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SrnAARY 

Current design proposals for many swept-winged avcraft have large 
engines of high bypass ratio mth short fan cowls on short pylons under the 
wmg, with the annular fan nozzle close to the mng leading edge. fhth such 
an arrangement there nay be significant changes in the wmg pressure distribu- 
txon induced by the Jet flow, partxularly that from the fan. In consequence, 
the norm1 m&ho& of simul.ating the engine flow in a wind tunnel model, by 
using simple open ducts, and 110 representation of the Jet thrust, rmght not be 
adequate. 

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

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

High bypass engines offer substantial improvements in specific fuel con- 
sumptlon but at some penalty in frontal area per unit thrust. At the same 
time the large increase 1n payload capacity offered by projected axrcraft nas 
encouraged the development of powerplants mth a correspondingly high thrust. 
In consequence, engines are now under development navlng a static thrust of 
40000-50000 lb and a maxunum nacelle diameter approaciung 10 ft. Two short- 
cowled fan engxxs of this sxze would provide a practxal powerplant for a 
short range high subsonx transport aIrcraft , as typlfled by current design 
studxs for an A-bus. For such designs the ratlo of nacelle diameter to local 

wing chord approaches a value of 0.5. These engines, if Installed in the con- 
ventlonal podded undemng posltlon, have to be mounted on short pylons mth 
the annular fan nozzle close to the mng leating edge, a posltlon dxtated 
maxiLy by ground clearance requirements. 

In such a posItIon, the dxplacement flow around the nacelle and pylon 
affects the flow over the wing , and the Jet flow itself may produce adaltlond 
interference effects, due to the tisplacement flow or to entraznment of 
external air Into the Jet. The Intention of the programme of experiments 
described in this paper was to assess the llkelyxnportanceof these addxtlonal 
jet interference effects on the flow over the mng, for confqpratlons broadly 
representative of current A1rbu.s proposals. 

A modern mng design has several design features whxh rmght make It more 
susceptible to Jet x+xference than older wings. The nose shape 1s very care- 
fully shaped to control the development of supercritIcal flow and delay the 
appearance of shock-waves; Jet entrainment effects in partxular might be 
expected to cause changes In local flow dIrectIon near the aerofoll nose - in 
effect, superposltlon of additional camber - whxh could adversely Influence 
the development of supercritlcal flow. Secondly, modern aerofoll sections are 
designed to carry more load on the rear part than older se&Ions, 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, 
could well provoke flow separation, or at least excessive thxkening of the 
boundary layer and consequent loss of lift. T!tnrdly, a modern swept wing 
relies on the ms;Lntenance of swept Isobars to delay the onset of supercrltlcal 
flow and shock waves. Any change in velocities on the wing due to the Jet 
flow vnll not be uniform across the span and consequently will reduce the 



isobar 6seep at 6OEe place. If the jet interference increases velooities on 
the lower 6Wf8oe near mid-chord (where the velocity is already greatest) this 

in ao&iuation with 1066 of isobar sweep aouldlead to premature appearance of 
supereritioal flow and shocks. 

The present experiments were plsnned to iuvestig6te whether any of these 
p66ib16 6OUI-086 Of hterferenOe W2Z-e in fact SuffiOient~ 6etiOuS to 
neoe66itate reprelrentation of the jet flow on wind tunnel models of a complete 
airbu6 OOnfiguration. yor this exploratory work, i seemed adequate to 
me66ure preseure dirrtributions on a tWo-dimeIJsio&L szbng with and without the 
jet fl.~w. It 6hould be possible to infer results for a wing of moderate 
sweep-back (SW, Up to 30') fhSl 6Ud.l SmaSUreSIentS. 

By restriOting the experiment in this way, it was possible to us6 a good 
deal of 6xLsting apparatus, and this made it possible to start the surk 
quickly. The tests were made in the period February to Julyl%7r 

2 D&TAILS OF BXPEEUMENTAL APPABATus 

2.1 The tunnel 

The tests were made in the 2 ft x I+ ft transonia tunnel which is 
installed in the bypass leg of the 8 ft x 6 ft transonic tunnel, and which 
dready has provision for jet blowing. All four walls of the tunnel are 
slotted with a total open area ratio of 11%; the slots, with corrugated 
inserts, can be seen in Fig.1. However, the transonic capabiUty of the 
tunnel was not used in this experiment. 

2.2 The wing 

Twu existingwing models of span 8 inches and chord 5 inches were USed, 
which mre borrowed fmm the National Physical Laboratory. Because these 
mdels were made for testing in a smaller tunnel, they did not span the width 
of the present tunnel. Eqeriments made by the Boeing Compa$ had shorn 

satisfactory result6 from tests on a similar modeldng mounted betueen end- 
plates9 so end-plates of diameter 8 inohes wers fitted to the present wings. 

The pressure hole6 were distributed across a considerable part of the 
q surface, as ahoun in Fig.2, so it was necessary to traverse the wing 
aoros6 the jet (whioh was fixed) in order to measure a complete chordwise 
pressure distribution. The rig constructed to enable this to be done is 
Uustrated in Fig.11 a box framework carrying the wing and end-plates i6 
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cantilevered from the tunnel traversing gear, in a fashion whxh enables the 
jet to passdcunstreamwithcut obstructlon. 

5e choice of aerofolls available for this test was somewhat lirmted. 
The first section, here referred to as Wing A, was chosen because It had a 
pressure dxtributlon near the nose on the upper surface whxh, It was thought, 
might be particularly sensitive to Jet Interference, as explained above. The 
preliminary experiments with this pnng, reported In Ref.2, showed that in fact 
there was little interference mth upper surface pressures, and for most of 
the work reported here, .a second aemfoll (#lng B) was used. This had a more 
representative lower surface pressure Lstrlbution than vi'lng A, which had e. 
suction peak around 5"/0 chord at the xxxdences used for these tests. 

The or-tin&es of both sections are tabulated in Table I, with their 
N.P.L. deslgnatmns. 

Tests were made ever a range of Uach numbers from 0.6 up to 0.74, whxh 
1s approximately the crltxal Mach number of the two-dxnenslonal vnng, at a 
chord Reynolds number of 1.0 to 1.1 x 106. Transltlon was fixed by a band of 
240-200 grade carborundum' between r-0 and IQ+ of the chord. 

The tests were made, for the most part, at a single incidence. ThlS w*s 
chosen to give a lift coeffxlent (CL = 0.34) representative of an airbus ccn- 
figuration, so that the deflection of the Jet by the wxng pressure field should 
also be broadly representative. In fact, as noted In section 2.4, the jet 
thrust coeff?xlent 1s somewhat higher than full-scale, and the Jet deflection 
18 likely to be somewhat less than on the full-scale arcraft. 

2.3 The Jet tube 

As In earlier work on Jet and base flows (e.g. Ref.j), the Jet tube was 
mounted from the contraction chamber as shown In Flg.1, and fxed on the 
centre line of the tunnel. The preoxe locatlon of the nozzle relative to the 
w=ng could be set by adJwtlng the four support struts which can be seen UI 
the contraction. 

A disadvantage of this arrangement 1s that a thxk boundary layer 
develops along the Jet tube. In the preliminary expenments2, this was 
measured and found to extend out to about the lower surface of the rmng, 
possibly lnfluenclng the pressures measured there. In adtitlon, the lhfluence 

+T~u means that the grains of carborundum passed thrcugh a szeve mth 
0.0030 znch square holes, but were retained In a aeve mth 0.0025 Inch 
square holes. 
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of the annular wake surrounding the jet was obviously acting to reduce the jet 
mfTuence. 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, exceptwhereexplxitly noted. The development of the suction 
system is being reported separately. 

The design of the Jet tube and nozzle is illustrated in Flg.3. The Jet 
tube was constructed from two co-axial tubes, with the inner tube supplying 
the Jet ax to the nozzle. The tube boundary layer was sucked through 
longltutinal slots 0.85 Inch long and 0.032 inch wide spaced at intervals of 
3' around the circumference Just ahead of the nozzle , into the annulus between 
the two tubes and then back down the jet tube out of the tunnel. The suctaon 
slots can be seen in the photographs in Fig.1. 

2.4 The nozzle and jet flow 

The szse of the nozzle relative to the wing was chosen to be representa- 
tive of a twin engcne installation on a 30' swept wing short range transport. 
The geometry of the nozzle represents a typlcal engine of bypass ratlo 5. The 
throat area of the annular nozzle is 3.3 times that of the central nozzle. 
The profile of the nozzle IS given III Table 2. 

Full-scale values of Mach numbers and velocities of the free stream and 
Jet flows, thrust coef'fxlent and Jet pressure could not all be correctly 

represented. It was considered that the shape of the Jet boundary should be 
correctly reproduced and thus implied correctly representing the ratlo of jet 
stagnation pressure HJ to free stream static pressure, pc. The datum value 
for Jet pressure ratm of H 

J 
= 2.4 pc was therefore selected, this being 

typuxl. of the crulsang conhtions for engines of this type in a short range 
transport axcraft desIgned for high subsonic speed. This jet pressure ratlo 
was maintained ever the range of Mach number covered by the experiment, so 
that the development of the Jet was effectavely unchanged, although the thrust 
coeffxlent decreased wrth Increasing Mach number. This and other Jet para- 
meters are shown In Flg.l+ and compared with full-scale values. 

On the full-scale engxne at typxal cruise conditions the hot central 
Jet and the cold annular fan Jet have roughly the same stagnation pressure, 
and thus also sirmlar urm.t momentum flows. These characteristics could there- 
fore be represented by feedxq the central and annular nozzles from a common 
au‘ supply without the necessity of prcvidang screens to provide Independent 
control of the two Jet flows. 
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The tunnel freestream and Jet flows were both at approximately amblent 
stagnation temperature, and at these oonhtions the fan jet velocity and the 
velocity difference between jet and free stream then also happened to be 
closely representative of full-scale cruising conditions. The higher velocity 

of the hot central jet could not be represented but this was considered to be 
of little significance: this was confirmed later when tests were made with 
the central nozzle blocked and no significant change in pressures on the wing 
was measured (Fig.21). More important perhaps, at the correct jet pressure 
ratio, the thrust coefficient of each of the two jets was about 560 higher at 
the standard test condition, MO = 0.7, compared with 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-scale. 

Some tests were also made with the jet replaced by an "equivalent solid 
body", which was shaped to correspond to the outer edge of the jet without 
allowing for any expansion immetiately downstream of the nozzle, nor for the 
broadening of the jet due to entrainment from the main stream. This solid 
body extended well downstream of the wing trailing edge and its final cross- 
sectional area was equal to the sum of the areas of the annular and the cent& 
nozeles. 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 6.2.1, do not 
seem to supportthisinterpretation.) 

2.5 The test programme 

Fig.5 illustrates the different locations of the nacelle relative to the 
wing which were tested*. The datum configuration (No.2) is close to that pro- 
posed in contemporary design studies for a twin-engined Airbus. The 
"equivalent solid body" is also shown. Some tests were made with only the 
annular jet represented, the central jet being blocked by a long cylindrical 

plug. 

The wing pressure distribution in the presence of the jet tube was 
measured under two sets of conditions 7 at positive jet thrust and at zero Jet 
thrust with 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 &s- 
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 wxng. A few pressure measurements were made on 
the surface of the rear nozele, but these are not reproduced here. 

3 JhT CHAFWTWISTICS 

The schlieren photographs (Plg.6) of the jet flow show the contractzon 
of the fan jet over the boat tailing of the gas generator cowl. The flow 

remains attached effectively over the full length of the cowl, oil flow 
observations showing only a very small separation at the tiscontxrdity which 
is produced at the end of the cowl. 

Little expansion of the jet is apparent at the datum jet pressure 

(Hj = 2.4 P,). However, at this contitlon the fVX,y expanded Mach number 
is only 1.2 although some limited measurements of pressure distribution 

over the gas generator cowl indicated that there is in fact considerable 
over-expansion mthin the recurring expansion/compression cycle of the 
jet. At the h&er Jet pressure ratlo, H. = 3 pop the expansion at the 

J 
nozzle IS clearly visible in the photograph. ScUeren photographs were also 
taken over a range of Mach number from M = 0.6 to 0.74 at H = 2.4 p, but 

J 
these were all virtually identxal. 

Pitot traverses were made through the jet and the wake from the Jet 
tube. Typical results are shown In Flg.7. As the Jet is only slightly above 
choking conditions, total head losses are small through the oblique shock 
waves mthin 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 annular jet and the wake from the jet 
tube. The flow appeared to be symmetrical around the annular nozzle, with no 
Uientlfiable wake from the struts supporting the gas generator cowl. 

Because of larger losses withln 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 till inevitably be the 
main source of the jet interference on the mng, the jet total head was 
adjusted upwards to bring the mean value for the annular Jet up to the datum 
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value at the exit plane. Values of jet pressure ratio quoted within this 
Report therefore refer to the a~ulsr jet, corresponding values for the central 
nozzle being some 1@ higher. 

4 BOUNDARYL4YERONTHRJXTTU.U 

Because the jet tube extends right forward into the contraction chamber, 

a thick boundary layer develops along the tube. This is important because, 
with the wing installed, it will fill much of the space between the propulsive 
jet and the wing. This cushion of low energy air will tend to mf’luence the 
wing pressures in two ways. Firstly there will be the direct effect of the 

reduced velocity of the "free stream" appmaching 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 pm- 
pulsive thrust, so the "jet interference" of the boundary layer may not be 

ne&gible compared with that of the propulsive jet, and it will 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 in section 2.3 above. 

A significant variation in the thickness of the natural boundary layer 
around the jet tube was found, and is shown in Fig.8. The reason for this 
was not established but it is presumably due to some small cross-flow in the 
early stages of development of the boundary layer. No significant variation 
in the distribution 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. 

rgith a sufficient pressure ratio to choke the suction system the 
boundary layer was thinned fairly uniformly around the tube, and by restricting 
the suction to that half of the cirouaference 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 annular nozzle (xj = 5.6 Ro) a longitu&nal position 
corresponding approximately to that of the wing trailing edge, and about 
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12 xnches downstream of the suction slots , there was a consistently thinner 
wake over at least 3+O" of arc when suction was applied over only half the 
tube clroumference. Installing the wing on that side of the Jet tube tid not 
affect the result. The full programme of tests were therefore made with this 
suotlon arrangement. 

The cxcumferentlal variation of boundaT-layer thickness 1s shown III 
FigA. Values of displacement thxkness and momentum thickness were derived 
from traverses at0 = 180' and 270' and are given in the following table. 

e = 180°, e = 270°, Q = 270°, 
no suction no suction with suction 

over half 
circumference 

Dzsplacement thickness 0.093 inch 0.047 lnoh O.M6 Inch 
Momentum thickness 0.060 inch 0.032 Inch 0.0?2 inch 

However, even mth 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 coeffxient for the fan cowl. 

Profiles of total head measured across the Jet in the absence of the 
rmng at various conditions are illustrated in Flg.9. These traverses were 
made 1x1 a horxontal plane, on the side of the Jet where the boundary layer 
was thinnest; the single traverse Illustrated in Flg.7 was made vertxally 
across the Jet and there are slight differences between thx and the 
corresponting result in Fig. 9. 

Comparison of the traverses vnth Jet total head equal to free-stream and 
those m'ch blown Jet shows tnat rmxxxg has consIderably reduced the momentum 
defxlency in the wake III the latter case; but in both cases the beneficial 
effect of suckLog away part of the tube boundary layer IS still apparent. The 
effective radius of the Jet is greater at MO = 0.6 than at MO = 0.74 (reflect- 
ing the varlatlon of thrust with Mach number shown in Pig.&). In both cases, 
the Jet radius is greater than the radius of the 'equivalent solid body' 
because of entrainment from the main stream flow, but the outer part of the 
profile is closely sirmlar for the jet and the solid body. 

Total head contours in the wake from the Jet tube, mth boundary layer 
suction applied to the Jet tube , and without the wing installed in the tunnel, 
are shown in Fig.10. Although these contours are not streamlines, the outer 
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contours give an impression of the local flow direction. They reflect the COW 

traction of the flow around the gas generator cowl. Although mixing between 
the Jet and the wake is accelerated with a positive jet thrust, the 990 total 

head contour is effectively the same for the datum pressure ratio, 
HJ = 2.4 p,, the free flow condition, H 

J 
= 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 .vVING IN ISOLATION 

Pressures measured on Wing A in isolation are shown in Fig.li and results 
for Wing B are shown in Fig.12. In each case it appears that a satisfactory 
two-dimensional pressure distribution has been measured, in spite of the spsn- 
wise spread of the pressure-measuring points, so the efficacy of the end-plates 
1s confirmed. The comparison in Fig.11 with unpublished measurements at N.F.L. 
(where the wing is mounted to span the 2Om x 8in tunnel) is quite 
satisfactory, although the tunnel corrections for the present unorthodox 
experimental arrangement must be uncertain. 

Earlier tests by &n-n4 have shown that the effective blockage of the Jet 
tube 1s eero, since it extends well forward of the working section, although 
there will be a small negative blockage correction behind the nozzle because 
the developed Jet has a smaller cross section area than the tube. 

For a wing spanning the tunnel 9 the standard method of Ref.5 predicts a 
correction of about AM, = 0.01 at a normnalfree stream Mach number of 0.72; 
applying this correction to the present tests brings them well into line with 
the N.P.L. results. However, as a correction of this magnitude would only 
alter by about pb the incremental pressure coefficients which are the main 
subJect of this experiment , no corrections have been applied to the remainder 
of the results quoted here. 

The main series of tests reported here were made with Ning B, for which 
pressure distributions are presented in Fig.12 for a range of Mach numbers 
from 0.6 to 0.74. At the datum incidence, a rooftop back to about 3570 chord 
is maintained 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 4Wb chord, is typical of current designs for 
subsonic swept wings, and the sectional lift coefficient of 0.3& at MO = 0.7 
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falls within the band of cr~sing conditions for a typical short-range 

transport aircraft. 

6 '8Ilsr, AND NOZZLE IN COMBINATION 

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

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

The wing pressure distribution measured in the presence of the jet tube, 
and illustrated in Figs.13-17, include results for positive thrust and serc 
thrust. Whilst the main purpose of the experiment was the comparison of these 
two sets of curves, giving the effect of the jet thrust, the corresponding 
distributions for the isolated wing are also plotted. The difference between 

the curves for the isolated sing and those for serc 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 

Typical results for the pressure ckstribution on the upper surface in 
the flow of the jet are presented in Fig.13. The spanwise variation of the 
pressure distribution 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 camber, so causing a reduction in local velocities. On a swept 
wing this would imply some distortion of the isobar pattern on the upper 
surface, which could cause the drag rise Mach number to be reduced. 

There is effectively no influence of jet pressure ratio 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". 

It seems safe to conclude that, 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 it sill be satisfactory to 
represent the engines by simple flow nacelles 3 unless these are designed 
to represent the inlet flow correctly, (which usually needs some increase in 
exit area compared voth the full scale prototype). 



6.2 Pressure distributions on lower surface of the r~lng 

6.2.1 Spanwise variation 

Some typical examples of the spanwise variation of pressure measured at 
particular chordwise positions are shown in Fig.14. These are obtained by 

traversing the wing past the Jet , and it was feared that an undesirable inter- 
ference from the end-plates of the iAlng 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 (3.8 inches from the centre-line) the jet is 
quite close to the end-plates. However, even for the pressure holes which are 
farthest from the centre-line, the spanwise variation appears to be synmetriaal 
about a maximum (or miru.m~m)~ 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 "equivalent solid body" was investigated by oil flow 

techniques; even at the extreme limits of the traverse there was no sign of 

cross-flow on the body. 

The results shown in Fig.ll+ in&&ate that the illrluence of the jet fades 
out more quickly in the spanwise direction than the influence of the Lvplace- 
merit 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 &stribution on the lower surface of the ning In the plane 
of symmetry of the jet is plotted in Fig.15 for the &turn configuration, and 
for jet locations closer to the wing. 

kt zero thrust, corresponding to free flow through an open nacelle, 
pressures are increased over the rear 7% of the chord and reduced only over 
the front 30& ahead of the suction peak on the isolated wing. As a result, 
in the datum configuration, the peak suction IS reduced considerably, from 
cp = -0.39 to -0.26. 

tiith the datum jet pressure ratio (Ii = 2.4 po), the peak suction is 
J 

still not increased above that for the wing alone, but it rises rapidly as the 
jet is moved closer to the wing. Then a sharp suction peak develops near 25y0 
chord, and a secondary peak is formed near 6590 chord. 

Results are included in Fig.15 for the condition vnthout boundary layer 
suction applied to the jet tube. The effect is negligible except near the 



suction peak, which, with the thicker wake, is reduced slightly (both with 
zero and. finite thrust) for the datum configuration. There is a larger wake 
effect with the jet closer to the ting. 

Variations of jet pressure ratio were tested with the same nozzle 
geometry to show the sensitivity of wing pressures to this parameter, and to 
help in the interpretation of the results (Fig.16). However, it should be 
emphasised that it is the standard pressure ratio, H. = 2.4 p,, which 1~ 

J 
representative of a nozzle with this geometry: higher Jet pressure ratios 
would be characteristic of engines moth lower bypass ratio. Such engines 
would have smaller diameter, and might not have short fan cowls of the type 
represented in this test. 

The effect of increasing jet pressure is very similar to that of bring- 
ing the Jet tube closer to the wing: the peak suction is increased and a 
secondary peak appears further aft. 

The pressure distribution measured with the "equxvalent solid body" (see 
Flg.16) in lieu of the jet is very similar to that measured with eero Jet 
thrust, except for somewhat higher suctions over the rear part of the chord. 
This unexpected result suggests that the "solidity" of the jet, and the extent 
to which it is &&or-ted 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 initial expansion 
of the Jet from the nozzle, and the spreading due to entrainment from the 
external stream. 

The lower surface pressure distributions in the plane of the jet for the 
other nacalle/wongconfigurations tested are shown in Fig.17. Configuration 
No.6 (Fig.17a) 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 overhang. 

In the first case, the lower incidence has naturally resulted in an 
increase in local velocities for the ting alone, and the suction peaks with 
eero and finite thrust are then also increased substantially. 

In the latter case, moving the nacelle back relative to the vnng 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 ever the vnng lower surface. Both these increments are 
thereby increased, and superimposed upon each other they lift the suction peak 
to about C 

P 
= -0.9 for the standard Jet condition. This compares with 

Cp = -0.38 for the datum configuration and C 
P 

= -0.39 for the isolated wng. 

The critical pressure coefficient for unswept isobars at this &ch number is 
C' 

P 
= -0.78, so the flow is locally supersonic with the blown jet: however 

there IS no evidence of a strong shock wave in the flow. Nevertheless, there 
is little doubt that such regions of high local 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 and 7) 
that underwing nacelles 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 Xing A. The trends are similar to those discussed above 
for fling B. One noteworthy point brought cut in these results IS that the 
shape of the pressure &stribution, both for aerc thrust and for H J = 2.4 per 
is essentially similar ever a range of Mach numbers, althoughat Kc = Cl.17 the 
flow is entirely subsonic and at Mc = 0.74 the peak suction significantly 
exceeds the local critical value. As in Fig.17, there is no evidence of a 
strong shock in this case. 

6.3 Incremental pressures caused bv Jet thrust 

AC 
PJ 

, the pressure increment on the wing caused by Jet blowing is the 
change in pressure between finite and eerc thrust conditions, vie:- 

AC 
Pj = 'P(HJ) - 'p(Hc) 

It IS this increment that is not represented when tunnel experiwnts are 
made with open duct model nacelles. 

This lower surface jet interference is plotted in Fig.19 for the four 
vertical separations of the Jet from the pnng (configurations / to 4). ?or 
the datum configuration it is not large, nowhere exceeding %.I. 

The interference curve IS characterised by the suction increment centred 
around 2570 chord and a secondary suction increment in the region near 69/o 
chord. There IS also a positive pressure increment in the immediate vicinity 
of the leading edge. This IS of little signficance however because of the 
steep pressure gradient in this region (see Fig.15) and because the velocities 
here are already low. 



There are areas both of positive and negative pressure increment, ao the 
change in sectional lift coefficient due to jet blowing ia small: a reduction 
of nc more than 0.02 (6%) for the datum case?'. 

For installations with a/c of the order 0.34 the effect of removing much 
of the boundary layer on the jet tube is seen to be smell (Fig.19) end it is 

to be expected that the results obtained are applicable to full-scale, when 
the wake from the nacelle is even thinner. For the installations closer to 
the wing, the wake, although thinned by suction , may well be reducing the full 
effect 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 tc 0.74. Whilst this spans the 
critical Mach number of the isolated wing, velocities on the lower surface 

everywhere remain well aubacnic. 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 
kiach number is negligible apart frcm e very small but progressive increase in 
the meximum suction increment. Since 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.20a had been obtained earlier, 
without boundary layer suction with Wing A mounted on the other side of the 
jet tube (C = 90' in Pig-a), when the natural boundary layer was relatively 
thick. Here however there wsa less evidence of the secondary suction peak 
on the rear half of the wing, and the first peak increased significantly at 
Mach numbers above Mc = 0.68, when the flow wes locally supersonic. 

The effect of varying jet pressure ratio is illustrated in Fig.20b. Jet 
interference incresses practically linearly with the increase in Jet pressure 
from the aerc thrust condition Hj = Hc (corresponding to Hj = 1.39 pc at Mach 
0.7) to at least H 

j 
= 3 pc, but has jumped sharply by H. = 4 pc. This value 

J 
is in fact well beyond the capabilities of the fan of an engine of this type 
in the speed range considered here. It is noteworthy that the initial lineer 

increase of jet interference with jet pressure extends, without any &sccn- 
tinuity, from a subsonic Jet, through the ncaale choking condition end up to 
a well daveloped supersonic jet. 

'The change in section CL due to the displacement effect of the ncaale is also 
relatively small, es the mean pressures on the upper and the lower surfaces 
are zncreased by a roughly equal amount. 



Fig.21 shows the Jet interference measured for the remaining configura- 
tions tested. Pluggmg the central nozzle has vx-tuelly 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 
only changed slightly, though the magnitude of AC is increased. Moving the 

P 
nacelle rearwards (configuration No.5) increases the maximum value of AC 9 

P 
shifts the peak rearwards and apparently broadens it somewhat. On Wing A, as 
already mentioned, the shape of the AC curve is generally similar to those 

P 
obtained on Wing B, but the peak is further forward and the secondary peak is 
both smaller and further back. 

The oscillatory shape of the jet interference curve in Pigs.19 and 20 

seems 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 is changed by moving the nacelle rearward, and by changing from 
Wing B to Wing A with a notably different basic pressure distrhution. At 
first sight, the characteristxc pattern of alternate expansions and contrac- 
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 
so, however, since the cell length in the jet varies markedly with jet 

pressure ratio (see Fig.6). The jet interference IS 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 in the expansions of the jets at the two nozzles. The streamwise 
distance between the two nozzles is 2 inches, whereas the distance between 
the suction peaks in Figs.19 and 20 is about 2$ inches, so the case for relat- 
ing the two is not strong; another argument against this explanation is that 
wnth the central nozzle plugged, the second suction peak on the wing is only 
slightly diminished (Fig.21). 

Another possible origin for the forward suction peak on the wing might 
be sought in a waviness or sharp change of curvature of the nacelle shape, 
though it would be necessary to postulate some mecharnsm whereby the 
influence of such a feature could be magnified by an increased 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 to the first suction peak at 
x/o = 0.25. The table of differences would be smooth If the diameter at 
x = 2.28 Inches were I.123 inches rather than 1.122 inches; linearised J 
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theory suggests that a 'wave' of this magnitude would give a peak pressure 
increment of the order of AC 

P 
= 0.03 on a two-dimensional flat plate at 

transonic speeds. However, there is nothing in the schlieren photographs 
(Fig.6) to suggest that a significant disturbance is generated around here. 
Furthermore, the second suction peak on the wing is at a position well down- 
stream of the end of the nczale, so cannot be accounted for by a similar 
explanation. 

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

The fact that the Jet interference curve does not chenge significantly 
with free-stream Mach number over the range M = 0.6 to 0.74. suggests that no 
great Mference is likely at the higher speeds appropriate to a swept wing 
demgn. 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 
Bef.2. 

6.4 Jet deflection 

Oil flow measurements with the equivalent solid body showed that the 
pressure field. of the wing deflected the boundary layer outwards away from the 
wing in the region near and ahead of the leading edge, and slightly inwards 
again near the low pressure region on the wing further downstream. In the 
same way, the wing field will affect not only the wake but also the annular 
Jet. There IS 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 (Fig.22). However, the main conclusion here IS 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 nacelle relative to the wing WBS chosen to be typical of a 
twin-engined short-range transport design. 

The main results and conclusions are listed bel.ow:- 

(1) Results indxate that for this type of installation, unless the 
engines are mounted very close to the wing, representation of jet thrust is 
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unnecessary on wind tunnel models at design Mach numbers except perhaps those 
specifically xntended 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 a;Lrcraft studles, and 
for Jet ccn&tlcns most representative of full scale, there was a measurable 
though small Jet interference on the wing lower surface. !Che maln effect here 
was to Increase suctlcn ever an area between l@ and 4@ chord, but there was 

also a secondary suctlcn Increment centred near 65% chord. The pressure xncre- 
merit nowhere exceeded dC = 20.1 and the maximum change in sectional lilt 

coefficient was only abctt ACL = 0.02. 

(4) There IS no lndicatlon that jet interference ~111 lnorease the 
adverse pressure gradient over the rear part of the lower surface to the pcont 
where Jet-induced boundary layer separatlcn 1s lzkely. 

(5) Tne bsplacement effect of the Jet tube mth eerc thrust, is for 
representative lnstallaticns, at least as large as the jet lnterf'erence. suc- 
tlon 1s reduced ever the front part of the szng upper surface and ever the rear 
7@0 of the lower surface, and Increased only over the front 3@ of the lower 
surface. 

(6) For the datum ccnf'lguratlon the combined effect of Jet thrust snd of 
Jet tube displacement at zero thrust is to reduce Wang suction everywhere 
except ever the f'ront 30$ of the lower surface. Smce the mcng in lsolatxn 
has Its lower surface suction peak further back at 4@ chord, the maxxf~um suo- 
tlcn ccefficlent was not Increased by the adtiticn of the nacelle and Jet. 
However, when the nacelle was moved rearward, the suction increments due to tile 
Jet thrust and due to the bsplacement flow were superxnposed on the suction 
peak of the isolated wing, and the total result was to znorease the peak 
suction cceffxlent on the lower surface from -0.4 to -0.9 at the standard 
value of Jet thrust. The results therefore support the ccnclus~cn drawn I'rcm 
earlier tests without Jet representatlcn that the nacelle should be kept as fsr 
ahead of the wing as possxbie to minimise interference on the uolng. 

(7) The effect of plugging the central Jet exit was smallt and ocnse- 
quently It does not seem to be important to represent the flow characteristics 
of the central jet accurately I* thxs sort of test. 
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(8) The Jet interference effects measured ware only slightly dependent 

on Mach number, 80 the results measured for the two-dimensional 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 is increased by increasing 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 entrainment from the main stream, produces a pressure distribution 
on the wing similar to that for eero thrust. This indicates that the momentum 
flow or "solidity" of the Jet is not an important factor in determing jet 
interference, for this type of annular nozzle at least. 

(II) No satisfactory explanation has been found for the two suction 
peaks which make up the main part of the interference curve. It is hoped to 
mke some further mvestlgatlon into this when the opportunity arises. 
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0.00064 -0.000~ 
0.00181 -0.001 ol 
0.00376 -0.00196 
0.00647 -0.00327 
0.00939 -0.00495 
o.Ol402 -0.00696 
0.01879 -0.00929 
0.02417( -0.011 Tl 
0.03011 -0.Ol481 
0.03656 -0.Ol7T4 
OaO4318 -0.02128 
0.04950 -0.02480 
0.05528 -0.02846 
0.06038 -0.03226 
0.06467 -0.03615 
0.06807 -0.03979 
0.07033 -0.04279 
0.07196 -0.04474 
0.07237 -0.04533 
0.07185 -0.04475 
0.07042 -0.04352 
0.06809 -0.04l81 
0.06478 -0.03986 
0.06050 -0.03786 
0.05569 -0.03597 
0.04935 -0.03399 
0.04389 -0.03185 
0.03704 -0.02854 
0.02907 -0.02363 
0.02002 -0.Ol700 
0.01014 -0.00890 
0 3 

P/C = O.ol9r84 P/C = 0.013598 

0.000300 
0.000664 
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0.013029 
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0.073609 
0.073523 
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0.069281 
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0.043290 
0.036487 
0.029375 
0.022164 
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0.007620 
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Lower surface 

-0.w3300 
-0.000621 
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-0.003r73 
-0.005378 
-0.008178 
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-0.024692 
-0.029950 
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-0.041~6 
-0.047147 
-0.052637 
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-0.061587 
-0.064475 
-0.0659% 
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-0.045261 
-0.039710 
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-0.021236 
-o.m4630 
-0.007580 
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Table 2 
NOZZLE ORDINATES 

SPP 21s" F3c.Z --- I--_ - _D__ 

outer noezle Inner nozzle 

Inside 
xJ 

Outside Inside Outside 
diameter tiameter xj diameter ,3umleter Diffarencc 

-5.5 1.64 2.49 -3.5 0.89 0.89 
-4.5 I.70 -3.375 0.80 1.02 
-4.0 1.75 -3.25 I .OT 
-3.75 1 .79 -3.0 1 .21 
-3.5 1.84 -2.75 I .32 
-3.25 1.92 -2.5 1 .39 
-3.0 2.00 -2.375 1 .40 
-2.75 2.03 

I 

-1 .o 1.40 
-2.48 2.13 2.492 -0.625 
-2.28 2.14 2.493 -0.25 I -2: 
-2.08 2.490 -0.02 I 16766 
-I .88 2.479 0.08 1.6770 
-I .a 2.464 0.1 8 I.6762 O.OO@ 
-1 .I& 2.445 0.28 1.6738 0.0024 
-1.28 2.421 0.38 1.6677 0.0061 
-1.08 2.3TI 0.48 1 .6573 O.Oi Ol+ 
-0.88 2.358 0.58 1.6440 0.0133 
-0.68 2.322 0.68 1.6290 0.0150 
-0.48 2.285 0.78 I.6122 0.0168 
-0.28 2.247 0.88 I.5939 0.0183 
-0.08 2.201 0.S 1.5739 0.0200 

0 2.14 2.169 I .08 / -5520 0.0219 
1 .I8 1 .5281 0.0239 
1.28 I .5012 0.0269 
, .38 I.4728 0.0284 

I.48 I &II 0.0317 
I .%f I .4076 0.0335 
1.68 1 .372 0.036 
1.70 1 .333 0.039 
1.88 1 .293 0.040 
I.98 i .251 0.042 
2.08 Y ,.209 0.0&2 
2.18 0.80 I.166 0.043 
2.28 

L 

I.122 o.olv+ 
2.38 1 .O79 0.043 
2.48 0.044 
2.58 ti 

I.035 
O-991 0.041+ 

2.68 6 0.?47 O.OJg+ 
2.78 
2.88 

$ 0.903 0.044 

2.98 
2 0.859 0.0&J.+ 
1 0.815 0.044 

3.08 0.768 0.047 
3.21 0.73 0.7506 

IVoter All timenslons in Inches; measurements were made to quoted accuracy. 
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Table 2 

ORDINATES OF EPUIV~T SOLID BODY 

(see Fig.5) 

Dimensiona in inches 

=j Diameter 

0.02 2.13a 

0.22 2.133 

0.42 2.119 

0.62 2.loy 

0.82 2.082 

1.02 2.047 

1.22 2.004 

1.42 1 .954 

1 .62 / .893 

1.82 I .840 

2.02 1.781 

2.22 1 .723 

2.42 1.667 

2.62 1.617 

2.82 1 .573 

3.02 1 .y&o 

3.22 I.518 

3.42 1.510 

3.62 I.503 

3.82 I.503 

constant to 

8.49 1.503 



SYMBOLS 

c 
C 

c"p 

A: 
PJ 

H 

H. 
HJ 
MO 

% 
PO 
BO 

R1 

R2 
% 
x 
x. 

J 
x n 

Y 

s 

e n 
a 

P 
s 
9 

wing chord 
pressure coefficient 
critical pressure coefficient (for whxh M = 1) 
increment in pressure coefflclent due to jet thrust 

stagnation pressure 
stagnation pressure of jet stream 
stagnation pressure of free stream 
local Mach number 
free stream Mach number 

static pressure m free stream 
external radius of annular nozzle: see Fig.5 
internal radius of annular nozzle: see Fig.7 
radius of central noxsle: see Pig.7 
Reynolds number based on chord 
streamwise orduu.te measuredfromwlng leadlng edge 
streamwise orduate measuredfromorigln at annular noesle position 
streamwise distance of wing leating edge downstream of noesle position: 
see Plg.5 
horieontal or&r.ate perpendicular to stream, measured from orlgln 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 liner see Pig.5 
wing mcidence 
*ng inclmnat1onr see Pig.5 
x-ad&l ordinate for boundary layer profiles; see Fig.8 
angular measurement round noeele: see Pig.8 
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