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SUMMARY

Experimental methods for wind-tunnel testing of high-1ift models with
boundary-layer control and circulation control were previously desoribed by
the authors about four years ago. Some of the further advances sincs then,
particularly those to expedite investigations on jet and fan 1ift models at
the Royal Airoraft Establishment (Farnborough and Bedford), are discussed in
the present paper, Attention is mainly concentrated on the following three
selected toplcs:-

(a) Special mechanical and strain-gauge balance rigs for Jjet-blowing
models;

(b) Engine exit and intake flow simulation at model scele;
(¢) Ground similation by a meving-belt rig.

The need, development and application of these techniques are considered,
together with some problems still to be overocome.

*Amplified version of paper prepared for AIAA/USN Aerodynamic Testing
Conference in Washington DuCe (Us.S.A.) on March 9th = 10th, 196k,
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1 INTRODUGTTON

Low~speed wind~-tunnel model design and testing techniques have been
continually improved throughout the years, to provide more detailed under-
standing and more accurate specification of aircraft performance and stability,
to meet the more exacting low-speed requirements of modern high-spesd aireraft,
and to cope with the necessity for reduced model-scale as airoraft sizes have
growns In particular, over the past decade or sc, considerable efforts have
been necessary to develop specialised and novel techniques for V/STOL end high-
1ift model testing, including complex model and balance rig designs to alliow
air to be ejected from and sucked into models. Experimental methods for tunnel
testing of high~1ift models with boundary-layer control and circulation control
(eegs jet flaps) were last described by the authors about four years ago1. Some
of the further advances since then, particularly those to expedite investiga-
tions on jJet~lift and fan-1ift models at the Royal Aircraft Establishment
(Farnborough and Bedford), are discussed in the present paper.

Attention is mainly concentrated on the following three selected topics:=-

(a) special mechanical and strain-gauge balance rigs for jet-blowing
models, both integral model (single balance) and composite model (multiple
balance) arrangements, with air-feed connectors devised to minimise inter-
fererce on balance freedoms (see Secticn 2); .

(b) Engine exit and intake -flow simulation at model scale, by separately
controlled blowing and suction, by injector units, or by fans (see Section 3) H

(¢) Ground simuletion by moving-belt rig, to check on the ade uacy of
the conventional fixed ground-plate with ita spurious boundary leyer 2see
Secticn 4). .

The need, development and application of these techniques are considered,
together with some problems to be overcome. There arg of course, other related
topica of equal importance as regards V/STOL and high-lift model testing,
including tunnel-constraint corrections, model-scale aspects, and blowing rigs
for oscillatory models. Some relevant studies have been made at the R.A.E. on
these further items, but time has not permitted analytic appraisal of them here.

2 RECENT JET-BLOWING RIG DEVELOPMENTS

244 General considerations

Balance rigs for get-blowing models have already been discussed at some
length by the euthors?s, particularly with regard to the special air-feed con-
nections which must be contrived between the model and the 'earthed' supply, so
a8 to permit the required talance freedoms, yet avoid excessive interference
with the malnstiream flow past the model. Such considerations neturally have a
major influence on the design of an acceptable test arrangsment, end the demands
have become more acute with the need for much greater airflow to represent
V/STOL jet-lift as well as B.L.C. systems. Further advences have been made,

not only in the development of low~constraint air-feed comnectors, but also in
devising new balance arrangements, using both mechanlcal and strein-gauge
schemess These include:=-

-l -
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(e) tIntegral' model arrangements, in which the jet nozzles form an
integral part of the model, and only overall forces and moments are measured
on a single balance rig;

(v) 'Composite’ model arrangements, in which the direct nozzle Jet-
thrust effects are measured, as well as either the aerodynamic loads on the
external surfaces of the model or the overall loads, using a multiple-balance
rig.

2.2 Integral mechanical-balance rigs

The design of a suitable test rig for blowing models with integral jet
nozzles depends to a great extent on the type of mechanical balance available.
The problems are more acute with a 'conventional' balanoce (i.e. not platform
or virtusl-centre type), because the air connection has to be effected
directly to the model, rather than to a platform outside the tunnel airstream.
Usually, the design of a full six-component rig for blowing models is extremely
difficult with the conventional balance, whereas three-component rigs can
readily be contrived for longitudinal force and moment measurements. A half-
model technique with a reflection plane is then often adopted because of the
advantages of simplicity and scale.

The development of low-constraint air-feed connectors for conventional
and other balance rigs has continued.s At R.A.E., air-bearing connectors have
been extensively and profitably employed on many types of blowing and suction
models, es described in the earlier paper, As an alternative, labyrinth-seal
connectors have also been applied, for example to a horizontal half-model rig
in the 13 £t x 9 £t tunnel with a conventional overhead balance (see Fige1).
In addition, multiple P.V.C. tube connectors have been used to effect simple
air-feed connections without ary leaks foihpressures up to 5 atmos. abs., as
in the three-component complete-model rig™* of Fig.2 » With careful adjustment,
it has been shown that the ensuing balance constreints can be reduced to
acceptable levels with adequate repeatability, Further developments to higher
pressure-ratios are contemplated, with suitable reinforcement of the tube
strength.

In the original ReA+E. six-component virtual-centre floor balance rig, a
single central vertical support strut was employed, with an air~bearing con-
nector arrangement to the balance platform3. Similar rigs have now been
devised with equal success flor other virtual-centre balances elsewhere. Mean-
while, the R.A.E. rig has been used extensively for tests of V/STOL blowing
and suction models, including extensive ground effect measurements (see
Seotion 4). The associated air-bearing cormector has recently been redesigned
(Fig.}) to permit the use of increased air-feed pressures up to 10 atmos. abs.
(instead of the original 5 atmos. abs.), 8till preserving an adequate yaw range
(now +25°); pneumatically-operated seals were also incorporated to allow
accurate mass~-flow checks inbetween balance measurements. Other types of air-
feed connectors could, of course, be substituted for this air-bearing, provided
a suitable turntable arrangement were employed; with good design and careful
adjustment, balance constraints should still be repeatable and within
acceptable limits.
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2.3 Composite rigs

With B.L.C. and circuletion control models, where there is considerable
1ift augmentation, reasonable test accuracy has proved possible with overall
balance measurements on integral models, assuming careful jet-flow calibra-
tions. However, considerable difficulties have been encountered with powered
V/STOL models when only overall balance measurements have been available. In
order to determine comparatively small aerodynamic interference effects with
sufficient accuracy, the engine thrust has to be determined most carefully,
with due allowance for possible varlations with forward epeed and model con-
dition. Ideelly, measurements of the external aerodynamic loads (excluding
engine thrust), together with either engine thrust or overall force measure-
ments, are required. Ilence, some practical srrangements are now being
developed, initially in conjunction with the existing virtual-centre balance
rig, to facilitate such measurements at R.A.E. on V/STOL models with round jets.

One model, with fuselage jets, ias to be tested with an internal strain-
gauge balance supporting the wings and the fuselage. This balance, togethex
with the fuselage jet nozzles, is then supported by the variable-incidence
head of the usual central strut of the virtual-centre balance (Fige4). Thus,
overall balance measurements can be obtained as well as the measurements of the
'aerodynamic interference' loads on the wing and fuselage (excluding the nozzle
exite), Naturally, investigations will be necessary of the problems associated
with sealing the nozzle fairing junctions, with leaks, and with possible apur-
ious loads on internal surfaces. Frovided such difficulties can be adequately
surmounted, the internal strain-gauge balance can profitably be employed for
such 'interference~type' tests of this model in other tunnels, where a suitable
mechanical balance rig for overall measurements is not readily available.

The jet-nacelle model described in Section 3.5 presents rather different
problems, since the round jets are here located below the high-1lift wing, in
external engine nacelles (Fig.5a)e The incorporation of individual balances
with integral air-feeds in the supporting pylons would have been attractive,
but was not considered practiceble in view of the small scale. Moreover, to
ensure adequate derivation of wing load changes, the nacelle load measurements
would need to be comparable in accuracy with the overall load measvrements on
the main balance. Therefore, the overell balance measurements (with the engine
nacelles attached to the model) are instead to be supplemented by 'interference’
measurements with the engine nacelleg separately supported in an inverted posi-
tion from the tunnel overhead balance to provide nacelle 1lift and thrust, and
with the remeinder of the model (invertedg on the main floor balance (see Fig.6).
These latter measurements will necessarily be limited to fixed incidences and
zero yaw, while there are admittedly difficulties concerned with aligrment,
deflection, and possidly rig interference. However, there is some compensation
in the facility for wide variations of the engine nacelle position relative to
the wing.

2.4 Strain-gsuge balance problems

Unless a good platform balance is available, strain-gauge balance rigs
mey well be preferable for V/STOL models, particularly for six-component
measurements. The possibility of a varlety of support arrangements is attrac-
tive from tere and interference considerations, the balance cen be designed to

-6 -
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suit individual model requirements, and comparative tests in different tunnels
are facilitated. S.G. balances are also useful for auxillary measurements,
such 23 control hinge moments, nacelle loads, etc.

Nevertheless, there are considerable reservations concerning S.G.
balances from our point of view, particulerly as regards balance interactions,
low sensitivity, zero drift, and model safety. Thus, unlike well-designed
mechanical balances, multi-component S.G, balances inevitably suffer from
signifioant interactions and a special calibrating rig is usually necessary,
with periodic .checks of the main interactions as well as the direct ocalibration.
Balance sensitivity, essentially defined by the specified. working range, is
necessarily rather low, say 1 part in 2000 of maximum load, but this is prob-
ably adequate if the model and balance are well-matched. Unfortunately, lower
sensitivity than usual must.be expected for V/STOL models, as a result of the
need for a generous safsty factor to allow for difficulties with model load
estimation, particularly under stelling conditions. Zero~drift can also be
troublescme, even when the :gauges are carefully selected, positioned, and
attached, with temperature compensation applied to each bridge. In view of
the rather low overell accuracy which seems likely, it therefore appears
adviseble to employ interference rigs (see Section 2,3) where practicable.

SeGe balance units should be locsted near to or preferably inside the
model, to minimise deflections and force interactions on moments, and to.
achieve good moment accuracy. Although the design considerations for a rear-
sting internal or external balance may otherwise not differ materially from
those encountered with high-speed tunnel models, tare and interference con-
siderations can be particularly involved for V/STOL models with a rear support
arrangement. As an alternative, when room is available, a similar balance
design with a vertical support strut may be adopted. Tere and interference
effeots are rather easier to handle, both because the moment arms concerned
are smaller and because their determination by a dummy strut technlque is then
feasible 4f the model can also be inverted on its strut. It is necessary, of
course, to guard against the possibility of strut-induced separations, and to
assess the magnitude of the interference on the flow over the fin and the
tailplane.

For recent six-component tests in the R.A.E, 24 £t (dismeter) tunnel* on
& propeller slipstream model with blown T.E. flapsd (see Fig.7), an intermal
five-bar horizontal cage balance was arranged above s faired external three-
bar drag unit, the whole assembly being mounted on a braced vertical support
tube attached to the tummel turntable (Fig.8). Small amounts of compressed
air for B.L.C. purposes (up to % 1b/sec at 3 atmos. ebs. end temperatures up
to 5°C above ambient) were conveyed through the balance to the model, via the
central hollow members of each balance cage, without significant effects from
internsl temperature and pressure on balance zeros or calibration. However, a
test with higher flow rates (some 2} 1b/sec) at 20°C above ambient showed
large zero drifts, especially for the gauges directly mounted on the air duots,
end implied that temperature gradient effects could lead to serious difficulties
in the stabilisation of zeros. Generally, it seems preferable to effect such
air connections separately, using low-constraint pressurised connectors on which
experience is already accrued, possibly with some insulation of the balance
againat heating effects.

#This tunnel has not get a six-cumponent mechanical balance,

-7-
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If an external S.G, balance arrangement proves necessary, it mey con-
veniently form part of a sultably~-shielded vertical support strut. Such an
arrangement is proposed for R.A.E. 24 £t tunnel tests on the jet-nacelle model,
a five-component sting balance being incorporated in the length of a hollow
elliptic tube constituting the central portion of a vertical support strut.
Moments about the model centre will be derived from gauge stations at which
the cross-sectional areas are proportional to distance from the centre, the
forces from gauge stations with equal areas. Lift is to be measured separately
by the existing mechaniocal balance on which the whole assembly is to be mounted.
The hollow, tubular design for the S.G. balance ensures maximum rigidity and
affords accommodation for separate air-supply connections, which will be
effected so as to minimise balance constraints. In view of the large gquan-
tities and pressures to be considered (up to 10 1b/sec at 10 atmos. abs.), &
mock-up tubular balance of circular cross-section has been constructed to
investligate connector constraint, as well as to assess the need for insulation
between the air supply and the balance in order to avoid temperaturs gradients
and zero drifts.

3 JET FFFLUX AND INTAKE FLOW SIMULATION

3.1 Basic considerations

For a specific model and jet exit geometry, model attitude, and jet
inclination, the aerodynamic interference effects between the jet efflux and
the meinstream flow past the airframe surfaces can be correlated non-

dimensionally against a momentum-ratio or effective speed—ratio,\/ oVi/p JVﬁ.;

here, V  and VJ are the relevent mainstream and jet velocities, while p, end
py are the corresponding densities. From our experience at model-seale, the
further influences of jet Reynolds number RJ(EVJdJ/v), of jet to mainstream

temperature ratio and of jet pressure-ratio appear to be of second order,
though some precise measurements with jet conditions nearer to full-scale in
both size and temperature are still needed to qualify these assumptions.
Equally well, a jet~momentum coefficient CJ[EJ/qOS] can be employed as the

primary correlation parameter, where J represents the rate of ejection of
momentum, 4, is the mainstream dynemic head and S is a planform area. But this

must not be taken to imply that the relative size of the jet exit to the sur-
rounding planform is unimportant, as usually assumed with thin jet sheets for
blowing B.L.C. and jet-flaps, In fact, serodynamic interference effects have
been found to vary markedly, for example, with the proportion of aircraft plan-
form area occupied by the jet exits, the disposition of the jet exists in the
planform, and the height of the airframe lower surfaces above the nozzle exits.
The efflux velocity distribution may also be significant, though so far we have
not explored this effect.

The influence of intske suction on the flows over neighbouring airframe
surfaces can perhaps be usefully envisaged as arising from a distribution of
sinks over the intake face, provided the front 1lip radius and entry design are
adequate to preclude significant flow separation. For a prescribed aireraft
geometry and intake location, the major parameter as regards associated

-8 -
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interference effects seems likely to be the intake flow-rate coefficient
CQ[s Ms/PoVo S], where Ms represents the mess flow rate of mainstream air

into the intake duct. Although there is yet no real Jjustification to assume
that the distribution of the sink strength across the intake face or the pro-
portion of the surrounding planform occupied by the intake can entirely be
ignored, reproduction of the exact intake shape and size does not seem s0 .
important as for the jet exite In fact, for our purposes, modification of the
intake geometry is sometimes desirsble to preclude spurious flow separation
on the intake lip at model Reynolids numuers, though the location of the intake
should be altered as little as possibles Of course, intake design studies in
relation to specific engine or fan performance and internal flow considerations
will tend to require correct representation of the intake shape and associeted
flow control devices, but the scele should then be as large as possible.
Furthermore, this may also apply for the investigation of external aerodynamiec
interference effects, if the practical full-scale intaeke has to tolerate flow
separations under some operational conditions.

Blowing nozzle and duot design problems for jet-lift V/STOL aircraft are
discussed in Section 3.2, their treatment being illustrated by raference to
simple jet-wing and jet-fuselage models, a one=tenth scale Hawker P.,1127 model
and the R.A.E. subsonic-transport jet-nacelle research model. The further
provision of intake suction can be tackled in a variety of ways depending on
the configuration and the purposes of the test programme. Separate ducts for
the intake and exit flows are incorporated in the Hawker P.1127 model (Fig.9),
but the feasible intake flow rates are rather small., The suoction ducting
problems become even more intolerable when nacelle installations ere involved.
Fortunately, for research purposes at least, correct matching of inteke and
exit flow rates to simulate specific 1lifting units is mot essential, provided
comparative tests are also made with similar exit flows but no intake flow.
Speciel injector nacelle units, devised to produce intake and exit flows
adequate for basic and appllied research at speeds sbout half full-scale, are
discussed in Section 3s3. The corresponding application end development of
some model fan units is next outlined in Ssction 3.4, For completeness, the
overall design and construction aspects arising with representative jet-lift
V/STOL aircraft models are illustrated by a brief description in Section 3.5
of the general scope and layout of the jet-nacelle model,

3.2 Blowing duct and nozzle design

With jet-1ift V/STOL models, the ducting of air to the blowing nozzles
becomes more difficult than for the BeL.Cs and jet-flap models previously
considered, because the air mass flows involved tend to be much larger, while
the nozzle lengths have to be severely restricted = often to two diameters or
less. Furthermore, to minimise the size of the supply strut to the model for
aerodynamic tare interference reasons, the dynamic head of the air entering
the model tends to be large and needs to be destroyed or dispersed. However,
if the space inside the medel is large enough to provide a low~-velocity plenum
duct, followed by a pressure~drop and a contraction into the final nozzle, then
a uniform and steady jet efflux should readily be feasible. More generally,
there is less room availeble in the model or the air-flow rates are appreciably
larger, so that the problems not only become more difficult but also specific
to the model in question; however, some general principles are still worth
mention, Firstly, a pressure chamber can usually be profitebly employed, where

-9
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feasible, with the air at high pressure (high density) to minimise volume flow
rates at the strut entry and inside the chamber. Again, to suppress any large
locel velccities or high swirl inside the chamber arising from the necessarily
high dynamic head at entry, baffling 1s nceded according to the nozzle con-
figuration under test. A contraction should also be incorporated ahead of the
nozzle exit wherever possible, preceded by resistance screens at the contrac-
tion entry, to improve the nozzle flow distribution and to regulate the pressure
ratio across the nozzle.

For example, an early simple jet-wing mode16 of rectangular planf'orm
(30 ine x 27 in.), which was mounted inverted on a vertical supply strut,
included a pressure box of 1% in. internal depth. The variety of jet exit
arrangements in the test surface ranged from multiple holes of either % in. or
1 in, diameter to a single central hole of 2% in. diameter. Apart from a
simple baffle gauze in the box opposite the air-supply entry (see Fig.10a), no
elaborate internal schemes were needed to ensure practically identical efflux
flows from the different holes of the multiple jet arrangements, which were
drilled directly through the 1 in. depth of the surface plate. Improvement of
the uniformity of the velocity distribution across each jet exit could have
been achieved with a convergent instead of a parallel hole. With the mass-flow
rate limited to about 1+3 1b/sec, the dynamio pressure at the entry to the
model was sbout 0+2 atmos. and the total pressure about 4+75 atmos. abse., pro-
viding a nozzle exit pressure ratio as high as 1+6/1 because of the small losses
in the plenum chambers For the tests with a single hole of 2% in, diemeter
directly opposite the strut entry, the wing pressure box was of no material
advantage. Although an acceptable efflux distribution was achieved by the use
of a short contraction with a resistance gauze at the entry, the available
pressure ratio across the exit nozzle was substantially reduced.

On a simple fuselage~jet delta-wing mode17, one to four nozzles of
diameters ranging from 1% in. to 2% in. were located in the base of a pressure
chamber (3% in. internsl depth) forming the central part of the fuselage
(Figs10b). With the maximum mass-flow rate of 325 lb/sec, the dynamic pres-
sure at the entry to the model reached 0:75 atmos., with an entry total pres-
sure of about 3¢5 atmos. abs., providing a jet exit pressure-ratio of cbout
1+9/1. Acceptable efflux distributions, usually within 5% of the mean jet
velocity, were attained by the incorporation of baffles opposite the flow
entry, together with resistance gauzes and contractiens shead of the nozzles;
but this is not to dispute the difficulties involved.

In the one-tenth scale Hawker P.1127 modela, no proper plenum chember was
feasible, so the air supply from the vertical strut was divided to provide
individual duct feeds directly to the four rotatable nozzles (Fig.9)s With the
maximum model mass-flow of L4+25 1b/sec, the air entered the model with a dynamic
pressure of 0+75 atmos. and a total pressure of 3+5 atmos. abs., the jet exit
then running almost chokeds To ensure representative jet efflux conditions,
each nozzle had an area contraction of about 1:3 to 1 in., in the final turning
cascade, and two sets of resistance gauzes were incorporated upstream.

For the jet-nacelle model, the air ducting problem again becomes parti-
cularly acute, since the jet-engine nacelles have to be attached to the wing by
representative slender pylons (Fig.5a)s In this modsl, each main wing consti~
tutes a pressure box designed to pass 5 lb/sec at 10 atmos. sbsolute through
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the hollow pylons to the engine nacelles. Typically, the velocitles inside

the wing duct and pylon can be as large as 600 ft/sec. The engine nacelles
Berve as pressure chambers, but a variety of internal baffle arrangements have
proved necessary according to the exlt nozzle configuration. Thus, good exit
distributions were ensured for double and quadruple side~nozzle arrangements,
by incorporating a V-shaped partially perforated baffle opposite the pylon
sntry, together with gauze~covered contractions of 1'6/H ahead of the nozzles
(Fige11)s Typically, with one quedruple-nozzle nacelle on each wing, the
variation of locael velocity across the exit of an individual nozzle was within
+5% of the mean exit velocity, while the variation of mean exit velocity for
the eight nozzles did not exceed 37. However, in the case of the single large-
nozzle nacelles, no such contraction was feasible and baffling arrangements
were less satisfactory. To obtain an acceptable efflux distribution, it was
necessary to insert a honeycomb in the nozzle, preceded by & special perforated
plate, individuelly graded by experiment for each particular nozzle.

3.3 Injector units

Some compromise is necessarily involved in the design of injector units
with compressed sir as a primary source*, for the simultaneous representation
of both the exit and intake flows in jet-1ift nacelles (e.g. Fig.12). Two

low limitations must be accepted from the outset, though fortunately these
appear to be of secondary importance as regards serodynamic interference
effects (see Section 3.1). Firstly, the exit flow temperature from the
injector unit is, of necessity, close to ambient, so jet efflux temperature
effects are not simulated. Secondly, as discussed later, reduced exit
velocities (or total pressures) have to be accepted if reasonsble amounts of
intake flow are to be induced by the injector, so the mainstream speed needs
to be lowered to cover the appropriate speed-ratio range. The acceptable
reduction in jet efflux and mainstream speeds is also governed by the require-
ment for sufficlently high values of nacelle thrusts and model loads to
ensure adequate accuracy of measurement.

The mass-flow ratic (induced/primary) required from an air injector at
near-smbient temperature, to simulate both the appropriate engine intake massy
flow coefficient (Ms/bovos) and the effective jet-speed ratio (VO/VJ)(po/bJ)?

1 1
with the scaled exit area, is approximately proportionsl to TE/(T%-»T?), where
Ty
ture. Typlecally, thls injector wass~flow ratioc may rise from about 1:2 to
3+2 as the corresponding full-scale efflux temperatures are reduced from
1000°K to 500°K. Such small mass-flow ratios may not seem large, compared
with values for more conventional epplications. But the total pressure rise
to be imparted to the inlet air tends to be much larger here than usual,
because the exlt velocities have to be kept high enough to produce adeguate
thrusts and model loads. A further major design problem is the requirement
for a ressonsbly uniform distribution of exit velocity after only a short
mixing section inside the injector unit. Fortunately, experimental studies
on & variety of multiple primary nozzle arrangements’ have shown that
practical solutions are possible,

denotes the full-scale engine jet temperature and To the ambient tempera-

*Hydrogen peroxide rockets, with or without kerosene burning, offer a hot jet
efflux but these are not acceptable for unrestricted testing in our return-
oircuit tumnels with closed wooden working~sections.
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To explore possible performence limits, some theoretical curves derived
from un unpublished analysis on injectors by M. Lopez of English Eleotric
Aviation Ltd. (B.A.C., Warton Division) may profitsbly be used, since little
experimental evidence on injector efficiency and optimisation seems to be
available over the region of our special interests. In Fige13, the injector
mass-flow ratio is plotted as a function of the primary parameter (P°1/'P4)(1/AR);

Po1 represents the primary flow stagnation pressure, P)+ is the ambient statlc
pressure at the end of the mixing tube, and AR is the ratio of the cross~-

section area at the mixing tube to the exit area of the convergent primary

nozzle. The resulting curve, together with the optimum value of this primary
perameter as regards maximum mass-flow ratio, is then solely a function of the
secondary paraemeter (1 - 1/AR)(P°2/P4); P, signifies the stagnation pressure

of the induced flow, Clearly, an increase in pressure-ratio Po1/PI+ is theore-
tically alweys beneficial, since the area ratio AR needed to achieve a pre-

scribed value of the primery parameter is reduced, so that the secondery para-
meter and hence the mass~flow ratio tends to inocreases Furthermore, when the
primary paraemeter is ebove its optimum, an increase in area ratic leads to a
higher mesa-flow ratio from two aspeots, since the primary parameter decreases
towards its optimum while the secondery parameter again increases. The supple-
mentery curves for the secondary flow Mach number, M3’ are alsc instructive in

indicating the Mach number at the end of the mixing tube, though strictly they
refer to conditions near the position of the primsry nozzle throats Unfortan-
ately, large values of the mass-flow ratio are accompanied by correspondingly
low values of the exit Mach number. Thus, for mass-flow ratios in excess of
2, exit Mach numbers of 0+6 or less are likely, depending on the degree of
optimisation and the maximum pressure-ratio availeble.

In practice, the injector performance naturally falls below theoretical
estimates due to intake losses and viscous effects, even when an adequats
mixing length is available. The limited experimental evidence on simple
injectors within the mass-flow and exit velocity range of present interest
suggests that viscous effects reduce the feasible mass-flow rates by sume 10%
and that the optimum is achieved at values of the primary parameter somewhat
higher than tneoretical estimatesa

The model injeotor nacelle unit showm in Figs12 comprises essentielly a
cylindrical mixing tube surrounded by an annular reservoir supplying compressed
air forward to the primery nozzle exits. The latter hers consist of a
'cartwheel' spoke arrangement of elliptic tubes, each with a blowing slot at
its treiling edges Some primery air is elso fed to a peripheral sloet, to
ensure unseparated flow against the adverse pressure gradients at the cylinder
wall and to maintain adequate velocity theres This arrangement glves steady
and uniform flow, the spatial varistions in local exit velocity being within
+5% of the mean. At the design pressure-ratio of about 3% atmos. abs., a mean
velocity of nearly 650 ft/sec is attaineds However, thé mass-flow ratio
(induced/primary) is only about O+8 which, while adequate for research purposes,
gives inedequate intake flow for representative lift-engine simulation, Any
radical improvements would necessitate significant reductions in primary nozzle
area, leading to exit velocities of 500 ft/sec or less with the existing primary
pressure-ratios. Further experimental research might permit design arrangements
with even shorter mixing length, without impairing performance or the uniformity
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of the exit flow disiribution. Fortunately, as would be antipipated
theoretically, the performance of the present injector units does not
appear to be sensitive to external flow changes within the normel test
range, However, with more efficient injector units and more representative
mess-flow ratios, increased sensitivity seems likely, so that careful cali~
bration over the whole range of mainstream test conditions would then be
advigable.

The current injector units are being employed to provide simultaneous
inlet and exit flows on the jet-nacelle research model, as described in
Section 3+5. The measured aerodynamio interference effects will be compared
with results for nacelles with similar exit efflux but no intake flow. For
the future, adequate representation of 1lift engines such as the R.Bs162
should be feasible down to 1/15th or 1/20th model scale., Representation of
1ift/thrust units with multiple rotating nozzles presents a difficult problem,
because the intake flow has to be divided accordingly, without incurring
pressure losses which would reduce the injector performance. These diffi-
culties become even more acute if large bypass~ratios without plenum chamber
burning have to be simulateds Much further experimentsl work on possible
units is therefore necessary towards this end.

3eh. Model fan units

At the R.AJE., model fans have been employed simply as convenient
methods of providing simul taneously both upper surface intake suction and
lower surface jet efflux, for basic research investigations on associated
aerodynamic interference effects at forward speeds; the representation of
specific full-scale lift-engine or lift-fan units is mot intendeds Thus,
while varlations in fan power are of some interest, the measured momentum
flux and mean velocity of the fan duct flow have primarily been employed for
the correlation of results from both balence measurements and detailed surface
pressure-plotting. Further, to derive the effectas due to adding intake flow,
some comparative tests have also been made on similer models with only the
Jet efflux represented.

In early experiments1 0,11 » electric motors had to be used to drive
simple fans (or ducted propellers), but the availsble power/size ratio gave
inadequate efflux velocities for accurate measurements at low practical
values of mainstream speed/jet speed, while the installetion space required
in the model was unduly large compared with the duct internal diameter.
Special compact units had therefore to be developed to ellow simulation of
practical groupings of lift-engines or fans, e.g in-line along a nacells or
wing, and to permit a more representative proportion of the nacelle or wing
planform areas to be occupied by duct exits.

Alr-driven fan units, with a casing width not much in excess of the fan
diameter and an axial depth even less, seemed to offer an attractive and feas-
ible approach, Mean efflux velocitles of at least 300 ft/sec were essential
to ensure reasonable tummel testing speeds and model loadings, while air-supply
pressures had to be limited to about L atmos., abs. to match the compressor
equipment availeble, Two sizes of alr-driven fan units were therefore designed
and built by Dowty-Rotols Litd. to meet these ReAsE. requirements, a 6 ins
diameter fan intended for basic research on nacelle (or fuselages installations,
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ard a 3 in. diemeter fan of minimum depth for both wing and nacelle installa-
tions, Unfortunstely, due to unforeseen delays in the production of these
novel units, most of our wind-tunnel investigations have so far had to.be made
with existing electrically~driven fan units. But it seems worth outlining the
recent experience with the air-driven fans at R.AJE. Bedford, in conjunotion
with Dowty Rotols.

The 6 in, diameter fan consists of four aerofoil section blades mounted
in the hub s0 that the blade angles can be adjusted to any required setting
(Fige14a). The axial-flow impulse-type turbine wheel is mounted integrally
with the fan hub, the air being fed to the wheel via an annular volute forming
part of the fan casing, and thence through three hollow spokes and a central
chamber to a set of stationary nozzles immediately above the turbine wheel.

The turbine exhaust then passes over the fan blade roots and mixes with the fan
efflux, all of which finally passes through s set of outlet guide vanes. There
is & tachometer unit integral with the outlet guide vane assembly to indicate
fan repsms The installed size of the whole fan unit is approximately 8 in.
square by 6 in, deep - inclusive of a 1 in. inlet radius. The units can thus
be mounted in line at a pitch of only 41:33 times the fan diameter, provided
space is available for an air-supply inlet manifold.

The production 6 in. fan yields a thruat of sbout 44 1b at the rated
repems of 36,000, when it requires an air-feed of 0:8 1lb/sec at 3 atmos. abs.
and amblent temperature, the mean velocity of the efflux then being slightly
greater than 300 ft/sec, It is worth noting that the fan performance is below
design estimates primarily because large pressure losses occur in the intake
flow past the three spokes delivering air to the hub turbine, Unfortunately,
the velocity distribution in the efflux is far from uniform, so that reliable
efflux surveys are diffioults Due to the high tip-apeed of the fans {940 £t/
sec), the noise level is high, requiring the use of ear protectors by test
personnel. However, with the model fans inslde & closed wind-tunnel, quite
elementary noise insulation seems to reduce the noise to soceptable levels in
surrounding areass The fans have otherwlse proved easy to operate and the
Xepsme appears to be insensitive to changes in cross-flow velooity (for Vb/V PR

0:5 at least) and also to model incidence changes, at least for four fans in-
line along a nacelle.

The 3 in. diemeter fan is provided with a peripheral turbine drive
because of its small size (Figa14b)s The fan comprises eight fixed aerofoil-
section blades mounted integrally in the turbine wheel, the drive air being fed
to the turbine from an amnular duct forming part of the fan casing, via nosszles
with inlet guide vanes, Outlet gulde vanes are fitted to both the fan efflux
and turbine exhaust, while the fan r.pems is indicated by a tachometer integral
with the fan hub assembly. The installed size of the whole fan unit is
approximaetely 6 in. square by 3 in, deep - inclusive of an inlet radius; the
units can be mounted in-line at a pitch of twlce the fan diameter.

At the present stage of development, this 3 in. fan unit yields a thrust
of 9 1b at an r.pem. of 55,000, requiring an air-feed of about O°4 lb/sec at a
pressure of 4 atmos. sba. and ambient temperature; for reasons not yet known,
the fan performance is not up to design expectation. Since the blade tip~speed
only reaches 720 ft/sec, the noise tends to be much less noticeable than with
the 6 in. fan. Tunnel model teats await the delivery of a sufficient number of
these 3 in. diameter fan units.
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3.5 Jet-Nagelle Model design

Acoumulated design experience with planar and round jet models can
usefully be illustrated by disocussing the design and construotion of a ocomplex
subsonic transport jet-nacelle research model now being extensively tested 3 at
ReA+Es This has e high aspeot-ratio wing of moderate sweep back, with blowing
B.L.C. over both leading-edge and trailing-sdge flaps. Propulaive, lift/
thrust and pure-lift jet units can be disposed in underslung nacelles, to
simulate both elementary and practical engine arrangements (see Fig.5a).
Although the aerodynamios of the basic B,L.C. wing are of oonsiderable funda-
mental interest, the main investigations will concern the effects of the
engine jet efflux and (to a lesser extent) intake flows on the aerodynamio
efficiency of the wings and flaps, including minimum blowing momentum coeffi-
olent requirements for BsL.C., as well as of the influence of the modified
flow arcound the wing, fin, and teilplane on stability,

The first tests are being made with the model mounted on the virtual-
centre jet-blowing rig of the R.A«E. Noe2 11} £t x 8% ft tunnel; jet-nacelle
'interference' measurements (see Section 2.3) will be made with the nacelles
separately supported from the overhead balence, as well as overall measure~
ments with the nacelles attached to the wings. Ground effeoct measurements
using a conventional fixed ground-plate can he checked using the Moving-Belt
Ground Rig as deemed necessary (see Seotion 4). To investigate constraint
and blockage aspects, comparative tests are to be made subsequently in the
lerger 24 £t dlemeter tunnel, using a strain-gauge balance arrangement
(see Seotion 2.4).

The wing has a constant 137 thick R.A.E. 102 cambered section and a
mean chord of 10 inches, and is of aspect ratio 8 with a taper ratio of 0+5
and 28° L.E. sweepback. As well as the basic undefleoted and unblown L.E.,

& full-span 123% L.E. flap is provided with knee blowing at settings of 30°
and 40° fnomal to the hinge-line). KXnee blowing is also incorporated in

the 25% T.E. flaps and ailerons, for settings of 40°, 60° and 80°, in
addition to the unblown and undeflected TsE. flap. For structursl rather
than aerodynamic reasons, the B.LsC, duots were accommodated within the flaps,
to make best use of the available wing volume, with a supply of up to 0+7 1b/
sec at 3 to 4 atmos. abss, through a pair of 7/8 in. diameter pipes incor=-
poraved in the model support astrut (see Figs.5a,b). Because of the B.LeC.
nozsle widths involved (0°002-0:004 in. at L.E., 0:004~0+008 in. at T.E.),
oareful design was necessary to minimise slot distortion under internal
pressurs, inoluding the acceptance of an inclined norzzle rather than tangen-
tial blowing. The nozgle width is regulated by graded spacers, looated
ahead of the final contrsction from nogsle blookage conasiderations. The
design has proved successful, with tolersble nozzle width variations under
pressure (gensrally mot exceeding 107%), good balance between the two wings,
and satisfactory spanwise total head distributions.

With the rig for overall force and moment measurements, the main com-~
pressed air supplies for engine representation are introduced via two remotely-
controlled motorised valves at the base of the atrut, oonnected to the main
two-inch dlameter strut tubess At the strut head, each of these ducts is
divided to supply one duot of each wing, with a special "O"=ring seal
arrangement to avoid leasks over the required inasidence range. Eaoch wing is
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constructed from upper and lower machined steel members, Jjoined on the wing
chord plans to form two distinct spanwise ducts. Quite separate alr supplies
can thus be provided to inboard and outboard macelles, with provision for
intercomection to minimise duct pressure losses when only one englne supply
is required. Engine mounting positions and duot exits are provided at various
spanwise stations, including the tip.

In the design and manufacture of the wings, it proved quite difficult to
ensure maximum duct area whilst retaining sufficient strength to withstand the
internal pressure and adequate stiffness to avold excessive tip deflections
under aerodynamic load. Careful manufacture was necessary, with heat treatment
and straightening between successive stages of internal and external machining.
However, with a supply pressure of 10 atmos. abs., a total flow approaching
10 1b/sec has been achieved with an adeguate usable nacelle pressure of
5 atmos. abs. '

As regards englne arrangements, pairs of 2% jn. diameter simple ejeotor
nozzles are provided, for attachment at 25%, 35% or L45% semispan, representing
elementary 0° and 90° lower surface Jjet sources. By adding fairings, these
nozzles can be converted into the corresponding ejeotor nacelle configurations
for comparative purposes. The injector nacelles ewith partial inteke flow
representation) and the ejector nacelles (no intake flow) can also be mounted
at the seme spanwise stations on pylons affording three clearances, with an
alternative chordwise position at the middle clearance. The injector nacelles,
with alternative intake lengths, have 0°, 30° or 90° rear nozzles of 2% in.
diameter, and are each capable of exlt velocities approaching 700 ft/sec and a
thrust of some 33 1lb. The ejector nacelles can be fitted with the rear
nozzles, or with single lower nozzles, or with either one or two pairs of
swivelling side nozzles, each configuration having a total nozzle area of
L4 sq in. With the side nozzles, each ejector nacelle can produce a thrust of
about 70 1b at a jet speed of about 1000 ft/secs

For lift-engine representation, multiple injector andl ejector nacelles
have also been designed for attachment at 607 and 80% semispan, or at the wing
tipu

L GROUND SIMULATION BY MOVING~BELT RIG

Lo Nature of problem

With modern high-lift systems and V/STOL eircraft, ground effects are
often large and sometimes adverse. The need has arisen to check the adequacy
of relevant wind-tunnel tests with the conventional fixed ground-plate since
unrepresentative boundary~layer flows occur on the ground-plates Removal of
this boundary layer can be ensured by suotion through the plate, but the quan-
tity of air involved tends to be so large that extraneous 'sink' effects are
superimposed on the whole flow field between the model and the simulated ground.
Furthermore, the choice and control of the suction inflow distribution tends
to be particularly difficult and criticel over local areas where strong pres-
sure gradients are present. Another technique requires a second 'image' model
inside the tunnel working section, without an intermediate ground-plate, pro-
viding & symmetrical flow pattern abeve and below the free boundary., However,
aerodynamic justification of this technique is difficult when appreciable ground
effects are expected, particularly if strong vorticity or jet flows are present,

- 16 =



Technical Note No. Aero 2944

Again, there is a resl difficulty in ensuring precise similerity in the
aercdynamic behaviour of the two models under high-lift conditions. Perhaps
a more natural approach to practical conditions is to eliminate the spurious
relative motion between the fixed ground and the mainstream, though admittedly
this 4s not a simple task if a satisfactory installation for research work is
the aim.

An elaborate moving-~belt ground rig has been developed at R.A.E.12,
essentislly consisting of an 8 £t wide continuous belt, running at speeds up
to 90 ft/sec over a pair of rollers of 1 ft diameter located 93 £t apart,
installed in an 11% £t x 8% £t tunnel, The rig was designed primarily for -
use with exlsting and new models mounted on the floor virtual-centrs balence,
which has & special air-connedtor system to expedite testing of jet-blowing
models on a single vertical~strut mounting. For our purposes, therefore, it
was preferable to mount such models upside down in the tunnel, with the
moving~belt ground above them (Fige15). But the general desoription and
comments which follow in Seotlon Le2 should apply equally well for an upright
model with the ground rig below it.

An gerodynamic appraisal of essential ground test techniques, especially
a8 regards the adequacy of the conventional fixed ground-plate approach, is in
progress at R.A.E. using a wide renge of models on the moving-belt rig, Some
early comparisons from the experiments completed to date are mentioned in
Seotion L3,

4e2 Moving-Belt design

4e2.1 Structural features (Fig.16)

The metal supporting structure comprises frames in weldsble sluminium,
the two side frames and the bracing cross frame being bolted together. The
rollers, which are 8 £t wide and made from 3/8 in, mild steel plate, rolled
and machined to % in, thick, are attached to a solid steel shaft (3 in,
diameter) by a central as well as end fittings, to preclude shaft whirling.
The amount of roller camber needed to ensure £lat running of the belt against
the plate proved rather smaller than anticipated, namely linear taper from a
constant 12} in. diameter over the central 3 ft apan to 12} in. dimmeter at
the ends. The rollers, pitched a distance 9 £t 6 in. apart, have three of
the four end bearings in longitudinal slides, each with an auxiliary motor
driving a sorew jack for adjustment, This permits as much as 5% extension
lengthwise to ensure adequate belt tensioning, to cope with permanent
elongation and to provide differentlal tensioning for effecting tracking
control.

The main roller drive is at the fixed end-bearing, with the power
supplied by & 20 h.ps/400 volt A.C. motor located sbove the tunnel, through a
manually-operated varisble~speed V-belt pulley system. There is a vertical
keyed shaft, s spiral bevel box (1/1 ratio), a magnetic clutch and s grooved
pulley drive (1:7/1 speed inorease),

The endless moving belt, made from stendard 3~-ply materdal, of overall

thickness 3/16 in. and weight 32 ox/sq yd per ply, is 7 £t 10 in, wide and
22 £% long. There is a longitudinal seam because of the large width, but the
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constructed from upper and lower machined steel members, Jjoined on the wing
chord plane to form two distinct spanwise ducts. Quite separate air supplies
can thus be provided to inboard and outboard racelles, with provision for
intercommection to minimise duct preasure losses when only one engine supply
is required. Engine mounting positions and duot exits are provided at various
spanwise stations, including the tip.

In the design and manufacture of the wings, it proved quite difficult to
ensure maximum duct area whilst retaining sufficient strength to withstand the
internal pressure and adequate stiffness to avold excessive tip deflections
under aerodynamic load. Cereful manufacture was necessary, with heat treatment
and straightening between successive stages of internal and external machining,
However, with a supply pressure of 10 atmos. abs.,, & total flow approaching
10 1b/sec has been achieved with an adequate usable nacelle pressure of
5 atmos, absa,.

As regards engine arrangements, peirs of 2% in., diameter simple ejeotor
nozzles are provided, for attachment et 25%, 35% or 45% semispan, representing
elementary 0° and 90° lower surface jet mources. By edding fairings, these
nozzles can be converted into the corresponding e jector nacelle configurations
for comparative purposess The injector nacelles (with partial intake flow
representation) and the sjector nacelles (no intake flow) cen also be mounted
at the same spanwise stations on pylons affording three clearances, with an
slternative chordwise position at the middle clearsnce. The injector nacelles,
with alternative intake lengths, have 0°, 30° or 90° rear nozzles of 2% in,
diemeter, and are each capable of exit veloeities approaching 700 ft/sec and a
thrust of some 33 1lbe The ejeotor nacelles can be fitted with the rear
nozzles, or with single lower nozzles, or with either one or two pairs of
swivelling side nozzles, each configuration having a total nozzle ares of
4 8q in. With the side nozzles, each ejector nacelle can produce a thrust of
sbout 70 1b at a jet speed of about 1000 £t/sec.

For lift-engine representation, multiple injector and e jector nacelles
have also been designed for attachment at 60% and 8C% semispan, or at the wing
‘bip-

L GROUND SIMULATION BY MOVING-BELT RIG

4e1 Nature of problem

With modern high-lift systems and V/STOL airoraft, ground effects are
often large and sometimes adverses The need has arisen to check the adequacy
of relevant wind-tunnel tests with the conventional fixed ground-plate since
unrepresentative bouhdary-layer flows occur on the ground-plates Removal of
this boundary layer can be ensured by suction through the plate, but the quan-~
tity of air involved tends to be so large that extraneous 'sink! effests are
superimposed on the whole flow field between the model and the simulated ground.
Furthermore, the cholce and control of the suction inflow distribution tends
to be particularly difficult and critical over local areas where strong pres-
sure gradients are present. Another technique requires a second 'image' model
inside the tumnel working section, without an intermediate ground-plate, pro-
viding & symmetrical flow pattern sbove and below the free boundary. However,
aerodynamic justification of this technique is difficult when apprecisble ground
effects are expected, particularly if strong vorticity or jet flows are present.
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Again, there is a reel difficulty in ensuring precise similarity in the
aerodynamlc behaviour of the two models under high-1ift conditions. FPerhaps
a more naturel approach to practical conditions is to eliminate the spurious
relative motion between the fixed ground and the mainstream, though edmittedly
this is not & simple task if a satisfactory installation for research work is
the aim.

An elaborate meving-belt ground rig has been developed at R.A.E.m,
essentially consisting of an 8 £t wide continuous belt, r'unnin§ at speeds up
to 90 ft/sec over a pair of rollers of 1 ft diameter located 9% £t apart,
installed in an 14% £t x 8% £t tunnel. The rig was designed primarily for
use with existing and new models mounted on the floor virtusl-centre balence,
which has a special eir-connector system to expedite testing of Jjet-blowing
models on a single vertical-strut mounting. For our purposes, therefore, it
was preferable to mount such models upside down in the tunnel, with the
moving-belt ground above them (Fige15). But the general desoription and
comments which follow in Section 4s2 should apply equally well for an upright
model with the ground rig below it,

An eerodynamic appraisal of essential ground test techniques, especially
as regards the adequacy of the conventional fixed ground-plate approach, is in
progress at R.A.E, using a wide range of models on the moving-belt rig, Some
early comparisons from the experiments completed to date are mentioned in
Section 4e3.

4e2 Moving-Belt Rig design
4+2.1  Structural features (Fig.16)

The metal supporting structure comprises frames in weldsble aluminium,
the two side frames and the bracirig cross frame being bolted together. The -
rollers, which are 8 ft wide and made from 3/8 in., mild steel plate, rolled
and machined to % in. thick, are attached to a solid steel shaft (3 in,
diameter) by & central as well as end fittings, to preclude shaft whirling.
The amount of roller camber nneded to ensure £lat running of the belt against
the plate proved rather smaller than anticipated, namely linear taper from a
constant 12% in. diamster over the central 3 £t span to 124 in. dimmeter at
the ends. The rollers, pitched a distance 9 ft 6 in., apart, have three of
the four end bearings in longitudinal slides, each with an auwxiliary motor
driving & sorew jack for adjustment, This permits as much as 5% extension
lengthwise to ensure adequate belt tensioning, to cope with permanent
elongation and to provide differential tensioning for effecting tracking
control.

The main roller drive is at the fixed end-bearing, with the power
supplied by a 20 h,p,/400 volt A.C. motor located above the tunnel, through e
manually-operated variable~speed V-belt pulley system. There is a vertical
keyed shaft, a spiral bevel box (1/1 ratio), a magnetic cluteh and a grooved
pulley drive (1:7/1 speed increase),

The endless moving belt, made from standard 3~ply material, of overall

thickness 3/16 in. and weight 32 ox/sq yd per ply, is 7 £t 10 in, wide and
22 £t long. There is a longitudinel seam because of the large width, but the
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joint is staggered through the thickness of the belt; the side with a duck
material facing runs adjacent to the rollers and suction plate, the normal
friction surface being on the outside.

The suction box itself is made of Duralumin and comprises five compart~
ments with 1/8 in., perforations at 3 in. pitch over the suction plate. A
suction level of some 1 in. water, roughly balancing the weight of the belt,
sufficed to ensure flat running; the power requirements did not become exces—
sive, provided that suction was applied only with the belt in motion. However,
even with an upright rig, some suotion would seem desirable, since local nega-
tive pressures of the order 10 1b/sq ft (e.g. (2p =-1, q, = 10) can readily

occur due to asrodynemic interference effects.

A fairing 13 in., deep and overall length 15 ft 2 in, encloses .the whole
structure, except, of course, the flat rearward-moving belt surface for ground
simulation near the model. This, as well as streamlining the rig, minimises
the possibility of 1ift genmeration around the moving belt (Magnus effect).

A rubbing seal on the front roller to prevent internal air circulation proved
unnecessary. The nose of the falring is aymmetrical and semi~elliptic in
cross=-section, with suction through five rows of interrupted spanwise slits to
reduce boundary-layer growth ahead of the moving belt. With the slit area of
0:013 8q 't per £t span, a depression of 4 in. water and suction flow-rate of
about 1+5 1b/sec sufficed to ensure a negligible boundary-layer thickness at
the rearward end of the fairing nose. ) )

4,2,2 (Calibration aspects

The belt apeed 1s measured by direct observation to avoid errors due to
belt slip or extension. An electronic timer determines the time interval for
a narrow metallic mirror attached to the belt to traverse the known distance
between photo~electric cell units at either end of the baocking plates Further-
more, an indlcation of the belt's transverse position is provided by another
photo~electric device sensing a black-and-white pattern on the belt.

Naturally, the tunnel malnstream speed in that part of the divided working
section containing the model (here below the belt) needs to be derived care-
fully, particularly since the speeds In the two parts of the working section
can differ by seversl percent with the model in place, while the belt speed
itself can cause a rise of about 1% in the speed of the relevant test section.
With the model present and both the tummel and belt rumning, the appropriate
test elr speed can be derived by subtracting the flow rate through the empty
part of the working section (not containing the model) from the flow rate into
the whole working sections The former follows readily from conventional pltote
static measurements, since the distribution of the velocity in the empty part
is virtuslly uneffected by the presence of the model on the other side of the
ground, while the latter follows as usual from twin rings of static pressure
holes in the tunnel contraction. Of course, additional checks on both the
relevant airspeed and the uniformity of distribution into the part of the
working section containing the model ocan usefully be made by detailed
explorations at the front end of the ground.
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The boundary-layer characteristics actually achieved on the 'ground’',
with the belt moving at mainstream speed Vo, are of speclal importance, For

example (see Fige17), total head traverse measurements just behind the front
roller position indicate a minimum airspeed vmin of only 0+7 Vo, at O¢«1 in,

from the belt surface, With the addition of suction over the nose-fairing to
effect boundary-~layer removal there, vmin increases to 0:83 Vo. Further back,

corresponding to the centre of the model location, the values of vmin without
and with nose-fairing suction are as high as 0°86 Vo and 093 Vo respectively,

at about 0+2 in. from the belt surface., The loocal speed reaches the full
meinstream speed at about 15 in., from the surface, much the same as with a
fixed ground, It is worth adding that, although the boundary~-layer displace-
ment thickness there is reduced from 0:27 in. to 0-12 in. by the belt movement
alone, a further reduction to 0+055 in, ensues by the addition of nose-fairing
suotion, and the velocity variation through the boundary layer is halved.
Finally, the use of a belt spesed close to the mainstream speed seems the most
reasonable.

4e2.3 Future improvements

The moving~belt rig has now run reasonably well for some 120 hours,
most of this under amctual model test conditions, Naturally, in the light of
the accrued experience, some improvements are being incorporated before the
next series of model tests. Firstly, the control arrangements for belt speed,
tracking and suction will be centralised, together with the appropriate visual
or gudio indicators, in order to facilitate coordinated control by a single
operator; this now seems desirable as a safety precaution as well as for man-
power economy. Secondly, a replacement belt will be fitted which has had preten-
sioning treatment, since permanent extensions of £ have arisen with the .0ld . belt
and even larger amounts at the centre. Furthermore, for satisfactory testing
of V/STOL round Jjet models with choked jet exits, some modification to the
central portion of the backing plate seems essential., Local Jjet=-impingement
pressures of 500 1b/sq ft or more (above ambient) on the belt generate
unacceptable high friction locally, while nearby local depressions of 100 b/
sq ft or more (below ambient) cause local belt separations which could
influence airflow directions under the model, Some low friction material or
coating (possibly with inoreased suction) over the centrsl portion of the
backing plate should alleviate the problem congiderebly, but more sophisti-
oated schemes are being explored. Of course, if the jet exlt and associated
loocal pressures are much reduced, say to one-half the above, no serious
difficulties are likely.

Ls3 Comparisons of moving and stationary ground

The R.A.,E. moving-belt grouni rig is first being used with a varlety of
model configurations, to explore whether the influence of ground proximity is
influenced significantly by the extransous boundary layer on the simple fixed
ground=-plate, rather than for detsiled aircraft research and development with
one particular configuration. Model tests have already been started on a
subsonic jet-transport arrangement, a slender wing with and without body, a
jet-flap wing, an air-cushion vehicle and a V/STOL jet-1ift fighter configura-
tions For these particular typ=s (see Fige18), an interim appraisal will be
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attempted here by comparing some force and moment measurements ocbtained to
date. However, to be decisive, further measurements and flow studies are
needed to slarify the origin of specific differences (or lack of them) due to
moving ground, with any peculiarities of the particular model in mind. The
relative size of models to tunnel has been kept reasonably small, to minimige
any effects due to possible changes in tunnel constraint and bloockage
corrections with belt movement.

Ls3.1 Subsonic jet-transport configuration (Fig.19)

The model configuration chosen as representative of a subsonic civil jet~
transport configuration had an aspect-ratio 7 wing of 5 ft span, with 10%
thickness-chord ratio, 33° quarter-chord sweep-back, a large-span L.E. slat,
and an inboard T.E. flap deflected 20° Typically“S, for a ground clearance
h = 0-7¢, the improved simulation by belt movement leads to some alleviation
of the fall-off in lift-incidence curve slope experienced before the stall
(due to ground constraint) together with a slight increment Schax = 0-07 in

maximum 1ift coefficient; but this is not large compared with the basic change

ACLmax o =0+3 from ground effect (belt stationary). Again, just below the

8tall, the belt movement gives only small reduction 5CD 2 ~0+01 in drag at a
prescribed 1ift coefficient, compered with the basic change ACD o =0:05, The

change in moment coefficlent due to belt movement is also not large, tending

to reduce the magnitude of the increments due to ground both tail-off and tail-
on, For the plain-wing configuration (high-1lift devices retracted), the 1ift,
drag and moment changes due to belt movement were practically negligible.

In assessing these results, it should be noted that the directly oom-
parative tests have, for rig reasons, to be made at an airspeed not much above
80 ft/sec rather than the full-scale speed of 200 ft/sec, while the model is
only sbout 1/25th full-scales, In fact, the 1ift and drag changes due to belt
movement are the same order of magnitude as those resulting from doubling the
test speed and Reynolds mumbers, with the belt stationary. Broadly speeking,
it seems reasonable to assume that the use of the conventional fixed ground-
plate only slightly exaggerates the changes due to ground effect for subsonio
Jet=transport configurations, at least with high-1ift devices glving moderate
Cmax Volues (= 2:5) away from ground.

43,2 Slender wing (Fig.20)

The slender wing model had an aspect-ratio 1+36 gothic planform of 3 ft
span, with a sharp leading-edge swept back 70°; tests were made without and
with a long body of cireular cross~sectionlé, For the wing without body at the
smallest ground clearance h=0+13c, of the pivot point (x = 0:57¢ o)y the belt

movement leads to some incremse in 1ift at the higher ineidences, e.g. 5cLa_~o'05
near « = 15°, but this is small compared with the basic gain AG, & 0+3 from

ground effect (belt fixed). The corresponding changes in moment and drag
coefficients due to belt movement are insignificant when comparison is made at
the same 1lift coefficiente In fact, detalled pressure-plotting studies on the
wing show that the belt movement causes a general change in the surface pressure

- 20 -
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distribution rather than alleviations concentrated at the trailing edge, even
at « = 15° where the trailing edge is nearly touching the ground, while upper
and lower surface changes are of the same order of magnitudes Similar argu-
ments hold even when the body is added. .

Thus, it again seems reasonsble to accept the conventional fixed ground-
plate for tests on slender wing models, at least unless special high-1ift or
jet-deflection devices are under consideration.

Le3.3 Jet-flap wing (Fige21)

The nature and magnitude of the effects of ground proximity for Jet-flap
wings were previously investigated by detailed experiments on the R.A.E. Jjet-
flap complete model with a fixed ground-platel5, but it was fully appreciated
that unrepresentative effects could occur from interactions between the Jet
sheet (or entrained flow) and the ground-plate boundary layer., This model
has therefore been extensively re-tested on the moving-belt riglb, The
aspect ratio 9 wing, of & ft span, has a highly-cambered thick section
(NACA 4424), with an 11% chord T.E. flap (full-span except for the body cut-
out); a thin jet sheet is ejected from a slit in the flap shroud and clings
to the upper surface of the defleocted flap. The strut entry into the fuselage
upper surface, with the high-wing position, necessitated the addition of local
auxiliary B.L.C. to minimise flow separations on the model surface near the
Jjunotion. Beocause of this and other model changes, the results quoted with
the belt stationary should not be compared directly with those obtained
previously with the fixed ground-plate.

Some typical measurements of 1ift, moment, thrust end downwash (high
tail) are shown in Fig.2i, without and with belt movement at mainstream speed,
with a jet deflection angle 6 = 50° and a ground clearansce h = 1+:5c for tne
wing. Except for downwash, no significant changes from belt movement ariase
until the jet momentum coeffioient Cp or the jet angle to the mainstream
(=4 8) are large enough to cause jet impingement on the ground. Then, belt
movement produces some recovery of lift-incidence slope before the stall,

atalling incidence and chax’ with accompanying increases in nose-down pitch-

ing moment (tail-off), thrust and downwash. For example, with Cu = 4 and
8 = 50°, the 1lift increment due to belt movement'&CL =07 2 01 CL at «a~15°,

the stalling incidence with the belt stationary. Moreover, detailed flow
studies imply that the incidence at which a significant part of the jet begins
to flow upstream along the ground oan be delayed as much as 10° by the belt
movement, with associated increases in circulation and stalling incidence.

Thus, the conventional fixed gi‘ound appears to exaggerate the influence
of ground proximity significantly only under conditions of severe jet impinge-
ment, when large ground effects are, in fact, present.

Le3:k  Air-cushion vehicle (Fige.22)

The performance of air-cushion vehicle models in a mainstream might
reasonably be expected to be serlously affected by the presence of the ground-
plate boundary layer, The model tested on the moving-belt ground!? is represen~
tative of the Britten~Norman C.C.2 arrengement, with a neasr-rectangular planform
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5 £t long and 3 £t wide, and twin Heba fans (centrifugal-type) feeding a
per:lphoral slot on the underaide of the vehicle. For a ground clearanoce

h = 27 4n. (= 0405 ,J n), at sero incidence apd constant fan Tepsme, thé
belt movedment lesads to negligible changes in the oritiocal speed at which the
mainstream dynamic head reaches the static ocushion pressure, when the air-
cushion is first penetrated by tlie mainstreams Furthermore, there sre no
noticeeble changes in 1ift and drag, up to the critical speed at least, though
the nose-up moments are reduced by nearly one-third in the neighbourhooed of
the oritiocal speed. In fact, the lower surface pressures on the model are
affeoted far more by mainstream speed variation than by belt movement.

Unfortunately, the generalisation of results from such models is not
straightforward, particularly when the jet dynamic head is low (here 5 1b/
8q ft), since the peripheral distribution of exit momentum varies appreciably
with mo.instream speed, incidence and belt speed, with assoolated interaotion
on the fan and duoct flows. Hence, at this stage, the present comparisons,
though encoureging, cannot be assumed to be valid for eir-oushion vehicles in
general,

4e3e5 Jet-1lift configuration (Fig.23)

Jet impingement and entrainment effects lead to looal areas of high
pressure and low pressure on the ground with jet-1lift oconflgurations, so that
the assooiated flow patterns around the wing and body might well be modified -
significantly at low mainstream speeds by Jet interaction with the boundary
layer on & fixed ground-plate. One jet-1lift model, with four exits in .the
body and a high wing oonfiguration, has been tested on the moving-beit rd.g7,;
but. only briefly because of running problems assooiated with permanent belt
extennion and locsl belt separation from the. present backing plate,. as already

mentioned in Seotion 4e2.3. For a wing ground clearance h = 055 /\fks/x, a
jet thrust loading T/S = 55 1b/sq £t and jet angles 85 = 90°, belt movement

seems to have little effect on 1ift or moment (ta.il-off), even though the
impact pattern of the Jets on the belt and corresponding upflow over the model
change oconsiderably with mainstream speed and incidence.

Naturally, these results envisage acceptance of the fixed ground-plate
as adequate for such model, but further checks are necessary over a wide range
of jet angles and forward-speed ratlios, while tailplane contributions must
also be atudied.

Le4 Provisional gonclusions on aerodynamic needs

For conventlonal airoraft configurations with high~lift mechaniocal flaps,
and for slender delta-wing arrangements, there seems to be no justification for
further moving-belt ground tests. Indeed, it seems preferable'yo rely on the
results from teats with the conventional fixed pground-plate at higher Reynolds
numbers than feasible with the moving ground in practice, accepting that there
may be some slight exaggeration of ground effeots due to the extraneous
boundary-layer on the ground-plate.

- 22 -



Technical Note No. Aero 294

With jet-flap configurations, the effect of the ground-plate boundary
layer appears to be significant only under conditions of jet-sheet impinge-
ment, when further studies at larger jet angles and lower wing heights from
the ground ‘than 4in Seotion L+3,3 would merit consideration with practiocal-
Cu-values. The influence of the mainatream-speed/jet-speed ratio on the .
boundery layer interaction for a presoribed Cp-valuo (varying jet sheet
thiokness) also warrants examination.

The present evidence with one specific peripheral-jet model arrangement
on the moving giound cannot be generalised without quelification to other.
sir-oushion véhicle models, Some further tests are therefore planned; inolud=
ing detailed studies on a pure jet~blowing model with the axit flow distribu~
tion oarefully controlled and meuured.

Although Tor fuselage round-det arrangaments, the effect of the ground-
plate boundary layer promises to be small, further moving ground investigations
are needed to cover a wider range of jet angles, mainstream-speed/Jet-speed
ratios, ahd ground -clearsnces, particularly as regards the influence on.the
flow field in the vicinity of the tailplane, For jet-lift subsonic transport
arrangements with 1ift/thrust or pure lift engines in nacelles on the wings,
the results and oonclusions may well be quite different, so experiments are
planned on such a model.

Overall, aerodynamic measurements with a fixed ground-plate are already
Justified over a much wider range than oould have reasonably been expeoted.
Exoept in the extreme oase mentioned above, the presence of the extransous
boundary layer seems to exaggerate ground effeots only slightly. Moreover,
there is now reasonable hope that our further ressarches will confirm that
the moving-belt ground installation may only be needed in the future for a few
special inveatigations or limited checks and ocontrol teats. In these oircum=-
stances, the main body of testing oould then continue to be carried out using
the conventional fixed ground-plate, with resulting advantages in simplicity
of rigging, ease of testing, and maximum test speed.
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FIG.6. COMPOSITE-MODEL RIG FOR JET-NACELLE MODEL
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FIG.14

(a) 6in. DIAMETER MODEL FAN

FIG.14. DOWTY-ROTOL AIR DRIVEN FANS
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FIG.15. MOVING=-BELT GROUND RIG IN R.AE. [14FT x 84FT TUNNEL
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