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SUMMARY

Further experiments, to investigate the interflerence of the jet stream

issuing from a high bypass ratioc engine mounted below a wing, are described.

Tests have been made with a two-dimensional wing, and two nozzle shapes
representing engines with different fan cowl lengths. A Jet blowing from
these nozzles produced negligible interference on the wing upper surface.
However, a change in the lower surface pressure distribution occurred which
was dependent only on the wing and nozzle geometry. This interference was
dominated by a high suction peak, which appeared to be related to a region in

the Jet where the alternate expansion and compression waves were not uniformly
spaced.
The tests were conducted mostly without an engine pylon. When a pylon

was introduced the effect was reduced slightly, but the character of the

interference remained unaltered.

An attempt was made to show the possibility of a wing altering the noise
level by reflecting the sound from a Jet. Schlieren pictures were taken with
a spark source, but the expected phenomenon of aero—acoustic resonance was not

f'ound.

= Replaces R.A.E. Techmical Report 69090 - A.R.C. 31505
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1 INTRODUCTION

The current design studies for large passenger aircraft, operating at
high subsonic speeds, incorporate large-diameter engines, of high bypass ratio,
mounted c¢lose to the undersurface of the wing. TFor such configurations there
may be interference to the flow over the wing, not only from the displacement
flow arcund the engine nacelle and the supporting pylon, but also from the jet
efflux. Experiments were done, in the R.A.E. 2ft x 1+5f't transonic tunnel, to
determine whether the latter effect was sufficiently serious to warrant
representation of the jet flow on complete wind tunnel models . The outcome
of this investigation showed that, within the context of the test, representa-
tion of jet flow from a short fan cowl engine is unnecessary for nacelle posi-
tions that are typical flor this type of aircraft, but, as would be expected,

Jet interference increased as the nacelle was moved c¢closer to the wing.

These tests also showed that the change in pressure dastribution on the
lower surface of the wing, due to the interference by the jet, had a character-
1stic shape, which, apart from magnitude, was unafflected by Jet pressure. This
was a rather surprising result, as the jet stream without the wing present
showed the usual lengthening of the spacing between the alternate expansion and
compression waves as Jet pressure was increased. It was not possible to observe
the jet i1in the presence of the wing, as the wing was mounted across the

schiieren beam, sc the pattern of the pressure distributicn remained unexplained.

A second series of experiments, the subject of this paper, were under-
taken with the original nozzle supplying the jet stream but with another wing,
mounted so that schlieren observatiens could be made., The object of this new
investigation was to extend the programme of the previous tests, and, if
possible, shed some light on the unexplained phenomenon. During the course of
the experiments interest was transferred from short fan cowls to three-quarter
length cowls, which were favoured by the aircraft designers for reasons of
noise suppression. Consequently, an additional nozzle, representing a longer
fan cowl and appreciably different in shape from the original, was included to
give a comparison. Both of these nozzles are representative of an engine with

a bypass ratio of about 5 to 1.

The tests on both nozzles were initially made without an engine pylon,

and for current nozzle positions relative to the wing the interference was not



found to be large¥*. However, it was felt that a pylon maght displace the gJet
stream nearer to the wing and appreciably increase the interference. To
investigate this possibility three pylons have been tested with the nozzle

representing the three~quarter length cowl.

2 EXPEREIMENTAL DETATLS

241 The wing

A two-dimensional wing, was used for this investigation. It was mounted,
inverted, across the tummel, which had solid glass side walls and a slotted
roof and floor, giving an open area ratio of 6%. The ends of the wing butted
against the glass walls, and spigots from the position of maximum thickness
passed through holes in the glass and were clamped to supports ocutside the
tunnel working section. Sixty pressure holes in the surface around the wing
were used to assess the jet interference, and these were arranged on a chord
in line with the Jjet nozzle when testing was done without a pylon. For the
tests wath 2 pylon, the nozzle was rigged 0+2 in to one side to avoid cover-

1ing these holes **.

Roughness strips to promote turbulence, near the leading edge of the
wing, were tried, but were abandoned as they influenced the local pressures
and made it difficult to assess the degree of interference by the Jet stream.
For all incidences at which the wing alone was tested, natural transition, as
indicated by a sublimation technique using acenapthene, occurred at 0-70-0+75¢c

on the upper surface and 0-50-0+55 ¢ on the lower surface.
The wing ordinates are presented in Table 1.
262 The noszzles

The zet air was supplied through a long tube, cantilevered from the
tunnel contracticn, on the end of which a nozsle shaped to represent the rear
end of a fan jet engine was mounted. The arrangement of the apparatus
(without a pylon) 1s shown in Fig.1, with details of the nozzles in Fig.2.
Without a pylon, the nozzles were positioned with one of the three struts
around the gas generator in the vertical plane through the nozzle axis on

the side furthest from the wing, so that the jet issuing from the nozzle

*Some of the results of the experiments so far described, including those
of Ref,1 were presented in a limated form at an AGARD Specialist Meeting, Paris,
September 1968 2, Since then one or two small errors have come to light, so
that where dirferences occcur the results given in thas Report are to be
preferred,

#* No pressure measurements were made at other spanwise stations as thse
lateral extent of jet interference on a wing is reported in Ref.l,



nearest the wing was completely unobstructed*, To hold a pylon in positicn,
however, it was necessary to rotate the short nozzle (the only one tested with
5 pylon) so that one of the struts was in the vertical plane on the side near-
est the wing. It can be seen in Fig,2 that the fan cowl 1s the same for both
nozzles, and that the jet supply air, maintained at tunnel stagnation tempera-
ture spproximately, is common to both the cuter annular duct (1.c. the fan
duct) and the inner duct (1.e. the gas generator). The ordinates for the two
nozzles are listed in Table 2, For the sake of brevity the nozzle represent-
ing the short fan cowl engine is referred to as the 'long nozzle', and that

representing the three-guarter length cowl as the 'short nozzle'.

The position of a nozzle relative to the wing was adgjusted by altering

the length of the tube, and by moving it vertically in the tunnel.

The long support tube developed a thick boundary layer at the nozzle.
Part of this boundary layer was removed by suction through the slots shown in

Figs.1 and 2 (see section 2.4).

243  The pylons
The pylons are presented in Fig.3: they were shaped by hand, and it is

diffacult to give dimensions other than plan measurements and a few thicknesses.
0il flow tests on the first pylon (A) sugegested that the fan jJet might be
separating from the pylon at the very thick nose inside the fan cowl nozzle.

In consequence pylons A*¥ and B¥ were reduced in thickness in the fan

stream, and made continuous with one of the three support struts jJoining the
cuter cowl to the inner nozzle, The pylons were tested only with the short
nozzle. The support tube together with the nozzle and a pylon were displaced
laterally to starboard by C-20 in, so that the pressure holes on the wing lower
surface were p031tioned in the jgunction of the wing and pylon, as mentioned in

section 2.1.

20 Details of the test

Most of the experiments were made at g nominal free stream Mach number of
0-77 and a Reynclds number, based on wang chord, of 1+33 x 106. To determine
the effect of Mach number soge testing was also done at Mo = 060 and =2
Reynolds number of 1+18 x 1C7. The stagnation pressure of the jet was varied
from the free stream value to 2¢9 times the free stream static pressure {1.e.
from HJ =H ‘o HJ = 2+5 po). The former was selected as a hasic condition

o
to simulate & free flow nacelle as used in conventicnal model testing.

*In the previous investigatlonj, pitot traverses across the fan duct exit
d1d not detect the wakes from these struts, however, so any obstruction must
have been small,



The two nozzles were tested at several posations relative to the wing,
which are defined and tabulated in Figelks, The datum case, had the nozzle
positioned at X, = 0-38 De and z = 0-29 De. The conditions at which the

nozzles were operated are tgbulated below:-

H. /o =4 O nett Cp nett
J J Long nozzle Short nozszle
MO = Q72 and C+€C 072 | 0-60 | 0-72 | 060 072
1-9 135 | 1+49 | 0«43 | 0-96 0-50
2+4 170 1+88 088 | 1-72 1-03
2465 188 128
2.5 2.06 | 2428 [ 1-33 | 2:48 1455

. T2 .
Reference area for CT nett 1 0 De (see Flg.q).

It was found in the previous investigatlon? that the boundary layer
varied in thickness arournd tne tube supporting the nozzle. For that experi-
ment the wing was placed adjacent to the side of the tube where the boundary
layer was thimnest. In addition, corfining the removal of the boundary layer
to this region, by suction through 180° of the slots only around the circum-
ference of the tube, resulted in a reascnably thin boundary layer wake hetween
the jet stream and the wing. A complete description of the boundary layer
suction system, which includes measurements of boundsary layer thicknesses is
given 1n Ref.3. For the tests reported here,'ﬁith the wing positioned so
that schlieren observations could be made, the natural boundary layer on the
tube adjacent to the wing was considerably thicker than for the earlier fests.
To keep the distortion of the wake to a minimum the natural boundary layer was
thinned by suction around the complete circumference of the tube (3600).

Al though modifications to the bends in the suction ducts, through which the
boundary layer air passed, gave an increase in mass flow of 30%, suction over
360° removed less of the boundary layer on the side of the tube nearest to the
wing than when suction had previously been applied over 180° only. Estimates,
based on the results of Ref.3, suggest that the boundary layer jJust upstream

of the nozzle, on the side nearest the wing, had a displacement thickness of
0+066 in and a momentum thickness of 0+049 in. These thicknesses are about four
times the values of the thinned boundary layer and 1-5 times the natural bound-
ary layer of the tests described in Ref.t.



This thick boundary layer may be regarded as effectively reducing the
momentum of the Jet stream, thereby reducing the jet interference on the wing.
To adjust the peak suctions of the interference pressures due to the jet
stream on the lower surface of the wing (see gection 3, and, as an example
Fig.6b) to values compareble with those for the thinner boundary layer of Ref.1,
1t 15 estimated that for the datum position (zn = 029 De) the peak suction must
be raised by about 20%, and for a, = 0«25 De an adjustment of asbout L% is
required: under some conditions such adjustments may well indicate super-
critical flow. Howesver, it must not be thought that this contradicts the find-
ing of Ref.1, which concluded that interference from the jet flow was small for
current positions of the engine. ¥For these tests the majority of the wing
1ncidence settings are lower than would normally be expected and, in consequence,
uadersurface pressures are also low. In addition the highest jet pressure retio
setting, HJ/pO = 2+9, 1& in excess of that at which fan jet engines of thas
type are operated. Furthermore, 1t 1s shown in the results of these tests, that
locally supercritical flow on the wing, caused by increasing the Jet pressure,
does not alter the pressure distribution very much apart from raising the level

of the pesk suction itself,
3 RESULTS

With the wing spanming the tunnel, Ref.) predicted a correction of
AM = =002 to the tunnel Mach number (Mo), and the pressure coefficlents, bassd
on MO, that have been calculated from the wing pressures should be simzlarly
corrected. However, no corrections have been made since the interference trerds
and the conclusions drawn from them do not depend on the precise Fach number.

In any case, the tunnel corrections when the jet is blewn are guite unknewr.

Some of the results, shown in the figures, are pressure coefficient
distributicns over the wing. For the most part interest has been iocussed on
the changes in the distribution caused by jJet blowing, and most of the resulte
are shown as the difference in pressure coefficients (ﬂCp } when the get is
blowing at a given prassure ratio and when its total head 1s equal to the free

stream value, l.e.

AC = C -C oy
p. p(d)) el



% Jet blowing from the long nozzle

The tests on this nozzle were made to get some insight into the behaviour
of the jet stream and 1ts influence on the wing pressure fields To do this the
nozzle was moved from 1ts datum position to two other positions progressively
nearer the wing., It must be pointed out, however, that no current design study

hes considered mounting engines asg close to the wing as the two latter positions.

The previous tests with the long nc:)zzleJI suggested that the pressures on
the upper surface of the wing were hardly influenced by the jet stream, only by
the displacement flow around the nozzle and support tube. This is further con-
farmed by the pressure distributions shown in Figs.%a and 5b with the nozzle
brought appreciably closer to the wing., Only in the extreme position, with the
nozzle very nearly touching the wing (zn/De = 0+03) are the pressures signifi-
cantly altered when the jet is blowing, and then only over the farst 10% of the
wing chord. It would appear that this local interference increases as Mach
rumber 1s reduced (ef. Figs.5a and 5b); however, this may well be due to a
very slight difference in the nozzle position for the two Mach numbers,

although the setting in each case was nominally the same,

The wing-alone distributions on these graphs, and on Figs.ba and 7a, were
obtainad with the jet tube removed from a joint in the tunnel contraction and
replaced by a boat-tail fairing. Later measurements on the wing alone (section
5.2) were done with the jet rig completely removed from the tunnel. The latter
results indicated that the faired rig gave pressure distrabutions on the wing
which have suctions over most of the upper surface that are too high by pressure
coefficient increments of 002 to 0.04. On the lower surface (Figs.6a and 7a),
over the maximum suction region, the distribution appears to be too low by about

+the same amount.

3.1.1 Interference on the wing lower surface

Figs.6a and 72 indicate the change in pressure distribution on the lower
surface of the wing due to the presence of the nozzle and its support tube at
Mach rumbers of C-72 and 0+60 respectively. This cannot be regarded as & true
measure of the interference from the displacement flow around the tube, since
transition on the wing, in the vicinity of the nozzle, was moved forward from
0«52 ¢ to 0+25 ¢ when zn/De = 0+29, and near to the leading edge for the two

other nozzle positions.



The combined effect of the displacement flow arcund the tube and the
movement of transition position 1s to move the suction peak at 0-40 ¢ forward
to 0<15 ¢ approximately, and to reduce 1t appreciably, for the datum case
(zn/be = 0+29). TFor the two other nozzle positions, closer to the wing, the

suction peak remains fixed in positien but inereases in magnitude.

The change from the zero thrust (HJ = Ho) pressure distributions, whea
Jet pressure is increased, is shown by the plots of ACPj in Figs.6b-6d for
M0 = 0«72, and Figs.{b-7d for M0 = 0+60. Initially, the effect of jet flow,
with the nozzle at the datum position (Figs.6b and ?b), is to produce a primary
suction peak at approximstely 0+20 ¢, and a secondary suction peak further
downstream. The primary peak incresases in magnitude and moves slightly down-

stream as the Jet pressure is increased, and as the nozzle is moved closer to

the wing.

3e1e2 The effect of changing Mach number

The effect of changing Mach number is mores c¢learly evident from Figs.Ba-
8c. TFig.82 shows that at M, = 0°60 the jet pressure ratio has to be altered
by an appreciably larger amount than at MO = 0«72 to obtain a given change
in the peak pressure coefficient. With the nozzle nesrer to the wing, (Fig.Sb),
this large diff'erence in the change of pressure ratio between the two Mach
numbers has been reduced. A further point of interest, shown in Figs.8a and
8b, is that the pressure distribution at one Mach number can be adgjusted by
varying the Jet pressure, until it is similar to that at the other Mach number
with & different jet pressure ratio, even though in one case the flow may be

locally supercritical and in the other completely suberitical (Fig.8b).

With the nozzle very close to the wing (Fig.8c), the lower surface
becomes one boundary of the jet stream (see section 3.1.3) and it would be
expected that the pressure distribution will be largely unaffected by changes
in the free stream Mach number. The level of the suction peaks for the two
Mach numbers confirm this, as in esach case taking HJ = 2-4.p0 as an example,
a pressure has been reached which is equavalent to a local Mach number of

1+88 approximately.

3¢143 Schlieren studies

The almost constant pattern of the interference pressure distribution on
the lower surface of the wing does not show the alternate expansion and com-

pression waves that appear in the jet stream of the nozzle alone (Fig.9);
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in particular there 1s no indication in the wing pressures of the increase in
the spacing of these waves as Jjet pressure is increased. The reason for thas
1s partially explained in Fig.10 where it can be seen that although the shocks
in the jJet on the far side of the nozzle are spaced in a conventional manner,
becoming further apart as Jet pressure increases, those near the wing have a
very different pattern and remain substantielly unaltered. This leads to an
unsymmetrical flow distribution in the Jet, which can be clearly seen further

downstream.

The Jet stream near the wing is free of shocks for more than 20% of the
wing chord, and remain so as Mach number is altered and as the nacelle-wing
spacing is reduced. The primary suction peak on the wing pressure distribu-
tion occurs Just downstream of the narrowest part of the gap between the

nozzle and the wing.

The photegraphs of ¥i1g.10, which show the nozzle at the three positions,
illustrate how the jJet stream influences the wing pressure distraibution. When
zn/be = 0«29 a channel of free stream air between the wing and the Jet may
clearly be seen. With the nozzle nearest the wing (zn/De = (0+03), however, 1t
is obvious that the undersurface cf the wing 18 completely immersed in the jet
stream. As might be expected, in the mid-positicn, (zn/De = 0+16), transa-
tional flow conditions between these extremes apply. Due to a more direct
influence of the Jet stream the character of the pressure distribution changes

(Fig.6¢), particularly at the higher jet pressure ratios.

3.2 Jet blowing from the short nozzle

The tests on this nozzle were made with the vertical distance between
the ﬁing and the nozzle confined to two values more representative of current
aircraf't designs. The effects of moving the nozzle 1n a streamwise direction

and of changing the angle of incidence of the wing have also been explored.

With the wing at two diff'erent angles of incidence Figs.11a and 11b show
that, apart from the displacement effect of the nozzle, there is negligible
interference on the wing upper surface due to Jet pressure and the position

of the nozzle,

30241 Interference on the wing lower surface

Figs.12a-12d and Figs.13a-131 show the interference effects on the wing
lower surface for the two vertical positions and the three streamwise positicns
of this nozzle. The wing incidence during these tests was 0+7°, and the flow

under all condaitions with one exception was everywhere subsonic.
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Figs.12a and 13a show the 'displacement effect' of the nozzle and its
support tube on the pressure distribution for the wing alone (see section 3.1.1).
The suction peak, at 0«40 ¢, is apprecisbly reduced, but not displaced, as was
the case for the long nozzle. As the nozzle is moved in a streamwise direction
towards the wing a second suction peak at 0«04 ¢ grows in magnitude, accompanied
by a reduction of the peak at 0«40 c. The position of the highest pressure
between the two suction peaks coincides with the end of the nozzle. Comparing
the two figures it can be seen that the vertical movement of the nozzle has no

noticesable eff'ect on the pressure distributions.

Figs.12b and 13b show the interference pressure distribution with jet flow
and with the nozzle at the datum posatiocn, Xn/De = 0+38. Again, although
apprecisbly different from the long nozzle, the interference curves have a
characteristic shape, with a peak suction, which, apart from an initial upstream
movement, moves downstream as jet pressure ratio 1s increased. For the closer
position of the nozzle to the wing, Fig,13b, the interference is increased, and
it is at this position with the jet pressure-ratio of 2-9 that the local veloc-
ity at 0-40 ¢ is slightly supersonic. It is to be noted that with the nozzle
in this position the suction pesk of the interference curves, particularly for
H =29 po; nearly coincides in position on the wang chord with the suction

4

peak of the zero-thrust daistrabution (HJ = H0)°

It should be noted that as the nozzle is moved upstream and downstream by
8+3% ¢ (F1gs.12c and 12d and Figs.13c and 13d), the peaks of the interference
curves move only about 5% ¢, and they also decrease in magnitude. As expected,
interference increases as nacelle-wing spacing is reduced for these two ~

positions.

3.2.2 The eff'ect of wing incidence

The effect of wing incidence on the pressures on the wing lower surface
with the nozzle at the datum position, is shown in Figs.l4a-14e. The
'displacement effect' due to the nozzle and its support cube (see section 3.1.1)
is shown i1n Fig.14a. With the nozzle in position it can be seen that ag
incidence 1s increased the suction peak at C<40 ¢ is reduced, as also, but to
a greater extent, is the peak at 0-04 c. Figs.14b-14e show that the increﬁental
pressure distributions due to the interference from the jet stream are not
altered in character or position on the wing as incidence is varied. There 1s,
however, a decrease in the level of the suction peaks as the angle of incidence

is increased, except at the highest incidence of 2-3°, where the peak has
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risen slightly. Due to the angular rotation of the wing about i1ts leading
edge the wing moves nearer to the jet as incidence increases, and is therefore
subject to a larger interference effect producing higher suction peaks. It is
possible that this effect of incidence becomes deminant for o > 2-0 and
explains the increase in the levels of the suction peaks observed between
a=1+9° and 2-3°, It 1s to be noted that the suction peaks are approximately
coincident in position at 0-40 ¢ with the peaks for zero thrust (Fig.13a), and,
as already implied, as the magnitude of the basic peak decreases so does the
magnitude of the interference peak. This trend in the peak value of the inter-
ference curves 1s somewhat similar to the result shown when the nozzle was
moved in a streamwise direction and shows that interference is dependent in
some way on the magnitude and distribution of the local velocities on the wing
at zero thrust. Attempts to analyse the test results to find a simple law for

this dependence, however, have not been successful.

3,2+% Bchlieren studies

Although there is an appreciable difference in the afterbody shapes of
the two nozzles, Fig.15 shows that, as for the long nozzle (Fig.10), the
pattern of the shock waves on the side of the short nozzle nearest the wing
does not change to any noticeable extent as the soveral parameters are varied.
The photographs with the schlieren knife-edge horizontal show that the jJet
stream 15 deflected towards the wing as incidence is decreased. The photo-
graphs waith the schlieren knife-edge vertical show a change 1n the shock wave
pattern downstream of the nozzle, The first compression region, in front of
which the suction peak occurs on the wing, changes shape, and 1s more dense

a,t QL = 0.30.

The significant dafference between the interference pressure distributions
for the two nozzles, 1s that whilst for the long nozzle the suction peak on the
wing occurs within the length of the channel formed between the nozzle and the
wing, for the short nozzle 1t 1s downstream of the nozzle. Comparing the shock
systems behaind the two nozzles (cf. Figs.10 and 15), it can be seen that although
the shock pattern behkind the long nozzle expands with Jet pressure in a more or
less conventional manner, the first shock or compression region downstream of the
short nozzle remains stationary. It is gust in front of this shock that the suc-
tion peak on the wing with the short nozzle occurs, and the fixed character of
the interrerence pressure distribution is obviously associated in some way with

the fixed position of the first shock in the jet.
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%3 Pylons
Three pylons were tested with the short nozzle: they are described in
section 2.3 and illustrated in Fig. 3.

Z.3.7 Interference on the wing lower surface

Wing lower surface pressure coefficient dastributions with all three
pylong, at zero thrust conditions, are compared in Fig.716a. There 1s no great
dafference between these distributions, and the effect of the pylons can be
seen by comparing this figure with Fig.14a. The suction peak near the front
of' the wing has risen due to the combination of the pressure gradients from
the leading edges of both wing and pylon, whilst the peak at 0-40 ¢ has
decreased slightly. The scomewhat curious distribution of the curve for pylon
B* from 0+10 ¢ to 0420 ¢ may be dues to irregularities in the wing-pylon Junc-—
tion, as 1t was not possible to make the pylon a perfect fit on the wing near

the leading edge.

The effect of jet blowing is shown 1n Figs.16b-16d. The flow over pylon
A, as shown by a surface oil technique, suggested that in the fan jet stream
the flow was not attaching to the pylon. To rectify this the pylon was locally
reduced 1n thickness and modified inside the fan duct, as described in section
2.3; the modified shape then became pylon A*, The jst interference due to
the aliteration can be seen from Figs.16b and 16c. The modification has caused
an increase 1n the suctlon peaks, and the trailing edge pressures suggest a
small separation at the rear of the wing. With the nczzle closer to the wing
and pylon B* fatted (which apart from the reduced span was similar to pylon
4%*) the jet interference, as would be expected, is increased, (Fig.16d). For

this case no trailing edge separation was observed.

The effect of jet interference due to pylon A* can be inferred by com-
paring the pylon case at o = 0+5° (Fig.16c) with the results without a pylon
at incidences of 0+3° and 0+7° (Figs.14b and 14¢). The character of the inter-
ference due to the jet stream is not altered by the presence of the pylon,
which appears to provide a favourable interference by reducing the suction
peaks, although 1t must be remembered that the pressure holes on the wing are

now of'fset by 0:20 in (see szection 2.3). In addation, with pylon B* at

zn/De = 0«23, the flow over the wing is subsonic, even at HJ/po = 2+9
(Figs.16a and 16c, C; = 0-70), whereas without a pylon at zn/be = 0+25 and

a = 0+7° +the flow at the suction peak is slightly supercratical at HJ/p0 = 2+9
(Figs.t3a and 13b).
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3.3%.2 Tlow studies

By suitably illuminating the model with front lighting it was possible
to produce photographs of oil-flow over the pylon in conjunction with changes
in air densaty shown up by the schiieren beam. Two such photographs with
pylon A¥ and pylon B*¥ are presented in Figs.17a and 17h. Significant
Teatures of the flow on the pylons are, the very curved path of the free-
stream air around the wing leading edge, and the upflow along the pylon onto
the wing near the pylon trailing edge. The Jet from the fan nozzle 1s atitached
to the pylon, and follows the shape of the thinned section provided for 1t to
the end of the centre nozzle, where it is deflected by the expansion from thas
nozsle*, The first shock in the flan jet stream on the side of the nozsle
furthest from the wing can be traced around the nozzle by the line of oil left
by a small separation bubble. This shock moves progressively forward by a
small amount as circumferential distance from the pylon is reduced; 3its posi-
tion 1s shown up in the c¢il pattern on the side of pylon A*. Also present,
but not clearly shown in the photogrsphs, is some downwash on the fan cowl,

which increases as the nozzle 1s moved closer to the wing.

Prior to the investigation i1t was felt that the growth of the boundary
layer associated with a pylon might attract the jet stream closer to the wing
(by analogy with the Coanda effect whereby a Jet attaches to an adjacent
surface) and so increase the interference. The pressure distributions, however,
suggest that interference 1s reduced (section 3.3.1). Schlieren pictures with
and without & pylon are compared in Fig.18a, and measurements of the jet stream
boundary nearest the wing show that with the pylon present this boundary is
further from the wing than the corresponding boﬁﬂdary without & pylon. Further
study_of these photographs gives rise to speculation on the cross-sectional
shape of the get., Unfortunately pressure measurements across the jet were not
made during this experiment, but unpublished data obtained behind an ellaptic
and a rectangular nozzle have shown that any initisl asymmetry in the flow
seems to be magnified as the jet extends dewnstream. In the present case 1t
seems plausible that the wake of the pylon (including the support strut inside
the nozzle) could lead to a distortion of the Jjet similar to that sketched in
Fige18b. The effective movement of the Jet away from the wing would explain

the reduced interference.

*The dark region on the thin part of the pylon Just behind the irmer
nozzle (Fig.17a) is a surface blemish filled with plastic materiasl. It 1s not
associated with the oil flow.
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& JET NOISE REFLECTED FROM A WING

In addition to the main investigation of Jet interference it was thought
worthwhile to do a limited exploration to show whether the presence of a wing

might alter the noise level by reflecting the noise from a Jet placed near it.

It 1s well known that, under some conditions, a phenomenon known as
' jet screech' can occur. This 1s an aero—-acoustic resonance in which small
disturbances at the nozzle, in the jet boundery, are amplified as they pass
downstream, eventually causing instability of the Jet giving rise to sound
waves which travel upstream in the surrcunding air to initiete further dis-
turbances at the nozzle. In a previcus investigation in the R.A.E. 2t x 1:5ft
tunnel5, with a noszle surrounded by an annular base, it had been possible to
photograph the sound waves due to resonance by using a short duration spark as
the light source of the schlieren system (see Fig.19a). This sams light source
was again used to take a large number of photographs of the short nozzle alone,
and of the aozzle with the wing in position. The conditions coversd a range of
Mach numbers from 0+5 to 0-8, and Jet pressure ratios from 2+L to 3+5. It was
thought that sorie of the photographs of the nozzle alone would show the sound
waves related to the resonance phenomenon, and at the same conditions with the
wing present might show these waves being reflected from the wing. However,
it was not possible, with the short nozzle, to produce this aero-acoustic
resonance. Figs19b is a typical result, with and without the wing present.
A lerge number of weak random waves are just visible, but they are nothing like

the well defaned waves of Fig.19%a whach indicate a discrete frequency of large

amplitude,
5 CONCLUSIONS

Tests have been made with a two-dimensional wing, and two nozzle shapes
representing an engine of bypass ratio approximately 5:1, with a short fan cowl
and a three~quarter length fan cowl respectively. These tests were designed to
give information applicable to a twin-engined, short-range transport aircraft,

with moderate wing sweep.

The investigation 1s an extension of the experiments described in Ref.1,
but with the boundary layer surrounding the nozzles appreciably thicker (see
section 2.4). Adjusting the results of these tests to bring them into lane
with those for the thinner boundary layer suggests that for some conditions,
where the nozzle 1s placed a representative distance from the wing, locally

supersonic fllow will occur on the lower surface of the wing. However, it must
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not be thought that this contradicts the findings of Ref.1, which concluded
that the interference from the jet flow was small., TFor these tests the major-
1ty of the wing incidence settings are lower than would normally be expected,
and 1n consequence undersurface pressurss are alsc low. In addition the
highest jet pressure ratio setting, HJ/pO = 2+9, 15 in excess of that at

which fan Jet engines of this type are operated.

It 18 evadent that there is a complex interaction between the Jet and
wing flows, and it would be interesting to try and examine the region between
the nozzle anc the wing in detail. However, it has not been possible to do
this, and attention has been focussed on the more practical effects on the
wing pressure distribution of wvarying jet pressure, nozzle position and wing
incidence. A limited examination of the flow field has been made by schlieren

observations.

The tests were conducted mostly without an engine pylon, and when a pylon

was introduced the character of the interference remained unaltered.
The main results and conclusions are listed below:-

(1) A Jet stream issuing from an engine nozzle produces negligible
interference on the wing upper surface unless the vertical position of the
nozzle braings the edge of the jet stream extremely clcose to the wing leading

edge.

(2) The change in the pressure distribution on the wing lower surface,
due to the Jet stream, has a characteristic shape depending on the wing and

nozzle geometry, 1t 1s dominated by the presence of a high suction peak.

(3) The megnitude of the interference increases as wing incidence is
reduced, as Jet pressure is increased, and as the nozzle is moved cleser to
the wing. A change in character becomes apparent by zn/De = 0+20 approxi-
nately, depending on Jet pressure ratio, the wing becoming more directly

influerced by the jet.

{4) With the nozzle very close to the wing, the flow over the lower
surt'ace of the wing in the jet stream is independent of the free stream Mach

nunber.

(5) The pressure distribution over the wing lower surface at one Mach
number can be made simalar te that at ancther Mach number by suitably adjust-
in the jet pressure., This similaraty in distribution can be achieved even

although 1n one case the flow may be locally supersonic, and in the other

completely subsonic.
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(6) The alternate expansion and compression waves in the jet from the
fan nozzle, on the side furthest from the wing, are spaced in a conventional
manner and expand downstream as Jet pressure is increased. The flow from the
fan rnozzle near to the wing has a very different pattern and remains substan-
tially unaltered with change of Jet pressure. This leads to an unsymmetrical

flow distribution in the Jet stream.

(7) The megnitude of the interference suction pesk due toc the jet
stream appears to depend on the pressure distribution over the wing at zero
thrust. Moving the nozzle with the short afterbody (three-quarter length
cowl) in the free stream direction does not alter the position of a low
pressure peak that occurs on the wing at zero thrust. The suction peak that
1s superimposed by jet blowing does move with movement of the nozzle; it
also varies in magnitude, becoming a maximum when the two peaks coincide 1n
position.

(8) The interference suction peak 1s positioned on the wing within the
length of the long afterbody, but downstream of the short afterbody. In both
cases 1t appears to be related to a region where the slternate expansion and

compression waves in the jet stream are not uniformly spaced.

(9) Positioning a pylon between the wing and the nozzle reduces the
lnterference from the Jet stream. This appears to move the Jet stream away
from the wing, which would account for the reduced interference, although
this apparent movement may well be due to a change in the cross-sectional

shape of the jet.



Table 1

AEROFOTIL ORDINATES

Wing RAE 2806

(A11 dimensions in inches)

Z

Z Z X Z
Upper Lower Upper Lower
surface surf'ace surface surface
0 0 0 2.52 @, 3667 -0.3463
0.06 0.0743 -0,0794 2.6M 0.3673 003378
0,12 T 1099 -0.1092 2.78 0.3679 =0.3272
0,18 0e1314 -0.1344 2.88 0.3674 -0,3160
02l O.1476 -0.1547 3.00 0.3656 -0,3034
0.30 00,1632 -0,1703 3,12 0.3634 ~0,2899
0.36 C.1778 -0,1862 342k 0.3599 -0,2752
042 0.1516 -0,1999 3436 0.3553 -0.2587
0.48 0.2045 -0.2119 348 0.3496 -0.2431
Cebl 0.2153 -0,2241 3,60 0.3419 -0,2271
060 0.2253 —0.2344, 3.72 0.3336 -0,2096
0.66 0.2355 =0.2405 2.84 0.3245 -0,1932
0'72 002}4-]4-6 -002557 3'96 On31}+1 -0017)4-5
0.78 0.2533 -0.2631 4..08 0.,3026 -0.1565
0.84 0.2617 -0.2709 L..20 0.2906 -0,1389
0 0.2679 -0.279% La32 0.2769 -0.1221
0.96 Ce2754 -0.2872 Looldy 042628 -0.1060
1,02 0.2822 -0,2937 Lo56 0.2481 -0,0887
0.2889 -0.300L 468 0.2323 -0.0740
1,14 0.2950 -0.3065 4.80 0.2160 -0,0593
1.20 0.3002 -0.3114 %492 0.1988 -0.0474
0.3116 -0,3225 5.04 00,1813 -0.0347
0.3213 ~0.3314 5.16 0.162Y -0,0236
0.3300 -0.3387 5.28 0.1439 -0,0135
0.3375 -0.3449 5«0 0.1240 -0.0055
0.3438 -0.3502 5452 0.1036 0.0003
0.3499 -0.3545 560 0.0817 0.0051
0.3546 -0.3556 5.76 0.0589 0.0070
0.3582 -0.3555 5.88 0.0327 0.0042
0.3617 -0,3547 6 .00 -0,0C18 -0,0050
0.3645 -0.3509




Table 2

NQZZLE ORDINATES

See also Fig.?2

(A1l dimensions in 1nches)

Outer cowl

Long nozzle (inner)

Short nozzle (immer)

Inside [Outside Inside §Cutside Inside |Outside
XJ diameter|diameter XJ diareter|diameter XJ diameter]|diameter
=5+5 1+6l 219 ~-3-5 0-89 0-89 =3+35 0+95 0-95
=le5 170 =3+375 0-80 1.02 =325 0-90 109
=0 175 =325 109 -3¢0 1«21
=375 1-79 =30 121 =275 1-32
=35 184 ~-2+75 1-32 =2+5 1-39
=525 1-92 =2+5 1-39 -2-375 140
~Ze0 200 =2-375 140 =10 140
-2-75| 2.08 g =10 1-40 =0+625 184
=248 2-13 2.192 |=0-625 154 -0+25 1+61
~2+28 214 2493 =025 1.68 O 1.610
-2+08 2+490 =002 1677 C10 1+599
-1+88 2+079 0-08 1677 0-20 1577
-1+68 2060 018 1+676 G-30 1545
-1 48 2045 0-28 1670 040 1 «504
-1+28 Zer 2] 0+38 1668 0-50 1457
=108 2+353 O-48 1657 0+60 v 1+410
-0-88 2558 0-58 1«6l C-70 0-90 1.362
-0-68 2-322 0-68 1+629 Q.80 T 1314
=048 2285 0-78 1612 0+90 1+266
=028 22487 0-88 1-594 100 Zf 1218
=0+08 v 220 0-98 157k 110 = 1170
0 2410 24169 1.08 1552 1.20 8 1922
1-18 1.528 130 o« 107
128 1 =501 140 R 1027
1438 1473 150 i 0-979
148 1401 1460 C-931
158 10,08 170 l 0-883
1-68 1372 1775 0+826 0840
178 1-333
188 1293
198 1251
2-08 v 1209
2418 .80 14166
228 1 1122
238 — 1079
248 ;‘ 1035
2-58 o 099N
268 3 0-9L7
278 g J+803
288 9 0-859
298 H 0815
3-08 ¥ 0-768
321 0«73 O+751

19
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SYMBOLS

wing chord

pressure coefficient

critical pressure coefficient (for which M = 1)

incremental change in pressure coefficient due to Jet stream
nett thrust ceoefficient

diameter of fan cowl at fan nozzle exat

stagnation pressure of Jet stream

stagnation pressure of free stream

free stream nominal Mach number

static pressure in free stream

dastance along wing chord from the leading edge

streamwise nozzle ordinate measured from the fan nozzle exit
streasmwise distance of wing leading edge from the fan nozzle exit

vertical distance from the wing leading edge to the nozzle centre-
line

vertical distance from the wing leading edge to the nearest point
on the fan cowl treiling edge

geometric wing incidence measured from the horazontal plane
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Long nozzle

Boundary Slots 0-032n wide x 0 85:n - 1480 (short fan cowl)
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Fig.2 Nozzie design

See also Table 2




All pylons have a maximum thickness of 0-45in at Pylon A—Short nose entering fan

the cowl junction {-21n back from the most forward part nozzle The thickness of this nose
of the leading~edge. The thickest part of the pylons at Is 0-386 in at the fan-cowl junction
the wing junction 1s 0 40 in just behind the wing and 0-314 in at the gas -generator
leading - edge. A Iinear taper is maintained to the junction

trailing edge of the pylons

. 251N

Pylon A*¥—Pylon A modified by making
the section inside the fan nozzle a
continuous taper with the strut
further upstream. The section in
the jet stream is appreciably
reduced in thickness and a step
is formed at the boundary

*
Pylons A and A Pylon B *-Similar to Pylon A* with
————————— Pylon B* Zn reduced (See fiq 4)

Fig. 3 Pylons



" C=6In
~%n
—
!
Yn
‘ D=2 15
]
MO do xVDe q“/oe Zn/DE
Long Inner nozzle (Short fan cowl)
0 72 13 | 038|079 | 0-29
and '3 | 0-38 | 0-6b6 | 016
0-60 { I3 [ 0-38 053 | 0-03
Short inner nozzle (3/alengthfancowl
0-72 10 7 0-61 {0-79 | 0-29
0-7 0-381 0-79 | 0 29
0-7 0-15 079 | 029
07 D-61 | 0°7% | 0-25
0-7 0-38| 075 | 0-25
0-7 0-1510-75 | 0-25
0-3 0-38/0:79 029
I 9 0 38/0-79 | 0-29
23 0-38/0-79 { 0-29
Pylon A 0-5 0-38| 079 | 0-29
Pylon A% 0:5 | 0-38/ 079 | 029
Pylon B* 0-5 | 0-381073 |02}

* Thin section behind fan nozzle (See fiq3)

Fig4 Test programme
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Fig.17 {a&b} Schlieren and oil-flow photographs with pylons
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(2) JET PLOW WITH AND WITHOUT PYLON A* Hj/po = 20l

e WL pylon

Immediately behind nozzle
(b) HYPOTHETICAL JET CONTOURS

Fig.18 The effect on the {et stream due to the presence of o pylon



M= 050; H,/p = 303
o J 70

{a) Nozzle with annulor buse [Ref.5)

- Q. 2: E-I . F - 2.65
K, = 072: H./p

(b} Short nozzle and wing |
Fig.19 (a&b) Schlieren photographs taken with o short duration spark
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A FURTHER WIND TUNNEL INVESTIGATION OF
UNDERWING JET INTERFERENCE

Further expeniments, to investigate the interference of the jet siream 1ssumng from a high
bypass ratio engme mounted below a wing, are described

Tests have been made with a two-dimensional wing, and two nozzlc shapes representing
engines with different fan cowl lengths A jet blowing from these nozzles produced
neghgible mterference on the wing upper surface  However, a change m the lower surface
pressure distnbution occurred which was dependent only on the wing and nozzle
geometry This interference was dominated by a high suction peak, which appeared to be
related to a region i the jet where the alternate expansion and compression waves were
not uruformly spaced
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A FURTHER WIND TUNNEL INVESTIGATION OF
UNDERWING JET INTERFERENCE

Further expenments, to nvestigate the interference of the jet stream isseing from a ngh
bypass ratio engme mounted below a wing, are described

Tests have been made with a two-dunensional wing, and two nozzle shapes representing
engines with different fan cowl lengths A jet blowing from these nozzles produced
negligible interference on the wing upper surface  However, a change in the lower surface
pressure distribution occurred which was dependent only on the wing and nozzle
geometry This interference was dominated by a high suction peak, which appeared to be
telated to 2 region in the jet where the alternate expansion and compression waves were
not uniformly spaced.
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The tests were conducted mostly without an engine pylon., When a pylon was introduced
the effect was reduced shghtly, but the character of the interference remained unaltered

An attempt was made to show the wmm&cEQ of a wing altering the noise level by

Bnoncbnm the sound from a jet Schlieren pictures were taken with a spark source, but the
expected phenomenon of aero-acoustic resonance was not found.
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