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Summary.

Part T describes tests on a streamlined body with a lifting fan mounted normally to its axis. Most of
the tests were made in the 5 ft x 4 ft wind tunnel at Imperial College, and others in the No. 1 114 ft x 81 ft.
tunnel at R.A.E. Farnborough. Comments are made on model design and engineering.

Three component balance measurements and flow visualization were carried out over a range of +20
deg. incidence at speeds from 15 to 65 per cent of the jet velocity, keeping fan r.p.m. constant. Comparison
between tunnels showed important differences at high incidences and high forward speeds (18 deg. and
V/V; = 0-6) but 2 to 3 per cent or less at lower speeds and incidences.

Part II analyses in more general terms the way in which forward speed changes affect the lifting unit
and the forces on it and examines the properties of hypothetical lifting units which have constant pressure
and constant volume characteristics. The former is found to have some desirable features.

The analysis is then applied to the experimental results from Part I, showing that, at a typical transition
speed, a 5 per cent lift loss due to fan-mainstream interaction is less significant than, say, the addition of
underfins which influence the efflux-mainstream interaction.
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1. Introduction to Parts I and 11.

This report combines References 19 and 20 as Parts I and II respectively.

Part I will describe experiments on a streamlined nacelle with a lifting fan fitted at a distance 40 per
cent of the nacelle length back from the nose. In Part II a broader analysis will be applied to determine
the effect of forward speed on the lifting unit. The results from Part I will be quoted in Part II by way of
example.

The work was originally carried out in 1961 and 1962 (see Table 2) at a time when there was consider-
able emphasis on suction effects which exist to the rear of lifting jets emerging from a flat surface into a
cross flow”8-%1% — guch as a lifting fan in a wing. Because of this, emphasis tended towards body-mounted
lifting units>'%11. The work described in Part I was carried out in parallel with the latter experiments,
the object being to reduce further the horizontal area around the jet, in the hope that adverse interference
would also be reduced. A clearer understanding of the aerodynamics was also sought.

Part IT highlights a further, but usually less significant, cause of lift loss at forward speed for, as forward
speed increases, it will be seen that the increased inlet total head and the changed outlet conditions
result in a decreased total head rise across the fan and an attendant increase in the flow through the fan
at constant r.p.m. consistent with its total-head rise characteristic. The resultant changes in lift and
drag on the fan unit (including the intake) will be examined.

Part I.—Tests on Nacelle Alone and with Wings or Underfins Fitted

2. The Model and its Design.

2.1. Model Shape (see Figs. 1 and 2).

In an attempt to achieve a low drag coefficient with fan off, the shape of the body was derived from
the airship R.101, the fan axis being at right angles to the body centreline. In order to reduce lateral
velocity components, which might have affected the fan, (and which would have complicated traverses
across the duct for the determination of mass flow) the sides of the body were built up to form ‘high-
light’ areas in end planes normal to the duct axis. It was thus possible to make the body diameter only
about 30 per cent greater than that of the duct and to leave only a small horizontal area around the outlet
of the duct (see Figs. 1 and 2). In order to promote attached flow over the intake lip this was given a
generous radius (one fifth of fan diametér) on the upstream side of the inlet, reducing to 6 per cent at
the sides and rear of the duct. Table 1 gives a summary of model dimensions.

Because of mechanical problems associated with the high rotational speeds which were found to be
necessary, a single-fan lifting unit was used with straighteners after the fan. This was placed one quarter
of a diameter from the inlet plane so that any separations from the intake lip at high forward speeds
should not have become too large before the fan was encountered. Mechanical considerations also
showed that this position was preferable and in addition it may be reasonably representative of full-
scale practice. The centrebody, 58 per cent of the duct diameter, was a short cylinder with ellipsoidal ends.

Wings could be added of such a size that transition from jet- to wing-supported flight would be possible
when the forward speed was one third of the jet speed. The aspect ratio of 6 and taper ratio of 0-5 gave an
approximately elliptical spanwise lift distribution with the model fan switched off and the duct ends
sealed. Provision was made for the wing-body angle to be varied within the range =+ 30 deg.

The detachable underfins shown in Fig. 1 were flat plates made of Perspex, sealed along their upper
edges against the body. '

2.2. Model Size and Jet Velocity.

The way in which aerodynamic and experimental factors affected model size and jet velocity is sum-
marised by Fig. 3. The range of possible designs was severely restricted by considerations of jet velocity
ratio, fan tip Mach number and the size of the motor, which had to be housed in the forebody. In plotting
the line AB allowances have been made for mechamcal and fan efficiencies and a 58 per cent fan boss
has been assumed.



Although the dictates of motor size caused the model to become somewhat larger than was desirable
in the 5 ft x 4 ft tunnel, the ratio of jet diameter to tunnel height was about the same as for most similar
experiments then being performed elsewhere. The above considerations indicated that no model fan
unit then existing would have been small enough so a new design was undertaken.

The fan was designed by the free-vortex method and by keeping blade angles moderate it was hoped
to reduce adverse effects due to inlet maldistribution and cross flow. Both the fan boss diameter and
the rotational speed were strongly influenced by the consequent decision to limit the local advance
‘ratio at the boss to about 0-60.

The design r.p.m. and jet velocity were so chosen that standard frequency-changing equipment could
be used to give a constant 400 c¢/s supply and 24 000 synchronous r.p.m. The fan tip diameter was chosen
so that a slightly larger motor could be installed than was strictly necessary.

2.3. Mechanical Design

The aim throughout the design was to avoid development problems, so a conservative approach was
adopted using standard parts and techniques as much as possible. However, the engineering problems
of the high rotational speed had to be faced.

After considering several non-electrical alternatives a standard three-phase squirrel-cage Stator-Rotor
unit was chosen of a type normally built into machine tools, since space could then be saved by building
the motor as an integral part of the model. The unit was also sufficiently cheap to be regarded as expend-
able so that it could have been overloaded if necessary to give substantially more power at reduced life.
However, the unit was run within the ‘ventilated’ rating of 6 h.p. and was cooled by air drawn in through
the nose of the model. The motor stator length and diameter were 9-0 in. and 4-5 in., the largest length
to diameter ratio available.

The motor housing and fan duct section were machined from aluminium alloy castings giving good
rigidity and making easier the alignment and the achievement of the close tolerances required for high-
speed running. The fan was made from an aluminium alloy casting, the blades being profiled on a copying
and reducing machine. .

The right-angled spiral-bevel gears needed to transmit 6 h.p. at 24 000 r.p.m. so nearly filled the space
available in the centrebody that only a 1 : 1 ratio could be chosen. However, their bulk was justified by
their trouble-free performance. '

2.4. Vibrations and Resonances

High imposed frequencies made necessary a careful survey of the natural frequencies of the major
moving parts and design philosophy was to keep the fundamental frequencies below those imposed
whenever possible. However, the fan blade bending mode required considerable care because of imposed
frequencies which straddled both the fundamental and the third harmonic. The blade was tapered
slightly in thickness and planform both to alleviate a fatigue problem and to raise the fundamental
bending frequency. The problems were slightly eased because input frequency was not variable and
start up and shut down were very rapid (about a second). Shaft whirling speeds were also checked and
the combination of a long motor with a cantilevered drive made relatively large shaft diameters necessary
to raise the whirl speed above the running speed. This accounts for the unwelcome presence in the fan
duct of a thick shaft which, because of its 88 ft/sec surface speed, and relatively large diameter, had to
be shrouded to avoid Magnus effect.

3. Experimental Scope and Procedure.

Table 2 summarises tests performed at Imperial College and at R.A.E. Farnborough during 1961
and 1962. The former were made at a series of constant incidences, which avoided changes of balance
zero during a run, but at Farnborough the tunnel speed took too long to settle for this to be convenient.
Tests there were not possible at about 100 ft/sec because of a tunnel resonance. The model fan ran at

approximately 23 000 r.p.m. in all tests, measured as fan blade noise frequency, which could be determined
accurately.



Crossed bracing wires had to be added to the standard tunnel struts originally used (Fig. 2), in order
to suppress sideways oscillations with fan and tunnel running. No strut guards were used and strut
drags of 40 per cent of total drag were measured at 100 ft/sec with the fan on. Strut drag was measured with
a cylinder spanning the struts to represent the mounting spindles of the configuration without wings, an
appropriate correction being made for the portion spanning the body position. The cylinder was removed
for determination of the strut drags for the winged configuration. The tail wires supplied three phase
power to the fan motor.

Tunnel speed was determined from the pressure drop across the contraction. A vertical rake of pitot
and static tubes showed no change of centreline distributions upstream of the model when the model
fan was run and little change of calibration factor. Fortunately any changes in calibration factor occurred
where fan-off force coefficients were small and no corrections were needed.

Pitot and static rakes were so arranged halfway down the duct as to give the coverage shown in Fig.
4, spacing being on an equal area basis. They were inclined into the fan mean swirl at 15 deg to the axial
direction, giving calculatéd misalignment of +3 deg for the énd tubes at zero forward speed. The effect
of changes of forward speed and incidence on flow direction is not known in detail but measurements
by Gregory® indicate that errors of significant size are probably confined to small areas.

The pressure tubes were connected to a vertical multitube manometer, containing carbon tetrachloride,
which had scales with alternate black and white markings which enabled photographs of the manometer
on film to be processed automatically by a specially designed reader®. No individual tube calibrations
were applied since these were within 1 per cent of each other, which is comparable with probable errors
due to flow misalignment. ' o

4. Datum Tests, Fan Off and Static Iift

Figs. 5, 6 and 7 show the lift, drag and pitching moment characteristics with fan off for all configura-
tions, measured in the RAE. No. 1 114 ft x 8% ft wind tunnel unless otherwise stated.

Because the model was a thickened version of the R.101 with the maximum thickness further back
(at 40 per cent length), comparisons between R.101 model tests and the present plain body measurements
(ie., without wings or underfins) were unlikely to be fruitful. However, calculations using Ref. 13 to
predict lift were within 10 per cent of experimental measurements provided allowance was made for the
variation of cross-flow Reynolds number with incidence, (Half the maximum diameter was used as the
length scale). ’ - '

Favourable interference almost doubled body lift at a given incidence when underfins were fitted
but there was a large increase in drag. The addition of wings gave an overall lift-curve slope between
5 and 10 per cent below that calculated* for the equivalent wing extending across the body, but pre-
diction is difficult at the mean chord Reynolds numbers around 0-4 x 10°.

The zero-lift drag coefficient of the isolated body was consistent with the data given by Goldstein!®
but a decrease with incidence as quoted by Thwaites'? for a model of the airship ‘Akron’ did not occur.
Natural transition occurred on the present model just ahead of the raised shoulders around the duct.
The lift-dependent drag of the wing and body combination was about double that predicted for the
wing alone, resulting in a maximum lift : drag ratio of approximately 7-5.

The plain body pitching moments were about 30 per cent higher than quoted for the ‘Akron’ model '3
at the same lift coefficient. The addition of wings, with their quarter chord at the model pivot, caused
little change until the stall.

4.1. Static Lift

Fig. 8 gives a breakdown of lift losses, both within the duct and externally due to fitting wings, etc.,
and due to making measurements in a closed tunnel. The lift on the plain body is taken as standard.

Early static lift readings for the plain body were more than 1 Ib lower than the design value, even
though all the doors and windows of the tunnel had been opened. (The tunnel floor was 3-2 diameters
below the jet exit.) Inclining the model to +20 deg incidence did little to reduce the recirculation and
ground effect which probably caused the deficit. An 18 in. diameter hole was therefore cut in the tunnel
floor to allow the jet to escape. The static lift on the plain body was then close to the predicted value.



Fig. 8 shows that, according to balance measurements, the presence of wings reduced the static lift
by about 14 per cent, probably due to ground effect. The addition of underfins caused a further reduction of
about 3 per cent.

The static lift coefficients in the 5 ft x 4 ft tunnel when (a) fully closed and (b) with vented floor and

walls, were respectively = 0-0850 and 0-091. The corresponding values in the 113 ft x 8% ft

T
P(QR)*4,
tunnel were 0-0845 and 0-090.

Bearing in mind the greater distance to the floor and the longer recirculation path, one would expect
the thrust coefficient in the closed working section of the larger tunnel to be close to the vented value in
either tunnel. While the observed agreement between the vented tunnel results is to be expected, it is
difficult to explain the change due to closing the larger tunnel. Possibly the complete absence of wall
venting was in some way responsible. ‘

It is clear that when measuring static lift great care is necessary to vent the working section adequately.
Because of the above unexplained features, fan tip-speed parameters have been used to reduce force
increments for comparisons between the two tunnels in Section 7.

5. Flow Observations and Duct Flow Measurements with Fan On.
5.1 Interaction Between the Jet and the 5 ft x 4 ft Wind Tunnel

Upstream static-pressure measurements and floor wool-tuft observations were made over the range of
test parameters. These gave indications of conditions under which the flow near the model might be
noticeably different from that in free air. At low forward speeds stagnation occurred when the jet hit the
tunnel floor and a region of separated flow there increased in extent as the model incidence was raised.
This accompanied a rise in static pressure at the standard tunnel static holes at the beginning of the
working section. The effect was superimposed on an existing pressure gradient present due to lack of
area compensation for tunnel boundary layers. Except in the floor stagnation cases the size of this gradient
was reduced by fan operation. As the pressure rise was only a few millimetres of water the resulting
horizontal buoyancy forces on the model were small. However, Fig. 9 shows that the static-pressure rise
due to fan operation was a large proportion of tunnel dynamic pressure and was strongly related to the
extent of separation on the tunnel floor.

As forward speed increased floor stagnation disappeared but the static-pressure rise ahead of the
model continued to increase. However, the forces on the model due to changes in pressure gradient were
still less than 1 per cent of fan static lift. It is apparent that local effects caused by floor stagnation at low
forward speeds are more significant than the longitudinal pressure gradient. A rise in static pressure
below the forebody may be expected to increase all the measured increments at positive incidences. The
extent of the floor separation (Fig. 9) corresponds closely to differences between increments measured
inthe 5ft x 4ftand 111 ft x 81 ft tunnels.

The solid blockage effect of the model alone gave calculated local velocity increases of about 4 per
cent which rose to almost 1 per cent when a jet cylinder extending to the floor was assumed. Because the
volume and shape of the jet plume were variable and unknown in general, no attempt could be made to
estimate wake blockage.

5.2. The Jet Plume

Jordinson!” shows that as a round jet emerges normally from a flat plate into a stream it is bent over,
its cross section being distorted into a kidney shape and then into a horseshoe shape. The results of
tests using a tuft grid and with smoke are summarized by Figs. 10 and 11. The edge of the region of dis-
turbed flow in Fig. 10 is clear of the floor only in the high forward speed case. It appears likely that the
penetration and the shape of the plume in the other cases are affected by floor constraint. Unfortunately
no similar observations were made in the R.A.E. 113 ft. x 83 ft tunnel to confirm this.

A possible plume structure, deduced from the limited flow observations above, will now be described.
The edges of a viscous jet directed downwards in still air rhay be represented by a series of coaxial vortex
rings. As the speed of a horizontal mainstream is increased the downstream sides of the vortex rings



are carried away, leaving a trailing vortex system. The process is analogous to vortex shedding by an
accelerating wing. Fig. 11 shows the resulting flow structure in which the vortex sheet towards the back
of the jet rolls up as it is stretched and convected downstream to form the vortex pair of Fig. 10.

5.3. Surface flows.

In addition to the downwash field over the rear of the body, associated with the trailing vortices in
the jet plume, local effects existed near the jet which combined the flow around the jet cylinder with
suctions due to mixing. The flow characteristics around the front of the jet were similar to those to be
expected on the equivalent cylinder-body junction. However, the flow to the rear was strongly affected
by jet suction since it was shielded from the mainstream. This was particularly marked with underfins
added which delayed closure of the mainstream behind the jet.

The flow patterns produced at zero incidence showed a general resemblance to the corresponding
patterns around a jet issuing normally from a flat plate!®. Comparison between Figs. 12 and 13, for
medium and high forward speeds, shows that the local influence of jet suction was only slightly less
marked at the higher mainstream speed. In regions of the afterbody less subject to local jet-suction
effects the surface flow angles varied little with forward speed. Since clearance between the jet and the
body decreased with forward speed it may therefore be inferred that there was a simultaneous reduction
in the strengths of the vortices. It could be seen from tuft photographs that the vortex helix angles de-
creased as forward speed increased.

The flow patterns were generally more affected by changes in incidence than changes in speed. At
negative incidences flow patterns became more complicated with as many as five singular points present
on the surface around the jet in some cases®. At high positive incidences there appeared to be vortex rooting
behind the jet at all the forward speeds at which patterns could be produced. However, force measurements
showed that tunnel constraint forces accompanied the apparent vortex rooting but unfortunately no
visualization was carried out in the 113 ft x 8} ft tunnel to ascertain whether or not this was solely a
tunnel effect. ‘ _

At zero incidence patterns with and without wings were very similar. At positive incidences flow
behind the jet closed more readily, probably due to positive pressures below the wing. Simple flow
patterns resulted right up to +20 deg incidence. The reversed flow region above the wing of Fig. 12¢
resembled that with the fan off.

When the wing stalled negatively parts of the body in its wake became strongly affected by jet suction.

Fig. 12a shows that there was extensive reversed flow behind the jet at —20 deg incidence.

It was found that with the fan off and the duct sealed at zero incidence the flow over the underfins
was uniform on both sides with no bubbles or edge separations. With the fan on, surface flow patterns
showed that the sides of the jet became attached to the inside of the fins. This caused mainstream air to
be deflected downwards between the fins (see Fig. 14b), leaving a region of slow-moving air on the under-
surface of the body just ahead of the jet.

Fig. 14c was obtained by allowing the pigment in paraffin applied to the outside of the fins to be carried
to the cleaned inner surface. The outside pattern was then rubbed off to show the reversed flow region
on the fins behind the jet. There was also a corresponding reversed flow region on the body.

Patterns produced by an edge vortex outside the lower edge of the fin can be seen in Fig. 14a; these
were not visible at zero and negative incidences. Although no evidence is available to support the view,
it seems likely that this became an alternative starting point for the vortex system found earlier. If this
was so the displacement of the trailing vortices away from body surfaces could have reduced adverse
downwash effects.

5.4. Flow Through the Duct.

The inlet flare consisted of a 20 per cent radius on the upstream side of the duct, which decreased
steadily to 6 per cent of jet diameter at the sides and rear of the duct as shown in Fig. 15. Also shown in this
figure are areas where, at the central plane beneath the fan, manometer readings fluctuated. In general
the amplitude of these fluctuations was much smaller than the mean reading of total head, which was a
little lower than nearby tubes. ‘ '



A further indication of the performance of the inlet flare at forward speed was given by Dayglo and
paraffin flow visualization. Because of gravity and three-dimensional effects the interpretation of these
patterns was difficult and photography was impossible. However, there was a correspondence between
the small areas of apparent separation below the inlet flare and the regions where the manometer readings
fluctuated. Taking both sets of observations together it seems reasonable to infer that the lip radii should
have been larger in the regions around 45 deg each side of the forward centreline. However, less than
2 per cent of the area behind the fan was affected.

With the single exception of the exit traverse at zero forward speed (Fig. 17) all flow measurements
were at the central plane which contained the drive shaft. The traverse plane was chosen so as to avoid
errors in total-head-rise coefficients which would have resulted from putting the probes too close to the
fan (see Ref. 16). It was also desirable to place the probes upstream of the straighteners to prevent con-
fusion with wakes. Fig. 18 shows that, under static-lift conditions, the observed total-head-rise coefficients
agree fairly well with those predicted for the measured flow coefficients. The drop in total head beneath
the blade tip is thought to have been due to an accumulation of blade and duct boundary-layer air,
rather than tip loss, since tip clearance was small. A tip Mach number of 0-6 should have given no drag-
rise penalty and a lift coefficient expected to be less than 0-6 should not have caused stalling.

The uniformity of the flow in the central plane was good away from the drive shaft, which also created
a large wake at the exit plane. The rotation and twisting of this wake between the central plane and the
straighteners was close to that predicted using design figures.

At the exit plane static pressure decreased from atmospheric at the edge of the jet to about 1 in. water
suction near the centrebody (C, ~ —0-10). No residual swirl could be seen using a tuft grid though, on
the basis of calculations made after completion of testing, up to 5 deg underturning might be expected.

The static pressure indicated by both the wall holes and the static probes at the central plane was
approximately atmospheric, showing that the diffuser and straightener pressure rises were nullified by
losses.

Finally, Fig. 19 shows the effect of forward speed on fan performance, including power input. The fan
progresses down its total-head-rise characteristic curve as forward speed increases, with decreases in
total-head rise and power input while mean velocities increase. The attendant changes in incremental lift
and drag are fully discussed in Part I, and will be referred to in the following Section.

6. The Results of Force Measurements, Fan On (see Figs. 20 to 28 and Table 3)
6.1. Plain Body ‘

There are several important mechanisms which affect the incremental lift on the model. These include
variation of fan blade incidence as external conditions change and flow distortions due to the emergent
jet.

The significant property of an axial-flow fan is that a small increase in axial speed produces quite a
large change in blade lift and pressure rise, giving the familiar steep total-head-rise curve. Consider the
effect of increasing the speed of the mainstream while holding fan r.p.m. constant. It has been found

. experimentally (Ref. 3) that upstream rather than downstream effects dominate the fan aero-
dynamics in this situation. Since the total head of the flow approaching the fan is increased and since
changes in axial velocity are small (zero for a vertical characteristic), it follows that the static pressure
ahead of the fan must rise by an amount slightly less than the mainstream dynamic head. Ref. 4 illustrates
this effect in more detail but the upper graph in Fig. 19 shows how the total-head rise, and hence the
lift on the fan, decreases as forward speed increases. For the present fan an increase of lift on the intake
due to the small increase in axial velocity is smaller than the sum of loss of fan lift and the increase in the
drag of obstructions in the duct. There therefore results a decrease in the lift increment on the fan unit
as forward speed increases. ' ‘ .

A second effect concernsethe interaction of the jet with the mainstream which produces suctions around
the exit and cross-flow over the rear body. In Ref. 3 a crude vortex model of the jet plume is presented which
relies on information from surface-flow photographs of the circular rear fuselage. It is shown there that
cross-flows over the body due to the jet plume are of the right magnitude to account for the remainder
of the initial lift loss with forward speed.



The increase in incremental lift which starts at a forward speed of about one third of the jet speed,
shown in Figs. 20 and 26, is not explained by either of the above mechanisms. It is certainly not due
to the fan interaction of the sort described in Part II, but the possibility cannot be excluded at this stage
that the crude jet-plume model of Ref. 3 is inadequate at the higher forward speeds. However, it is more
likely that an induced-circulation effect is responsible. It seems fairly clear that some of the forces due
to the addition of underfins (Figs. 22 and 23) are achieved in this way and it is possible that a similar
but smaller effect may occur in their absence. The underfins also probably reduce the entrainment near
the body and, by moving the trailing vortices away from the rear body, reduce the downwash over it. As
mentioned in Part II it seems that from an aircraft performance point of view the use of underfins to
produce lift benefits has more significance than any measures to alleviate loss of lift on the fan at forward
speed.

6.2. Body with Wings (Fig. 21).

While lift increments both with and without wings vary more with incidence than with forward speed
(see Fig. 28), the change due to the addition of wings to the isolated body depends mainly upon forward
speed (see Fig. 27).

For all incidences at low forward speeds and at + 18 deg incidence at all the speeds of the tests, the
addition of wings changed lift .increment very little. As forward speed increased the ‘lift bucket’ at
moderate incidences occurred earlier with wings fitted than without. Although the ‘bucket’ was up to
8 per cent deeper there was a more rapid recovery of lift after it. At — 18 deg incidence the operation of
the fan delayed the negative wing stall and lift increments fell sharply. However, total lift variation was
less violent.

During the first test series, forces were measured over a range of wing-setting angles in order to deter-
mine the effect of wing incidence independently of body angle. Fig. 27 is arranged so that equal wing
incidences are on a vertical line. The dependence of lift increment on wing incidence is plainly demon-
strated near the stall, but any possible interpretation in terms of flow fields is complicated by constraint
effect in the 5 ft x 4 ft tunnel.

The observed decrease in spanwise spacing between the trailing vortices as forward speed increased
(Fig. 10) should decrease the area of wing affected by downwash between the vortices and increase the
area with upwash outside the vortex centres. One can imagine there being a forward speed at which the
positive lift induced near the tlps is equal to the downward force induced nearer the root. Below this
forward speed the addition of wings to the plain body would reduce incremental lift while above it there
would be an increase. This is consistent with the upper half of Fig. 27. The more local influences of jet
entrainment and flows induced near the intake must also contribute to some extent, but with the present
mid-wing the effects may not be large.

6.3. Drag and Pitching Moment (Figs. 24 and 25)

With the exception of domains in which tunnel constraint or stall effects were present the drag incre-
ments for all configurations were equal, to within the limits of measurement. This is somewhat surprising
for the case with underfins in view of increased pressures ahead of the jet, but it appears that this is offset
by a less rapid rise in momentum drag associated with the slower increase of jet velocity with forward
speed with underfins fitted (Fig. 19).

Pitching-moment increments share several properties with those of drag though incidence dependence
is less straightforward. Since moment increments are in part associated with the removal of mainstream
momentum from above the intake, an approximately linear variation with forward speed can be expected.
In practice (Fig. 25) the lines are slightly curved, probably in association with incremental lift variations.

7. Wind-Tunnel Interference (Figs. 20 to 25 and Table 3)
7.1. Plain Body
It can be seen from Fig. 26 that the loss of lift with forward speed rarely exceeds 10 per cent of the static
lift and a comparison of full and broken curves shows that a noticeable proportion of this is due to loss of
lift on the fan-shroud combination. This illustrates that paring away the area around the jet exit was
quite successful in reducing lift loss due to entrainment and due to downwash between the vortices in



the jet plume. It also follows that the image vortices, reflected in the floor, will produce interference
forces which are even smaller. In fact a calculation within the same crude framework as that of Ref. 3
showed that velocities induced by the image vortices were only one or two per cent of those induced by
the real vortices, which themselves induced forces only of order 5 per cent of total lift.

Although the above approach probably indicates correctly the order of magnitude of interferences
due to the trailing vortices, further qualifications are needed.

Firstly, because the jet-plume system is not yet sufficiently understood, no attempt was made to ensure
that the real and image vortex systems were in equilibrium, and the penetration of the jet plume into the
stream may have been affected by the tunnel floor to a greater extent than indicated by the image vortex
system used above. There is a temptation to compare the present work with that of Jordinson'” but
there are several difficulties. The scale of his experiments was much smaller and his jet was ‘solid” and
directed from a wall, while the present jet was directed from a slender body and its core contained the
wake of the centrebody. Jordinson gives the penetration of a line of maximum total head, whereas only
vortex-centre positions are available here. Nevertheless, it is found that the penetration of the present
vortex centres in terms of ¢ equivalent solid jet diameters’ is about 65 per cent of the penetration of
Jordinson’s mean total-head line. Since the vortices are known to lie nearer to the jet outlet than the
maximum total-head line does, the inference may be drawn that the penetration of the present jet in the
small tunnel at V/V, of 0-27 and above was at least 65 per cent of the free-air value even though the exit was
only 3-2 diameters from the floor. ‘ ‘

The second qualification is that the general nature of the flow should not be affected by the tunnel,
in particular the jet should not form a stagnation point on the floor. Fig. 9 shows that with combined
low speed and high incidence the jet did in fact hit the floor. It was seen in Section 4 that a loss in static
lift of about 7 per cent occurred with the tunnel closed. At one fifth of jet speed, the lowest inthe 5 ft x 4 ft
tunnel, this had decreased to 2 or 3 per cent for the isolated body (Fig. 20). However, at this forward speed
the situation was becoming more complicated, particularly with wings or underfins fitted.

7.2. Body with Wings

As was mentioned in the discussion of the winged configuration in Section 6, a proportion of each lift
increment is associated with changes in wing incidence induced by the jet. Tunnel constraint in the 5 ft x
4 ft tunnel with fan off is sufficient to make conventional corrections desirable. Therefore, with the fan
on, the tunnel constraint may influence the amount of induced incidence to a greater extent. This may
happen in a manner which cannot be predicted using standard tunnel-correction techniques. As with
the body without wings, constraint which changes with jet inclination may also be encountered at high
incidences. ‘ ‘

A further effect which may influence the comparison is the variation of wing stalling angle with tunnel
constraint, forward speed and turbulence level. Any of these may influence the extent of separation
induced on the wing by a particular jet configuration. In incremental plots this might appear as differences
between tunnels in the conditions needed to produce rapid changes in lift increment, due to the stall.

In view of these considerations worse agreement is to be expected between tunnels than for the body
without wings and Fig. 21 shows this to be so. Agreement is good only at low speeds and at low incidences.
At most incidences lift recovery with forward speed starts sooner giving up to 15 per cent more lift

increment in the smaller tunnel. Agreement was within +3 per cent at moderate incidences for ¥JQR up
to 0-10.

7.3. Drag and Pitching Moment Increments

Agreementbetweendragincrementswasgoodupto + 6degincidencewheretheincrementsinthe
smaller tunnel started to rise from the linear characteristic obtained in the 113 ft x 83 ft tunnel. It is
thought that floor stagnation is chiefly responsible at low speeds and that deviations at higher speeds -
at high incidence are associated with the lift discrepancies mentioned above. '

There was considerable scatter in pitching-moment increments in both tunnels. However, the incre-
ments measured at R.A.E. were generally lower and varied less with incidence. The incidence effects
occurred under the same conditions as did the lift and drag discrepancies, but the reason for a slight
overall shift is not apparent.
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Part II.—The effect of Forward Speed on the Lift Produced by a Lifting

Fan and its Inlet

8. Theoretical Forces on Fan and Shroud at Forward Speeds
8.1. Fan Lift.

The analysis which follows is idealised in several aspects. The effects of inlet maldistribution and cross-
flow at the fan have been ignored. Inlet losses have also been neglected. It is demonstrated in Ref. 4, for
example, that this is reasonable for intakes without guide vanes provided that separations from the
upstream lip do not occur at forward speed.

The force on the lifting unit is divided between the fan itself and ‘the shroud. The force on the fan-
straightener combination is readily obtained as

L = A; AH. 1)

The calculation of the lift force on the shroud is less straightforward. It will be seen in the analysis
Wthh follows that momentum arguments valid at zero forward speed may not be used with a free stream
present, though the same result would be obtained. In the present analysis it is necessary to assume that,
in the separate zero forward speed and zero inlet flow cases, there is fore and aft symmetry about a trans-
verse plane through the duct axis. It will also be assumed that these flow fields may be superposed.

8.2. Theoretical Shroud Force at Zero Forward Speed
Consider a flow field which is symmetrical about the duct axis as for the three-dimensional circular
intake shown in Fig. 29.

Area of spherical surface AED = 2nr*(1 —cos®),

AsVy
~ 2nr¥(1— cos®y

Downward Vertical Momentum flux through an elementary ring of fluid

‘therefore by continuity.

= (2nr.rd@ . pv). vsind
Total downward Vertical Momentum flux entering through AED

. ®
. Lim j 2 pv? siné do
r—=co [\

. 2mr? p (A4, V)
== — 0 ®
k.ni,l 4r* r* (1 —cos @)* [eosb]s

I p(A,V5)
= L 1 —c0s®)

= 0. 2

‘Notice that the above result is independent of @ and is thus true for an intake in a flat surface and for a
shroud ring, provided that this has sufficient frontal area to sustain the lift given by (3) below. ® may
also vary around the duct periphery so that the analysis holds equally for a flush intake into a fuselage
or nacelle. However, slight error will result from the finite extent of practical shapes.
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Consider the downward flux of vertical momentum through the control volume ABCDE, taking as a
datum p = 0 at infinity and noting that p; = —1pV'2 on this basis.

j" p+pVH) =0, ie

o] B,D C
j 2mr? pv? sin 0d6 — ‘[ pds — j(p,—pV%)dA,= 0
0 A,C B

(DEA) (Force on air

due to shroud) (BO)
B.D
ie. 0 - j‘ pds — LpVZi4, =0
[from (2)] ac

ie. Shroud lift Ly =Lp V2 4, 3

8.3. Shroud Iift at Forward Speed V

Consider a point 4 on a three-dimensional shroud (Fig. 30) where the components of the surface flow
velocity are 4, v and w in the x, y and z directions respectively.
Define

gy as the local surface velocity with the free stream acting alone
q,; as the local surface velocity with the intake working in the absence of a free stream
gy as the local surface velocity with the intake working in the presence of a free stream

then gf = uf-+vi+w
a7 = uj+vi+w;
Gpr = ups 0+ Wiy = (uy +u)? + 0y +v7)* + (wy +w,)?
if the flow fields may be superposed,

ie. at point A

2 2 2
Qvy, = 45,9y, + 2uy Uy, + 205 05, +2Wy W, .
Now, using Bernoulli’s equation, and measuring pressures above the value at infinity,

P4, = 2pV>—3%pg?, due to the free stream acting alone
Pa, = —3p4q3, due to the intake alone
P, = 30V?*—3pg,, due to both acting together
= $pV?~3pq], — 3043, — puy s, — Py, 05, — pWy Wy,
Hence the pressure increment due to the addition of forward speed to the intake acting alone,

APy = D4, —Pa, = Pay —PUp Uy, — POy, Uy, — PWy W, .
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Similarly for point B (Fig. 2)
Apg = DBy, —DPB; = Pp, — PUyglyp— PV U5y — PWppWyp

but for the symmetry implied in Fig. 30,

Uy, = Uy, uy, = —uy, thereforeuy u;, = —uy uy,
Uyy = — Uy, vy =y, therefore. vy v;, = —vy, vy,
Wyy = — Wy, Wy, = wy, therefore w; w;, = —WJA Wi,
so that
Apy = Py, +pliy Uy, POy 0y, +pWy Wy, = —Apysincepy, = pg,,

i.e. the depression at F caused by the addition of the free stream to the intake acting alone equals the rise
in pressure at B. It follows that the net lifting force on symmetrically disposed elements will be equal to
that uf the fan acting alone.

Therefore, at forward speed ¥, Shroud Force = 3pV2A4,. @

Notice that the argument concerning the additional force at forward speed rests only upon the assump-
tions of fore and aft symmetry (sideways symmetry not required) and of the validity of superposition.
The expression for the force in-the absence of free stream relies on ‘the assumptions mentioned in the
previous section.

Finally, combining (1) and (4) and introducing a coefficient k, based on mean dynamic head at the
fan, which may take into account both diffusion and the drag of obstructions in the duct, we obtain

Normal Force N = A,AH + (1—k)%p¥(__§A 7 (5)

It may be convenient to determin‘e'the value of k from flow and force measurements at zero forward
speed. Provided k is not too large this value will probably suffice at forward speed as well.

8.4 Drag and Pitching Moment at Forward Speed

Although the forces due to incremental induced pressures cancel out for lift there results a nose-up
p1tch1ng moment which will be proportional to the product of forward speed and duct velocity and
which depends upon model geometry. Similarly, induced pressures of opposite sense which act on
forward and rearward facing areas respectively (on the duct walls in particular) will produce both pitching
moment and drag. This is how both the momentum drag and the moment which turns the air into the
duct are experienced by the shroud.

8.5. Extension to Multiple Intakes

The condition of symmetry that is now required is that the ducts shall be symmetrically disposed
about a transverse line and that flows through mirrored pairs shall be equal. The effect of one such pair
is considered in Fig. 3. As before no assumption is needed about the magnitude or direction of the
velocities induced by the duct flows except that they are symmetrical about the y axis. Fig. 3 shows
that the resultants induced by z and z’ are also symmetrical in this way. The addition of velocities induced
by other ducts does not alter this and components due to mamstream have the same effects as before.
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9. Application to Fan Systems

The theoretical lift on the fan/straightener combination has been obtained in terms of the total-head
rise across it and the lift on the shroud has been determined for a given duct veloc1ty The relat1onsh1p
between total-head rise and flow quantity, needed to complete the analysis, is a function of both fan
geometry and, possibly to a lesser extent, scale. The slope of the characteristic total-head-rise curve, the
dominant quantity, can differ quite widely between various wind-tunnel models and between model and
full scale. This could be important if accurate comparisons are to be made.

As a first approximation the exit static pressure will be assumed to be atmospheric. Later it will be
seen that the arguments which follow remain valid when exit conditions are affected by the interaction
between the jet plume and the mainstream.

Consider two extreme shapes of fan characteristic total-head-rise curve based on tip-speed parameters.
For a characteristic which is horizontal the pressure difference across the fan is constant. At a given
fan rotational speed the throughput adjusts itself so that -the jet dynamic pressure is increased above
the value without forward velocity, by an amount equal to the free-stream dynamic pressure. Although
the fan thrust is constant, the lift force on the shroud will increase.

On the other hand, when the fan characteristic is vertical, there is no change in jet flow rate as forward.
speed is increased and the increased inlet total head is felt as an increase in static pressure ahead of the
fan. The fan thrust is reduced as forward speed rises, while the shroud force remains constant.

The broken lines in Fig. 32 show the variation of incremental lift with forward speed for the two
idealised units mentioned above exhausting to ambient static pressure. Allowance has been made for a
combination of diffusion in the duct behind the fan with losses due to the drag of items in the duct, using
data from experiments described below. One third of the loss shown was brought about by the presence
of traverse rakes in the duct. A relatively large drive shaft was also present. In the absence of diffusion
and losses the fan and shroud lift would be equal at zero forward speed in both cases.

The chain dotted lines show the effect of inserting measured values of mean static pressure downstream
of the fan into the calculation. It can be seen that while exit effects reduce the lift on the unit with the vertical
characteristic, the lift for the horizontal characteristic is augmented since the exit suction increases the
flow through the fan and hence the shroud lift. It is clear that a fan system whose total-head rise falls only
slowly with increasing mass flow might be capable of producing additional lift force at constant rotational
speed, at least partially to compensate for exit interference as forward speed increases. This would be
accompanied by an increase in momentum drag. It is possible that an increased fan rotational speed
from the static value in order to compensate for lift loss at forward speed may not be permissible for reasons
of noise or the tip Mach number limitation.

It is difficult to see how the slope of the total-head-rise characteristic of a fan can be decreased without
alteration to geometry as mass flow increases. Variable pitch could be used to give a characteristic
which effectively has a zero or even a positive slope, which is unstable for fixed geometry devices but in
the interests of simplicity fixed geometry is clearly desirable. Although the slope of the characteristic is
reduced as a fan approaches the stall, any solution using this effect would be artificial since static lift
would be capable of improvement. A fan or blower is needed whose elements are insensitive to incidence.

Finally, having established that the idealised unit with the horizontal characteristic is capable of lift
increases at forward speed we shall examine the power output of the fan and the power required to over-
come momentum drag.

As might be expected the unit with the horizontal characteristic requires more power than the unit
with the vertical one (Fig. 33). Lift power is relatively greater both because the total-head rise does not
decrease and because the mass flow increases with forward speed. The power to overcome momentum
drag is also relatively greater for this reason.

However, when the results of Figs. 32 and 33 are combined to produce figures of merit, plotted in
Fig. 34 it can be seen that the performance of both units is similar. The figures of merit for the lifting part of
the power required by the two units were found to be so close as to be indistinguishable in the diagram,
while the unit with the horizontal characteristic is marginally better when momentum drag is included.
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The reason is that the power to overcome momentum drag is a smaller proportion of the total power
required by the unit with the horizontal characteristic.

We conclude that extra lift is available at forward speed from the unit with the horizontal characteristic,
without increase of rotational speed, at a figure of merit (based on output power) similar to the unit
with the vertical characteristic. It is also worthy of note that much of the exira power required by the
unit with the horizontal characteristic might be supplied by a thrust engine installed for cruise, used to
overcome momentum drag.

10. Fan Interaction and Total Lift Loss for the Streamlined Nacelle Wind-Tunnel Model.

The results of the experiments described in Part I will now be examined in the light of the above
analysis. The model was specifically designed so that a minimum horizontal area around the jet was
exposed to strong suctions there, consistent with a streamlined shape. Thus with the exception of models
truncated behind the jet this model form is the one for which fan interaction forces should form the
most noticeable proportion of the incremental-lift loss at forward speed.

. Figs. 35 and 36 are derived from flow measurements at a plane between the fan and straighteners.
The upper part of Fig. 35 is indicative of the variation of conditions at the duct inlet and outlet with
forward speed but since these curves were derived from measurements behind the fan no scale has been
given. The upper curve shows that the static pressure at inlet rises with forward speed as would be ex-
pected from previous arguments. This rise is less than the dynamic head of the forward stream because
of the slight increase in jet velocity. In Fig. 35, (4) is the inlet static pressure which would result if the jet
velocity was unchanged by changes in the pressure difference across the fan, ie. if the total-head-rise
characteristic was vertical.

(2) is the measured static pressure in the swirled flow at the traverse plane. There was some correlation
between these static pressures and measured lift increments. In calculating the pressure rise through the
straighteners to obtain curve (3) allowance has been made for the decrease in swirl as the fan moves
down its characteristic curve. .

In the lower part of Fig. 35 the progression of the fan down its characteristic is plotted conventionally.
The difference between the experimental points and the calculated curve probably combines the effects
of fan manufacturing errors with those of cross flow. However, it can be seen that a reasonably accurate
prediction can be made of the change of jet velocity with forward speed if freestream static pressure is
assumed at exit. ,

Fig. 36 shows the result of analysing the above data using the expressions obtained in Section 9, suitably
modified to allow for losses. Though there is a decrease in total lift with forward speed the effect is much
less pronounced than for the vertical characteristic of Fig. 22. Incremental lift results at positive incidences
should be considered with care, since tunnel interference effects were probably present.

Fig. 37 is a comparison between the measured drag increments and values calculated from duct flow
measurements. The latter comprise the drag due to the removal of free-stream momentum from the
measured mass flow plus the streamwise component of the normal force N, calculated from equation (5).

It can be seen that the differences between the measured and the calculated incremental-drag values
are of the same order as those for incremental lift (Fig. 26). The suctions on the sloping surfaces behind
the jet probably contribute both to lift and drag interference effects. However, it seems likely that the
variations of static pressure on the duct walls has a more significant effect on drag than on lift increments.

Fig. 37 also shows that estimated drag increments based on the nominal efflux velocity V;_ can be
considerably in error. A better estimate is given by measured values of mass flow. Failing this, estimates
based on the operating points predicted as in Fig. 35 are to be preferred to those based on V.. Note
should also be taken of the increase in drag due to tunnel constraint, illustrated for « = +12 deg in
Fig 10 (see also Ref. 3 and Part I).

In order to put all of the above into correct perspective so far as lift force and performance are con-
cerned the changes of lift due to fan interaction will now be compared with the overall loss of lift incre-
ment at the lower forward speeds. This is done for several incidences in Fig. 26. The effect of incidence
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on the fan interaction is small (see Fig. 11 and Ref. 1). The second and fourth diagrams show that while
for the plain body the fan-interaction incremental-lift loss can amount to about half of the total loss,
the addition of underfins-has a much more significant effect.

11.1. Conclusions (Part I).

(1) By designing for a low horizontal area around the jet exit the maximum loss of lift on a stream-
lined body at forward speed has been reduced to about 10 per cent at zero incidence. The addition of
wings increased the loss but underfins almost eliminated it.

(2) Up to half of the loss of lift could be attributed to the fan and intake combination, rather than
jet exit effects. '

(3) The intake design would have benefited from larger lip radii 45° each side of the forward centreline.
On the present model a lip radius of one fifth of the duct diameter on the upstream side of the intake de-
creased linearly with angle to 6 per cent at the 90° positions. The highest forward speed was 65 per cent
of that of the jet.

(4) As a result of surface flow observations on the sides of the body it is thought that, within the
limited speed range considered, the movement of the jet plume towards the body is accompanied by a
complementary reduction in the strength of the trailing vortices within the plume.

(5) About half the difference between measured drag increments and estimates based on nominal
efflux velocity results from the increase of mass flow through the fan with forward speed. The remainder
of the increase probably includes drag due to suctions immediately behind the jet, which also reduce lift.

(6) With the exception of cases with the wing stalled, the drag increments measured in the larger
tunnel were equal for all configurations of the model.

(7) The chief drawback of upper-surface intakes is probably the large increase in nose-up pitching
moment, proportional to forward speed. A control jet, placed 4 main jet diameters behind the jet would
require a thrust of 20 per cent total lift at V/V; of 0-4, a high transition speed.

(8) Ifthe plain body is regarded as a pylon-mounted lifting nacelle, then the pitching moment problem
could be resolved by placing the duct transversely, or alleviated by placing the inlet plane at an altitude
slightly below that of the centre of gravity of the aircraft.

Tunnel interference

(9) With the 5ft x 4 ft tunnel closed the static lift was 7 per cent below that obtained after cutting a
hole in the tunnel floor to allow the jet to escape and opening all possible doors and windows. The tunnel
floor was 3-2 diameters below the jet exit.

(10) Floor stagnation occurred below the model in the 5 ft x 4 ft wind tunnel below velocity ratios
V/V; ranging from 0-20 at — 20 deg incidence to 0-40 at + 20 deg.

A comparison of forces measured in the 5 ft x 4 ft and in the 113 ft x 8% ft tunnels yielded the following
results:

(11) With the plain body at 18 deg incidence an apparent lift benefit in the smaller tunnel increased
with forward speed to 10 per cent of static lift at a velocity ratio of 0-60. Somewhat surprisingly this high
incidence effect disappeared when underfins were added. At lower incidences lift increments agreed to
within +2 per cent.

(12) With wings added the lift increment recovered, after the initial fall, at a lower forward speed
in the smaller tunnel. This gave an apparent lift benefit which rose from 3 per cent at one third of the jet
velocity to 15 per cent at a velocity ratio of 0-60. The above differences are important because results
tend to be optimistic if the tunnel is too small.

(13) The above apparent lift benefits in the smaller tunnel were usually accompanied by corre-
spondingly greater drag and pitching-moment increments.

11.2. Conclusions (Part I1)

It has been possible to determine the effect of a simple fan-mainstream interaction on forces on a
lifting unit using only a single major assumption concerning fore and aft symmetry about a transverse
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line across a wing or body which contains a lifting unit or units. For multi-engined lifting pods in par-
ticular the assumption is not too restrictive since in most cases in which lift loss is likely to be embarrassing
all engines will pass approximately the same mass flow, the maximum, and may have reached a limiting
tip Mach number, thus preserving fore and aft symmetry.

It has been shown that for the wind-tunnel model described in Part I used here as an example, the loss
of lift due to fan-mainstream interaction, though amounting in some cases to half of the lift loss at forward
speed, amounted to no more than 5 per cent, an amount readily recoverable by the use of underfins, for
example.

However, it is thought that the chief use of the analysis presented here is likely to be in making com-
parisons either between wind-tunnel models containing fans of differing geometries, or with full-scale
fans or engines for which both geometry and Reynolds number are likely to differ markedly from the
corresponding tunnel model. As an example of differences between model fans, the slope of the total-head
characteristic curve for the model fan used here as an example was only two thirds of that for the fan
described in Ref. 6. Models containing the latter fan might therefore be expected to experience corre-
spondingly less interference force due to fan-mainstream interaction, assuming losses to be the same in
both cases. _

By examining the lift on an idealised theoretical unit having first a vertical and then a horizontal
characteristic total-head-rise curve based on tip-speed parameters, the benefits of using a constant
pressure-rise lifting unit have been demonstrated. Such a unit could be particularly useful for wing
installation since any depression of exit static pressure, due to plume interference, would be transferred
by the fan to the inlet and over the upper surface. Useful alleviation of lift loss might result.

However, it is not easy to see how the slope of the total-head-rise characteristic curve can be changed

for a conventional fan with fixed geometry, which is clearly desirable. Variable pitch could be used to

give a characteristic which effectively has a positive slope, which is unstable for fixed geometry devices.

Although the slope of the characteristics of a fixed geometry fan decreases as the blades stall any solution

using this effect would be artificial since static lift would be capable of improvement. A fan or blower is
needed whose elements are insensitive to incidence.
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LIST OF SYMBOLS

Fan annular area

Lift coefficient

Drag coefficient

Nose-up pitching-moment coefficient measured about the axis of suspension of the model
Defined in Fig. 9

Drag

Drag increment due to fan operation (datum with duct ends sealed)

Fan tip diameter

Mean total head at central plane, measured above ambient static pressure
Net total-head rise through fan and straighteners

See equation (5)

Lift

Lift increment due to fan operation (datum with duct ends sealed)
Pitching moment, positive nose up

Nose-up pitching-moment increment due to fan operation (datum with duct ends sealed)
Fan tip peripheral Mach number

Body normal force as determined in equation (5)

Static pressure

Static pressure at infinity (zero forward speed cases)

Static pressure in the free stream

Change in surface static pressure due to the addition of the free stream to an intake acting
alone (see Section 8-3)

Electrical power input to motor

Electrical power input to motor during static-lift test

See Section 83

Fan tip radius

Radius of fan blade element (
Measured static lift

See Section 8-3

Free-stream velocity
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LIST OF SYMBOLS—continued

Jet velocity (in fan annulus)

Nominal efflux velocity defined by T'= pA, Vi.
Root mean square jet velocity

dey incidence

Wing setting angle ; positive for wing leading edge above the body axis

‘Wing incidence

Fan advance ratio V;/QR

Air density
See Fig. 29

Bendemann figure of merit

Angular velocity of fan
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Table 1

Model Dimensions

Body

Length 40-5 in.
Maximum width ‘ 90 in.
Maximum depth 8-0 in.
Maximum cross-sectional area 0-46 sq ft
Distance from nose to wing quarter chord 16-4 in. ( = 4075 body length)-
Distance from nose to duct axis (which is at right-angles to the body

centreline) , . 164 in.

Duct and Centrebody

Duct length 8-0 in.
Duct diameter ( = d) 64 in.
Distance from inlet to fan plane 2-25 in.
Annular area of duct (74% of wing area) 0-15sq ft
Distance from inlet to straighteners .. 60 in.
Inlet radius on upstream side of duct ( = 20%,d) 13 in.
Inlet radius on downstream side of duct ( = 6%,d) 0-38 in.
No radius on duct outlet _
Centrebody length 90 in.
Mazximum centrebody diameter _ 37 in.
Length of cylindrical portion of centrebody (ends are ellipsoidal) 3-0 in.
Fan and Straighteners
Tip diameter ( = d) 64 in.
Boss diameter { = 58%d) \ 3.7 in.
Fan
5 Blades 10% Clark Y section .
Root blade angle 324°
Tip blade angle 174°
Root chord 1-10 in.
Tip chord 0-95 in.
Straighteners
12 Blades, thin cambered plates
Blade chord 13 in,
Wing
Span 34-0in.
Area 2:0sqft
Aspect ratio 6-0
Taper ratio 2-0
Unswept quarter chord
Aerofoil section NACA 0012
Wing-body angle adjustment range +30°
Struts
Diameter 1-0 in.
Distance between outer ends 290 in.
Distance from nose of body 16+4 in.
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TABLE 2

Summary of Tests

Wind Tunnel and Test Date

Imperial College 5 ft x 4 ft. Late 1961

Configurations Plain body, body with wings (without underfins)
¥V, 30 ft/sec to 130§f~t7sec. 20 ft/sec intervals
Variables o= —20° —18° to +18° 420°. 3°intervals

oy, —10° to +20°.  5° intervals, consistent with |oyy| <20°

Measurements and Tests

Lift, drag and pitching moment

Surface flow visualization

Determination of floor stagnation regime

Pitot-static traverse at duct exit in the static-lift condition

Wind Tunnel and Test Date

Royal Aircraft Establishment 115 ft x 8% ft, No. 1. June, 1962.

Configurations Plain body, body with wings, with and without underfins
V, 20 ft/sec to 80 ft/sec and 120 ft/sec. 20 ft/sec intervals
Variables o, —18°to +18°. 6°intervals
ao = 00 V
Measurements Lift, drag and pitching moment

Wind Tunnel and Test Date

Imperial College 5 ft x 4 ft. October, 1962

Configurations

Plain body, with and without underfins

Variables

¥, 30 ft/sec to 110 ft/sec, 20 ft/sec intervals
o, —18°to +18°. 6°intervals.

Measurements and Tests

Lift, drag and pitching moment
Electrical power input

Fan r.p.m.

Duct flow measurements

Flow visualization on fins
Check force tests with pressure tubes disconnected (Series 3b)

Simultaneously
(Series 3a)
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TABLE 3

Force Tests in Two Wind Tunnels.

(4) Plain Body.
Test Series 3b (5 ft x 4 ft Tunnel) Test Series 2 (111 ft x 8%‘ ft Tunnel)
VQR  o° y* 2 G 1) 2 )
0030 —18 0-0860 —0-0180 0-0084
—12 0-0880 —0-0096 00075
—6 00914 —0-0010 0-0098
0 0-0908 +0-0100 0-0084
6 0-0889 00174 00112
12 0-0872 0-0280 0-0055
18 0-0835 0-0370 0-0075
0060 —18 0-0879 —0-0058 0-0252 0-0872 —0-0063 0-0255
—12 0-0883 +0-0038 0-0260 0-0895 +0-0023 0-0216
-6 0-0886 0-0135 0-0328 0-0900 0-0108 0-0241
-0 0-0880 0-0226 0-0296 0-0900 0-0220 00255
6 0-0849 0-0335 0-0300 0-0860 0-0302 00260
12 0-0814 00430 - 00372 0-0840 0-0386 00220
18 0-0795 0-0520 0-0355 0-0818 0-0472 0-0255
0090 —18 0-0788 0-0060 0-0420 0-0894 0-0050 00442
—12 0-0874 00152 0-0425 0-0883 00140 - 0-0400
-6 0-0864 0-0245 0-0504 "0-0875 0-0235 0-0440
0 0-0851 00342 0-0504 0-0849 0-0350 00478
6 0-0813 0-0440 .0-0504 0-0819 00420 0-0460
12 0-0795 0-0522 0-0600 0-0793 0-0500 0-0422
18 0-0803 0-0640 0-0580 0-0810 0-0595 0-0470
0120 —18 0-0903 0-0170 0-0598 0-0920 - 0-0163 0-0644
—12 0-0860 0-0268 0-0642 0-0891 0-0258 0-0597
-6 0-0850 0-0360 00704 0-0853 0-0352 0-0632
0 0-0835 0-0462 0-0720 0-0798 0-0448 0-0698
6 0-0799 0-0444 00726 00791 0-0533 00670
12 0-0788 0-0632 0-0830 0-0786 0-0615 0-0630
18 0-0820 00783 0-0808 0-0790 0-0700 0-0666
0150 —18 0-0924 0-0283 0-0786
—12 0-0860 0-0283 0-0844
-6 0-0865 00472 0-0920
0 0-0832 0-0580 0-0942
6 00781 00655 0-0963
12 0-0780 00754 0-1052
18 0-0860 0-0945 0-1038
0180 —18 0-0957 00418 0-1038 0-0971 0-0404 - 0-1042
—12 0-0904 00517 01050 0-0908 0-0498 0-0982
-6 0-0890 0-0597 0-0870 0-0594 0-1037
0 0-0840 0-0709 0-1160 0-0830 0-0688 01143
6 0-0769 0-0789 0-1240 0-0813 0-0785 0-1180
12 0-0779 0-0912 0-1320 ' 0-0789 0-0820 0-1203
18 0-0902 0-1130 0-1280 0-0801 0-0955 0-1167

See Conclusion of Table 3 for footnotes.
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Motor cooling 6-4

Inlet  Outlet Fan (5 blades)

Electric
motor

Underfins

Transverse section onduct &

Circular,
cross sections |

Circular cross sections

"

©
[
o
= "
2 Tip diameter 6-4
= "
] Boss diameter 3-7
o
=)
o] )
s

5-66”

1:2 taper

F1G6. 1. General arrangement of model
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TABLE 3 (contd.)
(D) Body with Wings and Fins*

(5 ft x 4 ft Tunnel) Test Series 2 (114 ft x 8% ft Tunnel)
V/QR a® (1) @ 3) ey ) 3
0030 —18 00842  —0-0180 0-0085
—12 00876  —0-0080 0-0075
-6 00892  +0-0007 0-0053
0 0-0890 00117 00130
6 00876 0-0208 00115
12 00876 0-0290 0-0095
18 0-0840 0-0369 0-0097
0060 —18 00754  —0-0080 0-0220
12 ‘ 0-0822 0-0047 0-0260
-6 0-0852 00120 0-0280
0 0-0840 00215 00317
6 0-0834 0-0303 0-0284
12 0-0830 0-0370 00317
18 0-0820 0-0442 00273
0090 —18 g 00672  —0-0008 0-0360
12 S 0-0878 0-0140 0-0475
-6 » 00882 00234 00530
0 o 0-0890 0-0320 00530
6 . 0-0870 0-0409 00530
12 & 0-0880 0-0470 00547
18 ‘ 5 0-0850 00520 0-0467
0120 —18 w 0-0602 0-0043 00520
—12 H 0-0940 0-0250 0-0740
—6 w 0-0934 0-0349 0-0750
0 - 0-0904 00434 0-0762
6 0-0870 00515 0-0760
12 o 0-0950 00584 0-0730
18 Z 0-0904 0-0608 0-0710
0150 —18
—12
-6
0
6
12
18
0180 —18 0-0480 0-0124 0-0940
12 0-1056 0-0483 0-1240
—6 0-1060 0-0580 0-1320
0 0-1070 0-0660 0-1280
6 0-1040 0-0760 0-1238
12 01126 0-0845 0-1210
18 ‘ 01112 0-0808 01078
AL AD AM
O=orrs, 9w, O serPaa

Values shown obtained as cross-plots. * Including 3 per cent correction for drag of traverse rakes.
* A increments are measured above a datum with fins.
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TABLE 3 (contd.)
(C) Plain Body with Fins*

Test Series 3b (5 ft x 4 ft Tunnel) Test Series 2 (111 ft x 8% ft Tunnel)
VQR  o® (1) ) €) (1) 2 €)
0-030 —18
—12
—6
0 NO TESTS PERFORMED
6
12
18
0-060 —18 0-0859 —0-0070 0-0290
—12 0-0893 0-0040 00312
—6 0-0895 - 00140 0-0322
0 0-0903 0-0237 00370
6 0-0883 0-0320 0-0355
12 00878 00416 0-0380
18 00834 0-0495 0-0360
0-090 —18 0-0890 0-0018 - 0:0520 0-0914 0-0055 0-0490
‘ —12 0-0930 0-0142 00540 00915 0-0143 0-0520
-6 . 0-0923 00244 00563 0-0929 0-0227 0-0492
0 0-0947 00339 00585 00914 0-0340 00470
6 0-0912 00420 0-0580 00918 0-0407 0-0483
12 0-0893 0-0550 00564 0-0899 0-0468 00482
18 0-0863 0-0559 0-0509 0-0834 00532 00420
0120 —18 0-0949 0-0150 00755 0-0986 0-0160 00710
—-12 0-0995 0-0249 0-0790 0-0987 0-0253 0-0750
—6 0-0982 0-0350 0-0805 0-0982 0-0340 0-0800
0 0-1034 0-0440 0-0810 0-0985 0-0440 0-0820
6 0-0969 0-0522 00759 00973 0-0520 0-0790
12 0-0932 0-0600 00738 0-0946 00593 0-0740
18 0-0907 0-0640 0-0660 0:0890 0-0660 0-0660
0-150 —18 0-1044 0-0249 0-1025
—12 01117 0-0350 0-1058
—6 0-1093 0-0463 0-1043
0 0-1150 0-0544 0-1043
6 0-1056 00622 0-0959
12 0-1024 0-0693 0-0920
; 18 0-0982 0-0738 0-0820
0-180 —18 . 01128 0-0320 0-1308 0-0367 01153
—12 0-1262 0-0453 01373 0-1209 0-0470 0-1208
-6 0-1236 00558 0-1300 0-1182 00574 0-1251
0 0-1273 0-0650 0:1270 01170 0-0680 0-1365
6 0-1150 0-0725 01190 0-1150 0-0770 0-1280
12 01130 00792 01113 01116 00842 0-1200
18 0-1100 00836 0-1000 0-1042 0-0890 01100

See conclusion of Table 3 for footnotes.
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V/OR
0030

0-060

0-090

0-120

0-150

0-180

TABLE 3 (contd.)
(B) Body with Wings

Test Series 1 (5 ft x 4 ft Tunnel)

aO

—18
—-12
-6
0

6

12
18

—18
—-12
—6
0

6

12
18

—18
—12
—6
0

6

12
18

—18
—12
-6
0

6

12
18

—18
-12
-6
0

6

12
18

—18
—12
—6
0

6

12
18

(1)

0-0792
0-0852
0-0840
0-0830
0-0817
0-0830
0-0910

0-0680
0-0838
0-0800
0-0782
0-0790
0-0790
0-0918

0-0558
0-0850
0-0862
0-0790
0-0790
0-0744
0-0920

0-0460
0-0980
0-0986
0-0948
0-0862
0-0718
0-0920

0-0368
0-1145
0-1107
0-1106
0-0932
0-0702
0-0912

@

—0-0078
+0-0080
+0-0163
0-0263
00340
0-0440
0-0522

0
0-0178
0-0270
0-0352
0-0432
0-0544
0-0619

0-0053
0-0287
0-0380
0-0458
0-0540
0-0669
00727

0-0090
0-0388
0-0489
0-0567
0-0660
0-0813
0-0840

0-0090
0-0493
0-0603
0-0670
0-0770
0-1000
0-0943

(3)

0-0173
0-0270
0-0307
0-0342
0-0360
0-0360
00332

00320
0-0470
0-0525
00562
0-0568
0-0523
0-0493

0-0459
0-0686
0-0748
0-0780
0-0762
0-0710
0-0690

0-0546
0-0850
00925
0-1029
0-0993
0-0905
0-0890

0-0620
0-1032
0-1172
0-1272
0-1260
0-1100
0-1100

Test Series 2 (115 ft x 81 ft Tunnel)

Q)

0-0878
0-0900
0-0930
0-0930
0-0930

0-0918 -

0-0895

0-0780
0-0832
0-0838
0-0826
0-0806
0-0812
0-0826

0-0640
0-0796
0-0790
0-0767
0-0750
0-0743
00795

0-0504
0-0792
0-0790
0-0750
0-0720
0-0728
0-0798

0-0304
0-1002
0-0963
0-0890
0-0840
0-0837
0-0800

@)

—0-0183
—0-0083
+0-0020
0-0094
0-0193
0-0293
0-0360

—0-0085
+0-0039
0-0133
0-0215
0-0307
0-0392
0-0455

—0-0008
+0-0150
0-0244
0-0335
0-0412
0-0490
0-0548

0-0055
0-0255
0-0350
0-0434
0-0520
0-0620
0-0634

0-0140
0-0463
0-0573
0-0608
0-0698
0-0800
0-0793

(3)

—0001

+0-0060
0-0030
0-0102
0-0049
0-0160
0-0184

0-0180
0-0261
0-0292
0-0315
0-0260
0-0214
00260

00326
0-0462
0-0539
00520
0-0490
0-0400
0-0433

0-0466
0-0602 -
0-0738
0-0740
0-0714
0-0640
0-0630

0-0366
0-0860
0-0991
01202

- 01210

0-1140
0-1098

See conclusion of Table 3 for footnotes.
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-3 TAIL
WIRES
CARRY
MOTOR
CURRENT

DUCT
MOTOR INLET
COOLING

OUTLET

~MOTOR
COOLING
INLET

VIEW SHOWING
DUCT OUTLET

SIDE VIEW

Fi1G. 2. General views of fan lift model ‘plain body’ configuration
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0t

High V/VJ not obtainable

Axial velocity at fan

30,000 rpm
250 [ b
Possible vibration
difficulties
240
M= 070
230
Inadequate
21,000 rpm static lift E
& Tip Mach
220 I g- = \ number
S Eossuble E\\ excessive
N Edesign ared =\
210 5 E ‘;‘
5 E =g
2
| 24,000rpm E =
200 A Dengn point Incidence range
V, , restricted due
Low Y/V, not obtainable to model size
. tunnel minimum 40 ft/sec)
190
Ts’ T4’ Ts’
Approximate free air jet penetration at V/\(J = 0-20
' |

T 1 { | |
v 5.0 6-0" 7-0” 8-0"

4-0"
Fan tip diameter

Fic. 3 Fan design boundaries



Numbers indicate the order of Central plane seen
taking manometer photographs from above

Static
hole in 0-8rCp
duct wall No underfins —]
With underfins —
No underfins —

1€

0.6
With wing (x,=0°)
045
U
11'%’x 8%’ tunnel —
5'x 4’tunnel Plain body
0.2
With underfins\
No undertins \
1 ]
10° 20°

120 1t /sec approximatety.
Hub B Tagged points for static
n ressures
:i?tlict:::z :(:,, Plain poipnts for total head
Total tube 237"
Total tube 2-64"
Total tube 2-89"
Static tube 2-99"
Total tube 3-09"
Duct wall  3-20°

No constraint corrections applied
Coefficients based on wing area

F1G. 4. Details of traverse positions (3 rakes). Fi1G. 5. Lift characteristics with the duct sealed at
both ends



[43

With undertins

0:06
Plain body

(full lines)
No underfins

No Underfins

With wing
(@o = 0°)
0-041 <
"®, With undertins
~
\
N\
. . N dertins
With wing © underft

(broken lines)

>
o%
< Plain body
120 ft[sec approximately.
No constraint corrections applied
Coetficients based on wing area
length.

EV"\“E

\\“6
and body

L I
~20° -10°
120 ft sec approximately
No constraint corrections applied
Coefficients based on wing area
Calculated skin friction coefficient for fins,
to above scale, = 0 00(7(laminar)
Fi1G. 7. Pitching-moment characteristics with duct

0-0055 (turbulent)
sealed at both ends

FiG. 6. Drag characteristics with the duct sealed
at both ends



F1G6. 8. Analysis of static-lift component parts

Gross staticlift from

(Measurements made in 5 ft x 4 ft tunnel)

Floor separation of
mainstream x” ahead
of model suspension

point.
AcC x
p 1
20" 0 Tunnel tloor
0-5r
Figures on curves are the distance x';from
x=+2° 23" observations af wool tufts’
0-4 [ _
Ac. = ¥tan on ~ Mian off
P (VZ A4 )hnm
w where pv-static pressure downstream
0-3 otm +10° *[’9 of contraction given by standard
tunnel system
0.2
x=0" 11" No stagnation
0-1+
+\
+ -
=-w0' 5 & f‘
o~ . "—-—‘—;—:?-__—‘—T-
0 V 400 / 00 A 000 1200 1400
o X X Tunnel fan rpm
®=—20 7’_" P
\ (approx=ten times tunnel
~-0-tL

{

speed in ft/sec)

F1G. 9. The effects of fan operation on upstream static pressure
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Drag of centre body traverse behind fan
supports (©) -
Estimated Due tai:g;ixng
D"ct ":“d Q“i, losses of 07% -- T
centrebody skin | T : 2
triction (C) lift due to . 115707 Due to adding <
Underturni b permanent ' L runderfins - >
n zf urning Yy components o osses of
straighteners (C) in the 100~ 161 gue to b .
tan duct o changes in ue to closing
Centrebody)  Base =88 -~ external hole in tunne!
tail suction - £l d
suction 3 oor an
() Near P closing tunnel
drive shaft £ windows and
[
a3 doors
. ez
Drag of drive o g
shaft shroud ((C)) Lo (From balance
E =
o g . measurements )
s
a A
(From exit traverse (EW 2
and by calculation () = 100°% =13-65 ib. (23,200 r.p.m.,
- standard
conditions )



Figures are values of v/VJT

Body «=0° Framework of tuft grid

Edges of turbulent
regions

‘470 ’

i I

Ve
I,
Vortex centres —
/-k\\
[N

~
{»266

~

FiG. 10. Jet boundaries and vortex centres 4-2 diameters downstream of jet exit

v o
=
=) =
& gl &- .
3 2le ~
o
£|5 -
2|y
g Possible paths
v of streamlines
ultimately drawn
into the vortex
< system.
Appr ftions of voljex cemIZe. —
XTI From smoke photographs
-
] /// o
- a = 0
\ ?LO“/G// vV = 92 ft/sec
ACCL-
. y cenr v
Lower edge of disturbed E;‘ﬁ“”/ v, =047
Yo — - — T
H
on
i Wind tunnel floor
77772‘ I 7
Breather

Fic. 11. Possible structure of jet plume, deduced from limited smoke, tuft and
surface flow observations
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(a)

(b)

(©)

(d)

x = +10°

(e)

a = +20°

SIDE VIEWS

FIG. 12. Body with wings. 136 ft/sec (Fan on). V/V;_= 0-70
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SIDE VIEW

VIEW OF AREA AROUND JET EXIT

FiG. 13. Body with wings. 93 ft/sec (fan on). V/V, = 048

36



SHOWING
REVERSED
FLOW
REGION
INSIDE
FIN

FI1G. 14. Flows over perspex underfins (fan on). 93 ft/sec a = +10° V/V, . = 049
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Traverses were midway
between inlet and exit planes

e ————

—— —~—

Inlet lip
radius

/View
looking
~- -~ downstream

e« (77 Piain body

between

+12° INOXN  Body with underfins

At zero forward speed all readings fluctuated.

Within the remainder of the test range the shaded areas increased only
slightly with forward speed

This plane is I'/z”cxpprox downstream of fan and 4”from the inlet plane

Fi1G. 15. Areas in which manometer readings fluctuated
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|

Mainstream

Region of large inlet lip radius

Speeds in ft/sec

22

,850 rpm

Viewed from above,
traverse in plane of
fan drive shaft.

Centrzbod} i
20

Fan drive
shaft shroud

FiG. 16. Distribution of axial velocity between fan and straighteners (Tunnel speed zero)
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Speeds in ft [sec Viewed from above

23200 rpm

Assumed mean
bubble radius

e
RS

S
\\\‘A&\\\?‘\\\‘f\\\}\\‘?\\\‘.\x» el

Mainstream

Calculated effective
position of the fan
drive shaft (0-6d above
this plane)

Straighteners

Cylindrical centrebody
support (0-2d above
this plane)

Fi1G. 17. Axial velocity distribution at the duct exit plane. (Tunnel speed zero)
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Iy

AH "6°r Calculated lift coefficients
—3 — " w o
Yz Yy g 8 3 2 3
= & ) & o
140}
I | I
Calculated total
head rise caeff. =+
A=0-307 \\\
1-20 +-Measured coeff; \
at central plane \7_
A=0-307 N\
Mean measured total P - -
1001, ¢ad coetticient at ~° ° TN,
the exit plane ,to & N
the same scale 4 \
'd
/o \
080 / \
A b
02/ \
=94 /
h-] (o} \
0-60F ¥ .|/
L)
85
]
°a
&
040} ¥
Al coefficients based on conditions colculated for

T tull annuiar area. Total heads relative to atmosphere
0

1 1 ! I
"} 0-20 0490 060 0-80 .
"

)
2 1-00
)

FiG. 18. Radial total-head distributions in
static-lift condition

v

8 -

-*~ H . .

s _— A!'u:'nc"gtg%/es

within "%

§£ Mz p(@R) excep!—lﬁ"n

22

oo

g'E AH=H-H,

§ o l/z p(QR)

oC

=" o008
v All incidences
3 within £ 1%,

0-34F QR except *18°

o X
8 .’x;,‘-,m tins
* o-32f
x3
g%
"
§Q0'3O_
.‘.:‘
°>~
& All incidences
=v vy within %1%
S except £18°
Tz
T
L
H
h-J
El
é 0-32f
s 1.0 - = ‘Eitiﬂn: Electrical power input
a. ~—
.;'E No ﬁ p, == 3-36kw
L= Ting ) 1
o 0.9] 1
w3 T
@< L ' 1 . Forward speed _V_
0 0-10 0-20  parameter QR

F1G. 19. Plain body, o = —6 deg. Variation of
mean duct conditions with forward speed



AL

p(QR)zAJ
(1-00)-+ 0-09 /x.c.
0-90)
¢ _,0.03 SRAE.
0 I ) v L 1 1 J
0 0+10 0-20 R -20° -10*  0®  10®  20°«

(0-33) (0-66)

Nate: Figures in brockets show
corresponding volues of
AL{7 and Viy,

T

F1G. 20. Plain body. Lift increments in the I.C. 5 ft x 4 ft tunnel and in the
R.AE. No. 1 111 ft x 81 ft tunnel

Po::—lz"(l.c.)
ALz fye=0 (1.¢)
p(Q2RY AJ

0-10}
(0-10)—>

(00 ©°0%F
(0-90)> 0-08F-

(080)-~

018 l Note: Figures in brackets show

(0-61 corresponding values of
. v !
AL{; and V[vJT

FiG. 21. Body with wings. Lift increments in the L.C. 5 ft x 4 ft tunnel and the
R.AE. No. 1114 ft x 83 ft tunnel
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AL

P{QRY A
013 &=0°°(|.C.) e -
=-2°(1.C. .C.
(I'50)— /e 2°(1.C) /_/‘\.\,
0-12 7 o a=-2° (RAE.) Se \.\_
(1-40)—~ /o x=0"(RAE) | RAES AN
s oes412° d Re v
(-30) Q-1 - o N, ‘.ﬁ_ﬁ = 0-18
o N (062)
4
{120} 010 | RAE. B
I.C.
. 7‘;-— \\ oz
(110} 0-09 ,)/—r -n..§;_\\' ©-40
e ~.
(00)—~ ‘e, IS 0-06
0-08 o (0-21)
] | i v i 1 1 a4
0 (g-xg) (o‘zg)ﬁ -20°  -I0° 0° 10° 20° o
3 0+6
Note: Figures in brackets show corresponding values of %und%ﬂ

Body without wings but with underfins
FiG. 22. Lift incremen_ts in the I.C. 5 ft x 4 ft tunnel and the R.A.E. ll%ft x 8% ft No. 1 tunnel

0
AL ;% = (RAE)
_at 0-180 (R.AE)
]
pQR)A, / a = 0°(RAE)
2w =12 (RAE)
0440 -
009 | 0120 (R.AE)
008 - 0:060 (RAE)
0:07 -
006
o . oy g o1,
0 ~0-10 020 7/ -20°  -I0® 0° 10 20°«

Body with wings and undertins

Fic. 23. Lift increments in the R.A.E. No. 1 114 ft x 8% ft tunnel
(No tests performed in the 5 ft x 4 ft tunnel)
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AD AD

p (QR)2Ay P (ORY?A,
Q10 o-lor *
(1-00)— a =42 (1-00)— / a= +12°
+
008} 0-08F e
!Q = @° //
x s £ g = 0°
006 0-06 y2 s
_ 0 .4 i
/!o:——lz iy /’/5 o= ~i2°
Z x, } 4
004} 0-04r Gy a4
v /Y 7
¥ ” 2
< %
0-02[- 0021 Py
s
v A
H
L J v V4 1 ] \]
0 . 010 020 HR 0 s 0-10 020 3R
L (0-33) (0-66) (0-34) (0-67)
~0-02 -002L '
Plain body + With undertins (RAE) Body with wings

F1G. 24. Drag increments in the I.C. 5 ft x 4 ft tunnel and the R A.E. No. 1 111 ft x 8% ft tunnel
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Fic. 25. Pitching moment increments, nose up, in the L.C. 5 ft x 4 ft tunnel and the
R.A.E. No. 1 115 ft x 83 ft tunnel

. AM vV
(Figures in brackets show corresponding values of T4 and 7o
Jr

44



1974

A 3
AL 0-09r-
— Measured lift increment
(@R A ¢ XX
0.08.\'“’.‘;—?——'—’—- Calculated force on fan unit,
o . based on duct measurements.
x=-18
0-07L
0-09
JZ\\ « _
X~ x _ OF X
= &
0-08f ® o~
o=-6' - — %- Measured (:L)z
R A
o-o7L N P J
€os & v .
From duct -0 ———‘p(QR)zA on V) basis
tlow measurements N
0-O9|- N cos x .
-——a onV, basis
= 4 7 p(QR12A Iem
N \J
~
008 I N /
X
x=+12° /
0-07 /
/
/
/
0-lo x/
e
[ _ 7 With
0-09 N underfins
0-08
0 t 1 V_ Forward speed
Y 0-10 0-20 (IR parameter
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tunnel)
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units
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