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A method of designing the body of a swept wing-body combination, to 
obtain favourable wing-body interferenoe at transonio speeds, has been 
investigated in free flight at zero lift. Models of four different bodies, 
in combination with identical wings swept back 55 degrees, were flown within 
the range of Mach numbers between 0.8 and l-5 at Reynolds numbers, based on 
wing chord, up to 10 million. The general effectiveness of each body shape 
was determined by measuring the total drag of each model; the looal effects 
of each design were determined by measuring the pressure distribution in the 
wing-body junction. 

The results show that it is possible to design a body which will prcduoe 
a prescribed velocity distribution in the wing-body junction at a transonic 
design Mach number, but that it is neoessary to control the velocity distribu- 
tion elsewhere on the wing in order to ensure low drag. An adeqUate estimate 
of the overall wave drag is given by linear theory, provided that the Mach 
number is not too close to unity and the flow on the wing remains shook-free. 
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1 INTRODUCTION 

Several years ago, Bagley' disoussd the feasibility of 
designing a swept-wing aircraft that would have a lift/drag ratio of about 
13 while cruising at low supersonic speeds. This ratio is higher than had 
previously been thought to be obtainable at these speeds, and is suffioientlY 
high to make competitive operation of a swept-wing transport aircraft an 
economic possibility. 

The achievement of the required performance will depend on the main- 
tenance of low drag. In particular, the development of wave drag must be 
deferred to as high a Mach number a8 possible, and Bagley's analysis depends 
on the thesis that the wave drag of the wing oan be eliminated altogether at 
low supersonic speeds. He argued that a finite swept wing-body oombination 
can be designed so that the flow everywhere on the wing corresponds very 
closely to that on an infinite sheared wing. Since the infinite sheared wing 
may have a supersonic critioal Maoh number, so too msy the finite wing. Thus 
the performance of this kind of aircraft will depend ultimately on the pre- 
servation of the 8ame type of flow on the wing at all Mach numbers at which 
the aircraft is intended to operate, 

One of the important factors effecting the flow over the wing near its 
root is the shape of the body. Bagley2 suggested an approximate method of 
body design, based on quasi-cylinder theory, which was intended to pmduOe a 
prescribed velocity distribution in the wing-body junction at a specified 
Mach number. In order to check the method experimentally, a programme of 
wind-tunnel and free-flight tests was initiated. The free-flight tests, which 
are the subjeot of the present paper, were interded primarily to determine the 
accuracy with whioh a prescribed velooity distribution could be produoed in 
praotioe. Since the tests covered a continuous range of speeds, they have 
also indioated the effectiveness of the method at off-design Mach numbers. 
In addition the effectiveness of body shapes, designed by the method, in wn- 
trolling the drag of the wing-body combination has been compared with that of 
a body designed by means of the supersonic Area rule (see, for example, the 
review by Sheppardj). 

Models of four different configuration8 were flown within the range of 
Mach numbers between O-8 and 1.5, at Reynolds number8 up to IO million based 
on the mean wing chord. All the configurations had identioal swept wings, 
but one had an unwaisted body, two had waisted bodies designed by Bagley's 
method end the fourth had an Area-rule body. The overall effectiveness of 
each design was determined by measuring its total drag, and the local effects 
of each design were determined. fmm measurements of the pressure distribution 
in the wing-body junction. The tests were confined to symmetrical conf'igura- 
tions at zero lift, and took place during 1958 and 1959. 

2 MODEL DESIG?? 

2.1 The bdsi?o model conf'inuration (tconfiEuration No.1) 
0 

The configuration from which all the free-flight models were derived wa8 
that of the swept.wing-body combination evolved by Bagley in Ref.1. The basic 
model configuration consisted simply of this wing-body combination with a 
stabilising tail unit added. (Figs.1 and 2.) 
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The wing was swept back 55 degrees and had a gross aspect ratio of 
3.40. The trailing edge was straight from root to tip, with a constant chord 
over the inboard half of the wing and a parabolic leading edge on the out- 
board half which reduced the chord to zero at the tip. (The ordinate8 are 
given inApp8rdd.x I.) This planform was intended to contribute materially 
to the maintenance of sheared-wing flow. The spsnwise distribution of chord 
resembled that calculated by Brebner4 for a unifarm distribution of CL across 

the span in incompressible flow; the tip shape was of the kind deduced by 
Kiiohemann and Weber5 to maintain the sweep uf the isobars on the rear p8rt of 
the utboard chords in subcritical flow. Since Bagley's paper' was published, 
Look 8 has shown that very similar planforms should have desirable lifting 
properties near M = I. 

The wing was mounted symmetrically on the body at zero wing-body angle. 
The unoambered RAE101 aerofoil section was chosen because it has good 
characteristic* at transonic speeds. The thickness/chord ratio of O-06 was 
fixed by considerations of model strength and stiffness, and was twice that 
of the configuration considered by Bagley. For the purpose of the free-flight 
tests this was probably an advantage, because the effects of a local SUpeP 

critical flow on the thicker wing should have been more clearly evident in the 
drag measurement*, 

The body had an overall slenderness ratio of 16, and its siee in relation 
to the wing was determined by the ratio of body diameter to wing root chord of 
0.4, suggested by Bagley. The basic body profile consisted of an ogival nose, 
a cylindrical centre part and an afterbody which had the same profile as the 
nose but was truncated to form a finite base. The van Karman ogive was chosen 
because it is the shape, given by slender-body theory, which has the least 
wave drag for a given length and base area. (See Appendix I,) 

No attempt was made to represent the kind of tail that might be used 
on a full-scale aircraft, The tail unit was designed to suit the requirements 
of a general programme of free-flight tests, of which the tests reported in 
this paper formed a part. The tailplane had a planform with good structural 
properties and an orderly movement of its aerodynamic centre through the 
transonic speed range. The tailplane section wa8 RAE101 with a thickness/ 
chord ratio of O-04, but the fin section was hexagonal. The leading edges of 
the fin and tailplane remained subsonic throughout the range of Mach numbers 
covered by the tests. 

2.2 Haisted bodies 

The models with waisted bodies were designed by modifying the body of 
the basic model configuration without altering the wing or the tail. 

The principles on which wing-body junotion designs must be based, if they 
are to be 
Hartley7. 

fully effective at transonic speeds, were set out by Kiichemann and 
First, the critical kiaoh number of the wing must be raised, if 

possible to that of the equivalent infinite sheared wing, by restoring the 
sweep-back of the isobars on the wing near its root. Second, the rate at which 
the drag rises when the critical Mach number of the wing is exceeded must be 
reduced to a minimum. 

. 
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When the critical Mach number of the wing is exceeded, the region of 

local supersonic flow on the wing is terminated, in general, by a shock. The 
wing drag rises because the presence of the shock requires a change in the 
form of the ohordwise pressure distribution but, provided the shock is not 
strong enough to cause separation, the pre sure changes sre maizily confined 
to the part of the win6 ahead of the shock 8 . Thus the drag rise is related 
to the position of the shook along the chord, and any design method which con- 
trols the rearward movement of the shook will control the rate at which the 
drag rises. Such a method will only be effective up to Mach numbers near 
that at which the trailing edge becomes sonic, beoause the shock will then 
tend to reach the trailing edge. However, when the wing is swept back 
55 degrees the trailing edge does not beoome sonic until the Mach number is 
I-74, ad the prospect of oontrclling the drag at Mach numbers as high as this 
is attractive and worth investigating. 

The critical biach number and the shock movement can, in principle, be 
contrclled if a prescribed velocity distribution csn be achieved over the 
whole wing in practice. The method of body design suggested by Bagley' WBS 

intended to determine the velocity distribution only in the region of the 
wing-body junction. It is assumed that the body is large enough to act as a 
reflection plate for the wing, end that the velocity in the Junction is given 
with sufficient accuracy by the sum of the velocity due to the body alone and 
the velocity at the centre section of a wing composed of the nett wing and its 
reflection. The velocities at the junotion due to the wing sre oalculated, 
and then a body shape is caloulated to produce velocities which, when they are 
a&led to the wing velocities, produce the required velocity distribution. 

This method was applied to the design of two of the free-flight model 
configurations. Only the sides of the bodies were waisted, so that the 
original body depth would be retained, and cross-sections through the waisted 
parts of the bodies were elliptical. As well es making the assumption thst 
the wing and body flow fields could be superposed, linear theory was used to 
obtain the velocities and, in the actual calculations, some integrations were 
replaced by summations. Thus several approximations were introduoed, the full 
significance of which was not known when the models were designed. In addition, 
each bdy shape is theoretically ccrreot at only one Mach number, though in 
practice the required body shape changes slowly with Mach number. 

Thus the pr3nary purpose of the free-flight tests wss to determine how 
effectively this method of body design could produce a prescribed velocity 
distribution in the wing-body Junction at the design Nach number. The tests 
also enabled a comparison to be made between this method and the Area rule, 
and the effectiveness of both methods to be investigated at off-design 
Mach numbers. 

An obvious starting point, for the prcoess of raising the critical 
Mach number of the wing to that of the infinite sheared wing, is to try t0 
produce the sheared-wing velocity distribution in the wing-body junction. 
However, the body shape calculated tc achieve this on the free-flight model, 
at a design Mach number cf 1.2, reduaed the body width by half at the wing- 
root trailing edge, and the body sides continued to converge aft of the wing 
root (Fig.3). This designwas, therefore, abandoned and other shapes wsre 
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designed which were considered sufficiently practicable to be tested in 
free flight. These are described in the following sections, and their 
ordinates are given in Appendix 2. 

2.2.1 Confimration No.2 

The body of this configuration was designed to produce, at M = 1.2, a 
velocity distribution different from that on the infinite sheared wing. The 
suction peak was farther forward and the velocities at all points aft of the 
suction peak were reduced. (Fig.3) The body indentation was less severe than 
that calculated to achieve the full sheared-wing distribution, and the body 
sides diverged. slightly at the wing-root trailing edge, but the maximum body 
width was not restored within the length of the model (Fig.4). 

The shape of the calculated vel-,city distribution implies that, provided 
sheared-wing flow is established farther out on the wing, the isobars forward 
of the peak suction line should have the required sweep of 55 degrees and the 
isobars aft of the peak suction line should be swept baok even more. Thus, 
under these conditions, the critical Mach number should be at least as high 
as that of the sheared wing. However, when the velocity distribution is com- 
pared with that on the sheared wing, it is olear that in this case there is 
less suction on the forward-facing part of the wing near the root and more 
pressure on the forward-facing part of the body waist. Thus, although the 
flow in the wing-body junction should be shock-free, the drag may be greater 
than that of a configuration designed to maintain sheared-wing flow in the 
junotion. 

When the critical Mach number of a wing has been exceeded, the local 
Mach number just ahead of the wing shock may become almost independent of the 
flight Mach number until the trailing edge becomes sonic. (See, for example, 
Refs.8 and 9.) There may, therefore, be a lower limit to the Mach number 
just aft of the shock. If the local tiach numbers on the rear of the wing are 
reduced by body design, the rearward movement of the shook should be slowed 
down. The reduotion of all velocities aft of the suction peek on the wing yf 
this model configuration should, therefore, reduce the rate at which the wing 
shock moves rearward when the critical Mach number is exceeded, and the rate 
at which the drag rises should be lower than for the infinite sheared wing. 

2.2.2 Configuration No.2 

The body of this configuration was subject to the practical limitation 
that the minimum body width should not be less than three-quarters of the full 
bo6y diameter (Figs.3 and 4). It was shaped so that, at the design Mach number 
of 1.2, the suction peak would be as far forward as on configuration No.2, 
though full sheared-wing suction could not be developed with such a moderate 
waist. The calculated rate of pressure recovery aft of the suction peak is 
less than on configuration No.2 but the velocities are all lower than on the 
infinite sheared wing. 

The fact that the calculated suction peek in the wing-body junction is 
lower than that on the sheared wing means that, if sheared-wing flow is 
established farther out on the wing, some of the isobars on the wing will form 
d0sed loops. However, the unswept parts of the loops should be forward of 
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the peak suction line. Behind this line the isobars should all be swept more 

than 55 degrees and, as it is in this region that the wing shock occurs, the 
critical Mach number should still be at least as high as that of the sheared 
wing. The drag, like that of configuration No.2, may be higher than if 
sheared-wing flow had been produced in the wing-body junction, even when the 
flow there is shock-free. When the oritical Mach number is exoeeded the 
reduced velocities on the rear of the wing should delay the drag rise, in the 
ssme way as on configuration No.2. 

2.2.3 Confimwation No.4 

The body of this configuration had the same length, volume and base 
area as the basic, unnaisted body, but the volume was redistributed in aco7rd- 
ante with the Transfer-rule version of the supersonic Area rule3. 

Experience of the supersonic Area rule had indicated that, while it ms~' 
be successful in maintaining low wave drag at the design Mach number, it may 
be less effective at other Mach numbers and that, as a result, a drag peak may 
occur at sonic speed. Therefore, although the intended cruise Mach number of 
this configuration remained l-2, its design Mach number was reduced tc 1.16. 
It was hoped thereby to flatten the supersonic part of the drag curve, up to 
M = 1.2, by reducing the sonio peak while incurring only a trivial penalty at 
the design Mach number. 

The wing-body combination was treated in three parts: a von Karman ogive 
with the length and base area of the bod 

3: 
the additional body volume, and 

the volume of the exposed wing (Fig.s(a) The additional volume of the basic 
body was first redistributed until, at M = l-16, the mean oblique area dis- 
tribution of the combined additional body volume and transferred wing volume 
was that of a Sears-Haack body. The area distribution of the resultant - 
waisted body was then obtained by subtracting the transferred area distribu- 
tion of the exposed wing from the new total area distribution of the wing-body 
combination. The rear part of this body was rather narrow and would have 
restricted the installation of standard telemetry components in the free-flight 
model. A partially-waisted body was therefore adopted. Its cross-section 
areas differed from those of the unwaisted body by only 60 per cent of the 
amounts required by the Area rule (Fig.5(b)). Calculations by Lord, based on 
an extension to the Transfer rule of the results for the sonic Area rule 
reported in Ref.10, indicated that this body should achieve 84 per cent of the 
drag reduction that the fully-waisted body would achieve. 

As the Transfer rule does not impose any restriction on the shapes of 
body cross-sections, the model was designed to have a body of revolution in 
order to simplify its manufacture. 

3 EKPEBIMRNTAL TECHNIQUE 

The bodies of the models were designed specifically for eero lift con- 
ditions. Therefore, prior to the free-flight tests, the tailplane angle to 
trim the models at eero lift was determined from tests in the 8 ft x 8 ft 
supersonic wind tunnel at the R.A.E., Bedford and in the 9 ft x 8 ft transonio 
tunnel of the Aircraft Research Association, Ltd. 
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The model used in the tunnel tests was identical in siee and shape t3 
the free-flight Area-rule model in all respects except the shape of the rear 
end of the body. This was cylindrical instead of tapered in order to admit a 
rear sting support. The tunnel tests indicated that, at zero lift, there Was 

a downwash angle aF about one degree at the tailplane position, at all Maoh 
numbers to be oovered by the free-flight tests. Acccrdingly the tailplanes 
of the free-flight models were set at a positive angle of one degree, and the 
flight tests confirmed that this was correct. 

The models were flown at the Larkhill range. Three models of the basic 
(unwaisted) configuration were flown, and one model of each of the waisted 
configurations. Boundary-layer transition was allowed to oocur naturally on 
all the models. Each model was launched from the ground by twin rocket 
motors (Pig.6b) and reached its maximum velocity in about 2 seconds. The 
rocket motors were detached as soon as they stopped thrusting, and the 
experimental measurements were made while the model was decelerating in free 
flight. The models followed a fairly low trajectory, and in order that they 
should not fly beyond the limits of the range each model was destroyed in 
the air by an explosive charge, detonated by a clockwork time fuse. 

Every model oarried standard ~~~465 MO/S telemetry equipment. The 
lateral, longitudinal and normal components of the acceleration of the model 
were measured at its centre of gravity, and the normal accelerations were also 
measured at points near the nose and tail so that longitudinal stability could 

be investigated if necessary. With the exception of one of the unwaistsd 
models, static pressures were measured at II+ points in the wing-body junotion 
of each model. The flight path of each model was determined from measurements 
made by synchronised kine-theodolites at several stations along the range. 
Velocity was determined by radio-Doppler measurements. 

The first models to be flown were those of configurations 3 and 4, and 
their results showed that neither model had. reached subsonic speeds. In Order 
that the remaining models should do so, their weights were reduced and their 
flight times were increased from 18 to 22 seconds by re-setting the time 
fuses. As the tests progressed, it beoame clear that the drag rise of the 
models was starting at a lower Mach number than had been expected, and that 
the models were still not reaching a low enough Mach number, before being 
destroyed, to enable the subsonic drag level to be measured. Therefore, 
before the last unwaisted model was fired it was installed in the 13 ft x 9 ft. 
wind tunnel at R.A.E., Bedford, and its zero-lift drag was measured at speeds 
of 200 and 300 feet per second. (Fig.6a.) When this model was flown, its 
maximum velocity was reduced by adding ballast to the rocket motors that 
launched it, with the object of confirming both the subsonic drag level and 
the shape of the drag rise. 

4 DISCUSSION OF RESULTS 

4.1 Interpretation of the results 

At least a week elapsed between the calibration of a set of pressure 
transducers and the flight of the model containing them. During this period, 
the zero-pressure level in3icated by some of the transducers drifted slightly. 

. 

. 
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The drift of each instrument was measured on the range just prior to firing, 
and appropriate oorrections were applied during analysis of the results. 
However, their effeat has been to make the uncertainty in the absolute pres- 
sures indicated by arly sin&e tranaduoer greater than the uncertainty in the 
indicated changes of pressure. The estimated maximum uncertainties are 
indicated in Figs.8, 8 and 10. 

Drag measurements were obtained from the accelerometers carried in the 
models, and by differentiation of the radio-Doppler velocity measurements 
made on the ground. Though the Doppler measurements indicate drag levels 
aoourately, they are incapable of resolving rapid fluctuations of drag. They 
have, therefore, been regarded only as a means of checking the accelerometer 
measurements, and they are not presented in this report for those models from 
which accelerometer measurements were obtained. It is worth recording that, 
in every case, the drag levels indicated by the accelerometers were confirmed 
by the Doppler results within the accepted uncertainty limits for tests Of 
this kind. The greatest uncertainties in the drag measurements are + 4 per 
oent at supersonic speeds and t 12 per cent at subsonic speeds. 

It should, perhaps, be pointed out that the severe drag rise experienced 
by all the models at high subsonic speeds is not typical of this wing-body 
combination. More than half the drag rise is associated with the tail unit, 
which was designed primarily to satisfy engineering requirements. 

The models were manufaotured within a dimensional tolerance of 
?O-003 inch on all the ordinates of the external surfaoes. 

4.2 Configuration No.- 

The pressure distribution in the wing-body junotion of configuration 
No.1 was measured on two models and the results are presented in Fig.8. 

There is some soatter of the experimental points, but the results show 
clearly that the shape of the pressure distribution changed continuously from 
its subsonic form tc a typioelly supersonic form at subsonic Mach numbers. 
At Mach numbers greater than 0.9 there was a sharp pressure rise at the wing 
root trailing edge, probably oaused by a shook, and at sonic flight speed 
fully supersonio flow was established in the wing-body junction. 

Results were obtained from only one model (model A) at M = 1.2. At 
this Mach number the pressure rise at the trailing edge agreed closely with 
the estimate, but the pressures measured elsewhere on the wing root chord 
were generally higher than the estimated values. At lower Mach numbers the 
pressures on the second model (model B) were generally lower than those on 
model A, and it seems likely that this tendency would have persisted at 
M = 1.2. Thus had results been obtained from model B at M = I.2 they would 
probably have been nearer to the estimated values than those aotually 
obtained from model A. Some of the differenoe between the measured and the 
estimated pressure distributions may be due to the slight natural waist which 
is formed when a wingoffinite thickness interseots a cylindrical body. 

The reason for the lack of agreement between the pressure measurements 
from the two models is not known. It is not due to a difference of CD, 
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because both models were tithin OGL? of the same CL at sll Mach numbers, 

whereas the measured differences in Cp require a difference in CL of about 

0.05. Both models rolled very slowly in flight, but they rotated in the same 
direction end at elmoat the same rate. There were slight differences between 
the idiaated lateral accelerations of the models, but they were so small 88 
to be well within the estimated uncertainty of the measurements. The records 
of the telemetry signals reoeived from the two models are of good quality. 
Inspection records shod that both models were within the dimensional tolerance 
of +O*OOj inch at all points, and that errors in one model tended to appear in 
the sene place on the other. Thus the difference between the shapes of the 
two models was very small and is unlikely to have contributed appreciably to 
the measured pressure differences. 

The drag of configuration No.1 was measured on three models, two of 
which were slso used to obtain pressure measurements. The results are 
presented in Fig.il(a). The symbols used in this Figure, to distinguish 
between the models, correspond to those used in Fig.& Although there is a 
slight differenoe in level between the three curves at supersonic speeds, 
this is within the estimated unoertainty of the experimental results, There 
is very little scatter of the experimental points from any particular model, 
and the three ourvea define the shape of the drag curve dearly at SUpWSOniO 
speeds. 

At subsonic speeds models A and B yielded two distinct aurvea, with 
model C following first one curve and then the other. The two separate curves 
on their own might have been suspect, but the hump from one curve to the other 
made by model C suggests that both curves may be genuine, and that the dif- 
ference between them may be due to a boundary-layer effect. 

4.3 Configuration No.2 (severe waist1 

The pressure distribution in the wing-body junction of configuration No.2 
was measured on one model, and the results are presented in Fig.% They 
appear to have less scatter than the results obtained from the models of 
configuration No.1, and show quite clearly that the pressure distribution in 
the junction remained essentially subsonic in character and shock free up to 
M = l-45, the highest Mach number achieved by this model. The form of the 
pressure distribution remained remarkably constant, and it would appear that 
completely shockleas flow was achieved in the junction throughout the Nach- 
number range covered by the teat. The resemblance between the prescribed 
pressure distribution and the measured distribution at M = I.2 is good, and 
there can be no doubt that the design method has been generally successful. 

It is, however, worth noting that the measured suction peak at M = l-2 
was not aa high or as far forward on the wing chord as the peek of the pre- 
scribed distribution, and. that in general the measured pressures were a little 
higher than the corresponding prescribed pressures. Thus there was less suo- 
tion on the front of the wing, but more pressure on the rear, ao the drag of 
the wing near the root was probably not very different from the drag associated 
with the prescribed distribution. The occurrence of the auction peek aft of 
the prescribed position suggests that the isobars on the wing forward of the 

. 

. 

- 11 - 



. 

. 

. 

suction peak may not have maintained the full sweep-back of 55 degrees. This 
is not important in this particular case, as the suotion peak was still well 
forward of the crest of the wing section. 

The drag of configuration No.2 was measured on the model that was used 
for the pressure measurements, and the results are presented in Fig.ll(b). 
The drag-rise Mach number appears to be higher than that of configuration NO.1, 
and since the flow in the wing-body junction was shooMess this is to be 
expected. The drag-rise Mach number should be that of the body and tail 
alone. At low supersonic Mach numbers the drag ws.6 certainly lower than that 
of configuration x0.1, but at M = l-1 the drag rose quite sharply and con- 
tinued to rise as the Mach number increased, without any corresponding change 
of trim or of the form of the pressure distribution in the wing-body junction. 
There is no evidence to show why this happened, but there can be little doubt 
that it did so. The results show some scatter, but the same trend is fOllOw0d 
by drag measurements from three sources: longitudinal accelerometers in the 
model, and kinetheodolites and radio-Doppler equipment on the ground. High- 
speed tine films indicate that the model was intact throughout its flight. 

4.4 Configuration No.3 (moderate waist1 

Only one model of this configuration was flown, and its telemetry trans- 
mitter failed one second after it left the ground. Therefnre no measurements 
of pressures or accelerations were obtained from the model itself. The drag 
of the model at supersonic speeds was derived from radio-Doppler velocity 
measurements only, and these results ere presented in Fig.ll(o), The general 
level of the drag was considerably lower than that of configuration No.2 in 
the same Mach-number range (Figs.12 and 13) and the sharp drag rise at M = l-1, 
associated with configuration No.2, did not occur, The drag of configuration 
No.3 may be slightly lower than that of the unwaisted configuration (No.11, 
but the difference in level between the Curves is of the same magnitude 89 the 
estimated uncertainty of the measurements. 

4.5 Configuration No.4 (Area rule1 

The pressure distribution in the wing-body junction of configuration No.4 
was measured on one model at supersonic speeds only, and the results are 
presented in Fig.10. The curves show clearly that the shape of the pressure 
distribution remained almost constant throughout the Mach-number range covered 
by the test, and was essentially subsonic in form. 

Compared with configuration No.2, the wing-root of configuration No.4 
had less suction Over the forward part and more suction over the rear part. 
The drag of the wing near the root must, therefore, have been greater than On 
configuration No.2, though less than on configuration No.l. At M = 1.2 the 
suction peak was lower than that aalculated for the infinite swept wing, and 
at all Maoh numbers the suction peak occurred aft~of the crest of the wing-root 
section. If sheared-wing flow developed farther out on the wing, some of the 
isobars must have formed closed loops near the w-root, and the isobars 
forward of the peak suction line could not have been fully swept. However, 
the measured pressures aft of the suction peak agree very olosely at M = I.2 
with the caloulated pressures on the infinite sheared-wing, so the full sweep- 
back of the isobars on the wing aft of the suction peak was probably just 
maintained. 
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A curious feature of the measure& pressure distributions is the strong 
euotion peak just forward of the wing-root trailing edge. This may be 
genuine, but it could be due to a faulty transducer or, possibly, to damage 
sustained when the rocket motors separated from the model. Such damage is 
extremely unlikely, but it oannot be discounted in this case because there 
was .sn aerial slot, filled with synthetic resin, in the wing near the trailing 
edge. If the resin had become dislodged it would have produced a disturbance 
where the measured suction peak occurred. 

The pressure distribution in the wing-body junction of this configuration 
was calculated at two Mach numbers by means of linear theory. The calculations 
agree well with the measurements, though the measured pressures are, in 
general, higher than the calculated pressures, and the measured suction peaks 
are slightly aft of the calculated ones. There is a discontinuity in the 
oslculated pressure distribution at the wing root trailing edge, and there is 
a sharp rise at this point in the measured pressure distributions. The picture 
is confused by the idicated suction peak just ahead of the trailing edge, but 
the calculations are at least confirmed qualitatively. 

. 

The drag of configuration No.4 was measured on the model that was used 
for the pressure measurements, and the results are presented in Fig.ll(d). 
The curve is well defined, and shows a slight dip near M = I.2 followed by a 
distinct rise near M E 1.25. The drag curve correlates qualitatively With the 
pressure measurements, to the extent that the drag level changes only slightly 
throughout the Mach number range covered by the test. The comparison of all 
the arag results in Fig.12 suggests that the drag of configuration No.4 is. 
lower then that of codY.guration No.1, though the difference in leW?h is Of . 
the seme magnitude as the maximum experimental uncertainty. Contrary to the 
indications of the pressure measurements, the drag of corfiguration No.4 is 
not higher than that of configuration No.2, except perhaps near M = 1.1. 

These results suggest that, although the body of this configuration was 
not designed to produce a prescribed flow in the wing-body junction, it main- 
tained the sweep-back of the isobars on the rear of the wing, and hence shock- 
less flow; it also hsd fairly low drag throughout a range of Mach numbers on 
either side of the design Mach number. Measurements from the corresponding 
fully-indented Area-rule configuration would have made an interesting 
comparison. 

4.6 General comments - 

The pressure distribution measured in the wing-body junction of 
confi6uation No.2 at the design Kach number was reasonably close to the pre- 
scribed pressure distribution. The principal difference was that the actual 
suction peak occurred about 10 per cent farther aft on the chord than the 
prescribed peak. In addition linear theory has predicted the shapes of the 
pressure distributions in the wing-body junctions of the unwaisted configuration 
and the Area-xule configuration, though there are some discrepanoies in the 
magnitudes of the pressures. Thus in all three cs.ses the method of design 
suggested by Bagley has been a reliable guide to the form of the flow in the 
wing-body junction, and it has yielded good quantitative estimates for the 
configurations with wsisted bodies. Therefore it can be said that the method 
provides a good starting point for the prediction or definition of the pressure 
distribution in a wing-body junction. 

. 
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The relationship between the pressure distribution in the wing-body 
junction and the drag of the wing-body combination remains uncertain. If the 
rise in the measured drag of configuration No.2, which occurred at about 
M = 1.1, is genuine it implies that the beneficial effects of the body design 
on the flow near the wing root are more than counterbalanoed by adverse effects 
elsewhere. The other configurations develop a more moderate drag rise at 
slightly higher Mach numbers, but still without any appreoiable changes of 
trim or of the form of the pressure distribution in the wing-body junction. 
Thus the achievement of shook-free flow in the junction is not sufficient by 
itself to ensure low drag. 

All the drag measurements for the complete models are summarised and 
compared with the estimated friction and wave drag in Fig.12. Although this 
Figure shows that the estimates and measurements agree quite well, it may !&VC 
a misleading impression of the relative magnitudes of the drag measurements 
because they include a large contribution from the tail. Estimates of the 
tail drag, which have been confirmed by transonic tunnel testsil, were sub- 
tracted to obtain drag Curves for the wing-body combinations and these are 
presented in Fig.13. 

Nave-drag curves for the wing-body combinations are of particular 
interest, since one of the principal objects of body design at transonio 
speeds is the minimisation of wave drag. They are presented in Fig.14, and 
were obtained by subtracting the estimated friotion drag of the wing end body 
from the values plotted in Fig.13. The greatest uncertainty in the values of 
wave drag is ?6 per cant, though the actual errors are probably much less than 
this. In Fig.15 the wave drag is expressed in terms of the factor K,, which 

is the ratio of the wave drag of a given configuration at zero lift to that of 
a Sears-Haack body with the same length and volume. It can be regarded as an 
index of volumetric effioienoy. The relative positions of the curves in Fig.15 
differ from those in Fig.l& beoause configurations 2 end 3 were designed by 
removing volume from the body of oonfiguration No.1. Theoretical values of 
Ko, calculated by means of linear theory, are plotted in Fig.15 for oomparisr,n. 

Two important points emerge from Fig.15. The first is that the ursvaisted 
wing-body combination had 35 per oent more wave drag at its design Mach number 
than the equivalent Sears-Haaok body. Efforts to reduoe this exoessive wave 
drag are obviously well worth while. The Area rule body achieved some reduc- 
tion, end it is likoly that greater reductions could be achieved by calculating 
the flow in some detail in the manner indicated by Bagley. The fact that oon- 
figurations 2 and 3 did not reduce the wave drag factor below that of the 
unwsisted body at the design Mach number is not significant, beoause they were 
not intended specifically to do this. The second point is that, at the design 
Mach number, the velues of K. calculated by means of linear theory are 
generally in the correct sequenoe. The exoeption is configuration No.2, whose 
very high measured drag remains unexplained. At low Mach numbers the theory 
becomes progressively less reliable until, at sonic speed, it indicates 
infinite wave drag. At high Mach numbers the theory remains reliable only up 
to the critioal Mach number of the wing, since it does not take account of 
shocks. 
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5 CONCLUSIONS 

(a) A method of designing the body of a swept ting-body oombinstion, 
to prduce favourable wing-body interference at transonio speeds, has been 
suggested by Bagley'. Linear theory is used to calculate the separate con- 
tributions from the wing and the body to the flow in the wing-body junotion; 
in calculating the flow due to the wing it is assumed that the side Of the 
body acts as an infinite reflection plane. 

Measurements made in free flight indioate that the method is adequate, 
either to obtain the shape of the body which will produce a presoribed 
velocity distribution in the wing-body junction or to indicate the velooity 
distribution in the junction of an existing wing-body combination. In 
particular, when the method predicted shockless flow the measurements 
indioated that the flow was in fast shookless. 

(b) None of the four different wing-body combinations which were 
investigated in free flight was intended to achieve sheared-wing flow in 
the wing-body junction. As a result they may have developed some drag on the 
wing near the root and on the waisted part of the body, even when the flow in 
the Junction was shockless. In spite of this, linear theory provided good 
estimates of their overall wave drag and, with one unexplained exception, 
indicated. the correct relative magnitudes. This is important because it may 
not always be possible to design practiosl full-scale aircraft to have 
sheared-wing flow in the wing-body Junotion. The theory is, of course, not 
valid near sonic speed or above the critical Mach number of the wing. 

(c) An advantage obtained by good body design is shown clearly by 
expressing the wave drag of each wing-body combination as a multiple of the 
wave drag of the Sears-Haaok body with the ssme length and volume, in terms 
of the factor Ko. At their design Maoh number of I.2 all the configurations 
hsd a K. greater than unity but, while the factor for the unwsistcd oonfigura- 
tion was 1.35, that for one of the waisted confi&vations derived from it was 
1.15. Thus a considerable reduction in wave drag was achieved by body design. 

(a) The free-flight measurements show that the achievement of shock- 
less‘flow in the wing-body junction is not sufficient by itself to ensure low 
drag. Therefore, in designing for low drag at transonio speeds, it is neoes- 
ssry to produce a prescribed velocity distribution not only in the wing-body 
junction but also elsewhere on the wing. The effect of variations in boay 
shape on the overall wave drag can be determined by means of linear theory. 
It is very unlikely that sny of the bodies of the free-flight models was a 
true optimum, and lower values of K. should be attainable for wing-body oom- 
binations. They are well worth striving for, since the most difficult part 
of the problem has already been solved, namely the achievement of shooklcss 
flow in the wing-body junotion in supersonic flight. 
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SYkiBOLS 

aspect ratio of gross wing 

base area of the nose ogive 

local chord 

centre-line chord of the gross wing 

aerodynamio mean chord of the gross wing 

SC ay 
zero-lift drag coefficient 1 

wave drag coefficient Force = 

lift coefficient 
&YP, M2 S 

pressure coefficient 
P-P, 

= 
$YP,k 

2 

ratio of the zero-lift wave drag of a given configuration to that of 
a Sears-Haaok body with the 881118 length and total volume 

= cs s x ,IsLZ2 

length of the nose ogive 

total length of a configuration 

Mach number 

megacycles per second 

local static prcssurc 

static pressure of undisturbed air 

local radius of the body 

Reynolds number (here based on g) 

semi-span of the gross wing 

area of the gross wing (utied here'as the reference aroa) 

area of .a normal cross-section at station x 
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APPENDIX 1 

GEOmTRY OF TH.3 BASIC VING-BODY COMBINATION 
(Confimration No.11 

The basic confi~ratign had a body of revolution made up of sn ogival 
IlOSO, a cylindrical centre portion, and en afterbody which had the ssme pro- 
file as the nose but was cut off where its diameter was one inch. The ogive 
had the shqe, given by slender-body theory, which has the least wave dreg for 
a even length and base mea. (The van-Karmen ogive.) Its profile is given by 

where 

and bi. 

Ordinates of the models, calculated in inches by means of these 
expressions, sre given in the following table: 

TABLE 1 -0rdlnates of the bask body 

L 

Inches aft of 
nose t.lD 

0 

1 
2 
2.340 
3 
4 

7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

23 
24 

25 
26 

3 

BWy radius 
(Inches) 

0 

0.266 
0.446 
0.500 
0.600 
0.740 
0.870 
5.991 
1.105 
1.214 
1.317 
1.416 
1.510 
1.600 
1.686 
1.768 
1.846 
1.921 
1.993 
2.060 

2.125 
2.186, 
2.242 
2.295 
2.344 
2.388 
;.g7 

2:4&i 
2.500 
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Inches Icrtard of 
after-body base 

0 
0.660 
1.660 
2.662 
3.660 
4.660 
5.660 
6.660 
7.660 
8.660 
9.660 

10.660 
11.660 
12.660 
13.660 
14.660 
15.660 
16.660 
17.660 
18.660 
19.660 
2n.660 

21.66~ 

22.660 

$2: 
25.m 



Appendix 1 

The wing plsnfoIm was defined as follows. The trailing edge was straight 
from mot to tip and was swept back 55". The inboard half of the wing had a 
oonstsnt chord and the spanwise distribution of chord over the outboard half of 
the wing was defined by 

where o-5 < z d 1.0. 

Chords of the models, calculated by means of this expression, sre given 
in the following table. 

TABLE 2 - Ordinates of outboard half of wing ulanform - 

. 

The ting se&ion was RAEIOI, with a thickness/chord ratio of 0.06. 
Ordinates of this section are given in Ref.12. 
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APPENDIX 2 

GEOKETRY OF THE WAISTXD BODIES 

Configurations No.2 and 3 were weisted only in planform, and retained 
in elevation the profile of confiyration No.1. In the following table, 
ordinates are given for only the planforms of the waisted. parts of the bodies. 
Cross-sections through the waisted parts were half-ellipses, separated by the 
local wing thickness; elsewhere the cross-sections remained. circular. 

- TABLE2 Ordinates of the waists of configurations No.2 and 2 

Inches aft 
of nose 

32 
33 
34 
35 
36 

:8' 

55 
56 
57 

T 
I 

Body half-width 1 
iinck i) 

config. config. 
No.2 No.3 --. --- 

2.452 
2,324 
2.160 
2-000 
1.860 
l-740 
1.656 
1.608 
I.592 
1.603 
l-648 
1-734 
1 ,790 
1.846 
1.904 
l-959 
2.014 
2.070 
2.126 
2.185 
2.239 
2,294 
2.350 
2,404 
2.435 
2.434 

2.466 
2-376 
2.266 
2.150 
2.043 
1.964 
1.906 
I.876 
i-070 
1.890 

X 
2.086 
2.156 
2.223 
2.291 
2.356 
2.406 

;:g 
2.494 

same as 
config. 

No.1 

. 
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Appendix 2 

Configuration No.4 had a body of revolution, designed by means of the 
Area rule to have the ssme le&.h, volume and base srea as the body of the 
basic, unwaisted confiyration~(cbnfigwation No-l). 

TABLE 4- Ordinates of the body of configuration No.4 

:nches aft 
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APPENDIX 2 

NOTE ON DRAG ESTIMATES 

All the estimates relate to the basic, unwaisted configuration. 

(a) Skin frictis 

A simple approach was made to the problem of estimating skin friction 
on the free-flight models used in these tests. Boundary-layer transition was 
assumed to occur on the body in flight at a Reynolds number of 10 million at 
all Mach numbers, In the 13 ft x 9 ft wind tunnel, transition on the body was 
assumed to occur 28 inches aft of the nose, at the point where the nose ogive 
Joined the cylindrical part of the body. In the tunnel, the Reynolds numbers 
at this point were 3 million at 200 ft/sec and 4.5 million at 300 ft/sec. 

Transition positions, rather than transition Reynolds numbers, were 
selected separately for the wing, tailplane and fin, and these positions were 
regarded as invariant with Mach number. On an unswept RAE101 aerofoil at the 
scale of the free-flight tests, transition might be expected to occur near the 
crest of the section, but the effeot of leading-edge sweep is to move the 
transition point forward. For the estimates presented in this paper the 
fraction of the chord at which transition occurred on the swept surfaces was 
taken to be cos3A times that on the corresponding unswept wing, as suggested 
in Ref.13. The friction was obtained from R.Ae.S. data sheets, treating the 
wing and the tailplane as flat plates, but some account of the effeot of sweep 
on the flow in the boundary layer was taken by using the result of Ref.14. 
This shows that the friction drag coefficient of a swept surface at a Reynolds 
number Rs is cos A times the drag coefficient of en unswept surface with the 
same chord, at a Reynolds number Re cos2A. (Transition is assumed to occur at 
the same fraction of the chord on the swept and the unswept surfaces.) 

Transition on the fin pfas assumed to occur at the first ridge line, 
where the Reynolds number was about 2.5 million at M = 1.2. This is a likely 
transition Reynolds number on a wedge, ard the sharp ridge would almost cer- 
tainly cause transition if' it had not already occurred. The friction was 
calculated in the same way as for the wing and the tailplane, by treating the 
fin as a flat plate and taking account of the effect of sweep by the method of 
Ref.14. 

(b) Wave drag 

Estimates of wave drag were made by referring to stanlard charts or 
. equations, all of which were derived from linearised theory. 

The wave drag of the van-Karman o&ve is, according to linear theory, 

. independent of Mach number and is a very simple function of its slenderness 
ratio'5. The wave drag of the afterbody was equated to that of the nose in 
accordance with Fraenkel's reversibility theoreml6; the wave araE; due to inter- 
ference between the nose and the afterbody was estimated by using R.Ae.S. data 
sheet bodies S.O2.O3.lO, which is based on an approximation in Ref.16. 
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Appedix 3 

The wave drag c6 the fin and tailplane was estimated by using the 
charts in Ref.17. These relate to wings with double-wedge sections, and the 
values obtsined from them were factored to account for the sections used on 
the models. The faotor for the hexagonal section of the fin was obtained by 
oomparing the oalculated wave drag of such a section with that of a double- 
wedge, in two-dimensional flow. The factor for the round-nosed aerofoil 
seotion of the tailplane was obtained by comparing experimental measurements. 

Though the wing wave drag was not expeoted to develop fully at the 
Mach numbers of the free-flight tests, some indication of its magnitude was 
needed. For this purpose the wave drag of an equivalent straight-tapered ~iuing 
was found by the method used to find the wave drag of the tailplane. The work 
of Brebner and Lord18 suggests that this estimate will not be unrealistio. 

To obtain the estimated values of the zero-lift wave-drag factor K. 

(Fig.14) the wave drag of each wing-body combination was calculated by means 
of linear theory, using the numerical method of Ref.15 

Prrnted %n England for Her Majesty’s Statme+y Offm by 
the Royal Amraft Establmhment. Farnbomgh. W.Z.60 K.Y. 
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AJLC. C.F. NO-759 533.695.12: 
533.6.013.122: 
533.6.011.35 

A FREE-FLIGHT INVESTIGATION CF WING-BODY JDNCTIrX DmIGN FQR A 
TR~ONIC SWEPT-WING AIRCR~T. Hunt, G.K. liusust, 1963. 

A tethcd of de.slgning the body of B mpt ring-body ccmblnatlo”. to 
“btai” favourable ti”S-body i”teHeE”ce at tra"S""IC speeds, has bee” 
investigated in Iree flisht at zero lift. Model8 of Iow different bodies, 
In combination with identical wings Swept back 55 degrees, were llovm 
within the I’&“@ “I Mch ““r&em between 0.8 end 1.5 at Reynolds ““&ws, 
based on wing chord. up to 10 r&lion. w general effectiveness of each 
body shape ysss deten&“ed by reasurlns tk+ total drag of each model; the 
local effects of each design wre determined by rmasurti the pressure 
dlstributfo” I” the wing-body .imo&m. 

b-er) 

A.R.C. C.P. NC.759 533.695.12: 

533.6.013.122: 
533.6.011.35 

A FRECFLIGHT INVESTIGATION CF WING-BCOY J’UETION DLSIW FOR A 
IRANSONIC SWEPT-WiEiG AIRCRAFT. Hunt, C.K. Alwst, 1%3. 

A nEthad cl desi&ng the body 01 B mpt r&S-body combinatlo”, to 
obtain lavourable wiing-body ,ntei’~~I ence at tmsonic speeds, has bee” 
lnwstigated in Ime flight at zem lift. Pwels 0’ Iour dllfemnt bodfes, 
in combination with fdentlcal wirrs mpt back 55 degrees, were flow 
wltNr the range “I ‘&ch ““&em between 0.8 and 1.5 at Reynolds ambers, 
based on wing chord, up to 10 rnlllio”. The genera1 errm.l~th3ss Of each 
body Shape was determined by meaa,rLng th? t&al drag Of each mdel; the 
local effects of each des@n wm detemined by masur&? Llu? assure 
dlstributio” I” the wing-body junotic”, 

A.kC. C.P. No.759 533.655.l.12: 
533.6.013.1F2: 
533.6.011.35 

A FREE-FLIGHT INVIBTICATION OF WING-BODY JUNCTION DESIGN FOR A 
lwNsow1c SWEPT-WING AIRCRAFT. I-h G.K. wt, 1%3. 

A method of deslgnlng the body of B Swept wing-body comblnatio”. to 
cbtsi” favmtmble ting-body interference at tm”smfc speeds, ,ms bee” 
lnwstlgated in ime Ilight at seer” 11It. “o&Is of fo”i- different bodies, 
in c”mbI”atlo” with identlcel wings SRRPt back 55 de,mes, ,X?R flmm 
wlthl” the rsnge of placli numbers betwe” 0.8 and 1.5 at Reynolds “tiers, 
based 01. v&g chord, up to 10 million. The genera1 effectfw”ess or aoh 
bcdy Shape WB determined by meaarlng the total drag of each mrdel; the 
local effects of eat: design were deslmd by mesawlng the p-es- 

I -- 

dlstrlbutlo” in the wing-btiy junctlo”. 
(07-I-I 



TIE remIts show that it is possible to design a body ,Mch nIlI The mB8Ults &CM that it is possible to design a bo4y which will 
PRXkIce a prworlt~rd velocity dlstribUtlon in the wins-body junetiM at a ~OduOe B m-scribed wlaclty dfstrlbutlon Ln the Wins-body junction at a 
Cmnmnlc denti llech nuuber, but thet it 1s necesswy to contml the tm”s,nic de&n lgch mmber, but that It Is ,m,eSSary to cmtml the 
velOcltY dlStr!bution elSevdmre on the rring in order to e- low dm& wlOeity diStributlon else~re M the Wing in order to e- low dmg. 
had-WC? estlnste of Che over-all mye drag 1s gf\m byllneartheory, 
rpDvlded thW. the Prach mmber is not too close to unity and the flow on 

A” adeW estkpate Of the oyemll Kgv-3 drag IS &en by linear thexy, 
provided that tlr? Hach number 1s not too clove to unity and the flow M 

the v&q remlns slmck-free. the wing rerana shock-free. 

.  . I  
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