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Summary.

An experimental and theoretical comparison has been made between two different methods of combin-
ing excess cross-sectional area (due to the engine exhaust nozzle exit being larger than the intake entry)
with the volume and lifting surface elements in an aircraft configuration.

Comparisons of measured and calculated values of (L/D),,,, have been made using linear theory and in
general fair agreement is achieved. A systematic study of the effect of varying the proportions of the
configurations studied leads to finding the optimum proportions for either approach.
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1. Introduction.

Design studies have shown that air-breathing engines are suitable for the propulsion of aircraft up to a
Mach number of at least 7-0. It is possible therefore to consider aerodynamic vehicles at high supersonic
speeds, in which the essential constituents are a volume for carrying the payload, a lifting surface having
little or no stowage volume and nacelles which house the powerplant. In recent years a considerable
amount of thought has been devoted to the problem of combining these elements into the most favourable
combination, i.. the one that gives the highest ratio of lift to drag in trimmed cruise flight.

One approach is to combine two or more of the elements into a single entity. For example thick slender
wings can combine the lifting and stowage volume functions ; or ducted wings may combine the functions
of lifting surface and powerplant. '

A second approach is to keep the elements identifiably separate, but to arrange them in positions
relative to each other in such a way that they mutually interfere in a manner which enhances the lift to
drag ratio.

Configurations that have half bodies underneath wings have been proposed for hypersonic boost
glide vehicles’, and these are good examples of a combination of the two approaches. The pressure drag
associated with the stowage volume (the half body) is positioned so as to augment the undersurface lifting
pressures on the wing; and the rocket nozzle (or equivalently the excess area of the exhaust over the inlet
for an air-breathing engine) is integrated with the volume so that the body has no afterbody drag. Such
configurations do not however have universal application owing to balance problems and a low ratio of
stowage volume to wing area.

Using configurations that are more practical for aircraft which have to take off and land, and cruise at
moderate or high supersonic speeds, Goldsmith and Cook? have tried to establish the order of gain in
lift to drag ratio obtainable from the use of interference principles. In the present Report one of the
configurations studied in Ref. 2 is made the basis of a specific comparison of the two approaches. The
basic wing-body combination is shown in Fig. 1a. Figs. 1b, 1c and 1d show propulsion units of different
form added to this arrangement. Integration of the powerplant with the payload-carrying volume as
shown in Fig. 1b should lead to a reduction in the overall pressure drag. This principle has been discussed
by Squire>.

The favourable interference approach is shown in Figs. 1c and 1d, where the afterbody associated with
the payload-carrying volume is placed wholly on top of the wing, while the duct for the propulsion unit
grows from its inlet area to the larger exhaust area wholly under the wing. This produces a configuration



with a higher drag than the basic wing and body, but with favourable lifting pressures induced on both
top and bottom surfaces of the wing.

Because conditions inside the duct were not relevant to this experiment, and to simplify manufacture,
the engine inlet area is not reproduced on the models. Only the excess of nozzle exit area over engine
inlet area is represented, and this has been assumed in all cases equal to the maximum cross-sectional
area of the basic body. The models are therefore as shown in Figs. le to 1h, although they are representative
of the configurations illustrated in Figs. 1b to 1d.

Measurements have been made of lift, drag and pitching moment on comparable models designed in
the manner outlined above. Calculations have been made to indicate under what geometric conditions
the two approaches show advantage relative to each other. A comparison has been drawn between the
various methods of integrating the propulsion unit and also with the configuration represented in Fig. 1j,
in which the engines are attached to the wings without any consideration of integration or favourable
interference.

2. Experimental Details.
2.1. Details of Models Tested.

Details of the bodies used in these tests are given in Fig. 2a. All have been derived from the basic shape
(Fig. 1a) by the addition of excess engine exit area equal to the maximum cross-sectional area of the body,
as explained in the introduction and shown in Fig. 1. Thus B, is the idealised integrated version with
parallel afterbody resulting from the symmetrical disposition of the excess exit area. B, is an alternative
version, which is more realistic, where the base area is all placed above the lifting surface. Thus although
the afterbody remains of constant cross-sectional area there is a change in cross-sectional shape from
circular to semi-circular. Bodies B,, B, and B; are representative of the interference approach. The
after-body is above the lifting surface and produces both lift and drag. The engine is placed under the
wing so that the pressures associated with the nacelle drag also produce an additional lift force on the
wing. The difference between the three bodies, Bs, B, and Bs is in the shape of the underbody, which
would be dictated by the shape of the intake. Bodies B; and B,, in which the front of the underbody
is respectively a horizontal wedge and a vertical wedge, are consistent with the equivalent versions of a
rectangular intake (see Fig. 1). The underbody B represents a semicircular intake.

In every case the combined cross-sectional area of afterbody and underbody remains constant and
equal to the maximum cross-sectional area of the basic body. Details of the afterbodies and underbodies
are given in Figs. 2b, 2¢ and 2d.

Each body can be fitted with any of three different wings, details of which are shown in Fig. 3. Apart
from the chamfered leading edges the wings are of constant thickness with blunt trailing edges.

2.2. Test Facility.

The tests were carried out in the 3 feet x 4 feet, high supersonic speed tunnel at the R.A.E., Bedford
during 1964. This is a variable density, continuous flow tunnel, which at the time of these experiments
was fitted with a fixed wooden nozzle providing a Mach number of 4. The tunnel has been described
in Ref. 4.

2.3. Measurements.

Strain-gauge balance measurements of lift, drag, and pitching moment were made on all configurations
over an incidence range of —4° to 10°,

Stagnation pressure was 110 pounds per square inch absolute and stagnation temperature 40°C,
giving a Reynolds number based on total model length of 28 x 107, The humidity of the air in the tunnel
was kept at 100 to 150 parts per million by weight.

Base pressures were measured on all bodies. The base of each body was recessed in accordance with the
recommendation of Ref. 5 and pressures were measured using pitot tubes arranged as in Fig. 4. The body
base drag was computed using the average base pressure and has been subtracted from the total axial
force.



In general no corresponding adjustment has been made for wing base pressure. Base pressures were
measured on wings W, and W, by means of tubes let into, and flush with, the bluff base. The pressures
have been used to facilitate comparison between calculated and measured values of drag (see Section 4.2).

In order to check the condition of the boundary layer, the sublimation technique® was used to give a
visual indication of boundary-layer transition. The models were sprayed with a solution of acenaphthene
in acetone. The tunnel running time required for transition indication was about ten to fifteen minutes.
Configurations B, W, and B, W were tested at zero incidence over a range of Reynolds number, and a
series of typical patterns is given in Fig. 5. The results of measurements made from these photographs are
plotted in Fig. 6, where transition Reynolds number is based on the chordwise distance from the leading
edge of the wing to the mean transition line as indicated on the photographs. Some results from Ref. 7 are
also shown for comparison. As a result of these measurements the force tests were carried out with a band
of No. 60 carborundum particles 0-1 inch wide and 0-03 inch high, placed around the body 1-5 inches from
the nose. No roughness was put on the wings.

2.4. Accuracy.

Balance and pressure measurement accuracies lead to uncertainties in the various components as
follows:

C, Cp Cur L/D X,/
+0-004 +0-0001 +0-0002 +0:04 +0-003

All force and moment coefficients are based on gross wing area, i.e. the area of the planform shown in
Fig. 3.
Angles of incidence are estimated to be accurate to +005 deg.

3. Experimental Results.

The results of base pressure measurements on bodies B,, B, and B, in combination with wings W, and
W 5 are shown in Fig. 7.

Lift, drag and pitching-moment coefficients, together with centre of pressure location, are presented as
a function of angle of incidence in Figs. 8 to 16. Lift to drag ratios have been derived and are plotted
in Fig. 17. The maximum values of lift to drag ratio for all configurations are summarised in Table 1.

The experimental lift to drag ratios for all wings in combination with body B, are shown plotted

1 —— .
@% > in Fig. 18. Results from Ref. 8 are shown for comparison.

These results were obtained at M = 2:94 on a series of wing-body combinations similar to configurations
using B;. It will be noted that whereas in Ref. 8 (L/D),,., decreased with increase in aspect ratio as the
wing leading edge changed from sonic to supersonic, this feature is not repeated in the present tests.
Apart from this, the descrepancy between the two sets of results can be ascribed largely to difference in
Mach number.

against aspect ratio and r(

4. Theoretical Maximum Lift-Drag Ratio.
4.1. General.

In Ref. 9, Migotsky and Adams propose a simple theory for estimating the maximum lift-drag ratio
of a body mounted under a triangular wing. This gives

c,

Qyee—
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in which the upper signs correspond to the body under the wing and the lower signs refer to the inverted
configuration.

In the same reference it is also shown that for a full cone mounted symmetrically on a triangular wing
the optimum lift-drag ratio reduces to:

L 1 [dC,jdux
= =y —E T 2
(D ) max 2 CDo . ( )

Goldsmith and Cook? have extended this work slightly and applied it to several types of interference
configuration to predict values of maximum lift-drag ratio in reasonable agreement with measured
values for slender half bodies beneath sonic leading edge delta wings. Using similar methods it is possible
to estimate the values of the various components of equation (1) for the present configurations. These can
then be compared with the experimental values derived from Figs. 8 to 13.

4.2. Estimation of Components in Equation (1).
Co

)

In order to obtain a value of the drag at zero incidence which can be compared directly with the experi-
mental values, it is necessary to include the effect of wing leading-edge bluntness and wing base pressure,
as well as the wing-body skin friction and pressure drags.

The effect of leading-edge bluntness has been taken simply as the pressure behind a normal shock
acting on the leading-edge area; while the wing base pressures were obtained from Fig. 7. Skin-friction
drag has been calculated by the method of Ref. 10.

Except for the underbodies representing the propulsion units on B, B, and Bs, estimates of the pressure
drag of the wings and bodies are based on charts given in Refs. 11 and 12 respectively. For the quasi-wedge
shaped underbodies on B and B, surface pressures have been estimated assuming oblique shock wave
relations ; corrections were made for changes in the local pressure behind the Mach lines emanating from
the leading-edge tips. The underbody on B; has been assumed to be a half cone and the pressure drag was
again obtained from Ref. 12.

In Table 3 the calculated and experimental values of Cp, are shown for all configurations. A detailed
breakdown of the components of C),, for configurations B, W, and Bs; W, is given in Table 4.

Cy

0

Values of C; due to fuselage afterbody and propulsion unit underbody have been estimated for Bj,
B, and B; by using the expression given in Ref. 2, i.e.

2 S,

CL°=’E._S—';'

3)

These estimates are given in Table 3, together with the experimental results obtained from Figs. 8, 9
and 10.

In the case of body B; the underbody is very nearly conical and the lift induced on the wing can be
obtained by integrating the pressure field about a cone over the area of the wing which it affects. Results
obtained in this way are about six per cent lower than those given by equation (3), which is in general
agreement with the trends shown in Fig. 4 of Ref. 2.

Some indication of the relative extent of the interference effect on the three different wings W,, W, and
W 3, due to the conical underbody, can be obtained from Fig. 19a.

G

The quantity G is the rate of change of axial force with incidence and is due mainly to the effect of
the pressure field of the wing at incidence, acting on the surface of the body. The assumption has been



made that the pressure acting on the body is constant over the body and equal to the pressure along the
centre line of the wing as obtained from linear theory for the wing alone.
Thus for a supersonic leading edge wing (e.g. wings W, and W)

tan A 1 48,

G=e———.cos"'| — |.—. = 4
- /PPtan? -1 €08 l:ﬁtanl] T Sy )
and for a wing with subsonic leading edge (e.g. wing W ;)

_2tani §,
TEK) S ®

In equation (5), E is a complete elliptical integral of the second kind in which K' = /1 —K?;K = Btan 1.
These results for G are tabulated, together with the experimental values, in Table 3.

Lift-curve slope

The values of lift-curve slope for the wing-body combinations, which are given in Table 3, were obtained
by using the method of Ref. 13. Lift-curve slope is shown plotted against tangent ratio (tan A/tan y) in
Fig. 20a, together with the linear theory values of dC; /du for a delta wing alone at M = 4-0. The increment
due to the body alone based on Ref. 14 is also shown.

4.3. Evaluation of Maximum Lift to Drag Ratio.

The values of Cp,, C, , G and dC,/dx, obtained by the methods of Section 4.2, have been inserted in
equation (1) in the case of asymmetric configurations and in equation (2) for symmetric configurations,
in order to obtain theoretical values of the maximum lift-drag ratios. These results have been summarised
in Table 2 for all configurations.

5. Discussion.
5.1. Comparison of Experimental and Established Results.

Table 3 shows that, by using the simple methods of Section 4, very fair agreement can be obtained
between estimates and experimental results for the drag and lift at zero incidence.

Unfortunately, good agreement does not extend to the lift-curve slope, for which the simple method
overestimates and as Fig. 20a shows, this is particularly so in the cases of wings W, and W ,. This result,
however, is consistent with previous experience on delta wings alone'> ' where it has been found that at
values of the tangent ratio close to those for shock detachment, the experimental values of lift-curve slope

fall below linear theory predictions. In Fig. 20b the parameter (d—d% . g
with wings in combination with body Bj, is seen to be in very good agreement with the experimental
results of Ref. 8.

With the exception of those configurations involving wings W, and body B,, the agreement between
calculated and experimental values of the maximum lift-drag ratio is quite good. The disagreement in the
case of wing W is largely due to the overestimation in lift-curve slope value. In the case of body B, the
discrepancy can be accounted for by the fact that experiment shows a non-zero value for the term G. From
the simple concept of G, with constant afterbody cross-sectional area and therefore no net forward facing
area, this term should be zero. However, although the afterbody has a constant cross-sectional area, it
changes shape from circular at its upstream junction with the parallel centre body to semicircular at the
base. Therefore between successive cross sections there is a forward facing area adjacent to the wing and a
rearward area at the top of the body remote from the wing, as shown in Fig. 19b. Pressure differences in
the wing flow field over these areas could cause a noticeable change of axial force with incidence. How-

), obtained in the present tests



ever, as can be seen from Table 3, numerical integration of these pressures yields a value of G which is
only about ten per cent of that found by experiment.

5.2. Comparison of the Two Methods of Utilising the Excess Cross-Sectional Area.

Bodies B, and B; provide a direct comparison between the two methods of using the excess nozzle area
which were outlined in the introduction. In the former the excess area is integrated with the payload
carrying volume as in Fig. le, and in the latter it is added in an interference manner corresponding to
Fig. 1f.

It can be seen from Tables 1 and 2 that the maximum lift to drag ratios found from experiment confirm
the simple estimates in that, for the particular bodies used in these tests, the method of Fig. e (integration)
is better, although the advantage, as was to be expected, is not great, being only about three to six per cent.
Indeed if one considers that B, may be a more realistic alternative to B,, then the experimental results
suggest that there is no real advantage in integration.

By applying the estimation methods of Section 4 to the types of configuration shown in Figs. le and
1f the comparison can be extended to configurations whose proportions are different from those tested.
In this way the effect of changing forebody and afterbody fineness ratios, and of varying the proportion
of the base area above and below the wing have been investigated and the results are given in Fig. 21.

In the Appendix, equations (1) and (2) of Section 4.1 have been used to show that the maximum lift to
drag ratio of the two configurations, Figs. 1e and 1f, will be approximately equal when :

=S ©
VCn,
where Cp, is the zero incidence drag of the integrated configuration, A is the difference in zero-incidence
drag between the two configurations and a = C; — G, i.e. a measure of the interference effect.

Now reference to equations (3) and (4) of Section 4.2 shows that this interference effect is independent
of the length of the afterbody. Therefore, for a given base area, equation (6) indicates that improvement in
an interference configuration over the corresponding integrated configuration will be obtained only by
reducing A. All other drag components being equal, a reduction in A implies a reduction in afterbody
drag, which can only be brought about by increasing the afterbody fineness ratio. The question at issue
therefore is whether the afterbody fineness ratio can be increased to the point at which the difference in
zero-incidence drag between the corresponding configurations becomes less than the interference effect
as defined by a. In Fig. 21a, maximum lift-drag ratio based on equation (1) is plotted against afterbody
fineness ratio for various values of forebody fineness ratio. These calculations assume in all cases a sonic
leading edge wing with a centreline chord equal to the afterbody length. This means that none of the model
configurations is, in fact, exactly represented. This assumption, however, enables the maximum inter-
ference effect to be obtained for each value of afterbody length. As can be seen, the afterbody fineness
ratio can be increased to the point where the interference version is better than the integrated version ; the
advantage however is only about two per cent.

The effect of increasing forebody fineness ratio is to reduce C o Without change in A or in the interference
effect a. It follows therefore from equation (6) that advantage of the integrated configuration is enhanced.
Fig. 21b confirms this trend in the case of B, W, and Bs W,. In this figure values of (L/D)pay based on
equation (1) are plotted against forebody fineness ratio; the fineness ratios of the afterbody and the parallel
centre body being kept constant and equal to the values used on the models (see Fig. 2). The points on
the curves corresponding to configurations B, W, and Bs W, are clearly marked. Values of (L/D)ppay for
the basic wing-body combination (Fig. 1a) and for the configuration shown in Fig. 1j (where no attempt
is made to utilise excess exit area) have also been calculated and are shown.

It can be seen that for the particular configurations investigated, adding the powerplant in an integ-
ration fashion actually gives a slight improvement on the (L/D),,,, of the basic wing and body.

Compared with the basic wing and body with powerplant added as wing mounted nacelles (Fig. 1j) the
benefit of integration is about nine per cent and the benefit due to a favourable interference layout is
about four per cent.




It should be noted that the difference between the (L/D),,., values given in Figs. 21a and 21b for any
particular body is due to the fact that in the two cases different wings are associated with the body resulting
in different values of the volume parameter 7.

In Fig. 21c, (L/D)u is plotted against the proportion of base area below the wing for various body
configurations in combination with wing W ,. Here the fineness ratio of the parallel centre body has again
been kept constant at the model value of 3-62. The calculations have been carried out using two different
values of the afterbody fineness ratio; 576, (the model ratio) and 7-43. Forebody fineness ratio has also
been varied from the model value of 3, to 9. The curve for forebody fineness ratio equal to 3 therefore
shows the effect of the transition from configuration B, W, which has all the base area above the wing, to
configuration Bs W, which is the corresponding interference version and in which the base area is all
below the wing,

Clearly in all these curves there is no optimum base area distribution between the two end points and
the relation between the two end points depends only on the particular afterbody fineness ratio chosen as
was seen in Fig. 21a.

6. Conclusions.

An experimental and theoretical comparison has been made between the integration and interference
methods of combining the propulsion unit with the volume and lifting elements in an aircraft configura-
tion. The main conclusions are as follows:

1. The idealised integrated version is shown to have the highest (L/D)y,, both theoretically and experi-
mentally and this (L/D)g,, is in excess of that for the basic combination of wing and body only.

2. The difference between a practical integrated version and an interference version is very small.

3. It has been shown by calculation that, by increasing the fineness ratio of the afterbody and tailoring
the wing shape to the afterbody and propulsion unit pressure fields, it should be possible to design the
interference version to give a slightly higher (L/D),,, than the idealised integrated version.

4. Estimation of C; , Cp, and dC,/do by linear theory methods gives fair agreement with measurements
for most configurations. Increasing errors in lift-curve slope, as aspect ratio decreases, lead directly to
similar errors in estimating (L/D), ..
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Aspect ratio
Wing span

Centreline chord of wing

Drag coefficient
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Drag coefficient at zero incidence

Lift coefficient
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Lift coefficient at zero incidence

pitching moment
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Pitching-moment coefficient about body base

Axial-force coefficient
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Maximum diameter of body

Rate of change of axial force with incidence d—dca—x
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Free-stream static pressure
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Free-stream dynamic pressure
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LIST OF SYMBOLS—continued
Cross-sectional area of base of body
Gross wing area
Wing thickness
Axial force
Centre of pressure measured from vortex of body nose
Spanwise distance from wing centreline

Angle of incidence

M?2—1

Difference between zero incidence drag of corresponding integrated and interference con-
figurations based on Figs. 1e and 1f

Semi apex angle of wing =90°—A

Mach angle

Sweepback angle of wing

Angle of wing leading edge, normal to leading edge

Volume
(planform area)®/

5 a volume parameter
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APPENDIX

Comparison of the Maximum Lift-Drag Ratios of Corresponding Integrated
and Interference Configurations Based on the Equations of Section 4.1

For the integrated configuration (Fig. le):

g
(E) 1 ﬁ‘_=__d_°°__ (A.1)
D max 2 CDO 2 \/C dCL
Do do
and for the corresponding integrated configuration (Fig. 1f):
ac,
L d
(5) B ac - (A2
e 2\/c;,o-ga—L—cLo .G—Cp,+G

where Cj, is the zero-incidence drag of the interference configuration and will be greater than Cp, which
is the zero-incidence drag of the integrated version. The maximum lift-drag ratio is therefore the same for
each configuration when

ac, ac,
do

do _
dc \/ ~dcC '
2\/6,,0.%E 2 CDOT“L—CLO.G—CLO+G

(A3)

In most of the calculations carried out on the configurations referred to in the text it has been found that

(CL, - G) is small enough to be neglected in comparison with { C Do %) ; and that id% is very nearly
unity. With these assumptions equations (A.3) reduces to
1 1
= . (A4)
2 CDo 2‘\’C’Do_CLo+G
Let A='Cp,~Cp,

the difference in zero-incidence drag between corresponding integrated and interference configurations.
And let

a= CLO_G

which is the important interference effect parameter.
Equation (A.4) can now be rewritten,

1 1

= A5
2/Cp, 2./Cp+A—a (A-3)

13



from which

<1+A)%—1= a__ (A.6)

Now

and substitution in equation (A.6) gives

ignoring higher powers of
Do

A
Cp,

~a. (A7)

ﬁ
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Summary of (L/D) . for all Configurations

TABLE 1 TABLE 2
Experimental Values Estimated V alues
Wing Wing
W, w, W, W, W, W
Body Body
B, 549 524 4-90 B, 5-68 544 535
B, 527 495 4-80 B, 567 543 532
B, 516 490 468 B; 519 504 502
B, ' 4-99 479 476 B, 500 4-83 4-75
B, 518 | 510 | 476 B; 540 | 529 | 526

15
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TABLE 3

Comparison of Estimated and Experimental Values of Cp,, Cy,, G and dCy/du

Cp, CL, G dcC,/do
Estimated Experimental Estimated Experimental Estimated Experimental Estimated Experimental
B, W, 0-0085 0-0094 0 0 0 0 110 1-15
B, W, 0-0093 0-0099 0 0 0 0 1-10 1-01
B, W, 0-0093 0-0098 0 0 0 0 106 092
B, W, 0-0085 0-0095 0 0 0-00032 0-0119 1-10 122
B, W, 0-0093 0-0104 0 0 0-00063 0-0075 1-10 111
B, W, 0-0093 0-0104 0 0 0-00094 00119 1-06 1-02
By W, 0-0114 0-0112 0-0288 0-0232 0-0225 00306 1-10 113
B, W, 0-0129 0-0119 0-0382 0-0310 0-0263 0-0306 1-10 1-00
B, W, 0-0134 0-0121 0-0444 0-0331 0-0284 0-0306 1-06 093
B, W, 0-0122 00113 0-0288 0-0211 0-0225 00279 1-10 1-17
B, W, 0-0140 0-0126 0-0382 0-0286 0-0263 00279 1-10 1-00
B, W, 0-0147 00122 0-0444 0-0371 0-0284 0-0279 1-06 0-92
B, W, 0-0106 00112 00288 0-0244 0-0225 0-0252 1-10 1-12
B; W, 0-0119 00114 0-0382 0-0304 0-0263 00252 110 1-00
B, W, 0-0124 00119 0-0444 0-0351 0-0284 0-0252 1-06 095




TABLE 4

Estimated Components of Cp,, for Configurations B; W, and Bs W,

B, W, B, W,

Wing 0-00016 0-00016
Wing base pressure (-00136* 0-00136*

g’ Wing leading edge bluntness 0-00088 0-00088

g Forebody 0-00236 0-00236

E Afterbody — 0-00056

Interference Effect of forebody on afterbody — 0-00032

Nacelle - 0-00081

Body 0-00152 0-00185

Skin
friction Wing 0-00226 0-00226
cP 0-00854 0-01056

*Measured values
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