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Abstract: The present paper analyzes the aerodynamic characteristics of aircraft propellers,
starting from the operational requirements of the airplanes they are mounted on and some
limitations related to the compressibility effect. The mathematical model for calculation of blade
induced speed in the rotation movement is the one based on Goldstein’s vortex theory, with
approximation of proportionality constant of circulation with the one corresponding to the
aerodynamic pitch angle at the tip of the blade. There has been written the integral form of
propeller thrust and torque moment, and the dimensionless coefficients of blade and propulsive
efficiency have been established. There have been highlighted differences from the fixed wing,
with respect to the development of lift force, induced speed generation and limitations regarding
the construction and operation of the propeller. Numerical solutions for establishing the thrust
and power distribution along the propeller have been obtained for a propeller whose geometrical
shape corresponds to a blade of a flight training plane.
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1. INTRODUCTION

The evolution of modern airplanes, their performances, stability and control are
directly related on development and improvement of propulsion systems technology. The
thrust, regarded as a reaction force is a result of the momentum and Kkinetic energy
increase of the air which passes through the engine (inlet, compressor, combustion
chamber, turbine and nozzle). Applying Reynolds Transport Theorem to a control volume
that extends sufficiently far from the propulsion system, so that at the boundary enclosing
this volume the air pressure is equal to the ambient (atmospheric) pressure, we have the
equation of the thrust, T,

T=m (Vexit _Vfree stream ) (1)

where m is the mass flow rate, V,,;, and V are the velocities where the air exits

and enters the control volume. The thrust developed by any propulsion system can be
increased either by acting upon the mass flow rate or upon the velocity increment and
based on the aircraft propulsion theory, the most increasing thrust is obtained by using a
large mass flow rate with a small velocity increment (fig. 1). This requirement is
accomplished by the engine-propeller system which produce relatively high flow rates
because of the propeller large diameter, this type of propulsion system being the most
efficient device commonly used for low speed subsonic flight [1].

free stream
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One important development in aviation was the introduction of the variable-pitch and
constant-pitch propellers, besides others improvements of blade aerodynamic shapes or of
movement transmission mechanisms which connect the propeller and the reciprocating or
turboshaft engines.
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FIG. 1 Propeller geometry: a) lateral view,‘ b) front view

The lift force developed by a wing is directed to support the airplane weight and keep
it aloft, whereas the lift developed by a propeller is oriented with the direction of motion
[2]. The relative airflow over a propeller blade is a result of its rotation movement, so
that, the velocity of each section depends on the distance from the axis of rotation, the
propeller blade having much more twist or geometric washout than a conventional wing.
The sections close to the axis of rotation move slowly and form a large angle with the
plane of rotation, while those close to the tip, move faster and form a smaller
aerodynamic pitch angle, ,B(r), which varies with the radial distance, r (fig. 2). The

geometric pitch, A(r), represents the distance that a propeller would move forward in

each revolution. Since the propeller blade has a finite length, it will be subject to both
parasitic drag and induced drag and, taking into account that the drag is defined as the
component of the aerodynamic force that is parallel to the relative airflow, the total drag
on a rotating blade produces a moment about the axis of rotation that opposes the
propeller movement [3]. The axis of propeller rotation being aligned closely with the
flight direction, this propeller induced moment leads to a rolling moment which must be
countered with an aerodynamic moment produced by a command surface.
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FIG. 2 Propeller theoretical pitch (H) and actual pitch (H, )

The aerodynamic forces and moments acting on the rotating propeller are also
affected by the axial component of the airplane airspeed, because this component of the
airspeed is normal to the plane of rotation and it changes the blades angle of attack. This
normal component of airflow changes the aerodynamic forces as in the case of finite wing

[4].
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In the rotation sequence, each blade acts behind the blade that precedes it, so a
rotating propeller is equivalent to an infinite series of finite wings, following in a row,
one behind the other and the induced velocity is a result so the total downwash generated
by all the propeller blades, which are passing repeatedly through the same small section
of the flow where the downwash is amplified with each successive pass (fig. 3).

FIG. 3 Propeller velocity triangle

Also, like a wing, the thrust developed by a propeller is a result of the pressure
difference between the upstream and downstream of the blade and this pressure difference
acting on the air, generates a momentum in a direction opposite to the aerodynamic force
acting on the propeller [5]. The engine-propeller combination regarded as a whole,
depends on operating conditions and matching the propeller with the engine as well as the
matching with the airframe.

2. PROPELLER BLADE THEORY

According to Kutta-Jukovsky theorem, lift force cannot be generated on a rotating
propeller blade without the generation of vorticity, that is, for any cross section of a
propeller blade, the lift is L= pV,I", where p, V, and I' are the air density, relative

airspeed and circulation. At the blade tip, where the pressure difference between the two
sides of the blade cannot be supported, the lift goes to zero and this fact requires that
vorticity must be shed from the blade tips of a rotating propeller and also, this shed
vorticity produces the induced downwash [6]. The propeller blade tip vortices shed
follows a helical path and the region inside the helical trailing vortex system is a region of
very strong downwash, which represents the air movement behind a rotating propeller [7].

The velocity induced by each vortex has a component in the circumferential direction
because the vortex lines follow a helical path rather than a circular path at any point in
space, the resultant induced velocity is the vector sum of the velocity induced by the
entire length of all vortex filaments in the slipstream [8]. Computing the velocity induced
by the helical vortex system is more complex than for a finite wing and in order to predict
this induced velocity we assume that the vortex sheet trailing from a rotating propeller
lies along a helical surface of constant pitch and also, this induced velocity is normal to
the vector sum of the rotation velocity and forward velocity [9].

3. SOLUTION FOR THE INDUCED ANGLE

From the above considerations to predict the velocity induced in the plane of the
propeller disk (fig. 4), the local circumferential component of induced velocity, Vv, is

related to the local section circulation, T, by the equation
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b = 47kfrV,, )
where
-
_2 _\ Te)
f= p. arccos- exp 2sin (ﬁt) (3)

and g is the aerodynamic pitch angle at the blade tip.

---------------- Ao zero Iiftline\ \ Vo,
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FIG. 4 Forces acting on a propeller blade

The most important component of \7b is that given by rotational movement, namely
ré . Induced velocity V. has two components, one axial V,; and another, circumferential,
Vy; . Induced velocity is a function of blade radius, where is considered the airfoil. The

angles ¢, and &, can be determined from velocities triangle according to the following
expressions
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&(r)= arctan(MJ (4)
Vo
&,(r)= arctan(aj (5)
From above equations it follows,
V, +V, V
(r)=¢g,(r)—¢,(r)=arctanf =—>* | —arctan| =
1) ). 1) <o Yo | vt e ©

In order to evaluate the thrust T and the circumferential force F, , we must write the
mathematical expression of lift and drag for an airfoil with the area of c,-1 where
c, represents the chord,

1 ~ 1 ~
L= Epvbzcbcl , D= Epvbzcbcd (7)

The air relative velocity is

2 2
Vy = (a)r —Vgi)2 +(V, +Ve ) = wzrzlil_\ﬁ] +(\£+\ﬁj ] v

wr wr  ar

and this expression leads to the following mathematical formulae for thrust, T and
circumferential force F,

1- \ﬁf + (V—w + \ﬁjzl[f:l cos(g, )—C, sin(e, )] (9)

1
T == po'ric,
2 or or  or

1

V. 2 . 2 - -
F, :%pa}zl’zcb [1—@%‘} +(Vj+\ﬁj }[C,sin(gb)+ C, cos(gb)] (10)

The above equations have as unknowns V,; and V,; which can be estimated according

to the vortex theory. The numerical theory can give a solution for induced angle, ¢, then
by integration between the blade hub and tip one can get the thrust and the torque moment

bc

-]
ﬁ —~— P ttan(g)-sin(s; +£,)=0

- 2sin(B,)

6,_ —arccosy exp (12)

Taking into account the relative velocity expression

Vo = coste o) (12)

one can get the propeller thrust, T, and torque moment, I, from equations (9) and (10)
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I, 21, 2 -

T= rb{der _ bpzw j rz{%(i))} c, [CLcos(gb)—CDsin(gb)]dr (13)
" bpaw? % L cosle)] 1% . ~

I=rb{u[3.r-F9dr= > rbujmcr ooz ) cb[CLS|n(gb)+CDcos(gb)]dr (14)

The power required for rotating propelleris P=1-w
CONCLUSIONS

The dimensionless coefficients of the propeller can be determined knowing the
platform shape of the blade and based on the pitch length and propeller diameter
variations one can determine the advance ratio and pitch to diameter ratio. The thrust,
torque and power coefficients are all functions of the chord length ratio and they depends
on the blade cross section. The advanced ratio, J =22V, /(wd ;) depends on operating

conditions and flight velocity and for any propeller the thrust and power coefficients
decrease with increasing advance ratio. For the angles of attack where the blades are out
of stall, the thrust coefficient decreases linear with the advance ratio increase, because the
angle of attack is nearly a linear function of advance ratio and for large values of advance
ratio the thrust became negative, that means that the propeller is operating as a wind
turbine. Very large advance ratio can produce negative angles of attack, therefore there
are some particular values for which the thrust developed by a propeller goes to zero and
the maximum efficiency is attained for one specific value of advance ratio, so, propellers
with low pitch to diameter ratios perform best at low advance ratio.
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