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SUMMARY 

Foroe and moment measurements are presented for a family of slerder delta 

monoplane wings (aspect ratios 0.626, 0.517, 0.309, 0.229) in combination with 

a common ogive-oylinder body. Two of these (aspect ratios 0.826 and 0.309) are 

also studied in oruoiformlqout. Results are given for variations in inoidence 

at zero roll, and variations in roll at constant pitch. Longitudinal oharacteris- 

tios are compared with an empirioal prediction methcd, end with test results at 
lower Mach numbers. 

_---....--,e- 

+Replaces R.A.?.,. Technical Report i:o.663&? - A.R.C. 28708. 
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1 INTRODUCTION 

This Paper is an addition to the systematic study of simple missile 

configurations being undertaken at R.A.E. Bedford. The particular contribution 
made here is the study at II = 4 of a family of configurations consisting of 

different slender delta wings in combination with a standard ogive-cylinder 

body. Four monoplane and.two-cruciform layouts are oonsidered. 

2 EQUIPMEN+ iND TEST PROCEDURES_ 

2.1 Model details . _ 

Drawings of'the models tested ar& showh in Fig.l. They were constructed 
from a set of stand&l parts, and eJ.1 in this series made use of the ssme body, 

known in the Bekord programme as B,a. This has a nose seotion;three body 

diameters in length, had.6 very n&rly' the shape of a tangent ogive, followed 

by a parallel section ten diameters long. 

TO this b&y could'be added one of three sets of delta wings, known as 

W&S i;8 ha. 9. Eaoh wing has the same root chord, equal to 9.6825 diameters. 

The wings dl have leading edges which are, at I>, = 4, swept well within the Uach 

cone, as is shown by cslculnting values of the parameter 6 cot $I, where 4 

is the leading edge sweep angle. 

Ta-lg - JKi cot Q, _ 

7 0.5 

8 0.3 

9 0.2234 

This Paper also includes data, taken front Ref.1, on the body alone, and on a 

fourth configuration, usin the same body tith a wing of the same root chord - . 
but wider span, for which !i- >i2-l cot $ = 0.8 (wing 1). 

Two cruciform configurations wsre tested, one having two pairs of wings 1, 
and the other two pairs of wings 8. 

For convenience, the combin+tion of wi.~~s 7 with the standard body, for 

example, will be referred to as model B VJ 
la 7’ 

and the combination of two pairs . - 
of wings 1 with the star&d body as-model XB,aW,. 

To fix bou'ndary l&yer transition, roughness was applied in the form of 

&J-grade oarborundum particles embedded in a thin film of Araldite. This 

treatment was applied oder a strip lying between l/16 inch and 5/16 inch from 
_I__- --- 

*The actual shapefis given by (r/d) a -0.002615 (~/a)~ -o.ojge67 (~/a)~ 
+0.309& (x/d), where xris measured from the tip of the nose. 



the wing leading edge and ever a band betwean l/4 inch and l/2 inch from the 

tip of the body nose. This treatment hsd previously been fcund' to give a 

variation of zero-Lift drag with Reynolds number on BlaW, that was oonsistent 

with turbulent flew. 

2.2 Scope of tests 

All the monoplane configurations were tested over a range of incidence. 

-5' to +Z5', except for the highest aspect ratio layout (B,aW,), which could 

not be set at more thsn 20' incidence without exceeding the maximum &lance 

load. The cruciform configurations were tested over a similar r-e, both at 

zero roll and 45' roll . .Each configuration was also tested over a range of . . . 
rcll'angles at pitch attitudes,0(5)25°. The monoplanes.were tested over a 

roll range O-90', and the cruciform models over a range 0-45'1, it being assumed 

that the remainder of the range could in each-case be determined from symmetry. 

Occasional spot checks verified this assumption.. .I . 

The tests were all carried out with the models ?ting mounted in the 

3 ft. x 4 ft tunnel (H.S.S.T.) at R.A.E. Bedford, at a normnal Mach number of I 1 
4.0 (aatually 3.97). The Reynolds number based on model length was 3i.2 x 106, 

rather higher than that of the ccrrespo@.ng tests at lower Mach number 

described in Ref.2. I. ._- 

2.3 Corrections to and accuracy ofi results 

All results are corrected for sting deflection, balance interaction, and 
errors in tunnel flow direction. The observed axial force has been corrected 
to a standard condition in which base pressure equals free stream static 
pressure. 

The reference area for force coefficients is taken as the cross-sectiond 

area of the parallel portion of the body, and the reference length for moments 

is the body diameter. 

The accuracy of the results has been estimated as within the following 

limits. (See list of symbols.) 

a=0 a = 20' 

; 

2O.P' 

$2 
H 9.02 

CZ 0.1 9.3 

Cx to.02 &02 
, 

% 20.1 $J.t 

=c.pJd a,$, 9.1 20.05 

3,. to.5 
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The aoour+aoy w&h which the position of the centre of pressure near zero 

incidence can be determined diminishes as the bving size deoreases. 

3 RESULTS AND DISCUSSION 

3.1 Longitudinal oharaoteristios 

Normal for08 (-Cs) is plotted against incidence for eaoh of the four 

monoplane wing-body oombinations, and for the body alone, in Fig.3. The data 

for Bia and B,aW, are taken from Ref.1. 

Also included in this figure are ourves derived using an empirica) predio- 

tion method similar to that desoribed in Ref.2. The essenoe of this method is 

to evaluate the normal force acting on the body nose by shook-expansion theory, 

and the force which would act on the isolated wing by Collingbourne's methcd3. 

The additional force experienced by the wing due to the presence of the body, 
and the force oarried by the body due to the presence of the wing, am both 

estimated using the interference factors caloulated in Ref.4 for the low 

inoidenoe 0888. The present calculations differ from Ref.2 in assuming that 
when wings are present they prevent the development of any sizeable non-linear 

force on the body due to body vortex separation. In Ref.2the opposite assump- 

tion is made, that such a non-linear oomponent is always present, of-the same 
magnitude as on the isolated body. It is currently thought that the present 
method is more appropriate to high Mach numbers, but work is in hand to olarity 
this polnt5. 

In oalculating the forces on the isolated body, the non-linear component 
has been allowed for, and calculated on the basis of Allen's6 cross-flow theory, 

a8 amended in Ref.7. It will be observed that agreement is good, the greatest 
errors being about % for the wing-body combinations, and about iZ,,d for the 
body alone. 

Estimates of the initial lift ourve slope were made using linear theory 

for the wings, shook-expansion theory for the body, and Ref.4 for the interference 
forces. Experimental values of this slope were foti by finding, in effeot, the 
best fitting ourve of the general form 

-c 
e 

i: au+ba(a( 

to the experimental points lying between -I+' and +I+' incidence. This was done 

by plotting values of the expression 
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e.gainat a,, The resulting graph was always close to a straight line. Pitting 

a good straight line by eye, and extrapolating it to a, = 0 gave a value for 

the coefficient 'a', which could be estimated as accurate to within +$. 

Excellent agreement is achieved between observed and caloulated values of the 

initial lift curve slope, as may be seen from the table below:- 

r 

a=0 

B la 

BlaWc, 
B I a"8 

Bi aw7 

Blawi 

-1 

The Curves of (-Cs) vs a are noticeably more non-linear for the lower 

aspect ratio configurations. This is demonstrated by calculating the percentage 

of non-linear lift acting at 20' incidence from the expression 

dC 

(-CZ)a=200 - - $ ( ) x 

, a=0 
x 2o x 480 

which yields the following vsluea:- 

These values oontrast with the results obtained by Andrews' for a family 

of configurations using the same body as in the present tests, but wings of 
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oonstant,spsn (= 5d) and varying root chord (9.68d, 7.74d, 6.46d). None of ’ 

these oombinations departed from a linear (-Cz, 0~) relationship by more than 

about 12$. 

In Fig.4 results are presented for the two cruciform configurations. 

When either of these was set at incidence with one pair of wings in the 

inoidenoe plane (roll angle = X il 0), the normal force variation with incidence 

was indistinguishable from that of the oorresponding monoplane. Wheri the model 

was set so that the inoidenoe plane biseoted the right angle between the wings 

(A = 45’), the normal force" changed slightly, being increased by about 6$ in 

the ease of XB,aXJ,, and very slightly deoreased in the oase of XB,278. 

In Fig.s(a) the measured oentres of pressure of monoplane layouts are 

oompared with estimates made using the methods outlined earlier. Agreement 
is quite god, ad well within the olaimed acouraoy of the method, except for 

the case of the body alone. Here the estimate is sometimes in error by as 

much as two oalibres, probably as a result of using a mathematical model which 

over-simplified the manner in which vortex development takes place. It will 

be observed that centre of pressure travel increases as wing size diminishes. 

In Fig.5(b) the centres of pressure are shown for the two cruciform 
layouts. At h = 0 these are very close to the centres of pressure of the 

corresponding monoplanes. The change in centre of pressure brought about by 

rolling to 'h = 45’ is small, being scarcely deteotable in the ease of XBlaW8, 

and amounting consistently to about 0.1 of a oalibre for XI3 '17 
la I’ 

Variation of the initial lift ourve slope ard also of centre of pressure 

with Mach number is shown in Fig.6. The data at M q 4 are taken from the 

present Paper or from Ref.1, the data at other Mach numbers sre taken from 
Refs.2 and 8, 

The variation of axial force with incidence is shown in Fig.7. All . 
configurations exhibit roughly the same behaviour with incidence. The 

differences in level are not simply proportionalto exposed wing area. The , 

discrepancies could be due in part to the drag of the roughness elements, 

which would be about the same for each wing, and partly to complications of 

bourdary layer behaviour in the wing-body junctions. 

Lift-drag ratios are presented in Fig.8 for the monoplanes. It is quite 

notioeable that even the smallest wings enhance L/D considerably. J?igs.Y(a) 

and Y(b) show corresponding values for the cruciform models. In both oases 

*Normal force in this case is definei as in Fig.2; it is the force ' 
component acting in the incidence plane, normal to the axis of the model. 
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L/D is reduced, particularly at lower incidences, by the additional drag on the 

extra pair of wings. For both configurations (L/D),= is reduoed by about 0.6. 

The effect of roll angle appears to be small. 

Fig.10 shows that, for all configurations tested, CD varies linearly with 

Cz over the entire range of incidence studied. This is in contrast to the 

findings on these model3 at lower Mach numbers2. From the slopes of these lines, 

one may calculate the lift dependent drag factor, defined by 

k = 
'D - 'Do 

2 * 
b(s*an)* 

cL 
d* 

where the span involved is the total span of the wing-body combination (2s in 

Fig.1). Values are as below 

B1 a’0 

Bl*vr? 

Blawl 

cruciform h zk450 

33 

mm 
la a I.5 

ml*Til 3.0 

3.2 Induced rolling moments 

Plots of induced rolling moment against roll angle at various pitch 

attitudes are shown in Figs.11 and 12. 

No data is available for B,a171, but results for the other three nono- 

plane configurations are presentdd'in Figs.li(a)-(0). All these models were 

stable about the position X = 0 at all pitch angles, but‘the actual moments 

are very non-linear vnth incidence, and it was not found possible to correlate 

them in any simple way. 

Results for models XB,a\71 and xBlaW8 are presented in Figs.l2(a) and 

(b) respeotively. Both models are stable about X = 45’ at all incidences, 



9 

although again the actual values are too oomplicated to correlate. One 
coincidence, however, may be worth noting, and is suggested by the following 

argument. 

The only pressures which can oontribute to the rolling moment are those 
acting on the wing panels. The moat significant contributions at high liaoh 

number are likely to be those from the panels on the windward aide. If the 
wings are small enough(it mey be assumed that these panels aot independently 

of each other and of the leeward panels. If 'all these assumptions hold the 

rolling momenta of oruoiform and monoplane arrangements may be correlated as 
. 

followa:- 

The results of Fig.ll(b) for mcdelBiaV8 have been used to predict 

results for mcdelXB,,V8 by means of this formula, and the resulting estimates 

shown in Fig.iZ(b). Agreement is fair, oonaidering the drastic simplifioationa 

involved, and the sense of stability is predicted oorreotly. 

4 CONCLUSIONS 

(I) As aspect ratio decreases, the variation of normal force with 

incidence beoomes inoreaaingly non-line?, and oentre of pressure travel is 

increased. 

(2) Calculated values of normal foroe and centre of pressure agree with 

experiment to within &i and 0.2 calibres respectively, exoept for the body 
alone. 

(3) For the cruoiform oonfigurations oonaidered, longitudinal charaoteris- 

tics depend relatively little on roll angle. 

(4) Lift-drag ratio is much improved by the addition of even the smallest 

wings. The cruciform models reached maximum lift-drag ratios about 0.6 leas 
than those of the corresponding monoplanes. 

(5) The monoplane models are stable in roll about 7r = 0, the oruoifkrn 

models about 1 = 45'. 



SYllBOLS 

cn 
% 

-c x 

-cs 

-c; 

dC 
2 
da 

drag ooefficient = 4 x (drag)/% xd* 

rolling moment coefficient (body axes) = 4 x (rolling moment)/~Xd3 

axial force coefficient = 4 x (axial foroe)/go%d* 

normal force coefficient (body axes) = 4 x (normal force)/Lxd* 

normal force ooeffioient,(resolved bcdy axes) 

normal force coefficient slope vs incidence (per radian) 

d 

L/D 
M 

%a 

x 
,.C.P* 
a 

Q 

a 

body diameter 

lift-drag ratio . 

free stream Mach number 

free stream dynamic pressure 

distance of centre of pressure from wing trailing edge 

angle of incidence 

angle between body axis ard wind vector 

angle between plans normal to wing surface containing body &is and 

plane containing body axis and &xl vector 

wing leading edge sweepback kngle 
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