SIXTH EUROPEAN RUTORCRAFT AND POWERED LIFT AIRCRAFT FORUM

Paper No. 27

CO~-AXIAL ROTQR AERODYNAMICS IN HOVER

M.J. Andresw

University of Southampton
United Xingdcom

September 16-19, 1980
Bristol, England

THE UNIVERSITY, BRISTOL, BS8 1HR, ENGLAND



CO-AXIAL RCTCR AERODYNAMICS IN HCVER

M.J. Ancérew
Department of Aeronautics & Astronautics
University of Southampton

United Xingdom

SUMMARY

A prototype remotely piloted co-axial contra-~rotating twin rotor
(CCTR} helicopter designed by Westland Helicopters Limited and extensively
modified for research was used to investigate CCTR aerodynamics in hover.
Experimental induced downwash distributions and overxall rotor performances
are compared with a theoretical model based on momentum, blade element and
vortex theories. Good agreement between measured data (comparisons with
present rig and results published from a full-scale CCTR are included) and
theoretical predictions has Dbeen found. Semi-empirical equations have
been derived for the initial viscous vortex core size and maximum swirl
velocities. The modelling compares favourably with a number of other
published results from fixed and rotating blade measurements. -

3

In the past a CCTR has often been misleadingly compared with one
of its own rotors. Although this comparison has rendered the CCTR a less
inefficient system, it is considered false, in that the single rctor is
thrust limited by the onset of blade stall. However, when compared with
an equivalent single rotor (same thrust potential) the developed theory
indicates that the CCTR layout in hover generates more thrust per unit
power because of a reduction in induced power of approximately 5%.

NOTATION

Llift curve slope

[+ 1]

Ar aspect ratio

b number of blades

c blade chord

Ei mean 1ift coefficient . s
CQi - induced torque coefficieng Qi/(pVT TR™)
CT thrust coefficient T/(va vRZ}

X empirlical coefficient

M Mach numbex

Qi induced torque

r vortex viscous core radius

R biade radius

Rt Reynolds No. based on tip speed@ and maximum blade thickness
t maximum blade thickness

T thrust



strip induced velocity

rotor climb velocity

c
s vortex maximum swirl velocity

VT rotor tip velocity

v, total trailing tip vortex wake induced velocity

w angular velocity of rctor

® distance along blade

@, blade gecmetric angle-of-attack

c; local blade element solidity

o4 rotor solidity

o rotor inflow angle

L. INTRCDUCTION

Ailthough a vast amount is now known about single rotor aerodynamics (1)
and associated modelling techniques (2,3,4) current knowledge of the flow
through a co-axial contra-rotating twin rotor (CCTR) is extremely limited.
Even Russian publications fail to disclose concilse details of CCTR fiow
characteristics (5,6).

The objective of this paper is to establish scme fundamental
properties of a CCTR in hover and to present a computer wake model based
on blade element, momentum and vortex theories. One important factor is
the model of the tip vortex for which semi-empirical eguations have been
developed for initial vortex core size and maximum swirl velocity. Roll-up
of the viscous core is considered complete as it leaves the trailing sdge
of the blade tip. The theoretical model assumes that the top rotor of a
CCTR behaves as a single rotor while the lower rotor is greatly
influenced by the top rotor wake.

CCTR experimental data was obtained from a remotely piloted
helicopter, named Mote (7), and designed by Westland Helicopters Limiced.
The rig was extensively modified for research purposes. To supplement
thils data, results from a full-scale CCTR test rig (8) are also included,
and ccmpared with the developed theory. Although only limited infiight
data has been published from the ABC development program (9) it is
encouraging to note that the Russian CCTR Xa-25K, flying crane helicopier,
is claimed to combine high payload-to-aAUW ratio with good manoeuvrapility
and minimum dimensions (10).

1.1 Rig Characteristics

Configuration Twin rotor, contra-rotating and co—axially
mounted.

No. blades/rotor Two

Rotor spacing 19.6 cm.

Rotoxr radius 76 cm.

Chord 5.4 cm.

Twist None



Blade zero lift angle -1
Lift curve slope {(rads) 5.61 (11)
Rigid root.

1.2 Experimental Procedure

The overall 1lift measurements of the CCTR were recorded Ifrom
strain gauged supporting flexures while the power consumed Iy The rotor
was deduced from measuring the input power to a driving motoxr, and
correcting for the known motor efficiency characteristics. To ascertain
the wake limits of a CCTR extensive smcke visualisation/photography tests
were undertaken. Quantitative wake measurements were gathered using non-
directional hot wire anemometers and total pressure itraverses. Compcunding
tolerances limit the experimental data to an accuracy of +B8%.

2. GENERAL WAKE MODELS

A variety of wake models have been presented to determine the
induced downwash distribution along a blade. These include the simple
Glauert type strip analysis (12), Fourier series representation of blade
airloads (13), local momentum approaches (4, 14) and vortex theories
ranging from prescribed wakes (15) to the more advanced free-wake T
analyses (l6). Blade representation by a lifting line has been supersaded
by the more exacting lifting surface (17) and panel (i8) methods.

The combined momentum-blade element approach of strip theory
recognises the major design parameters and yields an estimate of the
induced velocity at a blade element. However tamporal variations in a
wake cannot be explained, highlighting the limitations of the theory.
Subsequent vortex theories have been developed to provide a more phyvsical
representation of the wake and blade airicads, at the expense of
increasing computer time. Nevertheless, limitations are still imposed ¢n
the modeis. For example, the most exacting procedure of fres-wake analysis
is not satisfactory for hover calculations since the wake distortions

become so severe that blade vortex interactions are commonly indicated {(19}.
Furthermore the roll-up of a spiralling wake into trailing tip and root
vortices is often taken into account by truncating the mesh of trall:zng

and shed‘'vortex elements at an arbitrary wake azimuth station. Botn the
arbitrary nature of truncaticn and the debatable point as to wosther a

well defined root vortex forms, limits the physical validity. Ccher
simplifications include setting the tip vortex strength equal toc the pzax
circulation on the blade and estimating the vortex viscous core size Irom

& direct percentage of blade chord.

2.1 CCTR Wake Approaches

The most fundamental approach to CCTR performance prediction is
that reported by Harrington (8). The CCTR is represented by a singls
rotor with the same radius and an equal number of blades {eguivalent
blade solidity). The predicted performance for a test CCTR rig shows
reasonable agreement over a large thrust range and is therefore a useliul
model for a first approximation. Another simple CCTR model was utilised
in the ABC verification program (20}. Employing momentum theory the
induced velocity of the lower rotor is assumed to increase by the average
Cownwash from the upper rotor. This is later modified with the supposition



that the upper rotor wake is fully developed and only the inner 50% of
the lower rotor is exposed to the fully developed wake; tihie outer blade
sections taxing in clean air. Both mcdels are limited by the inadequate
representation of the blade loading distribution and conseguently over
oredict rotor torque. Stepneiwski {2} incorporates strip theory inte
the evaluation of the effect of one rotor on another. Although yielding
a better blade loading distribution the effects of wake contraction are
disregarded.

A more concise methed is that developed by Cheeseman (21) who
combined a lifting line approximation to translatiocnal 1ift plus a stream
tube model for propeller lift. The inclusion of the helical trailing tip
vortices is modelled by a straight line horseshoe vortex system with the
tip vortex strengths set egual to the peak clrculation of the klade. Wake
contraction is not considered. Recently Azuma et al (14) have developed
& local momentum theory which can be applied to multi-rotcor configurations.
Essentially each rotor is treated as a series of wings, each of which has
an elliptical circulation distribution. The theory is based on an
instantaneous momentum balance of f£luid with the blade elemental 1lift at
a local station point in the rotational plane. This theory has led to
reasonable results with much less computational time than that required
by vortex theory. However, an attenuation coefficient, calculated from
approximate vortex theory, has to be introduced to represent the time-wise
variation of the local induced velocities following a blade passage. This
coefficient is further simplified in certain calculations by treating it
as a constant throughout the disc (i4).

3. CCTR VORTEX-STRIP THEORY

The aforementioned theorles all supplement each cther to the extent
that an optimum theory should consider the advantages of the various
mementum, bhlade element and vortex approaches., The present theory uses a
simplified method with this underlying aim.

Strip thecry yields an initial estimate of the induced downwash at
a blade element viz:-

VC UxamR 2{0 Xw - Vc) %
Vi=(“i-+ 16)(-—l+(l+ 5 ) ) (1)
4Vc GxamR
cxamR * vc + 16

Traditicnally a tip loss factor is introduced to allow for the finite
span of the blade and the asscciated formation of the tip vortex. Such
tip loss factors confusingly truncate the blade radius so that in the tip
region no 1ift is generated. In reality the 'tip loss' is due to lift
impairment resulting from the varving downwash over the complete blade
induced by the spiralling helical tip vortex wake propagating freom all
blades in the rotor. The theory derives this loss factor implicitly

by calculating the induced downwash from the tip vortex wake at

any specified blade station. For hover, by definition, the vertical
ascent velocity Vc’ is zero. However in the present theory each blade
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element perceives an apparent vertical velocity Vg, from the tip vortex
wake. That is, the tip vortex induced velociiy V,,, at any blade element
replaces Vo in equation (1).

The three-dimensional helical trailing tip vortices are mocdellied
by a series of straight line vortex filaments which follow the empirical
rrescriped paths reported by Landgrebe (15). The assoclated induced
velocities Vy,, ocutside the viscous core are computed using the Biot-Scivert
Law, Inside the viscous core, solid body rotation is assumed with V,,
decreasing from a maximum velocity Vgr at the core edge to zero at the core
‘centre. For the lower rotor, ¥,, also has an induced contribution from
the upper rotor trailing tip vortices and the strip velocity V;, which is
adjusted for wake contraction. Temporal variations of induced downwash
are quickly caleculated for any specified point in the rotor disc.

Knowing the total downwash wvelocity the inflow angle at any blade
element may be computed vis:-

(vi + Vv)

o X/R (2)

Lift and drag forces are thereafter computed in the usual way using Two-
dimensional aercfoil characteristics.

For completeness, a knowledge of the maximum swirl velocity and
core size of a tip vortex is essential for critical evaluation of the
induced wvelocity variation V,,. The following section lists the pertinent
features affecting vortex characteristics and derives semi-empirical
equations for vortex core radius r, and maximum swirl velocity V.

4. TI2 VORTEX PARAMETER EVALUATION

A survey of the literature (22-32) shows a useful body of data ©n
vortex wviscous core sizes and maximum swirl velocities for rotating hiades,
and fixed wings. Initial attempts at correlating the data are marrad by
the wide variety of conditions such as measuring station point and therefore
vortex age, free-stream velocities, blade loading distributions, blade
aerofoil characteristics and aspect racio in both free-flight and wind
tunnel tests. However, the most pertinent points resulting from these
researches contribute adequate guidance for the modelling of the vortex
viscous core radii and maximum swirl velocities.

1) Spivey (22) concluded that tip vortices location and directicn
on a rotating and non-rotating blade are not affected by ceancrifugal
ferces or pressure gradients.

2} Leading on from Spilvey's work, Chiger et al (23} deduced zhat
the generated vortex structure from fixed wings and rotacing blades shculd
be similar.
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3) Fiow measurements {24, 25) of a fixad rectangular wing tip
evince that the viscous cors initially forms at the side of the wing tip
and moves over to the top surface in the region of maximum thickness
{ilargest pressure gradient). Therearfter it grows and moves slightly
inboard leaving the trailing edge of the wing with a non-symmetric
serimeter.

4} If roli-up is defined as a symmetrical tip vortex the process
may take many wing~tip chcrds. However it must be omphasised that the
larGe swirl velocities are induced immediately the core departs Irom the
trailing edge of the wing.

5) Dosanih et al (26) found that the measured circulation value in
a rolled-up tip vortex behind a semi-wing mounted in & wind tunnel was
only 58% the peak circulation on the wing. This finding has been endersed
by Cook {27) who found that the circulation in a fully developed vortex
from a full-scale rotor blade is less than half the expected value.

From dimensional arnalysis, and assuming that the vortex swirl
velocity Vg, depends on tip pressure (Cp), tip speed Vp, blacde thickness
t, and the time the vortex core is on the blade ("C/VT), the following
relationship can be deduced:-

Vs .
o= (=Cul {3}
Vi L

Although this relaticnship compares favourably with the rotating
plade data in Table 1 it under estimates the fixed wing data. The most
obviocus distinction between the fixed wing and rotating blade which could
influence the swirl velocity is the large difference in aspect ratio Ay,.
Entering this parameter into eguation (3) with an empirical constant yields
an excellent agreement with the wide collocate of experimental data.
Accordingly it is concluded that all the major parameters are incorporated
in the modelling equation (4}.

%

CL} (4)

X
(1 + 3
r

g im<:
i
ale

X = 6.6, For a rotating blade in hover Eh = &Cp/0 and A, = 2R/.. Rotor
aspect ratio is based con disc diameter because it is thought that the root
vorcicies are not predominant wake structures.

Reviewing the literature for the major parameters on vortex core
thickness yields little insight. However, one certainty is that the core
radius increases with increasing blade angle-of-attack (29). Furthermocre
from measurements of core radius taken from smoke visualization photograzts
for various angles-of-attack (15) it can be concluded that the relationshiis
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b ot e e e e

hot wire probe

. . v . : .
Source Comments Ar M Vortex Experimental Approximating S/vT Experimental | Approximating
Pousition VS/VT {E.E')% s 6'6)(3.6')% Y/o X/
c L A c L 1 - M t
r ( Ja -
mo9C
Cook (27) Rotor hlade 41 0.53 75° 0.3 0.29 0.34 0.016 0.013
hot wire probe azimuth
Simons et al | Rotor blade 54 0.125 300° 0.23 0.25 0.28 0.05 to 0.042
{28) hot wire probe azimuth 0.075
Present Rotor blade 28 0.102 120° 0.3 + 0.03 | 0.25 0.31 0.074 0.068
Author hot wire probe azimuth
Rorke et al Fixed wing 4.2 0.2 2¢c 0.48 0.22 0.57 0.02 to 0.0l8
(29) wind tunnel test downstream 0,03
hot wire probe
Zalay (30) Fixed wing 5.6 | 0.133 6.5¢c 0.6 0,26 0.57 0.03 to 0.036
wind tunnel test downstream 0.05
hot wlre probhe
vorticity meter
Panton et al | Fixed wing 9.2 | 0.123 3%.6c 0.72 0.36 0.62 0.046 0.045
{31) free f£light downstreamn +,12
hot wire probe -.25
Iversen et al| Fixed wing 11.4%| 0.135]  3.25¢ 0.42 0.35 0.55 0.050 0.049
(32) wind tunnel test downstream
hot wire probe
elliptic tip
*based on
92% chord
Chiger el al Fixed wing 5,33 089 trailing 0.37 0.33 0.74 .079 .095
{234) wind tunnel test edg . \

TABLE 1 TRALLING 1T'IP VORTEX DATA




is approximately linear. Knowledge of core Iormation and i1ts transition
o the top surface at the wing at maximum thickness t, adds a further
parameter viz:-

r=fnla , £, veens)

inserting intec this eguation combinations of EL, A,., Vg, Vip and Reynrolds
Nc. based on plade thickness R, did not prove fruitful for all the Zixed
wing and rotating blade cases. The remaining dominant parameter is Mach
Ne. M, (based on Vp for the rotating blade) and equation {5) rendexrs a
talr inter-relationship with all the cases tabulated.

o g (5)

a

This relationship conflicts with Rorke et al conclusion (29} that, among
other things, Mach No. has no significant independant efifect on the core
size. However, scrutinising Fig.lO of Rorke's paper shows a spread of
results of +40% about an interpolated line of core thickness versus time
(ag = 6°). Such a conclusion is accordingly opben to question.

The contrasting data is that reported by Chiger et al (23). For
a NACA 0015 wing section operating at a gecmetric angle-of-attack of 12
degrees a much smailer swirl velccity was found. This affect is a
pcssible indication of the onset of blade stall and is a similar trend
to that reported by Cook {27) who Ifound a diminished swirl velocity and
an increase in vortex core size from a partially stalled rotor blade.

5. PRINCIPAL FEATURES AND FUTURE MODIFICATIONS QF VORTEX—STRIP THECORY

Fig.l depicts the downwash velacity distributions for z single
roror. The modified strip induced wvelocity contribution vi, incorporatses
the effect of the ‘apparent vertical ascent velocity' V. The siight
depression in the tip vortex induced velocity distribution V., at 9C%
blade radius results from the upwash effect of the previcus blade traiiing
tip vortex. The total theoretical velocity distribution compares well with
experimental data. The largest discrepancy in velocities at 85% blade
radius seems to originate from the differences in the Landgrebe prescribed
vortex paths and reality.

Fig.2 compares the present theory with conventional strip theory.
Over the complete blade rzdius the vortex-strip theory predicts a higner
induced downwash with a corresponding reduction in blade angle-of-attack
at any speciiied blade element. The consequent decrement in thrust at azny
plade staticn is a measure of the 'finite blade losses' which conventional
strip theory attempts to incorporate with an arbitrary tip loss factor.

The prescribed wake paths of both a single rotor and a CCTR in
ig.3 were computed using Landgrebe wake coefficients (15). These
cefficients, dependant upon thrust coefficient Cp, and wake azimuth
position ¢, indicate a less severe trené than the experimental wake

[P
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limits. The thrust coefficients of both the upper and lower rotors in

the CCTR were computed in an attempt to predict the differing paths caken
by the trailing tip vortices from the respective rotors. As can be seen
from Fig.3 Landgrebe wake coefficients cannot directly be applied to a
CCTR. To allow for this, the Landgrebe prescribed paths will be medified
to include the mutual interference of the two wakes. Generally, the mutual
affects will result in stronger and weaker contraction of the upper and
lower rotor wakes respectively.

Trailing tip vortex decay in a hovering rotor wake is also being
investigated and will be included in the wake model in the near Ifuture.

5.1 ppplication of Theory

Fig.4 compares thecretical and experimental performance curves for
both CCTR and single rotor models. A further comparison is also made with
published results (B) from a full-scale CCTR (Filg.5). Great care is
required when comparing single rotors with a CCTR. For a given blade
loading, Cyp/c, one rotor of the CCTR generates more thrust per unit
torque CT/C than the CCTR. However, the single rotor is thrust limitec
by the onset of blade stall and is therefore not a realistic compariscn.

A more suitable equivalence is shown in ¥Fig.6 in which the theory
was utilised to predict the performance curves of a four biaded single
rotor with a blade solidity equal to the CCTR {same thrust potential}y. In
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this case, for a given blade loading the CCTR generates more thrust per

unit torgue and results from:~-

1)} The contraction of the upper wake of a CCTR allows clean aix
with a slight upwash to be taken by the outboard sections of the lower
rotor. Consequently, the effective CCTR disc area increases with a

corresponding reduction in induced power. Fig.7 illustrates the

relationship between the ratio of thrust coefficient and induced torque

coefficient, Cp/Coi, and blade loading, Cp/o for the two rotors.
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= -
[~ -
Us Ve =35m/s oy | a1 UPPER ROTOR OF CCTR
Sad ~. -i @t LOWER ROTOR OF CCTR
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C’h —
Gﬂ g -—
[¢-ad
o 1a
- Lo
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z = ]
] N
] a2
i 5 T
o= =
o =
. )
= =E
5 T T
%los | ooz | 004 | 0.9 | ow8 | 9.0 %0 | 0.20 0.40 2.80 9.80
BLROE LOADING.Cyo NORMALISED BLADE RARBIUS
Fig.7 Thrust Coefficient/Induced Fig.8 Induced Downwash Distribution

Torque Coefficient Versus
Blade Loading

_ 2) Although for a given blade angle-of-attack and tip speed the
CCTR generates a stronger tip vortex on the upper rotor, the stack of
four spiralling helical tip vortices in the single rotor wake induces a
higher total downwash at each blade (Fig.8). By vertically spacing the
rotors in the CCTR layout the severity of the degrading vortex induced

downwash 1s lessened.

3) In the trimmed state the CCTR lower rotor thrust is impoverished

to 88% of the upper rotor thrust. Alternatively the thrust per blade of
the equivalent single rotor is B87% of the thrust produced by each of the

CCTR upper rotor blades.

If a further allowance of 10% main rotor power is made for tail
rotor power requirements to trim the single rotor then a useful power

saving is achieved by employing a CCTR in hover (Fig.6}.
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The developed theory will ceontinue to be utilised to optimise the
CCTR layouit for various vertical spacings between rotors, blade aerofoil
characteristics and blade tip designs etc.

o. CONCLUSION

1) The conventional Glauert type strip analysis has been modified
to lncorporate the influence of the trailing helical tip vortices from
all blades at any specified blade element. Good agreement between theory
and experiment has been found for both model and full-scale reotors. The
required ccomputational times are compatible with modern momentum type
calculations and are an order of magnitude less than the more advanced
vortex theories.

2} Equations for tip vortex maximum swirl velocity Vg, and core
radius r, have been derived and favourably compared with a wide range of
published resulits. The equations are:-

~
v tC
== <1+A—K-)(-C—L) K = 6.6
T r
r i~-M t
R I

These equations apply to a vortex located at the trailing edge of a
blade. '

3) The CCTR when compared with an eguivalent single rotor (same
thrust potential) in trimmed hover produces more thrust per unit torque
(Fig.6}. Furthemmore the CCTR induced power in hover is reduced by
approximately 5% that of an equivalent single rotor for the same operating
conditions.

ACKNOWLEDGMENTS

The author wishes to thank Professcor I.C. Cheeseman for his
guidance given in many lengthy discussions on helicopter rotor aerodynamics.
Further thanks are extended to Westland Helicopters Limited for supplying
the rig and to the Science Research Council for funding the research.

REFERENCES
1. A.R.S5. Bramwell Helicopter Dynamics.
Edward Arnold, London 1976.
2., W.Z2. Stepniewski Basic Aercdynamics and Performance

of the Helicopter.
AGARD-LS-63, 1973,

27-12



3. M.C. Cheney

10.

12.

14,

15.

17.

A.J.

Landgrebe

R. Stricker
W. Gradl

M.L.

. V.E.

L.S.

Mil et al

Baskin
vVil'tdgrube

Ye. 8. Vozhdayev

G.TI.

J.A.
I.A.

R.D.

A.J.

Mavkapar

Faulkner
Simens

Harrington

Ruddell

J.W.R. Tayloxr
K. Munson

F.W.

Riegels

H. Glauert

K.W. Mangler

H.B.

Squire

A. -Azuma
K. Xawachi

Landgrebe

Clark
Leiper

Xocurek
Tanglexr

Rotor Wakes - Xey to Performance
Prediction.
AGARD-CP-111, 1972.

Rotor Prediction with Different
Downwash Models.

Fourth European Rotorcrarft and Powered
Lift Aircraft Forum, Paper No.6, 1978.

Helicopters Calculation and Design
Volume I Aerodynamics.
NASATT F-4%94,

Theory of the Lifting Airscrew.
NASA TT F-823, 1976.

The Remotely Piloted Helicopter.
Vertica Vol.l, pp.231~238, 1977,

Full-Scale-Tunnel Investigation of &he
Static~Thrust Performance of a Coaxial
Rotor. v
NACA TN2318, 1851.

Advancing Blade Concept (ABCTM;
Development.
32nd Forum, A.H.S. Forum 1976,

Jane's A1l the Worlds Aircraft.
1879-80.

Rerofoil Sections.
London, Butterworths 1961.

On the Vertical Ascent of a Helicopter.
ARC R&M No.1132, 1927.

The Induced Velocity Field orf a Rotor.
ARC R&M No.2642, 1953.

Local Momentum Theory and its
Application to the Rotary Wing.
J. Aircraft vol.l6, No.LlL, 1979.

The Wake Geometry of a Hovering
Helicopter Rotor and its Influence on
Rotor Performance.

28th Forum, A.E.S. 1972.

The Free Wake Analysis,
25th ¥Forum, A.H.S., 1969.

A Prescribed Wake Lifting Surface Hover

Performance Analysis.
32nd Forum, A.H.S5., 1976.

27-13



=)
w3

Il

o

@

o]

Cat
[

W. Zenz Zijnzrodrien Pa
VJortLoLey—ransse
T

Sth Zurope

rt-Zgaaticn.
& rerafi and Powered Lift
Torum, Ansterdam, 1979.

=

icting Hellcoprer
v, Waie-Induced Tlow

4 zcTs on Blade Airlcads.
27cn orum, A.H.5., 1971.

V.M. Pagline Forward Flight Performance of a
Coaxial Rigid Rotor,
27tn Forum, A.H.S., 1971.

7.C. Chesseaan A Methed of Calculating the Effect of
One Helicopter Rotor on Another.
ARC Tech.Rep. C.P. No.406, 1953.

R.T. Spivey Blade Tip Aercdvnamics — Profile and

Planform Effects.
24th Forum, A.E.S,, 1968,

N.A. Chigier Tip Vortices - Velocity Distributicns.

V.R. Corsiglia 27th Forum, A.H.S5., 1971.

J.2. Hoffman Vortex Flow cover Helicopter Rotor Tips.

H.R. Velkeir J. Adirxcrait, vol.8, No.9, 197%1.

¥.8. Francis Formation ¢f a Trailing Tip Vortex.

D.A. Xennedy J. Aircraft, vol.lé, No.3, 1979.

D.5. Dosanih Decay of a Viscous Tralling Vortex.

E,?. Gaspask The Asrcnauitlical Quarterly, May 196Z.

S. Zskinazi

C.V. Cook The Structure of a Rotor Blade Tip
Vorzex.

AGARD CP-1l11, Reference 3.

LZ.A. Simcns The Movement, Structure and Breakdown of
®K.E. Pacifico Trailing Vortices from a Rotocr Elace.
J.P. Jones CAL/USAA Avlabs Symposium, June 1968&.
J.3. Rorke- Wind Tunnel Simulation of Full Scale
R.C. Moffitt Vortices.
J.F. Ward 28tn Forum, A.H.S., 1972.
A.D. Zal y Hot Wire and Vorticity Meter Wake
Vortex Surveys.
AIAA Journal, Vol.l4, No.5, 1%870.
R.L. Panton Flight Measurements of a Wing Tip
wW.L. Qberkanpf Vortex.
N. Saskic J. aircralt, vol.l7, No.4, 1%80.
J.0. Iversen,; HEoTo-Wire, Laser-Anemcmeter, and Force
V.R. Jarsigiia Measurements of Interacting Traziling
C.x. Backus Yortices.
R.&. Bricrman 5. Rircraft, Vol.le, No.7, l979.




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (1.99 189.89) Right top (20.88 847.08) points
      

        
     0
     1.9885 189.8906 20.8789 847.08 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (524.96 468.28) Right top (595.55 578.64) points
      

        
     0
     524.9561 468.2765 595.5468 578.6365 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (533.82 451.14) Right top (598.55 566.67) points
      

        
     0
     533.8171 451.1442 598.5523 566.6718 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (481.59 577.90) Right top (598.76 614.64) points
      

        
     0
     481.5903 577.8983 598.7607 614.6381 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (-0.99 -7.91) Right top (519.30 12.86) points
      

        
     0
     -0.9892 -7.9132 519.3027 12.8589 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (271.03 527.22) Right top (379.83 585.58) points
      

        
     0
     271.0266 527.2159 379.8328 585.5756 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 10 to page 10
     Mask co-ordinates: Left bottom (524.73 483.98) Right top (551.56 518.77) points
      

        
     0
     524.7253 483.9834 551.5578 518.7663 
            
                
         10
         SubDoc
         10
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     9
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (525.28 473.64) Right top (591.81 571.94) points
      

        
     0
     525.281 473.6364 591.81 571.9404 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (523.58 472.21) Right top (585.82 571.00) points
      

        
     0
     523.5847 472.2062 585.8221 570.9957 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (526.55 479.12) Right top (542.35 521.60) points
      

        
     0
     526.5483 479.1215 542.3547 521.601 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (518.65 467.27) Right top (588.79 573.96) points
      

        
     0
     518.6452 467.2667 588.7858 573.9594 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (554.36 528.56) Right top (591.06 567.24) points
      

        
     0
     554.3644 528.5642 591.0576 567.2408 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (524.61 475.01) Right top (555.36 515.67) points
      

        
     0
     524.6132 475.012 555.3561 515.672 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (456.41 424.80) Right top (502.84 452.46) points
      

        
     0
     456.4078 424.7951 502.8389 452.4562 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (297.36 497.90) Right top (365.52 556.19) points
      

        
     0
     297.3566 497.8994 365.5214 556.1852 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     14
     15
     0
     1
      

   1
  

 HistoryList_V1
 qi2base





