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SUMMARY [ {4
| pre st

This report presents an znalysis,of some aspects of the full scale
wind tunnel tests of the Avrocar vehicle, which were conducted in
the 40 x 80 foot tunnel at Ames Research\Center, Moffett Field,
in March - April 1960.
(M/ethods used to ana.lyie force and pressure data are formulated
and results are compared with theory and small scale model tests,

-

Aerodynamically, the performance demonstrated by the first
Avrocar vehicle in its initial configuration was disappointing in
that a low lift curve slope, a large nose-up pitching moment and
insufficient jet vectoring capability precluded flight in free air and
in the ground cushion above about 35 mph.

Modifications to the aircraft based on these and other test results
have been made, the major change being in the redesign of the
trailing edge region where a rearward-facing nozzle, containing

a pitch control vane to provide adequate jet vectoring control, has
been incorporated, The jet flap effect thus obtained is expected

to allow flight in free-air as well as at higher speeds in the ground
cushion. I\

A second jeries of tests at Ames is scheduled for February-March

1961, \
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INTRODUCTION

The first Avrocar vehicle was tested in the 40 x 80 ft. wind tunnel
at NASA Ames Research Center, Moffett Fieid, California (Fig. 1)
during March and April 1960, the main objective (detailed in

Ref. 1, 2) being to establish a transition trajectory from hovering
flight to forward flight and vice versa.

Two reports covering these tests have been issued so far. The

first (Ref., 3) summarizes and high lights the major problems
encountered and the second (Ref. 4) is a data report, presenting
dziails of test equipment, procedures, data reduction, vehicle
configurations and test schedules as well as_graphs of lift, drag

and pitching moment for each test run. The present analysis report
is meant to be read in conjunction with the data report.

Early in this series of tests it became obvious that the aircraft in
its basic configuration had certain shortcomings which would prevent
the realization of the main test objective., Some modification to the
aircrait was therefore attempted in the tunnel but with limited success
as far as 1ectifying the aerodynamic defects was concerned. As a
result of analysis of the test data from the 40 x 80 ft. tunnel and also
from small scale tests in the Company's wind tunnel (Ref. 5) further
modifications have been proposed and a second series of wind tunnel
tests at Ames is now scheduled for early 1961.
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NOTATION

A

[g]]

Aspect ratio

Sectional lift slope coefficient

Two-dimensional lift curve slope

Wing root chord (i.e. wing diameter for circular wing)
Mean aerodynamic chord

Basic drag coefficient, jet-off

Induced drag ccefficient

Momentum dr_ag coefficient

Drag coefficient at zero lift

Coefficient of (drag-thrust)

Component of jet reaction coefficient in direction of
flight

Jet reaction coefficient

Lift coefficient

Basic lift coefficient, jet-off
Li{t coefficient due to camber

Component of jet rcaction coefficient normz:l to
direction of flight

Induced lift coefficient

Increase in lift coefficient due to a jet flap for a
finite aspect ratio wing at zero incidence

Increase in lift coefficient due to a jet flap for infinite
aspect ratio wing at zero incidence

Theoretical total lift coefficient for jet-flapped wing
at angle of attack for zero lift, jet-off
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(h‘/c)l

Je

Je'

(i)
(ii)
(ii1)

(iv)

Pitching moment coefficient

Basic pitching moment coefficient, jet-off
Pitching moment coefficient due to camber
Induced pitching moment coefficient

Increase in pitching moment coefficient due to a jet
flap for a wing of finite aspect ratio at zero incidence

Pitching moment coefficient at zero lift

Mg /gSc

Drag force or diameter

{Drag-thrust)

Oswald lift efficiency factor .

Static propulsive thrust

lHon-dimensional height parameter

Aerodynarnic center position of pressure lift, CLB .
+1

Aerodynamic center position for '"'saddle-back' loading

Jet momentum .

Non-dimensional control position (£1.0 is full travel)

Non-dimensional control position. the rear 120° of

the focussing control ring being removed

Free-air thrust efficiency, RS/XGS

Factor applied to a5 to account for flow viscosity effects;
Factor used to express profile drag;

Factor used to express pitching moment coefficient;

Equal to (Vi} IS
Vo| |\c
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L Lift force

Lo Theoretical total lift of jet flapped wing at angle of
attack for zero lift, jet-off

Lsg Static lift

M Pitching moment

Mgp Pitching moment due to jet reaction

MR' Effective pitching moment due to jet reaction

Mg Static pitching moment due to jet reactios

m Sink strength in potenual flow solution of intake problem

M or Mjc Corrected jet mass flow; includes fan and engine
intake flows

n See Ref. 7

q Tunnel dynamic head

Rg Static, measured jet reaction = Ls'2 + FSZ

S or Sy Wing area

Sy Fan area

t/c Thickness chord ratio

Uo Free stream velocity

U Free stream velocity in potential flow field

UTIA University of Toronto, Institute of Aerophysics

Vor V, . Forward or tunnel speed

Vi Intake velocity

V.j Jet velocity

Vi/Vo Intake velocity ratio
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E >N 2

Potential gross thrust determined at nozzle exit
(assumes expansion to ambient pressure)

Static potential gross thrust

Angle of attack

Angle of attack corrected for tunnel flow misalignment
Downwash angle

Angle of attack for zero lift

Angle of attack for minimum drag

Jet deflection angle for fan-in-wing tests of Ref., 13
Factor applied to ay to account for airfoil thickness
Ratio of analogous mechanical flap chord to wing chord
Deflection angle of analogous mechanical flap

Angle between static jet vector and vertical

Air density (slugs /£t3)

Downwash factor (& = 2p)
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THEORETICAL BASIS OF DATA ANALYSIS

A major part of the analysis of the force and moment data consists
of separating the various components which comprise the total
forces ai.d moments. )

In coeffizient form the total lift is assumed to be

CL = CrLg +Cp, + Crp

where Cp.g = basic lift coefficient (measured jet off with intake
seaTed at max h/D)

cLi = pressure lift coefficient induced by the jet and by
ground effect; if any. )

CLF = jet reaction lift coefficient
= J(Rs) XG_ cos (8 - o)
QS  XGg
= Rg EQ cos (6g *- &) 0
XGS qS .
[ ]

- K Cj cos (8g - )

The method of defining the jet reaction contribution is recognized

to be less than perfect on several counts, the most important being
the possibility of a change in flow pattern as wind speed is increased.
In fact, for several configurations tested it is possible to show that

a distinct change in flow pattern occurred in the region up to about

qg = 5 1b/ft*. In these cases an "effective" jet reaction is assumed
to apply for all non-static points. It is determined by inspection

and is taken to be that value of the lift force at a certain angle of
attack, which does not change with variation of forward speed in

the range, generally, above g = 5 lb/ftz.

Since the basic lift coefficient, CLB’ loses its significance to some
extent when the jet is on, it has been customary in this analysis to
use the combination CLB + CLi (sometimes referred to as CLB +i)'
Additionally, we desire to evaluate the total pressure forces since
a study of these quantities will tell us how the wing is operating as
a lifting surface in the presence of the complicated jet flow pattern,
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The total drag coefficient is expressed as
Cp-r * Cpp + Cp; + Cpyy - Cr
where

Cpp = basic drag coefficient (measured jet-off, intake
sealed at max. h/D)

Cp; = induced drag coefficient due to pressure lift
CDp,i (——JLA——l.,T —
e = lift efficiency factor for tht wing/jet combination
(Ref, 6)
CDM = momentum drag coefficient = mV
3 S
Cp = thrust component of the static jet reaction

The jet-off value of the drag coefficient, CDB’ is very large compared
with the theoretical prediction and is no doubt due to flow break-away

. in the trailing edge region, aggravated by the presence of the contrci
ring. The jet-on value, though impossible to measure directly, would
likely be considerably smaller and hence no attempt is made to
separate out CDi in the analysis but to combine it with CDB’

The momentum drag coefficient, mq—g , includes the variation of mass

flow through the fan and engines with forward speed, angle of attack,
height above ground and engine RPM. Ref. 4 details the method of
mass flow determination; a surumary of the method is given here

in Section 4.2.1,

The jet reaction contribution to propulsive thrust, given by
CF = KC_] sin (es - Q’C)

is subject to the samec cffect of flow pattern change as the lift
component. In addition, some measure of thrust recovery would
be expected considering the blunt leading and trailing edges on

the Avrocar. The theoretical maximum thrust recovery increment
is Xg [1 - sin (Ag - (YC)] . As for Cpp, the variation of XG

with forward speed, etc. is included.
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The total pitching moment coefficient is written as

CmM = CMp + CM; 4+ CMg

with notation as for Cp and Cp_y except that the jet reaction

moment is assumed to be unaffected by forward speed, etc,
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4.1

DISCUSSION OF RESULTS

Aerodynamic Characteristics - Power Off

———

Initial tests of the Avrocar in its basic configuration with power

off and fan intake open showed that a large volume of air actually
passed through the machine, especially at negative angles of attack,
and the test results were therefore of little or no value. Sealing
the fan intake with a plywood cover enabled consistent data to be
obtained (Figs. 2 to 12).

Jet-off tests with a rounded trailing edge are of limited interest

for two reasons., Firstly, the rounded trailing edge permits the

rear stagnation point to wander, resulting in a low lift curve slope,
Secondly, the rounded trailing edge will thicken the wake giving high
profile drag - particularly so on an already thick aerofoil (t/c = 0.20).
With most jet flap schemes the presence of the jet rectifies both these
faults.,

First consider the lift curve slope, jet-off, for Runs 30, 33, 45 and
49 (Figs. 2 to 5)., Measured values of dC; range from 1.3 to 1.4

dor

per radian compared with an expected theoretical value of approximately
1.8 derived from simple lifting line theory (Ref. 7) with the introduction
of two factors n and w, where w = Zn,.

For the circular wing with an aspect ratio of 4/7¢

I .6221 and the sectional lift curve slope

a = ,672 ag where ag = 217, the theoretical two

dimensional lift curve slope for this wing.

We then have

Q)CL |
a1 = a (o - ;) where Q(; = _—— , the induced angle
A
of incidence
0 ¢
CL = - n
] Wa
+-—-——-—
™A
dC Wa

3
{
o)
s
-
4

10
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Puiting a = .672a, = 4.221
W = 2n = 1,267
and A = 4/m
then “_\3_£: = 1,80 per radian.
dor

Taking into arceunt 2=rofoil thickness and flow viscosity effects,
Ref, 7 suggests that

ag = 29t (L4 €)
where
k = ,92 and accounts for lift reduction due to the
boundary laer
and E = 0.8 (t/c)
d C _ )
Therefore 2o = 2T x 1.06 and hence L - 1.85 for the Avrocar wing.

d

If we assume that the measured value of lift curve slope is below
the theoretical prediction solely because of degradation in ay due to
wandering of the stagnation point then we may estimate the extent

of this degradation as follows: : .
dC
The measured value of L = 1.4 = a o
A

sothat a = 2.51. DBut by theory, a = 4,221 x 1,06, Hence the
reduction in lift curve slope due to wandering of the rear stagnation
point is 44% or, in other words, the sectional lift curve slope is
only 56% of its theoretical value with 2 sharp trailing edge.

Next consider the drag ceefficient. With jet off the span loading
should be elliptic v ith the induced drag given by C1“. The fact

that the trailing edge is rounded and the lift curve 'glope lower than
expected should not affect this. However, profile drag is large and
will vary approximately with x%. Aca given lift coefficient the

wing angle of attack is much greater than it would normally be (due

to the low lift curve slope) ind the profile drag will be correspondingly
higher.




500 /AERO TEST/407

A plot of Cp vs CLZ (Fig. 6) reveals a low value of the wing
lift efficiency, e, of about 0.5,

where Cp = CDO+ CL2
' XAe

and it seems prcbable that this is largely due to the high profile drag.

The presence of camber will modify the drag curve such that the
minimum drag no longer occurs at C;, = 0 and the Cp vs CLZ curve

is not necessarily linear, We therefore write
2
2 CyL

Cp = Cp_ + k(& - o)
A

where k ( Q¢ - Ofmin)z represents the variation of profile drag with

angie of attack, umin being the angle for minimum drag.

Now Cp. = a (O-0Qy)
where a = measured lift curve slope
and &, = angle for zero lift

K chin = a (amin - o)

«. (Cp-Cp ) = a (o- o )

k 2 2
Hence CD = CDO + -——2- (CL = CL + CL
a

TrA

min

2 2
Pl f(Cp - 5 - i
ots of (Cp - C1,) versus (CL CLmin) (Figs. 7 and 8) show
TA K
a linear relationship with the value of —5 = 0.2 approximately, for
a

positive angles of attack, and about 1.0 for negative angles, although
here there was no consistency between the four tests,

Ly 2PPe2ars to be about 0.1 for all cases and the minimum drag

coefficient, power-off, is in the range .05 to .07.

12
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Finally, in considering the power-off tests, the C =~ vs C; curve
is plotted (Figs. 9 to 12). It is fairly lincar over the C; range

-0.2 to 0.3 withd C,/dC, = .328 as compared with the theoretical
value of .269 from Ref. 7.

Basic Aircraft Configuration, Fower-On, Static Tests

Effect of Power on Lift and Nozzle Thrust

Static lift values with neutral control were comparable to those
measured in the static test rig at Malton when corrected on the
assumption that the engine inlet temperature was the same as the
fan inlet, an assumption necessary because of the failure of the
engine inlet temperature instrumentation., (Figs. 13 and 14).

In the tunnel, instrumentation for determining the total jet momentum
at exit, or nozzle thrust, consisted of six gangs of total pressure
tubes and six gangs of static pressure tubes in the annular nozzle
(Ref, 2 and 4). The effect of ganging was to introduce errors in the
average values recorded, particularly true in the case of static
pressure, and instead of basing nozzle thrust and mass flow entirely
on the nozzle rakes it became necessary first of all to use the intake
static pressures for mass flow determination at zero forward speed.
Engine mass flow was added from known engine characteristics and
the ganged nozzle total/static pressure ratio was used to correct the
static mass flow values for variation of angle of attack, height above
ground and forward speed.

Secondly, the nozzle gross thrust was calculated using the expression

Xg * = Mjc Vj
[ 4
where Mj¢ = corrected intake flow
and V; = potential jet velocity tased on the ratio of the ganged

total pressure at the nozzle to tunnel static pressure.

The level of nozzle thrust obtained in this manner was then somewhat
higher than that indicated by the static test rig, despite the fact that
the nozzle rakes were further upstream for the static rig tests. A
not insignificant loss of thrust is caused by the presence of the
undercarriage legs and fairings in three of the radial ducts., Because
of the possibility of unduly low total pressure readings in the wake

of these obstructions, the three ducts involved were avoided when
installing the peripheral nozzle rakes. ThF magnitude of the nozzle
thrust for the Ames tests is therefore to be accepted with caution.

13




500 /AERO TEST /407

4,2.2

4,2.3

Effect of Extended Lip on Static Lift and Thrust

Also shown on Figs, 13 and 14 are the curves for the aircraft with

a one inch extension on the control ring trailing edge (Fig. 15).

It is seen that, although the reduction in nozzle exit area caused a
corresponding reduction in nozzle thrust, the measured lift actually
increased. It is concluded that the extended lip more effectively
focussed the peripheral jet (Fig. 16) and thereby reduced the external
mixing losses. In fact, the free-air thrust efficiency (K) with the
extended lip was improved 22% compared with the aircraft with the
standard control ring.

Pitch Control Power, Static Tests

The object of the focussing ring control is to produce a maximum
ghift in centre of pressure position and a maximum longitudinal
force for a minimum loss in lift. The performance achieved is
shown in Figs. 17, 18 and 19, and is compared with the 1/20th scale
model test data. The disappointing aircraft results prompted the
modification to the control ring whereby it was first moved 3-1/2
inches aft of neutral, denoted by Je = 1.75 (the normal travel being
Je = £1.0 i.e, £2 inches), and then the rear 120° of the control
ring was removed, the position of the remaining 240° being denoted
by Je = 1.75. With this configuration a resultant force vector
inclination of 32© to the vertical was obtained with almost no loss
of resultant force.

With the extended lip configuration conirol power was reduced
considerably e.g. cp shift at Je - 1.0 was 4.7% as compared with
7.6% approximately for the normal focussing control ring (c.f.

Figs. 18 and 21).

Rudder Power. Static Tests

For all configurations, collective operation of the rudder vanes
produced a static thrust of 100 lbs. and a static lift loss of about
100 1bs, The maximum available yawing moment would be
approximately 800 1b, ft,

Lift, Drag and Pitching Moment {Power-on, Wind-on, without
ground board)

At the beginning of the program each control configuration was
tested at tunnel speeds corresponding approximately to dynamic
head values of 5, 10 and 15 1b/sq.ft. Later, this range was
extended to g = 20 and 25 1b/sq.ft, and finally a few tcsts were

14
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conducted at q = 35. In addition, for each configuration, static
values of lift, drag and pitching moment were obtained. Most tests
were conducted at 90% max. cngine r.p.m.

With a jet lift system, the jet coefficient becomes one of the
similarity parameters in addition toc Reynolds number and Mach
Number., Full scale testing permits close approximation to
Reynolds number, and the low velocity precludes sericus
consideration of Mach Number. It is the jet coefficient which then
becomes the most important similarity parameter implying as it
does that the ratio of jet velocity to flight velocity remains constaut.

Tests at various tunnel speeds and fixed engine speed can then be
interpreted in terms of variation in C;, If jet effects on the
aerodynamic characteristics were small then plots of coefficients
would show little variation with tunnel speed (i.e. with q). Any
spread will then indicate the magnitude of influence of the jet,
Influence of the jet nrust necessarily include the effects of fan inlet
flow.

The Measured Forces

As already explained, the basis of analysis used here is to separate
the pressure or aerodynamic force from the total mesasured force

by subtracting the jet reaction and then to study these pressure
forces to find the way in which the wing is operating in the presence
of the complicated jet flow pattern. To do this it is necessary to
obtain reliable estimates of the jet reaction in terms of lift, drag
and moment. Normally, when the nozzle and jet is well defined it

is satisfactory to use the measu:red for_es and moments at zero
tunnel velocity - that is, the static values. However, in the case

of the Avrocar, inspection of the mieasured forces and their variation
with g showed that this procedure was not always reliable. In fact

it was shown that distinct changes in the reactive forces and moments
often took place between q = 0 and g = 5 and that further increase in
speed apparently had little effect.

Plots of the variation of measured forces and moments versus q
and versus Of are given for all runs in Ref. 4. These take a
certain form which may be derived from simple considerations.
Consider, for example, a conventional moment characteristic given
by

Cp, *Cm + k C

15
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If CL varies linearly with of then

Cm = Cp + k(O - &)
1

22¥o)
Cmoz + ky, X

Hence M = (Cmo2 S.E + k, Sc d)q
and the variation of M versus q with & as parameter would form
a series of straight lines which intersect at the origin defined by

M= 0, q=9. (See Fig, 22, diagram 1}.

When jet flow is added a constant reactive moment will exist which,
for the present, we shall assume to be independent of both & and q.
The aerodynamic constants :nay be different but they seem to obey
the same laws as given above and pitching moment is then given by

' - - -
M = Mp + (L.,mo3 S¢ 4 k3Sc X )q

where MR‘ is the effecl;ive reactive moment due to jet.

The variation of moment with q and oc again takes the same general
form except that the point of intersection is no longer at thesorigin.
(See Fig. 22 diagram 2).

Now in many cases the Avrocar results for values of q = 5 and
above exhibited this simple form and experimental points formed

a fan of lines intersecting at g = 0. However, the static measured
value of moment (Mp) and the value of the Mg given by this
intersection did not coincide. This is illustrated in diagram 3 of *
Fig, 22. An example of Avrocar results is given in Figs. 23 and
24 for control position Je = 1.75. The measured value of MR in
this case was -2900 lb.ft; the effective value for g > 5 was zero.
The point at which the M vs & curves intersect also indicates the
effective value of MR (see Fig. 24). In some cases the variations
are not quite linear and this may be due to jet effects.

This method of obtaining the effective value of Mg is open to a
certain amount of variation due to differences in the interpretation
of experimental points (especially where few test points are
available) but results given in Fig. 25 indicate very definite trends,
This graph shows variation of measured static moment (Mg) with
control position and these are compared with the effective values
(Mp'). The measured static values of MR show an almost linear
variation with Je and for full aft position (Je = 1,75) the control
generated 2900 lb.ft. of nose down moment. However, the effective

16
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values for Je = 0.5, 1.0 and 1.75 are all zero and therefore, as a
reactive control with wind on, thc system was completely ineffective.
However, for negative control positions, large effective nose-up
moments existed.

With these ideas in mind, the whole series of graphs in Ref. 4
showing measured forces vs q and ys &« may be inspected and
further conclusions drawn. .

For example, we may examine the variation of lift with @ for Run 17
(Fig. 26). Once again curves for various values of q intersect in a

o point. At this point Cp g, ; is evidently zero and there is therefore
no variation of lift with q. It should be noted that the variation with &
of the static values of lift, i.e. the q = 0 values, have been con';puted
from a single test point at &@ = 0. (This simply takes care of the
change in direction of the force vector as o changes. In contrast,
the static moment Mg has no variation with o }.

Another point of interest is this, that for all early tests (up to run 20},
both with and without the rear part of the control ring removed, the

g = 0 values of lift intersected at the focal point formed by the curves
at other q values. However, for tests in which the rear 80° formed

a 'jet flap' over the wingetip (run 31 onward), this no longer remained
so. Run 38, which has been reproduced in Fig. 27, is an excellent
‘example of this.

This means that, whereas for the early test runs, only the static
moment showed this peculiar shift between q = 0 and q = 5, the
0 latter tests with trailing edge jet flap, lift, drag and moment all
exhibited a shift in the low speed range. The remaining graphs for .
Run 38 are given in Figs. 28 and 29. Effective static values have
been shown as dotted lines and when these are used to compute
new static variations of lift and drag it can b« seen that tney conform
more nearly to a consistent pattern with the curves at other values
of q. * )

It has been shown that, for all the early tests (up to run 20) the

nose down static moment generated at aft control positions
disappeared at values of q greater than five. For runs 38/39% and for
run 43 this trend was reversed and the in-flight values of effective
static moment were more nose down.

In view of the above considerations, values of pressure force
coefficients such as Cpyp4; and Cpp4; have been evaluated in two
ways, first using the measured static values of lift, drag and moment
and secondly using the 'effective' values. (See Section 4.4).

17
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The reason for this apparent change in the reactive forces is not
altogether clear but we do know that conventional jet flap schemes
with the jet at the trailing edge do not show this change. It is quite
likely therefore that the phenomenon is associated in some way
with areas or pockets of separated flow which exist in the static
case but disappear at moderate wind speeds. For example, we
can consider runs 38/39 and refer to the sketch below:

WS

Suggested Flow Patternq =0 ' Suggested Flow Pattern g = 5

In the static case it has been suggested that the thin jet from the
rear 80° of the periphery will coalesce with the remaining jet .
forming a separated region of flow on the rear underside. (see
sketch 1 A)., The low pressure due to the region of separation
results in a nose-up pitching moment, The effect of forward speed
is then to sweep away the pocket of separation and restore the
apparent reactive moment to its true value (see sketch 1 B) which,
in this case, was more nose down. {(See Fig. 29)}.

. [
In the case of a clearly defined nozzle it is not likely that the
reactive force itself can change with forward speed. In‘some
configurations however, the Avrocar nozzle is not too well defined
and the possibility of change in the reactive force with speed cannot
be ruled out as an alternative explanation of this phenomenon.

Another insight into the pattern of the measured lift forces is
obtained by the application of the theory of Ref. &, Stratford's
straight mechanical flap analogy of the.jet flapped wing. It is shown
that the .total lift coefficient for a jet flapped wing at its angle of
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attack for zero lift, jet-off, is given by

CLO < CLi + CLF (CLB = ()
= 2(2mCyaysin®)!/? (1+ T Cjsing+ ...
48 )
= ¢y lou®s
Lo = CLO qS = LozP Yo

2U_ ( Tr/oJS'psin 9)1/Z (1 + H‘_Cj sin® + ......)

48 W,

Section 4.6.2 shows that there was little change of either mass flow
or gross thrust with forward speed and therefore little change of
jet momentum J. Hence the total lift force,

LO . K'UO(1+ K?’ Cj)
= K,U,+ X3
Uo

For the higher values of Uy, therefore the second term becomes small
compared with the first and the lift is proportional approximately to
forward speed. At zero forward speed, however, the lift becomes
infinite theoretically.

Referring to Figs. 2 to 5 the angle of attack for zero lift, jet-off,

is seen to be in the region -2° to -4°, Plots of lift versus forward
speed are given in Figs, 30 to 33 where it can be seen that for angles
of attack in the neighborhood of -3.2° a linear relationship holds
good except for Configuration D-1 which, of course, can hardly be
considered to be a jet-flapped wing,

The fact that the 1ift curves appear to emanate from the measured
value of the static lift reaction (rather than the effective value) is
not thought to be necessarily significant since there is no known
theoretical reason why the curves should be straight lines in this
low speed region.

A further examinstion of possible flow patterns for configurations
with the rear i20° "jet flap" (e.g. Runs 38, 39) has produced the
sketch, Fig. 34. Two pockets of separated flow, one on each side
of the longitudinal plane of symmetry, are suggested, perhaps
containing vortices trailing aft under the jet flap sheets above a
certain forward speed.
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4.3.2

Drag ~ Wind- on and Jet-on

The breakdown of measured values of thrust-drag into components
yields '"basic plus induced' values which are small in comparison
with the intake momentum drag and the jet reaction force, And
since neither of these is easily determined with accuracy in forward
flight, the computed magnitude of CDB+i is not accepted with much
confidence.

A rnethod was evolved to provide a check on mass flow calcuiated
from the intake static pressures. A plot of D-F versus free-stream
velocity is made at constant & corresponding to zero CLb+i (Fig.35)
and the tangent to the curve at V = 0 is drawn. The slope

of the tangent is then equal, approximately, to the total intake mass
flow {i.e. fan and engine intake flow). Certain assumptions have to

be made, of course., These are:

(i) that the mass flow is constant with speed. This is believed
to be a cluose approximation for most of the configurations
tested. For reasons unknown, however, configuration A-]
showed a much greater variation of mass flow with both forward
speed and angle of attack as determined from the peripheral
nozzle instrumentation,

(ii) that the horizontal component of jet reaction force remains
constant with speed. In some cases this may not be so, but
it is usually possible (see Section 4.3.1) to determine an
effective wind-on value, ’

(ii1) when drawing the tangent to the D-F versus V curve., & certain
amount of intuition is called for on occasions. Some guidance
is obtained by assuming that the difference in drag between
the "mass flow tangent' and the D-F curve (a relatively small
quantity) varies as the velocity squared. This implies the
assumption that Cppg ,; is vonstant with speed, whereas it
almost certainly varies sligihtly with the change of Cj'

However, within the limits of these . ;sumptions, fairly close
agreement was obtained between mass flow estimates based on this

method and on the intake static probes.

Aerodynamic Characteristics - Power On (No ground board)

General Remarks

Problems encountered by the Avrocar in the Ames Tunnel may be
summarized as follows:
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(1) Prescnce of large nose up moments

(ii) Low control power of the focussing ring control

(iii) Absence of jet vectoring control

There were three sources of nose-up moment, First, large
effective nose-up reactive moments (greater than the static
measured values) occurred for all control positions. This has
already bpeen discussed in Section 4.3.1 and is illustrated in Figs.
23 to 25. Secondly, there existed an aerodynamic nose-up moment
which is independent of control position and due to the intake flow,
Also, the results showed a position of aerodynamic centre far
forward oin the wing and this provided a greater penalty for generating
aerodynamic lift in terms of nose up moment than normally would have
been expected. - * )
Low control power of the focussing ring control was due to its
inability to generatc large induced values of lift coefficient! in
other words, it was a rather poor jet flap. Low control power was
also partly due to the virtual disappearance of the reactive moment
q (see Section 4.3.1 and Fig. 25).
[ ]
With regard to jet vectoring, it was expected that the focussing
ring contwol would deflect the jet through greater argles than it hid
(Fig. 19) and that such angles of deflection would provide the necessary
trim power. As a result of the tests it is now apparent that means
for jet voctoring must be separated from the pitch control and schemes
which do this will be incorporated for the second scries of Ames
Tunnel tests, *

A few general comments may be in order concerning the low value
of lift curve slope and forward positior of the aerodynamic centre
which were measured i:: the tunnel., We refer here to the
characteristics of the total pressure forces and moments. that is
to CLb'H and CMb+i' The centre of aerodynamic iift. as angle
of attack changes, should theoretically occur at about 26% of the
centerline chord ahead of the center of aircraft. Tn fact, in the
Ames tunnel, we find values at 47% of the centerline chord. We
also note that the lift curve slope is about 1.0 per radian, see
Table 1, instead of an expected theoretical value of about 1,85 or
more.

Togeiher, thesc two facts suggest that the effeciive aspect ratio is
lower than the gcometric value. Wing lift curve slope 1s known to
fall as aspect ratio beccmes smaller., Also, the theary for low




500 /AERO TEST /407

aspect wings suggested by D, Kuchemann (Ref. 7) is based on a
corresponding forward movement ot the aerodynamic center. The
question arises, why should the Avrocar exhibit characteristics
corresponding to an aspect ratio less than its geometric value? It
has been suggested that the focussed jet {low is the cause of the
trouble and that the pair of trailing vortices which normally stream
from the wing tip are sucked under and toward the center by the
inward flow of the jet. The pair of trailing vortices are then much
closer together than they otherwise would be and the effective aspect
ratio of the wing is thereby reduced. It has been proposed for
future tests that the jet at the sides (or wing tip) be allowed to
stream outward and backward (see Section 5) and it is expected that
this will not only rectify the problem but possibly even reverse the
trend and provide an effective aspect ratio greater than the
geometric value.

Finally, it is pointed out that results of the tests fall into two
distinct groups. Group one (Runs ! to 27 and Runs 45 and 46)
which contains all tests on the focussing ring control as originally
designed or with modifications. Group two (Runs 28 to 44) which
contains all runs with simulated jet flap over an 80° arc at the

0 rear, albeit with the remaining 2400 focussed. In addition, three
tests were conducted (Runs 47 to 49) with the rear 80° of wing tip
removed and the jet deflected by means of a spoiler in the nozzle.

Analysis of results is then concentrated on comparison between the
two types of control schemes represented by group one and group
two. Results are also compared tc 'nodel tests of Project 1794 and
of the Avrocar.

Control power of the jet-flapped wing

The jet flap is a device for generating aerodynamic lift at zero
angle of attack and it does so by providing an approximately
symmetric or '"'saddle-back' chordwise aerodynamic load
distribution with centre of lift approximately at the half chord
point. In addition, therec is a lift component of jet reaction which
acts at the nozzle.

In order to assess the control effectiveness of the two Avrocar
control schemes tested in the tunnel an approximate theory has
been developed which relates the change in nose down aerodynamic
control moment at zero incidence to the increment in 1ift.
Experimental values of lift at & = 09 are then used to predict
the expected value of nose down control moment and this is
compared to the ¢xperimental value
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An expression for control moment may be derived as follows:

Saddle-back loading

4 ., N
[ \ /)
: r h/—',— == K
| o
| e
|
\—/\ Lift due to downwash
Infinite aspect ratio 3 Finite aspect ratio

Lift due to jet flap

Consider a symmetrical wing section of infinite aspect ratio at zero
incidence.

Let the increase in lift due to the jet flap be CLJoo
Now consider an elliptic wing of aspect ratio A and with the same
jet strength (defined in terms of Cj, the jet coefficient)

Then using the wing theory of Ref, 7 we have downwash &, =

TCA
where CLJ is the resulting lift coefficient defined by
CLJ = CLJ@ - a Q’I

!

where 'a'is the sectional value of lift curve slope. We then have

Cry = CLjg -Wwa Cp

- A J
or CLJ l—l + ;‘:-)f:] = CLJ@
wa
‘Lo ==
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where once again, for the circular planform of aspect ratio 4/'r(
andt/c = .20 ( = 1.267 and a = 4.221 x 1.06 (see para. 4.1)

Hence Ci,
J
= ,414

CLJQ)

If we now assume that the chordwise loading due to jet flap is
exactly symmetrical then the nose down aerodynamic moment about
the half chord point is zero for the wing of infinite aspect ratio.
There is then no "aerodynamic' control power and the reactive force
provides the only moment.

For the wing of finite aspect ratio the aerodynamic pitching moment
coefficient is entirely due to the induced angle of attack @ ; (with
the above assumption of symmetry)} and is given by:

- [CLJOD - CLJ:' 2= Cmy
. CmJ _ CLJoo i fk_1
CLJ - CLJ \C
ang Cmy ° -(% S CrL,

h
where the value of: may be found from the slope of the Cmb+i
Vs CLb+i curve for the case under consideration.

In general it can be expected that this simple expression will over-
estimate the control moment of the jet flap since the saddle-back
loading is not truly symmetrical and the forward pcak is usually
higher than the rear une. This fact cormes about because the

bound vortex elements are no longer confined to the wing as in
classical aerofoil theory but now exist in the trailing jet sheet also.

According to the theory of Ref. 7 the values of ' ' and 'a' vary
with aspect ratio and with the value of two dimensional lift curve
slope of the section. In the case of the Avrocar, power off, the
two dimensional lift curve slope has already been shown to be only
about half the theoretical value of 2Tt on account of the rounded
trailing edge. Also, we have already referred to the low effective
aspect ratio of the Avrocar with jet on,
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We then have three cases of interest.

1) The circular planform in theory, with sharp trailing edge.
2) The circular planform with rounded trailing eage.
3) The circular planform with focussed jet and low effective

aspect ratio of 2/t (compared to geometric value of 4/7)

Values of % and other pertinent factors have been evaluated

and are given in the table below:

vemmer | |7 TR | t—I—CiJ =
(0 0]

1 4/ . 634 4.22 1.805 .‘427 1.335

2 4/M . 634 2.51 1.40 . 557 .795

3 2/7 719 T | 3.19 .966 | .304 2.29

We are now in a position to apply the theory to some experimental
results.

Consider first, the Avrocar in the Ames tunnel, power off (case 2
applies)

The theory has been derived for a saddle-back loading but will apply
equally to the symmetrical chordwise load distribution which should
result from symmetrical camber on the Avrocar.
& h
Experimental values give Cp . o = .075; S5M = 2 = 348
~ - o C
dC.
(Figs. 2 and 11)

Using suffix C for camber in place of suffix J we have
wa h

Cm =—_._.CL =C
C A c C

m e« o
= - ,795 x ,348 x .075 = - .021

The experimental value of Cy ¢ =0 is -.025, which represents
tolerable agreement.
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Consider next, results obtained from the model of Project 1794 in the
twenty foot tunnel at WADC (Ref. 9). For these tests the values of
lift curve slope and position of aerodynamic centre were found to be
close to theoretical predictions for the circular planform. Factors
given in the table lor case I will then apply.

Then Cmy = - 1.335x.265xCpg
Crn:
J = - .354

Comparison of theory with experiment is given in Fig. 36 and we
find that the simple theory greatly overestimates the control power.
In fact the predicted control power is approximately three times

the experimental value. This means that the a.c. of the saddle-back
loading is not at the centre as was assumed but is further forward
and provides a nose-up moment which detracts from the control
power of the configuration. The reason for this has already been
mentioned and some idea of the forward shift in a.c. of the saddile
back loading may be found as follows:

The moment due to the jet flap control scheme of the circular
planform wing may now be written

= -(22)(h) ¢ (h)
Cmy 7Aoo CLpt Clig e
where B is the aerodynamic centre position for the saddle;back
c
, wa h wa h.'
load = -(—) (=) C C 1 —) (=
ing (71’A) (c) Ly + Ly (1 + “;3 (c)
. ]
= e C @ayh 14 2% (b
Ls [WA N R e

Project 1794 results indicated that the simple theory overestimated
the control power by a factor of three

wa h
that is (T'{A)E
= 3
I
(22 (hy s 22y d
A C TA c
1 ~ 3
wa, h'
P UF R @
wa h
(22
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]
(1+ 22y (b
1 - ™A < ~ 0.333
=2 (D
TTA c
h.! W a
a —_— ~  .666
(C) 1 4 TA ~
h W a
(E) *A |
hy' 0.666 x .265 1335 o)
sotha_t (E) e d ).666 x . 265 x >335 -

that is, the centre of lift of the saddle-back or induced loading due
to 'jet flap' was, in this case, approximately 10, 1% of the centre
line chord ahead of the centre of wing.

This then provides some background tc the contrel poewer which may
be expected from a jet flap scheme on a circular planform wing and
with this in mind we now consider some Avrocar results, Ames
results and 1/20 scale Avrocar model results are shown in Fig. 37
and, although the slope of the curves are of the same sense, there
exists, in the case of thc Ammes test a large nose up moment
corresponding approximately to AC,, =+0.16. The 1/20th scale
model tests, Ref. 5, shown here correspond to the new configuration
which will be evaluated during the second series of Avrocar tests in
the Ames tunnel (Ref. 10).

The existence of the nose-up moment means that high control power
must be available from the Avrocar control scheme. The main
advantage of the new Avrocar configuration seems to be that, by
spreading the side jets outward and rearward (instead of inward
toward the centre), much greater values of lift increment are
obtained from the jet flap scheme. These higher values of lift
increment can be expected to induce stronger nose down moments
as already shown. {(See Section 4.7 following).

The large nose-up moment is apparently due to intake flow. In the
case of Project 1794 it did not exist since Cmpy - tended to zero

as Cp o =0 tended to zero (see Fig. 36). This was no doubt partly
due to the fact that there were intakes on both top and bottom surfaces
on this model and any intake effects would be self compensating.

It is worth noting, however, that the nose-up moment is not
necessarily altogether a bad thing for this reason. The low aspect
ratio of the circular wing means low lift curve slope; this in turn
means that a high angle of attack is required to provide lift which
probably results in high profile drag of the thick wing sectiom.

27




500 /AERO TEST/407

We therefore wish to provide some lift by means of 'jet-flap' and
hold the angle of attack at cruise close to zero. It is then necessary
to have just the right amount cf nose-up moment to balance the nose-
down moment from the jet flap. The moment due to intake is
discussed {urther in the next section.

Effect of Intake Flow

A considerable amount of research work has been undertaken to
establish the fundamental characteristics of the jet flap (Ref. 11)
but there is not much information available on the effect of intake
flow which can be applied to fan-in-wing designs. In particular,

a theoretical analysis would be very useful, and we are studying a
potential flow solution which may be of some help in this regard
(Ref. 12). In the meantime, we must rely largely on experimental
results and the main difficulty here is that it is seldom possible

to isolate the effects of the intake; for example, in the case of the
Avrocar itself, and for most fan-in-wing models, intake flow
cannot be provided without a corresponding jet flow. Induced
values of lift and moment must therefore contain effects of both
jet and intake flows. This difficulty has been overcome, in the
case of the Avrocar, because the induced lift due tc intake has been
shown to be small,

Fig. 37 shows values of pitching moment obtained from the 1/20th
scale model and from the Ames tests. It has becen shown in Section
4.3.3 how the slope of these lines provides a measure of the
moment correction due to jet lift and how the upward shift of the
lines provides a measure of the nose-up intake moment. Note how
the Ames "jet off' point lies close to the line through the origin -
the lift in this case being due to wing camber - for which there is
no corresponding intake flow or nose-up moment. This graph,
however, provides a measure of the nose-up moment for only

two specific cases, namely, the Avrocar in the Ames tunnel at
90% max. rpm and q = 15 and for the 1/20th scale Avrocar model
with jet supply pressure of 50 psig and q = 17,

A special series of tests was therefore carried out on the 1/20th
scale model to extend our knowledge of this problem.

All test work so far suggests that, in the case of the Avrocar,

the induced lift due to intake flow is very small and this means that,

if we study the moment characteristics at zero & , then any change

in lift can be attributed to the exit jet flow and the pitching moment

due to this jet lift computed according to the method given in

Section 4.3.3. The measured change in moment can then be corrected
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for jet lift effect and the moment due to intake found. If the jet
deflection angle is kept small (or set at zero) then the nose-up
moment due to intake flow is large compared to the jet flow
correction and in this way an accurate assessment of the intake
moment may be obtained,

Tests were therefore carried out on the 1/20th scale model set at
zero ¢ and with zero jet deflection angle. Tests were made at
q = 5.2 and q = 18 1b/ft® for a range of supply pressures of 10,
20, 30, 40 and 50 psig., Results are given in Fig. 38 in the form
of Cip; vs C1,; where these coefficients represent the difference
between jet-on and jet-off for each case. Even though the jet
deflection angle at the rear was set at zero there still remained
some jet induced lift - this is so because the zero setting is only
nominal and, also, the side jets are directed downward at 30°.
Changes in lift have therefore been attributed solely to jet effects
and corrections applied accordingly. Resuiting values of moment
due to intake are plotted vs. supply pressure in Fig. 39.

Variation of supply pressure from 10 to 50 at q of 18 is shown in
Fig. 38 to change the lift coefficient irom .065 to . 125, that is, a
change of only .06 and some of this, we believe, is due to downward
deflection of the side jets and not due te the intake itself, It is for
this reason that we state that effect of inlet on lift is small. Again,
if we consider the Ames tests results and compare Run 38/39 with
Run 47 we come to the same conclusion. Run 38/39 had a jet flap
over the rear 1200 arc whereas in Run 47 the wing tip was removed
and the jet was perrmnitted to issue backward without deflection.

At q of 15 the values of C14,,; for &@ = 0 were 0,27 and 0.16
respectively whereas the jet-off value is .075. With jet deflection
of zero (Run 47) the induced lift was only (0.16 -,075) = .085 and
once again we believe that most of this can be accounted for by the
presence of the remaining 240° of focussed jet which then leaves
little, if any, lift to charge to the inlet itself.

Theoretical considerations suggest that moment coefficient would
depend upon the inlet velocity ratio (Vj/vo) and that all results
should cocllapse on this basis. Measurements were made of the
surface static pressures just inside the inlet lip at 10, 20, 30,
40 and 50 psi supply pressure with tunnel speed zero (see Fig. 40)
and the corresponding local veleocity, Vj, calculated. These local
velocities were assumed to provide a measure of the mean intake
velocity {Ii and from previous test work, these velocities were

shown to be related by {/i = 0.411 Vij. Fig. 40 shows pitching

moment due to intake plotted against inlet velocity ratio and results
atq =5.2and q = 18 are seen to form a single curve on this basis.
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Further we can predict the value of nose-up moment expected from
the Ames tunnel tests at 90% rpm and g = 15 to be 0.16 and this value
agrees closely with the value shown on Tig. 37. (90% rpm at q = 15
corresponds to inlet mass flow of approximately 360 lb/sec and inlet
velocity ratio Vi/Vo = 2,13).

By way of comparison, a brief analysis along similar lines has been
made using results contained in NAE LR-243 and NASA TN D-88
(Refs. 13 and 14). Also, a very simplified theory is discussed
which provides some background to the problem.

NAE LR-243 provides results of tests on a wing which spanned a
wind tunnel and in which was located a single fan at 30 percent chord
position. Ratio of fan area to wing area Sf/g,, was .027. Values of
lift ( AL) and moment { AM) quoted in the report have had the clean
wing values subtracted from them. Data is given for a range of jet
deflection angles and inspection of moment and lift for & = -5°
(Figs. 12a and 14a of Ref. 13) and for & = 0 (Figs. 12b and 14b)
shows directly that large changes in lift result in a negligible change
in moment. This means that the moments =f Figs. 12b and 14b
contain no spurious jet induced moments. We may then proceed to
obtain fan intake moment coefficient directly from these data. This
was done for £’ = 60°, O = 0° and values of fan inlet flow velocity
were obtained from Fig., 20. The values of intake moment derived
in this way are shown in Fig. 43 of this report.

NASA TN D-88 contains results on a fan-in-wing model of aspect
ratio four. Fan area to wing area is .176 compared to .077 for
the Avrocar.

We again wish to separate out the nose-up couple due to intake and
must therefore decide upon a value for the position of the aerodynamic
centre of the induced lift whether it be due to intake or jet. The
moment theory at & = 09 given in Section 4.3.3 applies to
generation of lift of any kind and inciudes for example, lift due to
camber, intake flow or jet flow. For an aspect ratio of four the
value of (h/c) can be taken as 0.25 but the value of (h/c)' remains
unknown. Once again it is not possible to vary inlet flow and hold
jet flow constant. However, tests at various jet deflection angles
are given on page 35 of the report and are shown in Fig. 41 for

9 = 00, 109, 209 and 30° for a constant value of CF =~ 1.6 (where Cp
is the propeller force coefficient which we assume to be proportional
to the jet coefficient - in fact, with wind speed equal to zero,

Cj = Cgp /0.6, see page 7 of D-88). Theoretical variations of

Cmj vs Cp; for & = 0° are given and we note that the AR = 4

wing has less variation of moment with lift than the AR = 1 wing.

30




500 /AERO TEST/407

However the TN D-88 results show no significant trend of moment
with lift coefficient as jet angle is changed (Fig. 41) and therefore,
for want of better guidance, we have assumed that the centre of
induced lift is at the 30 percent chord point as in the case of the
LLR-243 tests. Using the simplified moment equation shown on
Fig. 41 with (h/c) = .25 and (h/c)'! = 0.2 we then have Cmj

(at & =0} = .175Cyr;. Values of Ciny, 43 and Cpp ; at & = 0°
have been extracted from Fig. 9 of TN-D88 at 4, 5, 6 and 7000
rpm for q = 4.3 and 9.5. Results are given in the upper graph of
Fig. 42; the lower graph shows variation of Cp,; and CLi with

inlet velocity ratio V;/y,. The value of (Vi/v,) was calculated

from a knowledge of the static thrust of the complete model and the
fan area,

The values of Ciy; of Fig. 42 have been corrected for induced jet
effects ( ACpy = .175 C1,;) and the resulting values of nose-up

moment due to fan are given in Fig. 43.

The Avrocar Ames test result for q = 16 is taken from Fig. 37 and
also shown in Fig. 43. Note that all results given on Fig. 43 have
been corrected to correspond to Sf/S,, = .176, (that is to the
TN-D88 values) simply by increasing moments in the proportion of
the Sf/sy value.

Finally, a very simplified thecry is discussed. Consider a sink
of strength m in a uniform stream of velocity U. Replace the line
of symmetry by a solid boundary and-we then have the flow
characteristics of a line sink in an infinite platc. When flow
velocity is zero, the surface pressure force is considered to be
part of the thrust of the lifting device. Superposition of flow
velocity U introduces an additional asymmetric loading which
provides no lift but generates a nose-up couple. The infinite flow
velocity at the sink is avoided by considering a finite slot width
through which the flow passes at constant velocity Vi, We assume
the lower surface of the airfoil to be unaffected by the sink on the
upper surface and integrate the pressure forces over a chord of
finite length.

This very crude approach yields the following expression for
nose-up moment due to intake
k.

Ch *

V_i\s/c (1 -S/c) = (%) fo_i) for S/¢ small.
Vo

where (Vi y,) is the inlet velocity ratio and (S/C) is the ratio of
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fan slot width to wing chord. A rore accurate forrulation of the
problem which represents the flow past a flat plate of infinite span
has just been completed. This is an exact potential solution with
sink in upper surface of airfoil located at the half chord point.
This gives, for S/C small,

Cm — T_I k(1 + 2(.)
) 4 4
_-_(Vi ‘ S\

Vo |\C

where

Pressure Force Coefficients

Figures 45 to 138 comprise what might be called the pressure force
coefficients, i.e. the jet reaction forces have been subtracted from
the total measured forces after the manner detailed in Section 3,
Coefficients based on both measured static forces and 'effective' jet
reaction sorces have been plotted wherever effective values were
sufficiently well defined.

Table 2 lists values of lift curve slope LByi , moment curve
aC o 3C
. ey
slope —__MB+1 a4 aerodynamic centre position —_TB+ti

60( aCLB+i

Due to the non-linear nature of many of the graphs, these tabulated
values are approximate only. It appears that a lift curve slope of
about 1,0 was obtained for the #arlier runs with a slight increase

to possibly 1.2 in the later tests. Very little change in moment
curve slope was shown, a value of about 0.5 being obtained for all
runs. The aerodynamic centre position of the pressure lift, initially
at or near the root chord leading edge, showed some signs of a
rearward shift in the later tests, reflecting the increase in lift curve
slope.

Some ”Cj effect" is apparent on the lift and moment curve slopes,
i.e. there is in general a reduction in slope as forward speed is

increased.

Effect of Ground Proximity

The aircraft in its initial configuration (A-1) was tested at three
heights, viz. 143 ins, 60 ins and 32 ins (measured from the ground
plane to the centre of the lower surface of the aircraft at & = 09).
Speeds uptoq = 15 Ib/ft% were used.
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4.6,

1

Extensive tests in ground effect were prevented (especially at zero
and low forward speeds) by overheating of the load cells and aircraft
instrumentation tubing. Test results were, presumably, affected

to some extent by the presence of the aircraft support struts,
especially at the lowest h/D.

It was found impossible, in practice, to vary angle of attack at
constant h/D (Fig. 139) and, although this was not a serious problem
at maximum h/D, it was most undesirable at low heights where the
same change in height causes appreciable effects on lift, drag and
pitching moment.

Carpets of force data, drawn imaginatively from the sparse test
results, are shown in Figs. 140 to 166.

Intake Performance

Intake Flow Asymmetry

The cifect of aircraft forward speed (tunnel speed) on the fan blade
velocity vectors is illustrated in Fig. 167. It can be seen that, if
we suppose a non-axial intake flow, both the relative wind and
angle of attack of the forward moving blade are increased and vice
versa for the retreating blade. The result is a higher pressure
rise and nozzle peripheral velocity on the port side. Typical
distributions are given in Fig. 168. Asymmetric forces are set
up giving rise to side force, yawing and roliing moments as shown
in Fig. 169, Generally speaking, these undesirable forces and
moments were not much affected by the various modifications made
to the aircraft in the latter part of the test series. The rolling
moment capability of the focussing control ring (Fig. 170} is ample
to compensate for the degree of asymmetry discovered but addition
of intake guide vanes is expected to provide a much more uniform
velocity distribution at the fan and at the peripheral nozzle.

Although the fore and aft total head rake under the fan is not

sufficient by itself to give an indication of the intake total pressure
recovery, it did show the presence of flow breakaway behind the
forward intake lip and behind the centre body, (Fig. 171). Here

also the addition of intake guide vanes is expected to radically
improve the situation. The mean total head is also seen to decrease
slightly with forward speed, whilst the larger nozzle exit area at

the rear of the configuration shown (Je' = 1.75) caused the appreciable
lowering of the fan pressure rise indicated by the aft rake.
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4.6.2

4.6.3

Mass Flow and Gross Thrust

There was little change of either mass flow or gross thrust with
forward speed and angle of attack except for configuration A-1,
where, unaccountably, some appreciable variation was observed,
(See Figs. 172 to 176 for configuration A-1 and Figs. 177 to 182
for other configurations). Fig. 183 corapares the measured variation
of gross thrust with the theoretically predicted variations. The
apparently rapid increase in measured gross thrust in the range
0 to 5q is thought to be associated with the change of flow pattern
and effective jet reaction which also occurs in this range. Apart
from this effect, it is seen that the predicted increase in gross
thrust is not realized. Some improvement is expected with the
new intake guide vanes.,

Effect of Forward Speed on Fan R.P. M.,

Due to flow breakaway in the intake at forward speed, the fan
partially stalls and blade drag increases resulting in a reduction
of fan RPM (at constant engine RPM) (see Fig. 184). This results
in a loss of mass flow and fan pressure ratio and approximately
nullifies the beneficial ram effects.

Pitching Control Power in Forward Flight

The variation with control position of total pitching moment and
lift coefficients is plotted in Figs. 185 to 190. The approximate
slopes of these non-linear curves are shown in Figs, 191 and 192,
It will be seen that the degree of control power, i.e. 8Cp
oJe

achieved at the higher speeds (low values of KC.) was of the same
order as that measured on previous model tests. However, the
lift increment, 9Cj1 , associated with the pitching control power

olJe
was negative, much worse than measured, for example, on the
model of Project 1794 which employed deflected jets issuing from
the wing surface at the recar of the wing.

Avrocar Thrust - Drag Margin

An estimate of the propulsive thrust deficiency of the Avrocar in
configuration Q-1 (Runs 41, 44) was obtained by plotting (D-F)

and Moment versus Engine RPM at constant lift (Figs. 193 to 202)
and combining them to give the th-ust - drag margin (or strictly,
the drag - thrust margin, D-F) in trim for various constant values
of lift over the speed range uptoq = 25 lb/ftz. It is seen (Fig. 203)
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4.9.1

4.9.2

that no region for steady, level flight in free-air exists with the
presently available thrust level and configuration. However, the
modifications being incorporated into the Avrocar (see Section 5)
are confidently expected to provide considerably greater propulsive
thrust and a useful flight envelope.

Comparison of 1/20th Scale ™odel and Avrocar Ames Tests

Power-off, Intake Sealed

Fair agreement between model and aircraft is evident. The lift curve
slopes at zero angle of attack are identical, although a 2° difference
in zeroc lift angle was recorded (Fig. 204). The model shows an 8
percent larger moment curve slope (Fig. 205) and a 3° decrease in
angle for zero pitching moment. The aerodynamic centre position
for the model was at 38 percent forward of centre; the aircraft a.c.
position was 34-1/2 percent forward of centre. A difference of .04
in Cm, was noted (Fig. 206). Comparison of lift efficiency (Fig. 207)
was not feasible since the model was tested up to +12° angle of attack
only, but a similar value of CDO was indicated, viz. .05. The
discrepancies that do exist between model and aircratt can possibly
be attributed to errors in strut corrections and differences in
Reynolds number.

Static Case; Power-on, Wind-off

For the first configuration tested at Ames (A-1) the static lift was
approximately 1850 lb at a nominal 90 percent maximum engine RPM
at the maximum height above ground with control neutral. The
ccrresponding 1/20th scale model figure at 50 psig supply pressure
was 4.5 1b which, scaled up to full size, is 1800 lb.

However, the intake mass flow for the model is considerably

smaller since about 0.38 Ib/sec (model scale) is supplied as primary
air through the ejector gap. This amount entrains approximately
0.52 1b/sec (210 1b/sec full scale) of secondary air through the
model intake. Hence the total inass flow in the model jet is 0.90
lb/sec (or 360 lb/sec full scale) which is just about the amount
measured on the aircraft at Ames. Itis concluded therefore that
model and aircraft operate at about the same value of Cj and
therefore similai configurations shouid be comparable (except for
the difference in inlet flow).
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4,9.3

In-flight Case (Power-on; Wind-on)

Figs. 208 to 213 show the comparison of both total and pressure lift
coefficients. The most obvious discrepancy between model and
aircraft is the much higher lift curve slope of the model, e.g. the
slopes of the pressure lift curves of Fig, 213 (J¢ = 1.0, Config.A-1)
are 1.26 for the aircraft at Ames and 1,96 for the 1/20th scale
model. Model tests have shown that the degree of jet focussing has

a very strong influence on both lift and 1ift curve slope. Fig. 214
shows how the pressure lift coefficient varies with the inside
diameter of the outer nozzle, effectively a variation with jet
focussing. Fig. 215 compares the test results from Ames of
configuration A-1 with configuration E-1, the latter having a one

inch extension on the focussing control ring. Here the large increase
in lift due to a reduction in jet focussing, (at q = 10), is apparent,
The discrepancy in lift curve slope shown in Fig. 213 is believed

due to a significant difference in degree of jet focussing between
aircraft and model. However, the usual change in lift itself does

not appear and therefore, to check the validity of the model test
results obtained in the Company's wind tunnel, a series of
comparative tunnel tests were carried out in the 4 foot tunnel of

the University of Toronto (Ref. 15). These indicated that results
obtained in the Avro tunnel were in fair agreement with those
obtained at U.T.I.A. especially at the higher speeds for model
configurations similar to the aircraft as tested at Ames. For example,
the total lift curve slope at @ = 15 was found to be 1.42 at Avro,
1.26 at U.T.1.A., and 0.97 at Ames, even though a larger (scaled)
mass flow was used. Larger differences were found for a
configuration with wing tip blowing but these do not concern us at

the moment. Since the model span/tunnel breadth ratio at U.T.I.A.
was sufficiently small to expcct good results, it can only be concluded
that some difference in jet flow patiern is causing the discrepancy
between model and full-scale aircraft results.

Figs. 216 to 218 show quite good correlation between pitching
moment curve slopes, the displacement of the curves (about
ACm = .075) being due to the 150 lb/sec extra intake mass flow
at Ames.

The aerodynamic centre of pressure lift (see Fig. 219) is much
further forward on the aircraft than on the model (35% forward of
centre as opposed to 25% for the model, with aft position of the
focussing control ring) due to the lower lift curve slope measured
at Ames.

A comparison of drag is given in Fig., 220,
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The results of an attempt to simulate one of the 'jet-flap'
configurations tested at Ames (Configuration N-1A, Runs 38, 39)

by suitably modifying the 1/20th scale model are shown in Fig, 221.

Fair agreement with pitching moment ie apparent but the optimistic
lift curve slope measured with the model precludes any close
agreement as far as lift is concerned.
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5.3

MODIFICATIONS TO THE AIRCRAFT FOR PHASE 2 TESTS
The first Avrocar vehicle will be modified to incorporate the
following changes in order to achieve the control and performance

improvements required:

Wing Tip Structure and Cascades (Fig. 222)

A large increase in forward thrust will be obtained by modifying the
rear half (approximately) of the wing tip structure to incorporate a
new radial duct and peripheral nozzie, extending from the existing
radial ducts. This will provide an alternative flow path for the jet
efflux. Fixed cascades will be situated at the radial extremities of
the lateral quadrants of the new ducts to direct the jet flow in a
rearwards and slightly outwards direction,

Transition Doors (Fig., 223)

Flow splitters will be introduced to direct the jet flow through either
the peripheral or the annular nozzle and will be operable in such a
manner as to provide a gradual transition from hovering to féorward
flight, The splitters will take the form of twelve doors hinged at
their lower outboard edge and controlled by three electric motors
connected by flexible drives to the door jacks. The doors may be
operated simultaneously or in three separate groups, i.e. two sets
of lateral doors and the rear doors, the final mode of operation
being determined by test.

Forward Flight Control Vanes (Fig. 224)

In addition to the existing ring control, used in hovering and transition,
it will be necessary to provide control in forward flight, This will

be achieved by using the rear jet as a jet flap controlled by six vanes,
occupying twenty degree segments at the rear one hundred and twenty
degrees of the peripheral nozzle. These vanes will be hinged and
coupled to the contrcl system in such a manner as to operate in
conjunction with the focussing ring control so that there will be no
control hiatus during transition,

Yaw and Transition Vanes (Fig., 225)

To achieve the required deflection of the forward lateral jet sectors,
the existing yaw control vanes will be relocated forward of the lateral
centerline of the vehicle (Fig. 226) and deflected rearwards
collectively in forward flight,
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5.5

5.6

5.7

Increased Travel of Focussing Ring Control

The simplest way of increasing the pitch and roll control in the
hovering state is to increase the travel of the focussing ring control.
The hanger rods. supporting the focussing ring, will be reiocated
outboard of the ring, and the ratio of cable movement to bellows
jack movement will be increased at the phasing levers, (situated
beneath the turborotor near the center of the vehicle) giving £3"
travel of the focussing control ring.

Fin and Tailplane (Fig. 227)

Supplementary trim control and increased longitudinal stability may
be obtained by the addition of a tailplane, and a tailplane will be
designed and made available for tests. It will have a ten foot span
and a chord of three feet and will be mounted on a single fin guyed
in place with suitable struts and wires. The tailplane will initially
be set at twenty degrees to the wing chord but provision is made for
changing the incidence through 12 degrees with removable blocks.

The fin is expected to provide sufficient directional stability and to
overcome the small adverse effects of the canopies. The fin is

mandatory for forward flight but the tailplane is an insurance feature.

Rotor Inlet Cascades (Fig. 228)

It is intended to improve the flow distributions in forward flight by
the addition of intake guide vanes, the design of which has been
based on tests recently undertaken at NASA (Ames).

Instrumentation

There has been a complete re-appraisal of all pressure instiumentation
on the first Avrocar vehicle to eliminate unnecessary piping and

replace instrumentation damaged by the first series of wind tunnel

tests at NASA. Furthermore, due to changes described in paras 5.1

to 5.7 inclusive, it has been necessary to re-evaluate the instrumentation
requirements which are now detailed in Ref. 16.

First Avrocar Vehicle Repairs

Due to preicnped running at high engine rpm during the first series
of wind tunnel tests at NASA, the first Avrocar vehicle rib structure
has suffered from thermal and acoustic fatigue. Experience with
the second Avrocar vehicle at the Avro Malton plant, has led to
methods of repair to combat this deficiency, and these methods will
be applied to the first Avrocar vehicle at NASA to establish a
minimum life of thirty-five hours for further testing.

39




500 /AERO TEST/407

6. CONCLUSIONS

Insofar as these tests covered the performance of the Avrocar in
frec flight with a novel method of control which had proved
satisfactory in hovering, the results can only be described as
disappointing. From small scale model tests the control power
shown to be available with the focussing ring control was much
increased over that developed by the spoiler control system used
previously on the Avrocar. The full scale tests confirm theory ia
that the chordwise position of the additional lift due to jet control

is at approximately 75% from the leading edge. However, the
present control scheme is not capable of providing the necessary
lift increment at this chordwise position. In addition, it has
reduced the effective aspect ratio and lift slope excessively.
Furthermore, the tests show that the focussing ring control on the
aircraft did not produce the same degree of jet vectoring as did

the model and neither produced sufficient to equal aircraft minimum
drag at any but the very lowest aircraft speeds, An additional loss
of control at forward speeds greater than aboutq = 5 1b/ft appears
to be due to a change in the apparent or effective jet reaction thrust
moment. No completely satisfactory explanation for this phenomenon
is available but the existence of separated flow regions, pockets
and/or vortices under the aircraft at low speeds, probably gives
rise to this peculiarity. In a few isolated cases the effective
reactive moment appeared to increase (i.e. became more nose-
down) at speeds above q = 5 lb/ft".

A generally large nose-up pitching moment was measured for the
initial configurations tested, i.e. the aircraft with focussing ring
control. Two main reasons are put forward to explain this: first,
the jet pattern under the aircraft did not sufficiently simulate a jet
flap; and secondly, the increased intake mass flow (being
approximately twice as large for the Avrocar as for the scaled-up
model) added a nose-up moment of considerable magnitude. This
was a field in which knowledge had been particularly scant and the
questions raised and knowledge accumulated as a result of the
Avrocar tests have been of considerable value and of wide application,

Undoubtedly, one of the most surprising results to emerge from

the Avrocar tests, was the very low value of the lift curve slope,
jet-on. (The jet-off value, 1.4 per radians, agreed very closely
with that predicted by the 1/20th scale model). Tests af the model
arranged in a configuration to simulate the later 'jet flap'
configurations (e.g. runs 38, 39, and 41, 44) gave a lift curve slope
about 50% greater than that measured at Ames, which was generally
in the region 1.0 to 1.2. In an attempt to determine whether the
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small scale model in an admittedly small tunnel {model span/tunnel
breadth = 0.6) was giving erroneous results, a comparative test of
the identical model was carried out in the four foot tunnel of the
Institute of Aerophysics, University of Toronto. At a q of 15, the
lift curve slope was about 11% less than that measured in the
eighteen inch square tunnel at Avro. The disparity between model
and aircraft is therefore not entirely due to tunnel effects, and the
only explanation possible appears to be that the jet flow pattern,
for example, as regards the degree of focussing, is not reproduced
on the model.

As a result of non-vertical flow into the fan intake at forward speeds
the forward-moving fan blades generate more lift than the retreating
fan blades and a biased peripheral nozzle velocity distribution is
obtained, causing a side force and associated rolling and yawing
moments on the aircraft. This, of course, is a problem which all
fan-in-wing aircraft have to face and the remedy appears to lie in
intake guide vanes whose development has been studied by NASA

for similar applications.

One of the persistent difficulties in all work concerned with jet flows
is the accurate determination of the jet momentum at the nozzle exit.
The Avrocar tests proved to be no exception. The free air thrust
efficiency measured at Ames (0.5 with the standard focussing ring

. control and 0.6 with the extended lip focussing ring) is therefore

not regarded as the last word on the subject. Agreement with the
lift measured at Malton in the Static Test Rig was gocd and the
additional height above ground obtainable for stztic tests at Ames
showed a slight ground cushion effect to exist at 60 inches.

Summing up, then, it appears tha. the solution to the major
aerodynamic problems of the Avrocar revolves around the provision
of adequate jet vectoring control. To this end modifications have
been madc tc the aircraft principally to provide an effective jet

flap at the rear of the aircraft and adequate, rearward facing

nozzle area to obtain a large increase in propulsive thrust, With
these modifications installed the second series of wind tunnel tests

at the Ames Research Center are planned for February-March, 1961,
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TABLE 1

SUMMARY OF CONFIGURATIONS

Each configuration tested has been given a coding, for example "G.S.-1";
the first letter specifies the aircraft condition as listed below; the second
letter, if present, signifies a "power off'' run, 'O' denoting the fan intake
was not sealed and 'S' that the fan intake was sealed. The number denotes
the height above the ground plane, 'l' the maximum height tested of 12 feet

8 inches, '2' a height of 60 inches and '3' a height of 32 inches. Note that Jg'
signifies the cases where the rear 120 degrees of focussing ring and skirt
were removed. The suffix 'A' indicates all rudder vanes turned aft.

Configuration Applicable
Code Run No. Configuration Details
A-1 1, 3, 8, 9, 10, 11,

12, 14, 15, 27

AO-1 2

)
)
)
)
)
AS-1 45 ) Basic Test Configuration
) {Focussing Ring Travel * 2.0
A-2 21, 22, 23, 24 ) inches)
)
AS-2 46 )
)
A-3 26 )
)

AS-3 25 )

B-1 16 Complete ring fixed at Jo + 1.75
(3.5 inches aft of neutral) and
lowered at the front end

C-1 18 ) Rear 120 degrees of focussing

) ring and skirt removed,
CO-1 19 ) Je' =4 .25
)
Cc-2 20 )
D-1 17 Rear 120 degrees of focussing

ring removed and skirt deleted,
Je' +1.75 and lowered at front end
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Configuration
Code

E-1

G-1
GS-1

M-1

Applicable
Run No.

13

28

29

30

31

32

34

35

36, 37

38, 39

40

Configuration Details

Basic configuration with 1 inch lip
extension on focussing ring trailing edge

Rear 120 degrees of focussing ring
removed and skirt deleted in this area;
top skins between wing tip and body raised
to give a 3.0 inch deep upper slot over an
80 degrees arc at the rear; spoilers fitted
over this 80 degrees arc with the top
spoiler flush and the bottom spoiler up
into nozzle 0.55 inches

The same as F-1 except that the bottom
spoiler was flush and the top spoiler down
into the nozzle 0.55 inches

The same as G-1 except that the slot
between the top skin and the wing tip was
reduced from 3.0 inches to 1.875 inches

The same as H-1 except that a curved
extension was added to the trailing edge
of the upper slot

The same as J-1 except that the bottom
nozzle between the wing tip and body was
blanked off over the rear 80 degrees arc

The same as K-1 but with the top slot
increased to 3 inches from 1.875 incles

The same as L-1 with the addition of a
2.75 inch extension on the trailing edge
of the focussing ring over the front 120
degrees arc

The same as M-1 with the top rear rnozzle
flap extended and the slot reduced to 2.5
inches

The same as N-1 with cascades having a
turning angle of 90 degrees fitted at port
and starboard sides
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Configuration
Code

Q-1

V-1
VS-1

Applicable
Run No.
41, 44
42

43

47

48
49

Configuration Details

The same as P-1 but with the cascade
turning angle reduced to 60 degrees

The same as Q-1 but with end plates
fitted to the cascades

The same as R-1 but with a central jet
introduced

Basic configuration with rear 80 degrees
of wing tip removed, Je' + .25 and 80
degrees arc nozzle spoilers fitted; set
at top into the nozzle 0,4375 inches and
bottom 0.25 inches

The same as U-1 but the bottom spoiler
flush and the top down into the nozzle
0.55 inches
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TABLE 2

Listed below are values of the principal derivatives of the pressure force

coefficients.

Gaps in the table indicate either that the data were not

available or that the curves were non-linear to the extent that no meaning-
ful slope could be obtained.

(1
Config J_ aCLB+i/aa acMB+i/aa ’ MB+i/aCLB+i
=510 |15 |25 |5 | 10} 15 [25 | 5 |10] 15 25
- i
-1 |0 481 38134 | ~ |8 laa a9 | - 1] - - -
.5 48 11,40 |1.32 | - .52 | a4 | .24 -t - -] -
1.0 [1.10 {1.14 12,27 | - .45 | .45 | 42 | - | 2] - |.32 | -
=2 1o -] - |18 | - - | -] | - -1} -1- -
.5 - |2a2]1.72) - | - 10| .21 - - - - -
1.0 3.8 12.02/1.61{ - |.10 | .40} a0 | - | 03| - |.23 | -
-3 | o 6.40 [3.20 12,32 | - | - V1.2l 2 ¢ - | - 2faa | -
l |5 et 2.8 1252 - | - [.26) .29 | - | -1 - - -
l 1.0 4.41 |2.75 | 2.58 - )23 | W42 | .33 - = = - -
B1 | 1.75 - |1.20)1.20] - .1 | .4z .39 - 1 .28 .33].35 -
c-1 25t - ezl 93! - |54 |50 .46 | - | .52 .53].45 -
-2 251 - 11.34]1.48 ] - |46 ] 50 50 |- 1 - | u39].33 | -
-1 1.5 111 g {11 ] - |2 | as | a - | .42 .42 .42 -
-1 |0 S -3 I R S I i B -0 -1 Lel - -
.5 S 2 I R R Y -l - el - -
"1 1.0 -1 .98 - -l - ] - S I YR -
H-1A 1.0} .85 .88 - |.49 | .49 { .46 | .43 | .49 .52 .39 -
J-1A 84 - '1.03 1,03 .54 | - | .50 | .46 .50 1 - |.44 | .39
K-1A 90 -1 8510 99157 - | .48 |6 .52] - .52 | L4
1-14 1.29 - 11.00 | .93] .54 - .51 54 | .45 - | .42 .47
' M-1A 1.18 = .99 | .87 .51 - A7 45 | .43 - 1 .48 <54
N-14 1.8 | - j1.02| 81{.60 | - | .48 .44 51| - .51 | .51
P-1 158 ] -1 - | - |5 | - - - .ol - | - -
Q-1 1.12 | .96{1.42 [1.25{.55 | .50 | .42 | .43 | .43 .54].37 | .31
7-1 1.26 | - {1.22{1.13{.49 | - | .45 | .39 .8| - | - .36
U-1 1.9 ! - | - J1.271.46 | - | 46 | .46] .38 - | - .31
| B - -y =5y - | .49 |39 ] 46| - | .45 - |
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Section Fig.
Ref. No.

1.0 1

(a¥]

4,1

10

11

12

4.2.1 13

14

4.,2.2 15

16

18

19

20

21

LIST OF ILLUSTRATIONS

Title

Avrocar in the 40 x 80 foot tunnel, Ames Research Center

CLV

Cp v

(°D -

s o¢ , Power-off Run 30
11 [} 33
t " 45
" 1" 49
s ¢t i " 45
CL® CL _CL_.y* p ff Run 30, 33
?_) vs - - ower-o un ,
A

" " " t 45, 49

CM vs C, Power-off Run 30
L,

Lift v

" e " 33
1" t 1" 45
1" 00 " 49

s corrected Engine rpm

Nozzle thrust vs corrected engine rpm

Extended lip on Focussing Control Ring

Effect of extended lip on Jet Focussing

Static

Static

Static

Static

Static

lift and drag vs control position

pitching moment and cp position vs control position
resultant force and inclination vs control position
lift and drag vs control position; extended lip

pitching moment and cp position vs control position;

extended lip
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Section
Ref.

4.3

4.3.

.1

.2

3

Fig.
No.

22
23
24

25

26
27

28

29
30
31
32
33
34
35
36
37
38
39
40
41

42

Title

Diagram illustrating effective static moment
Pitching moment vs q; config. B-1; Run 16
Pitching moment vs o€ ; config. B-1; Kun 16

Measured and effective static moment vs control pusition,
Config. A-1

Lift and drag vs©< ; Run 17, Config. D-1
Lift and drag vs®€ ; Run 38, Config. N-1lA

Lift and drag vs © ; Run 38, Config, N-1 with effective
static values

Pitching moment vs & ; Run 38, Config. N-1A
Lift vs forward speed; Run 17, Config, D-1

Lift vs forward speed, Run 34, Config. K-1A

Lift vs forward speed; Run 38, Config. N-1A

Lift vs forward speed; Run 41, 44, Config. Q-1
Suggested flow pattern for 'jet flap' configurations
(D-F) vs forward speed, V

Pitching moment due to jet induced lift Project 1794
Pitching morment due to jet induced lift - Avrocar
Cmjy vs Cp, atec = 0° - 1/20th Scale Model
Pitching moment due to intake flow - 1/20th scale model
Intake characteristics - 1/20th scale model

Intake analysis from NASA TN D-88

. o¢ = 0O°: -
CMB+i vs CLB+i g 0°; NASA TN D-88
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Section Fig.
Ref. No.

4.3.3 43

44 Aircraft centerlire pressure uistribution

4.4 45

406

47

52

53

54

55

56

57

62

63

64

C
LB+i vs K

Nose-up moment due to intake - thcory and experiment

5 ; measured static;
10; 1"
15; "

0,0.5 measured static;

1.0 ; "

0, 0.5; effective static; A-1

U ; 1ncasuces vtatic A-2; Run 21

0.5; "

1'0; "

0,0.5,1.0

0,C.5 ; effective static A-2; Run 21

1.0 ; "

"
o
o
v

"
—
o

; measured static A-2;Run 21
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Section Fig. Title
Ref. No.

4.4 65 CLB.H vs O&.; Je = 1.0 measured static A-3; Run 26
&6 CMB+i VS occ; Je =0,0.5’1.0; " " " "
67 i e Je = 0,0.5; effective static " 2
68 " 1" Je = 1.0 ; " " " 1
69 CMB-’ri & CLB+i; Je =0,0.5; 1 " " 1"
70 " 1 Je = 1.0 ; " " " 1"
71 CLB+i vs @ . ; Je = 1.75 ; measured static B-1; Run 16
72 CMp4i vs € ¢; Je = 1.75; i g " "
73 " I " effective static " "
74 CMB+i 7S CLB-{-“ Je =1.75; 1" " " 1
75 CLB+1 vs o€ . ; J' = .25; measured static C-1; Run 18
76 CMB+1 vs “ c 2 " " " ] n
1 £ i i effective static " "
78 CMB+1 vSs bLB+1; t " N 1" ]
79 CL‘B+i vs oL X measured static,C-2; Run 20
80 CMB+‘1 vSs xc; 3] " 1" (R} "
81 il ] a effective static " "

83 CLp4; vs o ; Je' 7 1.75; measured static D-1; Run 17
84 CMB+i vs < " " " 1" "

85 i y\ " effective static " e

82 CMB+1 Vs CLB+1; " " " " "
86 (‘MB.}.i vs CLB_‘.i; " " " " " |
|
3
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Section
Ref.

4.4

Fig.
No.

87

88

89

90

91

92

P £

94

95

96

97

98

99

100

101

102

104

105

106

107

108

Title

@
.
o0
S
<
()
@
0
i

CLp4+i vs K ¢ g

CMp,i vs ©C _;

B
CMB+i VS
CLB +1 VS

t

C1\45+i VS

C '
MB4i vs

C
Lp+i vs

i

CMB+ 1 VS

1
CMB4i vs

B+i V®

CMp,j vs

)

R

O

Ne]
n

Mt

10 : measured static E-1; Run 13

' | 1 1"

(] ) 11 " i

B, 10,15, 287 ™ i H-1A; Run 31

o effective static " "

measur.ed static

& effective static " &

] It 1 ' 1

5,15,25; measured static;J-1A;Run 32

| tt It

effective static

4 measured static ' A

' effective static I

i i) 11 " '

X measured static;K-1A;Run 34

effective static " L

v measured static il

tl 1t R

cffective static

1t 1 1 1 11

L measured static;L-1A;Run 35

o effective static - 1

3 measured static; " -

i effective static i} '
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Section Fig.

Ref. No. Title
4.4 109 CMp4; vs CLpti; q = 5,15,25; effective static;L-1A;Run 35
110 CLB+i vs ©K ¢ n measured static;M-1A;Runs 36,
37
111 " " " effective static " e
112 CMB+i vs oL o3 0 measured static: " "
113 " X 0 effective static. " "
114 CMB+i vs CLB+i; " " " " "
115 CLB+1 VS o€ (i i measured static;N-1A;Runs 38,
39
116 g 2 " effective static " o
117 CMB+i vs o< _; " measured static " 0
118 " " " effective static " 00
119 CMB+i Vs CLB+i; g " " " "
120 CI_.B_'_1 vs o€ . q = 5 measured static;P-1;Run 40
121 CMp,; vs o€ _; g " " " "
122 CMp4i vs CLlpyy; o o0 g " "
123 CLpti vs o€ o3 q=5,10,15,25 " " Q-1;Runs 41,44
124 " " " effective static ™ 0
125 CMB.H vs o< _; " measured static " "
126 " " " effective static " o
127 c3MBJri vs CLB_H; " " i .. .
128 CLp,; vs o€ i q=5,15,25; measured static;T-1;Run 43
129 " " " effective static: " "
130 CMB+i vs o _; " measured static "
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Section
Ref.

4.4

Fig.
No.

131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
i49
150
151

152

Title

CMB+i ve o€ . ; q =5,15,25; effective static; T-1;Run 43

CMp4i vs CLlpyj;
c:L‘B+i vs ok ¢
CMp4j vs o€
CMp+i vs CLpyy s
CLB+'1 vs o€  ;
CMB+i ve & ¢ ;

C
CMpyi vs “Lpyi ;

0g measured static; U-1;Run 47

" " " V-1,Run 48

Variation of h/D with angle of attack

Lift vs @€ and h/D; Je = 0; g

Lift vs &K and h/D; Je = 05 q

i

5; Config. A

10; Config. A

q = 15; " "
0.5;q = 5; " G
q = 10; " "

q =15, " "
1.0; q =5; " "
q = 10; " "

q = 15; " I

q = 10; 1"
q = 15; " "
0.5; q-= 5; M 1
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Section
Ref,

4.5

Fig.
No.

153

159
160
161
162
163
164
165
166
167
168
169

170

171

172
173

174

Title

Drag vs @ and h/D; J_ = 0.5; q = 10; Config. A

Fan blade velocity vectors

Peripheral nozzle dynamic head distribution

Si&e force, yawing moment & rolling moment vs forward speed
Rolling moment vs control position (aileron sense)

Total pressure distribution under the fan

1
o

Variation of mass flow with forward speed; Config.A-1; J, =

o
[
o
o
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Section Fig.

Ref. No. Title

4,6 175 Variation of mass flow with angle of attack, Config.A-1; J, = 1.0
176 Variation of gross thrust with forward speed; " 0g 0o
177 Variation of mass flow with forward speed; Config. B-1
178 " " " " " " " Config, C-1
179 " " " " " " " Config, D-1
180 " " " " " " " Config. J-1
181 " " " " " " " Config. K-1A
182 " " " " " " " Config. N-1
183 Variation of gross thrust with forward speed;Config.K-1A,

T-1, N-1A

184 Fan rpm vs engine % max. rpm

4,7 185 CMm vs Je q =5 Config. A-1
186 " q = 10 i "
187 " q = 15 " "
188 Ci vs Jg q =5 " "
189 B q = 10 " "
190 " qg = 15 " "
191 [CMJ; vs KC; Config. A-1
192 [CLJe] Vs KCj Config. A-1

4.8 193 ED = F: , vs N% q =5  Config. Q-1 Runs 41,44
194 " " q = 10 " " B
195 g 0 q = 15 x 0 L
196 i " q = 20 " " "

56




500 /AERO TEST/407

Section Fig,

Ref. No. Title
4.8 197 [D - I{IL vs N% q = 25 Config. Q-1 Runs 41,44
198 [MC:IL vs N% q =5 g neooon
199 " " q = 10 G TR
200 " I q = 15 o X X
201 " " q = 20 " " "
202z " " q = 25 " neooow
203 Trimmed (D-F) at constant lift vs q Config.Q-1, Runs 41,44
4,9 204 Cl, vseoc . ; Jet-off, Avrocar and 1/20th scale model
205 CM vs °<c ; Jet-off, Avrocar and 1/20th scale model
206 CM vs Cyi,; Jet-off, Avrocar and 1/20th scale model
207 Cp vs CLZ ; Jet-off, Avrocar and 1/20th scale model
208 Cp, vs o€ ; Jeton, Jo =0;q = 15; Avrocar and 1/20th
scale model
209 " " " Je =0.5;q = 15; " "
210 " " " Je =1.0; " " "
211 CLB+i vs o€ ; Jeton, J, =0;q = 15; " "
212 " UG " Je = 0.5, " " "
213 " " " Je = 1.0; " " "
214 Effect of jet focussing on 1ift - 1/20th scale model
215 Effect of jet focussing on lift - Avrocar at Ames
216 Cm Vs o(c Jet-on, J, =0 ; q = 15; Avrocar and 1/20th
scale model
217 noow W Je =005 v : n

57



500 /AERO TEST /407

Section

Ref.

4.9

Fig.
No.

219

220

221

21212
223
224
225
226
227

228

Title

Cym vs &K ; Jeton; J, = 1.0; g = 15; Avrocar & 1/20th
scale model

CMB +i Vs CLB+1 i Joe = 1.0 and 1.75; q = 15; Avrocar &
1/20th scale model
Cp components vs &K _ ; Je = 1.0; q = 15; Avrocar & 1/20th

scale model

C

CLB +i vs o< _; Run 38, Config. N-1A; q = 15; Avrocar &
1/20th scale model

Wing Tip Structure and Cascades
Transition Doors

Pitch and Roll Control Vanes
Yaw and Transition Vanes
Arrangement of Controls

Fin and Tailplane

Fan Intake Guide Vanes
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FIG. 12
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FIG, 15
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500/AERO TEST /407 Fle. 16

AVROCAR AMES WIND TUNNEL TESTS

PHASE 1

Conric. A-1

ConFre. E-I
13
(1 exTenpeo uo)

EFFECT OF EXTENSION TO FOCUSSING CONTROL RING

74




un

IRERS 20222

[RS8 SPB 0 0002 Spo:

S e

SSSE00s - SIS SSe

it

= 100l 28 ERET 83 T 0 530S IToa domws Comws

JRSSS SSase

~ 22

= =

4 3
£ :
S e . -
O] S sessssants sans
= e

O : o
~ :

< : =B
o

S

uwn




r~

500/AERO TEST /407




FIG. 19

500/AERO TEST /407




FIG. 20

ba s umad

poeoeRees

500 /AERO TEST /407




“1G. 21

SITION

. Fg

NTRL

SO

e

Cw...I

V5

500/AERO TEST /407

Sowes sasws

poooo 1

1

79



500/AERO TEST /407

AVROCAR AMES WIND TUNNEL TESTS

PHASE 1

DIAGRAM [/ DIAGRAM 2

DIAGRAM 3

DIAGRAM ILLUSTRATING EFFECTIVE STATIC MOMENT

FIG. 22
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FIG. 23
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