod predicting the development of the vortex 

system above a slender wing as its inoidenoe is increased, and hence of oalcu- 

lating accurately the aerodynamic forces and moments on it. But recentPJ Maskell 

has produced a similarity theory2 which will enable the development of the flow 

field round a whole class of slender wings to be predicted, provided that the 

development of the field round one member of the class has been determined. 

This theory considers the flow past a slender, conical wing with sharp 

leading edges as the sum of two velocity fields, the linear and the non-linear. 

The linear field is associated with the attached flow round the wing assumed to 

occur in slender wing theory2, and yields an aerodynamic normal force which is 

directly proportional to the angle of incidence. The theory suggests that the 

rate of change of this normal force with incidence is directly proportional to 

the wing's aspect ratio, and can be calculated for wings of any cross-sectional 

shape. The non-linear field is associated with the effects of flow separation 

at the leading edges, and is induced by the infinitely thin vortex sheets which 

spring from the leading edges of the wing and the sheets' reflections in the 

wing's surface. It is assumed that the interference between the two vortex 

fields near the leading edges is negligible, so the theory's applicability is 

restricted to the regime in &ich the distance of the vortex sheet from the 

leading edge is small compared to the lateral dimensions of the wing. Maskell's 

theory suggests that, close to tho lcadin g edge of a wing whose cross-section is 

symmetrical, the non-linear velocity field is dependent in form on the edge angle 

of the cross-section and on a gcneralizcd incidence parameter, and in magnitude 

on a scaling factor. This scaling factor and the incidence parameter are both 

functions of the geometrical incidence, the aspect ratio and the cross-sectional 

shape of the ting, and both can be calculated once the conformsl transformation 

*The ideas from which this theory was developed were first presented' at the 
Xth International Congress of Lpplied Mechanics at Stresa in 1960. 
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of the wing's cross-section into a oircle is known; they can most easily be 

determined for wings whose cross-sections are bounded by straight lines or 

ciroular arcs, Hence, if the development with incidence of the linear and 

non-linear fields round a slender wing is knovjn, the corresponding development 
of these fields round any other slender wing with the same edge angle canbe 

derived, provided that the theoretical parameters are known for both wings 

h programme of experiments is in progress at the B.A.%., Farnborough to 
test the validity of Itiaskell's similarity theory, as well as to investigate 

the development and effect of the leading-edge vortices above a slender delta 

wing at incidence in conical flow. This programme incorporates direct 

measurement of the normal force on a number of slender conical wings with 

different cross-sectional shapes, leading-edge angles and dihedral angles, 

and measurement of the positions of the leading-edge vortices which form above 

these wings at incidence. This report describes the means and methods used to 

determine the normal forces associated with the conical flow fields round such 

wings in subsonic flow, and presents the results of tests on the first series 

of wings to be tested. This series of wings,shown in IS.g.l,was tested to 

discover the effect of the leading-edge angle of a wing's rhombic cross-section 

on its normal force characteristics and hence, by implication, the effect on 

the linear and non-linear flow fields round it. 

Prior to the tests described in this report, an attempt3 was made to 

investigate the development with incidence of the normal force on a slender 

wing in a conical flow field by measuring the static pressure distribution on 

the surface of a delta wing of aspect ratio I*0 near its apex, where the flow 

field is virtually conioal. This attempt was not successful because it proved 

impossible to measure the static prossurc at enough points to define the dis- 

tribution with sufficient accuracy, but the pressure distributions at different 

chordwise stations indicated that thorc was no appreciable non-conicality in 

the flow field round the front L@ of the wing. For the experiment doscribed 

in this report, it was decided to use the inhorent3.y more accurate method of 

measuring directly the nom& force on the front part of a slender delta wing. 
Each delta wing was therefore made in two parts, hereafter referred to as the 

fore-wing and the rear-wing, so that when the tv,0 parts were mounted in the 

tunnel the delta wing looked as if it had been sawn through to produce a narrow 

spanwise gap, The rear-wing was firmly bolted to a sting but the fore-wing was 

connected to the sting only by a simple two-component strain-gauge balance 

designed to measure the aerodynamic normal force and pitching moment on the 

fore-wing. The length of the fore-wing was chosen so that the conicslity of 
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the flow field round it was influenced only by the small and calculable effects 

of the narrow spanwise gap. The normal forces and pitching moments measured by 

the strain-gauge balance were therefore associated with an almost conical flOW 

field and the normal force characteristic associated with a conical flow field 

could be determined. 

2 XXFSRIMENTAL EQUIPMENT AND PROCEDUm 
l 

2.1 Deseription of models 

L Three conicel wings were made for the tests described in this report. 

All three wings 'had rhombic cross-sections symmetrical about two perpendicular 

axes and the included angles at their leading edges were n/6, n/3 and 7dZ. The 

size end. shape of the wings was determined primarily by the need to avoid 

excessive blockage or constraint effects of the wind-tunnel's walls on the flow 

round the wing. It was decided that the span of all the wings should be 

14.4 inches, corresponding to a maximum base area of 104 sq in. and a maximum 

blockage correction to the wind-tunnel dynamic pressure of less than s, and 

that the aspect ratio of all the wings should be Od8. If the aspect ratio were 

higher the region of conical flow at the front of the wing would be smaller; on 
2 the other hand if the aspect ratio were smaller than either the scale of the 

flow field would be inconveniently small or the wind-tunnel wall constraint 
. corrections would be unacceptably large. Earlier experimental work3 had 

suggested that the flow field round the front half' of a conical delta wing of 

aspect ratio 0.08 should be virtually conical, so it was decided that the centre- 

line chord of each fore-wing should be 18 inches since the centre-line chord of 

the whole wing was 36 inches. Xach rear-wing was made with a centre-line chord 

of 17.6 inches so that when the two parts of the wing were mounted in the wind- 

tunnel the wing looked as if it had been sawn through just behind the mid-chord 

point to produce a spanwise gap 0.4 inches wide. For each wing several shims 

were made tith various thicknesses up to 0*390 inches and were shaped so that 

they could be fitted on to the front surface of the rear-wing without destroying 
* its conicality and the wing could be tested with the spanwise gap between its 

two parts at various widths from O*kOO to 04X0 inches (see Fig.2). Inside each 
, fore-wing a metal plate, to which the strain-gauge balance was attached, was 

located IO.8 inches from the apex of the fore-wing and perpendicular to its 

centre line. Great care needed to be taken in the construction and alignment 

of this Plato when the wing was being made, and in attaching the plate to the 

strain-gauge balance vrhen the wing was being mounted in the wind-tunnel, to 

ensure that during the tests the wing was conical, i.e. that the surfaces of the 

fore-wing lay in tne same planes as the corresponding surfaces of t'ne rear-wing. 
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The wings were made, with tolerances of +0=005 inch on the overall dimensions, 

mostly of araldite and glassoloth because this material is lighter than metal 

and does not shrink or warp as does w00a. 

The wing of leading-edge angle z/3 was made so that it could be mounted 

with its major axis either horizontal or vertical in the wind-tunnel and so 

it could be used to investigate the development of the aerodynamic normal 
force on both a wing of leading-edge angle 7c/3 and aspect ratio 0*8 and a wing 

of leading-edge angle 2x/3 and aspect ratio O-462. In the discussion of the 

results, a wing rhose leading-edge angle and dihedral angle are (for example) 

7~/6 and zero respectively is designated E/O, and the results of tests on 6 
the wing of leading-edge angle n/3 mounted in its two different attitudes are 

considered as the results of tests on two separate wings, T/O and F/O. 

2.2 Support rig 

The wings were mounted successively in the wind-tunnel on a now support 

rig (see Fig.3) which has been designed by 1Ccttl.e 4 . This rig permits the 

angles of roll and incidence of the wing under test to be selected and set 

with a nominal accuracy of 0.01 deg. and to be chaked while the tind-tunnel 

is in operation. The accuracy of the incidence-measuring unit was checked 

during some tests made at low incidence with the force-measuring equipment 

set at its highest sensitivity, During these tests, the normal force on each 

wing was measured at intervals of l/4 deg. as the incidence was increased 

from zero to 3 deg., then decreased from +3 to -3 dog. and finally increased 

from -3 to zero deg. During each of these three phases, the direction of 

change of the incidence was kept constant, i.e. while the incidence was being 

ohanged from zero to +3 deg. the angle of incidence was never decreased. The 

results (a typical set is plotted in Fig&) showed that the actual incidence 

of the wing was about 0.03 deg. greater or less than the incidence indicated 

by the disl, corresponding to the continuous decrease or increase of the 

incidence, because of a lag between the movement of tne sting and the incidence 

transducer. The accuracy of the rasults obtained using this rig can therefore 

be greatly increased if during the tests the direction of change of incidenoe 

is altered only at the extremities of the incidence range and no attempt is 

made to set the incidence of the ning at a chosen value by successive small 

positive and negative changes of"its incidence. This procedure was used for 

the tests on each of the wings at low incidence where the accuracy of the 

incidence measurement is especially important. 



2.3 Force-measuring equipment 

The strain-gauge balance was machined from a solid steel bar and four 

l 

matched pairs of cropped id3 11 strain gauges of the Baldwin S-R.4 tSrpe, whose 

performance has been discussed by Anderson5, were used to form the difference 

and additive bridges used to measure the normal force and pitching moment 

coefficients respectively. A ccalibration revealed that the relation between 

the balance readings and the applied forces was linear over the range of forces 

and moments to be measured, and that the interaction between the normal force 

and pitching moment was negligible. 

The signals from the two strain-gauge bridges were measured and recorded 

by the measuring units, with full automatic balancing and freeze facilities, 

recently installed in the & f'tx 3 ft wind-tunnel. These units measure and record 

the signals from the strain-gauge balance simultaneously and enable measurements 

of forces and moments to be made very quickly; they have already been described 

in detail by Cole and Mitchel16. The units each incorporate an amplifier to 

amplify the signal from the strain-gauge and a potentiometer,graduated in A000 

divisions, to measure the change in the magnitude of the signal. The measurement 

is digitised and recorded by a typewriter, a card punch and a tape punch. 

Because of the inherent limitations in any digitising process, the results of a 

test over a range of incidence at a constant sensitivity setting have a greater 

possible percentage error at low incidences than at high incidonces, so it was 

necessary to make a special test at low incidences with the sensitivllty of the 

measuring equipment set as high as possible in order to define the low-incidence 

end of the normal force characteristic. 

The design of the strain-gauge balance was determined primarily by the 

necessity of preventing unacceptable deflections of the fore-wing relative to 

the rearwing during the tests. This requirement made it necessary for the 

maximum stress level in the balance to be appreciably lower than is usual. 

Because at low incidenccs the stresses in the balance were very small, and 

because the range of the measuring equipment's sensitivity control is naturally 

limited, it was not possible to obtain the desired amplification of the signals 

from the strain gauges and the scatter of the results of tests made at low 

incidence could not entirely be eliminated (see Fig.10). However, by taking 

and repeating a sufficient number of measurement s, a close approximation to the 

normal force c'haracteristic at low incidence was obtained. 
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2.4 i3xperimental procedure 

To find the effect of the spanWise gap on the flow round the fore-wing, 

different shims were fitted successively to the front surface of the rear- 

wing, and the aerodynamic normal forces on the fore-wing at several incidenoes 

between 30 and 15 deg. were measured with the gap between the two parts of th8 

wing set at various different widths. From these results the value of the 

correction for the effect of the gap on the conicality of the flow round the 

fore-Wing Was estimated. Using these measured vfiues of the normal force,the 

deflection at high incidonoes of the fore-wing relative to the rear-wing was 

estimated and hence the smallest Width of the gap which Would preclude any 

physical contact between them during the experiment Was calculated. The gap 

Was then set at a slightly greater Width by fitting the appropriate shim to 

the rear-wing and the aerodynamic normal forces and pitching moments on the 

fore-wing at incidences spaood one degree apart betWe8n -5 and +I5 deg. were 

measured. The nozmol foroes were also measured at incidences spaced about 

l/4 deg. apart between -3 and +3 deg. with the sensitivity of the force- 

measuring equipment set at its maximum value to try to define the loW=incidence 

end of the normal force characteristic. This process was r8p8ated for each Of 

the wings tested. 

The tests were made in the 4 ft by 3 ft low-turbulence wind-tunnel at 

Farnborough at a Wind Sp88d of 120 fps at which speed it was found, by flow 

visualiaation tests on 8aCh Wing at several incidonoes through the range 

(see Pig.5 for example), that the flov over the surface of the wings remained 

laminar back to the rear of the fore-Wing unless transition Was artificially 

stimulated by roughness. All the force-measuring tests were made at this wind 

Spe8d of i20 f'ps so that th8 flow over the suri?aCc of each of the Wings would 

be laminar and the results of the tests on different wings could usefully be 

COmpar8d. Tne Wings were not tested at higher kind speeds Where transition of 

the boundary layer Would occur, or with their surfaces roughened to induce 

transition, because the oonsequent non-conicality of the flow field Would 

invalidate the results of such t8StS. 

3 RESULTS AI'ZD DISCUSSION 

3.1 Calculation of results 

The values at different incidences of the normal force and pitching 

moment on each fore-Wing W8re calculated using the readings from the automatic 

force-measuring equipment and non-dimensionalisod with respect to qS and qSc 

respectively, where q is the dynamic pressure in the Wind-tunnol, S is the area 



9 

bounded by the leading edges and the base of the fore-wing, and c is its centre- 
line chord. The coefficients were then corrected for the effects of tin+tunnel 

blockage and constraint; because of the unusual character of this experiment the 

corrections were specially calculated as described in Appendices A and B 

respectively. The angles of incidence read from the support rig dials Were 

corrected for the constraint effect of the wind-tunnel's walls and for the 

deflection of the sting bar and strain-gauge balance under load; the calculation 

of these corrections is described in Appendices B and C. 

The values of the pitching moment coefficient CM for each wing, measured 

at various incidences with the narrowest possible spsnwise gap between the 

wing's two parts, were then divided by the corresponding velues of the normal 

force coefficient CN in order to find x', the distance from the apex of the 

fore-wing to tie line of action of the normal force on it. The calibration of 

the strain-gauge balance had shown that, &en it was fitted to the fore-wing, 

its centre of moment was located 15.5 inches from the apex so 

x’ 
C 

%iI 

The value of x'/c for each wing is an indication of the conicality of the flow 

round the wing, as discussed in the following section. 

The values of CN, CfiI and x',/c obtained from the tests on the four wings 

with the narrowest possible gaps between their two parts are tabulatad in 

Tables 1 to 4. 

3.2 Effects of the spanwise gax 

Vhen these tests were planned, it was hoped that the effect on the flow 

field round the fore-wing of the narrow spcnwise gap between it and the rear- 

wing would be smjll, and that the flow field would be virtually conical. But 

it was appreciated that, if the gap caused significant non-conicrtlity in the 

flow field, the rosults of the tests could not safely be used to test Maskell's 

similarity theory of leading-edge vortex development. Consequently for each 

wing the different characteristics obtained from tests tith the gap between the 

two parts of tho wing set at different widths were first studied to determine 

the effect of the gap, Fig.6 shows the effect of varying the width of the 

ssanwise gap on the normal force characteristic at high incidence for caoh of 
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the wings tested. It is clear that as the gap width is decreased its effect 

is lessened and the value of CN approaches Cxc, the value corresponding to a 

perfectly conical flow field round the wing. From the results of these tests 

dCN the vclues of x when 6 = 6,, where 6 is the gap width and 6, is the minimum 

gap width used in the tests, were calculated at each incidence and used to find 
qq 

the mean value of x when S = 6,, hereinafter written as , for each 
I 

25' 

Wing. The values of CNc for each wing were then estimated using the expression 

where (CN>i is the value of the normal force coefficient measured when 6 = 6,. 

Since both 6, and '2 
\ > 

are small, this expression should not be greatly in 
I 

error unless there is a large change in the value of dcN - as 6 tends to zero. d6 
The mlues of CNc thus obtained are given in Tables 1 to 4. 

The smallness of the values of &(%)l for the wings tested suggests 

that, during the test when the gap width v~as at its minimum value, the flow 

round each of the wings was almost conical. This suggestion is supported by 

the corresponding values of x'/c,shown in Fig.7,which are all close to 2/3, 

the v&clue associated with conical flow. It was expected that the effect of 

the gap would resemble the trailing-edge effect on the chordwise loading on a 

conventional slender wing and would decrease the value of x'/c below 2/j; this 

happens in the case of wings 

F/O the val 

z/O and F/O,but in the case of wings ;/Oand 

ues of x*/c were found to be slightly greater than 2/3. These 

latter values are probably influenced by an asymmetric distribution of pressure 

across the rear surfaces of the fore-wings of wings 4 0 2/ and F/6 for in the 

case of these two wings the vertical dimensions of these surfaces are com- 

paratively large. 

Since the values of&-(a), for all four wings tested are small 

and the values of x'/c are close to 2/j and do not vary with incidence, it is 

reasonable to assume that over the whole incidence range the values of C NC 
obtained as described above are very close to those associated with perfectly 

conical flow fields. 



3.3 Discussion of results 

The normal force characteristics of the four wings tested were plotted 

in Fig.8; it must be remembered when studying this figure that the aspect ratio 

of wing F/Ois smaller than the aspect ratio of the other wings. Fig.8 shows 

that, as the leading-edge angle of a slender wing of rhombic cross-section 

increases, the aerodynamic normal force on the wing decreases considerably at 

all angles of incidence, as is shown by the table below. 

K 

0*2 

092 

0.2 

0415 

5 
IO 
45 

f 

1; 
15 

5 
IO 
15 

To obtain the wings'normal force characteristics independent of their aspect 

ratios, the values of clu, 

2 
, where K is the cotangent of the sweopback an&e of 

the leading edge, were plotted against a/K in Big.9 for each of the four wings 

tested. This figure implies that at any value of a/K the variation of % - with 

QC K2 
leading-edge angle is virtually linear, so the curve of - 

K2 
against a/K for a 

wing of zero thickness was estimated by linear extrapolation and plotted in 

Fig.9. Figs.8 and 9 both show that, for wings with rhombic cross-sections, the 

leading-edge angle of the wing's cross-section has a very important effect on 

the aerodynamic normal force characteristic. If this effect is of comparable 
importance for wings with other cross-sections, then it must certainly be taken 

into account, along with the aspect ratio, planform, etc., when estimating the 

performance of a low-aspect-ratio aircraft of non-zero thickness at subsonic 

speeds. 
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According to slender body theory, the normal force characteristic 

associated with conical flow round a slender wing with sharp leading edges is 

given by the expression 

so 
- = *na($+ f(i) 
K2 

where a is a constant dependent on the wing's cross-section and f $ 
0 

is an 

as yet unknown function of a&. The normal force characteristics, which were 

determined by this experiment as described above and are associated with 

conical flow fields round wings with different rhombic cross-seotions, were 
la analysed to detcrmrne the functions a and f 1 - for each of the wings tested. 

dCN 
) \K 

To find first the values of 2 at zero incidence and hence experimental 

values of a, the values of % 7 obtained from the tests on each of the four 

wings at small angles of incidence with the force-measuring equipment set at 

its maximum sensitivity were plotted against incidence in Fig.10. Using this 

method of plotting, the experimental results tend to scatter as the angle of 

incidence tends to zero, because of the inherent experimenkil. inaccuracies 

discussed in section 2.5, so that it is difficult to define the value of sex 

for each wing independently, Therefore on each part of Fig.10 two bounding 

curves were drawn so that they enclosed a region containing the true normal 

force characteristic (as yet undefined) of each wing$t low incidence. The 

points at which the bounding curves intercepted the -$ axis yield bounding 

values which form the limits of a range including the true value of aeXe The 

bounding values of the range thus defined experimentally for each wing were 

divided by ath, the value of a predicted for that wing by slender body theory, 

and plotted in Fig.91. The ranges for the three wings of aspect ratio O-8 
a 

suggest that the value of ex for this 'aspect ratio does not vary significantly 
ath 

with edge angle, and that to facilitate anslysis of the results this value may 

be assumed to equal Oazz5. Since only one wing of aspect ratio 0.462 WBS 

tested, the value of - for this aspect ratio was assumed to be 0*972, the 
&th 

mid-point of the range between the bounding values. &ex - were These values of ath 

subsequently used at the beginning of the analysis of'the shape of the normal 
"ex force characteristic. After the values of - 
&th 

had been selected, curves were 

drawn through the points plotted in Fig.lO(a),(b),(c) and (d) so that for each 
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wing the chosen curve in-tercepted the --$ axis at a point corresponding'to the 
a 

chosen value of 2. 
"th 

It seems probable that the differonces between these chosen 

curves and the true curves of the normal force characteristic are insignificant* 

cN 
!i!he values of--$ obtained from norm.&. force measurements over the whole 

range of incidence from zero to 15 deg. were plotted in Fig.12 and curves were 

drawn through the plotted points so that at low incidence they corresponded 

with the chosen curves shown in Fig.10. It is clear that at all angles of 

incidence the non-linear component of the norm,el force is affected much more 

severely by the change in the leading-edge angle than is the linear component, 

as is shown by the table below. 

Wing K 

5 0*094 
IO 0487 
15 0.281 

5 0*086 
IO 0.172 
15 0*257 
5 0*078 

10 O*l$ 
15 O-234 
5 O-042 

0~084 
) 0425 

cNC 

Ion-linear 

OQ33 
0*133 
0.291 

0.021 
0 -089 
0.213 

0409 
0*047 
0*117 

0*003 
09018 
0*053 

Fig.12 also shows that the shape of the 
CN, 
- characteristic is different 

for the different wings tested, acquiringcmore upward curvature as the leading-= 

edge angle is increased. 

Since the aerodynamic normal force characteristics associated with conical 

flow round slender wings had not previously been accurately measured, it was 

decided to analyse the results of this exporiment to discover whether they 

supported the hypothesis, postulated in earlier theoretical analyses 738 , that 
such normal force characteristics are given by expressions of the form 

cNC - t 2xa($)+b($) 
K2 



14 

where a, b and p are functions of the cross-sectional shape of the wing. 

Analysis of the experimental results, using at the beginning the values of sex 

chosen from Fig.11, revealed that for each wing there was a value of p such 
LN, 

that when a P-1 was plotted against a the curvature of a line drawn through 

the points was zero and, therefore, that the normal force characteristics are 

satisfied by the above expression. 'Ihese values of p were found to be 1'9, 

2.1, 2.3 and 2.8 for wings z/O, E/O, zdO and y/O respectively. These values 

of p were then used to obtain a more accurate velue of a 
ciNc 

ex for each wing by 

plotting a against ctp" and drawing a straight line through the points to 

intersect the 
CNc 
a axis (see Fig.13). For the three wings of aspect ratio O-8 

these values of sex were not perceptibly different fro 
fN 

the values chosen from 

Fig.11, but for wing y/O the value found by plotting ---$ against .'O8 was 

slightly smaller than that previously chosen. Using the values of sex and p 

thus found, the value of b for each of the wings was calculated and the values 

of a ex, b and p were tabulated in Table 6. The values of nex, b and p were 

plotted in Fig.14 which shows that as the leading-edge angle increases the 

linear component of the normal force decreases slowly and the non-linear 

component decreases very quickly. For example, as the size of the leading- 

edge angle increases from2 
6% 

9 the linear component of the normal force 

drops by 27$% but the non-linear component drops by more than yO& when a/K < 1, 

4 CONCLUSIONS 

The results presented in this report show clearly that the experimental 

technique chosen yields accurate information on the development of the 

aerodynamic normal forces on slender wings in conical flow. The perfecting 

of such a technique for measuring the forces associated with a conical flow 

field is of considerable importance, since it is unlikely that an accurate 

and comprehensive theory predicting the forces on low-aspect-ratio wings can 

be developed without first establishing a theory for the conical flow round 

such wrings. 

The results also show that the normal force characteristic associated 

with conical flow round a slender wing of rhombic cross-section is given by 

an expression of the form 

c, K2 = 2xa (i) + b ($" 
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. 

where a, b and p are functions of the wing's cross-section. The variation of 

a, b and p with the size of the leading-edge angle has been determined from the 

experimental results which show that the size of the non-linear component of 

the normal force is much more severely affected by changes in the leading-edge 

angle than is the linear component. The values of a found experimentally are 

very close to those calculated using slender body theory, indicating that this 

theory forms a valid basis for Maskell's similarity theory. The experimental 

technique presented above will be used to determine the normal force character 

istics of vdngs with the same leading-edge angle but different cross-sectional 

shapes, and hence to investigate the validity of the similarity theory itself. 
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Appendix h 

BLOCKAGE CORXXTIONS' 

2 

The blockage corrections which should be applied to the results of the 

wind-tunnel tests described in this report cannot be calculated using the 

conventional methods described by Pankhurst and Holder', because these methods 

are valid only for bodies which give rise to an essentislly streamlined flow. 

Nor can the corrections be calculated using &!askell's blockage theory 
IO for 

bluff bodies because the drag forces on the wings tested in this experiment were 

not measured. Furthermore, to correct the results of this experiment, it was 

necessary to know the chordwise variation of the blockage because the blockage 

correction used must be associated with the front half of the wing rather than 

with the whole wing. A simple method of finding the approximate chordwise 

distribution of the blockage effect on a conical body, solely from its size 

and shape, was therefore developed and is presented below. 

It is assumed that a slender conical body, at negligible incidence to 

the free stream, induces perturbation velocities at its images in the wind- 

tunnel walls similar to those induced by a distribution of sources along the 

body's axis of symmetry and a sink infinitely far downstream. The strength 

of the sink and the strength and distribution of the sources are uniquely 

determined by the size and shape of the body. The total strength 6m of the 

sources on an element 6x' of the axis of symmetry is assumed to be equal to 

the product of the free stream velocity and the increase in the cross-sectional 

area of the body between the chordwise stations denoted by xt and x' + 6x'; 

hence 

UB 
6m = 2 - X’ 6X’ 

c2 
(AA) 

where U is the free stream velocity, c the length and B the base area of the 

body. The streamwise component of the perturbation velocity at a point (x,y> 

in the flow round the body due to this source element is therefore 

au, = = (x-x’ ) x’ clx’ 
5 27Ec2 (y2 + (x'x')2) '2 

(a 

and the component due to all the source elements along the body's axis of 

symmetry is 
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AU, = 

0 

UB =- 
27Lc* (x-c) 

= (3A) 

The blockage correction e, due to the source distribution is equal. to the sum 

Aul of the values of - u evaluated at all the images of the model in the wind-tunnel 

WEillS. 

Therefore 

m=-cm n-00 
m=n*O 

where b is the breadth of the wind-tunnel and h is the height/breadth ratio. 

The strength of the sink downstream is equal to the sum of the strengths 

of all the source elements and can be found from the equation 

C 

m = 
s 

2 2 x' dx' = UB. 
C 

0 

The streamwise velocity increment induced by this sink and its images in the 

wind-tunnel walls is 
E 

. 
therefore 

So the total blockage correction is 

(7A) 
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The total blockage correction was calculated for the case of this set 

of wings whose centre-line chords are 36 inches mounted in the 4 ft by 3 ft 

wind-tunnel. Fig.15 shows G/B as a function of,x/c, and the blockage correction 

factors used to correct the experimental results are tabulated below. 

BLOCKAGZ COFIRECTION FACTORS 

Wing 1 &:/B 

f/o 0*029 

F/O 
4/O 
Y/O 

B 

09193 

0,417 

0*720 

0*417 

291 
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Appendix B 

CONSTRAINT CORRECTIOI'7S 

When slender wings are tested in wind-tunnels such that the chord of the 

wing is not small compared to the height of the tunnel, the constraint correc- 

t tions applied to the results of the tests must include a term to allow for the 

boundary induced curvature of the flow. Sune B. Berndt" , using classical 

slender wing theory, has derived an expression for an additional upwash & 
correction factor 6' which varies along the chord of the wing. For delta 

wings the expression for 6' is 

where C is the wind-tunnels cross-sectional area, c is the wing chord and f 

and F are two functions calculated by Bern&t for a variety of closed rectangular 

test sections. 

Vhen calculating the corrections to be applied to the test data obtained 

as described above, it must be remembered that while the flow in the wind-tunnel 

is influenced by both the fore-wing and the rear-wing, it is the effect of 

constraint on the flow round the fore-wing that is required to correct the 

test data. The incidence correction is therefore given by 

where 6. is the lifting line upwash correction, c is the centre-line chord of 

the fore-wing, and ,? and EL are respectively the area and lift coefficient of 

the whole wing. It was found, by substituting the appropriate values, that 

Aa = 0*0129 EL . (3B) 

Similarly the pitching moment correction is given by 

is the lift curve slope of the fore-wing at the incidence when the 

lift coefficient of the whole wing is EL. Evaluating this expression it was 

found that 

'%+I (5B) 
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Appendix C 

STING BAR AND BALM'XZ DEFLECTION CORRECTIONS 

2‘ 

When the wing was tested at the larger angles of incidence the sting bar 

and the strain-gauge balance deflected appreciably due to the aerodynamic 

forces on the two parts of the wing. Consequently a correction must be C~.CU- 

lated and applied to the measured values of incidence. 

The measurements of normal force and pitching moment on the fore-wing, 

both with and without the rear-wing fitted behind it, revealed the relative 

magnitudes of the aerodynamic forces on the two parts of the wing and the 

lines of action of these forces. The ratio of the forces on the fore-wing 

and rear-wing was found to be approximately 1:2. '/ihen the fore-wing and rear- 

wing were detached from the strain-gauge balance and the sting bar, weights 

were hung on the balance and the bar in the appropriate positibns. It was 

found that the deflection of the balance was 

Au E 2-6 minutes/lb force on the balance 

= 2*6 qSCN minutes (.tc) 

where S is the area of the fore-wing and CIJ is the coefficient of normal force 

on the fore-wing measured with the rear-wing fitted, i.e. with the fore-wing 

in an Qmost conical flow field. At the usual tunnel speed of 120 ft/sec the 

incidence correction is 

Aa = 0*0059 CN/radians. b-J) 
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a 
aeg. 

0*20 
0*71 
I 023 
1 l 73 
2*uc 
2*76 
3.27 
3'79 
4.30 
.!+*81 
5.37 
6.40 
7.45 
8*43 
9*52 

IO*61 
II.65 
12'69 
13.74 
14.79 
15.84 
0620 

-0030 
-0.81 
-1.33 
-1 l 83 
-2.34 
-2 086 

1; ';; 

-4G-0 
-4.91 

Table I 

RESULTS OF TESTS ON 'WING F/O 

(CNJ 

0*0053 
0*0159 
0*0251 
0.0357 
0*0489 
0*0608 
0.0753 
Omo898 

KZ 
01,388 
0*l745 
002120 
0*2540 
0*2960 
0*3430 
0*3940 
0*4&W 
0*4980 
0'5540 
0.6120 
0*0053 

-0*0066 
-0*0145 
-0eo251 
-0*0370 
-0.0502 
-0.0635 
-0*0780 
-0ao925 
-0*1084 
-0.1243 

- 

Ql 

0 *OOlO 0*196 
0*0032 0.203 
0*0051 0*202 
090075 0*209 
0 001 00 0.206 
0.0126 0.207 
0*0154 0.205 
o-0185 oe206 
0*0216 oe207 
0*024-Y oe205 
O-0284 0-206 
0.0358 0.207 
0.0432 0.206 
0~0516 00205 
0*0604 oe206 
0*0700 oe206 
0*0800 0.205 
0*0906 0.207 
0*1013 0.206 
0*1133 0.207 
0*1249 oa207 
0 l OOl 0 0*196 

-0 l OOl 1 0.172 
-0*0031 0*214 
-0*0051 0.202 
-0*0076 OS203 
-0*0103 00207 
-0e128 0*201 
-0*0135 0.173 
-0*0189 oe204 
-0*0220 0*205 
-0*0253 0*204 

cNc 

0 l ooy+. 
0-0161 
0.0254 
090361 
o*o495 
090615 
oeo76 2 
0*0909 
0*1070 
0*1231 
O*l405 
O-1766 
0*2145 
O-2570 
o cm6 
0.3471 
0 03987 
0*4493 
O*WW 
0.5606 
o*6193 
0*0054 

-0-0067 
-0*0147 
-0*025J+ 
-0.0374 
-0*0508 
-0*0643 
-0*0789 
-0*0936 
-0*1097 
-O+l258 

'I '534 
1 l 295 
1,183 
I*197 
1.265 
1.276 
1 l 334 
1.374 
1.425 
I*465 
1 l 498 
v580 
I.647 
l-738 
I*800 
I-877 
l-962 
2*029 
2*101 
21171 
2*243 
1.533 
19283 
1 l 039 
1 Q95 
1.173 
1 l 243 
1.287 
I*342 
1 l 379 
I*426 
1 l 476 
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Table I (Con-M) 

Increased sensitivity tests 

0.02 
0.23 
0*51 
0~76 
1 -00 
1.28 
1 l 53 
1*80 
2*06 
2.31 

'2.58 
2.83 
3 l oa 
2.90 
2 l 64 
2*37 
2*11 
1.85 
f -59 
1 l 33 
I 008 
0.82 
0.55 
0.30 
0*05 

-0.22 
-0-47 
-OS73 
-0-98 
-1.24 
-1.51 
-I*76 
-2 -04 
-2.29 

1g-g; 

+; 

2160 
2-33 
2 008 
1.82 
I.55 
1 l 37 
I*04 
0*78 
O-52 
0.28 
O-01 

@N)l 

0*0004 0 *0004 
0'0043 09Of!+4 
0 00097 o a098 
0*0145 0*0147 
0*0198 0*0200 
0 l 0259 0-0262 
o-0313 0*0317 
O-0380 0.0385 
o*ol+LA 0 al49 
0*0510 090516 
O-0577 o*o5a3 
0*0642 0*0648 
O-0707 0*0716 
0*0662 0*0670 
0 *of595 0*0602 
O"0524 0*0530 
0 a459 o*o465 
0 a394 0 l 0399 
0.0332 0.0336 
0*0271 0*0274 
0*021g 010222 
0*0162 0*0164 
0-0106 0*0107 
0 *oo$ 0*0057 
oQo11 0*0011 

-0*0041 10 00042 
-0 l oogo -0*0091 
-0*01&2 -0*014lt 
-0 ~OI 96 -0~0198 
-0.0252 -0*0255 
-0*0315 ,-0*031g 
-0*0374 -0 l 0379 
-0-04.42 -o*oL&.7 
-0 l OpL$ -0*0510 
-0*0570 -On0577 
-0.0637 -0*0645 
-0*0712 -0.0721 
-0-0644 -0-0651 
-0*0577 -0*0583 
-0*0510 a0516 
-0 l 0&6 -0*0451 
-0.0378 -0eo383 
-0*0318 -0 -0322 
-0 l 0259 -0.0262 
-0 00203 -0 00205 
-o*OlJ+8 -o*Ol~ 
-0 l OlOl -0*0102 
-0 00052 -o*oo53 
-o*ooo2 -o*ooo2 

% 
a 

14012 
1-088 
I*103 
I*107 
1.145 
l-175 
1.186 
I m225 
I l 24a 
4.280 
3.294 
I l 34o 
l-330 
I.324 
1.307 
I l 2al 
I 0262 
1.235 
v208 
I *Ia2 
I.173 
1'147 
I.117 
I 0090 
1 l 237 
I*092 
1 *III 
?1 *I31 
1*160 
1~17~ 
I*207 
I ‘233 
I*257 
I 0,275 
I.296 
I.319 
1 O3.44 
I*305 
1.285 
1 l 269 
1 *aA 
I.203 
1.187 
1.145 
1.128 
I *IO1 
~123 
I.074 
I-012 
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Table 2 

&. 

0.20 
0*71 
1.22 
1 l ?3 
2.24 
2*76 
3.32 
3.82 

;:;; 

5-37 
6d+o 

ii*:; 
YGQ 

IO*59 
II.63 
12068 
13.72 
14'83 
15.87 
to.20 
-0930 
-0-81 
-I 032 
-1.83 
-2.34 
-2 086 

:; ‘ig 

-4139 
-4*90 

Ri3SULTS OF TESTS ON ViING T/O 

lCN> I %I) 1 

0 l 003g 0 l 0008 
0*0131 0*0026 
0.0222 0*0045 
Omo313 0*0063 
0*0418 0*0084 
oeo522 0-0106 
0-0652 0*0133 
0 00770 0*0155 
0 l oPoo 0*0181 
0*1044 0*0204 
0*1174 0.0233 
O*l44-7 0*0289 
0*17@ 0.0352 
0*2075 0*0415 
002435 0*0483 
0.2832 0 l w63 
0'3209 o 00641 
0*3639 0~0726 
0*4095 0*0816 
0*4592 0 l OYl 9 
0*5081, 0*1018 
0*0039 0*0008 

-0*0039 -0*0004 
-0*0143 -0*0027 
-0*0260 -0*0049 
-0Q339 -0eoo62 
-0'0444 d*0081 
-0 l O$l -0 l 0107 
-0*0665 -0~0130 
-0.0783 -0 l Ol 54. 
-0*0914 -0*0178 
-O*lO& -0*0202 

0*210 
0*198 
0*201 
O-202 
0*201 
oq203 
0*203 
0*201 
O-200 
0*196 
O*lYY 
0*200 
09201 
0*200 
Oel98 
0*200 
0*200 
0*200 
OS200 
0*201 
0*200 
0.205 
09102 
0.188 
0.187 
0.184 
0.182 
0*1po 
0*195 
0*196 
0*195 
0*194 

0*0039 
0.0132 
0.0223 
0*0314 
0 *o&20 
O-0524 
0*0655 
O-0773 
0*0904 
0*10@3 
0*1179 
O*l453 
o*q 755 
0*2083 
o*a43 
0*2844 
0.3221 
0 l 3654 
O-4113 
0946~5 
0*5107 
0 l 0039 

-0~0039 
-0 a1 L&. 
-0.0261 
-0*034-o i 
-0 l oLi4!+6 
-0*0563 

-0.0668 

1 *I40 
1 l 059 
1 l 046 
I l 041 
1 l 0?3 
I*087 
19132 
I*160 
I l 194 
I*238 
I.258 
I*301 
1 l 353 
I-409 
I l 470 
1 l 538 
1 l 585 
I a648 
1 .?I4 
l-779 
1 0842 
I.135 
0.756 
I l 016 
I.136 
I.066 
I*091 
I*129 I 
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Increased sensitivity tests 

a 
deg. 

-0'34 
-0 -09 
+0*16 

0*41 
0*66 
I 018 
I l 69 
2-20 
2.72 
2.24 
1 l 73 
1.23 
0.71 
O-45 
0*20 

-0*30 
-0*55 
-0*81 
-I 006 
-1 l 33 
-1 '83 
-2.34 
-2.87 
-2*90 
-2~38 
-I '87 
-1 l 37 
-1 *IO 
-0.85 
-oe59 
-0.34. 

@N)l 

-0*0065 
-0*0018 

0*0029 
0*0072 
0*0114 
0~0213 
(I*0308 
0*0412 
0.0524 
o*oL$o 
0*0317 
0*0210 
0.0125 
oaO80 
0+x136 

-0 l 0049 
-0a96 
-a*0145 
-0*0192 
-0*0236 
-0.0333 
-0 ‘O.!J+o 
-0 *o.y$3 
-0*0551 
-0 ‘OLlJ+o 
-0-0336 
-0.0245 
-0*0200 
-a*0153 
-0 l Ol 01 
-0e0065 

cNc 

-0a65 
-0aN8 

0*0029 
0*0072 
0*0115 
0*0214 
0 l 0309 
0*0414 
0.0526 
0*0422 
0*0318 
0*0211 
oeo126 
090080 
0*0036 

-0 *00&P 
-0*0096 
-O*OlJ+f5 
-0*0193 
-0*0237 
-0.0334 
-0.0442 
-0*0550 
-0*0553 
-0*0442 
-0.0337 
-o*outb 
-0*0201 
-o*Ol y+ 
-0*0101 
-0*0065 

a 

1 *lo6 
I*129 
I*040 
I*004 
0*995 
1.038 
I *o&8 
I.075 
I*107 
I 9078 
1 l 054 
0*981 
I*012 
I*017 
1 l 033 
O-946 
1 Q+4 
1.032 
I l olj2 
I*021 
1 *of!+8 
I*082 
1 *loo 
1 l 093 
I*064 
1.035 
I*029 
I*046 
I*038 

zz * 
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Table 3 

RlESULTS 03' TESTS ON WING $%I 

a 
deg. 

0.23 
0*74 
1 ‘25 
2 931 
3.33 
4'35 
5.37 
6 039 
7.46 
8.48 
9*50 

10.58 
11961 
12.65 
13.71 
14*74 
15.77 

0*23 
-0.27 
-0.78 
-1 *80 
-2 41 
-3*83 

,-4.85 

@NJ 

0 90042 
0*0113 
0 001 90 
0*0361 
0*0539 
oao734- 
0 l 0930 
0*1149 
0*1381 
04623 
0~1884. 
O-2156 
0*244-7 
0*2744 
003063 
O-3389 
0.3721 
0*0035 

-0*0042 
-0*0119 
-0-0273 
-0*0&l+. 
-0*0616 
-0*0830 

0 l OOO~O 0*120 0 l 00,!+2 
0 a01 98 de176 0*0114 
0*00347 0*183 0 *0192 
0*00669 0~185 0.0365 
0*01015 0*189 0 ‘Oyl.4 
0*01376 0.187 0*0741 
0*01762 0*189 0 a939 
0.02159 0*188 0*1160 
0*02607 06189 0.1395 
0*03068 0.189 o-1639 
0.03528 0*187 0*1903 
0*04051 0*188 0*2178 
0004587 0@188 0*2471 
0*0514.8 0,188 0.2771 
0*05770 0*189 0 l 3094 

~I*06420 0*189 0*3423 
0*07060 0*1yo 0*37tB 
0*00037 O*lc% oQo35 

-0*00115 0*275 -0 00042 
-0*00088 0*074 -0*0-I 20 
-0*00570 0*209 -0-0276 
-0*00905 0*204 -0*0@+8 
-0*01240 0*201 -0.0622 

0*01637 0*197 -0*0838 

5d 
(3 ? cNc 

- 

I 0060 
0*884 
0@880 
0*907 
0.937 
0~976 
1 l 002 
1 *O&l 
I*071 
I .I08 
1.q4-7 
1.178 
1'220 
3~255 
1 l 292 
A*330 
1 l 365 
0*883 
0.902 
0 l 890 
0*877 
0*974 
0*931 
0*989 
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Table 3 (Contd) 

Increased sensitivity tests 

a 
aeg. 

0.25 
O-53 
0 l 79 
1 l 02 
I.51 
2 l 03 
2.54 
3.04 
2 l 05 
I*02 
0976 
0.52 
0.24 

-0-25 
-0-52 
-1 002 
-1 l y+. 
-2 003 
-1 l 53 
-I*04 
-0 l 49 
-0.25 

%)I 

0 l 0039 
090074 
0.0123 
0*0153 
0~0232 
0.0316 
0*0405 
0 l 0489 
0*0340 
0*0158 
0*0118 
0*0079 
0 -0039 
0*0034 
0 00083 
0*0158 
0 *0237 
0.0316 
0 0024.2 
o*o163 
0*0079 
0 l ooL& 

SC 

0*0039 
0.0074 
0.0124 
0*0155 
0 l 0234 
0*031p 
0*0409 
0'0494 
0'0343 
o=o160 
O*Oll y 
0 l 0080 
0*0039 
0'0034 
0*0084 
0 l Ol 60 
0*0239 
0*0319 
0.0244 
0*0165 
0 -0080 
0*0045 

- 

C 
I$ 

a 

0*914 
09808 
0*905 
0.869 
0.886 
o*yoo 
0*923 
0*921 
00960 
0*896 
0*905 
0*873 
0*949 
0 a801 
0*931 
0.896 
0 8891 
o*yoo 
0*915 
0*907 
0*932 
19030 
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Table 4 

I'ULWLTS OF TESTS ON TENG~/o 

0936 
1 l 37 
2 -38 

;*z 5i-6 
;:z 
8050 
9.52 

10.58 
11*60 
12.62 
13664 
14.76 
15.73 
0.36 

-0.64 
-1.66 
-2 067 
-3*67 
-4.69 

@N)l 

o-0025 0*00036 O*li+.6 
0~0123 0 l OOl pp 0*161 
0*0202 0*00399 0*197 
0*0300 0*00580 Owl93 
0*0389 0*00751 0*193 
oao476 0*00929 0*195 
OQ597 0*01120 0.188 
0 -0709 0*013jp 0.186 
0*0831 0*01544 0.186 
090966 0*01779 O-184 
0*1110 O-02068 0.186 
0*12&O 0*02327 00187 
0*1385 0~02646 O*lYl 
0.1557 0*02984 0*192 
0*1735 0.03284 O-189 
0*1905 Oeo3598 0~189 
0*0033 0 l oooL+6 0.138 

-0*0057 -0 l OOl 14 09200 
-0*0145 -0*00277 0*1p1 
-0*0235 -0*00439 0.186 
-0*0324 -0*00619 0.1 PI 
-0*0413 -0'00799 0*194 

cN 
C 

0.0025 
0*0124 
0*0203 
0*0301 
0*0390 
OeO.478 
0~0599 
0*0712 
0*0834 
0*0970 
0*1115 
0*1245 
0*1390 
(I*'1563 
0*1742 
0*1913 
0*0033 

-0*0057 
-0 l 01&6 
-0*0236 
-0.0325 
-0*0415 

0,398 
0.516 
0$88 
0+502 
01502 
0*501 
0*53c 
0*544 
0.562 
0*583 
0.603 
0.614 
0*63-I 
0.656 
0.676 
09696 
oa525 
a*510 
0.502 
0.506 
0*507 
0.506 
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Table 4 (Contd) 

Increased sensitivity tests 

-1 l yo 
-I l 63 
-1 l &o 
-1 -15 
-0.90 
-0.65 
-0*40 
-045 
O*ll 

0'35 
0.60 
0085 
I *IO 
I l 37 
1 *(;I 
1'87 
2.38 
2.89 
3*39 
3.89 
4'41 
4*91 
5.91 
6*93 
7'95 

(cN) I 

-0*0162 -0-0162 
-0*01f!+2 -0*0143 
-0*0123 -0*0124 
-0 -0100 -0*0100 
-0*0077 -0*0077 
-0ao57 -0-0058 
-0*0034 -0aO34 
-0 a1 1 -0 l OOl 1 
+0*0007 *o*ooo7 
+0*0030 +0*0030 

0*0050 0 l OO~ 
0*0073 0*0073 
0*0092 0*0092 
0~0119 0*0120 
0*0135 0*0135 
080153 0*0153 
0.0204 0*0204 
0*0251 oeo252 
0*0292 oao293 
0*0339 0*0340 
0*0393 0*0395 
0.0436 0*0438 
0~0532 0*0534 
0.0636 Omo639 
OS0759 0.0762 
0.0882 0.0886 
0*1013 0*1017 
O*llyl 0*1155 
0*1305 0*1310 
O*lL&60 0*1466 
0.1625 0.1632 

cNc 
0*4yo 
01502 
0~508 
00ylo 
0'492 
O*SY 
0.477 
0'448 
0*406 
0.506 
0*479 
0.496 
o-483 
0*502 
0.482 
0*471 
0*493 
0*500 
0.495 
O*yll 
0*512 
0*510 
o-517 
0.527 
0*549 
0.567 

“0% 
01626 
O-645 
0*666 
0*684 
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Table 5 

EFFECT OF Tl-33 SPAXWISE GAP ON THE AERODYNAMIC XORMAL 

FORCE ON THE WINGS 

Wing CJJ 

10951 
II -65 
I 2-69 
13*74 
14'79 
15.84 
IO*59 
II*63 
12.68 
13.72 
14.83 
15.87 
IO*58 
II*61 
12.65 
13.71 
14.74 
15.77 

lo*56 
II.57 
12.59 
13.60 
14.67 
15*68 

oeo66 

O-051 

0.260 

0.057 

O-333 
0.382 
0.430 
O-483 
0-539 
0*594 

00.274 
0*311 
0.352 
0.397 
0*447 
0.496 

0*193 
0.220 
0*249 
0.277 
0*307 
0.339 

0*105 
0*118 
o-134 
0*151 
0*168 
0*184 

cN 
at6=6 

2 

0.338 
O-386 
0*438 
0.492 
0.545 
0*605 

0.278 
0~316 
oe357 
0*402 
0.452 
0.502 

01204 
0.233 
0,260 
0.289 
0*319 
0*352 

0*1oy 
0*122 
o-137 
0*153 
0*170 
0.187 

% 

0*016 

0*005 

0*013 

0*005 

cN 
at 6 = hl 

0*343 
0*394 
0*44-b 
oe498 
0*554 
O-612 

0.283 
oe321 
0.363 
0*409 
0 -459 
0.508 

oe216 
O-245 
0*274 
0*306 
oe339 
0.372 
O*lll 
0*124 
oe139 
0.156 
O*l73 
O*lYO 

acN 

&A > as 

0*012 

0*004 

. O*OlO 

0*004 



Table 6 

RESULTS OF EXPl$l?IMEST 

Wing f/o 

Aspect ratio 0*8 

"th 0*906 

a e J ath 0.945 

a ex 0*856 

acN /aa (U = 0) I.074 
C 

P 1 l Y 

b 4.38 

EO 
li/ 

20 
2/ f% 

O-8 0.8 0*462 

0,828 09756 0*695 

0*945 0*945 0964 

0.783 OS714 0 0670 

O-982 09896 0*487 

2.1 2.3 2.8 

2*99 136 0*40 



31 31 

SYMJ3OLS 

A 

a 

b 

B 

C 

C 

CL 

%I 

cN 

cNc 
F,f 
K 

m 

n 

N 

P 

9 
S 

U 

AU 

X¶Y, = 
X’ 

f3X 

th 

uric 

1 

aspect ratio 

linear normal force parameter 

non-linear normal force parameter in main text; end-tunnel breadth in 

base area of wing Appendix 

wing chord, measured along its axis of symmetry 

wind-tunnel cross-sectional area 

lift coefficient 

pitching moment coefficient 

normal force coefficient 

normal force coefficient associated with a conical flow field 

constraint effect functions 

cotangent of the leading-edge sweepbeck angle 

source of sink strength 

(leading-edge an&)/x 

normal force 

non-linear normal force parameter 

wind-tunnel dynamic pressure 

area bounded by leading-edges and rear of fore-wing 

velocity of wind-tunnel free stream 

velocity increment 

orthogonal system of axes, x measured downstream from wing apex 

distance from apex to the line of action of the normal force 

angle of incidence 

gap width 

minimum gap width 

‘constraint effect functions 

total blockage correction factor 

wind-tunnel height/breadth ratio 

List of subscripts 

found from experimental results 

found from theory 

uncorrected 

measured when 6 = 6, 
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nhlch are clmxcteristlc of the flow round slender wings, develops much 
mm slowly with incidence v&WI the edge angle 1s large than Uhan it is 
i3Kd.l. As ths leading-edge angle 1s reduced, the slope of the now1 fora 
clmacttrlstlc at zero lncldtnct lnxuases in the mnner Fndlcted by 
slender bedy theory, though the msaswed values am slightly smiler tlmn 
those pndlcttd. 
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