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SUMMARY

A method of designing the body of a swept wing=-body combination, to
obtain favourable wing-body interference at transonic 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 1+5 at Reynolds numbers, based on
wing chord, up to 10 million., The genersl effectiveness of each body shspe
was determined by measuring the total drag of each model; the local effects
of each design were determined by measuring the pressure distribution in the
wing-body Jjunction.

The results show that it is possible to design a body which will precduce
a prescribed velocity distribution in the wing-body Jjunction at a transonic
design Mach number, but that it is necessary 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 shock-free.

— -

Replaces R,A,E, Technical Note No. Aero 2908 -~ A.R.C. 25,401,
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1 INTRODUCTION

Several years ago, Bagley1 disoussed the fleasibility of
designing a swept-wing airoraft 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 obtaineble at these speeds, and is sufficiently
high to make competitive operation of a swept-wing transport aircraft an
economic poasibility.

The achievement of the required performence will depend on the main-
tenance of low drags In particuler, the development of wave drag must be
deferred to as high a Mach number as possible, and Bagley's analysis depends
on the thesis that the wave drag of the wing can be eliminated altogether at
low supersonic speeds. He argued that a finite swept wing-body ocombination
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 critical Mach number, so too may the finite wing., Thus
the performance of this kind of aireraft will depend ultimately on the pre-
servation of the same type of flow on the wing at all Mach numbers at which
the aircraft is intended to operate.

One of the important factors affecting the flow over the wing near its
root is the shape of the body. Bagley? suggested en approximate method of
body design, based on quasi-cylinder theory, which was intended to produce 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 subject of the present paper, were intended primarily to determine the
accuracy with which a prescribed velocity dilstribution could be produced in
practice. Since the tests covered a continuous range of speeds, they have
also indicated the effectiveness of the methoed at off-design Mach numbers.

In eddition the effectiveness of body shapes, designed by the method, in con-
trolling the drag of the wing-body combination has been compared with that of
& body designed by means of the supersonic Area rule (see, for example, the
review by Sheppard’),.

Models of four different configurations were flown within the range of
Mach numbers between 0'8 and 1+5, at Reynolds numbers up to 10 million based
on the mean wing chord, All the configurations hed identiosl swept wings,
but one had an unwaisted body, two had wailsted bodies designed by Begley's
method and the fourth had an Area-rule body. The overall effectiveness of
esch design was determined by measuring its total drag, and the local effects
of each design were determined from meeasurements of the pressure distribution
in the wing-body junction. The tests were confined to symmetrical configura-
tions at zero 1ift, and took place during 1958 and 1959,

2 MODEL DESIGN

2.4 The bgsic model configuration (configuration Wo.1)

The configuration from which all the free-flight models were derived was
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 teil 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 tralling 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 helf which reduced the chord to zero at the tip. (The ordinates are
given in Appendix 1.) This planform was intended to contribute materially
to the maintenance of sheared-wing flow., The sparwise distribution of chord
resembled that calculated by Brebner® for a uniform distribution of CL across

the span in incompressible flow; the tip shape was of the kind deduced by
Kiichemann and Weber? to meintain the sweep vf the isobars on the rear part of
the gutboard chords in suberitical flow. Since Bagley's peper! was published,
Lock® has shown that very similar planforms should have desirable 1ifting
properties near ¥ = 1.

The wing was mounted symmetrically on the body at zero wing-bedy angle.
The uncambered RAE101 aerofoil section was chosen because it has good
characteristics at transonic speeds. The thickness/chord ratio of 0+06 was
fixed by considerations of mecdel strength and atiffness, and wes twice that
of the configuration considered by Bagley. For the purpose of the free-flight
tests this was probably an adventage, because the effects of & local super-
critiocal flow on the thicker wing should have been more clearly evident in the
drag measurements,

The body had an overall slenderness ratio of 16, and its size in relation
to the wing wes 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 von 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 1)

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 rep=rted in
this peper formed a part. The tailplane had a planform with good structural
properties and an orderly movement of its serodynamic centre through the
transonic speed range, The tailplane seotion was RAE101 with a thickness/
chord ratio of 0-0L, but the fin section was hexagonal. The leading edges of
the fin and tailplane remained subsonic throughout the range eof Mach numbers
covered by the tests.

2.2 Waisted bodies

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

The principles on which wing-body Jjunction designs must be based, if they
are to be fully effective at transonic speeds, were set out by Kichemann and
Hertleyf. First, the critical Hach 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 1s exceeded must be
reduced to a nminimum,



s

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 sheock. The
wing drag rises because the presence of the shock requires a change in the
form of the chordwise pressure distribution but, provided the shock is not
strong enough to cause separation, the pregsure changes are mainly oonfined
to the part of the wing ahead of the shock®, Thus the drag rise is related
to the position of the shock along the chord, and any design method whioh con-
trols the rearward movement of the shock will control the rate at which the
drag rises. Such a method will only be effeotive up to Mach numbers near
that at which the trailing edge becomes sonic, because the shock will then
tend to reach the trailing edge. However, when the wing is swept back
55 degrees the trailing edge does not become sonic until the Mach number is
1+74, and the prospect of controlling the drag at Mach numbers as high as this
is attractive and worth investigating.

The critical Mach number and the shock movement can, in principle, be
controlled if a prescribed velocity distribution can be achieved over the
whole wing in practice. The method of body design suggested by Bagley2 waa
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, and that the velocity in the Junction 1s 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 junction due to the wing are calculated,
and then e body shape is calculated to produce velocities which, when they are
added 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 aides 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 as making the assumption that
the wing and body flow fields ocould be superposed, linear theory was used to
obtain the velocities and, in the actual calculations, some integrations were
replaced by summations. Thus several approximaetions were introduced, the full
significance of which was not known when the models were designed. In addition,
each body shape 1s theoretically correct at only one Mach number, though in
practice the required body shape changes slowly with Mach number.

Thus the primary purpose of the free-flight tests waes to determine how
effectively this method of body design could produce a prescribed velocity
distribution in the wing-body junction at the design Mach number, The tests
also ensbled a comparison to be made between this method and the Area rule,
and the eff'ectiveness of both methods to be investigated at off-design
Mach numbers.

An obvious starting point, for the proocess of raising the oritical
Mach number of the wing to that of the infinite sheared wing, is to try to
produce the sheared-wing velocity distributioen in the wing-body Jjunction.
However, the body shape calculated to achieve this on the free-flight model,
at a design Mach number of 1°+2, reduced the body width by half at the wing-
root trailing edge, and the body sides continued to converge aft of the wing
root (Fige3)s This design was, therefore, abandoned and other shapes were
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designed which were considered sufficiently practicable to be tested in
free flight, These are deacribed in the following sections, and their
ordinates are given in Appendix 2,

2.2.1 Configuration No,2

The body of this configuration was designed to produce, at M = 12, 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 (Figeh)e

The shape of the caleulated velzcity 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 back 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 clear 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
Junction.

When the critical Mach number of & wing has been exceeded, the local
Mach rumber just ahead of the wing shock may become almost independent of the
flight Mach number until the treiling 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 Mach numbers on the reer of the wing are
reduced by body design, the rearward movement of the shock should be slowed
down., The reduction of all velocities aft of the suction peak on the wing »f
this model configurstion 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. é

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
body dismeter (Pigs.3 and L). 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 moderats
waiste The calculated rate of pressure recovery aft of the suction peak is
leas than on corfiguration No,2 but the velocities are all lower than on the
infinite sheared wing.

The faot that the calculated suction pesk in the wing-body Jjunction 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
closed 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
criticel 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 then if
sheared-wing flow had been produced in the wing-body Jjunction, even when the
flow there is shock~free. When the oritical Mach number is exceeded the
reduced velocities on the rear of the wing should delay the drag rise, in the
gsame way as on configuration No.Z.

2s2¢3 Configuration No.4

The body of this configuration had the same length, volume and base
area as the basic, umwaisted body, but the volume was redistributed in accord-
ance with the Transfer-rule version of the supersonic Area rule-,

Experience of the supersonic Area rule had indicated that, while it may
be successful in maintaining low wave drag at the design Mech rumber, it may
be less effective at other Mach numbers and that, as & result, a drag peak may
oceur at sonic speed. Therefore, although the intended cruise Mach number of
this configuration remained 1+2, its design Mach number was reduced to 116,
It was hoped thereby to flatten the supersonic part of the drag curve, up to
M = 4+2, by reducing the sonic 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 body, the edditional body volume, and
the volume of the exposed wing (Fig.5(a)). The additional volume of the basic
body was first redistributed until, at M = 1-16, the mean oblique area dis-
tribution of the combined additional body volume and trensferred wing volume
was that of a Sears-Haack body. The area distribution of the resultant .
waisted body was then cbtained by subtracting the transferred asrea 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 standerd telemetry components in the free-flight
model. A partially-waisted body was therefore adopted. Its cress-section
areas differed from those of the unwaisted body by only 60 per cent of the
emounts required by the Area rule (Fig.5(b)). Cealculations by Lord, based on
en 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 3f the
drag reduction that the fully-waisted body would achieve,

As the Pranafer 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 mamufacture.

3 EXPERIMENTAL TECHNIQUE

The bodies of the models were designed specifically for zero 1if't con-
ditions. Therefore, prior to the free-flight tests, the tailplene angle to
trim the models at zero lift wes 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 £t transonic
tunnel of the Aircraft Research Association, Ltd.
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The model used in the tunnel tests was ldentical in size and shape to
the free-flight Area-rule model in all respects except the shape of the rear
end of the body. This wes cylindrical instead of tapered in order to admit a
rear sting support. The tunnel tests indicated that, at zero 1lift, there was
& dowrwash angle of sbout one degree at the tailplane position, at all Mach
numbers to be covered by the free-flight tests., Accerdingly 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 basio
(unwaisted) configuration were flown, and one model of each of the waisted
configurations. Boundary-layer transition was sllowed to occur naturally on
all the models. Each model was launched from the ground by twin rocket
motors (Fig.6b) and reached its meximum velocity in about 3% seconds. The
rocket motora 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 clookwork time fuse.

Every model cerried standard RAELES Me/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 longitudinel stability could
be investigated if necessary, With the exception of one of the unwalisted
models, static pressures were measured at 14 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 ranges.
Velocity was determined by radio-Doppler measurementss

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 remsining 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 became 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 ensble the subsonic drag level to be measured. Therefore,
before the last unwalsted model was fired it was installed in the 13 ft x 9 ft
wind turnel 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,

L DISCUSSION OF RESULTS

4.1 Interpretaetion 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 indicated by some of the transducers drifted slightly.
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The drift of each instrument wae measured on the range just prior to firing,
and appropriate corrections were applied during analysis of the results.
However, their effect has been to maeke the uncertainty in the absolute pres-
sures indicated by any single transduwer greater than the uncertainty in the
indicated changes of pressure. The estimated meximum uncertainties are
indicated in Figs.8, 9 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
accurately, they are incapable of resolving rapid fluctuations of drage 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 recerding 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 kinds. The greatest uncertainties in the drag measurements are * 4 per
cent at supersonic speeds and * 12 per cent at subsonic speeds.

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

The models were manufactured within a dimensionsl tolerance of
$0+003 inch on all the ordinates of the external surfaces.

4e2 Confipuration No,1 (no waist)

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

There is some scatter of the experimental points, but the results show
clearly that the shape of the pressure distribution changed continucusly from
its subsonic form w a typically supersonic form at subsonic Mach numbers.

At Mach numbers greater than 0+9 there was a sharp pressure rise at the wing
root treiling edge, probably caused by a shook, and at sonic flight speed
fully supersoniec flow was established in the wing-body Jjunction.

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. A%t lower Mach numbers the
pressures on the second model (model B) wers generally lower then 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 ¥ = 1-2 they would
probably heve been nearer to the estimated velues than those actuslly
obtained from model A. Scme of the difference between the measured and the
estimated pressure distributions may be due to the slight natural welst which
is formed when a wing of finite thickness interseots a ¢ylindrical 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 CL’
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because both models were within 0002 of the same GL at all Mach numbers,

whereas the messured 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 and at almost the seme rate. There were slight differences between
the indicated latersl accelerations of the models, but they were so amall as
to be well within the estimated uncertainty of the measurements. The records
of the telemetry signals received from the two models are of good quality.
Inspection records show that both models were within the dimensional tolerance
of *0+003 inch at all points, end that errors in one model tended to appear in
the seme place on the other, Thus the difference between the shapes of the
two models was very small and is unlikely to have contributed eppreciably to
the measured pressure differences.

The drag of configuration No.1 was measured on three models, two of
which were also used to obtain pressure measurements., The results are
presented in Fig.11(a), The symbols used in this Figure, to distinguish
between the models, correspord to those used in Fig.8. Although there is a
slight difference in level between the three curves at supersonic speeds,
this is within the estimated uncerteinty of the experimental results. There
is very little scatter of the experimentel points from any particular model,

and the three curves define the shape of the drag curve clearly at supersonio
apeeds.

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

Le3 Configuration No.2 {severe waist)

The pressure distribution in the wing-boedy junction of configuration No.2
was measured on one model, and the results are presented in Fig.9. 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 = 4+45, the highest Mach number achieved by this model. The form of the
pressure distribution remained remarkably constent, and it would eppear that
completely shockless flow was achieved in the junotion throughout the Mach-
number range covered by the test., The resemblance between the prescribed
pressure distribution and the measured distribution at M = 1+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 = 1-2
was not as high or as far forward on the wing chord as the peak 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 suc-
tion on the front of the wing, but more pressure on the rear, so the drag of
the wing near the root was probaebly not very different from the drag associated
with the prescribed distribution. The occurrence of the suction pesk af't of
the preseribed position suggests that the isobars on the wing forward of the
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suction peak may not have meinteined the full sweep-back of 55 degrees. This
is not important in this particular case, as the suction peek was still well
forward of the crest of the wing seotion.

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.11(b).
The drag-rise Mach number appears to be higher than that of configuration Ne.1,
and since the flow in the wing-body junction was shookless this is to be
expeocteds The drag-rise Mach number should be that of the body and tail
alone. At low supersonic Mach numbers the drag was certainly lower than that
of configuration No.1, but at ¥ = 1+1 the drag rose gquite sharply and con-
tinued to rise as the Mach number increased, without any ocorresponding 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 followed
by drag measurements from three sources: longitudinal sccelerometers in the
model, and kinetheodolites and radio-Doppler equipment on the ground. High-
speed cine films indicate that the model was intact throughout its flight.

Lot Configuration Nog3 (moderate waist!

Only one model of this configuration was flown, and its telemetry trans-
mitter falled one second after it left the ground. Therefere no measurements
of pressures or accelerations were obtained from the model itself. The drag
of the model at supersonic speeds was derived from redio-Doppler velooity
measurements only, and these results are presented in Fig.11{c). The general
level of the drag was considersbly lower than that of configuration No.2 in
the same Mach-mmber range {Figs.12 and 13) and the sharp drag rise at M = 11,
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.1);
but the difference in level between the curves is of the same magnitude as the
estimated uncertainty of the measurements,.

4e5 Conf'iguration No. Area rule

The pressure distribution in the wing-body junction of configuration No.k
was measured on one model at supersonic speeds only, and the results are
presented in Fige10. The curves show clearly that the shape of the pressure
distribution remained almost constant throughout the Mach-number range ocovered
by the teat, and was essentially subsonic in foam.

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.1. At M =1-2 the
suction peak was lower than that calculated for the infinite swept wing, and
at a1l Maoh numbers the suction peak ocourred eft.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 wing root, and the isobars
forward of the pesk suction line could not have been fully swept. However,
the measured pressures aft of the suction peak agree very closely st M =12
with the caloulated pressures on the infinite sheared-wing, so the full asweep-
back of the isobars on the wing aft of the suction peak was probably just
maintained.



A curious feature of the measured pressure distributions is the strong
suction pesk just forward of the wing-root trailing edges. 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 ocannot be discounted in this cese because there
was an aerisl slot, filled with synthetic resin, in the wing near the trailing
edges If the resin had become dislodged it would have produced a disturbance
where the measured suction pesk occcurred.

The pressure distribution in the wing-body junction of this configuration
was calculated at two Mach numbers by means of linear theory. The calculationa
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 e discontinulty in the
celoulated 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 indicated suotion peak just shead of the trailing edge, but
the calculations are at least confirmed qualitatively.

The drag of configuration No,) was measured on the model that was used
for the pressurs measurements, and the results are presented in Fig.11{d),
The curve is well defined, and shows a slight dip near M = 12 followed by a
distinet rise near M = 1+25, The drag curve correlates quelitatively with the
pressure measurements, to the extent that the dreg level changes only slightly
throughout the Mach number range covered by the teat. The comparison of all
the drag results in Fig.12 suggests that the drag of configuration No.4 is,
lower than that of configuration No,1, though the difference in levels is of
the same magnitude a&s the maximum experimental uncertainty. Contrary to the
indications of the pressure measurements, the drag of configuration No,4 is
not higher than that of configuration No.2, except perhaps near ¥ = 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 hed fairly low drag throughout a range of Mach rumbers 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
configuration No.2 at the design Mach number was reasonably close to the pre-
secribed pressure distribution. The principel difference was that the actual
suction peak occurred sbout 10 per cent farther aft on the chord than the
prescribed peake In addition linear theory has predicted the shapes of the
pressure distributions in the wing~body junctions of the unwaisted configuration
and the Area=-rule configuration, though there are some diascrepencies in the
magnitudes of the pressures, Thus in all three cases the method of design
suggested by Bagley has been a relisble guide to the form of the flow in the
wing-body Jjunction, and it has yielded good quantitative estimates for the
configurations with waisted bodies. Therefore it can be said that the method
provides a good starting point for the prediction or definition of the preasurs
distribution in a wing-body Jjunction,
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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 =11, is genuine it implies that the beneficial effects of the body design
on the flow near the wing root are more than counterbalanced by adverse sffects
elsewhere. The other configurations develop & 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 Jjunction.
Thus the achievement of shock=~free flow in the junction is not sufficient by
itself to ensure low drag.

All the drag meassurements for the complete models are summarised and
compared with the estimated friction and wave drag in Fig.12. Although this
Flgure shows that the estimates and measurements agree quite well, it may give
s misleading impression of the relative magnitudes of the drag measurements
because they include e large contribution from the tail. Estimates of the
tail drasg, which have been confirmed by transonic tunnel tests'l, were sub-
tracted to obtain drag curves for the wing-body combinations and these are
presented in Fige13.

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

is the ratio of the wave drag of a given configuration at zero 1ift to that of
a Sears-Haack body with the same length ard volume. It can be regarded as an
index of volumetric efficiency. The relative positions of the curves in Fig.15
differ from those in Fig.14 because configurations 2 and 3 were deaigned by
removing volume from the body of configuration No.1. Theoretical values of

K. » calculated by means of linear theory, are plotted in Fig.15 for compariscn.

Two important points emerge from Fig.,15. The first is that the unwelsted
wing-body combination had 35 per cent more wave drag at its design Mach number
than the equivalent Sears-Haack body. Efforts to reduce this excessive wave
drag are obviously well worth while. The Area rule body achieved some reduc-
tion, end it is likcly that greeter recductions could be achieved by calculating
the flow in some detail in the manner indicated by Bagley. The fact that con-
figurations 2 and 3 did not reduce the wave drag factor below that of the
unwaisted body at the design Mach number is not significant, because they were
not intended specificslly to do this. The second point is that, at the design
Mach mumber, the values of K0 calculated by means of linear theory are

generally in the correct sequence., The exception is configuration No.2, whose
very high measured drag remains unexplained. At low Mach numbers the theory
becomes progressively less reliasble until, at sonic speed, it indicates
infinite wave drage At high Mach numbers the theory reamsins relieble only up
to the critical 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 wing-body combination,
to produce favourable wing-body interference at transonic speeds, has been
suggested by Bagleyl. Linear theory is used to calculate the separate con-
tributions from the wing and the body to the flow in the wing~body Jjunotion;
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 indicate that the method is adequate,
either to obtain the shape of the body which will produce a presoribed
velocity distribution in the wing-body junetion or to indicate the velooity
distribution in the junction of an existing wing-body combination. In
particular, when the method predicted shockless flow the measurcments
indicated that the flow was in fact shockless,

(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 thc root end on the waisted part of the body, even when the flow in
the gunction was shockless. In spite of this, linear theory provided good
estimates of their overall wave drag and, with one unexplained exception,
indiceted the correct relative magnitudes. This is important beceuse it may
not alweys be possible to design practiocal full-scale aircraft to have
sheared-wing flow in the wing-body junction. The theory is, of course, not
valid near sonic speed or above the critical Mach number of the wing.

(¢} An adventage 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~Haack body with the same length and volume, in terms
of the factor Ko' At their design Mach number of 1+2 all tho configurations

had a Ko greater than unity but, while the factor for the unwaisted configure~

tion was 1+35, that for one of the waisted configurations derived from it was
1+15. Thus & considerable reduction in wave drag was achieved by body design.

(d) 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 trensonie speeds, it is neces-
sary to produce a prescribed velocity diatribution not only in the wing-body
junction but also elsewhere on the wing, The effect of variations in body
shape on the overall wave drag can be determined by means of linear theory.
It is very unlikely that any of the bodies of the free-flight models was a
true optimum, and lower values of Ko should be attainsble for wing-body com-

binations. They are well worth striving for, since the most difficult part

of the problem has alrecady been solved, namely the achievement of shockless
flow in the wing-body Jjunction in supersonic flight.
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SYMBOLS

A aspect ratio of gross wing
B base ares of the nose ogive
c local chord
R centre-~line chord of the gross wing
[ aerodynamic mean chord of the gross wing
2
- M
Je dy
CD zero-1if't drag coefficient
o
C wave drag coefficient = Force
By * 2
¥ gypSM S
CL lift coefficient
P- Py
c pressure coefficient =
P A M2
2Y Py

K, ratlio of the zero~lift wave drag of a given configuration to that of

g Sears-Haack body with the same length and totel volume

I
= C SX.E...].;'...E
Y v

L length of the nose ogive
L total longth of a configuration
4 lach number
Mo/s megacycles per second
P local statie prossure
Py static pressure of undisturbed air
r local radius of the body
Re Roynolds number (here based on 38)
8 scmi-span of the gross wing
S area of the gross wing (used here as the reference aroa)
8{x) ares of a normal cross-section at station x
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differcnce betwe
and the flight v

SYMBOLS (CONTD)

en the local velocity component in the x-direction
elocity

velocity of flight

total volume of

a configuration

reoctangular coordinates in the plane of the wing; x along the body

axis, y spanwise

ratio of the specific heats of air, assumed to %1+40
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APPENDIX 1
GEOMETRY OF THE BASIC WING-BODY COMBINATION

s Configuration No.1t !

The basic configuration had a body of revolution made up of an ogival
nose, a cylindrical centre portion, and an afterbody which had the same pro-
file as the nose but was cut off where its diameter was one inch. The ogive
had the shape, given by slemder-body theory, which has the least wave drag for
& given length and base arca, (The von-Karman ogive.) Its prefile is given by

where S(x) = % [sin"l (%/5 + (2 % - ‘I) [:% (1 - %) ]'é‘}

and Os%s&i.

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

TABLE { = Ordinates of the basic bod

Inches aft of Body redius inches feorward of
ncse vip {inches) after-body base

0 0

1 0.266

2 OeLhb

2.340 G.500 0

3 04600 0,660

L 0. 740 1.660

5 0.870 2,667

3 2.99% 3,660

7 14105 La660

8 1.214 54660

g 1317 6,660
10 1.416 7.660
1 1.510 8,660
i2 1600 9,660
15 1,686 10,660
14 1. 768 11.660
15 1.846 12,660
16 1.921 13,660
17 14993 14660
18 2,060 154660
19 2125 16.660
20 2,186 174660
21 2.2L2 18,660
22 24295 19,660
23 2304 20 660
2h 2.388 21.660
25 24427 22,660
26 24462 23,660
27 2,486 20,660
28 24500 25.66N
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The wing planform was defined as follows.
The inboard half of the wing had a

constunt chord and the spanwise distribution of chord over the outboard half of
the wing was defined by

o = a ([0 -9 ]9

. hA .
0+5 ¢ S £ 10,

from root to tip and was swept back 55°.

where

Chords of the models, calculated by means of this expression, are

in the following table.

TABLE 2 = Ordinstes of outboard half of wing planform

y X =L o

inches 8 200 inches
9+739 0+50 0450 12+500
10+0 0+5134 0-4999 12-498
10+5 0+5390 0-4992 12480
110 0-5647 04977 12+44,.3
115 0+590L. 0+4955 12+388
12+0 0+6164 04921 12310
125 06417 04882 12205
130 06671 0-4830 12075
13+5 0+6934 0-4766 11915
14+0 0+7188 04687 11718
145 O-Thhly O+459, 11-485
15+0 07704 0+4,82 14205
1545 07958 04349 10+873
16+0 0-8214 04191 10-478
1645 0+84,71 0+4001 10+003
17°0 0+8728 0-3772 9+130
1745 0-8985 03491 8-728
1775 0:9113 0+3326 8315
18+0 09211 0+3137 7843
18-25 09370 02920 7°300
18+5 09498 0+2667 6+668
18+75 0+9626 0-236% 5+903%
19+0 0-9755 0+1969 4923
19+125 0+9818 0+1724 4310
1925 09883 01413 34533
19+375 09947 0-0981 2+453
19+479 1+0 0 0

The wing section was

RAE101, with a thickness/chord ratio of 0-06.

Ordinates of this section are given in Ref.12,
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The trailing edge was straight
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APPENDIX 2

GEOMETRY OF THE WAISTED BODIES

Configurations No,2 and 3 were waisted only in planform, and retained
in elevation the profile of configuration No.4. In the following table,
ordinates are given for only the planforms of the waisted parts of the bodies.
Cross-sections through the weisted parts were half-ellipses, separated by the
local wing thickness; elsewhere the cross-sections remained circular.

TABLE 3 =~ Ordinates of the waists of configurations No.2 and 3

- Body halfw-width
Inches aft {inches)
of nose Config. Config.
No.2 No.3
32 2452 2-466
33 2+32) 2:376
3h, 24160 2-266
35 2000 2+150
36 1+860 2:048
37 1740 1964
38 14656 1-906
39 1+608 1-876
L0 1:592 1+870
I 1-603 1-890
L2 1648 1:936
L3 1:734 2:006
L 14790 2:086
45 1846 2+156
46 1+ 904 2-223
L7 1+959 2:29
48 2014 2+356
49 2+070 2406
50 2-126 2+ Ly
51 2:185 2:473
52 2:239 2:494
53 2:294
5L, 2+350 same as
55 24304 config.
56 2435 NO. 1
57 2:4.354
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Appendix 2

Configuration No.4 had e body of revolution, designed by means of the
Area rule to have the same length, volume and base area as the body of the
basioc, unwalsted configuration (configuration Noe1).

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

Inches aft Body
f noae Fadlus
° (1nches)
0 0
1 0-288
2 0486
3 0-659
N 0-81¢6
5 0-960
6 1+093
7 1.246
8 14339
9 1439
10 1540
11 1635
12 1.725
13 1840
14 1890
15 14966
16 2:038
17 2:107
18 2172
19 2.231
20 24292
21 2347
22 2+399
23 2448
24 2496
25 2538
26 2+579
27 2+646
28 2650
29 2+679
30 2-703
b 2:79
32 2+724
33 2:710
34 2:678
35 2+631
36 2+573
37 2-52
38 2-457
39 24411
L0 2+375
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Inches aft ;zggﬂs
of noae _(inches)
41 2-349
L2 24332
43 2+325%
L 2319
45 2+319
L6 24324
L7 2:323
L8 24325
L9 2:326
50 2.326
51 2324
52 24320
53 2:312
5k 2+30
55 2.286
56 2.266
57 2242
58 2213
59 2+179
60 2111
61 2+098
62 2+051
63 1.999
6L 1+943
65 1+883
66 1.819
67 1751
68 1+679
69 4 + 604
70 1+525
T 1443
72 1:356
73 1264
74 1165
75 1058
76 0-940
7 0815
78 0-690
79 0573
80 0+500
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APPENDIX 3
NOT#% ON DRAG ESTIMATES

A1l the estimates relate to the basic, unwaisted configuration,
(a) Skin friction

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
essumed to occur on the body in flight at a Reynolds number of 10 million at
ell 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 seotion, but the effeot of leading-edge sweep is to move the
transition polnt 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 cos’A 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 effect of sweep
on the flow in the boundary lasyer was taken by using the result of Ref.1%4.
This shows that the friction drag coefficient of a swept surface at a Reynolds
number Re is cos A times the drag coefficient of an unswept surface with the
same chord, at a Reynolds number Re cos?A, (Transition is assumed to occur at
the same fraction of the chord on the swept and the unswept surfaces.)

Transition on the fin was assumed to occur at the first ridge line,
where the Reynolds number was about 25 million at ¥ = 1+2, This is a likely
transition Reynolds number on a wedge, ard the sharp ridge would almost cer-
teinly cause transition if it had not already occurred. The friction was
celcoulated in the same way as for the wing and the tailplane, by treating the
fin as 8 flat plate and taking account of the effect of sweep by the method of
REfn 1 ll-l

(b) Wave drag

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

The wave drag of the von-Karman ogive is, according to linear theory,
indeperdent of Mach number and is a very simple function of its slenderness
ratio?2, The wave drag of the afterbody was equated to that of the nose in
accordance with Fraenkel's reversibility theorem16; the wave drag due to inter-
ference between the nose and the afterbody was estimated by using R.Ae.S. data
sheet bodies 8.,02.03.10, which is based on an approximation in Ref.16.
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Apperdix 3

The wave drag of the fin and tailplane was estimeted by using the
charts in Ref.17. These relate to wings with double-wedge sections, and the
values obtained from them were factored to account for the seotions used on
the models. The factor for the hexagonal section of the fin was obtained by
comparing the calculated weve drag of such a section with that of a double-
wedge, in two-dimensional flows The factor for the round-nosed aerofoil
section 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
neededs. For this purpose the wave drag of an equivalent straight-tapered wing
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 unrealistic.

To obtain the eatimated values of the zero-1ift wave-drag factor Ko

(Fig.14) the wave drag of each wing-body combinetion was calculated by means
of linear theory, using the numericel method of Ref.15.
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FIG.I. BASIC MODEL CONFIGURATION
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4. MODEL INSTALLED IN THE I3f x 9f WIND TUNNEL
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