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SUMMARY

Current design proposals for many swept-winged aircraft have large
engines of high bypass ratio wath short fan cowls on short pylons under the
wings with the annular fan nozzle close to the wang leading edge. With such
an arrangement there may be significant changes in the wing pressure distribu-
tion induced by the jet flow, particularly that from the fan. In consequence,
the normal method of simulating the engine flow in a wind tunnel model, by
using simple open ducts, and no representation of the jet thrust, maght not be

adequate.

The tests reported here were planned as an imitial investigation of jet
interference for this type of configuration. Results show that for conven-
tional locations of the nacelle on the wing, representation of the cruising
Jet thrust has only a small effect upon the wing pressure distribution and
then only on the lower surface.

*Replaces R.A.E. Technical Report 68049 - A.R.C. 30153,
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1 INTRODUGTION

High bypass engines offer substantial improvements in specific fuel con=
sumption but at some penalty in frontal area per unit thrust. At the same
time the large increase in payload capacity offered by projected aircraft nas
encouraged the development of powerplants with a correspondingly high thruste
In consequence, engines are now under development navaing a static thrust of
40000-50000 1b and a maximum nacelle diameter approaching 10 ft, Two short-
cowled fan engines of this size would provide a practical powerplant for a
short range high subsonic transport aireraft, as typified by current cesign
studies for an Airbus. For such designs the ratzo of nacelle diameter to local
wing chord approaches a value of 0.5. These engines, if installed in the con=-
ventional podded underwing position, have to be mounted on short pylons wath
the annular fan nozzle close to the wing leading edge, a position dictated

mainiy by ground clearance reguirements.

In such a position, the displacement flow around the nacelle and pylon
affects the flow over the wing, and the jet flow itself may produce adaitional
interference effects, due to the displacement flow or to entrainment of
external alr into the Jet. The intention of the programme of experiments
desecribed in this paper was to assess the likely importance of these additional
jet interference effects on the flow over the wing, for configurations broadly

representative of current Airbus proposals.

A modern wing design has several design features which might make 1t more
susoeptible to Jet interference than older wings. The nose shape 1s very care=-
fully shaped to control the development of supercritical fiow and delay the
appearance of shock-waves; Jet entrainment effects in particular might be
expected to cause changes 1n local flow direction near the aercfoil nose - in
effect, superposition of additional camber - which could adversely influence
the development of supercritical flowe Secondly, modsrn aerofoil sections are
designed to carry more load on the rear part than older sections, which implies
that adverse pressure gradients are steep on both lower and upper surfaces.

Any increase in gradients, especially on the lower surface, due to jet flow,
gould well provoke flow separaticn, or at least excessive thickening of the
boundary layer and consequent loss of lift. Thirdly, a modern swept wing
relies on the maintenance of swept 1sobars to delay the onset of supercritical
flow and shock waves. A&ny change in velocities on the wing due to the jJet

flow will not be uniform across the span and consequently will reduce the
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isobar sweep at some place. If the jet interference increases velocities on
the lower surface near mid-chord (where the velocity is already greatest) this

in combinstion with loss of isobar sweep could lead to premature appearance of
supereritical flow and shocks.

The present experiments were planned to investigate whether any of these
pussible sources of interference were in fact sufficiently serious to
neceagitate representation of the jet flow on wind tunnel models of a complete
airbus configuration. For this exploratory work, it seemed adequate to
measure pressure distributions on a two-dimensional wing with and without the
Jet flowe It should be possible to infer results for a wing of moderate
swoqp;back (saysy up to 30°) from such messurements.

By restricting the experiment in this way, it was possible to use a good
deal of existing apparatus, and this made it possible to start the work
quickly. The tests were made in the period February to July 1967,

2 DETAILS OF KXPERIMENTAL APPARATUS

241 The

The tests were made in the 2 ft x 13 £t transonic tunnel which is
installed in the bypasz leg of the 8 ft x & £t transonic tunnel, and which
already has provision for jet blowing. All four walls of the tunnel are
slotted with a totsl open area ratioc of 11%; the slots, with corrugated

insertsy can be seen in Fig.1. However, the transonic capability of the
tunnel was not used in this experiment.

2+2 Ihe wing

Two existing wing models of span 8 inches and chord 5 inches were useds
which were borrowed from the National Physical Laboratory. Because these
models were made for testing in a smsller tunnel, they did not span the width
of the present tummel, Experiments made by the Boeing Compangj had shown
satisfactory results from tests on a similar model wing mounted between end=
platesy so end-plates of diameter 8 inches were fitted to the present wings.

The pressure holss were distributed across a considerable part of the
wing surfaces, &8 shown in Fig.2, so it was necessary to traverse the wing
aoross the Jet (which was fixed) in order to measure a complete chordwise
pressure dlstribution. The rig constructed to enable this to be done is
illustrated in Fig.l: a box framework carrying the wing and end-plates is



cantilevered from the tunnel traversing gear, in a fashion which enables the

jet to pass downstream without obstruction.

The choice of aerofoils available for this test was somewhat limited.
The first sectiony, here referred to as Wing A, was chosen because 1t had a
pressure distribution near the nose on the upper surface which, 1t was thought,
might be particularly sensitive to Jet interference, as explained above. The
preliminary experiments with this waing, reported in Ref.2, showed that in fact
there was little interference with upper surface pressures, and for most of
the work reported here, a second aerofoil (Wing B) was used. This had a more
representative lower surface pressure distribution than wing A, which had a

suction peak around 5% chord at the incidences used for these tests.

The ordinates of both sections are tabulated in Table 1, with their

N.P.Las designations.

Tests were made over a range of Mach numbers from 0.6 up to 0.74, which
18 approximately the critical Mach mumber of the two-dzmensional wing, at a
chord Reynolds mumber of 1.0 to 1.1 % 106. Transition was fixed by a band of
240-200 grade carborundum® between 5 and 1% of the chord.

The tests were made, for the most part, at a single incidence. This was
chosen to gave a 1ift coefficient (CL = 0.34) representative of an airbus con-
figuration, so that the deflection of the Jet by the wing pressure faeld should
also be broadly representative. In facts as noted in section 2.4, the jet
thrust coefficient 1s somewhat higher than full-scale, and the jet deflection
18 likely to be somewhat less than on the full-scale aircraft.

2.3 The jet tube

As 1n earlier work on jJet and base flows {e.g. Ref.3), the jet tube was
mounted from the contraction chamber as shown in Fig.is, and fixed on the
centre line of the tunnel. The precise location of the nozzle relatave to the

wing could be set by adjusting the four support struts which can be seen an

the contraction.

A d1sadvantage of this arrangement i1s that a thick boundary layer
develops along the jJet tube. In the preliminary experlmentsz, this was
measured and found to extend out to about the lower surface of the wing,

possibly influencing the pressures measured there. In addition, the i1nfluence

*This means that the grains of carborundum passed through a sieve with
040030 1nch square holes, but were retained in a sieve with 0.0025 inch
square holes.



of the annular weke surrounding the jet was obviously acting to reduce the jet
influence. A suction system was therefore devised to reduce the boundary layer
on the tube as much as possible, and this was used throughout the tests
reported here, except where explicitly noted. The development of the suction

system is being reported separately.

The design of the jet tube and nozzle is illustrated in Fig.3. The Jet
tube was constructed from two co-axial tubes, with the inner tube supplying
the jet air to the nozzle. The tube boundary layer was sucked through
longitudinal slots 0.85 inch long and 0.032 inch wide spaced at intervals of
30 around the ¢ircumference jJust ahead of the nozzle, into the annulus between
the two tubes and then back down the jet tube out of the tunnel. The suction

slots can be seen in the photographs in Figel.

244 The nozzle and jet fiow

The size of the nozzle relative to the wing was chosen to be representa-
tive of a twin engine installation on a 300 swept wing short range transport.
The geometry of the nozzle represents a typical engine of bypass ratio 5. The
throat area of the annular nozzle is 3.3 times that of the central nozzie,

The profile of the nozzlie 1s given i1n Table 2.

Full-scale values of Mach numbers and velocities of the free stream and
Jet flows, thrust coefficient and jet pressure could not all be correctly
represented. It was considered that the shape of the jet boundary should be
correctly reproduced and this implied correctly representing the ratio of Jet
stagnation pressure HJ to free stream static pressure, P,* The datum value
for jJet pressure ratio of HJ = 24t P, was therefore selected, this belng
typical of the cruising conditions for engines of this type in a short range
transport aircraft designed for high subsonic speeds This jet pressure ratio
was maintained over the range of Mach number covered by the experiment, so
that the development of the jet was effectively unchanged, although the thrust
coefficient decreased wath increasing Mach number. This and other jet para-

meters are shown i1n Fige4 and compared with full-scale values.

On the full-scale engine at typical cruise conditions the hot central
Jet and the cold annular fan Jet have roughly the same stagnation pressure,
and thus also similar unit momentum flows. These characteristics could there-
fore be represented by feeding the central and annular no%zles from & common
a1r supply without the necessity of providing screens to provide independent

control of the two Jjet flows.



The tunnel freestream and jet flows were both at approximately ambient
stagnation temperature, and at these conditions the fan jet velocity and the
velocity difference between Jet and free stream then also happened to be
¢losely representative of full-secale cruising conditions. The higher velocity
of the hot central jet could not be represented but this was considered to be
of lattle sigmificancet this was confirmed later when tests were made with
the central nozzle blocked and no sigmificant change in pressures on the wang
was measured (Fig.2i)}. More important perhapss at the correct jet pressure
ratio, the thrust coefficient of each of the two jets was about 50 higher at
the standard test condation, Mo = 0.7y compared waith full-scale values at the
higher design Mach number of {the aircraft. The Jet will therefore be less

liable to deform in the wing pressure field than full-scalee.

Some tests were slso made with the jet replsced by an "equivalent sclad
body", which was shaped to correspond te the outer edge of the jet without
allowing for any expansion immediately downstream of the nozzle, nor for the
broadening of the Jet due to entraimment from the main stream. This solad
body extended well downstream of the wing trailing edge and 1ts finsl crosse-
sectional area was equal to the sum of the areas of the annular and the central
nozzles. Its dimensions are given in Table 3. Such a body could be thought
of as representing a very "stiff" jet - i.e. one not deflected or deformed by
the wing pressure field, and thus as the opposite limit to the open nacelle
with no jet. (The experimental results, reported in section 6.2.1s do not

seem to support thas interpretation.)

245 The test programme

Fig.b 1llustrates the different locations of the nacelle relative to the
wing which were tested*. The datum configuration (No.2) 1s close to that pro-
posed in contemporary design studies for a twin-engined Airbus. The
"equivalent solid body" 1s also shown. Some tests were made with only the
annular jet represented, the central Jet being blocked by a long cylaindrical
pluge.

The wing pressure distribution in the presence of the jet tube was
measured under two sets of conditions, at posative gjet thrust and at zero Jet
thrust waith the jet total head set equal to the free stream total head, thus

simulating free flow through an open duct nacelle. From these results in

“Tests on Wing A at two other heights are not reported here. Some additional
results are reported in Ref,2,



conJunction with the pressure distribution of the wing in isolation, the dis=
placement effect of the jet tube and the separate effect of jet thrust have
been determined.

Limited measurements have also been made of the deformation of the jet
due to the influence of the waing. 4 few pressure measurements were made on

the surface of the rear nozzle, but these are not reproduced here,

3 JET CHARAGTERISTICS

The schlieren photographs (Fig.5) of the jet flow show the contraction
of the fan jet over the boat tailing of the gas generator cowl. The flow
remains attached effectively over the full length of the cowly oil flow
observations showing only a very small separation at the discontinuity which
is produced at the end of the cowl.

Little expansion of the jet is apparent at the datum jet pressure
(Hj = 244 po). However, at this condition the fully expanded Mach number
is only 1.2 although some limited measurements of pressure distribution
over the gas generator cowl indicated that there i1s in fact considerable
over-expansion within the recurring expansion/compression cycle of the
jete At the higher jet pressure ratio, I-I‘j =3 P, the expansion at the
nozzle 1s clearly visible in the photograph. Schlieren photographs were also
taken over a range of Mach number from M = 0.6 to 0.74 at HJ = 2.4 P but
these were all virtuaslly identical.

Pitot traverses were made through the jet and the wake from the jet
tube. Typical results are shown im Fig.7. A4s the jet is only slightly abave
choking conditions, total head losses are small through the oblique shock
waves within the jet and the normal shock ahead of the pitot tube.

Points worthy of note are the trough in the total head distribution
associated with the wake of the gas generator cowl, and the considerable mix-
ing which has taken place between the amnular Jjet and the wake from the Jet
tube. The flow appeared to be symmetrical around the ammular nozzle, with no

1dentifiable wake from the struts supporting the gas generator cowl.

Because of larger losses within the annular section of the nozzle, the
total head of the flow from the annular nozzle 1s somewhat below that from
the central nozzle., Since the outer annular jet will inevitably be the
main source of the jet interference on the wing, the jet total head was

adjusted upwards to bring the mean value for the annular Jet up to the datum



value at the exit plane. Values of Jjet pressure ratio quoted within this
Report therefore refer to the annular jet, corresponding values for the central
nozzle being some 10% higher.

4 BOUNDARY LAYER ON THE JET TUEE

Because the Jet tube extends right forward into the contraction chamber,
a thick boundary layer develops along the tube. This 1s important because,
with the wing installed, it will £ill much of the space between the propulsive
jet and the winge This cushion of low energy air will tend to influence the
wing pressures in two ways. Firstly there will be the direct effect of the
reduced velocity of the "free stream" approaching the lower surface. Secondly
the boundary layer can be considered as a diffuse annular jet having a nega~-
tive thrust. This negative thrust is a large fraction of the total net pro-
pulsive thrust, so the "jet interference" of the boundary layer may not be
neglaigible compared with that of the propulsive jet, and it wall reduce
the effect of the jet. It was therefore desirable to minimise the wake from
the jet tube as much as possible, and boundary layer suction was applied to

the tube as described 1n section 2.3 sbove.

A significant variation in the thickness of the natursel boundary layer
around the jet tube was found, and is shown in Fig.8. The reason for this
was not established but 1t is presumably due to some small cross-flow in the
early stages of development of the boundary layer. No sigmificant variation
in the dastribution around the tube was observed when the tube was moved

slightly, nor after the tube was removed and re-installed.

The boundary layer was thickest at the top and bottom of the tube, and
relatively thin on one side; as the wing had to be mounted vertically in the
tunnel, it was installed on the side of the tube with the thinner boundary
layer.

With a sufficient pressure ratio to choke the suction system the
boundary layer was thinned fairly uniformly sround the tube, and by restricting
the suction to that half of the circumference where the natural boundary layer
was thinnest, further thinning was obtained in this region. There seemed
little tendency for the difference in boundary layer thickness, which then
existed, to even out further downstream. Even at the measuring station six
inches downstream of the amnular nozzle (xj = 5.6 Ro) a longitudinal position
corresponding approxaimately to that of the wing trailing edges and about
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12 inches downstream of the suction slots, there was a consistently thinner
wake over at least 1400 of arc when suction was applied over only half the
tube circumference. Installing the wing on that side of the jJet tube daid not
affect the result. The full programme of tests were therefore made with this
suction arrangement.

The circumferential variation of boundary-layer thickness 1s shown in
Fig.8a. Values of displacement thickness and momentum thickness were derived

from traverses at ® = 180° and 270° and are given in the following table.

o =180°% |8 =270°% |e& = 270°%
no suction no suction with suction
over half
circumf'erence
Displacement thickness 0.093 inch 0.047 1nch 0.016 1inch
Momentum thickness 0.060 inch | 0,032 inch 0.0i2 inch

However, even with suction the drag coefficient corresponding to the boundary
layer thickness on this side of the tube is several times greater than the

full scale drag coefficient for the fan cowl.

Profiles of total head measured across the jet in the absence of the
wving at various conditions are illustrated in Fig.9. These traverses were
made 1n & horizontal plane, on the side of the jet where the boundary layer
was thinnest; +the single traverse i1llustrated in Pig.7 was made vertically
across the Jet and there are slight differences between this and the

corresponding result in Fag.%.

Comparison of the traverses with jet total head equal to free-stream and
those with blewn jet shows that mixang has considerably reduced the momentum
deficiency in the wake in the latter case; but in both cases the beneficial
effect of sucking away part of the tube boundary layer 1s still apparent. The
effective radius of the Jet is greater at M0 = 0.6 than at MO = 0.74 {reflect-
ing the variation of thrust with Mach number shown in Fig.4). In both casess
the jJet radius is greater than the radius of the 'equavalent solid body!
because of entraimment from the main stream flow, but the outer part of the

profile is closely similar for the jet and the solid body.

Total head contours in the wake from the jet tubes with boundary layer
suction applied to the jet tube, and without the wing installed in the tunnel,

are shown 1n Fig.1 0. Although these contours are not streamlines, the outer
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contours give an impression of the local flow direction. They reflect the con-
traction of the flow around the gas generator cowl. Although mixing between
the jJet and the wake is sccelerated wath a positive jet thrust, the 99 total
head contour is effectively the same for the datum pressure ratio,

HJ = 2.h.po, the free flow condition, HJ = Ho and for the equivalent solid
body.

The effect of the wing on the Jet boundary is referred to in

section 6.4.

5 TESTS ON THE WING IN ISQOLATION

Pressures measured on Wing A in isolatlon are shown in Fig.!i and results
for Wang B are shown in Fig.l12. In each case 1t appears that g satisfactory
two-dimensional pressure distribution has been measured, in spite of the span-
wise spread of the pressurs—measuring pointssy so the efficacy of the end-plates
1s confirmed. The comparison in Fig.i| with unpublished measurements at N.F.L.
(where the wing is mounted to span the 20in x 8in tunnel) is quite
satisfactorys although the tumnel corrections for the present unorthodox
experimental arrangement must be uncertain.

Barlier tests by Kurnh have shown that the effective blockage of the jet

tube 15 zero, since it extends well forward of the working sections, although
there will be a smsll negative blockage correction behind the noszzle becauase

the developed Jet has a smaller cross section area than the tube.

For a wing spanming the tunnel, the standard method of Ref.5 predicts a
correction of about AMO = 0.0 at a nominal free stream Mach number of 0.72;
applying this correction to the present tests braings them well into line with
the N.F.L. results. However, as a correction of this magnitude would only
alter by about 2% the incremental pressure coefficients which are the maan
subject of this experiment, no corrections have been applied to the remsinder

of' the results quoted here.

The main series of tests reported here were mage with #ing B, for which
pressure distributions are presented in Fig.12 for a range of Mach numbers
from 0.6 to O.74h. At the datum incidence, a rooftop back to about 35% chord
is meintained on the upper surface, and a shock begins to develop at the end
of this plateau at about Mo = 0.7+ The lower surface distribution, with a
minimum pressure at around 40% chord, i1s typical of current designs for

subsonic swept wings, and the sectional 1lif't coefficient of 0.34 at MO = 0.7
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falls within the band of cruising conditions for a typical short-range
transport aircraft.

6 WING AND NOZZLE IN COMBINATION

The main series of results are presented in this sectzon. As stated
eariier the majority of the tests were made with the more representative wing,

Wing By and results refer to this wing unless otherwise stated.

The wing pressure distribution measured in the presence of the Jjet tube,
and 1ljustrated in Figs.}3-17, ainclude results for positive thrust and zerc
thrust. Whilst the main purpose of the experimemt was the comparison of these
two sets of curves, gaving the effect of the jet thrust, the corresponding
distributions for the isolated wing are also plotted. The difference between
the curves for the isolated wing and those for zero thrust represents the
displacement effect of the jet tube. This will be roughly similar to the
displacement effect of the full-scale nacelle, although the forward part of
the nacelle and the intake flow are not properly represented.

6.1  Pressures on upper surface of wing

Pypical results for the pressure distribution on the upper surface in
the flow of the jet are presented in Fig.13. The spanwise variation of the
pressure daistribution is not illustrated, but follows the same trends as on
the lower surface, discussed below. The contraction of the jet flow around
the gas generator cowl reduces the local incidence of the wing and modifies
the effective cambery, so causing a reduction i1n local velocities. On a swept
wing this would imply some distortion of the i1sobar pattern on the upper

surfaces which could cause the drag rise Mach number to be reduced.

There 1s effectively no influence of Jjet pressure ratic on the upper
surface distribution. Indeed, the upper surface pressures are virtually
unchanged over the full ranges of Jet pressure and of wing location relative

to the jet tube (see Fig.5) and the same distribution was measured with the
"equivalent solid body".

1t seems safe to conclude thats, for this sort of engine installation,
the influence of jet thrust on the upper surface isobar pattern can be
neglected. This does not necessarily imply that 1t will be satisfactory to
represent the engines by simple flow nacelles, unless these are designed
to represent the inlet flow correctly, (which ususlly needs some 1norease in
exat area compared wath the full scale prototype).



6.2 Pressure distributions on lower surface of the wing

6.2,1 Spanwise variation

Some typical examples of the spanwise variation of pressure measured at
particular chordwise positions are shown in Figelhke These are cobtained by
traversing the wing past the Jet, and 1t was feared that an undesirable inter-
ference from the end-plates of the wing might be encountered. The wing span
is only eight inches, and the jet diameter is over two inches, so at the
extreme limits of the traverse (1.8 inches from the centre-line) the jJet 1s
gquite close to the end-plates. However, even for the pressure holes which are
farthest from the centre-line, the spanwise variation appears to be symmetrical
gbout & maximum (or minimum), and it does not seem that there is serious
interference from the end-plates. As a further check on this point, the flow
over the rear part of the "equavalent solid body" was investigated by oil flow
techniques; even at the extreme limits of the {traverse there was no sign of
cross-f'low on the body.

The results shown 1n Fig.1) indaicate that the 1nfluence of the jet fades
out more quickly in the spanwise direction than the influence of the displace-
ment flow around the nozzle. It is also obvious that at some chordwise posi-
tions the Jet effect and the displacement flow are additive, whereas at other

positions they act in opposite senses.

6.2.2 Chordwise variation

The pressure distribution on the lower surface of the wing i1n the rlane
of symmetry of the jJet is plotted in Fige. 5 for the dstum configurstiony and
for Jjet locations clioser to the wing.

4t zero thrust, corresponding to free flow through an open necelle,
Pressures are increased over the rear 70% of the chord ani reduced only over
the front 3. ahead of the suction peak on the isolated wang. 4s a result,

in the datum configuration, the peek suction 1s reduced considersbly, from

CP = ‘"0539 to -0.26‘

With the datum jet pressure ratio (H'J = 2.4 po), the peak suction is
st1ll not increased above that for the wing aleone, but 1t rises rapidly as the
Jet 1s moved closer to the wing. Then a sharp suction peak develops near 25%

chord, and & secondary peak 18 formed near 65% chord.

Results are included in Faig.15 for the condition without boundary layer
suction applied to the jet tube. The effect is negligible except near the
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suction pesk, which, with the thicker wake, is reduced slightly (both with
zero and finite thrust) for the datum configuration., There is & larger wake

effect with the Jjet closer to the wing.

Variations of Jjet pressure ratio were tested with the same nozzle
geometry to show the sensitivity of wing pressures to this parsameter, and to
help in the interpretation of the results (Fig.16). However, it should be
enphasized that it 1s the standard pressure ratio, Hj = 2edy P, which i1s
representative of a nozzle with this geometry: higher jet pressure ratios
would be characteristic of engines with lower bypass ratio. Such engines
would have smaller diameter, and might not have short fan cowlis of the type

represented in this teste.

The effect of increasing Jjet pressure is very similar to that of bring=-
ing the jet tube closer to the wang: the pesk suction 18 increased and a

secondary peak appears further aft.

The pressure distribution measured with the "equavalent solid body" (see
Fig.16) 1n lieu of the jet is very similar to that measured with zero jet
thrust, except for somewhat higher suections over the rear part of the chord.
This unexpected result suggests that the "solidity" of the jet, and the extent
to which 1t 1s dastorted by the wing pressure field, are less important than
some characteristic of the jet which is not represented by the solid body.

The most important features of this sort are probably the imitial expansion
of the Jet from the noszzle, and the spreading due to entraimment from the
external stream.

The lower surface pressure distributions in the plane of the jet for the
other nscelle/wingconfigurations tested asre shown in Figs17. Configuration
No.6 (Pig.i7a) is similar to the datum but for the smaller wing incidence,
and configuration No.5 (Fig.17b)} differs from the datum only in the reduced
nacelle overhange

In the first case, the lower incidence has naturally resulted in an
increase 1n local velocities for the wing alone, and the suction peaks wath

zero and finite thrust are then also increased substantially.

In the latter case, moving the nacelle back relative to the wang has had
the effect of moving further back on the wing the incremental pressures pro-
duced by the jet tube and the Jet. The maximum increments caused by the nozzle

displacement flow and by the jet thrust than happen to fall in the region of



the highest velocities over the wang lower surface. Both these increments are
thereby lncreased, and superimposed upon each other they laft the suction resk
to about ¢ = -0.9 for the standard jet condition. This compares with

Cp = ~0.,33 for the datum configuration and Cp = =0e3% for the 1solated wing.
The critical pressure coefficient for unswept isobars at this Mach nuwber a1s
Cz = 0478, so the flow 15 locally supersonic waith the blown jet: however
there 15 no evidence of a strong shock wave in the flow, XNeverthelesss there
1s little doubt that such regions of high leocal velocity on the lower surface
should be avoided, and these tests with Jet thrust represented reinforce the
conclusion drawn from earlier tests with open duct nacelles {e.g. Refs.c snd 7)

that underwing nescelles should be mounted as far forward as possible.

Fig.18 shows measurements of lower surface pressures (from Ref.2) in the
plane of the Jet for Wing A. The trends are similar to those discussed above
for Wing B. One noteworthy point brought out in these results i1s that the
shape of the pressure distribution, both for zero thrust and for HJ = 244 Po’
1s essentially samilar over a range of Mach numbers, althoughat Mo = Q.0 the
Oe74 the peak suction significantly

flow 1s entirely subsonic and at Mo
exceeds the local cratical value, As in Fig.l7, there 1s np evidence of a

strong shock 1n this case.

6.3 Incremental pressures caused by jet thrust

ACPJ, the pressure increment on the wing caused by Jet hlowing 1s the
change 1n pressure between finite and zero thrust conditions, viz:-~

bG_, = C -C
P p(Et)) ~ "p(H))

It 15 this increment that 1s not represented when tunnel experiments ere

made with open duct model nacelles.

This lower surface Jjet interference 1s plotted in Fig.i § for the four
vertical separations of the jJet from the wing (confagurations ( to 4). For

the datum configuration it is not large, nowhere exceeding *0.1.

The interference curve 1s characterised by the suction increment centred
around 25% chord and a secondary suction increment in the region near 65
chord. There 1s also a positive pressure increment in the immediate vicinaty
of the leading edge. This 1s of little significsnce however because of the
steep pressure gradient 1n this region (see Fig.i5) and because the velocities

nere are already low,
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There are areas both of positive and negative pressure increment, so the
change in sectional 1lift coefficient due to jet blowing 1s small: a reduction
of no more than 0.02 (6%) for the datum case*.

For installations with z/c¢ of the order 0.3 the effect of removing much
of the boundary layer on the jet tube is seen to be small (Fige19) and it is
to be expected that the results obtained are applicable to full-scale, when
the wake from the nacelle is even thinmer. For the installations closer to
the wings the wake, although thinned by suction, may well be reducing the full
ef'fect of the jet flow to some extent.

Jet interference is plotted in Fig.20a for the datum configuration at
the full range of Mach numbers tested: 0.6 to 0.74. Whilst this spans the
ocritical Mach number of thes isolated wing, velocities on the lower surface
everywhere remain well subsonic. In spite of the sharp fall in thrust
coefficient and indeed the reduction in thrust with increasing Mach number,
and also the corresponding reduction in Jet velocity increment, the effect of
Mach number is negligible apart from a very small but progressive increase in
the maximom suction increment. BSince the thrust coefficient is a measure of
the resistance to deformation of the jet, this lack of sensitivity again
implies that the stiffness or solidity of the jet is not important.

A broadly similar result to that of Fig.20s had been obtained earlier,
without boundary layer suction wath Wing A mounted on the other side of the
jet tube (6 = 90° in P1g.8), when the natural boundary layer was relatively
thick, Here however there was less evidence of the secondary suction peak
on the rear half of the wing, and the first peak increased significantly at
Mach nuzbers above MB = 0.68, when the flow was locally supersonice

The effect of varying jet pressure ratio is illustrated in Fig.20b. Jet
interference increases practically linearly with the increase in Jet pressure
from the zero thrust condition Hj = H (corresponding to Hj = 1439 p, 8t Mach
0.7) to at least HJ. =3 P’ but has jumped sharply by Hj S This value
18 in fact well beyond the capabilities of the fan of an engine of this type
in the speed range considered here. It 1s noteworthy that the initial linear
increase of jet interference with jet pressure extends, without any discon=-

tinmuity, from a subsomic Jety through the nosgzle chokning condition and up to
& well developed aupersoniec jet.

*The change in section Cj due to the displacement effect of the nozzle is also
relatively smalls as the mean pressures on the upper and the lower surfaces
are increased by a roughly equal amount.
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Fig.2! shows the jet interference measured for the remsining configura=
tions tested. Plugging the central nozzle has virtuelly no effect on the
values of ACP, as mentioned earlier in section 2.4+ With the wing at lower
incidence {configuration No.6), the shape of the jet interference curve is
orily changed slightly, though the magnitude of ACP is increased. Moving the
nacelle rearwards (configuration No.5) inereases the maximum value of AGP,
shifts the peak rearwards and apparently broadens it somewhat. On Wing 4, as
already mentioned, the shape of the ACp curve is generally similar to those
obtained on Wing B, but the peak is further forward and the secondary peak is
both smaller and further back.

The osecillatory shape of the Jet interference curve i1n Figs.!1 9 and 20
geems to be independent of the Mach number, jet pressure ratio, and vertical
spacing between nacelle and wing. It also seems to be independent of the wing
incidence, but 1s changed by moving the nacelle resrward, and by changing from
Wing B to Wing A with a notably different basic pressure distribution. At
first sight, the characteristic pattern of alternate expansions and contrace~
tions observed on the wing might be thought to be related to the cellular
pattern of compressions and expansions in the Jet itself. This 1s clearly not
80y however, since the cell length in the Jet varies markedly waith jJet
pressure ratio (see Fige6). The jet interference 1s evidently associated with
some feature of the Jet not represented by the 'equivalent solid body'.
Perhaps the most likely origin for the two suction peaks on the wing could be
found 1n the expansions of the jets at the two nozzles. The streamwise
distance between the two nozzles is 3% inches, whereas the distance between
the suction peaks in Figs.l 9 and 20 1s sbout 2% inches, so the case for relat~
ing the two is not strong; another argument ageinst this explanation 1s that
with the central nozzle plugged, the second suction peak on the wing is only
slightly dzminished (Fig.2t).

Another possible origin for the forward suction peak on the wing might
be sought 1n a waviness or sharp change of curvature of the nacelle shape,
though 1t would be necessary to postulate some mechamsm whereby the
influence of such a feature could be magnified by an 1nereased Jet pressure
ratio. Reference to Table 2 shows that in fact the shape is not quite smooth
at about xj = 2.2 inches, which corresponds ftc the first suction peak at
x/c = 0,25, The table of differences would be smooth 1f the drameter at

x'J = 2+28 1nches were 1.123 inches rather than 1.122 inches; linearised
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theory suggests that a "wave! of this magnitude would give a peak pressure
increment of the order of‘ﬂcp = 0.03 on a two-dimensionsl flat plate at
transonic speeds. Howevery there is nothing in the schlieren photographs
(F1g.6) to suggest that a significant disturbance is generated around here.
Furthermore, the second suction peak on the wing is at & position well down=
stream of the end of the nozxzle, so cannot be accounted for by s similar

explanatione.

It is intended to extend the experiment when the opportunity arises in
the hope of finding a more satisfactory explanation for the origin of the sue-
tion peaks.

The fact that the jet interference curve does not change sigmaficantly
with free-stream Mach number over the range M = 0.6 to 0.74 suggests that no
great difference is likely at the higher speeds appropriate to g swept wing
design. This may not be true, however, if the flow on the wing is locally
supersonic, as indicated by the results obtained on Wing A and reported in
Ref.2.

6.y Jet deflection

01l flow measurements with the equivalent solid body showed that the
rressure f1eld of the wing deflected the boundary layer outwards away from the
wing in the region near and shead of the leasding edge, and slightly inwards
agaln near the low pressure region on the wing further downstream. In the
same ways the wing field will affect not only the wake but slso the annular
Jet. There 1s some evidence of this in the measurements of the profile of the
edge of the jet at a streamwise position close to that of the wing trailing
edge (F1g.22). However, the main conclusion here 1s that the deflection of

the Jet due to the wing is relatively small.
7 CONCLUSIONS

Tests have been made with a two-dimensional wing and a blown jet to
study the influence of Jet thrust on the wing pressure distribution for
under-wing podded installations representing engines of large bypass ratio.
The size of the nacslle relative to the wing was chosen to be typical of a

twin-engined short-range transport designe.
The main results and conclusions are listed below:~

(1) Results indicate that for this type of installation, unless the

engines are mounted very close to the wing, representation of jet thrust is



19

unnecessary on wind tunnel models at design Mach numbers except perhaps those

specifically intended to study and develop the nacelle and pylon design.

(2) Jet thrust has no measurable affect upon the upper surface pressure

distribution.

(3) For the datum configuration, typical of recent aircraft studies, and
for Jet comditions most representative of fuil scaley, there was a meassurable
though small jet interference on the wing lower surface. The main effect here
was to increase suction over an area between 10 and 40% chord, but there was
also a secondary suction increment centred near 65% chord. The pressure incre-
ment nowhere exceeded ACP = *0.1 and the maximm change in sectional 1ift

coefficient was only about AGL = 0.02.

(4} There 1s no indication that jet interference will increase the
adverse pressure gradient over the rear part of the lower surface to the point

where jet-induced boundary layer separation 1s likely.

(5) The dasplacement effect of the jet tube with zero thrust, is for
representative instaliations, at least as large as the jet interference. Suec-
tion 1s reduced over the front part of the wing upper surface and over the rear
70 of the lower surfaces and increased conly over the front 30 of the lower

surface.

(6) For the datum configuration the combined effect of jet thrust and of
Jet tube displacement at zero thrust is to reduce wing suction everywhere
except over the front 300 of the lower surface., Since the wang in 1sclation
has 1ts lower surface suction peak further back at 40 chord, the maxaimum suc-
tion coefficient was not increased by the addition of the nacelle and Jet.
However, when the nacelle was moved rearward, the suction increments due to the
Jet thrust and due to the displacement flow were superimpesed on the suction
peak of the 1solated wing, and the total result was to increase the pesk
suction coefficient on the lower surface from =0.4 to ~0.9 at the standzrd
value of Jet thrust. The results therefore support the conclusion drawn [{rom
earlier tests without Jet representaticon that the nacelle should be kept as far

ahead of the wing as possibie to minimise interflerence on the wing.

(7) The effect of plugging the central jet exit was smally and conse-
guently 1t does not seem to be important to represent the flow characteristics

of the central Jjet accurately in this sort of test.
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(8) The jet interference effects measured were only slightly dependent
on Mach number, so the results measursd for the two-dimensionsl wing should be
substantially representative of the interference to be expected at the higher
Mach number appropriate to a swept wing.

(9) Whilst jet interference 1s increased by inereasing jet pressure
ratio (and by moving the jet tube closer to the wing), the shape of the inter—
ference curve, and in particular the positions on the wing chord at which the
primary and secondary suction peaks occur, is effectively unchanged. This
shows that the fluctuations in the interference curve are not induced by the

recurring expansion and shock waves within the supersonic jet.

(10) Representing the Jet by an equivalent solid body, the shape of
which corresponds to the outer edge of the jet but with no representation of
the expansion of the jet downstream of the nozzle nor the broadening of the
Jet due to entraimment from the main stream, produces a pressure distrabution
on the wing similar to that for zero thrust. This indicates that the momentum
flow or "solidity" of the Jet is not an i1mportant fector in determing jet
interference, for this type of ammular nozzle at least.

(11) No satisfactory explanation has been found for the two suction
peaks which make up the main part of the interference curve. It 1s hoped to

make some further investigation into this when the opportunity arises.
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Table §
AERCFOIL ORDINATES

Wing & Wing B
NPL 1211 NPL 3 51
/o (3/e) (3/¢) (s/c) (2/c)
Upper surface | Lower surface | Upper surface | Lower surface
Treiling edge
1 .000000 0.00025 -0.00025 0.000300 -0.000300
0.997592 0.00064 -0.00044 0000664 ~-0.000621
0.990393 0.00 81 -0, 001 4 0.001 751 -0.001 582
0.978470 0.00376 ~0,00156 0.003552 -0.0031 73
0.96194,0 0.00647 -0.00327 0.006049 ~0.005378
0. 940961 0.00939 -0,00495 0.009218 -0.008178
0.915735 0.01 402 -0,00696 0.013029 -0.011 544
0.886505 0.01879 -0.00929 0.01 7445 -0.01 Sigdly
0.853553 0.02117 =0.011 0.022422 -0.01 9844
0.8171 97 0.03011 -0, 01481 0027914 ~0,024692
0.777785 0.03656 ~040179% 0.033868 -0.029950
0.735698 0204318 -0.02128 0.040232 ~Q0. 035566
0.691 342 0.04950 -0.02480 0.046774 -0.041 426
0.645142 0.05528 -0,02846 0.053053 =0e Q471 47
0.597545 0.06038 -0.03226 0.058963 -0.052637
0.549009 0.06467 -0.03615 0.064245 -0.057555
0.500000 0.06807 -0.03979 0.068673 -0.061 587
045099 0.07033 ~0404279 0.071 925 -0.064475
0.402455 0.071 96 ~00 0l 7 0.073609 -0. 06599
0.354858 0.07237 =0.04533 0.073523 -0.065977
0.308658 0.07185 =0.04475 0.071972 -0,064,628
0.264302 0.07042 -0.04352 0.069284 -0.062119
0.222215 0.06809 =06 041 81 0.065570 -0.058850
0.182803 0.06478 -0,03986 0.060997 ~0.054503
0.14647 0.06050 -0,03786 0.055671 ~0.050329
04113495 0.05569 -0,03597 0.049739 -0.045261
0.084265 0.04,585 -0.03399 0.043290 -0.,039710
0.059033 0.04389 ~0.03185 0.036487 ~-0.033773
0.038060 0.03704 -0.02854 0.029375 -0.027625
0.021530 0.02907 -0.02363 040221 64 -0.021236
0.009607 0.02002 -0.01 700 0.014830 =0,01 4630
0.002408 0.01 0y -0.00890 0.007620 ~0.007580
0 0 0 0 0
Leading edge
Leading edge _ _
radius p/ec = 0.019184 p/e = 0.013598




22

Table 2
NOZZLE ORDINATES
See also Fig.3
Quter nozzle Inner nozzle
< Insade Outside Inside Qutside Dife
J diameter | dirameter xj diameter | digmeter Hirerence
-5.5 1.64 2.49 “3.5 0.89 0.89 -
_!4-05 1 070 -3 ’3?5 0080 1.02
4.0 1.75 -3.25 1.09
-3.75 {79 ~3.0 1 .21
-3.5 1.8 -2.75 1.32
~3.25 1.92 -2.5 .39
-3.0 2.00 -2.375 | 40
-2.75 2.08 v -1 .0 i .40
-2..48 2.3 2.492 -0.625 1 54
-2.28 2.4 244,93 -0.25 1 .68
~2.08 2.490 ~0.02 1.6766
-1.88 2.479 0.08 1.6770
-1 .68 26l 0.8 | 6762 0.0008
-1 48 2415 0.28 1,6738 0.002,
-1 .28 24,21 0.38 i 6677 0. 0061
-1.08 2.39 0448 | 6573 0.0 Ok
-0.88 2.358 0.58 {6440 0.0135
-0.63 2.322 0.68 | 6290 o.o|2o
20.48 2.285 0.78 | 6i 22 8'0‘88
-0.28 i 2,247 0.88 | 5939 o'géog
-0.08 2.201 0.98 L <5739 .
0 2444 2.169 | 0B [ 5520 8'02'9
1.18 | 05281 0'8523
1.28 | W501 2 s
| 38 | 4728 o 0513
| 48 et 0°03
| 58 1.4076 0‘0325
1.68 1372 o 5
1.78 1,333 -037
| .88 1,293 0.040
0,042
2.08 A 1209 0.042
2.18 0.80 | 166 0'043
2,28 1 |22 o'oag
2.38 U 1,079 O'Oth
2,45 T | .035 oo
2.58 o 0.99 » Ol
2.68 4 0.91,7 Q0 Didy
2.78 o 0.503 o s
2.88 o 0.859 0'0“4
2,98 " 0.815 o bl
2,08 J 0.768 <047
3.21 0.73 0.7506

Noter All damensions in inches;

measurements were made to quolted accuracy.




Table 3

ORDINATES OF BQUIVALENT SOLID BODY
(see Fig.5)

Dimensions in inches
xJ. Diameter
0.02 24138
0.22 2.133
0.42 2.419
0.62 2.109
0.82 2.082
1 .02 2.047
1.22 2.004
1el2 14954
1462 i «898
1.82 1.840
2.02 1781
2.22 1723
242 1 .667
2.62 1.617
2,82 1573
3.02 1 =540
3.22 14518
32 1510
3.62 14503
3.82 14503
Gonstsnt to
8.49 | 1503

23
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SYMBOLS

wing chord

pressurs cosfficient

critical pressure cosfficient (for which M = i)
increment in pressure coefficient due to jet thrust
stagnation pressure

stagnation pressure of Jjet stream

stegnation pressure of free stream

local Mach number

free stream Mach number

static pressure in free stream

external radius of annular nozzle: see Fig.h
internal radius of annular nozzle: see Fig.7
radius of central nozzle: see Fig.7

Reynolds number based on chord

streamwise ordinate measured from wing leading edge
streamwise ordinate measuredfromorigin at annular nozzle position

streamwise distance of wing leading edge downstream of nozzle position:
see Fig.5

horizontal ordainate perpendicular to stream, measured from origin at
wing centre line

vertical ordinate measured from origin on nozzle centre line (except
in Table 1)

height of wing leading edge above nozzle centre line: see Fig,h
wing incidence

wing inclination: see Fig,h

radial ordinate for boundary layer profilest see Fig,8

angular measurement round nozzle: see Fig,8
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{a] Mo = 07 Hj/po = 24

b} Mo =07 Hj/po = 3-0

Fig.6 Schlieren photogrophs of flow from bypass nozzle
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Fig.17a & b Lower surface pressures in plane of jet for

alternative nacelle locations, My=0'7, Znf.=0-34
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Fig.19 Effect of jet/wing separation on lower surface
pressure increment due to jet blowing. Hj= 2'4p,, Mo=0-7
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Symbol | wing B "/c | Configuration | Mg B.L
A B 4 1019 |Ne2 (datum)|o-7 | Sucked
o] B 17 | 018 | Nob 0-7 | Sucked
a B 4 |-0°06 | No5 07 | Sucked
v B 4 1019 [No2 (central |07 |No suction
nozzle blocked)
X A 21 | 018 | No 7 074 | Sucked
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A
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Fig. 21 Lower surface pressure increment in plane of jet due
to jet blowing for various jet/wing configurations

Constant vertical separation between jet and wing, zn[C=O-34
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