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The effects of different blade configurations on a vertically falling rotating blade decelerator (pararotor)
are studied. A pararotor model equipped with cambered plate blades with different curvatures was tested
in a wind tunnel. The parameters measured were flow velocity, rotation velocity, the drag generated by
the model, and the blade pitch angle. The parameters selected for the analysis of the results were the
drag coefficient of the model and the velocity ratio (ratio between the falling and rotation velocities).

These parameters were determined and compared with those obtained for flat-plate blades. Flat-plate
blades with different aspect ratios were also tested and analyzed. The results obtained show that the
velocity ratio increases with camber, and the equivalent drag coefficient remains unaltered by camber

and aspect ratio variations.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

A rotary-wing decelerator, called a pararotor, is a device such
as an unpowered helicopter rotor that spins in an autorotation
regime. A drag force in the direction of the incident flow is gener-
ated over the rotor.

There are several kinds of application for these devices: for ex-
ample, they can be used for atmosphere characterization in airport
environments. The use of aerodynamic decelerators for these ap-
plications is focused on acquiring, through adequately mounted
sensors, a complete map of pollutant emissions, wind shear de-
tection, and microburst presence. The measurement of temper-
ature, humidity, and pressure—factors that affect the low atmo-
spheric boundary layer—could also be measured by an instru-
mented pararotor.

The principle of autorotation could be used for other appli-
cations, such as the recovery of reentry vehicles, guidance and
control of projectiles or the guidance of aerodynamic devices. This
principle shows particular interest in the application for unmanned
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vehicles on non-earthly atmospheres, due to its robustness, sim-
plicity and energetical economy in the operation. Pararotor decel-
erator systems were compared with other methods of entry probe
atmospheric deceleration by different authors [1-4] and were de-
termined to show significant potential for application to mission
concepts requiring controlled descent, low-velocity landing, and
atmospheric research capability on planet exploration. They also
show important applications in the military industry, due to its
low weight, flexibility and easier integration.

An autorotation regime also appears in nature, in the repro-
duction strategy of certain plants. The samara seed spins as it
falls, thus reducing its falling velocity and thereby increasing its
dispersal distance. Several studies have examined samara aerody-
namics. Crimi [5] developed a numerical study for computing the
steady-state descent characteristics of the samara. Its device had a
constant rate of descent and a periodical turning movement.

Rosen and Seter [6] present a theoretical model for samara
aerodynamics based on blade element and momentum theories.
They present a comparison between the experimental results ob-
tained with a real samara and with an artificial samara. In another
work, Seter and Rosen [7] present a numerical model for study-
ing vertical autorotation stability, applying the small perturbations
method to the dynamic equations for the samara. The influence of
several parameters on the stability of the model is studied, and the
results are compared by means of experimental tests.

In the field of pararotors, several works have been published.
Nadal Mora, Sanz-Andrés, and Cuerva [8] developed a semi-
empirical model to study the behavior of a low aspect ratio
pararotor based on momentum theory. This model allows the ratio
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Nomenclature

AR aspect ratio

c blade chord, m

Cpm pararotor drag coefficient
Cp blade drag coefficient

Cr blade lift coefficient

Crmax maximum lift coefficient

k velocity ratio

R reference radius, m

Re Reynolds number

Sp disk area, m?2

Sp area of the two blades, m?
T net force over the model, N

Uy velocity ratio uncertainty
Ucpm pararotor drag coefficient uncertainty
Ur tangential velocity, m/s

Ur relative velocity, m/s

Vio induced velocity at hover, m/s
Vy falling velocity, m/s

o angle of attack, deg

B blade pitch angle, deg

© flow incidence angle, deg

v kinematic viscosity, m2/s

0 air density, kg/m>

w angular velocity, rad/s

between the falling velocity and the rotation velocity of device k
to be determined for both the dimensionless falling and tangential
velocities (V, and Ut respectively), the pararotor drag coefficient
CDM (drag in the falling direction), the blade angle of attack o, and
the angle of incidence of the flow ¢. In [9], Nadal Mora, Piechocki,
and Sanz-Andrés present an experimental study on a rotary-wing
decelerator model performed in a vertical wind tunnel. The test
results agree with the dynamic behavior predicted by the analyt-
ical model developed by Nadal Mora and Sanz-Andrés [10], and
Piechocki, Nadal Mora and Sanz-Andrés [11].

Regarding the stability analysis of pararotors, different types of
stability appear depending on the relationship between the prin-
cipal moments of inertia and aerodynamic and configuration pa-
rameters. Stability regions and stability types are described and
analyzed in [8-11].

The interest of using low aspect ratio wings for pararotors is
based on the possibility to fold wings over the main body to satisfy
the transportation requirements. Main body height is limited, not
only for practical reasons but also for gyroscopic stability reasons,
and therefore, the aspect ratio is limited too. Moreover, low aspect
ratio wings show specific stability and performance behavior that
may have positive practical implications.

As the blades used on the studied have low aspect ratios, it is
worth taking into consideration the work done by Pelletier and
Mueller [12], who studied the aspect ratio effect (from 0.5 to
3.0) and the curvature effect for thin, flat plates, and 4% cam-
bered plate wings. They concluded that 4% camber wings offer
better aerodynamic characteristics than flat-plate wings for a given
Reynolds number and aspect ratio. They also found that, for a
given Reynolds number and aspect ratio, cambered blades showed
higher C; and Cp for a given angle of attack, and higher Cpmax
than the flat-plate blades.

Torres and Mueller [13] analyzed several configurations of low
aspect ratio blade planforms, concluding that the parameter that
most influences the characterization of the shape is aspect ratio,
followed by the planform and the Reynolds number.

In [8-10,14] the behavior of pararotors equipped with low as-
pect ratio flat-plate blades was studied. These results are used as
a reference for this work. In the present paper, the behavior of
pararotors in relation to plate camber modifications is studied and
analyzed. It is observed that the characteristic parameters k and
Cpm vary as a consequence of modifications made to the plates
used.

The experiment was carried out in a wind tunnel by varying
the blade pitch angle from 2° to 8° and the flow velocity range
from 4 to 11 m/s. The Reynolds number, defined as R, = % for
the tests varied between 80.000 and 125.000, approximately.

The aim of this study is to contribute to the knowledge of the
effect of different blade types (camber and aspect ratio) on pararo-

Table 1
Blades’ geometrical characteristics.

Blade type number ~ Span, m  Chord, m  Area, m? Camber, % AR

1 0.088 0.138 0.012 0 0.63
2 0.088 0.138 0.012 4 0.63
3 0.088 0.138 0.012 8 0.63
4 0.138 0.088 0.012 0 1.56

tor performance, and then broaden the available data to handle a
desired performance.

2. Experimental setup
2.1. Model description and experimental setup

The experimental tests were carried out in the wind tunnel
of the Departamento de Aeronautica, Facultad de Ingenieria, Uni-
versidad Nacional de La Plata, Argentina (Aeronautics Department,
School of Engineering, at the Universidad Nacional de La Plata). It
is a closed-circuit tunnel with a rectangular test chamber (1.40 m
wide x 1.00 m high x 172 m long). Air is propelled through it
by a 37.3 kW direct current motor equipped with adjustable-pitch
blades. The velocity can be controlled by an electronic system,
which allows it to be set from 0 to 18 m/s.

The tested model was constructed based on an 88 mm diame-
ter and 88 mm height aluminum cylinder with two lids (pararotor
body). Two aluminum blades were attached to this main body in
such a way that the pitch could be varied. The blades pitch angle
axis location was at half-chord. The experimental setup prevents
pararotor from any change on orientation due to pitch moments.
The blades were removable, so that several geometrical configura-
tions could be used.

The model was mounted with its spin axis parallel to the direc-
tion of the airstream.

Four types of blade were used for the tests. The first blade type
tested was a thin rectangular flat plate of AR = 0.63, similar to
those used in [8,9], which were taken as a reference. Two pairs of
aluminum cambered plates were then tested, with cambers equal
to 4% and 8% of the chord, and the fourth type of blade were
flat plates of AR =1.56. The cambered blades were constructed by
means of a circular matrix with the required camber. The accuracy
in the camber measure was 0.2%.

Table 1 summarizes the blades’ geometrical characteristics.

A bedplate was designed and constructed to house the pararo-
tor, which allowed the necessary measuring instruments to be in-
tegrated in the simplest possible way. In order to do this, a steel
support was placed over a linear bearing guide to allow the model
to move freely along its longitudinal axis. A suitably positioned
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Flow direction

Fig. 1. Model, bedplate, and balance.

Fig. 2. Experimental set up inside the wind tunnel.

force sensor element allowed the traction of the model to be mea-
sured. Fig. 1 shows a schematic of the model and its bedplate.

Fig. 2 shows the experimental model set up inside the wind
tunnel.

During the tests, the model traction, rotation velocity, stream
wind velocity, and atmospheric parameters were measured for dif-
ferent blade pitch angles.

The experiments were repeated several times in similar condi-
tions to verify reproducibility.

2.2. Measured parameters and instrumentation

The instrumentation used to measure the above mentioned pa-
rameters was as follows: the pararotor rotation velocity was mea-
sured by a laser tachometer (resolution 0.1 rpm (<1000 rpm),
1 rpm (>1000 rpm), range: 10 to 99,999 rpm); the air stream ve-
locity, by a standard NPL Pitot-tube type and a micromanometer
(resolution 0.5 Pa); the blade pitch angle, by a goniometer (resolu-
tion 0.1°); and the model drag force, by means of a digital balance
(resolution 0.001 N, range: 0 to 10 N).

Ambient temperature was also measured (using a wet and dry
bulb thermometer, resolution 0.1 °C), as was atmospheric pressure
(with a digital pressure indicator, resolution 1 Pa, range: 74,500 to
115,000 Pa).
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Fig. 3. Velocity ratio vs. flow velocity for blade type 1.

0.6

Og=4
o p=6°
=< 0.51—a f=8°
g
g =
204 =)
T 5
g
03 > <
A A A A
0.2
4 6 8 10 12

Flow velocity, ¥, m/s

Fig. 4. Velocity ratio vs. flow velocity for blade type 2.

Two performance parameters were used to characterize pararo-
tor performance. The pararotor drag coefficient is defined as:

T

Com = +—5—
3PViS

(1)

where T is the force exerted over the balance and S, is the area
of the two blades.

The velocity ratio, k, which is a dimensionless number defined
as the ratio between the pararotor falling and blade tip velocities,
can be expressed as follows:

Vy
k=— 2
R (2)
where w is the spin velocity and the reference radius is R =
0.138 m.

3. Results
3.1. Test results

As mentioned above, the stream velocity, rotation velocity, and
model drag were measured in order to determine the parameters
k and Cpy. In the following figures, the average values of those
parameters are presented as a function of the stream velocity for
the blades tested for several blade pitch angles.

Figs. 3 to 6 show the velocity ratio versus the flow velocity for
the blade types tested.

Figs. 7, 8 and 9 show the velocity ratio versus the blade step
angle g for the tested blades.

Figs. 10 to 13 show the model drag coefficient versus the flow
velocity for the blade types tested.

Table 2 summarizes the data obtained for the highest velocity
tested (V, = 11 m/s), which is taken as a reference velocity for
comparison purposes.
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Fig. 12. Pararotor drag coefficient vs. flow velocity for blade type 3.

3.2. Determination of uncertainties

The uncertainties associated with the measurements were eval-
uated according to the methodology developed in [15]. From the
analysis made, the relative combined uncertainty obtained for the
velocity ratio k is in the order of 1%, and in the order of 5% for the
pararotor drag coefficient Cpy,.
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Fig. 13. Pararotor drag coefficient vs. flow velocity for blade type 4.

Table 2
Variations of k and Cpy for different blades vs. blade pitch angle, B.

Blade p=2° p=4° B=6° p=8°

k CDM k CDM k CDM k CDM

1 0.42 343 0.375 335 0.31 3.35 0.28 31
2 - - 0.38 34 0.31 34 0.26 31
3 0.5 3.38 0.45 3.36 0.42 33 0.4 3.22
4 0.45 422 0.35 3.83 0.31 3.32 0.29 2.82
Table 3
Test uncertainties (%).
Blade p=2° p=4° B=6° B =8°
Uk Ucom Uk Ucom Uk Ucom Uk Ucom
1 - - - - 0.56 3.22 0.51 3.24
2 - - 0.65 3.06 0.53 3.20 0.44 2.59
3 0.73 4.5 0.66 4.60 0.61 498 0.59 4.84
4 0.79 3.27 0.63 3.53 0.55 412 0.52 4.82

The uncertainties associated with each measure are presented
in percentage terms in Table 3.

4. Theoretical framework

The aerodynamics of low aspect ratio rotating wings is not well
known. The flow pattern for these rotors differs widely from large
aspect ratio wings rotors, where the blade element theory is valid.
This theory assumes the existence of an almost two-dimensional
flow in each plane perpendicular to the blade span. In the case
of a low aspect ratio rotating wing, flow visualizations show a
three-dimensional pattern with flow detached at the leading edge
of the blades, as it would be the flow around a delta wing. The
wing tip vortex reattaches the flow over the low aspect ratio wing,
improving the performance parameters and increasing the opera-
tional blade angle of attack.

The mathematical model developed in [8] uses elements of the
momentum theory to deduce the induced velocity due to the wake
and by establishing the equilibrium of the forces that act over the
blades required to attain the autorotation regime.

Regarding the velocity ratio, the theoretical approach based on
the momentum theory developed in [8] is analyzed. Fig. 14 shows
a blade element and the involved angles, forces and velocities in
autorotation regime.

In Fig. 15 it can be seen that when the camber is augmented,
the velocity ratio increases, due to the increment in Cp, as was
observed in the experiments.

Figs. 16, 17 and 18 show a comparison between experimental
tests and theoretical results. Following the analysis made in [8] we

Fig.

Fig. 14. Angles, net forces and velocity in the blade.
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can obtain an expression for k vs. ¢.

k@) =p+—2c 3)
where ¢ is the flow incidence angle.

To explain the pararotor drag coefficient behavior, we can take
the theoretical model developed in [8], based on the modelization
of the net aerodynamic forces acting on the blades. The aerody-
namic forces analysis can be seen in Fig. 11. We get that

1
L= 5,ou,%s,,cmo: (4)

1
D= Epu,%spcD (5)
The net force over the model is the sum of vectors L and D

T = Lcos(g) + D sin(¢p) (6)

It was defined in Eq. (1) the pararotor drag coefficient as the re-
lation between the net force over the model, the dynamic pressure
and the blades area.

If ¢ << 1 we can approach T = L. When the angular velocity
decreases due to the drag increment, Ug does too, and L decreases.
On the other side, the lift coefficient slope and the angle of attack
increase due the camber. In the experiments it is seen that both
effects are compensated and the net force over the model remains
almost constant.

It is worth to mention that the effect of lateral skin friction of
the cylinder and the friction of the bearings and linear guide, on
which body is mounted for the tests, has also been assessed and, in
consequence, neglected [8,16]. The drag force over the guide was
measured to be in the order of 0.03 N, and so it was neglected.

The blade stiffness is such that the aerodynamic forces and
torques produce a negligible elastic deformation, that was also as-
sessed.

5. Conclusions

As previously mentioned, the pararotor blade camber and as-
pect ratio effects were analyzed for four models of blades.

The following conclusions can be drawn by analyzing the re-
sults presented in Table 2:

1- An increase in the velocity ratio is observed when the camber
is increased. As expected from the theoretical analysis, the ve-
locity ratio increases with the camber due to the effect of the
drag coefficient increment. The behavior of the velocity ratio
shows good agreement with the theoretical development, as
is showed in Figs. 16, 17 and 18. Particularly for the blade
type 1, the theoretical model describes with good quality the

experimental behavior of the velocity ratio with the angle of
incidence of the flow. For blade types 2 and 3, the theoretical
model shows a mismatch of 15% regarding to the experimental
results although it can be considered acceptable.

2- The model drag coefficient is not observed to vary significantly
with camber, as deduced from the tests, for the highest veloc-
ity tested.

3- A reduction in the pararotor velocity ratio is shown when g is
increased, for the same blade type and the same flow velocity.
The increment in the blade pitch produces an increment in the
angle of attack and consequently implies an increment of the
lift generated by the blades. Hence, the horizontal component
of the lift increases and the angular velocity too.

4- The velocity ratio does not vary significantly when the aspect
ratio is increased.

5- The model drag coefficient increases at low blade pitch angles
and decreases at high blade pitch angles when the aspect ra-
tio is increased. It can be seen in Fig. 13 a gap between Cpy
values for 8 =2,4° and B8 =6, 8°, that it is not observed for
lower aspect ratio blades. This could be due to a change in
flow configuration that may occur when g increases from 4
to 6°.

A first practical conclusion is that blade camber can be used to
lower pararotor spin velocity, while maintaining its falling velocity,
for a given weight model, as can be seen from the first conclusion
listed above.

The effect of varying the blade aspect ratio for the cases an-
alyzed shows a small influence on pararotor performance, so we
can rule this out as a velocity control strategy.

The use of several blade types allows us to imagine several
control strategies based on the aerodynamic characteristics of the
blades. It appears that camber changes produce overall changes in
performance.

Regarding stability, a change in blade camber introduces
changes in the pararotors dynamics, as can be seen from [11]. So,
response time and flight perturbances resistance could be modified
by means of blade camber.
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