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Summary. 

A brief review is made of simple theory for predicting the maximum lift-to-drag ratio for combinations 
of half-body and wing in supersonic flow, allowing for the so-called favourable interference. A comparison 
is given of experimental and calculated results obtained using this theory. The calculations are extended 
to show trends (comParing asymmetric and equivalent symmetric configurations) with design Mach 
number, body and wing shape, etc. The role of the engine nacelle in this context is also examined. Some 
sketches are included to show how interference principles might possibly be used in the design of super- 
sonic aircraft. 
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1. Introduction. 

In the search for aircraft configurations to give high values of maximum lift/drag considerable interest 
has been shown in combinations of wing and body in which the pressure field from the body can be 
arranged to induce lifting pressures on the wing. One of the simplest arrangements consists of a forebody 
formed from half a body of revolution (e.g. a half-cone) placed underneath a wing whose leading edge 
coincides with the nose shock from the body. Such an arrangement has been proposed 1,2 as a basis for 
a possible hypersonic boost glide vehicle. 

It is the purpose of this Report to review a simple theory that has been proposed 3'4 for this type of 
configuration and to explore some of the possibilities of applying the principles to the design of super- 
sonic aircraft generally. 

2. Theory. 

2.1. General. 

The nature of favourable interference in the present context is that the volume-carrying element (the 
half-body) induces lifting pressure on the surface of the wing. These can be obtained by placing a forebody 
underneath a wing, such that the wing undersurface pressures are signficantly increased above free stream 
static pressure; or by placing an afterbody above a wing, such that the upper surface pressures are 
reduced below free stream static pressure ; or, of course, by a combination of the two. The maximum 
induced lift will be obtained when the wing is 'tailored' to fit the pressure field from the body. Thus in the 
case of a forebody underneath a wing as shown in Fig. 1, the wing leading edge should be coincident 
with the body nose shock and the trailing edge with the characteristic line on which free stream static 
pressure is obtained. 

For  any wing-body arrangement : 

CL = CN cos a--  Cx sin a 

and for small angles of incidence, 

C L --" C Lo ~l- o~ d d ~  . (1) 

Similarly, 

C o = C:, cos a + Cn sin 

-"- C x + C L a  

-"- CDo+a~ff-~+a CL 

-"- CDo + (G + CL) ~ (2) 

where for a symmetric wing section 

CLo = CLoBody + CLowB (i.e. CLowtn,, due to the influence of the body) 

Coo = wave and skin-friction drag of the body and wing at ct = 0 

dC L 

da 
- lift-curve slope of the combination (for ease of calculation this is taken as for the wing alone) 



dC~ i e G = ~ . . the effect of the wing pressure field on that portion of the fore or afterbody which is in- 

fluenced by the wing*. For a symmetric wing body combination from linear theory this term is 
zero. 

Thus combining (1) and (2) 

Co = COo + (CLo + G) ct + ~--ff-~ a 2 (3) 

From equations (1) and (3) it is found that: 

dC L 
L ) da (4) 

-~ = ± / dC L 
m a x  2 4Coo ~ -  Czo G T CLo +- G 

The upper sign refers to the half body placed underneath the wing and the lower sign to the configuration 
inverted. 

This compares with the following equation for a symmetrical configuration : 

/dC  
_1 
2'~ CDo 

which is obtained by putting CLo = G = 0 in equation (4). 

(5) 

2.2. Methods of Estimating Components in Equation (3). 

CLo 
The lift induced by half of a slender body of revolution mounted on the undersurface of a flat sonic- 

leading-edge wing can be obtained by integrating the axially-symmetric pressure field of a complete 
body of revolution over the undersurface planform of wing and body. 

Thus 

l~faY A"(xOdxl 
Cp = 

o x/(x_x02_/~2y2 

and 

~ = f Cp dS. 
S 

Using these equations it is shown in Ref. 3 that for any slender body of revolution under a sonic-leading- 
edge delta wing: 

CLo 2 X Abase 2Abase 
= /~Sw = C~ (6) 

*It is worth pointing out that in Ref. 1 the G term is omitted. 
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For other wing planforms the expressions become more cumbersome but some simplification can be 
effected by approximating to the planform of the wing and body by using just the wing planform. 

Thus from Ref. 4 for the untapered wing and a half-cone body (Fig. 2a) using the correct planform : 

11 
1 [  4fl2tan20c~ 

2-~z +(1- f l  tan 0~) \ 12/I 
4 

× t,)2 
~ (  ~ x /1 - f l  z tan 20c 

{ 2 - s i n - t  (1 -~ (1 - f l tan0~) )  - 1 _11 (1 - f l  tan Oc)'] 2 
12 / 

1 (11~ 2 1 
cosh- 1 l~ ~_ flz tan 2 0c cosh- 1 _ _  

1 -~2(1 - f l  tan 0~) \~2J fl tan 0 c 

x/l_fltanOcX/l+fltanOc \~2/t(li)2 (1--fltanOc)2+ ~/ f~(1--fi tanOc)t 3 ~/2- /~(1-f l tanOc)}]  

and using the approximate planform (Fig. 2b) where now 11 is the root chord of the wing 

(7) 

C L  0 i ' 11 (2/2--/0 llZ V 12 

1-2 ~//~ 

+12 [2-\{1-11~lzJ sech-1 ( 1 - / ~ ) - s i n  -1 ( 1 - / ~ ) ]  t 

For the fully tapered arrowhead wing using the approximate planform (Fig. 3) 

(8) 

4r~ / t , - 1  , /~l+l 
CL° = ~o2 V / t ~  tan- ~ / t ~ - -  1 (9) 

where 

tan o~ 
t l ----- t a n  # 

Results for CLo for delta and arrowhead wings with conical half bodies can also be obtained by numeri- 
cally integrating C v calculated from exact cone flow tables s over wing and body planform areas and in 
Fig. 4 an indication is given of the errors due to the use of slender body theory in this respect. 

G 

This quantity is most readily evaluated by assuming that the wing pressure field at incidence is constant 
over the body area and equal to the pressure at the root chord of the wing 3. 



For a sonic-leading-edge wing: 

G = 2rg 
#sw 

which reduces to 

G 2r~ 
Co 

for the sonic-leading-edge delta. 
For a supersonic-leading-edge wing: 

G = 2r~ 
S~ 

tan2 

4f12tan22 -- 1 

-1 1 ' 
c o s  

where 2 is the wing apex semi-angle. 
For a subsonic-leading-edge wing: 

(lO) 

where 

01) 

(12) 

2 tan2 Abase 
G - - -  (13) 

E(K') S w 

E is a completeelliptic integral of the second kind 

K ' =  I~S-K~-K2, K = t i t a n 2 .  

2.3. Comparison of Calculated and Experimental Results. 
dCL 

CLo, Coo and ~ can all be calculated for simple shapes by standard methods and by those mentioned 

in 2.2. above and compared directly with experimentally measured values. G can of course be derived 
directly from wind tunnel measurements of axial force variation with incidence. It is particularly simple 
however to rearrange equation (4) to obtain : 

(~)max -EL° --~/  d~ kO] max (14) 

or by considering the expressions for (L/D)maxand (L/D)mi. to obtain : 

d~ 1 1 

D max D min 

+ CLo (15) 



where 

dC L 
dec 

/ dC L 
2 4Coo ~ -  CLo G + ('1.<,- G 

These methods give a mean value for G and avoid the difficulty of deciding on an appropriate mean slope 
for C~ vs. ~. 

It is worth noting that if the wing section is not symmetrical, then : 

CLo = CLo B -}- CLown "~ CLo w 

so that : 

dC L 
da 

dCt C (G+CLo~)+(G+CLow)_CL ° 2 Coo dc~ Lo 

hence if equations (14) or (15) are applied for the calculation of G, we are now calculating G' = G + CL,,w. 
Results of this comparison for cases where the leading edge of the wing is sonic or supersonic are shown 

in Figs. 5 to 7 and for sonic or subsonic leading edges in Figs. 8 to 10. Both calculated and experimental 
results have been taken from Ref. 6 for Figs. 5 and 6. 

Agreement in the case of the sonic-leading-edge appears to be fairly good but increasing departure 
from this condition towards either subsonic or supersonic leading edges leads to increasing errors in 
prediction of practically every quantity. 

For the subsonic leading edges the lack of agreement is understandable. CLow~ has been calculated 
by a numerical summation of cone flow pressures over the appropriate planforms and the assumption 
of independence of lower and upper surfaces of the wing is no longer justified. Drag due to lift has been 
taken as C~. :~ as for the sonic and supersonic leading edge cases, i.e. leading-edge suction has been ignored. 

It would appear from the comparisons that there is justification for using the simple theory when the 
leading edge of the wing is sonic or slightly supersonic but that away from this condition the theory is 
inadequate. 

3. Cah'ulalion o f (  L/ D ) ...... 1or Spec!fic Interfbrence Configurations. 
In this Section the simple theory of Section 2 is applied to several types of interference configuration. 

Each configuration is assumed to be 'on design' (i.e. to have a sonic-leading-edge wing) at any given Mach 
number. The object of the calculations is to see if any general trends or indications emerge as to the 
usefulness or otherwise of interference principles for aircraft design at supersonic speeds. 

3.1. List of Assumptions. 
CL, , (from equation (6)) 

Ct.,, = (7~ for sonic-leading-edge delta and axi-symmetric half forebody 

= ~ for sonic-leading-edge delta and Sears-Haack half body of fineness ratio d/1, where 

1 = 2Co 



CDo 

CDo : CDwave "q- CDskixL friction 

CDwav ° = CD0wi ~ g-~ CO0Body 

CDoBo,~y = Cp .. . . . . .  for a conical forebody 

= 5"55 7 rc cot # for a Sears Haack half body 

Coow,n ~ is obtained from Ref. 9 for a sonic-leading-edge delta with tic -- 0.02 

C m = skin-friction drag coefficient - C: x S: 
Sw 

The same variation of Reynolds Number (R.N.) with Mach number has been taken as in Ref. 10 i.e. 

3 
R.N. = ~ x 1 0 6 x c o  

where 

Sw = 6000fi 2 • 

Co rather than C has been used for ease of calculation for all configurations. This probably slightly 
underestimates mean C: for the forebody only configurations and slightly overestimates for the forebody 
plus afterbody configurations. The variation of C: with Reynolds number and Mach number has been 
taken from Ref. 11. 

G (from equations (6) and (10)) 

G = 2CLo for sonic-leading-edge delta wing and half forebody or Sears-Haack half body. 
7~ 

dC L 
dc~ 

d : :  for wing-body combinations has been taken to be the same as for the wing alone 

i.e. 

d C  L 4 
for a sonic leading edge delta wing (and from Ref. 12 for other conditions). 

Volume parameter ~: 

Body volume 
T - -  ,~3/2 

~w 



= 16 (tan i,) s'e \l,el for a Sears Haack half body and a sonic-leading-edge delta wing 

(,:0) 2 = 6 (tan #)s,,2 ~ for a conical half forebody and a sonic-leading-edge delta wing. 

3.2. Results. 

3.2.1. Forebodies only ~7o has'e draq. From equations (4) and (5) the gain in (L/D) ...... by using 
asymmetric rather than symmetric configurations can be calculated for configurations having the same 
body vohlme, wing shape and planform area. Some restllts for conical forebodies and sonic-leading-edge 
delta wings are shown in Fig. 11. As can be seen the gains are not large but become more significant sit 
the higher Mach numbers. As noted earlier C~,,, is dependent only on body base area and hence a body 
shape should be chosen which has the least drag for a given base areai'length 2. For the higher Math  
numbers this is approximately a ¼ power body i.e. a body shape defined by" 

I% 

It is shown in Ref. 3 that use of this shape body significantly raises the values of (L/D) .. . .  but that the 
gains over the equivalent symmetric configuration remain very similar to those calculated for conical 
forebodies. 

If now the trailing edge of the wing is swept back so as to cover more of the body pressure field there 
dC~ 

is a marked increase in (L/D)m~(Fig. 12) but this is mainly due to the improved d~ -~ of the basic wing 

shape. In terms of improvement over the equivalent symmetric configuration, for the delta wing the in- 
crease in (L/D) ...... is 6 per cent and for the case where the trailing edge is swept at the Mach single corre- 
sponding to the cone surface Mach number the increase is 8 per cent. Thus when making comparisons 
sis to the effectiveness of asymmetric configurations there seems to be little point in considering any other 
wing shape than the delta. 

Fig. 13 shows that, ignoring base drag, a half conical body of semi-angle 3 to 5 deg can be carried with 
a value o f ( L / D )  ...... which is little different from that for the wing alone. 

This indicates the way that interference principles should be used (in their half body and wing form) 
in the design of supersonic aircraft. Thus if the fusclage volume specified is greater than the represenled 
by the approximaie cone semi-angle in the range 3 to 5 deg, then the rest of the volume should be added 
in a non-interference manner i.e. so as to give minimum additional drag. This is somewhat crudely 
illustrated in Figs. 14 and 15. Thus at M ,  = 2.5 (Fig. 14) for values of z below 0.028 it is preferable to 
put all the volume into the half cone body alone but above z = 0.{)28 it is advantageous to limit the cone 
single and add the remaining volume in the form of a cylindrical extension to the half cone body. 

3,2.2. E[li'ct o f  base or qfterhody draq. So far the considerations have been limited to arrangements 
having forebodies terminating in a large base area whose drag has been ignored. For possible hypersonic 
aircraft this is probably not unreasonable in that : 

(a) Base drag is a decreasing proportion of total drag as Math  number increases. 

(b) Rocket exhaust nozzles could conceivably occupy the majority of the base area. 
If, however, the more general applications of this type of configuration are being considered the effects 

of base and afterbody drag may be significant. The influence of adding air breathing engines must also be 
considered. 

The simple effect of inclusion of base drag (derived from Ref. 13) in the calculation of (L/D) ..... for 
asymmetric and symmetric conical forebodies is shown in Fig. 16. As can be seen the effect of base drag 
is to roughly halve the gain in (L/D) .... arising from the use of favourable interference. 



The influence of afterbody drag can be seen by calculating (g/D)max for asymmetric and symmetric 
configurations using a Sears-Haack shape for the body. For  the asymmetric configuration the forebody 
will theoretically have twice the wave drag of the symmetric forebody of the same volume. The afterbody 
however is not underneath a wing surface and hence its wave drag will lie between once and twice the 
wave drag of the symmetric afterbody of the same volume. Thus if the wave drag of the symmetric body 
is CDoB that of the asymmetric body will lie between 1.5 and 2 CDoB. From Fig. 17 it can be seen that 
even if the most optimistic assumption is considered the gains in (L/D)m~xare very small. 

If the original symmetric body is split down a horizontal centreline and the two halves displaced 
longitudinally so that the afterbody of the top half is above the wing and the forebody of the bottom half 
is below the wing as in Fig. 18 the interference effects are being used twice. The wave drag of the body 
can now be said to lie between that of the original symmetric body of length I and a new symmetric body 

of length 2 "  Comparing the asymmetric configuration with a symmetric configuration having either of 

these two lengths (Fig. 18) shows that (with the most favourable assumption for the wave drag of the 
asymmetric configuration) a substantial gain in (L/D)m,x particularly at the lower Mach numbers is 
possible. 

At the higher values of r when the wave drag of the body is a fair portion of the total CDo it is obvious 
that a more accurate idea of CDo~ must be obtained before the results can acquire any quantitative 
significance. 

It is interesting to note however that the variation with Mach number is opposite in form to that 
calculated for slender wings in Ref. 10 as shown in Fig. 19. 

3.2.3. En.qine nacelles. Just as the pressure field from the volume-carrying element is used to 
affect lifting surface pressures, so that of the basic engine nacelle configuration can be used in a similar 
fashion. For an isolated nacelle the wave drag will depend on the ratios of entry and exit area to nacelle 
maximum cross sectional area, A~n/Ama×and Aex/A . . . .  to the fore and aft cowl shapes and their fineness 
ratios and to the wetted surface area. An overall fineness ratio for the nacelle has been assumed (this is 
often dictated in practice by internal flow considerations, length/diameter ratio of the engine etc) and 
conical external surfaces for the fore and afterbody shapes. A typical variation of Aen/Am,xand A~,JAm~ x 
with Mach number is shown for a turbojet having reheat at the higher Mach numbers in Fig. 20. This 
assumes that entry size is matched to the engine airflow and that the exit nozzle expands the internal 
flow to the ambient static pressure at all Mach numbers. 

If entry and exit size are approximately equal nacelle interference effects can be used only if the afterbody 
is placed behind the trailing edge of the wing (nacelle underneath the wing) or the forebody in front of the 
leading edge (naceile above the wing) as shown in Figs. 2a and b. However, as Mach number increases 
and the exit area starts to increase at a greater rate than the entry area the whole nacelle can be placed 
underneath the wing (Fig. 20c) and some benefit can be expected since there is now in effect a forebody 
(with base area equal to A~x-Aen) and no concomitant base drag so far as interference effects are con- 
cerned. Thus an increasing advantage by using the asymmetrically placed nacelle is shown (Fig. 21) as 
free stream Mach number increases. 

3.2.4. Volume and powerplant. With the three basic components, wing, body and powerplant 
particularly at the higher Mach numbers there are now a number of arrangements which can theoretically 
enhance LID by appropriate use of favourable interference. Some possibilities are sketched in Figs. 22a 
and b. 

It should not be forgotten that a favourable interference effect between powerplant and volume rather 
than between powerplant or volume and lifting surface is possible, i.e.,the excess exhaust nozzle area can 
be used to reduce or even eliminate the afterbody drag associated with a normal body shape. 

The scheme (d) shown in Fig. 22b has been selected to illustrate the order of the gains to be expected 
over the equivalent symmetric configuration. As can be seen (Fig. 23) an increasing advantage is available 
at Mach numbers in excess of 2.5. 



4. Conclusions. 

(I) The simple theory of Ref. 3 is summarised and extended slightly and it is shown that the values of 
(L/DI .... predicted are in reasonable agreement with measured values for slender halfbodies placed beneath 
sonic-leading-edge delta wings. 

t'2) At off-design condition, i.e. when the leading edge of the wing is either sub- or supersonic, predictions 
can be considerably in error. 

(3) Calculations comparing asymmetric and equivalent symmetric configurations show that if base 
drag is neglected, a considerable amount of potential storage volume can be carried underneath a wing, 
with L/D values which are equal to or slightly in excess of those calculated for the wing alone. 

(4) Calculations with base or afterbody drags included show that gains in L/D over equivalent sym- 
metric configurations are generally small and can be negative in some cases. 

1'5) Gains in L/D are obtained above M = 2 by positioning an engine nacelle underneath the wing 
rather than symmetrically with respect to it: these gains increase fairly rapidly with increase of Mach 
number. 

1'6) Some suggestions are sketched to show possible ways of applying interference principles in the 
design of supersonic aircraft. 
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able pressure field from a conical body. 
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FIG. 2. Notatioo for swept untapered wing. 
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FIG. 3. Notation for arrowhead wing. 
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