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SUHLLARY

This thesis describes an investigation into several aerodynamic
features of a wind tunnel model containing a lifting fan in its body.
Nost tests were performed in the Imperial College 5'x4' wind tunnel.

Many conflicting requirements defined model dimensions and the
leading particulers of its 6.4" diameter, 23,200 RPM fan unit.
Aerodynamic and Engineering design is discussed.

Lift, Drag and Pitching iloment were measured with and without
wings at forward speeds between 15% and 65/ of the 200 ft/sec jet
velocity et incidences between +20°, The addition of underfins
removed the initial decrease in 1ift increments, which amounted to
about 10%, as forward speed was raised. Forces measured in the
114" x 84" tunnel at R.A.E, were within 2 or 3% of the 5' x 4!
tunnel results except at high incidence and at the higher forward
speeds with wings fitted.

The development of the jet plume into a trailing vortex pair
was demonstrated using smoke and tuft methods and a flow structure is
suggested. “Tith the exception of extreme incidences, surface flow
patterns near the jet chenged little with forward speed or incidence.

Flow measurcments behind the fan were analysed usihg a specially
designed integrating device, which is describeds The results showed
that as forward speed increased the fan progressed down its characteristic
total head rise curve, mainly because of increasing inlet total head.
This caused a reduction in fan 1lift and an increase in momentum drag.

The initial reduction in incremental 1ift as forward speed is
increased is shown to be partly due to & loss of 1lift on the fan unit,

e
an effect not greatly dependdnt upon incidence., Further loss of 1lift
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is examined using a crude vorteX. representation of the jet plume
and some incidence effects are explained. It is tentatively
proposed that, because of a decrease in the strength of the trailing
vortex pair, the reduction of 1ift increment at the higher forward
speeds is less than might be implied from the closer approach of the
plume to the body.

Further experiments are required to achieve a better understanding
of the jJet plume; In particular the determination of trailing

vortex strength over a speed range appears to be most desirable.
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1. INTRODUCTION

For meny years heevier-than-zir vehicles have flowm which are
capable of leaving the ground verticelly, performing a mission, énd
then landing vertically. Until recently the presence in the main-
stream of large roteting lifting blades has kept cruise speeds low
and in combination with mechanical complexity hes made such transport
more expensive than that using conventional take-off techniques.

Recent aircraf't contain powered 1if't installctions which are
enclosed by the structure and which are operated only when the
aircraft wings will not sustain flight, One advantage of such a
system is that the vertical 1ift capability compromises the cruise
case less, though 'dead' engines must bé carried throughout the flight,

Another possibility, the combined engine with tilting nozzles,
avoids carrying some of this extra weight, but engine design must
involve compromises between cruise and vertical lift requirements, It
seems probable that some future aircraft will use more fully integrated
lift/thrust systems which are in continuous use,

Current intercst in the VIOL field focusses upon jet and fan 1lif't.
There is no sharp dividing line between these cétegories. The jet unit
uses higher gas velocities and socmewhat smazller areas than those needed
by the fan unit with its lower outlet speeds, Dry weight considerations
favour a jet-1lif't bias, but the higher Froude efficiency of the fan
unit tends to restore the balance since less fuel is used, The
overall choice depends on the length of hover time as well as on many
design considerations, These may include the volume of the umits,
noise, response to control, availability of emergency power,
recirculation effects, starting in the air, interaction between the
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unit and external flows, and the amount of aerodynamic interference
present due to the intake end due to the sink effect around the
periphery of the jet, These last aspects are of interest in the
present work,

Chapters 2 and 3 will describe the aerodynamic and engineering
design of a wind tunnel model intended to investigate several aspects
of the aerodynamic interferences end interactions ishich may occur in
VIOL instellations,

In the sutunn of 1961 three component force tests were carried
out on the model in the Imperial College 5' x 4' wind tunnel over a
range of forward speeds and incidences, Surface flow visualisation»
wes also carried out, In June 1962 the force measurements were
repeated in the R,4,E, 113! x 8%' wind tunnel using doubled incidence
increments, These results are reported per se by Trebble and
Hackett (1963) who also make appropriate comperisons with another
model (see also Trebble and Williams (1961)). Such compsrisons are
therefore omitted from this thesis and the 113’ x 8}' tunnel results
are presenied only in an investigation of the effect of tunnel
constraint on measured forces. (See Section 7.6)

Throughout both the preparatory and the experimental work a need
vas felt for a knovledge of mean duct quantities, in 6rder that
forces associctcd with changing conditions at the fan could be
investigated over the whole field of experiments., The labour involved
in reducing by hand the necessary duct traverses was prohibitive and no
solution was apparent initially., However early in 1962 the film
reader described in Chapter 4 was devised which enabled the required
data to be ootained, The results of this final series of tests are

reported and discussed in Chapter 7.
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2,  AERODYNAMIC DESIGN OF HODEL

2.1 Iniroduction

This chapter deals with the overall design of the wind tunnel
model and the ducted fan unit, Engineering design is dealt with in
the next chapter, Because testing was to take place in the 5' x 4!
wind tunnel the fan ﬁnit required was only half the diameter of
those then in use at the government research establishments, It
was therefore necessary to develop a unit of new design. The jet
diameter to tunnel proportions are very similsr to those of several
RAE and NPL experiments,

The design sequence which is outlined in this chapter somewhat
idealises that used originally, In practice several project studies
and many design cycles took place during the six months in which the
model was designed,

The aim throughout the design was to avoid expensive "one off"
proprietary items and to use conventional techniques wherever possible,
/iny other course would have resulted in the production of the fan
unit becoming an experiment in itself, rather than the means of
performing a series of experiments in aerodynanmics,

2,2 Fuselage desien (See Figure 2,1)

Gregory and Raymer (1958-9), iyatt (1959) and Melbourne (1960)
have performed experiments which demonstrate that it is inadvisable
to mount jet lifting units across the thickness of wings because
suction azhead of the intake and on the undersurface near the jet can
lead to considerable nett loss of lift and large nose-up pitching
moments as forward speed increases, DBecause of this emphasis tended

towards body-mounted 1lifting units (irebble and Williams (1961),



Gregory (1961) and Wyatt (1961)). The work described here was
carried out in parallel with these experiments., The object has been
to reduce further the horizontal area around the exit of the lifting
unit, and to investigate the nature of flows which are associated
with lifting fans,

The smallest envelope around a ducted fan unit is the cylindrical
duct itself, Further reduction leaves an open rotor which is not
of interest at present, 4n American and a German aeroplane employ
lifting uniis mounted at the wing tips which are rotated for pro-
pulsion in forward flight. (See Yaggy and Mont (1961)). As this
system restricts the basic design of the aeroplane because of the need
to rotate the duct, a more useful pod-type of unit has been tested,

In an attempt to achieve a low drag coefficient with fan-off
the shape of the body was derived from the airship R101, The fan
axis is at right angles to the body centreline, The duct cylinder
has flat ends in order to reduce lateral velocity components which
may affect the fan and vwhich complicate traverses across the duct for
the determination of mass flow., By building up the sides of the body
to meet the end planes of the duct it is possible to make the body
diameter only about 30% greatsr than that of the duct and to have
only a small horizontal afea around the outlet of the duct., - In
order to promote attached flow over the intake lip this was given a
generous redius (one fifth of fan diameter) on the upstream side of
the inlet, reducing to €% at the sides and rear of the duct (see
Pigure 2,2). Table I gives a summary of model dimensions,

If the duet aerodynamics aéé to be fully represented it is desirable

to employ some form of fan system rather than separate suction and
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blowing. This a«llows any inlei-outlet interference to make itself

felt and in particulér it allows the effects of high velocity air
on the upsitream side of the inlet to be felt by the fan and at exit,
See Gregory st al (1962))

2.3 The Fan and Centrebody

Basic Design

Originally contra-rotating fans were considered because these
made possible higher disc loadings than were altainable with a single
fan, Fowever as the design progressed it became apparent that high
rotational speeds were required by any fan system having the required
output, It was decided that the combination of contra-rotation with
high speed was unacceptable for enginsering reasons, These included
difficulties in providing adequate bearing support in the centrebody,
in designing a small enough gearbox and in the length of time needed to
manufacture the systenm, Therefore a single fan design was used,

As the presence of the gearbox precludes central positions and the
ends of the duct are unsuitable, the choice of axial position of the
fan is limited to either one quarter or three gquerters of a diameter
from the inlet, The tests of Taylor (1958) show that the static
thrust is approximately the same for the two positions, When combined
with the requirements of gearbox geometry and lubrication the two
possible fan positions give a choice between an inverted wodel with
the fan downsiream, and a model 'right way up' with an upsiream fan,
The latter was somewhat arbitrarly chosen as three factors appeared to
favour it,

Firstly the effects of possible separations from the forward lip
of the inlet are probably smaller for the upstream fan since the area

of disturbed flow is less here, Gregory (1962) has shown that the
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separation region probably contains vortices whose axes run dom the
duct. It appears reasonable to arrange that these shall not have
developed to significant size before the fan is encountered,

Secondly detailed design showed that with the fan in the upstream
position the stator was best placed in the downslream position, and
vice-versa, Had the fan been placed downstream then a pre-swirl stator
would have been needed, Because pre-siwirl vanes increase the power
required for a given 1lift these were not used, 4 relatively small
number of large chord straightener blades were used in order to reduce
the number of wakes encountered during traverses of the exit plane,

Thirdly in the full-scale aircraf't space will be limited and the
fan may have to be placed high in the duct regardless of aerodynamic
difficulties, In this respect the model may be more representative
than some having long settling lengths before the fan,

By keeping fan blade angles moderate adverse effects due to non-
axial flow near the inlet can be reduced, In order to avoid stall
effects 1t was decided to limit the swirl angle at the fan boss to about
30 degrees, This condition determines several features of the fan,

For example a relationship is defined betieen jet velocity and fan R,P,i,
The diameter of the fan boss and centrebody is affected by the need to
keep blade root tangential speeds high enough to give sufficient jet
velocity and 1lif't for accurate measurements to be made readily,

A factor of considerable importance is the need for the centrebody
to house either e motor or a gearbox, Tor the present design a gearbox
was needed and at one stage it appeared that the size of the whole model
night be determined by the size of the gears themselves,

Various nctural frequencies of vibration need to be checked

(see 3,4). In particular the fan blade bending freguency may be
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near to that imposed by the wakes of centrebody supports unless care
is taken, The natural frequency may be raised either by raising
the centrebody diameter to shorten the blades, or by tapering the
blades, or by reducing the number of blades and increasing their
chord to achieve the same solidity. Natural frequencies near to
those imposed by the gear teeth also need to he carefully avoided,

Centrebody Shape

The upstream end of the centrebody must be of streamlined
shape but the shape of the downstream end is open to discussion,
Contemporary models have blunl ends downstream which probably offer
more resistance to the flow than necessary, An ellipsoidal rear
end, similar to the intake end was therefore used, It was thought
that this could only give less drag than a blunt-ended centrebody.
The centrebody finally chosen was equivalent to a 2:1 ellipsoid with
a length of circular cylinder inserted between the two ends to house
the gearbox, (See Figure 2,2)

While the model was being manufactured some short qualitative
tests were performed to investigate the properties of swirled flows
round a 2:1 ellipsoid, Flow visualisation was carried out using
smoke in the 3% inch svirl tunnel at Imperial College,

It was thought that some benefit might acerue from allowing the
flow behind the fan to expand before the swirl was removed as the
vortex-type pressure distribution might aid the boundary layer on
the centrebody, £l though the body diameter was only one third that
of the swirl tube, the separation point did move downstream as swirl
was increased, eventually becoming completely atiached for swirl
angles between 50 and 60 degrees, (See Figure 2,4) A vortex burst
can be seen in one picture,
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Although the expected effect ﬁas certainly present the swirl
angles needed for significant movement of the separation point were
higher than those likely to occur behind the ducted fan, It was
decided to straighten the flow at full centrebody diameter.

2.4 Model size and jet velocity,

2.4,1 Introducfion

In 2.2 and 2,3 the shape of the model has been fairly closely
defined but no consideration has been given to model size, centre-
body proportions, jet velocity, or matching a driving motor to the
model dimensions, Before this can be done it is necessary to
examine several aerodynamic and experimental factors which directly
affect the size of the model, The way in which these restrict the
design of the model is summarised by Figure 2.6

2,4,2 Limitations imposed by tunnel size

As no reliable corrections are known for the effect of tunnel
constraint on rounc jet mocels it is desirable to keep the model
smaller relative to the tunnel dimensions than is usual for aircraft
mouels, Correction tables have been published by Heyson but the
mathematical model used is not very representitive of real flows,

Other work, which has become available since the model was
designed, gives recommended model sizes for tolerable interference
forces (Butler and Williams (1959)). In the present work the
experiments of Jordinson (1958) were used to predict free air jet
penetration, An arbitrary criterion was adopted that the distance
from the jet outlet to the tunnel wall opposite to it should be no
smaller than the free-air jet penetration, at the loiest velocity
ratio (di.e. v/vJ) of interest, TFor tests in the Imperial College

5' x 4' wind tunnel the requirements of motor size and static lift
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overrcde this critcrion which was achieved only at and above velocity
retios of 0,50, Later tests in the R,4.E, Fo,1 113" x 8%' tunnel
brought this value down to about 0,25,

Recent work suggests that as the interference effect of the wind
tunnel is substantially the same as that of the ground, one is representing
real conuitions by testing in & wind tunnel, while this mi_ht be used
as an argument towards increasing.the size of & model it should be
remembered that ground clesrance ought to be inecreased with forward
speed to represent a practical flight path,

In order that clcarance between the rear end of the model and
the tunnel floor and roof is adequate ¢t high incidence it is
necessary to restrict the model length aft of the pivot to about 20"
and to place the model centrally in the tunnel, Both this and the
previous requirement meke small model size desirable.

2.L,3 PFower, 1ift and jet velocity requirements

Before ¢eeiding on duct and model size it is necessary to determine
the air powver reguired by various combinations of duct size and through
velocity, and to examine the corresponding theoretical values of static
lift,

If 1lift LJ lbs is produced by accelerating air from rest to VJ £t/ sec

in a duct having an equivalent diameter dE ft then:

T 2
Ly _.pthZVj ese 2.1
and the corresponcing air power is
= L
PJ = 2LJV5 : eee 2.2

Figure 2,5 is the result of putting likely valucs of Vj and &E into the
above equations and gives valucs of air pover and static 1lift,
As the model motor ran at constant R, P.i. it was necessary to vary

V/Vd by altering the speed of the wind tunnel, As the range of V/V&
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from 0,2 to 0,6 had to be produced in a.wind tunnel having speeds
available from 40 ft/sec to 150 £t/sec it was clear thut Vd should lie
between 200 and 25C-ft/sec. when combined with root blade angle
requirements these values imply rotational speeds between about
20,000 and 30,000 R,P.M,

In order that fan 1lif't forces should be large compared with
model alone forces it was decided that the static 1lift of the fan
unit should be at least 10 1bs, This is consistent with the need
to measure accurately interference forces of about 1(. of this with
a balance which reads to 0.01 1b,

2.4.4 Limitation of tip Mach number of the fan

Because hich rotztional speeds were necessary the avoidance of
compressibility effects at the fan blade tips became of importance,
iiacDougall (1951) gives performance figures obtained from propellors
having Clark Y aerofoil section which was also employed for the model
fan, These show thut it is desirable to keep down the value of
peripheral tip Mach number to 0,70 in order to avoid the compressibility
drag rise, The 'Handbock of Aeronautics' Volume III was also
consulted,

2.4.5 Centrebody diameter as a proportion of the fan tip diameter

The final value chosen for boss-tip diameter ratio is determined
during final fan design in Section 2.6, In order to determine the
pover required by a fan of a given tip diameter it is necessary to
estimate the range of centrebody diameters which are likely to occur.
For a given tip diameter and through velocity méximum power 1s needed
when the boss diameter is a minimum, As blade requirements place a

minimum value on boss radius and tip biach number limitation creates a
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maximum permissible tip radius, it is possible to determine a minimum

value for rU/r as follovs: =
T

Qo
V = DI ﬂ =¢‘M ] 2.3
TIPyax —  Tyax o Tyax

From Appendix I and 2.6.1

2/3VJ
ry . MIN for pre-swirled
MIN conditions vee 2.4
( éI/b
r 2/3V
-.o bMIN= JM]:N s e e 2-5
r w d M
tyax (V%) o Tyax
/v
Putting V; = 200 ft/sec (sece 2.4.3)
W
(V%) =1/3 (see 2.6.2)
/9
and My = 0,70 (see 2.4.4)
MAX
yields Ty = 0.514
MIN
r
tMAX

We shall use this fi ure rounded off to 0,50, Results will also
be quoted for U,58 for comparison, It is unlikely that values greater
than this will be of interest since the jet then has too annular a

nature, The range of rb/r values of interest includes that for
t

maximum power required for the case with no'pre-swirl. This is discussed
in Appendix II.
2.5 Power Unit

2.5.1. Suitable types of power unit

The more likely possibilities included an air turbine or an electric

motor within the model or a flexible drive from a motor outside the wind
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tunnel, Since high rotational speeds were required the latter was

soon discarded, The air turbine appeared to be a possibility but at—the
at the time of initial design no suitable motor existed and published
work concerning attempts to make small efficient air turbines was

not promising (Llewelyn—Davies et al (1952))_B.ﬂ,ﬁ, have since had
developed successful units of this kind, Recently (McWherter (1962))
details have been published of a very powerful hydraulic motor

using high pressure fluid,

The only available possibility which existed at the time of
design in a proved form was the electric motor, which allowed
conventional techniques to be used throughout,

It was decided that the best type of electric motor for the
present purpose was an induction motor powered by a high freguency
supply unit, TFor the model motor a range of stator and rotor
units usually 'used in machine tools appeared promising, The
frequency changer used gave constant output frequency,‘variable
speed capability would have doubled the cost, The Stator-Rotor
units combined the advantages of rugged construction, cheapness and
the possibility of building the motor into the model, which allowed
a more compact design than the installation of a motor with its
ovn casing and bearings,

The total cost of the Stator-Rotor unit and the associated
frequency changer was approximately the same as had been quoted for
a specially manufactured D,C, kotor, One advantage of the chosen
system was that 95% of the cost was the frequency changer, which was
well protected by a thermal overload cut out, The model motor could

therefore be over run if necessary and regarded as expendable,
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However in the present case the motor was run below its guoted power

rating,

2.5.2 Sizes of likely electric motors

kven using the high speed motors made necessary by the fan blade
and 1ift requirements it was very soon apparent that it was not
possible to house a sufficiently powerful motor in the centrebody of
the fan, The motor was therefore mounted in the Torebody, The
detailed design 1is described in Chapter 3.

A range of motors suitable for the forebody installation was
selected. Using data from the makers catalogue the following
relationship, valid only over a limited range of sizes for this
particular type, has been derived relating motor diameter to power
and speed,

_ 3070 H.,P, }
dE = 3,84 + 2= —Hme=t where qﬁ

Motor Stator diameter
(Inches)

N = R,F.k, of motor.

The proportions of the model were such that the motor stator
diameter could be no more than 70;: of the fan tip diameter, Using
this with the above formula it was possible to draw Figure 2,7
relating to rotational speed the maximum pouier that could be
associated with a given fan tip diameter for 50 and 58} bosses,

A 1:1 gear ratio has been assumed throughout in the calculations.
(See Chapter 3) The power required by the fan has been calculated
assumning 100% efficiencies throughout and zero pre-swirl,

2.5.3 Final choice of motor .

FProm Figure 2,7 it is possible to determine further boundaries
which modify Figure 2,6 by removing areas where motor size becomes
excessive, Figure 2,8 shows the areas which remain if overall
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efficiencies of 1005., 70% and 50 are assumed in combination with 50
and 58. bosses, 70 represents a possible figure for combined
stage and gearbox efficiencies, 50% allows the same stage and
gearbox efficiencies leaving adequate power for the addition of pre-
swirl if required, It can be seen that the design possibilities
which remain are very restricted,

In practice only two fan synchronous speeds, 24,000_R.P.M. and
27,000 R.P.ii, within the design range were available using standard
electrical equipment., The lower speed was selected for the following
reasons:—

(1) Power to be transmitted through the gearbox is little

more than half of that for the 27,000 R,P,ii, case, (See Figure

2.5) The amount of heat to be dissipated will be less and

cooling problems will be eased,

(ii) The motor will have substantial reserve power, allowing

the possibility of 'stretch' either by installing pre-swirl

vanes or by small increases in R,P,k, For the 27,000 R,P.H,

case the whole system would be running at full capacity and

little flexibility would be possible,

(iii) Tip ilach number for the 24,000 R,P,il, configuration is

well clear of the drag rise,

(iv) 24,000 R,P.k, was the hi_hest speed obtainable using

frequency changer equipment, Higher speeds require a more

complicated inductor-alternator set,

(v) Noise levels will be lower at lover speeds, Even at

24,000 R,P M, it was found advisable to wear ear protectors

during tests,
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It follows that the desigzn point lies on the 24,000 R,P,.li, line
between tip diameters of about 5,9" and 7.4",

2.6 TFan blade and stator design

2,6.,1, Theory

The design uses free vortex theory in the form given by the
late Professor H,B, Squire in an unpublished note, The note is
reproduced in full as Appendix I of this thesis,

In order to determine the advantages to be gained from
introducing swirl to the flow before the fan the method of
Appendix I was extended to include a pre-swirl term., The relevant
velocity diagrams are given in Figure 2,3,

The following development summarises ths procedure: -

m,~-H P
From I,3 Z) S — /:_u:\(m . 2.6u1
\IPV,2/ T EjVizevs Vs/
(‘9&.) will be chosen between 1/3 and 1/2 as recommended,
J b
Ir QO P
is known then r, = ”
'b Jz- .\P " ew 2. 6'2
VJ,b ghy
> A o
In addition r, may be determined from r, = T - rb
Hence B = rb4 may be determined,

t
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Stator vanes

We shall investigate the arrangement in which the total swirl
due to the fan is counteracted equally by pre-swirl vanes and
straighteners, The vanes will be untwisted and the angle of the
straighteners will be such that they reduce to zero the total

angular momentum,

Initial ewirl velocity due

/
to the pre-swirl vanes =~’§'\@VE> V3 £t/ sec
b

Swirl velocity imparted

'wr\ R .
by ban at radius r ={%< _VJB = | (Free vortex dist.)
\‘ VJ/ \r

Swirl velocity imparted

7
by stra:.g;lﬂ:u:eﬂge:J = Vg £t/ sec

f 1 o / iV,
Total swirl momentum = 2xR2pV.2/ [<@£> B--l(o—)f‘ ! S }d{ >
RTP JJB»VJb - VJ‘/ \VJ/\R

. . S wr 1-33 R -
Thi lds == = tan = == - L : -
s yields 7 as / > 57755) with pre-swirl ,,.2.6.3

v
S /O)I’\ -2B ]
d ~= = tan = —— 52 oy —si
en VJ 0-3 \V l (1 +B7 ‘ 1thout pre S 1r1 o»o.zcsok

Hence a, with or without pre-swirl,
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Fan Blades

(i) flow angles (See Figure 2.3)

tn o = (42), 3fwr) .. 2.6.5

Blade Pre-
Rotation Swirl

_ /6 w) ) wr> <; )
tan a =
2 vy T Z\V ( . T ves 2.6.6

4 ~
tan a,, = é\tan oy + tan 2y fSlr) [z \ <w1> .B.(I;;}
b

Fan Term

\V /

Hence a5 Oy and a5 with or without pre-swirl,

(i) C; values and solidities

From Equation 6 of Appendix I

Cr = 2 wr cos o, where S = solidity
= g‘{%{g} -.Bo(%\ cOSs 0(.12 s es 2.6-8
\ */
b

Liniting tip C  to 0.50 (See Appendix I) and substituting in

the appropriate value of a obtained from above allows the tip

12
solidity to be calculated, The use of parallel or slightly tapered
blades then produces a design which is aerodynamically acceptable,

2.6.2 Determination of fan boss and tip diameters

In 2,5,3 the design point was shown to be between tip diameters
of 5,9" and 7.4" at a through velocity of 200 ft/sec, Neither the
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overall «fficiency nor boss diemeter has yet been specifivd, In
order to complete the design some trial drawings had to be made in
order to determine the most suitable combination of the remaining
variables, In what follows a 4,6" diameter motor giving 6 H,P,

at 24,000 R.P,ii, has been assumed at the ocutset and it will be seen
later that its size is consistent with the design conditions,
Iteration between tip diameter and area was necessary to achieve

this.

First determine P. knowing PLI = 6 H,P,

J

Asssume gear efficiency of 8% and seals-plus-windage loss of % H,P,
Then input to fan P = 4,5 H.P,
Assume stage efficiency of 85%

Then 1='J = NP = 3,8 HP,

Choose A. = 0.15 ft° Vv

. 5 = 210 1/ sec 0 =24,000 R.P,}.=800w rads/ see

(Note that V, has been raised slightly to allow for R,P,l, quotation
at synchronous rather than true speed.)

Following the method of ippendix I (Pre-swirl conditions)

(H, - H )x-15x210 = 3.8 x 550

Ii"‘Iio ( -
s s ¥ )\ wy
glving g—e-5 = 1,290 = 20 == .(;«-)

/o ,
Take { ‘\'»;-I—') = 1/3 (boss condition) in order to reduce the
.\4 J
b
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straightening needed. Hence at the boss <§%£:> = gx1.29 = 1,935 = tan SIPS
Nd
b

if pre-swirl = $w . This figure gives reasonable blade angles at

. _ 210 _
the boss, .°, r, = 1,935 x 8o = 0,154 ft,

508s diameter = 3.8"

2 j B = 0,578
For AJ = 0,15 ft” corresponding tip diameter = 6,4"

Corresponding motor diameter = 0,70 d, = 4. 5"

2,6.,3, Calculation of fan blade angles

Using equation 2,6,7 with and without the pre-swirl term
included gave the upper graph of Figure 2,9 which shows the distri-
bution of swirl angle along the len.th of the blade,

Solidity was determined by limiting CL to 0,50 at the tip and
applying equation 2,6,8 giving:-

TN
I
i =) 0,58.,1, cos «a
3/

0.252 for pre-swirl and Nc = 4,72"

0.50 =

U o
-

i2

This yields 3

and S

f

0.266 without pre-swirl, Ne = 4,98"

Ne = 5,00" covers both cases,

Three or five blades were likely possibilities, As the chord of
the former would have been greater than the blade length that possibility
was rejected, Later it was found necessary to taper the five blades
slightly in order to relieve root bending stresses and to raise the
natural frequency, (See Chapter 3) This raised the desizn value
of C_ at the tip of the blade to 0,525,

The centre diagran of Figure 2,9 was obtained by substituting into
2.6.8 the values of solidity and swirl angle appropriate to the 1,0"

parallel blade with and without pre~swirl, and the tapered blade with-

out pre~swirl,
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1055 Clark Y aerofoil section was chosen, The addition to the
swirl angle of the incidence required for the appropriate value of
CL gave the blade angle distributions of the lower graph of
Figure 2,9,

It can be seen that, for a given total head rise, the addition
of pre-swirl loiers the blade angles by only about 2 degrei@ although
power is increased considerably and the manufecture is made more
complicated, The idea of employing a stator at entry was there=-
fore rejected, This allows the possibility of reducing the total
head rise coefficient from 1,29 to little more than unity, which
in turn permitis either increased velocity or a larger diameter jet.
The possibility was not used and the extra available total head rise
was regarded as a safety margin, Under most conditions the fan
should operate below its design point and should use less than the
maximum power available, The safety margin allows inlet
maldistributions or adverse pressure differences to be overcome with
a reduced risk of stalling the fan blades,

2.6.4 Straightener desiegn

The design foliows the recommendations given in Appendix I,
Twelve circular arc blades of 1.30" chord were employed, This
gave unit solidity about half way elong the blade and demanded
1lif't coefficients no greater than 0,55, The blade entry angle was
determined using equation 2,6,4 which reduced to zero the total
angular momentum, The blades were untwisted, Tigure 3.2
shows the straightener ring before assembly,

2.7 The design of wings and Underfins. ( sometimes called fences)

Wings
Since both body-miunted ducted fans and wings are likely to
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be positioned near to the aircraft centre of gravity, interferences
between the two are of interest. In order to separate wing
incidence effects from body effects wings were designed so that the
angle relative to the body could be altered, Wing area was
determined by considering conditions before and after transition
between jet- and wing-supported flight,

Eizh intake wmomentum drag will provably preclude transition
speeds greater than one third of the jet specd corresponding to
static thrust, If the maximum safe wing 1ift coefficient and the
available jet lift are known then a minimum wing can be found,

For the present model transition from 14 1lbs of powered 1lift to
14 1bs if wing 1ift at CL = 1.2 needs wings 2 square feet in area
for transition at avvelocity ratio of one third, (CL =1,2
represents the probable full scale value, This has been used to
obtain a wing of representative size,even though this 1ift co-
efficient will not be achieved at model scale), A wing of this
area was designed for approximately elliptical load distribution,

It has 2:1 taper and an aspect ratio of 6. The straight quarter
chord line passes through the fan axis, The duct annular area is
7%% of the wing area, It is unlikely that full scale aircraft will
have ducis any larger than this,

Underfins (abbreviated to 'fins' in some later chapters)

Following the recommendations of Gregory (1961) a pair of
ventral fins was designed in order to investigate reported favourable
interference effects. The fins were flat plates, one duct diameter
deep and two long, They were situated one diameter apart and
extended forwards to points one diameter ahead of the front of the

duct exit., They were joined to the body along their upper edges,
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'Perspex'was used to aid flow visualisation on the inside surfaces,

3 ENGINBERING DESIGN OF 1:0DEL

3.1 General layout (See ALR 6020, at end of thesis, and Figures 3,1 & 3.2)

In 2,3 we saw that a single fan design was preferable and in 2,6
it was shown that sufficient power could be obtained from a single motor,
This is mainly a consequence of the high rotational speed which enables
a motor of fairly high power density to be used,

The motor chosen was rated at 4 H,P, fully enclosed or 6 H,P, if
ventilated, It was decided to air cool the motor using free stream
gir fed from air intake at the front of the model and exhausting at
the sides as shown in Figure 2,1, This system produced little
disturbance to the flow and made unnecessary the avoidance of balance
constraints likely to be associcted with an external cooling system.
The obvious place to mount the motor was therefore ahead of the fan
duct,

It was found thet the motor shape best suited to the general
outline had the highest length : diameter ratio of the range under
consideration, The motor length was consistent with positioning the
duct at the maximum thickness point 405 back from the nose,

Design studies showed that the best way of providing accurately
positioned rigid mountin;s for the motor and bearings was to make the
forebody and duct section from aluminium alloy castings, AER 6020,
the general assembly drawing included with this thesis, shows the two
main castings and the machined centrebody which is supported between
two cast spiders located at the ends of the duct, Photographs of the
model and some of its components are given in Figures 3,1 and 3,2,

3.2, Gearbox desipgn

The right-angled spiral bevel gears needed for high speed had
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pitch~cirele diameters of 13", The size of the cylinder needed to
house the gearbox was determined by the plan view of the gears, The
possibility of using a motor rotating more quickly than the fan had
some attractions due to the greater power density obtainable, However
it was found that the centrebody diameter became large compared with
the size of the model if the gear ratio was changed from 1:4, This
ratio gave the smallest gearbox volume and resulted in a centirebody
diameter which gave an acceptable solution to the problem of fan blade
resonance, The gearbox diameter of 3,70" is 58l of fan tip diameter,

4t zero incidence with the motor off the oil level in the gearbox
wes just above the driven gear, leaving the majority of the driving
gear exposed, For high positive incidences extre oil was added,
This method gave adequate lubrication and heat transfer without
undue churning losses, Molybdenised o0il of S,A,E,20 grade was used,
Both shafts could be adjusted axially to correct the backlash of the
gears,

Cooling calculations proved difficult owing to the three
dimensional nature of the problem and the awkward shapes involved.
The makes quoted 96% efficiency for their spiral level gears but
this was thought to be optimistic and 90 was used in calculations,
Calculation of the heat transferred through the idealised outer
cylinder of the gearbox to the duct flow gave an estimated temperature
rise within the gearbox of 170°C for equilibrium, In practice 130°C
was measured using a thermocouple, The difference probably combines
the effects of axial heat flow, possible higher gear efficiency
and the fact that pover consumed was less than the total rating,
The gearbox temperature fell as the gears became run-in, As a
general safety measure the oil level in the gearbox was checked
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frequently and running times were kept down to 20 minutes where
possible, However little oil replenishment was found to be necessary
and runs of 40 minutes were made without difficulty,

3.3 Vibrations and Resonances, (See table 2)

Because imposed freguencies as high as 7 ko/s were present in
the rig it was necessary to conduct a careful survey of the natural
frequencies of the major moving parts, In addition shaf't whirling
speeds had to be estimated,

Design philosophy was based on keeping most of the fundamental
frequencies above the rotational frequency of 400 c¢/s., Care was
taken that no third harmonifs coincided with the higher imposed
frequencies, A resonance was noticed between 5,000 and 6,000 R, P
during commissioning at R,4.E, Bedford when the fan blade fundamental
bending mode was excited, During tests at Imperial College no
troubles of this description were encountered because speed was not
variable and start up and shut down were very rapid, The motor
speed reached 23,200 R.P,ii in about a second,

An aspect of particular importance is the whirling speed of the
notor shaft, Because of the motor length and the cantilevered
gear this tended to be low, The diameter of the shaft had to be
increased above that of the original design in order to raise the
whirling speed above the rotational speed, This fact accounts for
the presence of the rather thick drive shaft in the duct, Because
of the small difference between the rotationzl and whirling speeds and
the unknown amounts of constraint and damping, the calculation was
checked independently,

As mentioned in the previous chapter the fan blades were

tapered slightly in order to raise their natural frequency in bending,
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Calculations for five parallel blzdes gave a fundamental of about
1600 ¢/ s which is the frequency at which one fan blade passes the
wakes of the four centrebody supports, Taper in thickness and
planform raised the bending fundamental to 2100 ¢/s.

The rotating parts were dynamically balanced to a standard
similar to that applied to airecraft cold air units which rotate at
36,000 R,P,li, The need for careful assembly was emphasised by a
trial calculation which showed that the omission of one gear key
(on a 5/8" dia, shaft) could produce a rotating forece of about 25 lbs,
Parts were therefore carefully merked before final assembly,

2.4, Detail Design

The forebody and duct section are castings in aluminium alloy,
the af'terbody being a simple fibreglass shell, The stator is mounted
between webs in the forebody with the rotor between angular contact
ball races fitted into housings which are part of the model, This
type of bearing requires a spring preload to hold the balls against
their seats, The general assembly drawing shows the sets of coil
springs which tension the fan- and motor-shafts in order to preload
both sets of bearings, The front motor bearing and the lower fan
shaf't bearing are permitted to float axially in order to achieve this
effect, Thermocouples were fitted to all bearings and in the gear-
box while commissioning the model,

It was arranged that the motor shaf't and the centrebody assembly
could be removed from the model independently of each other, This
involved fitting a removable seal plate which passes through the stator
when the motor shaft is withdrawn, The seals are of the rubbing type
made from 'Gaco’ flexible plastic, They run near to their maximum

allowable rubbing speed and have proved effective and reliable,
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Due to its high circulation the 7/8" diameter drive shaft would
have produced more than 1 1b side force if left exposed to the duct
stream, A4 shroud was therefore fitted round the shaft which prevented
the associated flov distortions which otherwise would have resulted,

The fan was made from an aluminium alloy casting, the blades
being profiled on a copying and reducing machine, Stressing for
fatigue was necessary since 1% million revolutions occur per hour of
running, Pessimistic loading assumptions for the tapered blade gave
an upper surface peak compressive stress of about 8,000 lbs/in2 and
a lower surface peak tensile stress of about 3,300 lbs/inz, chiefly
due to bending, As the quoted limit for long life in Lii6 is about
7,000 1bs/in2 it can be seen that the thinner root of the parallel
blade design would have been inadmissible due to fatigue limitation,
as well as on a natural frequency basis, lletal=to-metal tip clearance
was approximately ,008", This was further reduced by applying coats
of paint to the duct wall,

3.5 The design of the test rig.

The model was suspended from the three component balance in the
5' x 4' wind tunnel at Imperial College, using the standard tunnel
struts, These engaged either wing cleats or the cylindrical support
struts shown in Figure 3.1, This figure shows slender lower struts
which were later repleced by a stiffer version, 3racing wires were
also added which decreased the amplitude of sideways oscillations due
to buffeting which occured with the fan and tunnel running,

Because undesirable interference effects have been reported
between strut guards and wings, no guards were used, The resulting
high strut drag'values were less significant than usual since force

increments were required from the present tests, Strut drag tests
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were performed with ¢ cylinder, similar to the body support cylinders;
spenning the struts. At 100 ft/sec with the body on struts at zero
incidence 15 1lbs of drag measured with fan on included 5.75 1lbs of
strut drag. ne eylindor wes removed for the duterminction of the strut

corrcetion appropriate to the body-on~wing oasc. For fen-off tests covers
could bs fittcd Flush at boths cnds of the duct which were sealed with
tSelotope?.

Static thrust tests were conducted with the jet pointing through
an 18" diameter hole in the tunnel floor. All possible doors and
windows were left open in order to reduce further the adverse effect
on 1lift of flow recirculation, (See Figure 3.3)

Three high purity aluminium wires arranged as in Pigure 3,1 served
both as tail wires and power supply wires, Power was fed to their
outer ends by long free-hanging cables which gave negligible balance
constraint, Because currenis could be as high as 60 amps for the
on-line start, wires of 0,10" diameter were needed. Running
currents were between 15 and 20 amps at 160 line volts and 400 ¢/s
(nominal),

3,6 Probes for duct flow investigation

Pitot-static investization of the duct were carried out half-
way between inlet and outlet using three radial rekes of tubes,
These were attached to the straightener ringz which could be rotated
during a traverse, A small reversible elsctric motor drove a
worm which engaged the ends of the straightener blades and thus
rotated the rakes. (See Figure 3.4) The worm shaft was also
geared to a ten turn helical potentiometer which gave remote
indication of the angular position of the traverse gear, Twenty
three plastic tubes left the model through a 1" diameter cylinder

suspended below the duct., (See Figure 3,3)
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As the fan drive shaft was in the plane of the traverse the three
rakes were given unequal angular spacing, so that the drive shaf't
occupies at 140° interval between rakes, the other two spaces being
110°, In this way uniform coverage can be obtained without duplicating
readings at the ends of the traverse,

Five total head tubes were spaced so as to represent equal annuler
areas, Static tubes were mounted between each of the inner and outer
pairs of total head tubes, Four static pressure holes in the duct
wall enabled the readings of the outer static probes to be checked,

Because of the swirl present between the fan and the straiéhteners
all tubes were inclined at 15° to the axial direcction, Errors in
alignment which resulted are discussed in Section 4,2,

4, THE SCOLE, nFASUREHMENT £ND REDUCTION OF DiaTi

4,1 Test procedure and scope

Table 3 summarises the tests which were performed at Imperial
College and at R.4,E, Farnborough during 1961 and 1962, The former
tests were made at constant incidence, which avoided chaﬁges of
balance zeroes during a run, 4t Farnborough the tunnel speed took
too long to settle for this to be convenient, The absence of data
at 100 £t/ sec in‘the'R.A.E. tests is due to a tunnel resonance at
this speed, The model fan ran at approximately 23,000 RFii in all
tests,

For the first test series it was possible to work single handed,
The model fan was switched on as the tunnel speed approached its test
value, Tests were made at even hundreds of tunnel fan RPIi, It was
found that measurement of 1lif't, drag and pitching moment at six
forward speeds took 10 to 15 minutes, Zeroes were checked after each

run, For some tests it was found necessary‘to run the tunnel and
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medel fans hefevae bajing an indtial sere in erder e ashieve
repeatability of pitching moment zeroes,

Although power measurement and speed control were added for the
R,A,E, tests the time per run was similar since three people took
part,

In the third group of tests measurements were made of forces,
model power and speed, tunnel speed and duct flow at one sSpeed and
incidence in 6 to 10 minutes, care being taken to ensure that the mano-
meter readings had settled, One operator took photographs of the
manometer for various rake positions, and controlled the traverse gear,
while the author made the remaining measurements, As the films of
manometer photographs were to be read automutically special care was
taken with the photography. (See the following sections)

4.2 Methods of measurement (Imperial College results)

Force measurements were made using the overhead three-component

balance, Zeroes were recorded before and after every run, The
pitching moment balance was less reliable than the force balances,

In the third series of tests forces were measured with the traversing
rakes in the same position every time,

Tunnel speed was determined from the pressure drop across the

tunnel contraction indicated by a Betz manometer, A vertical rake
of pitot and static tubes showed no change in centreline distribu-
tions upstream of the model when the model fan was run, However
tunnel RPY for a given working section speed changed considerably
if model incidence was changed with fan on,

Fan R.,P.}M, Since fan thrust depends on the square of model
fan R,P,M, this must be held constant and measured accurately, For
the first series of tests the supply frequency was fixed and the
variation of speed with load was assumed small, Subsequent checks
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justified this assumption, the speed variation over the range of test
parameters being less than N

Variable input frequency on the Farnborough rig made close
speed control necessary, lMost speed measurements were made by
measuring the frequency of the fan noise, which produced a substantial
signal from a microphone placed in the tunnel roof above the model,
Since the 2 k¢/s fan blade frequency was combined with a strong &4 ke/s
component, the signal from the microphone was f'ed to an oscilloscope
where the output from an oscillator was arranged to form a Lissajous
figure, The oscillator frequency was then measured using a counter,
The results o.tained agreed with those given by a stroboscope,
When fine speed control was available at R,4.E. it was found possible
to adjust the fan speed to give a noise frequency within 1 or 2 o/s
of the 1950 ¢/ s standard,

Power Input to Fans, The "two wattmeter" method was employed

at Imperial College, though in fact a single wattmeter with a change~-
over switch sufficed, In a few tests voltage and current were also
measured in order to estimate the power factor of the motor,

Duct Flow Investigation, (See Figure 4.3)

With the traverse gear described in Chapter 3 it was possible
to make 165 total head and 66 static head measurements between the
fan and straighteners at a plane half way down the duct, By this
choice of traverse plane difficulties due to the presence of wakes
were reduced, This was important because automatic data reduction
was to be employed. (See 4.3)

Because of the swirl in the flow behind the fan it was necessary

to incline the pitot and static tubes at 15° to the axial direction,
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Calculcted misalignment was 13° for the end tubes, giving acceptable
accuracy, The effect of changes of forward speed and incidence

on flow direction is not known but the measurements by Gregory (1962)
indicate that errors of significant sizes are likely to be confined
to relatively small areas,.

Pressure tubes from the model were lead to a vertical multi-
tube manometer containing Carbon Tetrachloride, Special scales
were attached which were used during data reduction, After considerable
experiment the photographic and alignment details of Table &4 were
developed, Calibration marks which reduced to 0,002" on the 35 mm
negative were sharply defined, Further details are given in 4,3,3.

Photographs of 15 total and 8 static pressure manometer readings
were taken at 10° intervals (See Figure 4&5), ziving 11 frames of
film for each of 35 test conditions, This was repeated for two
configurations,

4,3 lethods of data reduction

Wwith the exception of strut-drag corrections to fan-off data
no wind tunnel corrections of any kind were applied ( see 2.4, 5.2
and Chapter 7)

4,3,4, Reduction of forces and moments

ieasurement of Lift, Drag and Pitching iioment were made at
the incidences of Table 3 both with the duct ends sealed and with
the fan running, wind tunnel R,P.il and reference pressure being
noted throughout,

Required quantities are increments of measured forces and
moment due to fan operation under various conditions,  The
formation of dimensionless groups will be discussed in the

section which follows,. In order to £ind the increments the
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Pan~-off forces are needed which correspond to the forward speed in
the appfbpriate Fan-on condition,

Reduction may be based either on tumnel R,P.I readings or
on reference pressure, both of which were calibrated against the
centreline velocity upstream of the model, The former gives
Fan-off forces at the Reynolds number corresponding to the Fan~
on case, In the absence of large Reynolds No effects a

_ dk’tLu—C)fVH-A%VVWuit(AMMJ_ . )

comparison of forces oR—eR—TFripe—basdks is sufficient, as in the
present case, It is necessary to bear in mind the possibility
of a change in tunnel calibration factor if reference pressures
are used, However for the present tests the errors due to
assuming constant calibration factor turned out to be less than
1% of fan static thrust, This implies that fan-off forces may
be plotted against reference pressure and the forces corresponding
to the fan-on case determined from the fan-on reference pressure
directly,

The calculations for the body-on-struts case (first test
series) were performed using both this and the true airspeed
method and the agreement was satisfactory.

4.3,2 Calculation of Jet Velocity Ratio

A dominant parameter in the present work is the ratio of
mainstream veloecity to jet velocity. (See equations 4.3 and L.bL)
This is also important because it is the main parameter by which
the development of the jet plume may be desecribed,

For the tests of Chapters 7 and 8 mean jet velocity was
measured and a genuine velocity ratio could be formed, For
tests in which no jet velocity was available, the nominal -

duct efflux velocity is frequently used as in Equation 4.4, In
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this case either the static thrust must be measured for each test or
the true tunnel velocity must be determined. This is necessary
because the fan runs at constant RPl and the equivalent airspeed

of the jet, and the static 1if't, alter with ambient conditions,

As before either tunnel fan Ril or reference pressure may be
used in reduction, since tumnel velocity calibrations were made in
terms of both of these quantities, The reference pressure was
used in preference to tunnel RPIi firstly because it was a 'speed
squared' measurement and secondly because it was not easy to
obtain exact tunnel R,P.I settings because of an insensitive
control, Checks showed fair agreement between the two methods,

4,353,353 Reduction of duct flow measurements using the Film Reader

(See Figures 4,1 and 4,2)

In the previous section the need for measurements of both
mass and momentum flux is made apparent, As the distribution of
velocity changes with forward speed and incidence it is not possible
to calibrate the duct in any simple manner, Because of this a
data processing device was made which could read and integrate
the data contained on manometer photographs, The principle of
operation will now be described,

Consider a rake of pitot and static tubes which is connected
to a multitube manometer traversed so that each point investigated
represents the same area normal to the flow, The5§§;2§§“¥§h£§§Zd
of local static and total heads, local velocities and functions
of local veloeity required in boundary layer or statistical

calculations,

Special scales are attached to the manometer which have
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alternate olack and white divisions spaced according to the required
functions, Cne scale is needed for each function, 4 series of
photogrephs is taken with the rake at equally spaced posiiions, the
tubes and scales being perallel to the length of the film,

After development the whole negative £ilm is placed in the
reader in which an image is projected onto a screean, (See Figure 4.1)
The image moves continuously in a hoxizontal direetioq’the top of
the manometer apvearing first, 4 pholosensitive cell placed in
line with the image of a tube reading static pressure gives an increase
in output when the lighter imazge of “he manometer liguid is reached,
For linear measurements this signal is used to start a counter fed
by pulses from a photocell which reads the linear scale, The
count is stopped by a signal from a photocell placed opposite to the
image of the appropriate total head tube and is displayed on a counter,

For non-linear scales it is necessary to allow for the variation
of zero point, due to the presence of diff'ering static pressures on
one photograph, 4 'transfer counter' is used in the manner illustrated
by Figure 4,2, This figure gives the sequence of operations used
to read one pair of tubes on one frame.

Integration is carried out by allowing the output counter to sum.
the signals from every frame, The process is repeated for each pair
of mancmeter tubes and is made easier by wusing a continuous loop of
£ilm, The integration of each scale quanti“y is carried out separately,
The results of checks on the accuracy and repeatability of the reader

are given in Appendix 3,

Application of the reader to the results of Chapters 7 & 8 (See Figure 4.3)
Tor the determination of the sums of local velocities and their

powers the readings of the outer three total head tubes were subtracted

4o



from that of the outer static tube., The readings of the two inner
total tubes were combined with those of the inner static tube, The
use of only twoAstatic tubes in the rake assumed small variation of
static pressure along any radius, Experiment showed that the
assumption was justified,

Unfortunately the static tubes of rake 2 were damaged early in
the test séries, Wall static pressures have been used in this
region, The following quantities were summed over the duct

(i) to (iv) 1local velocity, its square, cube and

fourth powers,
(v) total head, measured above atmospheric
pressure,
The sums were determined for the 35 speed/ihcidence combinations
and two configurations given in Table 3.

No rake calibration corrections were applied since these were
within epproximately 1% of each other, which is comparable with the
probavle errors due to flow misalignment,

4,4 Reduction Parameters

The presence of the fan-mainstream interaction and induced
circulation over the forebody, as well as the sink effects around
the emerging jet, makéég the choice of reduction parameters difficult,
The ratio of forward speed to fan tip or jet velocity is a
fairly obvious speed parameter, Becausé of the differing nctures
of the effects which combine to give the nett incremental forces,
a compromise is likely to result when this reduction parameter is
chosen, .Consideratiqn must also be given to possible experimental
difficulties in the determination of certain parameters, particularly
those associated with the duct flow.
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Table 5 gives three alternative systems which will now be
discussed in turn,

(a) Reduction using duct flow guantities

For non~uniform cuct flow, in the absence of external

interference: -~

cos o eee L4

i1

SN

AL pA JV

PA V.V + pAV

2 .
V5 77 sin o eee L2

AD

]

giving the dimensionless groups-:

2
v
AL~ gos a ana A X _i sin & ... 4.3
J— o —_ =D
2 g2V vV
pAJVJ pAJVJ J J

The mean velocity parameter has been used for the drag increment
because at low incidence the inlet momentum term dominates the equation,.
Since incremental moments are strongly dependent on the mcment of intske
momentum, the mean velocity parameter is appropriate here too. . -

The duct flow measurements described in Chapter 7 were originally
intended for use on the above basis, However it was found that
large interference forces were present which obscured the effects

caused by changes in duct conditions,



(b) Reduction on the basis of installed static 1ift T and nominal

efflux velocity V'

This approach was used both in the author's preliminary report

and by Trebble and Hackett (1963). The nominal efflux velocity is

2
defined by the equation T =[3AJV5 , where AJ is the fan annulus
T

area,the equations corresponding to 4,3 are:-

AL = cos a and AD =
T T J

It can be seen that experimental momentum drag will be greater
than that of 4.4 since the increase in jet velocity has not been taken
into account, Although the method is convenient and readily applied,
difficulties can arise if tunnel interference affects the measured
static 1ift, (See 6.5) 3ecause of this comparison of forces
measured in the 5' x 4' and 11%' x 8}' tunnels has been made on the
basis of fan tip speed parameters, (See 7.6)

(¢) Reduction using fan tip speed parameters

As rotalional speed can be measured accurately and since the
model dimensions are known, these groups are least susceptable to
experimental error, As before no allowance is made for interaction
or interference, However the system is compatible with that usually
employed in fan performance calculations and automatically
compensates for experimental variations in fan R,P,H,

5. INVLSTI®TION OF FLOW PAST THE MODEL

5.1 Surface flows with the duct sealed

Surface flow patterns were produced using 'Dayglo' pigment and
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parsitin and illumineting the model with ullra-violet light after the
stream had dried off most of the paraffin, (See Lalthy and Keating
(1960)) 1Tests .ere wade vith the mein duct sealed at both ends and
included an invesztigation of the effect of a transition wire and of
the flow pattern chenges due to the motor cooling system,

As the model had & good surface finish laminar flow was
maintained at zero incicence.as far back as the plane of the motor
cooling outlet for all forward speeds, Here the emerging cooling
air and the raised shoulders ahead of the wain duct caused transition
to turbulent flow, (The highest test sveed was 140 ft/sec, giving

Re

1 3 x 106. Transition caused by model geometry at

0.9 x 106). At high incicences a small separation bubble

Rex
appeared- on the top lip of the cooling intake, giving rise to a
turbulent boundary layer over the top of the body., This improved
the flow pattern just ahead of the main duct inlet.

Figure 5,1 shows side views of the model on struts at zero
incidence with énd without the transition wire. It was found
difficult to promocte transition at positions ahead of the wire
shovwn, Since the transition wire affected the flow pattern only
as far back as the cooling outlet, its use was discontinued,

By taping up one cooling outlet interference effects could be
demonstrated, The smooth flow over the side of the body was then
interrupted only by the wake of the support struts, Figure 5,2
shows that for the winged conf'iguration some alleviation of the
root stall occurred at the side with the cooling outlet left
open, The effect was similar with both outlets uncovered, It

seems probable that the cooling air delayed the root stall by
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acting as a fillet, Uo zttempl was made to optimise the small
plasticene fillels employed,

It can be seen from Pigure 5.3(a) that the surface flow patiern
with the body on struts at high incicence resemble those of similar
axisymmetric bodies. (See Thwaites (1960) and Werle (1960)) <The
use of a tuf't wvand at cositive incidences showed additional vortices
springing from the edges of the flat areas round the main inlet,
(Which was sealed)

At zero incidence the flow over the wings was nearly all laminar
and spanwise flow associated with root effects was present, During
natural transition ahead of the trailing edge surface streamlines
kinked back towards the mainstream direction, Tigure 5.5(b) shows
a region of reversed flow associated with the wing stall,

5.2, Flow observations with the fan operating

5.2.1 PFlow into the duct

As explained in 2,2 a 20% radius on the forward side of the
intake decreased steadily to 6% of jet diameter, at the sides and
rear of the duct, The Dayglo and paraffin technique gave
indistinct patterns on the lips and inside the duct entry, However
the discernable features were consistent with a record of unsteady

man-meter tubes kept during the pitot-static traverses of Chapter 7.

Figure 5.4 suumarises the observations of oscillating manometer
readings, The shaded areas should not be interpreted as regions
of separated flow, The total head tubes, approximately 0,10"
from the outer wall, 4" down the duct, showed only small oscillations
about a mean little lower than the readings of adjacent tubes, It

maybe inferred that, half way down the duct, reversed flow regions
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could have occupied a:maximuﬁ of 2: of tihe duct cross-sectional area,
iuft ocbservations showed no separations on the radiused lip, Faraffin
techniques indicated small separated regions just beyond the end of
the radius at the positions incicated in Fijure 5,4,

The very small sepcrations present would probably have been
avoided if 1lip radii had been larger in the regions 45° each side

of the forwvard centreline, The upstream lip radius was adequate,

5.2.2 The development of the jet plume

Tﬁis sub-section deals with medium and high forward speeds, The
low-speed cases, in which tunnel floor efects were large; are
discussed in Section 5.3, In order to avoid confusion with the wing
vortex system, observations were limited to the case with the body on
struts,

Jordinson (1958) shows that as a round Jet emerges normally fram
a flat plate into a stream it is bent over, its cross section being
distorted into a kidney-- and then into a horseshoe~shape, Figure 5.5(a)
shows the downsiream cross—-section of the jet produced by the present
model, The picture was taken using a "smoke screen" technique with
the light slit approximciely 6.2 diameters downstream of the jet exit.
4 small canister, suspended inside the wind tunnel ahead of the
model supplied the smoke, which all passed through the duct, almost
filling it, The "smoke screen" {echnique and the canisters are
described by lLialtby and Keating (1960). The ima_e of the model
was produced by switching on the tunnel lizhis for a brief period
during the 10 seconds exposure required to photosraph the smoke,
Even with the tunnel speed almost half that of the jet, the plume
approaches floor level at this section,

The tuf't photo,raphs of Figure 5,6, taken from the downstream
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side of the grid, indicate flow directions at a cross-section 4,2 dia-
neters downstream of the jet exit, (5ee also Pigures 5.7 and 5.8).
At the lower tunnel speeds of Figures 5.6(&) and (b) patierns indicating
a vortex pair can be seen, Vortex motion was also observed while
takinz the smoke photographs. The vortex on the left-hand side of
the tuft pictures is less clearly defined, TFigure 5.1i (b) indicates
that this vortex may have been weaker, probably due to assymetry
caused by the drive-shaf't wake, (See fMigure 7.2) The fact that

the camera was mounted off-centre may also have made the left hand
vortex less ocvious, Figure 5.6 (d) indicates the tuft positions
with the model fan switched off,

Figures 5,7 and 5,8 are sketches which combine information
obtained from earlier photographs. The edge of the region of
disturbed flow in Tigure 5,7 1is adequately clear of the floor only
in the high forward speed case, It appears likely that the path and
shape of the plume in the other cases is distorted by floor constraint,
Unfortunately no similar observations were made in the R,AE, 11%’ b'd 8%'
tunnel to confirm this,

4 possible plume structure, deduced from the limited flow
observauvions above, will now be described, The edges of a viscous
jet directed downwards in still air may be represented by a series of
co-axial vortex rings, As the speed of a horizontal mainstream is
increased the downsiream sides of the vortex rings are carried away,
leaving a trailing vortex system, The process is analogous to vortex
shedding by an accelerating wing., TFigure 5.8 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 Figures 5.5 to 5.7.
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As the presence of downsiream vortices was demonstrated for
most test conditions, it is useful to consider further their possible
upstream origins,. In the development above it is implied that the
up stream elementary vortices remain wrapped around the front of the
Jet cylinder, A further possibility is that some vortices may end
at a model surface, rather than loop within the fluid, The surface
flow patterns, described in the section which follows, showed the
extent of vortex rooting on the model.

5.2.3, Surface flows due to the jet

In the previous section the development of the vortex pair
was described, In addition to the associated downwash field over
the rear of the body, 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 in Fizure 5.9(c)
are similar to those to be expected on the equivalent cylinder-body
Junction, However the flow to the rear was strongly affected by
Jjet suction since it was shielded from the mainstream, This was
particularly marked with underfins added which delayed closure of
the mainstream behind the jet. (Note the reversed flow on the
inside of the fins in Figure 5.14(c))

The Forward Speed Effects

The flow patterns produced at zero incidence (Figure 5,9) show
a general resemblance to the corresponding patterns around a jet
issuing normally from a flat plate, (See Wood (1963)) Comparisen
in Figures 5,9, 5,12 and 5,13 between the medium and high forward
speed cases 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
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surface flow angles varied little with forward speed, Since clearance
between the jet and the body decreased with forward speed it may there-
fore be inferred that there was a simultaneous reduction in the strengths
of the vortices. It can be seen from Figure 5.6 that the vortex helix
angles decreased as forward speed increased,

The Incidence Effects

(a) body on struts

Figure 5,10 1llustrates that at negative incidences the flow patterns
become more complicated, particularly at the lower forward speeds.
Because of difficulties in obtaining good photographs of the flow
patterns for speeds below 850 ft/secﬁ, a careful sketch was drawn for a
typical condition, (Figure 5.10(c)). Five singular points could be
seen in the vicinity of the jet at 75 £t/ sec tunnel speed and -20°
incidence, wwhen the paraffin was still wet the small vortices near the
Jet were seen to be rotating in the directions which correspond to
positive 1lif't on the model, 0il seeping from the gearbox over the
centrebody showed small vortex roots there too, However these may
have been associated with a separation bubble on the centrebody., It
is thought that small vortices may also extend a short way up inside the
duct, The saddle points denoted in Figure 5.,10(c) are also apparent in
Figures 5,10 (a) and (b) and 5,9 (e¢). Slight indications of vortex
rooting are also present in the latter,

A%t high positive incidences there was extensive vortex rooting

behind the jet at all forward speeds at which patterns could be

—— . S e e —-—— — — O e i o e i e o s Gt s i e i . o S e o . S e e

® At negative incidences paraffin tended to accumulate in the
region of interest behind the jet, where surface velocities tended to
be low anyway, This made the drying time unacceptably long,

Because larger gravity eff'ects were present extra care was
required in the interpretation of these flow patterns,
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produced, (See Figure 5.11) However force measurements showed

that the patterns were accompanied by tunnel constraint forces,

(See Section 6.5) Unfortunately no visualisation was carried out
at R4E which might have indicated whether tunnel effect was solely
responsible or not, The asymmetry of Figure 5,11 is probably
associated with the fact that, due to distortion between the fan

and the straighteners, the drive shaft wake was off-centre,

(See Figure ;:25 Tests with one cooling outlet sealed showed little
change in the vortex pattern behind the jet,

(b) body on wings

As in the case above flow patterns were affected more by changes
in incidence than in forward speed, (Compare the difference between
Figure 5.13(a) and 5.,12(b) with the differences betseen the other
photozraphs of Figure 5,12) It can be seen that the flow close
to the sides of the jet is similar to that with the body on struts,

At zero incidence patterns with and without wings were very
similar, 4t 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° incidence, (Compare
Figure 5,12(e) with 5,11(b)) The reversed flow region above the
wing of Figure 5,12(e) resembles that with the fan off in Figure
5.3(b).

when the wing stalled negatively parts of the body in its wake
became strongly affected by jet suction, Figure 5.12(a) shows
that there was extensive reversed flow behind the jet at —-20°
incidence, (c.f. Figure 5.10(2))

(c) Surface flows on underfins (Figure 5.14)

In view of their beneficial effect on 1lif't under forward
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speed conditions (see Chapter 7. ) flow over the perspex
underf'ins was investigated.

It was found that with the fan off end the duct sealed at zero
incidence the flow over the fins was uniform on both sides with no
bubbles or edge separations,

Wwith the fan on surface flow patterns showed that the sides of
the jet Lecame attached to the inside of the fins, This caused
mainstream air to be deflected doimwards between the fins, (See Figure
5.1#(b)) leaving a region of slow moving air on the undersurface of
the body just ahead of the jet,

Figure 5,14(c) was obtained by allowing the pizment in paraffin
applied to the outside of the fins to be carried to the cleaned
inner surface, The outside pattern was then rubbed off, The
reversed flow region on the fins behind the jet is demonstrated,
There was a corresponding reversed flow region on the body, with
saddle points but no vortex roots,

An edge vortex outside the lower edge of the fin can be seen
in Figure 5.14(a) which was not obvious 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., (See 5.2.2) If this was so the
displacement of the trailing vartices away from body surfaces could
have reduced adverse downwash effects,

5.3 Interaction betiween the jet and the 5' x 4' wind tunnel

As mentioned in 2,4,2 corrections applicable to 1lifting wings
cannot be used in the present case, No suitable mathematical
model yet exists which represents the jet plume as described in

5.2.2,
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Upsiream 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 noticably different from that in free air, Later tests in
the RAE 113" x 8%' tunnel allowed the corresponding changes in forces
and moment to be estimated, (See section 7.6)

The overall picture of conditions in the smaller tunnel will
now be described, 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 tumnel 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 millimeters of water
the resulting horizontal buoyancy forces on the model were small.
However Figure 5,15 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 Torward 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% of fan static 1lift, It is apparent that
local efflects 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
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the floor separation (Figure 5.15) corresponds closely to differences
between increments measured in the 5' x L' and 115 x 8%' tunnels.
Although at the lowest tunnel speed only 6% of the working section
flow passed through the model, the rate of flux of kinetic energy was
2% times that through the tunnel working section. The drag caused by
removing horizontal momentum from the stream was equivalenf to a model

Vv
having CDA = 0.3 J/V » &iving an increase in tunnel power factor of

v
0.07 at /V = 0,20, It is unlikely that this would cause serious
J

trouble at the tunnel fan or in the return circuit. With the tunnel
fan set at 40O RPM the working section velocity was 4O f't/sec.
Switching on the model fan reduced this to 30 ft/sec approximately.
The corresponding effects at 1400 RPM are illustrated in Figure 5.16.

The s0lid blockage effect of the model &lone gave calculated
local velocity increases of about 2% which rose to almost 1% 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.

Fortunately the tunnel calibration factor was little changed by
fan operation (see Figure 5.16) and pitot-static rake measurements on
a vertical centreline ahead of the model showed the same uniformity

of flow fan-on as fan-off,
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6. FAN-OFF TEST RESULTS AND STATIC PROPERTIES OF THE FAN

6.1 Introduction

Before examining the interaction between fan- and model
aerodynamics and the effects of the Jet plume, it is desirable to
establish the respective base conditions upon which these interactions
are superimposed. This chapter therefore deals with characteristics
of the model fan and the free-stream acting separately. For the
fan-off tests both ends of the duct were sealed with flush covers.

6.2 Tests with fan off

The main purpose of these tests was to determine the base
condition above which force increments due to fan operation could
be measured.

Figures 6.1 to 6.3 show the fan-off force characteristics of
the model for all test configurations except those in which wing
datum angle was varied. No tuﬁnel corrections have been applied,
though strut drags have been subtracted.

The effect of a transition wire

Since Reynolds Numbers between 105 and 106, at which transition
is likely to occur naturally, imply a movement of the transition
line over the forward part of the body of the model within the
range of test speeds, a transition wire was considered. later
flow visualisation showed that the transition point was fixed by
model geometry (see Chapter 5)s The use of the wire was therefore
discontinued.

The 1ift and pitching moment coefficients were hardly affected
by the wire. The drag coefficient was increased on average by

about 10:..
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The drag of the motor cooling svsten

Cooling air which enters the nose of the model through area
AC and which has free-stream total head, 1s ultimately ejected
with only transverse momentum. The theoretical incremental drag

coefficient is therefore ZAC/A In practice this is modified

REF®
by interference effect both at inlet and at exit.

In order to determine the coocling penalty with the body on
struts and fan duct sealed, drag measurements were made with a
nose-cap fitted and with the cooling exit taped over. It was found
that at zero incidence there was negligible change in drag when
the cooling duct was opened. At 20° incidence there was additional
drag of about two third of the value predicted above. (See
comments concerning flow pattern in Chapter 5).

These findings imply favourable interference between the

cooling system and the body on struts.

Drag with the fan duct open, fan off

The following incremental drag coefficients, based on body

area, were found to vary little between 40 and 160 ft/sec.

Increases in CD Open side facing
a=0° ‘a ‘:200
0. 0L 0.06 rearwards
First cover removed
0.02 forwards
Second cover removed 0. 05 no measurements

due to buffet.
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6.3 SBome propertics of the fan at zero forward speed

The results of static 1lift measurements (See Table 6)

Barly static 1if't readings with the body on struts were more
than 11b lower than the design value, even though all the doors and
windows of the 5" x 4' tunnel had been opened. (The tunnel floor
was 3.2 diameters below the Jet exit.) Inclining the model to 20
incidence did little to reduce the recirculation and ground effect
which probably caused the deficit. An 418" diameter hole was there-
fore cut in the tunnel floor to allow the jet to escape. The static
1ift with the body on struts was then close to the predicted value.

Table 6 shows that, according to measurements made at
Imperial College, the presence of wings reduced the static 1ift by
nearly 2., probably due to ground effect. This agrees with similar
measurements by Wyatt (1961). The addition of underfins caused a
further reduction of about L.

The static 1lift results of the third series of tests show the
effects of successively adding the traverse rakes and pressure tubes
to the plain body configuration tested earlier. The apparently large
reduction in static 1ift caused by adding the plastic pressure tubes
is probably mainly caused by the impingement of the jet on the tubes
which were carried laterally to the manometer. (See Figure 3%.3).

The effect could not occur witk the floor closed in the forward speed
cases.

Table 6 includes values of the thrust coefficient T/p@lR)zAj
obtained from measurements in the 5' x 4! and 11%' x 8%' tunnels with

closed and with vented working sections for the body on struts.
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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, U/hile the observed agreenent 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 cleaer that when nmeasuring static 1ift 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 increnents for coaparisons between the two tunnels
in Chapter 7.

Measurements in the duct

With the single exception of the exit traverse at zero forward
speed (Figure 6.5), all flow measuremnents were made at the central
plane. Here two factors complicate the reduction and interpretation
of data:-

(i) ieasurements were in a flow with distributed swirl.
Although tube readings were probably little affected (see 3.5) the
additional assumption when reducing data, that swirl was constant
at 15° probably resulted in an underestimate of boss velocities and
an overestimate of velocities near the duct wall. The overall error
which resulbed was probaebly small since the errors at the extremes
are likely to be only 1¢. -

(ii) The smoothing effect of the fan, described in Appendix IV,
caused disturbance velocities due to forward speed effects to

becone small compared with those caused by the fan drive shaft
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ghroud, which was in the traverse plane, Had the traverse been

made any further upstream then tube readings would have been suspect
because of the proximity of the fan. Wallis (1961) Page 294, shows
that unless the traverse plane is carefully chosen, false high

values of total head rise coefficient will be indicated by the probes.
This is due to mixing losses within the blade wakes and to inter-
mittfhcy effects. Figure 6.6 shows that this difficulty has

probably been avoided,

Figures 6.4 and 6.5 show the distribution of axial velocity at
the central and exit planes respectively. The uniformity of the
flow in the central plane is good away from the drive shaft, which
also creates a large wake at the exit plane. The rotation and
twisting of this wake between the central plane and the straighteners
is close to that predicted using design figurese.

At the exit plane static pressure decreased from atmospheric
at the edge of the jet to about 1" water suction near the centrebody
(Cp:: -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° underturning might be expected.

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

The calculafed Total Pressure rise characteristic

The method given by Wallis (1961) has been used to determine
the theoretical mean total head rise coefficients for the

experimental range of jet velocities. Calculations were performed
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for five radii using design blade angles and included allowances
for profile and secondary losses not taken into account in the
original design. Tip losses were considered negligible (see 3.4).
The calculated radial distribution of 1lif't coefficient and total
head rise coefficient are given in Figure 6.6.

Experimental points added to Figure 6.6 show that the measured
total head rise coefficients were slightly low. This may be
because fan blade angles were below the design values. IHeasurements
showed a probability of 4° difference from design values but were
not sufficiently reliable for use in calculations because of a slight
bow on the undersurface which caused uncertainty.

Figure 6.6 shows the change in mean radial total head distribu-
tion between the central and exit planes. The drop in total head
beneath the blade tip is thought to be due to an agcumulation of
blade and duct boundary layer air, rather than tip loss, since tip
clearance is small. A tip Mach number of 0.6 should give no drag
rise penalty and a 1ift coefficient expected to be 0.6 should not
cause stalling.

The calculation of static 1lift from flow measurements

Integration of flow quantities over the central and exit planes
yielded the following results:—
Gross Thrust computed from total head and mass

flow measurements at the central plane corrected to

23,200 RPH 15.701bs
Nett Thrust computed from flow at the exit plane 134451bs
Corresponding measured thrust 13.651bs
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Of the 15.70 1lbs gross 1lift measured at the cendral plane 0.58 lbs

has still to be recovered by the straighteners. Because of the low

straightener blade Reynolds number and underturning, it is estimated

that half of this is lost.

The agreement between the force on the air at the exit plane and

the measured thrust is probably fort;&tous, since total head measure-

ments here are suspect due both to turbulence and to flow inclinations.

(See Wood and Higginbottam (1954)).

Probable breakdown of losses

Straightener penalty (see zabove)

Calculated drag of drive shaft shroud (CD = 1,0, confirmed
by exit traverse)

Estimated drag on centrebody due to interference with the
drive shaft wake (estimare from exit traverse)

Calculated drag of centrebody supports

Calculated turbulent skin friction of duct walls and
centrebody. (Not included in traverse results)

Suction on rear of centrebody (from exit wedwme plant

measurements)

Total
Gross Thrust
« « Bxpected nett thrust from combined flow traverses

and drag calculations

This is 99, of the measured thrust.

0.27

0.60

0.30

0.35

0.30

0.40

2.22

15.70

13.48

1bs

1bs

1bs

1bs

1bs

1bs

1bs

1bs

1bs



The measured static thrust is 87, of the gross value calculated

from the central plane measurements using the formula

' / 1Y
5 \¥

T = le\/2CT1—1+——
cross - P R gNTp \ po>

Figure of merit

T
The Bendeman coefficient, & = TNETITZ has been calculated
(5'9 PP

/
from the static 1ift and electrical power measurements of the third

test series. The fan tip diameter was used in the calculation. An

experimental & value of (0.90 should be compared with

g€ = 2%(AE/AJ)% = 1.lly, the theoretical value for expansion to full area.
The measured figure of merit is 62 of the theoretical one. 4An

estimated breakdown of this figure is given below:-

Estimated electrical efficiency 90% i

f

Estimated efficiency of gearbox ctc. 90 ;
reasured thrust efficiency of duct and > 637

straighteners 87 i

Calculated fan rotor efficiency 90 ,j

Note that if the diffuser had worked perfectly the fan would have
worked further down its total head rise characteristic curve using
less power. At the same time, however, because of the steepness of
the characteristic curve, the static 1ift decreases with increase in
diffusion. For example if the fan total head rise characterictic was vertical
the nass flow through the unit would be unchanged by changes in pressure
rise and would thus be independent of the diffuser ratio. The 1lift
is then proportional to the duct exit velocity, which decreases with
increase in diffusion. Tt follows that although diffusion improves
the figure of merit,. the static 1ift produced by a fan of given

diameter can be decreased.
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Te The lifting-fan nacellemodel at forward speed

7.1 Introduction

In this Chapter an attempt will be made to give a qualitative
and where possible a quantitative .icture of the interactions and
interferences between the model and the free stream,

In section 7.2 the interaction between the fan unit and the
mainstream will be investigated, The results of duct flow measure-
ments will be substitutel into a theoretically derived expression
for 1ift on the fan and shroud, These values will be compared with
measured 1ift increments in 7.3 in order to demonstrate the remaining
unexplained losses in 1lift,

Section 7.4 will extend the observations of 5,2.2 to provide a
vortex model of the jet plume., This model will be used to explain
the veriation of jet interference farces with incidence, though the
model is not yet sufficiently detailed to allow the aocurate calculatiop
of these forces,

The forces and moments not discussed in the earlier sections will
then be summarised in section 7.5, while section 7.6 will deal with
wind tunnel interference, That seetion will compare the results of
tests performed in the R.A.E. No, 1 113" x 8%' wind tunnel with those
of the 5' x 4' tunnel,

7.2 Internal interactions. The fan unit,

7e2.1. General discussion. The total head-~rise characteristiec curve,

The progression of the fan down its total-head rise characteristic
curve will now be explained and illustrated by experimental results from
the third test series,

Some reservations should first be noted, Since intake turning is

achieved in the present model without the aid of turning vanes, the
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flow entering the fan will not be ideal., There will be a high velocity
region below the upstream lip of the intake and cross flow, (ses
Gregory et al (1962)). Either can reduce the efficiency of the fan,
In Appendix IV it is shown that the band of velocities which may arrive
at the fan is quite narrow if fan blade or duct wall separation is to
be avoided, Turner (1962) has demonstrated that a reduction in
efficiency can be caused by cross flow, though with the high tip

speed of the present fan the penalty may not be severe, The above
considerations should be borne in mind during any simplifiied analysis
based on the means of quantities across the duct, such as the treatment
which follows,

Two assumptions are necessary in order to proceed, Firstly
inlet losses are assumed to be negligible, This is acceptable
provided that there is no lip separation, such as may occur at high
forward speeds, 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 inter-
action 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, A4t a
given fan RPM 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 1ift force on the shroud will increase,

(see 7.2,3.).
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At the other extreme, when the fan character:stic 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,

It has been shown that the change in 1lift on the fan system
as forward speed increases can be either positive or negative,
depending on the slope of the fan characteristic, A fan system
whose total head rise falls only slowly with increasing mass flow
might be capable of producing additional lift force at constant R,P.,
to compensate for exit interference as forward speed increases,

7.2.2 Duct Flow lMeasurements

The most striking aspect of the results of flow measurements
was that the mean velocity and total head downstream of the fan only
varied by about 10 throughout the range of test conditions,

(See Figure 7.2) Generally this small spread of results made trends
difficult to identify when scatter was present,

Although all the tests ccnoerning duct flow were analysed (using
the £ilm reader) test results will be quoted mainly for one incidence,
since duct conditions varied little with this parameter, particularly
with underfins added to the model, As the results for zero incidence
are incomplete, a = -6° will be used as an example,

The variation with forward speed of mean static pressures in
the duct will be considered first, (See Figure 7.1) Curves (1)

show that the static pressure at inlet rises with forward speed as
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would be expected from previous arguments.x This rise is less than
the dynamic head of the forward stream because of the slight increase
in jet velocity, (&) is the inlet static pressure which would result
if the jet velocity was unchanged by changes in the pressure difference
across the fan, i,e. 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 lif't increments, In calculating the pressure
rise threugh the straighteners to obtain curve (3) allowance has been
made for the decrease in swirl as the fan moves down its characteristic

ocurve,

36Although trends are correctly illustrated the static pressures at inlet
calculated from central plane measurements should not be expected to
yield a gross pressure rise which agrees with the total head rise,

which can be determined with more certainty, This is because the
dynamic head maldistribution at inlet cannot be determined from measure—
ments below the fan, The use of mean jet velocity in the expression

p=H - %pVJ2 would lead to a static pressure which is too high,

Because of this V has been used for lines (1) in Figure 7.1,
RMS

though there is no justification for the implied assumption that the

distortion index is the same at both planes,
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The decrease in static pressure at exit as forward speed increases
is caused by interaction between the mainstream and the emerging jet,
and will be discussed in 7,3, The result is a lower pressure
difference across the fan, which progresses even faster down its
characteristic total head rise curve than was assumed in 7,2,1, where
the fan exhausted to ambient statiec pressure. The progression of
the fan down its sloping characteristic is also reflected by the
difference between curve (4) and curves (1), which is caused by the
increasing jet velocity,

Pigure 7.1 shows that the addition of underfins each side of the
duct exit very much reduces the suction at exit under forward speed
conditions, The fan experiences a yzreater pressure diffeerence at a
given forward speed and therefore has progressed down its characteristic
more slowly than without fins,

The predicted operating points in Pigure 7,3 are based on the
) ;o2 2, 2 . .
assumption that AH/EPVJ =1 - V/V_", which assumes ambient exit

static pressure, The total head rise given by the intersectionof this
expression with the characteristic curve is generally between 10% and
15% above the experimental measurements,

The fan-mainstream interaction also affects the power supplied
to the fan, TFigure 7.2 shows the decrease in power as the fan moves
down its characteristic, The increased pressure difference across the
fan with fins added is reflected by an increase in power required,

7.2.3 Theoretical forces on the lifting unit

As mentioned in 7,2,1, the force on the lifting unit is divided
between the fan itself and the shroud, The force on the fan is readily

Obtained as LFAN = AJAH seoe 7.1
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However the calculation of the 1ift force on the shroud is less

straightforward, It will be seen in the analysis which follows that
the momentum arguments used at zero forward speed may not be extended
to the case with a freeestream,, Necessary assumptions concern
forge-aft symmetry of the model about the duet axis and the super-
position of fan alone and free-siream alonc flow fields without mutual

interference,

Theoretical Shroud Force, (a) Zero Forward Speed

For this case the flow field is symmetrical about the duct axis,

Consider the three~dimensional circular intake shown below:-

Direction
of
positive
1lif't

p—-—)po as r —oo

WO

area of spherical surface AED = 27rr2(1 ~ cos © )
AV
e V= JJ . , by continuity,
2nr2(1 - cos 9)

Vertical momentum flux through an elementary ring of fluid

= (2mr, rdo.pv), v sin ©
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Total Vertical liomentumy, — Flux entering through AED

.9
Lin j 2 'urzpv2 sin @ 46
= e
)
Lim Zﬂrzp(AJVJ)z ©
= - 6
T+ w 24 5 ~ CcoS
Lxr (1 - ¢cos © )
Lin (av.)2
- P\AgY 5
I ?* 2
2 (1 - cos O )
= 0

eos (o2

" 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 suffieient frontal area to sustain the lif't-given by
Equation 7.5, below, The fore-aft cross section of the model is
similar to the flat plate case, while the transverse section is more
like a shroud ring (and has adequate thickness), It therefore appears
reasonable to assume that the above result is true for the intake of
the nacelle model, A small loss of 1lift might occur because the surfaces
do not extend to infinity,

In view of (7.2), the totel nomentum flux through the

control volume ~EABCDE = -pAJVJ2 ces 143
From 3ernoullis equation (po-pJ) = '%PVJZ
.’ pressure force on fluid along BC = —%pVJ?AJ cas lok
. . . 1 2
', force on air along AB and CD =(7.3)-(7.4) = -fpVJ_AJ
. , 2
Hence the reaction on the shroud = +%pVJ Ay eee Te5
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(b) Shroud Lift at Forward Speed V

Because the axial symmetry of the zero forward speed case can
no longer be invoked, it is dangerous to use a momentum argument
similar to that above, Momentum integrals over the part of the
bounding surface at infinity are often different from zero in these
cases,

In what foliows the static pressure acting on an element of
surface at a point A will be determined without and with the fan
operating, the free stream being present throughout, In order to
allow for the case without radial symmetry the velocity induced by
the fan operating alche has been assumed to be at an angle to a radius

to the point. X

—
e@d’w kv
A a

X .
—_— -

v = local surface velocity for V=0 (ve VJ)

p = corresponding static pressure
€ = angle between free stream direction and v

kV local surface velocity for free-siream only, assuming that

the duct is blanked off.
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P = static pressure corresponding to kV.

it

angle between the free stream direction and kV

T

v vector resultant of kV and v

il

P' = corresponding static pressure,
We are interested in the change of static pressure caused by

operating the fan with the free-stream on, i.e. (P'-P)

i

22
Now P =H_ - 4pkV

t - - 1 l2
Pa = By — 2PV,
1

andV2=k2V2+v2+2va cos (8 = ¢ )
o a a a a a 'a

If

4
s prp 1 v 2, 10152
e e P ¥ élVa".zlka.

“;’PVE - Pkavva cos (ga - ¢a) sne 7.6

The first term is the depression caused when the fan is operated
witoout the free-stream, while the second concerns the interaction
between the flow fields, It is implied in the above argument that
v and kV may be added victorially without mutual interference,

Consider now a model which has fore-aft symmetry about XX,

Apart from the enlarged radius on the upstream side of the intake, the
model approximates closely to this, Compare the values of static
pressure at points A and B which are mirror images in XX, If the
flow fields also have the expected symmetry then:-

v =V

a b
k, =5y
x—-¢a=<,hb-7t
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adding,ea - ¢a =R - (ﬁb'¢b)
.. P«é - %vaz - pkbvvb cos (ab-¢b)
‘%Pvaz - pkaVva cos {®m - (ea-¢a))

-P'b

n

-%pvaz + pk Vv _ cos (ea-¢h) eee 7o

As before the first term is the depression due to the fan alone,
and is equal to the first term in Fquation 7.6 because of the assumed
symmetry. However although equal in magnitude the interaction term
has the opposite sign to that in Equation 7.6. It follo.'s that the
nett lifting force on symmetrically disposed elements will be equal
to that of the fan ascting alone.

Therefore, at forward speed V, Shroud Force = %pszAJ ees 78

The induced terms in Equations 7.6 and 7.7 will also result in
a nose up pitching moment due to fan operation which is proportional
to forward speed and jet velocity and vhich depends on model gsometry.
This is part of the moment which turns the air into the duct. The
remainder is supplied by the vertical part of the duct valls.

7+2.4 Forces on the lifting unit derived from flow measurement,

using the above results.

From (7.8) Shroud 1ift = gV 7%

From (7.1) Fan 1ift = A ;AH eee 149

Force on duct items,

including diffuser = k%pVJgAJ

k will be determined from static 1lift tests.
In practice the mean axial velocity VM at the traverse plane

will be available. {/riting Equation 7.9 in terms of VM -
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o i ¥ - 2
Shroud 1lift = pV;\q—/A; = 0.86 x 0.15 x ZpV,,
i J +id

Fan 1ift = A; AH = 0.15 pH

1l

Force on y = 2<imjf =2
duct items kgpV.. ~; Ar = k x 0.86 x 0.15 % 2PV

Nett 1ift on -2
unit =N = 0.154H + 0.129 %va (1 + k) eee 1010

The substitution of static lift results into§Equation 7.10¥yields
k = -.341 with rakes installed, no underfins

k

1]

-.230 no rakes, no underfins.
In both cases the drag loss is dominant, as was seen in
Chapter 6. The first k value is appropriate to the tests under

consideration.

Finally N = 0.158H + 0.129 3pV.." x .659

sos 7.11

0.150H + 0,085 1oV,
Figure 7.4 shows the components and the nett force(Equation 7.11)
on the lifting unit for a = -6°, plotted against forward speed
parameter, The rising shroud- and falling fan 1ift can be seen clearly.
The gross 1lift fell slightly with forward speed. The fall was increased
vhen the drag of duct items was subtracted to obtain the nett lift.
In Figure 7.5 the forces are shown vhich would be experienced
by the two idealised lifting units mentioned earlier. In calculating
the nett thrust the losses of Squation 7.11 have been assumed. hs
forward speed rises gross and nett thrust both rise for the unit with
the horizontal characieristic, but fall for the unit with the vertical
one. It is important to note that the horizontal characteristic
refers to constant AH/%p(QR)Z and not to AH/%pVJZ. It is not
possible to match the variation of observed pressure difference across

the fan to a constant value of the latter.
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As well as the variations with forwverd speed noted above it can
be scen from Figure 7.5 that a decer:asc in exit static pressure from
the ambient to the meusured valuc gives an inerease in totel 1ift for
the horizontal charccteristic but a decrease for the vertical one.
For the former the increzce in nett thrust wvith forverd speed could
offset loss of 1lift due to jet interference. If the shroud arcas
werce large and the arcas around the jet exit were small o desirable
increase in 1lift with forvard speed might result,. The essential
feature of the unit with the horizontal characteristic is that,
becausce the pressure difference across the fan is constant, any
decrcase in exit static pressure is reflected at the inlet, and the
fan force is unchanged. As can be seen from Figure 7.5(a) this is
accomnanied by an inceease in shroud force.

The lifting characteristics of the model fan unit can be
regarded in terms of the two extrexe cases. The fact that nett
thrust decreased with forward speed is unsatisfoctory, especially
in view of the additional loss due to Jet plume interference.
Hovever it is difficult to see how the slope of the total head
rise characteristic can be decreased without alterztion to fan geometry
or blade angle as mass flow increases. Variable pitch could be used
to give o characteristic which effectively has a positive slope,
which is unstablc for fixed geometry devices. In the interests of
simplicity fixed geometry is clearly desirable.  Although the slope
of the characteristic is reduced as the fan approaches the stall,
any solution using this effect would be artificial since static
1ift would be capable of improvement. A fan or blower is needed

whose elements are insensitive to incidence.
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7e3 licasured Force Increments and Calculated Forces on the Fan Unit.

In Figures 7.6 and 7.7 measured force increments and forces on
the fan unit, calculated using Equation 7.11, are compared for tests at
various incidences.

The first observation is that the decrease in measured lift
increment with forward speed was only of order 10%. This is some
measure of the success of paring avay the area around the jet exit to
reduce the dovmward force due to suction. For a jet issuing from a
flat surface, such as a wing, the corresponding figure might reach 50,
Trebble and Hackett (1965) demonstrate how this loss is reduced further
for bodies which are truncated behind the jet. However these would
suffer from high cruise drag if their use was contemplated for lifting
engine nacelles.

Secondly the initial loss of 1lift is not due entirely to under-
surface effectse To these are added a lois of 1lift due to the
progression of the fan down its total head rise characteristic, which
would occur solely due to intake effects with rising forward speed, but
which is accentuated by exit suction. Duct losses, the drag of
straighteners etc., also increase with forwvard speed and are probably
subject to scale effect.

However it can also be seen that the loss of 1ift, beyond that due
to fan effects, increases with incidence. This is to be expected since
the tail of the model then approaches the vortices in the jet plume.
(See Chapter 5 and Section 7.4). Also included in the difference
between the broken and full lines of Figure 7.6 are the forces due to
intake assymetry in the fore-aft sense not allowed for in deducing
Equation 7.8, 1lift forces on the duct walls with the model at incidence

and the effects of maldistribution of the duct flow.
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The recovery of measured 1ift increment above V/fR of about 0.10
is not associated with the fan interaction., With underfins added the
additional loss is eliminated completely. It is suggested that some of
this benefit arises from an increase in static pressure on the underside
of the model between the underfins., Surface flow visualisation
indicated that air here was slow moving. These increased surface
pressures ahead of the jet would alsc be consistent with observed
increases in nose up pitching moment which the fins cause.  Further
1lift benefit probably results because the underfins move the vortices in
the jet slume away from the body surfaces.

Figure 7.7 is a2 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 normel force N, calculated
from Egquation 7.11.

It can be seen that the differences betieen the measuired and the
calculated incremental drag values are of the seme order as those for
incremental 1ift. The suctions\on the sloping surfaces behind the jet
probably contribute both to 1ift and drag interference effects. However
it seems likely that the variatioﬁs of static pressure on the duct walls
has a more significant effect on drag- than on lift-increments.,

Figure 7.7 also shows that estimated drag increments based on the

nominal efflux velocity V can be considerably in error. A better

Ip

estimate is given by measured values of mass flow. Failing this
estimates based on the operating points predicted as in Figure 7.3

are to be preferred to those based on VJ « Note should also be taken
T
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of the increase in érag due to tumnel constraint, illustrated for

cc = +12° in Figure 7.7. Corresponding high values of incremental
1ift wefe also measured in the smaller tunnel. (See Section 7.6 and
Table 7).

To conclude this section we turn to Figure 7.8, bzsed on the same
data as Figure 7.6, which shows the difference between the measured
1ift increments and the calculated forces on the fan unit. Points
at positive incidences should be considered with care, since tunnel
interference effects were present, It was not considered legitimate
to combine lift increments from the 11%' x 83" tunnel tests with the
fan unit forces obtained in the smaller tunnel since the fan operating
point was probably also affected. |

There remains for negative incidences a clear downward trend in
the interference force 'A', This force varies less with forward
speed than might be expected considering that the vortices in the jet
plume approach the body more closely at the higher forward speeds.
Possible reasons for this, and further explanations of the interference
effects due to the jet plume will be investigated in the following
section.

7.4 External Interference. The jet plume.

741 The Vortex iiodel

In this section and in Figures 7.9 and 7.10 a vortex model is
proposed which is consistent with the observations of Seetion 5.2.2
and Figure 5.8. However further detailed measurements are required
to verify the detailed structure of the proposed model. This model
should be regarded as a basis for further research and is used here
mainly to demonstrate the nature, rather than the magnitude, of 1ift

interference., /ith the body on struts the observed interference
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forces were never more than about 109 of static lift.

The formation of vortex rings

In the vortex model shown in Figure 7.9 vortex rings lcave the
jet exit at half the speed of the jet and are stretched and distorted
while being convected downstream. Two such rings are shown. The
parts of the rings which originated at the downstream side of the jét
have progressed further than those from the upstream side. In order
to understand this it is necessary to consider the nature of three-

dimensional shear layers,

(component proportional to free-stream velocity)

k V

Common
components

Shear components

axes of vortex filaments

The axes of the vortex filaments are normal to the direction of
relative éhear between the two streams. In the case of the jet in
free air the shear is streamwise and plane vortex rings are produced,
However as soon as a mainstream is added the axes of the vortex
filaments at the sides of the jet become inelined as shown by the above
diagram. Only those at the front and rear of the Jjet remain horizontal.
Consider now the necessity for vortex element to be continuous,
The vortex element which has just emerged on the upstream side of the

jet can only be linked to one on the downstream side which emerged
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earlier. The rings are therefore distorted from the outset.

The transverse components of the vortex rings

In Figure 7.9 it can be seen that the downstream sides of the
vortex rings may be parallel to the upstream sides of rings which were
shed earlier, forming vortex doublets. At positions of interest on
the body the velocities induced by these doublets are likely to be very
small., Although distinct rings have been postulated for the purpose of

explanation, the overall process has a continuous nature,

Transverse vortices are shed during the starting prooess»without
psiring to form doublets, so that the forward acceleration of a lifting
jet leaves starting vortices in the same way as does an accelerating
wing.

Vortex stretching

In addition to the distortion mentioned above the vortex rings are
probably stretched by convection, It is important to note that, although
the strength K of any individual filament is unchanged by stretching,
overlapping of filaments can increase the strength of a trailing vortex.
Therefore vortex strength may vary along the path of the trailing
vortices, without the need for further transverse vortex filaments,

7ete2 The idealised model for the calculation of interference effects

The model proposed above has been simplified to the form shown in
Figure 7.10(a) in which vortices are assumed to spring from the stream—
wise edges of the duct in a fully rolled-up condition. Their paths lie
in planes which diverge at a total angle of 100. A hyperbolic

cosine form has been assumed for the shape in side view, the

-80-



constants being determined from the flow observations of Chapter 5.
The further assumption has been made that the paths shown are not
affected by change of incidence, Some support for this is given by
the fact that, away from the stall, the increase in 1ift increment
caused by adding wings is almost independent of incidence.

Vortex strength

The assumptions concerning vortex strength are the weakest
feature of the present analysis and further experimentel evidence is
needed before accufate predictions of interference force can reasonably
be expected, However since, in the present case, these forces are only
about 10% of static 1ift, some insight may be obtained from the following
approach.

Firstly the effect at the body of the transverse vorticity in the
trailing sheet has been assumed negligible. In spite of the formation
of transverse vortex doublets this is probably unjustified for the real
flow. However when used to predict forces due to cross—flow over the
af'terbody, the consequences may not be serious. Any nett 1ift due 1o
vortices spamning the jet will be g function of the rate of change of
area along the body, rather than body area per se. However downwash
at the wing guarter chord may be incorrectly predicted.

Secondly assumptions must be made about the strength of the trailing
vortices. One possible approach might be to determine the distribution
of' strength along one vortex needed to produce the observed slope or
curveature of the other, This would involve the solution of a number
of simultaneous equations equal to the number of control points selected,
An attempt to use this approach failed at an early stage because of
difficulties concerning the jet and free stream components of the

velocity at the control points.
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At the jet exit and far downstream velocity components probably
have their full respestive vaelues. -However at points in between
viscous effects are probably important. Vertical velocity falls due
to viscous mixing while the free stream component probably has a more
wake-like character. As both effects are impovrtant in the region of
interest it was not possible to make reasoned assumptions about typical
velocities within the combined fields, upon which vortex~induced effects
could be superposed,

The method finally used to determine trailing vortex strength
returned to the observations of flow patterms. Conirol points were
chosen on the neaf fuselage along the horizontal line of maximum
diameter. Flow directions vere measured on photographs taken at
zero incidence and are presented in Figure 7.11. The induced dowm-
wash at the control points was taken as twice that calculated at the
model centreline. The streamwise components comprised an induced
component and a fan-off component calculated from the pressure
distributions mezsured on a model of the R101, reported in R and ¥ 1169.

In Figure 7.12 values of vortex strength are presented, based
on the above assumptions. The values are strictly an apparent
vortex strength because of the assumptions which have been made. In
addition to velocities induced by the trailing vortices in the real
flow the dovwnwash includes components due to local mixing near the
outlet, bound vorticity and upper surface intake effects, all of
which have been ascribed to the trailing vortex pair. It is likely
that at least part of the variation of apparent strength along the
vortex is due to the above effects. (Since the contributions to

downwash at a given control point arisc very largely from a short
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length of vortex just below it, it may be inferred that the vortex
strength has the value indicated by the control point having the same

x coordinate.)

It can be seen that, subject to the above reservations, the vortex
strength is approximately inversely proportional to forward speed.

Since, in addition, qV/K is found to be directly proportional to

forvard speed, there results a downvash velocity vhich varies little
over the speed range considered.

T«4e3 The induced flows and associated interference forces.

Figures 7.13 to 7.15 show the downwash distributions produced by
trailing vortices having constant strength. The calculation of
induced velocities was carried numerically, using desk machine methods
since integrals along the vortex proved intractable.

The load gradings were calculated on the assumption that the rear
of the body lay in a cross flow equal to the induced velocity at the
model centreline. A circular cylinder cross-flow drag coefficient if
unity was assumed. All cross-flow Reynolds numbers were subcritical.

The lower part of Figure 7.15 shows the variation of interference
force with incidence. The force has been plotted relative to that at
zero incidence because the loads calculated in the duct region are
unrealistic, and the zero incidence case encompasses most of this
effects The main interest attaches to the variation of interference
force vith incidence, which is seen to be of the same sort and size as
that found in model tests and plotted in Figure 7.8. At a =18° a
change of flow structure probably reduced the 1lift interference. It

is not clear to what extent this was due to tunnel constraint.
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Figure 7.16 shows velocities induced at the wing quarter chord
by the conctent strongth trailing vortices postulated above, Since
the choice of vortex strength cannot be justified as previcusly and
as bound vortices in the jet plume are ignored, the 1lift on the iring
which results will not be quoted.

However it is instructive to consider the way in which the 1lift
induced by the trailing vortices varies with forward speed. (Since
the shape of the jet plume has been assuzed to be unaffected by change
of incidence, there will be no variation with this paraneter).

It can be seen fron the lower disgram of Figure.7.16 thot, although
ellowance has been nmade for the diminution of trailing vortvex strength as
forward speed increases, the interference 1lift changes fron negative
to positive. The calculations allow for both horizontal and vertical
velocities induced at the wing quarter chord.

Force tests show that the addition of the wings both: deepens the
"lift bucket" and steepens the subsequent recovery of 1ift increnent
as forward speed is raised. (See Figure 7.19) If it was legitimate
to assume the same vortex strengths as were used in the czlculation of
downwash over the body, then the greater part of both effects could be

explained. M{o)

7.5 The results of force tests

7e5e1 Summary of Sections 7.2 to 7.4

After the derivation of the forces on the fan unit in Section 7.2
it was seen that the subtraction from the measured 1ift increments of
the vertical ccaponent of the nornel force on the fan unit, renoved
nuch of the initial variation of interference lift with forward speed.
(See Figure 7.8) The vortex nodel of Figure 7.9 was then proposed and

described in detail. The subsequent simplification and further
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investigation of this model involved several assumptions which are
difficult to justify. However the simplified model gave several
results which are consistent with measured variations of 1lift
increment. For example the changes of downward force on the rear
fuselage were of the right order, and if neasured vortex strengths
were available, it appears likely that the extre interference in the
presence of wings could be explained,

The observation that downwash over the ;ear fuselage varies
little with forward speed, arises directly from the flow observations,
which have also been used to determine vortex strength. It must
be noted that, because the model was designed for low interference
forces, these amount to only 10% of static lift. The combined
scatter of force and duct flow observetions may amount to one quarter
or one third of this. However, subJject to the reservations above
and to those expressed in the appropriate sections, the following
conclusions may be drawn:-

1. “With the body on struts at low forward speeds veriations in

1ift interference with forvard speed are due mainly to the fan-
nainstrean intersction, which is not greatly affected by change

of incidence (sce Figure 7.2). At higher forward speeds induced
circulation effects probably account for the rise in incremental 1lift.
24 The observed loss of 1ift at positive incidences is a consequence
of the closer approach of the rear fuselage to the trailing vortex
pair within the jet plume. (See Figures 7.3 and 7.14) Flow
observations indicate that the downwash which is responsible probebly
changes little in velocity between forward speeds of 35 and 65% of

the jet velocity (See Section 7.k4.2).
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3. ¥orce tcsts show that tho addition of wings amplifics both the
initial fall-off and the subscquont riso of incrcmental 1lift as
forward specd is raiscd (sce Figurc 7.19). ' Calculations which assumc
a jet plume model with constant stroength trailing vortices can predict
both of thesc cffccts. :
4. Although the cxperimontal cvidonce is limited it appears that
within thc above spced rangey, the trailing vortex strongth is inversely
proportional to forward spced. Clcarly the strongth must return to
zero forward speced; so this rcosult must be kept strictly within the
prQSOnt context.

Further coxperiments arc required to dctermine values of trailing
vortox strongth over the whole forward speed range.
T.5.2 Additional forcc data

The results of force tests given so far (Figures 7.6 and 7.7)

have bcen quoted only as required to illustrate the discussions about
the intoraction proccssces. Tablos TA to TD amd Figures T.17 to
7.22?5?5'1%‘?3‘50?150 providc a fuller doscrigtion of incrcmontal forces
and momonts over the complcte ranges of configuration, attitude and
forward spced. Only major points of intercst will be dealt with hero.
Hackctt (1962) and Trebblce and Hackett (1963) give comprchensive

rosults of tests in the 5' x 4' and 114! x 8}' wind tunncls rcspectively.
Thc comparison betwecon results measured in the two tunncls will be

given in Section T.6.

Figure 7.20 is derived from tests in the larger tunnel. The
romainder of Figurcs T7.17 to 7.22 pertain to the 5' x 4' tunncl, in
which the forces on the model werc increcased at high incidonce by
tunncl constraint. Similarly, beccausc of the floor stagnation
mentioned in Scction 5.3, the low forward specd rcsults arc suspccte.

With the body on struts the "lift bucket", which occurs as
forward spced is raiscd, almost disappears at large ncgative incidcnces.
The increments arc gonerally more dcependent upon incidence than upon
forward spcod. (8ce Figurc T.17). With the oxcoption of cascs
whorce the wing was stalled, all dgag increments werc closc to those

in Figurc T.7.
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The prescnce of wings introduces an additional componont of 1lift
incroment which is almost wholly spccd dopondent (scc Figurc 7.19).
At the onds of the incidence range stall offects arce apparcnt on
incromental plots.  (Scc Figurcs 7.17 and 7.18). Howcver the total
lift on thc modol shows a less vielont variation.

Tablces 7C and 7D show that the chicf virtuc of underfins lics in
the romoval of the "1lift bucket! with the body on struts and its
reduction with wings =dded. The und:rfins probably both roduco
ontrainment near the jot and by moving the vortices away from the
bedy, dccrecasc the downwash over it. In combination with a crude
"jot flap" offcet between the fins, thome can result in significant
gaing in lift ns forward spced riscs.

Figurc T.20 shows thc 1if+t incrcascs which result from the
addition of undcrfins. Those include fan off gains, since the
significant incremcnt is that in total 1lift, the undorfins being
cxtonded only during flight with dircctly powered 1lift. There 1is
lcss beonefit in the prescncce of wings. Although thc drag incrcment
ig littlec affected the incremontal pitching moments arc inereascd at
negative and decrcascd at positive incidencces.

Figurc 7.21 shows that curves of pitching moment increments
collapsc quite well whon plotted against incremental drag minus the
strcamwisc thrust componcnt. This is partly bocausc the rcmoval of
free strcam momentum from a planc above the model gives risc to a
forco, proportional to forward spccd, which lics 2bove the intake.
This appcars in balancc mceasurcments as a combination of drag and
nosc-up pitching moment inercments. There 2rce furthor contributions
to both from suctions bchind the jct cxit. —

i )

T.6 Wind Tunncl Intcrforence (Se Talilin? A hﬂq&nﬂiﬁ

In thig scction the forccs measurced in the 5' x 4' wind tunncl

arc comparcd with thosc measurcd in the RAE No.l 1134' x 85! tunncl
at Farnborough. In order to rcmove the unccrt-intics about the
moasurcment of static 1lift, meontioncd in 6.3, the rosults have
bcon rcduced using tip-spced paramctors, as proviously in this
Chaptor. Tip speced was determined from the fan noisc frequency.

411 of the test results worc plotted and the values given in
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Tables TA to 7D werc rcad off at convenicont intervals of forward
spced ratio so that dircct comparison could be made betwecon tunncls.,
Results arc quoted only from the immodiatc vicinity of cxperimental
points.

Body on Struts

(a) Lift Incrcments

Table TA gives the rcsults of the sccond and third test
soriocs. Allowance has boen made for the proscnce of tho traversc
rakcs in the third scrics by applying a 3% corrcction to 1ift
incrcmonts. Thce assumption of static 1ift dcpondencce involved is
justificd for thc small corrcction nccded.

With the cxecception of tho cxtremc incidenccs most discrepancics
botween the results obtainced in the two tunnels werc less than 2% with
thc body on struts. With underfins added the RAE 1ift increments
were botween 0% and 4% higheor than those measurcd at Imperial Collcgo.
(Scc Table 7C).

At high positive incidconce the 1lift increment rosc stcadily as
forward spccd increcascd in the 5' x 4' tunncl but decrcascd slowly in
the 11%4' x 8%4' tunncl. At the highest forward spced the difference
was 15%. A rising characteristic was obtaincd at all incidonces with
fins addcd and thce high incidonce discrepancy did not appear.

(b) Drag and Pitching Momcnt Incroments

Agrcoment botween drag increments was good up to + 6°
incidence wherce the increments in the smaller tunncl started to rise
from the lincar charactcristic obtaincd in the 114" x 8%' tunncl. It
ig though that floor stagnation is chiefly responsible at low spccds
(scc Chapter 5) and that deoviations at higher speods at high incidonce
arc associatced with the 1ift discrepancics mentioncd above.,

Therc was considorable scattcer in pitching moment increments in
both tunncls. Howover the incroments mcasurcod at RAE werce gencerally
lower and varicd less with incidonce., The incidence cffects occurrcd
under the samc conditions as did the lift and drag discrecpancics, but

the rcason for a slight overall shift is not apparont.
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Body on Wings

Table 7B comparcs the results of the first and socond scorices
without fins, sincc no tcests were performed on wings in the third
scrics. The configuration with fins and wings (scc Table 7D) was
not test~ed at Imporianl Collcgo.

Congider first some cffccts Which arc likely to lead to differconces
between the results obtained in the two tunncls. As shown in T7.4.3
a proportion of cach lift increment is associsated with changes in
wing incidcnce induced by the jeot. Tunncl constraint in the
5! x 4' tunncl with fan off is sufficicnt to make conventional
corrcctions desirable. With the fan on the tunncl constraint may
influcnce the amount of induccd incidcnce to a greater coxitont, in a
manncer which cannot be predicted using standerd tunncl corrcction
tocchniquoes. As with thc body on struts, constrzint which chrnges
with jet inclinntion may ~lso bo cncountorcd ~t high incidionces.

A further off~ct which may influcncce the cemparison is the
variction of wing stalling angle with funncl constrsint, forward
spocd ond turbulonces lovel. Any of those may influcnce the coxtont
of scparation induccd on the wing by 2 psrticulsr jot configurntion.
In incrcmoental plots this might npponr as diffcronces botweon tunncls
in the conditions nceded to producc rapid changoes in 1ift incroment,
duc to the stall.

In vicw of thesc considerations worsc agrocmont is to be cxpectod
between tunncls than for the body on struts casc. Table 7B shows
this to be so. Agrcement is good only at low spceds and at low
incideoncos. At most incidoncos lift recovory with forward specd
starts sooncr giving up to 15% morc lift incroment in the smal%Fr
tunncl, Agreemont was within #3% at modoratc incidonces for OR
up to 0.10,.

Summary of 7.6
ON STRUTS (NO FINS)
In a tunncl which was about 7 jot diamctors high and of usu=l

proportions, crrors in lift incromcnt were loss than 2% at incidences
bolow 15°, at all forward spocds betwoen 20% and 65% of thc jot

velocity, the range in which tosts woro made.

—89-



ON _WING v
— = 0.10 (i.c.

Errors werc lcss than 3% at spoods bolow ®
V/VJ = 0.30). A% highor spcods difforcnces of up to 15% were
mainly associnted with the carlicr rccovery of lift incroment in

the smaller tunncl, Thesce crrors arc important becausc small

tunnol results tond to be optimistic.
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8. CONCLUSIONS

A nacollo-shaped model containing a lifting ductcd fan has
been designed for usc in tho 5' x 4' wind tunncl at Imperial Collego.
The driving motor and fan unit are an intogral part of tho modol.
Engincoring and dosign probloms have boon discusscd. Wings
having an arca about thirtccen times that of the duct could be
fittod with the quarter chord linc intersceting the duct centre-
linc halfway botwoen inlot and outlet, Their sctting angle
could be variand. Undorfins,; onc duct diamcter deeop and two long,
could be attached cach side of the duct oxit oxtonding in a
streamwisc diroction to points onc diamcter =a2hecad of the front of
the duct.

Mcasurcments of Lift, Drag and Pitching Moment havc beon
made for four model configurations at forward speceds botweon
15% and 65% of the jot velocity and incidences betwoon -20°
and +20°, In addition comparisons have boon made with forcoes
moasurcd in the RAE No.l 113' x 83' wind tunncl.

In order that tho intoraction betwoon the fan unit and the
mainstroam should be bettor understood, static and total head
travorses have been made immediately behind the fan. The
rosults, rocorded on film, were reduccd using a spocially
designed film reador, which has becon described. The forces
on the fan and shroud have beoon costimated using the rosults of these
duct flow measurcments.

The structurc of the jet plumc has also becon discussed and
a crude vortex modol has bocon sugg-st-d which is consistont with
surfaco flow and smokc obscrvations. This modecl has provided
fontntivo cxplanations of some of the obscrved intorforonce offects.

The loss of 1lift at forward spcod

Many tests involving fan or jot systems, including the presecnt
ones, have shown that the total 1lift on the modcl may deocreasc as
forward spced incrcasos. For thc oxtremc casc of a_small fan in
a large wing this loss can cxccoed 50% of thc static lift. Thore is
somotimes a subscquent rocovery which may start at forward speeds

boetweon 30% and 50% of the jot volocity, leading cventually to
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lift grcator than the static valuc. For tho proscont model the
sigc of the maximum loss incrcascd with incidcnce and was greater
with wings fitted.

Much of the prescnt work has beon dirccted towards under-
standing thco rcasons for thc loss of 1ift and towsards a rcduction
in its magnitudc, In order to rcduc¢ the adversce coffccts of jot
plumc intorforonce, the normal arca around the jct oxit was made
as small &8 was congistont with tho desired strcamlined shape
of the nacclloe. By this mcans thc maximum loss of 1ift at zoro
incidence, including thc loss causod by the fan - mainstrcam
intcraction, was kopt down to 10%.  Trcbble and Hackott (1963)
have shown that, by truncating thc body behind the jot, further
reduction of the loss is possgible. However greator benefit
recsulted from the addition of the underfins described above.
With underfins but without wings fitted the incremental 1ift on
the body rosc continuously with forward spoccd. Considerabloc
rcoduction in the 1lift loss also occurrcd when wings were added.
The 1ift gains duc to underfins appcar to be significantly
groater than would bo cxplaincd by a rcduction of cntrainment
and induccd downwash associatcd with the Jjet. It is thought
that whon constrained betwecen undorfins, the lifting jot acts
as a crude jot flap.

The reduction of 1ift on the plain body by Fan-Mainstrcam
Interactions and by Jet Plume effects

Bocausc some succoss had beeon achioved in the reduction of
the loss of 1ift, the study of the various contributions to the
logs was not casy sincc the variations in the measurcments
concorncd amounted only to about 10%. Howcvor, using the
results of the duct flow coxperiments it has beon possible to
cstimate the logs of 1ift duc to the intoraction botwoen the
fan and thc mainstroam. The calculations concerning the
forces which rosult from flows induced by the jet plume wore
of a morc qualitativo naturc sincce no measurcments werce made
within the cxtcernal flow fiocld.

The nott change with forward specd or incidence in the 1ift

sustained by an clcment of body surfacc is affected by distinct
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contributions from thce fan and jot-plumc systcms which, howcver,
canmot be scparatod mechanically. It is instructive noverthelcss
to consider scparatcly the major contributions to 1lift intorforcncc.

Bxporimcents have shown that the fan-mainstream interaction
cffcets vary mainly with forward spccd. The fan is causcd to
progress down its charactcristic total hecad risc curve as forward
spcod increcascs and therc results a doercasce of total 1ift on tho
fan-shroud combination. The loss of 1ift could be overcomc if
the flow through the lifting unit increased sufficicntly rapidly
with dcercnsing prossurc risc.

In contrast, thc jot plumc intorforcncc appears to be morc
dopcndent upon incidence than upon forward spced over the range
considcred. This is associatcd with tho closcr approach of the
rcar fuseclage to the jot plumc at higher incidence, resulting in
loss of 1lift. It is thought that, within thc limito& spced
rangc considcored, the movemont of the jot plume towards the body
as forwsrd spocd is incrcasced is accompmnicd by a complomcntary
roduction in the strcngth of the trailing vortices within the
plumc.

Although it is difficult to justify the usc of the crude
vorteéx modcl for the prodiction of inducod flows over the wings,
it has bocn found possiblc to predict the steepening of both the
initial fall off and the subsequent rise in incremental 1ift
which occurs when wings arc added to the plain body.

Somc alleviation of adveorsc lift interforcncc can probably
be obtained by roducing the surfacoe arca bchind the jet and by
changing tho slopc of thce fan choractoristic. Howcver tho
increase in 1lift causcd by the deployment of undorfins probably
has the greater practical significancce.

Pitching Momcnt and Drag

It has bocen shown that about half of the diffcroncc betweon
measurced drag incroments and cstimatcs bascd on nominal cfflux
velocity, is the nott reosult of an incrcasc in mass flow through
the fan and thc accompanying deercasce in normal force on the unite.
The differcncce which remains is probably associated with the

samc suctions aft of the jct which lecad to loss of 1lift. With
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the oxcoption of cnses in which the wing beeame stalled, the drag
inerements wore the same for all configurations.

It has been shown that pitching moment increments arc strongly
related to the romoval of frec stream momentum from above the
modcl. Additionnl contributions rosult from incro-nscs in static
praossurcs ahead of the jot =nd decronscs bcohind it. The offcct
is probably increascd considorably when underfins arc added.

If the upper surfacc intakc wns considerced for usc in the body
of an aircraft thorc would be o large variation of nosc up pitching
moment which would be approximatcly proportional to forward spocd,
At %3 = 0,4 n high tronsition spced, a control jet placcd at tho
aireraft tail, sny four diamcters behind the jot, would rcquire a
thrust cqual to 20% of the totnl lift. Howover if the plain
nacclle was mountod on a pylon below the wing of a largor aircraft,
the control moment regquircd might be reduced by placing
the inlet planc of the unit slightly below the vertical c.g. of
the airecraft.

Tunncl Intcorforence

Probably the most importont rcsult was that with the
5' x 4' tunncl closcd, the static 1ift was 7% below that obtained
after cutting a hole in tho tunncl floor to allow the jet to
cscape ~nd opening all the doors and windows. The tunncl floor
was 3.2 diamctcrs below the jot cxit.

Floor stagn=tion occurrcd below the model in the 5' x 4' wind

tunncl below volocity ratios V/VJ ronging from approximntoly

0.20 at an ineidonce of -20° 1o 0.40 at +20°, “/hen floor
stagnation was absent the operation of the model fan did not noticeably
alter the flow distribution ahead of the model on a vertical centre-
line, but there was a marked decrease in tunnel speed for given

tunnel fan R.P.M., particularly at low speeds.

A comparison of forces measured in the 5' x 4' and in the
114' x 84" tunncls yiclded tho following rosults—:

(i)  With the body on struts at 18° incidencc an apparcnt
1ift benefit in the smaller tunncl increcased with forward spced
to 10% of static lift at a volocity ratio: of 0.60. Somewhat
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surprisingly this high incidcnce offocct disappearcd whon underfins
were added.

At lower incidonces 1lift incrcments agreed to within 2%

(ii)  With wings ndded the 1ift increomont rocovercd, aftor
the initial fall, at a lower forward speed in the smaller tunncl.
This gnvs an apprrent 1ift bonofit which rose from 3% at onc third
of tho jot volocity to 15% at a velocity ratio of 0.60.
The above differcnces are important bocausc rosults teond to be
optimistic if the tunncl is too small.

(ii1i)  The above apparcnt 1ift bonofits in the smnller tunncl

were usunlly accompanicd by correspondingly greater drng and

pitching moment increments,

-95—



LIST OF RIFERLNCES

Authorgs) Date Titlc cte.
Butlser, S.F.J. 1959 FPurther comments on High-lift
Williams, J. testing in Wind Tunncls, with

particular reference to Jot
Blowing Models.
NATO AGARD Report 304

Collar, A.R. 1940 The Design of Wind Tunncl Fans

A.R.C. R.&M. 1889
Goldsmith, R.H. 1963 Chnrnctoristics of Aircraft with
Hickecy, D.H. Lifting-F~n Propulsion systoms

for V/STOL.
Grogory, N. 195849 Wind Tunncl Tests on the Boulton-
Raymor, W.G. Prul Roctangulsr Wing (Aspoct Ratio 2)

with o Lifting Fan.
1958 Scrics I A.R.C.20,356
1959 Scriecs II A.R.C.21,127

Grogory, N. 1961 Pecrsons] communicnrtion.
Grogory, N. 1962 The Bffcet of Forward Specd on the
Love, BEdna M. Inlct Flow Distribution and

Performance of a Lifting Fon installed
in a Wing.
NPL Report Acr 1018 (ARC 23,839)

Hackett, J.E. 1962 Somc Prcliminary Results of Force
Tecsts on a Fan-Lift Model,
Imperial Callege Dopartment of
Acronautics TNZ20.

Heyson, H.H. 1960 Jet Boundary corrcctions for Lifting
Rotors contoroed in Rectangular Wind
Tull'ﬂOlS. NvoSvo TR R"‘71

Hoysons, H.H. 1962 Lincariscd thoory of Wind Tunncl
Jot-Boundary Corrcctions and
Ground LEffcet for VTOL-STOL Aircrafta

Jordinson, R. 1958 Flow in a Jot Dirccted Normal to tho
Wind.
A.R.C. R.& M.3074.

Llowclyn-Davics, 1952 The Dosign and Installation of Small
D.I.T.P. Compressed Air Turbines for Testing

Tyc, W.D. Powcrcd Dynamic Models in tho Royal

MacPh=zil, D.C. Aircraft Establishmont Scaplanc Tank.

A.R.C, R.& M., 2620,

_96_



Authorfsz

Melbourne, W,H,

MeCluney
Gallagher
Raktham, K,

lMacDougall, A4.R,C,
Meilherter

Preston, J.H.

Taylor, R,T,

Thwaites, B.

Trebble, W,J.G,
Hackett, J.E,

Turner & Sparkes

Vogler, R,D.,

Date

1960

1960

1951

1962

1950

1958

1960

1963

1962

1963

~97—

Title ete,

Experiments on a Delta wing with
Jet-~assisted Lift,

Imperial College Ph,D, thesis
(See also 4,R.C, R.,& M, 3288)

The Prediction of Lif't and Pitching
lioment characteristics on the S,.C,.1
during Transition Flight. _
Short Bros and Harland Ltd, AD/TN/52

Revised High~Speed Lif't and Drag
Data for Clark Y Sections for
Propellor Performance Calculations,
AJR.C, R.& M, 2474,

VIOL Wind Tunnel Techniques and
Facilities
B,P. Air No,24 page 25,

The Effect of a Wind Tunnel Fan on
Irregularities in the Velocity
Distribution

AR,C, R,& M, 2307

Experimental Investigation of the
Effects of some shroud Design
Variables on the Static Thrust
Characteristics of a Small-Scale
Shrouded Progllor Submerged in a
Wing,

N,4,C,A, TN,4126

Incompressible Aerodynamics,
Oxford University Press,
Page 413

Low Speed wing Tunnel Tests on a
Streamlined Body Containing a
Ducted Lif'ting Fan,

R.A.E, TN Aero,2893

Preliminary notes on some fan tests
with inlet maldistribution

Surface Pressure Distributions
Induced on a Flat Plate by a Cold
Air Jet Issuing Perpendicularly
from the Plate Normal to a Low-
Speed Free-Stream Flow

N.A.S.4, TN D-1629



Author(s)

Worls

Wallis

Wood, Charles C.
Higginbotham, James T,

Wood, Ii,

Wyatt, L.,

dyatt, L.A,

Yaggy, P.F,

Date

1960

1961

1954

1963

1959

1961

1961

-98—

Title ete,

Separation on Axisymmetrical
Bodies at Low Speed,

La Recherche Aeronautique No,90
Sept=0ct 1960,

Axial Flow Fans
Newnes

Effects of Diffuser and Centrebod
Length on Performance of Annual
Diffusers with Constant Diameter
Outer ":alls and with Vortex
Generator Flow Controls,

Personal comnunication

Preliminary note on wind tunnel
tests of a wing fitted with
Nultiple Lifting Fans,

R,A.E., Tech-Note Aero 2643
(A,R,C. 21,377)

Tests on tandam-mounted lifting
fans in a nacelle
(Not yet published)

A Wind Tunnel Investigation of a
Four Foot Diameter Ducted Fan-
mounted at the Tip of a Semi-span
Wing,

NASA TN D-776,



APPENDIX I

And Tunnel Fan Design by the late Professor H.B. Squire

Introduction

The object of this note is to draw attention to an existing
method of fan design1 for wind tunnels which, with some slight
improvements, is sufficient for all requirements. This method is
simple because it assumes that the flow ahead of the fan is axial
and uniform and that the flow behind has an axial velocity which
is uniform and swirl velocity inversely pro:ortional to the distance
from the axis. This flow corresponds to uniform circulation along
the blades and a uniform increase in total head across the fan.
Under ideal conditions the straightener vanes transform the swirl
energy behind the fan into pressure energy.

Lttempts to modify this simple procedure to allow for non-
uniform velocity distribution ahead of the fan or to obtain a
preferred total head distribution behind the fan have often been
proposed. These are based on the assumption that 'strip theory'
may be applied to the fan blade elements at any radius. It is

extremely unlikely that a theory of this kind is even qualitatively

correct. For example in an analogous situation of a wing
spanning & closed-working-section wind tunnel which has a wall
boundary layer, the use of strip theory to determine the varia-
tion of wing 1lift near the wall is completely erroneous. It
is also well knowm that the application of strip theory to
calculate the effect of wing twist is unreliable. For fans
there is, presumably a tendency for the circulation distribution
along the blades to become nearly uniform in the same way that

the effect of wing twist is reduced by trailing vortices.
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It follows from what is stated above that, for a single stage
consisting of a fan and a set of straightener vanes, for ideal
conditions, the losses of power are entirely due to the profile
drag¢ of the fan blades and vanes: for calculation of stage
efficiency the profile drag power losses can be easily calculated and
some estimate of the losses due to secondary flow should be made.

But no elaborate calculation from thrust and torque distributions can
be expected to give more reliable results.

Since the losses are profile drag losses these are reduced by
reducing the fan tip speed, providing the blades remain unstalled and
an increase in the number of stages is not required. This was pqinted
out by Glauert but has not been emphasised in some recent papers.

A further point in relation to the general design of subsonic
wind tunnels is that the axial velocity at the fan should not be too
small e—properiien—ef—thimedl a proportion of the working section
speed. In other words the expansion between working section and
fan section should preferably not be more than 3.

Some assumption must be made about 1lift curve slope and maximum
1ift of the fan blade sections. The work of Himmelscamp2 and
3

“Jeske” has shown that root maximum 1lift coefficients up to 3.0 are

obtainable but that CL at the tip will not be more than 0.7.
LAY

This is due to the cent;ifugal flow in the boundary la&er of the
fan blades. There are some corresponding variatioms in lift curve

slope between root and tip. The tip C is therefore likely

Loax

to be the limiting condition of the design.

It often happens that a fan has to work under more severe

conditions than expected in the original design. Some allowance
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should be made for this possibility,

Conditions determinin: the design

Consider the work done on a mass of fluid p of unit volume
at radius r as it passes through the fan., The increase in
energy is H1-HO. Work is done by the blades which, while moving
with angular veloeity  dimpart on angular momentum pwr?  to
this unit volume and hence the work done on unit volume is pflwr?

so that

H1 '—Ho = pﬂwl"z (1 )

Part of this increase in total head is in the form of an increase
of pressure and part is in the form of an inereasc of kinetic energy.
The inecrease in pressure is found by applying Bernoullis equation to
the flow relative to the fan blades; the relative angular velocity
decreases frem 2 to (0-w) on pastage through the fan (Figure 2.3)

and hence

D+~ Do %0[92—(ﬂ—w)2}r2

= p(2-zw)wr? (2)

The swirl kinetiec energy is —pw2r2? and the sum of this and

the above increase in pressure gives the increase in total head (1)§.

3‘E‘I‘he function of the straightener blades is to transform this swirl
into pressure energy so that dovmstream of them a uniform increase

of pressure is obtained equal to the increase of total head (1).
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ilso downsirezm of the fan wr?2 is constint and hence the flow
corresponds to a free vortex flow with a tangential velocity wr
inversely proportional to radius r .

Equation (1) may be written

H1 —HO — _QI'\ <UJI’\
szQ v / (3)

The flow reaching the strcighteners approaches them ot an angle
oy = tan " <°—°\7I-'\\ to the axial dircction end lezaves ot zero ungle.
(Sce Figure 2.3) Thus the ;.n»ﬁle of Geflection imparted by the
straighteners is tan- 1( V/ and a recsoncble upper limit for this
is 26%° corresponding to (-—v— =%. e shall adopt this as a standerd
velue for the blade root radius, If desired, however, a lower
value, say ("ff) ——%—:tan—1 18° may be taken but this would require =

larger boss diameter, Putting ( or\ _s we obtain from (3)

where suffix b refers to the boss,

<m~\ i, o
Ve  teve

This fixes the blede rotational speed ot the root and hence determines

the boss radius r

b if ongular velocity {1 is knowm.

The 1ift coelficient CL of the fan blade section based on the
resultant mean velocity is given by5

S ] § _ 2rY .
CL=2—C-(tan ay-tan a,)cos oy, where s = - 1s the gap

fir -

between the blade elements in the equivolent cascade. Now tan ay =
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and tan Qq, = ———---— we obtain
v
C 2 2 <wr‘\‘ cos «
L \e/ 28N 2 em
If, for examnle, a2t the blade roots <5, = 1.0, ("— = % we obbain
/o \V /b 4

from (4) %}3 and hence o, =45° o, = 263° oy, = 37°

VA
~t the tips if @>>1 we have 1, = Uy =, 045, COS Oyp e ar

\ /N /HL—HoN\ A
swr 2r s (HiThey (S.Z:,L: .2

It seems desirable (see Section 1) to keep the design 1lift
coefficient ot the blade tips dowm to 0,5.
Example
Powver input mP = 100 H.P.
(#fter z1lovance has been made for fan stege efficiency 1 = 0.90)
Fan disc area = 31 sq, ft.
£xisl velocity at fan = 100 ft/sec,
Anguler velocity §1=100 radians/seec.

Thus (H1—H0) 31 x 100 = 100 x 550

————— = —mm————— = 1,493
Lpv2 31x11.89
N\,
. Wrh _ 1 ar\ _ .
e take (V /: =7 and hence from (4) < V/b”‘1 483, Thus ve get a
boss radius of 1.493 ft. ‘e round this off and take rb=1 .5 f't.

N\,

/ y
& 2 .. 2 -—_: ) =D .
£lso 'KKI‘t ry ) 31 so that r, 3.38 £t
If we suppose the fan to have 6 blades of constant chord with

gap chord ration 1.5 at the root, then the chord is

and



The results of the calculations are given below.

¥AN o=1 foot 6 blades

(1) (2 ) (W (Y (&) (7 (8 (9 (10 (1)
15 1.5 0.498 1.002 56.3% L45.1° 11.2° 51.4° 0.624 1.5 0.93
2.0 2.0 0.393 1.627 63.5° B8.,4° 5.1° 61.1° 0.483 2.0 0.72
245 245 0.299 2,201 68,2° 65.6° 2.6°9 67.0° 0.391 2.5 0.58
3.0 3.0 0.249 2,751 T71.6° 70.0° 1.6° 70.8° 0.3%329 3.0 0.49
%.38 3,38 0.221 34159 73.5° 72.4° 1.1° 73.0° 0.292 3.38 6.44

() vt (2) B o) 9y G0l o e

(6) G, = tan | ~eo2Ly (7) a,-a, (8) «a (9) oos a . (10)

12 c

The table shows the blade 1lift coefficient for the example chosen and the
inflow and outflow angles a, and ¢, for the eguivalent cascade. The

selection of blade seetions and angles has not yet been made,

Straightener design

The form of straightener proposed by Collar5 consists of untwisted
blades set along the wind. There is some risk that these will be stalled
at the root if the swirl angle is 26%0 as 1s proposed. It seens
preferable to use cambered blades designed to remove the mean swirl or

wn}fofm
the swirl at the root. It is unlikely that untwisted blades of =Eizem
chord set to remove the mean rotation will be satisfactory. Previous
experience suggests that the removal of swirl at all radii is not eaéy
and that adjustable trailing edges are a desirable feature.

Sheet metal trailing edges, which can be bent, should be
satisfactorj for this purpose. The complication of twisted vanes should

not be accepted if it can be avoided. The best way of selecting vanes

for the mean section is probably the cascade theory of Cantera. Ir
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there is a residual swirl in the outgolng stream but the angular
momentum is zero, then mixing in the diffuser downstream will

eventually eliminate this swirl,

Example « continued)

STRAIGHTZNERS, Gap~-chord ratic = 1,0 at root

wr

e

11

T i ag=tan™! E,S~ Clagy COS Ugay C,
1.5 0,498 26,5° 1,00 14,0° 0.970 0,97
2,0 0.373 20,5° 1,33 10,0° 0.985 0,98
2.5 0.299 16,65° 1,67 6.5° 0,989 0,99
3.0 0,209 1.0° 220 7.4° 0992 0,99
3.38 0,221 12,5° 2,25 6.3° 0.9% 0.99

Note

Cutflow angle a, for straighteners is zero

2 tan a’}h = tan 03

References

1. Gladlert Aerodynamic Theory Volt L pp.338-341
2., Himmelscanmp |

3, Weske

4, Carter

5. Collar R and M 1885
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4P, BNDIX_IT

Centrebody diameter for mexdmum power

As mentioned in 2.3%,1 the ccntrebody dicmeter is strongly affected
by the limitution on Ayyy o If axiel velocity is constunt over the
wnpulus®* and o fan of given tip dicmeter and rotational speed is
considere ? then for constant root swirl wngle the uxial velocity may
be incre.sed us centrebody diumeter is increused, thus increasing the
energy output per unit ennular crea. Since the amnular area decreases

with incre.sing centrebody di.meter there is u stage ut which the total

power output starts to full. This mwy be demonstrated «s follows:=—

V,% = V2 + (2r2 for zero pre-swirl

J t
VT\2 rt\2
(n— = 1 + r cot?a, where R = (——,
\Vj/ b Ty
. VTa
PJ = épAJVJ3 = ‘;jpﬂ:f‘-bz (R-1) === =i -

(1 + R2cot2a,y)

1
dP 5 (1 + Reot2a, )2{1 + Rcot2a1b—3/2(R—1)cot2(x1b§ ‘_
——— — Const D T ._.‘.-.A..ﬂ».-.._._._........._-...-._._......v,._._.w..b_..__..._:‘O
dr

(1 + Reot2oyy)®
at fturning points,

R(B/Z cot2eiyy - cot2a1b)§ = 0

1T+ 3/2 cot?aqqy

R {1 + 3/2 cot? oy

il

R

3

L 2
= cot(x1t

Il
A}
ct
o
o}

N
Q

o

+
O

s . e . . . G Tt W B 4 e o e VL i T it e e e B S i St S e S i S P VD e S v O G e e Gl

#* This appeurs desirable for a fun of good stutic efficiency., It
hus been suggested that a lower velocity sleeve on the outside of the
annulus may reduce interference effects under forward speed conditions,

A This is necessary because of limitations on tip Hach Number,



Limiting 043, to 30° yields « centrebody dismeter of 53.4%% of
the fan tip diameter for zero pre~swirl. The diemeter varies only
slowly with Cqyy o

the case with pre-swirl then a centrebody diameter of 77.55 of fan tip

If the corresponding calculation is made for

diumeter is obtained for maximum power.
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APPENDIX IIX

Further details of the automutic data reduction process

The special scales

Scales of velocity, its square, cube and fourth powers, were made
in addition to « velocity scale calibrated in ft/sec for o vertical
alcohol manometer. (This scule is referred to in Figure L.2 as the
"conventional scale).

The scales were engraved on 'Trefolite! which is « plastiec
sheet having alternate bluck and vhite laminations. A minimum
graduation size of ,030" was imposed by film definition. It was
arrunged thuat the smallest graduwtion on each 26" scale was
approximately 0.040",

3

The scale factors for V7 and VA were chosen to be convenient

5 and fth:/seclF respectively when used with

whole numbers of ft;/sec
a vertical alcohol manometer. The choice wes influenced by the
0.040" minimum gruduation sizes which occurred at high velocities.,
The linear V2 scale is also the transfer scwle. A constunt
graduation size of 0,040" was chosen. (i.e. 0.040" of black,
then 0.040" of white, etc.)
Small graduations occur at low velocity on the V scale and
o factor of «lmost 12 ft/sec per count would occur if a 0,040"
step was placed here. To overcome the coarseness of scale which
would have resulted « lineur section was introduced at the low
velocity end of the scule which blended into a non linear scale
huaving & factor of 1 ft/sec per count on a vertical u.lcchol

m«nometer, This made necessery the introduction of an added

constunt in the calibrution. (See Table next page). Only the
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first ¥ 3n of scale was affected.

SCeLE FPrCTORS

C = Total count on decade counter N = number of frames scanned,

V's in ft/sec units throughout

MANOLETER | v o Vi v
i ! '
FEO (=m, ) ?(= m) | (=m) | (=m)

; C, | Cy i c. |
ALCOHOL c y 2| 73 6 L |
s.¢,= 0,80] ¥ 1599 ¥ | 75,000 32! 25 x 107

|
? ] | .
- c c, |
WVATER 2 | _ 6L
S.G.= 1,00 324 + 1. 118 N 174489 5= 104,710 39,06 x 10° |
v i
CARBON ’ x :
TETRA- ; C, c, 6 C,
CHLORIDE 40,0 + 1, 378- ‘265.82— 196,360 =2 90,25 x 10° ==
SuGe= 1,52 N N

(VITH DYE) | | = |

Should the reader output be used to operate a tape punch only
a linear scale would be required since individual results could be
recorded and the sums of powers of velocity could be obtained using
an appropriate computer programne,

At present individual points are obtained by running the reader
slowly and recording individual totals, Figure 7.1 was obtained
in this way, At full speed the summing of five quantities over
15 tubes x 11 frames took 30 minutes,

Before taking photographs it is necessary to make a check on
manometer and scale zeroes, This is needed because the electronic
circuits accept signals in one sequence only, Starting from the
top of the manometer, one should see:-

(i) static Head

(ii) The zero of the non-linear scales
(iiig Total Head
(iv) 4 distance below the total head tubes greater than
that between (i) and (ii). ~109—



It is possible to employ Simpson's rule for integration if end
points either of the traverse or outside the rakes are known to have
zero velocity., Tor the former it is necessary to take two similar
photographs for the 'odd' traverse positions, For zeroes at the ends
of the rake all that is necessary is to sum the "odd" tubes twice,
Calculation is then as for the normal Simpson integration,

Some results of reader repeatability and accuracy tests

The results given in the following table give the film reader
output counts obtained from a film having five frames, The measure-
ments correspond to the difference between the readings of one pair
of manomet:r tubes on this film, Each frame corresponds to a different
rake position, For comparison hand measurements are given which were
made using dividers to transfer the appropriate column lengths to the
"conventional scale", Their accuracy is unlikely to be better than
+1%, consequently powers greater than V2 will not have been obtained
with adequate accuracy using hand methods,

Since the film reader 'sees' coarser scales for the higher
powers of V it is unlikely that counting difficulties will occur,
Over a range of tubes and frames the errors due to the relative
coarseness of the graduations for higher powers should be smoothed
out in a statistical manner, The size of graduations corresponding
to the quaatic scale at the speeds of the present example is 0,10"

in 10" scale length,
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The figures in the table are successive readings on the decade counter
and are therefore cumulative totals (thus exclude the added constant in the case
of the velocity scale)

REPEATED READINGS (F SAME FILNM

& Q = @
o\ 5 N N _ 5298
3 & -~ [T \O I @ oN i: s 03
0] o E: e 'E{)
P © " M
151 152 150 151 150 150 151 151 Frame 1
295 296 294 295 293 293 295 294 Frame 2
v 432 4334 429§ L4327 428 427 432 432 Frame 3
5751 5761 571 | 5741 571 569 575 . 575 Frame 4
718 718 714 717 713 713 717 718 Frame 5
233 232 2301 231 230 229 233 234 233 233 Frame 1
2 L8 L4701 446 LLTE 4hl ) b 451 M9 | 449 L4 8 Frame 2
v 6L | 6l 645 6Ly 637 637 647 647 646 651 Frame 3
8571 8561 8591 857! 852! 8,5| 863| 862| 86 866 Frame L
1069 | 1068 10731 10701 10591 1059 | 1075 | 1076 | 1077 1081 Frame 5
82 84 83 83 8L 83 Frame 1
3 156 157 156 155 158 157 Frame 2
Ty 221 222 221 222 223 222 Frame 3
2937 295 295 2951 295 295 Frame 4
3667 368{ 3697 368 368} 368 Frame 5
53 53 53 53 Frame 1
L 98 98 98 98 Frame 2
Vv 1361 13641 136, 136 Frame 3
180 180 1801 179 Frame 4
224 220 223 221, Frame 5

The switching pulses were monitored on an oscilloscope. With
experience it became obvious when the occasional spurious count came through
as the decade counter did not then 'lock in' solidly. In case of doubt
for either observation the count was repeated until a constant answer appeared
and the switching pulses were sharp.
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AP ENDIX IV

The interaction between the fan and non-uniformities in
the upstream flow :

(a) Velocity deviations at constant static pressure

(1) (2) (3)

| Vo : Vo :
o — b o} ,
,'»’ ¢
V o+ vy T e “’,. ;
TR e e DR IETRITTI i 5 VRV,
FAR UPSTREAM FAR DOWNSTREAM
(Uniform Static Pressure) (Uniform Static Pressure)

Preston (1950) derives the following result relating small local

velocity deviations downstream of a fan to those upstream:-—

v - 1
;é = %—:—%| where C =-% %., the symbols being those of Collar(1940)

1

At the centre of the annular area, under static 1lif't conditions,

1
C = 2,40, At both the upstream and downstream stations of Preston's
analysis the static pressure is constant and non-uniformities in total

head exist,

v v _ o
It can be ,hown that -2 = .2 and 2 =2 c where v
v, 2+ C! ) 2 2
is the velocity deviation at the fan plane, For the model fan in
v v
the static 1ift condition 72- = 0,455 and -;3- = =0,20 giving
1 2

v
=2 = ~-0.091, The inversion is charzcteristic for C'> 2,00, It

V4
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is clearly desirable that C' should be close to 2,0 if large
damping is rewuired, Notice that Preston's solution needs
sufficient settling length both upstream and downstream of the fan
for the static pressure to become uniform across the duct,

(b) Compl@mentary dynamic and static head deviations at constant
total head

Flows up stream of VIOL fans with well shaped flush intakes
which avoid separation on the upstream 1lip and which have no turning
devices within the stream tend to have constant total head across the
duct since air is taken directly from the mainstream with very small
losses, Measurements made by Gregory and Love (1962) show a high
velocity region just below the upsiream intake lip, associated with
the pressure gradient across the flow which turns it into the duct,

A characteristic of a disturbance at constant total head is that
if allowed sufficient settling length, the flow will become uniform
of its own accord, This is not so in the case above in which, in
potential flow, the disturbance would persist,

An attempt has been made to estimate theoretically the effect
of the fan on non-uniformities of the present type. This has not
been successful for the upstream part of the flow, Although an
upstream effect similar to that of 7.,3%.1 will probably be present, it
is not clear whether the upstream influence of the fan will change
the natural rate of settling,

The development of disturbances arriving at the fan plane is
dealt with below, It is assumed that duct area is constant and that
and in inlet total head H, are

constant across the duct, as in the static 1lif't case, Velocity

the outlet static pressure,

deviations of finite size and area have been assumed, Actuator
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disc theory has been employed.

In subtrazcting incremental pres:ures in the analysis which follows
it is necessary to make the assumption that the effects are confined
to one radius, or that the twist of the fan blades is small, The

effect of the straighteners has not been considereq..

A e, V2
Tk & [T
"' '
— T _ S
P2 /!’ SO "_. F2 1
Po + Py — - - = A ”‘M;%""”_—PZ*'I)Z
A s
Py zi j { / s P
’ ’ . ‘,’ J ya
P3 £ 4yt e Lale gy
AgVs 8z Vg

Equating axial momenta between (2) and (3)

- ) + phV,? (v, ' - v,2 '2
1;2 P2+AP2 + P 0'n +a.3 P2 +Ap2) = hp3+pf133 +Pa3v3

This may be written, after applying Bernoullis equation betwwen
planes (2) and (3) and rearranging: —

1 2 '2 _ i 2, _ Cp i - !
ZPVZ —p 29V3 L = (.’ZA3 A2 A)APZ + (26,3 d2)A p2

using continuity and area relationships the RHS becomes

CHE = ZY.g - 1\:"/A - A \1
LD = 8_2 v_} ‘,‘\. p2 p2/
3 70N

Put ap = BRCRELL ang m(B - tan %;)

AIFS (1SRN

RHES = 3p (ﬂl’ 2(27— -1 ( /sz/<tan 2 tan’ 1V1)
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Dividing by %p@lr)zh and writingfg =% and 2 = d eto. we obtain

A
2 2 T2 < NC\ m\/ e, ]
+ V7R, + V" "ay m e, f .\ S tan 2 - tan VY
3
If quantities at (Z) are stated thfn V, is the only dependent

3

variable which remains and the equation may be rewritten in the form

3 + Dﬁ +E=0

Vs 3

Inserting conditions at %/R = 0,8 for the static case (Vé = 0,40)

and assumin;, that ;2 = 0,10, gives the following results:-

~ 1
~ ~ 1 ~ ~ ~
V2 D E Va D3 Cy, Hy' Va ag

0.32 -,1678 +,01086 373 1.941 1,025 3,440 1,224 0,0262
0.36 -,1637  +,00526 .388 1,929 0,810 2,755 0,909 0,0397
0,44 -,1657 -,00526 412 >H3 - - - -
(See below)
The last result is not valid because p3‘>H3 is implied, This
would cause separation which invalidates the area assumptions of the
above analysis, Cross plotting showed that 53 =H, at V2 = 0,41,

3
Note that for V. ! = 0, 32, C ' is approaching the maximum normally

2

allowed in blade element caleculations, It can be seen that, for
the assumed conditions, disturbances which arrive at the fan are
changed in sign and amplified, At the same time the disturbed area
is reduced for %2'<: VZ' The band of velocities which may arrive
at the fan without producing either duct or fan blade geparation appears
to lie between 8% below and 2% above the mainstream velocity,

£s deviations upstream of the fan, produced by turning, are
likely to be considerably more than this ( see Gregory and Love (1962))

and since downstiream measurements in the present tests indicate no

veloclty deviations of significant size below the fan under any
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test condition and no serious separations, it is apparent that
further examination is needed,

The theoretical treatment has the following weaknesses: -

(1) £ 'sharp edged' deviation has been assumed, In practice
this would be 'smeared' by viscous effects and by thevtendenqy for
the edges of a step in the blade loading profile to be smoothed
out as on a finite wing,

(ii) Super-velocities found at the exit plane in the theoretical
solution would be dissipated by viscous forces, It seems unlikely
that the disturbed area would contract very much,

(iii) Actuator disc the&ry assumes the fan to be negligiblj thin,
This is not a good assumption since the distances from the fan to
which interest attaches are comparable with its thickness,

Doubts about the present experimental comparisons are as follows:=

(i) The contraction effect caused by the fan drive shaft may
have suppressed velocity deviations and/or separations, |,

(ii) 4n upstream lip redius of 1C. of fan diameter in Gregory's

experiment produced local velocities of 150% of the static value when

Y/Vj = 0,55, The lip of the present model had 20% radius and
T

would have produced less pronounced supervelocities,

It is an experimental fact that even the high velocities found
by Gregory and Love (1962) were heavily damped and no regions of
total head decrease through the fan were found,

further experimential and theoretical efiort is required to obtain
an understanding of the mechanisms of the attenuation of disturbances

which fans can cause,
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APPENDIX V

Tables 1 to 7
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TABLE 1 MODEL DIMENSIONS

BODY
Length 40, 5"
Maximum width 9.0"
Kaximum depth 8. 0"
Maximum cross sectional area 0. 46sq.ft.
Distance from nose to wing quarter chord 16.4" ( =40% body length)
Distance from nose to duct axis (Which is at 16. 40

right-angles to the body centre line)

DUCT + CENTREBODY

Duct length 8, 0"
Duct diameter (=d) (CYAL
Distance from inlet to fan plane 2, 25"
Annular area of duct (73% of wing 1) 0.15sq. ft.
Distance from inlet to straighteners 6. O"
Inlet radius on upstream side of duct (=20%4) 1,3
Inlet radius on downstream side of duct (=€%d) 0. 38"
No radius on duct outlet

Centre body length g.o"
Meximum centrebody diameter 3.7
Length of c¢ylindrical portion of centrebody 3, 0"

(ends are ellipsoidal)

FAN and STRATGHTENERS

Tip diameter ( =d) 6. 4"

Boss diameter ( =58%d) 37"

FAN

5 Blades 10% Clark Y section o

Root Blade Angle 3210

Tip Blade Anglse 173

Mean Chord 1.0"

STRATIGHTENERS

12 Blades, Thin cambered plates

Blade Chord 1.3"
WING 1

Span 3L, 0"

Area 2.0sq.ft.

Aspect Ratio 6.0

Taper Ratio 2.0

Unswept quarter chord

Aerofoil Section NAC%OO‘IZ

Wing-Body angle adjustment between +30
STRUTS

Diameter 1.0

Distance between outer ends 29.0"

Distance from nose of body 164 4"
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" EXCITING i
O | ponarous, | SRS DAY | onn goom | T T LS
FREQUENCY : THPOSED FORCES | CroSSIN

SPIDER WAEES | FIXED POINT SPIDER WAKES

'TYPE = f =18 ¢
= = = f
OF RESONANCE bt 5f 20
0S CILLATION
OF BEARINGS 10 9 600 RPN LITTLE LITTLE 33 RPM 30 RPM
AGAINST s (1800 RPM) COUPLING COUPLING (100 RPM) (90 RPHM)
SFRINGS
7‘.{ # &
FAN BLADE G . s 7,100 RPM 6,350 RPM
BENDING 2,120 /S bp > 1 31,800 RP# 25,400 RPM (21300 RPK) (19.700 RPY)
FAN BLADE 9,600 7 | . # y # |
TORSTON APFROX. lip > 1 Mp> 1 My > 1 31,900 RPH 28,800 RPM
| MATNSHAFT . Md NORMAL ROTATIONAL SFEED IS 23,200 RPM ( 387 Z)

WHIRL 490 7 | 29,400 RP THIRD HARMONICS EXCITED AT RPH SHOWN IN BRACKETS
gﬂﬁgime 615 9 36,950 RPH * RESONANCES OBSERVED BETWEEN 5,000 AND 6,000 RPH

£ 27,000 RPN PRODUCED NO WHIRL

A UNIT TIP MACH NUMBER OCCURS AT 36,500 RPM
gHM;iIEAFT 615 7 | 36,950 RPN

TABLE 2  CALCULATED ROTATIONAL SPEEDS F(OR RESONANCE




M

7 WIND TUNNEL
AND TEST DATE

Imperial College 5' x 4'. Late 1961

CONFIGURATTIONS On Struts, On Wings, (without underfins)
V, 30 ft/sec to 130 ft/sec. 20 ft/sec intervals
VARTABLES o, ==20°, -18%, to +18°, +20°.  3° intervals 3
a _, -10° to +20°%  5° intervals i
consistent with ia-y ‘< 20°
Lift, Drag and Pitching loment.
MEAS Surface Flow Visualisation.
AND gggggNTS Determination of Floor Stagnation Regime.
Pitot~-static traverse of duct exit in the static-
1ift condition.
WIND TUNNEL x 83 No 1 June1962 |

AND TEST DATE

Royal Aircraft Establishment 1134

CONFIGURATIONS On Strugts, On Wings, with and without underfins.
V, 20 ft/sec to 80 ft/sec and 120 ft/sec.20 ft/sec i
intervals !
VARIABLES o, -18° to +18°  6° intervals ?
o = 00 i
° |
| MEASUREMENTS Lift, Drag and Pitching Moment. |
@ b
| WIND TUNNEL

AND TEST DATE

Imperial College 5' x 4'. October 1962.

CONF'IGURATIONS On Struts with and without underfins
VARTABLES v, 30 iﬁ/sec tg 110 f£t/sec, 20 ft/sec intervals
; a, -187 to +18°  6° intervals
Lift, Drag and Pitching Moment )
MEASURE: ENTS Electrical Power Input ) Simultancously
LD Fan RPM (Series 3a)
TESTS Duct Flow Measurcments

il Rl T ST T S

Flcw Visualisation on Fins
Check force tests w1th pressure tubes disconnected

(series 3b)

R T R R K W T e e R A ol Rl . w e

TABLE 3 Summqu of Tests on Llftlng Fan model_J w1th Fan Running
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ALFHA Iiodel 6 1:1,8/50 lens,
(35mm single lens reflex, focal plane
shutter)

CiLEERA

PILM + : PAN F (50 4,5.4) 1/5 sec at £.8
IXFOSURE Developed in Conorast FF for
2— minutes at 70°F

—d

LIGHTING ‘ Two 100w household bulbs 18" above the
top of the manometer,

Wwhite reflector below manometer,

vhite paper behind tubes

Methyl Violet dye in C.Cl4 fluid,

SETTING UP | Distance from film-plane to tubes = 43"
| Camera opposite mid height to within +*
Tilt in film plane less than +4/1O de_ree
Scale zero to satisfy conditions of
Appendix 3,

TABLE 4, PARTICULsRS OF [aNOILT#R PICTURES

DIVISORS
REDUCTION OF
g (a) . (v) P (e)
FORi/ARD SEEED : 7 Y . 0R
; J | J .
! | T
En e 1 2 ’ : \ 2
FERLY ' on¥ | ’
DRAG INCiELLNT | pAJV§ T JKQR
PITCHING :.OLENT L =2 : \o.
INCREMENT L phgVsd j Td | pAJKGEE’ a

TABLE 5, SOKE I-Of IBLE ReDUCTION F.RALTTERS




A

IAIT OILVIS J0 SHATVA qHHNSVIN

‘9 WI9VL

| BODY ON STRUTS | BODY ON wING
LRTE ! \ TINNTS T i w | ~ RELA
(iﬁgiEf): ReH o o | .TmH O JITH ReliaRKS
! f H UNDLiPINS | UNDEXPINS | UNDIAPINS | UNDIRFINS
=
CLOSED 12,70 1bs |
(CT - - -
=0,170)
Underfins
1 23,200 | not used
1 ! .
(5" = &%) | VENTED 13,65 1lbs 13,45 1lbs
i (floor & walls) (Cp - -
| =0,183) ! ':
| CLOSED 13,05 lbs | 12,65 lbs| 13,05 lbs | 12,35 1lbs | After
l (CT bearing
? -0.,169) failure
| =0.1
2 23,600 | 13,80 1bs
(113" =83 . VINTED (Cq - - -
} (floor only) ~0.179)
4 r + - -
j
|
13.05 1bs Tested on
(CT return from
| =0,180) 3 HAE.
3 22,800 | VENTED 12,65 1bs | 12,25 1lbs - : - Traverse takes
! 1 floor & walls) | installed in
(50 = &) ( | duct,
11.75 1bs | 11.15 1bs - I Rakes plus
’ pressure
| tubes™

N
D

Sec text, Section

6.3



TEST SERTES 2 (413'x81' TUNNEL)

(1) (2) (3

TooT SRLS 36 (5'x4' TUNNEL)
& o (= (@ (3

.030 ~ 18 0860 ~,0180, .0084
- 12 -0380 -.0096) .0075 -
- 6 0914 —.0010) L0098
0 .0908 +.0100 ,0084 - -
6 L0889 L0174 0142
12 .0872 .0280 L0055
18 .083%5  ,0370 L0075

L060 - 18 ,0879 =-,0058 ,0252 |.,0872 -,0063 .0255
~ 12 ,0853 +,0038 L0260 }.0895 +,0023 .,0216

- 6 ,0886 L0135 ,0328 |.0900 .0108 .0241

0 .0830 .0226 .,0296 |.0900 ,0220 .0255

6 .0849 0335 .0300}.0860 ,0302 ,0260
42,0844 L0430 .0372 !.0840 ~.0386 .0220

18 .0795 .0520 ,0355 |.0818 .0L72 ,0255

.090 -~ 18 ,0783 ,0060 .0420 },0894  ,OO50 ,OW42
-~ 12 L0874 0152 .O0L25 !,0883 0140 .OLOO

- 6 .0B6L ,0245 .050k |.0875 .0235 OO (1) = <2
0 .0351 L0342 .O504 |.0849 ,0350 .OL78 p(IR)"A;
6 .0813 ,OLLO .0504 !.0819 0420 .OL6O o
12,0795 .0522 .0600 !.0793 .0500 L0422 _
18 .0805 .0640 .0580 |.0810 .0585 .oh70 (2) = 5
p(OR)"A;
.120 - 18 .,0903 L0170 0598 1.0920 ,0163 .O6LL
- 12 .0860 .0268 .0642 !.0891 .0258 L0597 Al

- 6 .0850 .0360 .O704 |.0853 .0352 ,0632
0O .0835 .0L62 .0720 !.0798 ,OLLB ,0698 (3) = s
6 .,0799  .OLLL .0726 }1.0791 .0533 L0670 p(OR) Asd
12 ,0783 .0632 ,0830 !,0786 .0615 .0630
48 ,0820 ,0783 ,0808 |,0790 ,0700 ,0666

VALUES SHOWN
.150 - 18 L0924  .0283 .0786 OBTAINED AS
12,0360 ,0383 .08LL CROSS PLOTS
- 6 ,0865 L0472 .0920
O .0832 .0580 .O942
6 .0701  .0655 .0963
12,780 075k .1052
18 .0860 ,0945 ,1038

*INCLUDING 3%
CORRECTION FOR
DRAG OF TRAVERSE

.180 - 18 .,0957 .0418 .1038 1 .0971 0LOL 1042 RAKES .

- 42 ,0904 L0547 .1050 I1,0908 .0L98 .0982
- 6 ,0890 ,0597 L0870  .0594 ,1037
0 ,0840 0709 .1160 1 .,0830 L0688 1143
6 .0769 .0789 .12,01,0813 .0785 .4180
12,0779 .0912 .13201.,0789 .0820 .1203
18 .0902  .1130 .1280 11,0801  ,0955 L1167

TABLE 7 FORCE TECSTS IN TV vIND TUNNELS, (A) BODY ON STRUTS
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TUST SIATES 1 (5'xh' TUNETLL)

v

R

»030

060

.090

120

.150

180

i

o]
e

18
12
)
0
6
12
18

18
12
6
0
)
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)

L0852
+0840
L0830
L0817
.0830
0910

.0680
.0838
. 0300
0782
.0790
»0790
0918

L0558
0850
L0862
0790
.O790
LO74d
.0920

+OL460
.0936
0948
.0862
0718
0920

.0368
<1145
1107
.1106
»0932
.0702
0912

(2)

-,0078
+,0080
+,0163
0263
»0340
0440
L0522

0
.0178
.0270
.0352
<0432
0544
0619

.CO53
.0287
0458
0540
0669
.0727

0090
.0388
0489
L0567
L0660
L0843
0840

.00390
-0493
»0603
L0670
-0770
»1000
<0943

(3)

0173
.0270
0307
0342
0360
.0360
0332

.0320
.0470
0525
.0562
.0523
-0493

<0459
0686
0748
.0760
L0762
.0710
.0620

L0546
+0925
.1029
.0993
-0905
.0890

L0620
.1032
1172
1272
1260
«1100
«1100

(1)

.0878
»0900
«0930
.0930
.0918
.0395

.0832
.0838
.0826
0806
0826

0640
0796
.0790
0767
.0750
L0745
-0795

+0504
0792
0790
»0750
.0720
.0728
0798

A~ e Ty A i W S Y N T T P A T S W Tt S > v o Wb o o T e TR e o o R Y et S o e ot S . T 8 o bk o e i Rt S it B e S T G S e e S Y B o s S o et

L0304
1002
.0963
0890
L0840
.0B37
.0800

(2)

-.0183

(3)

"0001

~.0083 +,0060

+.0020
.009%4
0193
0293
.0360

-,0085
+.,0039
0133
0215
.0307
0392
0455

~.0008
+,0150
0244
0335
L0412
«0490
.0548

0055
-0255
20350
JOL 34
0520
.0620
0063&'

L0140
<0463

«0573
0608

.0698
.0BOO
.0793

.0030
0102
+0049
0160
0184

20180
0261
.0292
.0315
0260
L0214
.0260

0326
L0462
.0539
0520
+0430
0400
<0433

04,66
0602
.0738
0740
0714
0640
0630

.0366
L0860
,0994
»1202
».1210
140
.1098

TEST SERIES 2 (143'x8%' TUNNEL)

(1) =2 __
p(QR)zAJ
(2 = 22
p(OR)%A,

(3) = &M ___
p(QR)zAJd

VALULES SHOW
OBTAINED AS
CROSS-PLOTS

TABIE 7(continued) PORCH TESTS IN TWO WIND TUNNELS
(B) BODY ON WING
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TEST SLRILS

v

(R
030

.060

.090

120

«150

.180

O
@

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

3b (5'x4} TUNREL)

(1)*

N o

L0859
.0693
.0695
.0903
.0883
.0878
L0834

.0890
.0930
.0923
0947
.0912
.0893
.0863

«0949
.0995
.0982
.0969
.0932
0907

A0k,
117
.1093
1150
.1056
.1021;
.0982

.1128
1262
1236
1273
1150
.1130
.1100

(2)

(3)

TES TS

~.0070
.0040
.0140
0237
.0320
L0416
0495

.0018
0142
L0024
0339
0420
0550
0559

.0150
.0249
.0350
. OM}-O
0522
.0600
0640

02L9
.0350
0463
<0544,
.0622
.0693
.0738

.0320
-0L53
.0558
.0650
.0725
.0792
.0836

TABLE 7(continued)

(¢)

.0290
.0312
.0322
.0370
.0380
.0360

0520
.0540
.0563
.0585
.0580
L0564
0509

0755
0790
0805
00810
-0759
.0738
.0660

.1025
.1058
-1043
<1043
-0959
.0920
.0820

.1308
1373
1300
.1270
+1190
1113
.1000

.

TEST SERLLS

(1)

L0914
.0915
.0929
0914
.0916
»0899
L0834

.0986
.0987
.0982
.0985
.0973
<0946
.0890

.1209
.1182
1170
+1150
1116
.1042

(2)

.0055
L0143
0227
0340
.0L07
L0468
.0532

.0160
.0253
0340

.0520

0593

.0367
.04 70
057k
0770
0842
. 0890

(3)

PERFORMED

00‘!{'—90
.0520
.0492
0470
.0L83
0482
0420

. 071 0
.0750
.0800
0790
0740
0660

«1153
.1208
1251
1365
.1280
.1200
.1100

2 (115'x8%* TUNIEL)

(1) = __2%
p(OR)%A;

(2) = 2P
PGQR)ZAJ

(3) = %
P@)R)ZAJd

VALULS SHOWN
OBTAINED AS
CROSS~PLOTS

4 INCREMENTS ARE
WEASURED ABOVE A
DATUN «ITH FINS,

* INCLUDING 3%
CORX.CTION FOR
DRAG OF TRAVERSE
RAKES

FORCE TRSTS IN TWO WIND TUNNELS
BODY ON STRUTS WITH FINS,
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=060

.090

~120

-150

I

12
18

TABLE 7(continued) THE KuSULTS

(5'x4" TUNNLL)

(1)

(2)

NO TESTS FPERFORMED

(3) (1)

.081,2
L0876
.0892
.0890
L0876
,0876
.0840

0754
.0822
0852
0840
0834
.0830
.0820

0672
.0878
.0882
.0890
.0880
.0850

.0602
0940
L0934
.090L
.0870
.0950
.0904

L0450
.1056
1060
.1070
1040
1126

: 112

(2)  (3)

-.0180 ,0085
-,0080 .0075
+.0007 .0053
0117 ,0130
.0208 .0115
0290 ,0095
0369 .0097

-,0080 ,0220
L0047 ,0260
.0120 ,0280
.0215 ,0317
.0303 L0284
,0370 .0317
LOLh2 0273

"‘00008 .0360
L0140 .O475
0234 ,0530
0320 ,0530
L0409 0530
-0470  .O547
L0520 L0467

0043 ,0520
.0250 L0740
.0349 0750
043, 0762
.0515 L0760
0584 0730
0608 .0710

0124 0940
LOLE3 1240
.0580 1320
L0660 ,1280
0760 .1238
0845  .1210
.0808 ,1078

OF FORCE TESTS

(D) BODY ON WING WITH FINS

~-126-

TEST SIRIES 2 (113'x8%' TUNNEL)

(1) = 8%
p(0R) %A,

(2) = 22
p(2R)%A,

(3) = AM
o(aR)%Ad

VALUES SHOWN
OBTAINED AS
CROSS-PLOTS

INCREMENTS ARE
MEASURED ABOVE
A DATUM WITH
FINS.



APPENDIX VT

T1llustrations

(A decimal numbering system is used,
The first figure is that of the
appropriate chapter)
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APPENDIX VII

Further plots of the results of force measurements.

A
(In the following diagrams equivalent values of ﬁ% and

V/V have been quoted in addition to the values based on tip
3
T

speed divisors, The static 1ift coefficients measured in the
Imperial College 5' x L' tunnel, with the working section ventilated;

have been used throughout,)
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