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SUMMARY

Model s of a swept-wing aircraft, wthout nacelles and with g pair of
sinmple nacelles attached in three different ways, wore fiown at transonic and
low supersonic speeds at Reynolds numbers up to 10 million. From measurements
of their zero-lift drag the increnental drag caused by each nacelle installation

was detgrmined.
L breakdovm of the incremental drag shorn that, at the design Mach nunber

of 1-2, the external drag caused by a pair of pylon-nounted nacelles on the
wing Of 0N tho body was about twice that caused by a pair of nacelles attached

directly to the mg.
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Replaces I. /. F, Technical Report 66131 - ~.&.C, 20388
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1 INTRODUCT ION

About ten years ago the first supersonic transports were foreseen as
swept-wing aircraft, which would fly economically at low supersonic speeds by
mai ntai ni ng & snock=frec, subsonic type of flow over the wing. As part of the
considerable research effort that was directed at that time towards the
establishnent of design principles for this kind of aircraft, an extensive
programme of free-flight tests was undertaken. These tests had three objects:
to investigate nethods of wing-body junction design, to neasure the effect of
wi ng camber end twast on drag duo to lift, and to measure the external drag
penal ties caused by addingengine nacelles to a swept-wing aircraft in various
ways.

The first object was achieved andthis part of tne work is roported in
Ref.1. VWhilo the remmining tests wore getting under way the narrow delta
W ng cmerged as the nost prom sing shape for tho first generation of supersonic
transport aircraft. Al though this causcd some swept-wing research t0 be
curtailed the free-flight tosts continued, but without their original urgency.
The nodel s were tested at an average rate of ono flight per yoar until the
work was completed i n 1965.

One basic nodel aircraft configuration was common to all three groups of
free~flirhtt ests, and provided a |ink between t he three sets of results. The
ef fect of engine nacellas on the dragof this configuration was i nvestigated
by attaching a pair of sinple nacelles in three different ways and measuring
the resultant drag increnents. In this roport the drag increnments arc
compared to the drag of two isolated nacelles and are analysed to obtain the
Installation Dragzg this is tho external normal-prcssuro drag caused by addi ng
the nacelles and any supporting pylons. In order to obtain a satisfactory
drag breakdown the 1internal drag of the basic nacelle was determned separately
from a wind-tunnel test.

The results show that, in rospcct of drag, therois little to choose
between pyl on-nounted nacellcs on tho wing or on the rear body, but thore is g
wort hwhi l e reduction of external drag to be obtained by elimnating the pylons.

2 MODEL DESI GN

2.1  The basic model aircraft

The aircraft configuration to which the nacelles wore added consisted of
a slendor body of revolution, a wng swept back 55 degrees, end a sinple tail
uni t wath croppod delta surfaces (Fig.1). The geonetry is described in this



report; a fuller account of the evolution of the design and of the nethod of
cal culating the body profile is given in Ref.1.

The wing had an aspect ratio of 3+40.The trailing edge was straight
fromroot to tip, with a constant chord over the inboard half of the span and
a parabolic |eading edge on the outboard half which reduced the chord to zero
at the tip. The ordanates are given in the Appendix. The aerofoil section
was RAL 101, with a uniformthickness/chord ratio of 0:06.

The body was designed by redistributing the volune of on ogive=-cylinder=-
ogi ve body in accordance with the supersonic area rule. The design Mach
nunber of the whole aircraft was 41-2 but, in order to reduce the risk of a
drag peck at sonic specd, tho area-rule cal cul ations were based on a design
Mach number of 1+16. It would hove been inpossible to fit sufficient teclemetry
equi pment into a fully wnisted body w thout a considerable increase in tho size
of the models. Thercforc a partially waisted body was adopted. Its cross-
section areas differed fromthose of the unwmisted body by only 60 per cent
of the smounts required by tho area rule. Calculations by Lord, based on
those in Ref.3, justified this procedure and tho resultant body proved to be
vary effective. At all HMach nurbers up to 1+4 the flow in the w ng-body
junction remained shock=free and the drag remained [ow . The ordinates of
the body profile are given in the Appendi Xx.

2.2 The basic model nacelle

The nodel nacelle (Fig.2) was based on a proposal to accommmdate two
engi nes side by side. It consisted of a conical forebody wath a sharp-|ipped
pitot intake, a cylindrical centre-body, and a convergent afterbody tapering
to a sinple, sharp-lipped nozzle. The external surface slopes on the forebody
and the-afterbody were the same, and all cross-sections were oval.

The interior of the nodel was essentially a divergent-convergent duct.
The ratio between lhe intake and exhaust cross-section areas was cal cul ated
so that the boundary-Iayer growth along the duct would just cause the exhaust
nozzle to choke at the highest Mch nunber of the tests. This was intended
to maintain subsonic internal flow end thus to sustain a realistic intake
shock pattern at supersonic speeds, while minimising spillage throughout the
range of Mach numbers covered by the tests.

2,3 Nacelle installations

Three different nacelle installations were designed by adding a pair of
nacelles to the nmodel sircraft. The nacelles wore attached to the wing and



to the rear body on pylons, and directly to the wing without pylons. The
general arrangenent of the three nodel configurations is shown in Fig.3. The
vol ume of the bedy was reduced. slightly to compensate for the added vol une of
the wi ng-nount ed nacel | es, but no ccmpensation vas made for the nacelles on
the rear body.

The nacel l es of nodel A were suspended below the wing on pylons at mid-
span (Figs.4 and 5). The pylons had a thickness/chord ratio of 0.04 and were
yawed. 4 degrees to align themapproximately wWith the cal cul ated. direction of
the local flow over the wing. They were swept through t he same angle as the
wing, and their chord was half the length of a nacelle. The dastance of the
nacel | e axes below the plane of the wing was one-fifth of the local chord. The
nacel l es were placed in front ¢f the wing, to represent a typec of installation
that has been wi dely used on subsonic transport aircraft. The | ongitudinal
position of the intakes was chosen so that, at the design Mach nunber, the
i ntake shocks woul d intersect the wing-body Junction one-third of the root
chord behind the |eading edge. This posation Was one of a serics that were to
be investigated in a wi nd tunnel. The tunnel tests were |ater cancelled.

Kodel B represented the kind of configuration that woul d be required to
accammodate the engines partly within tha wing behind the main spars. A pair
of nacelles was built into the lower sufce of-the W ng at the md-span
posxtion (Figs.4 and 6). Since the wing section had a roof-top chordw se
pressure distribution', the intakes were placed where they woul d avoad the
extremes of pressure that occur ncar the |eading edge and would lie within
the flat part of the roof-top. Thus the pressure distribubion across the
i ntakes shoul d have been approxi mately uniform. The nacellcs extended beyond
the trailing edge of the wing. At the exhaust nozzle the oval cross-section
of the basic nacelle was retained, but within the chord of the wing the cross-
sections were D-shaped.  Between the trailing edge and the ends of tae nacclles
the cross-section shapes changed progressavely. As a result, the external arca
distribution of these nacelles differced slightly fromthat of the basic nacelle
but the internal area distribution of the ducts was not affected.

The boundary layer on the wing of model B was not daiverted, and passed
into the intakes.

Model C had its naceclles nounted on unswept pylons on each side of the
rear body (Figs.4 and 7). This arrangement of f ers t he advantage of a campletely
clean wing, and has alrcady becn used successfully on subsonic transport air-
craft.  The nacelles wore installed Wi th their axes parallel to the body



axis and in tho plane of the wing. The exhaust nozzles werc level with the end
of the body, &nd the | ong axes of the oval cross-sections were normal to the
plane of the wing. The clearance between the inboard lips of the intakes and
the sides of the body was two-thirds of the calculated thickness of the boundary

| ayer on the body at the design Mach number of 4+2. The pylons, |ike those

of nodel A had a chord equal to half the I ength of a nacelle and a thickness/
chord ratio of 0+Ok.

The bodies of nodels A and B differed from that of the basic model
aircraft because their volunmes were reduced to conpensate for the added volume
of the nacclle installations (Fig.8). Only partial (;ompensatlon was provi ded
bocause the basic body had been partially waisted to conpensate for tho wing
volume (sce section 2.1). The chango of volume was snall and the nacelles
did not differ very nuch frombodies of revolution. Therefore the full
prooedum required by the supersonic area rule, entailing the calculation of
several oblique area distributions, was not followed. Instead the effective
arce distribution of the nacelles Was cbtained by assuming that their interna
arca distribution was lincar fromintake to oxhaust. Then in ocach case-

60 per cent of the effectivo volunme of tho complete nacell e installation was
removed fromthe part of the basic body within the Mach diamond encl osing
the nacelle installation at the design Mach nunber of 1:2, Tho arca dis-
tribution of the volume 'removed was sinusoidal. Tho profile ordinates of

both bodies are given in the Appendix.

The body of model C was identical to that of tho basic nodel aircreft.
Evon partial waisting, of the kind enployed in the design of nodels A and B,
would have produced a body that was structurally inpracticable.

3 EXPERTMENTAL TECHNI QUE

3.1 Determnation of internal drag

To enable tho drag of tho nacelle installations to bo analysed it was
necessary to determine their intornal drag, but ii was inpracticable to do so
in flight. Instead the internal skin-friction drag was estinated, and the
internal normal-pressure drag was dorivod from pressure measuremonts made in
an isolated nacclle in the RAE 3 £t x 3ft wind tunngl, This nethod had
tho dunl advantage that it avoided scale effect and obviated the need for an
experimental survey of the internal boundary |ayer

To cstimate the internel friction drag, the variation of Mach nunber and
Roynolds nunber along the duct was calculated, taking account of the effect of



the displacenment thickness of the internal boundary layer. Then the friction
drag was obtained fromthe curves of Ref.5.

For the wind~tunnel test, a nacelle was attached to the end of a sting
support by means of a pylon, so tnnt the intake was substantially free from
support  interference.  In a planc % inch forward of the rear end of the nacelle,
static pressure mas measured on the nacelle ¢centrc=line and pitot pressure at
eleven ot her peunts. Al the pitot tubes Were clear of the internal boundary
layer so that thoy would not detect any loss of nmomentum due to skin friction.

The W nd-tunnel test was conpleted before the free-flight tests began
As well as providing internal drag measurenents it verified the design by
demonstrating that the flow inside the nacelle was always subsonic and therc
was very little spillage. This was regarded as sufficient proof ofthe pylon-
mount ed nacel l es, and no measuremonts were nmade in flight to check the flow
through the nacelles of models A and C.  However, the nacelles of model B were
not nmounted on pylons, nnd the internal flow included the boundary |ayer on part
of tho wing. Therefore Sstatic pressures were measured in flight in both
naccelles of this model, to check whether tho flow always remained subsonic and
to detect thickening or separation of the internal boundary layer.

3.2 Pree~flight tests

The wei ght, centre of gravity position and inertia characteristics of
each nodel were neasured before its flight. The noments of inertia, about the
body axis and sbout spanwisc and normal axes through the centre of gravity,
wore measured Dy suspending the model ON two wires Of equal | ength and swinging
it as a bifilar pendul umabout cach axas in turn. Corrections were appliod to
account for the masses of tho wire attachnents.

The model s were | aunched from the ground and roached their maximum
velocity in about 3seconds. They all achieved meximum Mach numbers cl ose to
1+45 (Fig.S) and maxi num Reynol ds nunbers, based on §, of about 10nillion
(Fig.10). The booster rockets (Fig.4) were dotnched as soon as they stopped
thrusting, ond the experimental measurements were made Whil e the nodel s were
decelerating in free flight. Boundary-layer transition was allowed to occur
naturally. In order to trimthe models s nearly as possible at zero lift
throughout thoir flights, their tailplancs werce fixed at a small positive angle
relative to tho body axgs. This angle was determned fromw nd-tunnel tests
and from measwrements of the flight behavicur of tho models described in Ref.1.

Bvery model carried standard R A E. 485 Me/s telemetry cquipnent to
provi de measurements of acceleration and, 1n the case of model B, of pressurec.



Normal and lateral accelerations Were neasured at the centre of gravity to
indicate trim and at positions near the nose and tail so that stability could
be investigated if necessary. Tw accel eronmeters were installed in each nodel
to provide independent measurenents of longitudinel deceleration. Static
pressure Was measured at SiX points in each nacelle of nodel B. Anbient
pressure and local gtatic tenperature were determ ned separately from radio-
sonde measurcaents,

The flight path coordinates and velocity of each nodel were deternined
from measurements made by synchronised kinethecdolites at several stations
along the range. Additicnal measurements of vel ocity were obteined by neans
of a radio-Doppl er transponder carried in the nodel. Since the velocity
measurements coul d bo differentiated to obtain |ongitudinal deceleration
there were effectively four sources of information on the drag of the modol.
Thoy wereo not entirely independent, because the airborne aceeclercmeters
shared a common transmttor and tho cal culation of drag al ways depended on
t he kincthoodolite measurements of cltitude and flight - pat hdirection.
Neverthel ess the redundancy of information allowed doubtful neasurenents to
be rejectod and provi ded some i nsurance against failure of the aicborne
i nstrumentation. In the gvent there were no failures, and all the drag
measurcments werc obtained from tho accel erometers.

3.3 Analysis and presentation of results

The points in the nacelles of nodel B at which static pressure was
nmeasured in flight are shown in Fig.11. These measurements were reduced to
pressure coefficients and are plotted in Fig.12. To obtain some indication

of tho ecxtent of the potential flow through each duct at supersonic speeds,
the ratio between the prossures neasured at the maxi mum cross-section and
the exhaust nozzle was used to calculate the corresponding effective cross-
section area rati o, assum ng a chokednozzle and ong-dimensional potential
flow. The effective arca ratios arc plotted an Fig,13, -

The internal drag of the ducts was expressed in the formof Standard
Internal Drag. This ais dofinoa’ by the equation

N
% = "_;’mv fpo ¢ e [ (Pe - poo) ‘mej )

"The first two terms on the right-hand side descrabe the nonentum | ost per
sccond by the air flowing through the ducts, between a station far ahead of
the i ntakes and. tho gxhaust nozzles. This includes tho estimated | 0ss due to



skin friction and the |oss, measured in the wand tunnel, due to the distribution
of nogmel pressure on the duct walls and on the pre-entry streamtubes. The
third termis the thrust due to the difference of static pressure between the
exhaust and the free stream The internal darag of One isolated nacelle is
plotted in this formin Fig.14(a), showing the estimated contribution due to
skin friction.  (The coefficient ofi nternal skin-friction drag fell rather
repidly with increasing flight Mach number because the nean internal Mch

nunber remained al noSt constent.) For the purpose of analysing the flight
measurcments, the Standard Internal Drag of all the nacelle installations was
assunmed to be twice that of the isolated nacelle.

In order. to provide a datum to which the installed drag of the nacelles
could be referred, the total drag of en isolated nacelle was found by estimating
its external drag and adding it t0 the Standard Internal Drag. The externa
skin-friction drag was obtained by using the curves of Ref.7, assuming flat-
plate floww th zero heat transfer and a transition Reynolds nunber of 2 mllion
The wave drag was obtained by treating the nacelle as a body with elliptic
cross-sections and the same external area distribution, and using the curves
of Refs.8 and 9. The interference effect of the forchody on the afterbody was
taken into account, but spillage drag was neglected. The external drag s
plotted in Fig.14(b).

The free-flight tests provided neasurements of the total drag of each
model (Fig.15). Before the drag was determned, the accel erations indicated
by the two | ongi tudi nal accelerometers in each nodel were integrated and the
resultant wvelocities conpared wath those cal cul ated from the kinetheedolite
records. The data fromthe accel eroneter that yielded the closest agreement
with the kinethcodolite velocities throughout the flight were used to obtain
the drag of the nodel

The drag increment caused by each nacelle installction was obtained by

subtracting the drag of the basic modecl aircraft fromthe drag of the node
with nacelles. The increments obtained fromall three installations are plotted
together in Fig.16. |t 1s helpful to express the drag increment as a multiple
of the drag of two isolated nacelles, and this is done in Fig.17. Then the
total dreg of a conplete configuration is sinply given by

C = C + C .

D Do TN oy
Each increment of total drag was analysed by subtracting the Standard Interna
Drag to obtain the external drag increment, and by subtracting from that the

est1mated7 external skin-friction drag increment (¥ig.18). The remminder is
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. 2 ...
the external normal-pressure drag increment; as suggested by Britton  this is
cal | ed t he Installation Drag (Fig.19). Thus an alternative expression for the
total arag of a conplete configuration is

c c. + (CD tcp tC D)

B T Do S

The drag analysis iS summarised in ¥.g.20 and Table 4. It is confined to

supersoni ¢ specds because no neasurenents of the drag of the basic model
aircraft were obtained at subsonic specds.

Tha installation drag i Ncl udes contributions caused by spillage from
the intakes and by the influence of the nacelle wakes on the flow around the
rear of the aircraft. Both ars likely to be smell because, in .these tests,
the spillage was deliberately minimised and- the nacclle wakes wero either
some di stance outbhoard of the body and tail or were shod fromthe extreme
rear of the aircraft.

Finally, the total drag measurenents arc conpared with those obt ai nedlo
under simlar free-flight test conditions froman M=wing model (Fig.21). This
was derived fromthe basic swept-wing nodel, and had the same gross wing area
and the same tail unit. Its body was based on the sare ogive-cylinder-ogive
as the bodies of tho swept-wing nodels, but it was not designed by neans of
t he area rule. ‘he sides of the body were waistod in tho region of the wing
root, to produce a sheared-wing velocity distribution in the wing-body
junction.  Waisted closed bodies were installed at the mid-span Kinks, and
there was a cono-cylinder falring under the tail that was not fitted to any
of the swept-wing nodels.  The drag conparison is made in Fig. 22,

3.4 Uncertainty of results

The anbient conditions were detormined With negligible error. Tho
uncertainty in the velocity measuremcnts arose almost entirely fromthe
correction for vind velocaty, and was about *10 £t/see. The resultant
uncertainty in Mach nurber was therefore about #0+01and in the Kinetic
pressure ¥ YE, Mz about #1 ger cont.

The uncertainty in the flight measurements of drag varied with Mach
nurbor. The accel erometers measuring longrtudinal doceleration had an
uncertainty of measurcment of *0-03g. The deceleration of the models varied
from about 2°5g at M = 1+4 to about 1+2g at sonic speed, and fell to about
0+5g at subsonic specds. Thus the uncertainty in the drag coefficients
obtained fromthe flight measurements ranged from about #1% per ocnt at

16
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M=1-4to about 2% per cent gzt ¥ =1, It rosa to nore than * per cent at
subsoni ¢ speeds, but this was uninportant because tke drag analysis was confined

t 0 supersonic speeds. -

Slight uncertainty was introduced by the sinplicity of the analysis. The
internal drog was always assumed t0 bo twice that of an isolated nacelle,
whereas the nacelles c¢n the free-flight nodels were in different Darts of tha
flowfield arcund the aircraft. A1l the nacelles were behind the shock
generated by the nose at supersonic specds., In addition, part of the wing
boundary | ayer passed through the nacelles of model B and port of the wing
wake through those of nodel C.  The effects on the internal drag could not
have boen neasured in flignt, and no attempt has boon made to estimate ther.
Since the 1nternal flow contribuied only a swpell part of the total dreg, the
dxffercnces Oof internal dreg would have had to be ghout 50 per cent to be
comparable W th thic uncertainty of the flight weasurcments. |ncalculating
the uncertainties of the installed drag factor FW and of tho Installation Dreg
an uncertainty of #10 por cent in the Ste.sdard Intormal Drag vas assumed.

The uncertainty of theestineted oxtornal sKin friction drag On a nacells
instal lation was about %3 por geat. 3Since this wog @ small component of tho
total drag its effect was domanated by the uncertainty of tho flight mecasurements.

Since linear theory 1s relisble as long as its assunptions remein valid,
the uncertainty of the estimated wave drag was assunmed to be zere. The
uacertainty of the instelled drag factor K, then veracd Prom about *5 per cent
at ¥ = 1to abcut 135 per cent at K = 1+4. |f tholinecar-thcory assumptions
were violated, perhaps because fanite disturbances occurred where surface
slopes changed rapidly, then the estimated wave drag of an isolated nacelle
may bC in error, However, itS uncertainty would hove to be 30 por cont to
double the uncertainty of Ko

Most of thouncertainty an the Installation Drog occurred because it was
obtained DY analysing the ¢ifferencc botween tvo large forces moosured in flight.
Over the range of supersonic speecds covered by tho analysis it was an al nost
lincor function of }ach nusber. The estimated uncertainties are summarised in
the following t abl e.

Table 1
Uncorteanty of installation drag

=1 M= 1
Uncertainty in Cp, +0+00080 | *0-00049

| Uncortainty &Models L&C | =25 115
| per cent lfodel B i 67 L#20
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4 DI SCUSSION  OF  RESULTS

The pressures measured in the nacelles Of model R ( F19.12) gave a
reassuring preture of the flow thmamgh the ducts in flight. The intcke
pressures Show some rearward movement Of the intake shocks with increcsing
Mach nunber, but they indicate that the shocks moved only a very short
di stance inside the intakes. This e¢vidence 1s supported by tho high pressurcs
that were alwnys measured at the meximum cross-sections of the ducts. Urnder
the conditions of this test such pressures could have ceeurred only while the
flow through the ducts was subsonic.

The exhaust pressure measurements, takon 2t two POints in cach nozzle,
differed somewhat between thenselves but all varied in the same way with Mach
number. | N particular thoy were ell close tO free-stream pressure at sonic
speed, and increased continuously with mmeasngMack nunber at supersonic
specds. This suggests that the nozzloes were choked, al though the measured
pressurcs at supersonic speeds werc | ower than would. bC necessary to obtain
an iscntropic expansion to free~stream conditions downstream of the nozzles.
The differcnces betwoenthe measured oxhaust pressures al nost certainly
occurred because of a locel irregularity in the surface of the starboard duct.

The effective area ratios, caleculated fromthemeasured pressure ratiocs,
do not agrec W th each other very well (Fig.13) but nonc of them differs from
the arca ratio of the Zuets suffzciently t 0 suggest separation or excessive
thickening of theanternel boundary layer.  Thus the passage through the
ducts of part of the boundary |ayer on the wing did not heve an adverse
effect on the internal flow.

Tne curves of totel dragcceflicient agaanst Mach nunber are gererally
similar an shape (Fig.15). “here 15 a distinct minmimum near M = 1+21in the
curves for the two models which had their bodi es redesignedt o conpensate for
the added volume Of the nacelle instellations, but this may be fortuitous.

The increncnts of total drag coused by the pylon-mounted naceclle
installations of models . and C werc hearly the same (Fig.16). The drag
1ncrement caused Dy the nacelles of model B was much | ower and, at liach
nunbers up to 1-2, was scarcely more than half that caused by the other

installations. Vhen the dreg inerements are conpared to the drag of two
i sol ated nacelles (F1g.17) the pylon-mounted installations are shown to hove
been reasonably successful. At Mach numbers up to 1+3 the drag increncnts

caused by the nacellc installations of nodels &4 and C were less than 50 per
cont higher than the dreg of two isolated nacelles. However, the drag
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increnent caused by the nacelles of nodel B was about 20 per cent below the
dreg of two isolated nacelles at liach numbers Up to 1:2, and only slightly

above it at higher lfach nunbers. This shows very clearly the advantage gained

by elimnating the pylons. It nmust be cmphasised that the nacelles were not
desi gned t 0 produce favourable wing-nocelle interfercnce. There as little doubt
that suitable improvement to the external shape of the nagelles could reduce
their installod drag still further, especially on nodel B,

L full-scalc aircraft of this kind woul d cruise above the tropopause and
its linear dimensions would bo about 30 times those of the frec=flight nodels.
Thus it would operate at Rcynoldc numbers about 10times groator than thoso
achieved by tho nodels.  Iionece the proportion of the total drag contributed by
skin friction would be logs for tho aircraft than fcr the nodels.  Thorefcro
the total drag increments caused by the nacelle installations would be slightly
larger mul tiples of the drag of two isolated nacelles. Nevortheless, at any
given gcale tho nacelle installation Of model B Wil | always have an advantage
over the others because of 1is smallcr exposed surface arca. This is illustrated
by Fig.18, Fhore the skin-friction drag ancrement caused by tho nacollcs cf
nmd01 B is shown to bo about half that caused by tho othor installations.

The curves of anstallaiion drag (Fig.1S) reflect the variation of total
drag increment wath Mach nunber. They arc all rather navy, but this may be
m sl eadi ng because the amplitudes of the waves arc generally less than the
experimen$al uncertainty. The installation drags of both the pylon-mounted
nacel | e installations were approxamately the same, and were roughly constant.
The installation drag of the nacollcs of nodel B incrccsod nth ingreasang
Mach nunmber, but it was cnly about half that of the other installations at
the design Mach number of 41:2. Thus the benefits of climineting tho pyl ons
wore NOt confined t o the skin-fraction drag.

111 the swept-winy models had considerably less drag taan the M-wing
nmodel (Fig.22). nt supersonic spccas the drag of nodels 4L and C wms roughly
7 por cent lower, and. that of nodel Bahout 15 per cent lower. Since the
boedies at the md-span kinks of the Il W ng were not suspended on pylons, the
nost appropriate conparison i s beiween tno li-wing model and nodel B. No doubt
the drag of all the model configurations could be reduced by careful detail
design.  The inprovements would be |argely confined to the wing and body of the
M-wing configuration since the vodies at the md-span kinks were originally
desi gned to produce favcurable interference and probably cannot be inproved’a
great deal. On the cther hand all the swept-w ng nacelle installations could
probably be inproved considerably. Thus 1t 1s likely tO bedafficult to reduce
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the drag of the M~wing configuration to that of a swept-wing configuration
based on model B. A nore satisfastory drag conparison would have been
obtained if the M-wing nodel had carried duected bodies at the md-span kinks
and had not had a bulge under its tail. However, sinple calculations suggest
that these differences would not have altered tie total drag of the node

very much.  The external drag woul d have been reduced by renoving the fairing
under the tail and by replacing the closed bodies by ducted bodies, but
internal drag would have been added. The total drag vould probably have been
one or two per cent lower, and this is not erough to affect the foregoing
argument .

5 CONCLUSI ONS

The external drag penalties, caused at |ow supersonic speeds by three
different nacelle installations on a swept-wing aircraft, have been determ ned
by means of free-flight tests. The naceiles werc attached to the wing and the
rear body on pylons, end éirectly to the wing without pylons.

The nmeasurements showr that, at the design ifach nunber of 1+2, tho
nacellecs attached directly to the wiag ecaused about half as much externa
normal-pressurce dreg, and about half as much extornal skin-friction drag, as
either of the pylon-mount& nacelle installations. Thus a vorthwhile
improvement in external drag was obtained by elimnating the pylons.

At Mach nunbers up to 1+% tho pylon-mounted nacelle installations
caused drag increnments that were | 0SS {han 50 por cent greater than tho drag
of two xsolated nacelles. However, the racelles attached directly to the w ng
vere particularly successful, because they caused a drag —ncrement that was
bel ow the drag of two isolated nacclles at Mach nunbers up to 4-2 and only
slightly above 2t at higher ilach numbers. Since the nacelles werg not designed
specifically to produce favourable wing-nacclle interforence, the drag
inercments caused by all +the nacelle installations could probably be reduced
considerably by suitable detail design

Al %the swept-wing nodels had |oss drag than an M-wang nodel with the
same gross wing area. In particular, the drag of the medel wath necellcs
attached directly to the wing was about 15 per cent below that of tho bi-wing
nodel
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Appendix
MODEL GECMETRY

The waing planform was defined as follows. The trailing edge was straight
fromroot to tap and was swept back 55°. The inboard half of the wing had a
constant chord and the spanwise distribution of chord over the outboard half of
the wing was defined by

a
1

e (209003

where
. b .
05 € =< 10
Chords of the nodels, celeulated by means of this expression, are given
in the following table.
Tablo 2
Ordinates of out board half of wing planform
Y o ¢ 1

inches ZCq i nches

92739 | O 0+50 12+500
100 O« 0-4999 | 12498
10+5 0 0-4992 | 12.480
110 0-5647 | O-4977 | 12:L43
11-5 0-5904 | 0-4955 | 12-388
120 0L 0-4924 | 12-310
1245 0+6417 | O-48B2 | 12+205
13+0 06674 | O<4830 | 127075
13.5 Q6931 | 04766 | 11915
1440 0.7188 | 04687 | 11-718
145 O+7444 | Q459 | 11-485
150 0-77C1 | 0-4482 | ii+205
1545 Q+7958 | C+4349 | 10-873
160 08214 | 04191 10478
165 0.8471 | 0:4001 | 40-003
170 0-8728 0-3772 9430
1758 0+8985 | 0-3491 8-728
17+75 09113 | 0.3326 8315
180 0.9241 0-3137 7843
1825 G+ 0-2920 7+300
18+5 0.9498 | 0-2667 6-668
1875 0-962 0-2361 5"903
19+0 0-9755 | 01969 4+923
19125 | 0-9818 | 0«1 724 47310
1925 0+9883 | 001413 34533
19375 | 0-9947 | 00981 2.453

‘ 12479 | 1°0 1 0 0

The wang section was R.A.E,107, wath @ thickness/chord ratio of 0-06. Ordinates
of this section arc given in Ref. 4.
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Al'l the nodel s had bodies of revolution, designed by a method based on
the supersonic area rule. I n the fol |l ow ng table the body ordinates of
model s A and B are 1isted only where they differcd fromthose of the basic
model aircraft.

Table 3

Body ordi nat es

Body radius (inches) Body radi us (inches)
Inchos | - A . I nches
fron Basic fron Basice
no se wreraft Nodel A Model B aircraft Model A Model B
and and
nodael C model C
0 0 43 2+349 2.192 2342
1 0+288 42 2+332 2177 2317
2 0456 L3 2+3%23 2176 2296
3 04659 INA 2' 319 2+181, 24279
b 0816 45 2:319 2.199 2426k
5 0960 46 2+321 2+218 2+249
6 1093 47 2+323 2.239 2235
7 1216 4B 24325 2.260 2221
a 103314 49 2.326 2+279 2209
9 1439 50 24326 24295 2+198
10 15,0 51 2-32), D305 2188
11 14635 52 2+320 27312 24179
12 1-725 53 2312 2:310  2+170
13 1-840 5l 2301 24162
14 1-890 55 2286 2153
15 1+966 55 D266 2+143
16 2+038 57 2+242 2°131
17 24107 58 2+21j 2117
18 2"172 59 2:179 2-099
19 223} 60 27141 2077
20 24292 61 2.098 2+050
21 24347 62 2+051 2+018
22 2399 63 1999 14979
s | 2B 64 | 1943 14933
2k 2+596 65 1+883 1+880
25 2+538 66 1819
26 2579 67 1751
27 2+616 £8 1679
20 2.650 2648 £9 1+50k.
29 2679 2673 70 14525
30 2+703% 24690 V&| 1443
3 2°79 2+695 72 14356
32 2724 2+680 73 1260,
33 2710 24656 . T 14165
LR 2678 2607 " 75 1058
35 2.631 2-5L2 76 0950
36 2:573 2466 77 0815
27 2.512 2+388 78 04690
58 2457 2+319 79 0.573
39 241 2"263 80 0.500
O | 2375 2.220 2°374




Summary of drag anclysis

Table 4

17

Mach number 1.05 1.10 1.15
Bagic aireraft: Cy 0.0203 0.02035 [:0.0202
20
{cD 000385 (0.00367 | 0. X359
Two {s0lated na.cellesJ NO
o 0.00030 |0,000835 |0,00007
{ Dey
C 0.0261 |0.0258 |.L0256
D
0,0058 | 0,0055 |0,0004
lodel A i, %Aﬁnm
0 0.00147 | 0.001L6 | 13,001L5
Den
cD 0.,0035 [0.0032 |.2,0030
1
.
rc 0.0232 [0,0232 | L0232
m
S -cD 0.0029 (0,0029 |).0029
fodel B J A
C 8,00077 | 0.00076 |3.00075
Dpy
C 0.0013 |0.0013 |J.00M3
Dy
rc 0.0260 [0.0254 |p.0254
Van
G, =€, 10.0057 (0.0051 0.0049
fodel o AN Ma0 |
CD 0.00137 , 0.00136 (0.00135
N
-cD 0.0035 0.0029 [0,0026
1

1.20 1.25 1.30 1.35 1.40
0.0199 |0,0200 |0.0206 | 0.,0268 | 0.0205
0.00353 |0,00352 |0.00351 | 0.00350 | C.CO349
0.00091 0,00097 (-.0010: | 0,00107 § 0.00112
0.0255 [0.0255 ([0.0263 | 0.0270 | 0.0277
.0056 (0,008 [0.0057 | 0.0062 | 0.0069
0.00144 |0.00143 |0.00141 [ 0.00140 |0.00139
D.0033 [0.0031 0.0033 | 0,00357 |0.0004
N.0235 [0.0239 (0.,0247 |0.0249 |0,0260
D.0036 (0.0039 |0,004t |0.0041 {13.0052
0,0007 |0,00073 |0,00072 | 0.00071 |0.00070
0,0020 [0,0022 [0.0024 |[©.0023 ]41.0034
0.0252 | 0,0254 [0.0258 |0.0265 |0.0268
0,0053 [0.0054 |0.0052 |90.0055 {0.0060
0.00133 [0,00132 [0,00131 |0,00130 |0.00129
.0031 [0.0031  [0.002% |0.0031 10,0036

RS



SYMBOLS

A cross-section arga of duct

Cp drag coefficient, = D/q8

C pressure coefficient, = (p—ps)/q
D drag force

g acceleration due to gravity

Ky

incremental drag factor, = (CD - Cp )/CD
AN A0 NO

n internal mss flow rate
)it Mach nunber

static pressure
anbient pressure

a

kinetic pressure, = % Yo, G
gross wng arca
cross-section area at station X

T < M < 1 o W o
L)
el
p

vel ocity

distance along body axis nmeasured rearward frorm nose
ratio of specifac heats of air, = 1+

air density

Suffixes identifying stations in tho internal flow

6 nacel | e exhaust
oo far ahead of the intoke

Suffi xes 1dentifyane drag coefficients

AN total drag of the nodel aircraft with nacclles

A0 total drag of the basic model aircraft wthout nacelles

FN addi tional external skin-friction drag caused by nacelle installation

| Installation Drag, i.e. the additional external normal-pressure drag
coused by nacelle installation

NO Total drag of isolated nacelles

SN Standard Intcrmel Drag
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Model A

Model B

Fig.4. Photographs of the models



Model C

Model A with booster rockets attached

Fig.4 (cont'd). Photographs of the models
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FIG. 8 (a) MODEL A

FIG. 8 NORMAL AREA DISTRIBUTION OF THE BODIES
AND THE COMPLETE MODELS
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FIG.21 M-WING MODEL DERIVED
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