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Abstract: In this paper are presented some results regarding the main aerodynamic
characteristics and power performances of the coaxial helicopters. Based on the fluid dynamics
laws which govern the air flow model through the helicopter rotor disc, in this study were made
two case studies which point out that the induced power ratio relative to the power required to
operate the two isolated rotors and the coaxial rotors are in favor of the later constructive
solution .

Keywords: rotor blade, helicopters, autorotation, rotor thrust, induced power.
1. INTRODUCTION

The main way to distinguish between different helicopter main rotor systems is
represented by the blade movement degree of freedom, namely flapping, led-lag and
feathering. The most common configuration is the single main rotor helicopter which
consists of one main rotor, gearbox, tail rotor drivershaft, intermediate gearbox, tail rotor
and engine (fig. 1).
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Another variant is the coaxial rotor helicopter which eliminates the need for a tail
rotor by using counter rotating main rotors. One advantage of the counterrotating rotors is
that the net size of the rotors is reduced because each rotor provides vertical thrust and all
power can provide vertical lift and helicopter control [1]. The tow rotors interact with one
another, producing aerodynamic interferences, which leads to loss of system efficiency.
Also, this type of helicopter has a very complex mechanical systems, having a great
number of moving parts (fig. 2).
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The coaxial rotor systems avoid the effect of lift dissymmetry (lift is proportional to
the square of the relative air velocity and it is much greater on the rotor blade advancing
side than on the retreating side) [2]. The yaw control is accomplished by increasing the
collective pitch of one rotor and decreasing the collective pitch of the other.

Figure 2 shows a coaxial rotors helicopter and the rotors hub with the mechanical
links between the swash plates and rotors blades [3].

a) Coaxial rotor b) Rotor mechanisms
FIG. 2

The flow model for a coaxial helicopter where the lower rotor is considered to operate
in the fully developed slipstream of the upper rotor is presented in the fig. 3.
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FIG. 3

In the figure 3 are represented two rotors with the same disc area. The fluid dynamics
lows are applied on the whole flow domain [4].
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2. INDUCED POWER EVALUATION

Assuming that the rotor planes are sufficiently close together and that each rotor
provides an equal fraction of the total system thrust the effective induced velocity of the
hole rotor coaxial system is

(Vi)independen = L (1)
rotors \ 2,0A

where A is the disc rotor area, p is air density and T is the rotor thrust.
The induced power is

3
(PI )nrr:)(zg;r)senden = (ZT XV )Irr:)depsenden =2T \/_ T (2)

For the coaxial rotors, WhICh together generate a thrust force equal to 2T, the induced
velocity has the expression
_ 2T
R ®)
The induced power for the coaxial rotors is

2T
Rl =@ W =21 () -2 T @

If the interference induced power factor k., is considered for the power of the coaxial
rotors and the independent rotors, then,
o 2 ©)
nt (PI )independen ﬁ

rotors
which is a 41% increase in induced power relative to the power required to operate the
two isolated rotors.

The evaluation of 41% percentage was obtained on the basis of momentum theory
without taking into consideration the space between the two rotors. In fact, one of the
rotor is placed upper so that the velocity through the lower rotor is two times greater than
the velocity through the upper disc rotor [5]. The control volume for coaxial rotors is
presented in the fig. 3. Taking into account that the double velocity in the upper current
tube is obtained in a section where the area is half of rotor disc area (the two rotors have
the same disc area), this means that on a half of the lower rotor the air velocity is 2v,, +V,

and on the other half the air velocity is v, (fig. 4), where the subscripts u and | have the
significance of “upper” and “lower”.
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The flow model applied to the lower rotor is presented in the fig. 3b. According to the
momentum equation, the rotor thrust is

1= [[ o0~ [[ oAV - a8V = 26, (6)

Taking into account the mathematical expressions of the mass flow rates, by replacing
it in the above equation, one can get

T =/)A‘(Viu +Vi|)W_P°‘Viu (2Viu)= pA‘(Viu +V )W_Tu (7)
that leads to the equation
T +T, :PA(Viu +ViI)W (8)

On the lateral surface of the control volume, the double integral is zero because the
vectors d§=f-ds and V are perpendicular. Also, the unit vector # is oriented outward of
the current tube, that is in front of the second integral in equation (6) appears the sign
minus, because on this surface and, generally on the any inlet section the air velocity and
the unit vector have contrary sign, unlike outlet section, where the air velocity and the
unit vector have the same sign [6].

The work on unit time, namely the power consumed by the rotor for gaining in cinetic
energy is obtained from the equation,
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The air velocity in section 4 is w and in section 2 the velocity is zero in the outside of
the upper rotor current tube and 2v,, on the inner part of this current tube (fig. 3b), that

leads to the following expression for the power P,
P = [10’% jv w? ——(1p§v3])(2vIu == pA(v,, + vy W2 —2pAVE (10)

The power P is expressed as a product between the thrust force and the air velocity
through the lower rotor disc [7]. The average velocity is obtained as a medium velocity,
taking into account that on the inner part of the lower disc the air velocity is 2v,, +v, and

on the other half part the air velocity is v, ,

A A
Evil + > (Zviu +Vi )
average = A A

- + -

2 2

=V TV (11)

V.

Therefore, the lower rotor power consumed has the expression

R :TI(Viu +Vil) (12)
that leads to the following expression for the energy equation, applied to the lower rotor
T, (v, +vy ): 5P AV, +Vy WP —2pAV2 (13)
or, taking into account the equation (8), it follows that

T, (v, +vi,):%(T, +T, W-T,v, (14)
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3. CASE STUDIES

Case 1. The two rotors develop the same thrust force, T
In this situation, the equation (14) becomes,

T(Viu +Vi|):%(2T)W_TViu (15)
and this leads to the following expression for the wake velocity w
W= 2V, +V, (16)

By replacing velocity w and thrust force T=2pAv. in equation (8), one can
get 2(2pAvi2u): PAWV,, +Vv, X2, +Vy)
(17)

By rearranging the terms and simplifying with pA, the above equation is transformed
in

Vi +3v,v, —2v2 =0 (18)
This equation has the following positive solution
v, = (_34_2\/EJViu =0,5616v,, (19)
For both rotors the total power is P, =P, +R =Tv, +T(v, +v, )=T(2v, +v,)=25616Tv,,,
this means that the induced power factor from interference, k,,, is given by
(PI )coaxial
o - oo _ 25616V, _ ) o0, (20)

int (P )independerl 2Tv.

rotors u
which is a 28% increase compared to a 41% when the two rotors have no vertical
separation.

Case 2. The two rotors develop the same induced power, P.

The mathematical expressions of induced powers for the two rotors are the following:

- The upper rotor, P, =2pAv;

- The lower rotor, R =% PAWV,, +Vy W —P,

From condition that the two induced power are equal, P, =R =P =2pAv. , it follows
that

Z(ZPAV{?L ): %pA(Viu vy W (21)
or

8v?
"= Viy HVi) (22)

On the other hand, from the expression of the lower rotor power, R =T,(v, +v,) and

mathematical expression of upper rotor power, P, =T,v,,, it follows also
R P

T =—" T, =-4

LV, Y nd 1. iu (23)

According to the equation (8), the sum of thrusts is

T, +T =/3A(Viu +ViI)W (24)
so that

P P
_u = oAlv. :

Viu + Viu +v” P (VIU +V|I )W (25)
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By replacing the powers with expression 2pAv; and the velocity w from equation (22)
one can obtain

2pAV2 [i+ L ): PA(V, +Vy) 2y (26)
Vie Ve Vi Vig TV

With some few transforms and putting the new variable t=v, /v, , the above equation
becomes,

1 2t
1 — —(t+1)‘/m (27)

1+-
t

The solution of equation (27) can easily be found in Maplesoft environment (the
solution is t =2,2853). This means that

v, :;viu =0.4375v,, (28)
2.2853
When the coaxial rotors operate at equal rotor torques, the induced power factor kis
given by
o _ 24375,
Y

it =1.219
with a 22% increase, compared to the case when the two rotors are operated isolated.
Figure 5b shows the power ratio P/pP,, for a classical constructive solution (one main

rotor and tail rotor configuration).

over

CONCLUSIONS

The results presented in this paper show that, under some approximation and
assumptions, the application of the fluid dynamics laws permits the analysis of the factors
that influence the coaxial rotors. The model analyzed in this study allows a preliminary
evaluation of the helicopters performances in hover, climb and descent flight.

REFERENCES

[1] C. Velkova, Numerical 3D transonic flow simulation over a wing, Review of the Air Force Academy,
DOI: 10.19062/1842-9238.2017.15.3.1, vol. XV, no. 3, pp. 5-14, 2017,

[2] F. Panaiotov, |. Dobrev, F. Massouh and M. Todorov, Influence of the number of vortex elements on the
stability and accuracy of the numerical simulation for a rotor in hover, Review of the Air Force
Academy, DOI: 10.19062/1842-9238.2017.15.3.3, vol. XV, no. 3, pp. 27-36, 2017;

[3] O. Florea and M. Purcaru, A practical approach of a certain class of dynamical systems, Review of the
Air Force Academy, DOI: 10.19062/1842-9238.2017.15.1.8, vol. XV, no. 1 (33), pp. 69-76, 2017;

[4] V. Prisacariu, S. Pop and I. Circiu, Recovery system of the multi-helicopter UAV, Review of the Air
Force Academy, DOI: 10.19062/1842-9238.2016.14.1.13, vol. XIV, no. 1 (31), pp. 91-98, 2016;

[5] R. Lungu, M. Lungu and C. Rotaru, Non-linear adaptive system for the command of the helicopters
pitch’s angle, Review of the Romanian Academy Series A — Mathematics, Physics, Technical Sciences,
Information Science, ISSN 1454-9069, Volume 12, Issue 2, Pages 133-142, W0S:000291510700008,
2011;

[6] C. Rotaru, Nonlinear characteristics of helicopter rotor blade airfoils: an analytical evaluation, Journal
of Mathematical Problems in Engineering, ISSN 1024-123X, DOI:10.1155/2013/503858, WOS:
000326830400001, 2013;

[7] C. Rotaru and M. Todorov, Helicopter Flight Physics, Flight Physics-Models, Techniques and
Technologies, DOI: 10.5772/intechopen.68297, pp. 19-48, 2018.

238



