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SUMMARY 

CO-AXIAL ROTOR AERODYNA.'IICS IN HOVER 

M.J. Andrew 
Department of Aeronautics & Astronautics 

University of South~pton 
Cnited Kingdom 

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 overall rotor performances 
are compared with a theoretical model based on momentum, blade eleme..'l.t 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 been 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. 

,. 
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 rc~or 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 
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lift curve slope 
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number of blades 
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mean lift coefficient 

induced torque coefficient Qi/(pVT
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thrust coefficient T/(pvT
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empirical coefficient 

Mach number 

induced torque 

vortex viscous core radius 

blade radius 

Reynolds No. based on tip speed and maximum blade thickness 

maximum blade thickness 

thrust 
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v. s~ip induced velocity 
1 

V rotor climb velocity 
c 

V vortex maximum swirl velocity 
s 

v rotor tip velocity 
T 

V total trailing tip vortex wake induced velocity 
v 

w angular velocity of rotor 

x dist~~ce along blade 

a blade geometric angle-of-attack 
g 

cr local blade element solidity 
X 

cr rotor solidity 

¢ rotor inflow angle 

l. INTRODUCTION 

Although 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 lL~ited. 
Even Russian publications fail to disclose concise details of CCTR flow 
characteristics (5,6). 

The objective of this paper is to establish sane 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 equations have been 
developed for initial vortex core size and maximum swirl velocity. ~ell-up 

of the viscous core is considered complete as it leaves the trailing edge 
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 ~he top rotor wake. 

CCTR experimental data was obtained from a remotely piloted 
helicopter, named Mote (7), and designed by Westland Helicopters Lini~e~. 
The rig was extensively modified for research purposes~ To supplement 
this data, resurts from a full-scale CCTR test rig (8) are also incl~ded, 
and compared with the developed theory. Although only limited inflight 
data has been published from the ABC development program (9) it is 
encouraging to note that the Russian CCTR Ka-25K, flying crane helicopter, 
is claimed to combine high payload-to-AUW ratio with good manoeuvrability 
and minimum dimensions (10). 

l.l Rig Characteristics 

Configuration 

No. blades/rotor 

Rotor spacing 

Rotor radius 

Chord 

Twist 

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

Two 

19.6 em. 

76 em. 

5.4 em. 

None 
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Blade zero lift angle 

Lift curve slope (rads) 

:il.igid root. 

:.2 Experimental Procedure 

~ _o 
-.L .. !:l 

5.61 (ll) 

The overall li£~ @easurements of the CCTR were ~ecorded froffi 
strain ga~ged supporLing =lexures while the power consumed ~y c~t rotor 
was deduced from ~easuring ~he input power to a dr~ving ~otor, a~d 
correcting for the known motor efficiency characteristics. To ascerLain 
the wake limits of a CCTR extensive smoke visualisation/photography tests 
were uadertak.en. Quantitative wake measurements were gathered using non
directional hot wire anemometers and total pressure traverses. Compounding 
tolerances limit the experimental data to an accuracy of +8%. 

2 • GEJ<"ERAL 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 blaae 
air loads (13), local momenttml approaches (4, 14) and vortex theories ,_ 
ranging from prescribed wakes (15) to the more advanced free-wake 
analyses (16)~ Blade representation by a lifting line has been supe~seded 
by the more exacting lifting surface (17) and panel (18) 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 temporal variations in a 
w~e cannot be explained, highlighting the limitations of the theory. 
Subsequent vortex theories have been developed to provide a more physical 
representation of the wake and blade airloads, at the expense of 
increasing computer time. Nevertheless, limitations are still imposed on 
1:.he models.. For example, the most exacting procedure of free-1"'ake a:-.. alysj_s 
is not satisfactory for hover calculations since the wake distor1:.ions 
become so severe that blade vortex interactions are commonly indica~ed {~9). 

Furthermore the roll-up of a spiralling wake into trailing tip and root 
vortices is often taken into account by truncating the mesh of tra:..:..:.:.'1~· 

and shed ·vortex elements at an arbitrary wake azimuth station. Bo·ti: ~:he 

arbitrary nature of truncation and the debatable point as to w~e~he~ a 
well defined root vortex forms, limits the physical validity. c·.:her 
simplifications include setting the tip vortex strength equal to the pea~ 
circulation on the blade and estimating the vortex viscous core size from 
a 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 single 
rotor with the same radius and an equal number of blades (equivalent 
blade solidity). The predicted performance for a test CCTR rig shows 
reasonable agreement over a large thrust range and is therefore a ~sef~l 
model for a first approximation. Another simple CCTR model was uti:..~sed 
in the ABC verification program (20). Employing momentum theory the 
induced velocity of the lower rotor is assumed to increase by t?:i.c average 
Cownwash from the upper rotor. 7his ~s later modified with the supposi~~c~ 
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that the upper rotor wake is fully developed and only the inner 50% of 
the lower rotor is exposed to ~he fully developed wake; the outer blade 
sections taking in clean air. Both models are l~iteC by the ir.adequate 
representation of the blade loading distribution and consequently over 
predict rctor torque. Stepneiwski (2) incorporates strip theory into 
the eva.i'..lation 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 method is that developed by Cheeseman (21) who 
combined a lifting line approximation to translational lift 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 equal to the peak circulation of the blade. Wake 
contraction is not considered. Recently Azuma et al (14) have developed 
a local momentum theory which can De applied to multi-rotor configura~ions. 
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 fluid with the blade elemental lift at 
a local station point in the rotational plane. This theory has led co 
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 (14) . 

3. CCTR VORTEX-STRIP THEORY 

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

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

v 
c 

= (- + 
2 

cr awR 
X 
16 ) (-l + (1 + 

2(a xw g - v ) 
c 

4V 
2 

cr awR 
C X 

--=-=-+ v + -16 
crxawR c 

( 1) 

Traditionally a tip loss factor is introduced to allow for the finite 
span of the blade and the associated formation of the tip vortex. Such 
tip loss factors confusingly truncate the blade radius so that in the tip 
region no lift is generated. In reality the 'tip loss' is due to lift 
impairment resulting from the varying downwash over the complete blade 
induced by the spiralling helical tip vortex wake propagating from all 
blades in the rotor. The theory derives this loss factor implicitly 
by calculating the induced downwash fran the tip vortex wake at 
any specified blade station. For hover, by definition, the vertical 
ascent velocity V , is zero. However in the present theory each blade 

c 
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element perceives an apparent vertical velocity Vv, from the tip vortex 
wake. That is, the tip vortex induced velocity Vv 1 at any blade element 
replaces Vc in equation (1). 

The three-dimensional helical trailing tip vortices are modelled 
by a series of straight line vortex filaments which follow the enpirical 
prescribed pa~~s reported by Landgrebe (15) . The associated induced 
velocities Vv, outside the viscous core are computed using the Biot-So~vert 
Law. Inside the viscous core, solid body rotation is assumed wii:.h v...,, 
decreasing from a maximum velocity Vs, at the core edge to zero at 1:.he core 
·centre. For the lower rotor, Vv, also has an induced contribution from 
the upper rotor ~railing tip vortices and the strip velocity v1 , which is 
adjusted for wake contraction. Tewporal variations of induced downwash 
are quickly calculated for any specified point in the rotor disc~ 

Knowing the total downwash velocity the inflow angle a~ any b~ade 
element may be computed vis:-

(2) 

Lift and drag forces are thereafter computed in the usual way using ~we
dimensional aerofoil 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 velocity variation Vv· The following section lists the pertinent 
features affecting vortex characteristics and derives semi-empirical 
equations for vortex core radius r, and maximum swirl velocity V5 • 

4. TIP VORTEX PARAME.TER EVALUATION 

A survey of the literature (22-32) shows a useful body of da~a o~ 
vortex viscous core sizes and maximum swirl velocities for rotating b~ades, 
and fixed wings. Initial attempts at correlating the data are marred by 
the wide variety of conditions such as measuring station point a~d ~~arefore 
vortex age, free-stream velocities, blade loading distributions, b~aCe 
aerofoil characteristics and aspect ra1:.io in both free-flight a~d wi~d 
tunnel tests. However, the most per1:.inent points resulting fro~ ~hese 
researches contribute adequate guidance for the modelling of the vortex 
viscous core radii and maximum swirl velocities. 

l) Spivey (22) concluded that tip vortices location and direccion 
on a rotating and non-rotating blade are not affected by ce:rc.rif"'...lgal 
forces or pressure gradients. 

2) Leading on from Spivey's work, Chiger et al {23) deduced ~~a~ 
the generated vortex structure from fixed wings and rotaLing blades 2toul~ 
be similar. 
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3) Flow measurements (24, 25) of a fixed rectangular wing tip 
evince ~hat the viscous core i~itially forms at the side of the wing tip 
ar.d ~aves over to the top surface in the region of maximum th~ckness 
(~argest pressure gradient). Thereafter it grows and moves slightly 
irilloard leaving the trailing edge of the wing with a non-symmetric 
_:.erllneter. 

4) If roll-up is defined as a symmetrical tip vortex the process 
may take many wing-tip chcrds. However it must be emphasised that the 
large swirl velocities are induced immediately the core departs from ~he 
trailing edge of the wing. 

5) Dosanjh et al {26) found that the measured circulation value in 
a rolled-up tip vortex behind a semi-wing moun~ed in a wind tunnel was 
only 58% the peak circulation on the wing. This finding has been endorsed 
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 ar.alysis, and assuming that the vortex swirl 
velocity V s, depends on tip pressure (CL) , tip speed VT 1 blade thickness 
t 1 and the time the vortex core is on the blade (-c/VT) 1 the following 
relationship can be deduced:-

v 
s 

-= (3) 

.~lthough 'Chis relationship compares favourably \'lith the ror.ating 
blade data in Table l it under estimates the fixed wing data. The mosL 
obvious distinction between the fixed wing and rotating blade which could 
influence the swirl velocity is the large difference in aspect ratio Ar· 
Entering this parameter into equation (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 incorpora~ed 
in the modelling equation (4). 

v 
s 

VT = 
(1 + (4) 

K = 6.6. For a rotating blade in hover CL = &eric and Ar = 2R/c• Rotor 
aspect ratio is based on disc diameter because it is thought tha~ the roar. 
vorticies are not predominant wake structures. 

Reviewing the literature for the major parameters on vortex core 
thickness yields little insight. However, one certainty is that t~e co~e 
raa~us increases with increasing blade angle-of-attack {29). Furthermo~e 

from measurements of core radius taken from smoke visualization photog~a~~3 
for various angles-of-attack {15) it can ·be concluded that the relativr~s:-.:.;. 

27-6 



Sou1~ce Comments A M Vortex Experimental Approximating Vs; Experin1e r 

" 
VT 

" Position v "lc S/y (!. c:· ) (1 6. 6) (! c ) '1' + 
c L A c L 

r 

n cal 1\pproximating 

r;c 

( l..::.._!l_) a t 
1M gc 

f---------· . -----
Cook (27) Rotor blade 41 0.53 75° 0.3 0. 29 0.34 0.01 6 0.013 

hot wire probe azimuth 
i-------

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 0.07 5 

Present Rotor blade 28 0.102 120° 0. 3 + 0.03 0.25 0.31 0.07 4 0.068 -Author hot wire probe azimuth 
i--------·-- -- --

Rorke et al Fixed wing 4.2 0.2 2c 0.48 0.22 o. 57 0.02 to 0.0)8 
( 29) wind tunnel test downstream 0.03 

hot wire probe 
---------~ ---- ----- ,-·--·-
Zalay (30) Fixed wing 5.6 0.133 6.5c 0.6 0.26 0.57 0.03 to 0.036 

wind tunnel test dovmstream 0.05 
hot wire probe 
vorticity meter 

.. 

Panton et al Fixed wing 9.2 0.123 39. 6c o. 72 0.36 0.62 0.04 6 0.045 
(31) free flight downstream +.12 

hot wire probe -.25 
t---- - --

* 
-+-.. ·----

Iversen et al Fixed wing 11.4 0.135 3 .25c 0.42 0.35 0.55 0.05 0 0.049 
( 3 2) wind tunnel test downstream 

hot vlire probe 
elliptic tip 
*based on 
92% chord 

-··-····-------- ---- -· ·- --------~ ----------·------- ---·--. ·------·---·--~-~- ··-----·-- -- ---·--·- ···-----
Chi 9<'1" et al Fixed wing 5.33 .089 trailir.g 0.37 0.33 0.74 .07 9 .09~) 

( 23) \'lind turmel test edrJc 
' ,. 

hot \VLre p1 o}Je 

---------- --- -· -·- .. --- -------·-------------·-·-- -·-··- ----- --------- --~-- '--·-----------·- '-------- -------------- -------

'J'Al\J"E l 'l'UAlLING 'l'IP VOH'l'EX DA1'A 



is ap9rcximately linear. 
to the top surface at the 
?arameter viz:-

r 

Knowledge of core foroation ~~d its ~ansi~ion 
wing a~ maximum thickness t, adds a further 

=~serting into this equation combinations of CL, Ar' Vs, VT and Reynolds 
~c. based on O~ade thickness Rt, did not prove frui~ful for all the =ixeQ 
w~ng and rotating blade cases~ The remaining do~inant parameter is Mac~ 
Nc. M, (based on VT for the rotating blade) and equation (5) renders a 
fair inter-relationship with all the cases tabulated. 

r 
c 

(1 - M) 

1M 
( 5) 

This relationship conflicts with Rorke et al conclusion (29) that, among 
other things, Mach No. has no significant independant effect on the core 
s~ze. 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 open to question. 

The contrasting data is that reported by Chiger et al (23) . For 
a NACA 0015 wing section operating at a geometric angle-of-attack of 12 
degrees a much smaller swirl velocity was found. This affect is a 
pcssible indica~ion of the onset of blade stall and is a similar Lrend 
to that reported by Cook (27) who found a diminished swirl velocity and 
an ~ncrease in vortex core size from a partially stalled rotor blade. 

5. PRINCIP~L FEATURES ~~~D FUTURE MODIFICATIONS OF VORTEX-STRIP THEORY 

Fig.l depicts the downwash velocity distributions for a single 
roLor. The modified strip induced velocity contribution vi, incorporates 
the effect of the 'apparent vertical ascent velocity' Vv• The slight 
depression in the tip vortex induced velocity distribution Vvt at 90% 
blade radius results from the upwash effect of the previous blade traill~g 
~ip vortex. The total theoretical velocity distribution compares well wiLh 
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 w~~n conventional strip theory. 
Over the complete blade radius the vortex-strip theory predicts a highe~ 
induced downwash with a corresponding reduction in blade angle-of-attacK 
at any specified blade element~ The consequent decrement in ~hrust at a~y 
blade station is a measure of the 1 finite blade losses' which conver.tional 
strip theory attempts to incorporate with an arbitrary tip loss factor. 

The prescribed wake paths of both a single rotor and a CCTR in 
Fig.3 were computed using Landgrebe wake coefficients (15). These 
coa££ic~e~ts/ dependant upon trx~st coefficient ~~ and wake azic~th 
position~~ indicate a less severe trend than the experimental wake 
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0 
0 

0 
0 

.;l 
'flj 

~gl 
SINGLE TWO-BLADED RCTOR 
~' MODIFIED STRIP CONTRIBUTION 
~~VORTEX ~AKE INQUCEO VELOCITY 
~~ TOTAL THEORETICAL VELOCITY 
4J fXPER!nENTAL DATA 

CT;Q.Q04 

SINGLE TWO-BLROED ROTOR 
~~ PRESENT VORTEX-STRIP ThEORY 
xt STRIP THEORY 

>- "l 

~:i 
~~ EXPERIMENTAL DATA 
Cr;O.Q04 
VT ;35m/s 

...lo VT • 35m/s 
w,; 
> 
:r: 

U)oi a:o ::;:..: 
z 
3: 
0 
oo 
~:-r~,_--,--,---.---r--,---,--,r--.--• 
0 o.oo o.2o o.4o o.so o.eo t.oo 

NORMALISED BLADE RADIUS 

Fig.l Component Downwash 
Velocity Distributions 

0 o.oo o.2o a.-40 o.so o.ao 
NORMALISED SLADE RRDIUS 

Fig.2 Comparison of Strip and 
Vortex-Strip Theory 

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 co a 
CCTR. To allow for this, the Landgrebe prescribed paths will be modified 
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 beins 
investigated and will be included in the wake model in the near future. 

5.1 Application of Theory 

Fig.4 compares theoretical and experimental performance curves for 
both CCTR and single rotor models. A further comparison is also made with 
published results (8) from a full-scale CCTR (Fig.S). Great care is 
required when comparing single rotors with a CCTR. For a given blade 
loading, CT/cr, one rotor of the CCTR generates more thrust per unit 
torque ~/CQ than the CCTR. However, the single rotor is thrust limited 
by the onset of blade stall and is therefore not a realistic comparison. 

A more suitable equivalence is shown in Fig~6 in which the theory 
was utilised to predict the performw~ce curves of a four bladed sing:e 
rotor with a b:ade solidity equal to t~e CCTR (same thrust potent~al}. ~~ 
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w~ 

ol 
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Fig.S Performance Curves for a 
Full-Scale CCTR 
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Fig.4 Performance Curves for Xote Rig 

0 
0 

[!] 1 CCTR {FOUR BLADES l 
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(!)l SINGLE ROTOR CORRECTED 

FOR TAIL ROTOR 
POWER 

0
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TORQUE COEFFICIENT ·Co.x104 

Fig.6 Comparison of Per=vrmance 
Between an Equivalent Single 
Rotor and a CCTR 
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::c 

this case, for a given blade loading the CCTR generates more thrust per 
unit torque and results from:-

1) The contraction of the upper wake of a CCTR allows clean air 
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.? illustrates the 
relationship between the ratio of thrust coefficient and induced torque 
coefficient, ~/CQi• and blade loading, Cr/c for the two rotors. 

~n• CCTR 
at EQUIVALENT 6IHOlE ~OTDR 0 

0 

• £1 UPPER ROTOR Of CCTR 
~· LOWER ROTOR Of CCTR 
m• EQU1YRL£~T SlNOLE ROTOR 

t-~ 
~:~.-00-,~-0r.0-2-r--0T·0-4-o--0•.-0,-,---0 r.,~.-r~0T.1~0-, 0 o.oo o.zo o.-40 o.so a.ao 

BLADE LOAD! NG .C,fa 

Fig.? Thrust Coefficient/Induced 
Torque Coefficient Versus 
.Blade Loading 

NORMALISED BLADE RADIUS 

Fig.8 Induced Downwash Distribution 

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 is 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 87% 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 continue to be utilised to optimise the 
CCTR layout for various vertical spacings between rotors, blade aerofoil 
characteristics and blade tip designs etc. 

6. CONCLUSION 

l) The conventional Glauert type strip analysis has been modified 
to incorporate 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 rotors. The 
required computational 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 Vs, and core 
radius r, have been derived and favourably compared with a wide range of 
published results. The equations are:-

v 
s 

VT = 

., 
K teL 

(1 + -) (-) 
Ar c 

r 
- = 
c 

K 6.6 

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

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