Coning Angle in Forward Flight


Because the blades of a helicopter rotor are hinged near the root with a flap hinge, the blades are free to flap up or down. The lift forces will tend to flap the blades up, while the centrifugal forces will tend to push the blades down. A static equilibrium is achieved in hover, where the blades come to rest at an equilibrium “coning” angle, called 0. In forward flight, the airloads tend to vary in a sinusoidal form, and a static equilibrium is not feasible. Rather, the blades undergo a limit cycle oscillation of the form:
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In this section, we will extend the derivation for the coning angle previously limited to blades in hover, to blades in forward flight. For simplicity, we will assume that the hinge point is at the origin, r=0.


[image: image2.wmf]b

0

dL

dCentrifugal

Force

r


Consider a small strip of the blade of width dr, at a distance r from the hinge point as shown in the picture above. This strip is subjected to lift force dL, the centrifugal force dCF, and an inretial force that resists the blade motion. It is also subjected to a drag force dD, perpendicular to the plane of the paper. This drag force only affects the lead-lag motion of the blade, and does not influence the flapping motion.

From blade element theory, the lift force dL = 
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Moment arm = r cos0 ~ r

Counterclockwise moment due to lift = 
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Integrating over all such strips,

Total counterclockwise moment = 
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Next, the centrifugal force acting on this strip = 
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Where “dm” is the mass of this strip.

This force acts horizontally. The moment arm = r sin0 ~ r0
Thus, clockwise moment due to centrifugal forces = 
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Integrating over all such strips, total clockwise moment = 
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where I is the moment of inertia of the blade about the hinge point.

Finally, in forward flight, the blades tend to flap up and down and do not necessarily stay fixed in space. Inertial forces are generated resisting the flap motion. These forces generate a moment about the hinge.


As before, consider a strip of the blade with a mass equal to “dm”. If the blade has an angular acceleration 
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, this element will have a linear acceleration 
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. The accompanying inertial force (opposing the blade motion) is  
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. This force will act downwards if the blade is flapping up with a counterclockwise angular acceleration that increases the upward directed (clockwise) angular velocity. The accompanying clockwise moment for this element is 
[image: image12.wmf].
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Integrating over all such elements, we get the total clockwise moment attributable to inertial effects as 
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At equilibrium coning angle position, the clockwise moments must counteract the counterclockwise moments. Thus,
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(1)

Notice that the first term on the left hand side of (1) is the only new term compared to our previous derivation, and accounts for inertial effects in forward flight.


The homogeneous part on the left-hand side looks like a spring-mass system of the form 


[image: image16.wmf]0

=

+

kx

x

m

&

&


(2)

It may be shown that the natural frequency of the spring mass system is 
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.  In our case in equation (1), the spring constant k= I2 and the mass m = I. Thus, the natural frequency of the blade in flapping is just . That is, the blade will have a natural tendency to flap up and down exactly once per revolution.  


The right hand side of equation (1) is called the forcing function and will contain a steady part, a first harmonic(i.e. terms containing sint or cost , as well as second and higher harmonic terms. The first harmonic terms will excite the system at its natural frequency of . To avoid very large flapping motions that may result when the blade is excited at its natural frequency, a small amount of physical damping is added to the system. This is in addition to the aerodynamic damping (i.e. aerodynamic resistive forces that are proportional to d/dt) that are inherently present in the system.


How does the blade dynamics behave when there is a forcing function component on the right hand side of the form Asint, and a damping term on the left hand side of form c
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 ? To find out let us solve the equation:
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(3)


To solve this equation, we will assume a solution of form:
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Plugging in the assumed solution into equation (3), we get:
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which has the solution B=0 and C = -A/c . Thus the blade will under a motion


[image: image22.wmf](

)

2

sin

cos

p

b

-

W

W

=

W

W

-

=

t

c

A

t

c

A


when subjected to a force of Asint. 

In other words, the blade response will be proportional to the amplitude A of the resonance force, but will lag the force by 90 degrees. 
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