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A simple semi-empirical model for the aerodynamic behavior of a low-aspect ratio pararotor in autorotation atlow
Reynolds numbers is presented. The paper is split into three sections: Sec. II deals with the theoretical model
derivation, Sec. III deals with the wind-tunnel measurements needed for tuning the theoretical model, and Sec. IV
deals with the tuning between the theoretical model and the experimental data. The study is focused on the effect of
both the blade pitch angle and the blade roughness and also on the stream velocity, on the rotation velocity, and on the
drag of a model. Flow pattern visualizations have also been performed. The value of the free aerodynamic
parameters of the semi-empirical model that produces the best fit with the experimental results agrees with the
expected ones for the blades at the test conditions. Finally, the model is able to describe the behavior of a pararotor in
autorotation that rotates fixed to a shaft, validated for a range of blade pitch angles. The movement of the device is
found to be governed by a reduced set of dimensionless parameters.

Nomenclature

a = coefficient that determines the variation of Cj, vs o

B = normalized distance between theoretical and
experimental values

Cp = drag coefficient of the blade

Cpo = drag coefficient of the blade at zero lift

Com = equivalent pararotor drag coefficient

CbMmmax = Maximum equivalent pararotor drag coefficient

Lo = slope of the curve lift vs angle of attack for the

blade

c = blade chord

D = drag

dif = difference between theoretical and experimental
values

Fr = tangential force

k = velocity ratio

Knin = minimum velocity ratio

L = lift

N = number of cases considered for the matching

Di = parameter (k, V,, Uz?)

Piexp(B;) = experimental value of the parameter p; for the
blade pitch angle f;

Pine(B;) = theoretical value of the parameter p; for the blade
pitch angle 8;

R = model radius

Rep = Reynolds number

r = radius of the blade reference section

Sp = actuator disk area

Sp = area of the two blades
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thrust

uncertainty in the determination of Cpy
uncertainty in the determination of k

incident velocity relative to the blade

tangential velocity

dimensionless tangential velocity

flow velocity, falling velocity

dimensionless falling velocity

minimum dimensionless falling velocity

induced velocity

induced velocity at hover

dimensionless induced velocity

angle of attack

blade pitch angle

blade aspect ratio

kinematic viscosity

density

solidity of the rotor

angle of incidence of the flow

angle of incidence of the flow that maximizes the
value of Cpy

angle of incidence of the flow that maximizes the
value of k

angle of incidence of the flow for operation
angle of incidence of the flow that maximizes the
value of V,

angle of incidence of the flow for § =0

angular velocity
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1. Introduction

pararotor is a device like an unpowered helicopter rotor that

spins in an autorotation regime. A drag force in the direction of
the incident flow is generated over the rotor. The drag exerted over
the rotor is greater if it spins than if it does not. Therefore the
rotational motion is effective to slow down falling bodies in the
atmosphere and also to stabilize their trajectory. To achieve both
effects in a proper way, it is necessary to study the characteristics of
the device in motion, to find which parameters affect its
performances and to quantify the influence of each parameter.

The intended application of this pararotor is to measure winds,
emissions, and atmospheric parameters for air traffic support,
although the principle could be used for other applications, such as
the recovery of reentry vehicles or guidance and control of
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projectiles. Among these last applications, there are the studies
carried out by Crimi [1], who studied a rotating body with only one
wing for submunition applications, and Karlsen et al. [2], who also
worked on winged bodies for submunition applications. They talked
about the advantages of the pararotor over the parachute: lower
sensitivity to lateral winds, parachute deployment problems, lower
precession movements, and higher falling velocity.

Among the reentry applications there are many studies related to
the use of rotating parachutes, like the one presented by Pepper Jr.
[3]. Rotating parachutes for decelerating and controlling falling
bodies were also studied by Shpund and Levin [4-7].

In addition to the mentioned works, it has not been possible to find
in the literature experimental studies related to pararotors or
autorotating-winged devices with characteristics similar to the one
presented here, that is, rotors with low aspect ratio blades. However,
there are works related to large aspect ratio bodies like the samara
wings (Rosen and Seter [8,9]). The samaras are a solution adopted by
some plants to transport and spread their seeds, which are carried
inside “wings” that fly in the autorotation regime.

Analyzing the mentioned devices, the blades of the pararotors
usually have a much lower aspect ratio than the samaras and the
helicopter rotors. Furthermore, the samaras work at lower Reynolds
numbers and at larger angles of attack than the device studied here,
and helicopter rotors used to work at a larger Reynolds number than
pararotors. In addition to that, the blade element theory developed for
long span rotating wings, like helicopter rotor, is not applicable to the
pararotor problem considered in this paper because of the low aspect
ratio of pararotor blades. For that reason, a different approach has
been followed here, which has, however, some similarities with the
blade element theory.

As mentioned, an investigation about the behavior of low aspect
ratio rotating-winged devices is presented in this paper. There are at
least two reasons that justify following this line of investigation:
1) there is not enough published research concerning this subject and
2) the possible applications of the device.

The research has been carried out (and validated) for a range of
blade pitch angles between 2 and 8 deg, which is the assumed range
of application of the device. Increasing the blade pitch angle further
produces an excessively large rotation velocity and a poor equivalent
pararotor drag coefficient; hence, a poor deceleration rate is
achieved.

A simple theoretical model based on some experimental data,
which describes the behavior of a pararotor, is developed in Sec. II.
Given the pararotor’s geometric and aerodynamic characteristics,
such as blade dimensions, blade drag coefficient, blade pitch angle,
etc., the model allows us to determine the ratio between the falling
velocity and the rotation velocity of the device, both the
dimensionless falling and rotation velocities, the pararotor drag
coefficient (drag in the falling direction), the blade angle of attack,
and the angle of incidence of the flow to the blades. The aerodynamic
parameters of the blades could be determined by testing the blades
separately from the pararotor body, but as these data are not currently
available (and the application to a configuration in rotational motion
could cast doubts about the validity of the extrapolation of the data
obtained from translational motion tests), it has been necessary to
follow a different approach based on the determination of the
parameters that better match the results given by the model to the
corresponding ones obtained from experimental tests of a pararotor
(Sec. IV).

The experimental work, performed in a wind tunnel (Sec. III),
consists in the determination of the rotation velocity and the drag for
different falling velocities and blade pitch angles of a pararotor that
spins fixed to a rotating shaft. Blades with different roughness have
been tested to clarify the influence of the parameters concerned.

Finally, the contribution of the work reported in the paper is the
development of a simple mathematical model that allows us to
predict the performance of a pararotor with different aerodynamic
characteristics and, at the same time, gather some knowledge about
the behavior of low aspect ratio rotating-winged devices.

It is worth mentioning that the model has been validated for a
pararotor with the characteristics of the one used for the tests. It is still

to be shown that the model could be used to describe the behavior of a
pararotor having different blade planforms, numbers of blades, blade
cross sections, larger blade pitch angles, etc.

This paper is structured as follows: in Sec. II, the theoretical model
is presented; in Sec. III, the experimental work is summarized; in
Sec. IV, the best-fitting parameters are determined; and finally,
conclusions on the results of the work are drawn.

II. Theoretical Model

The system studied here consists of a rotating body with low
aspect ratio wings, called blades, that falls at constant velocity and
steady attitude (steady autorotation). The aerodynamic forces
generated by the blades make the body to rotate. The model used for
the experimental tests is shown in Fig. 1. The numbers in the figure
indicate the following: 1 is the cylinder; 2 is the blade; 3 is the balance
casing; and 4 is the base of the wind tunnel. The air flows from left to
right.

The aerodynamics of low aspect ratio rotating wings is not well
known. The flow pattern for these rotors differs widely from large
aspect ratio wing 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. A pure theoretical model that
includes all the details of this flow would be too much complex, and
even unattainable, to be developed at a first stage, where just the most
relevant characteristics of the phenomenon are investigated.
Therefore, just a simple model, based on a semi-empirical approach,
has been considered.

The aerodynamic forces acting on the blades have been modeled in
a rather simple conceptual way: simple curves relating both the net
lift and drag forces over the blade vs the angle of attack have been
assumed, whose main parameters are to be determined by correlation
with experimental data. The mathematical model has been developed
by using 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 state.

The aim of the theoretical model is to determine the performance
parameters as a function of the blade pitch angle and the geometric
and aerodynamic properties of the configuration.

The main assumptions are as follows:

1) The simple model of the momentum theory (actuator disk),
considered in rotor aerodynamics theory, is valid, and therefore

T =-2pSpvi(Vy, +v;) (1)

2) The aerodynamic forces (see Fig. 2) acting on the pressure
center of the blades are the net lift of the wing

' n

Fig. 1 View of the model mounted inside the wind tunnel.
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Fig. 2 Angles, net forces, and velocities as seen from the blade.

1
L =EPU12€SPCL0105 2)
and the net drag of the wing
1
D =2 pUrS;Co 3)

Here the net aerodynamic effect on the whole blade is considered,
instead of the forces of each blade section. This assumption is the
main difference with the blade element theory, which cannot be
applied here because the flow cannot be assumed to be two-
dimensional, that is, the same pattern in each plane perpendicular to
the span. The position of the pressure center is unknown and is to be
determined by correlation with the experimental data.
Therefore the net thrust is

T=Lcos¢+ Dsing )
and the net tangential force is
Fr=—Lsing + Dcos¢ (5)
The angle of incidence of the flow is given by

V, +v;

tan ¢ = — . x ¢ (6)

1)
The second equality is valid when ¢ < 1. In this case also
Up =~ wr =Ujy.

In autorotation at a constant falling velocity, the vertical and
tangential equilibrium lead to the following relationships:

1
T~L= Ep(wr)zs,,CLaoz @)
T¢=D (8)
where
a=¢+p ®
The following dimensionless parameters are considered:
v,
k=——" (10)
Uy
— Vv
V,=— an
Vip
— U
Uy =~ (12)
Vio
e (13)
Vig

where

T
Vjp = ,/m (14)

is the induced velocity at hover. After some manipulation the
following set of relationships are obtained for both the input 8 and the
performance parameters, as functions of the angle of incidence of the
flow:

=— — 15
B=4c. 9 (15)
Tri=g L (16)
! (6/4)Cp
T = ¢—%71 (17)
’ V(e/4Cy
v; ¢3/1/(0/HCp lo
k = L = Y L = —-C 18
G T e, Pt ea Y
S 1o 1 ¢%
-V =kU, = — =
Vi ! (¢+¢24C”) ¢(0/4)CD J©/4C,
2o (19)
where
_5Se
o= (20)

is the solidity of the rotor. In this case the blades do not reach the
rotation center because it is occupied by the cylinder that forms the
pararotor body. Therefore, the actuator disk area is the area of the
circular sector swept by the blades.

The preceding expressions show the influence of the relevant
parameters: the solidity, the drag coefficient, and the lift slope.

There are several interesting values of ¢ that characterize the shape
of the k(¢), V,(¢), and B(¢) curves. These are @ min> Pvymin» Which
make minimum the values of k(¢) and V,(¢), respectively, and ¢p,
which is the value of the flow incidence angle when = 0. The
expressions for these values are

Cp
= 21
®po L 20
o
Drkmin = \ ECD (22)

|0
¢V1Jmin = ZCD (23)

For the pararotor to start to rotate, 8 should be negative; therefore,
only the values of ¢ > ¢pg, leading to B <0, are of interest. As
Cp/Cy, increases, ¢y, also increases; therefore, for a given g, the
flow incidence angle also increases. Itis also shown that ¢y, i, 15 less
than @y min (Pemin = 2> dyymin)- And in most of the cases of interest
the relationships ¢y < @yymin < Pimin hold.

The minimum values of k and —V,, from Egs. (18), (19), (22), and
(23), are

3 (o 3
kmin - E (E CD) (24)
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kin 18 @ slow varying function of C, and o due to the 1/3 exponent.
Note that V,,;, is independent of the parameters involved in the
problem. The variation of the mentioned performance parameters as
a function of ¢ is shown in Fig. 3.

It is observed that when C}, increases (compare Figs. 3a and 3b)
the slope of the curve U2 vs ¢ decreases (the model rotation velocity
decreases) and obviously k., increases; ¢y min, vy min> and g move
to the right. For a given value of the blade pitch angle, the angle of
attack increases as Cj, increases. This can lead to nonlinearities in the
aerodynamic behavior (stall). When C, , increases (compare Figs. 3a
and 3c), the curves of U;>, k, and —V, vs ¢ remain unchanged, while
the only change is observed in ¢g,, which decreases. Comparing
Figs. 3a and 3d; note that C), and o have the same effect on the curves
U2, k, and =V, vs ¢, whereas the curves a(¢) and B(¢) are not
influenced by o. In all cases, as the blade pitch angle increases it
approaches the flow incidence angle, and the angle of attack
decreases, approaching zero. The physical interpretation is that a
small lift (obtained thanks to a small angle of attack) is enough to
compensate the drag because the projection of the lift along the blade
trajectory, L sin¢, increases due to a larger value of the flow
incidence angle.

The effect of Cp and C;,, respectively, on the velocity ratio, as a
function of the blade pitch angle, is shown in Fig. 4. Observe that
almost constant values of k are attained in the range 0.1 < —f < 0.2,
whereas k shows some variations in the range — 8 < 0.1. Here is also
reproduced the previous result concerning the reduction of the
rotation rate (k increases) when the drag increases (Fig. 4a).

In Fig. 5 the relation between the blade angle of attack and the
blade pitch angle is shown for different values of the drag coefficient
(Fig. 5a) and the slope of the lift curve (Fig. 5b). Observe (Fig. 5a)
that the predicted angles of attack are large for large values of C, and
for small values of the blade pitch angle. These large values are close
to the limit of validity of the linear approximation of the C; vs «

-0.2

@, rad
d) Cp =0.07,Cq,=34,and 6 = 0.7

Fig. 3 Variation of U;%, -V, 8, k, and « vs ¢.

relation. The increase of the angles of attack can be traced back to the
reduction of the rotation velocity (see Fig. 2).

On the other hand, as shown in Fig. 5b, the influence of C;, is
relatively small in the range considered: 3.4 < C;, <5, which is the
range of interest.

The variation with the solidity has not been presented here because
it has no influence in the relation between « and .

Another performance parameter of interest is the equivalent
pararotor drag coefficient that is defined as follows:

T
CoM =" ma
(1/2)pV;S,
and therefore
Uz Croo Cp

oM =y e = e 0 AT + (0/2)Cs
26)

The maximum value of Cpyp, Coyvimax = 1/0, occurs at the angle
of incidence of the flow ¢ = ¢,

o 1/3
¢C|-,M = (Z CD) = ¢Vv min (27)

Note that the maximum drag coefficient appears at the same angle
of incidence of the flow that gives the minimum falling velocity
@y min- 1t should be remarked that, according to this model, C, does
not have an influence on the value of Cpypma; however, if Cp
increases, the maximum value appears at larger values of the angle of
incidence of the flow and, as shown in Fig. 5a, large values of «, thus
approaching blade stall.

These graphs can help to design a pararotor under some given
requirements. As an example, consider that the aim is to determine
for a minimum value of the falling velocity with a minimum rotation
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Fig. 4 Variation of the velocity ratio vs the blade pitch angle.

velocity. The minimum value for —V, is 2 [Eq. (25)], and it is
obtained at ¢y, min. coincident with the maximum value of the
equivalent pararotor drag coefficient. On the other hand, to obtain the
minimum rotation velocity, 0Cp should be as large as possible
[Eq. (16)] and & should be as large as possible too [Eq. (10)], and so
the value of ¢ for operation should be as distant as possible from
Ormin- As B must be negative for the pararotor to start to rotate, 8
should be as close to zero as possible. In addition to that, and
fortunately, C;, is an independent parameter that can help to attain
the desired pararotor performance through its influence on the blade
pitch angle [Eq. (15)]. In this case, the philosophy used to determine
its value is to find the value that places ¢g, closer t0 ¢y, i, and,
therefore, to reduce the blade pitch angle as much as possible.

As it has been shown, the model just presented allows us to obtain
simple analytical solutions, which help in understanding the
behavior of the system. However, to improve the quantitative results
of the model, regarding the comparison with the experimental
results, some modifications have been introduced.

1) It is assumed that Cp = Cp + aa®. Cp, and a are two
parameters to be determined by matching the model to the
experiments.

2) From the flow visualizations it is observed that the blades work
more like delta wings than like rectangular ones, but the effective
aspect ratio of the blades to be employed is difficult to determine. For

0.4

0.3

o, rad 0.2

o 0.05 0.1 0.15 0.2

-B, rad
a) Crg=34and o =045
0.4
08 E—
D v I S— S E— A——

0 0.05 0.1 0.15 0.2

-B, rad

b) Cp=0.07 and 6= 0.45
Fig. 5 Variation of the angle of attack vs the blade pitch angle.

this reason, the aspect ratio is not considered as an input parameter of
the model.

3) To check the results of the fitting, the expression C; =
(m/2)Aa + 4> [10] has been taken as a reference; then
Cro = (/2)A + 8a. The values of C;, obtained from the fitting
between the model and the experiments correspond to reasonable
values of o and A.

It is also worth mentioning that the effect of both the lateral skin
friction of the cylinder and the friction of the bearings, on which the
body is mounted for the tests, has also been assessed and, in
consequence, neglected [11].

III. Experimental Tests and Results
A. Model Description and Experimental Setup

The experiments have been performed in the wind tunnel of the
Area Departamental Aerondutica, Facultad de Ingenierfa, Uni-
versidad Nacional de La Plata, Argentina. It is a 37.3 kW closed-
circuit closed-test-section wind tunnel with a 1.4 m wide by 1 m high
by 7.2 m long parallelepipedic test chamber. The wind velocity at the
test section can be varied continuously up to 18 m/s.

The purpose of the tests is to analyze the performance of a model
that has a main body, cylindrical in shape, and two variable pitch
blades, mounted at the downstream base of the cylinder. The blades
are rectangular in shape, of fixed dimensions for all the tests. The
model is fixed to a shaft that is mounted on two bearings to a
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Fig. 6 Sketch of the experimental setup.

structure, which is fixed to a force balance. The model spins freely
under the action of the wind. The cylinder has the same height and
diameter: 88 mm. The blades have an 88 mm span, a 138 mm chord,
and a 1 mm thickness. A sketch of the experimental setup is displayed
in Fig. 6. The numbers in the figure indicate the following: 1 is the
main body; 2 is the blade; 3 is the rotation shaft; 4 is the balance; 5 is
the balance casing; and 6 is the pitot tube.

During the tests, both the drag force exerted over the model and its
rotation velocity, together with the flow conditions (flow velocity,
temperature, etc.), have been measured.

B. Definitions, Measured Parameters, and Instrumentation

The following parameters have been measured: the rotation
velocity, by a laser tachometer [resolution 0.1 rpm (<1000 rpm),
1 rpm (>1000 rpm)]; the blade pitch angle, with a goniometer
(resolution 1 deg); the flow velocity, by a standard NPL pitot-tube
type and a micromanometer (resolution 0.5 Pa); and the drag force,
by a strain-gage balance (resolution 0.1 N). Ambient temperature
(wet and dry bulb thermometer, resolution 0.1°C) and atmospheric
pressure (digital pressure indicator, accuracy +500 Pa) have also
been measured.

The drag coefficient of the model is Cpy = where the

reference area is the total area of the two blades.

The Reynolds number is Rep = V,c/v. For the tests, it varies
between 65,000 and 300,000 approximately.

The velocity ratio is k = V,/(wR), where R = 0.138 m.

Flow visualizations have also been performed by means of a
stroboscopic lamp and cotton threads attached to the blades.

C. Configurations Tested

First, the configuration named “basic configuration” has been
tested for determining its behavior. Then, some modifications have
been introduced (different blade configurations), and the model has
been tested to study the influence of the parameters involved. The
aim of testing different blade configurations is to find a way of both
reducing the rotation velocity and increasing the drag force over the
model, to avoid an excessive rotation velocity over the body that
transports the sensors and to slow down its falling velocity as much as
possible, respectively.

The so-called basic configuration, CO1, is the one taken as
reference, and, particularly, the reference condition is established at a
blade pitch angle f = 4 deg. For this configuration, the blades are
bare aluminum alloy rectangular sheets. For the other tested
configurations, different elements have been attached to the blades to
increase their roughness (rods, sandpaper, etc.), as indicated in
Table 1, where the blade pitch settings are also presented.

In the configurations with rods, one or two 5 mm diameter rods are
attached to the surface of the blades in different positions, as can be
seen in Fig. 7.

Table 1 Configurations tested

Configuration Code Blade pitch angle, deg

Basic C01 2,4,6,and 8

Basic; yaw angle of 10 and 20 deg C01 4

One rod attached to the lower surface c02 4and 6
of the blades

Cylinder without blades — —_—

Basic; model not allowed to spin _ _

Two rods attached to the lower surface Cc03 6 and 8
of the blades

Rounded leading edge C04 4

Blades with plates attached to the borders C05 2,4,and 6

Greater diameter C06 2

Increased roughness over the lower surface  C07 2,4,6,and 8

Two rods attached to the lower surface Cc08 2,4, and 6
of the blades

Two rods attached to the lower surface Cc09 4,6,and 8
of the blades

The main ideas driving the differences between the characteristics
of the configurations tested are the following:

1) The purpose of rounding the leading edge was to avoid the flow
detachment at that point.

2) The purpose of the rods was to increase roughness thereby
decreasing the rotation velocity of the model.

3) The model without blades was tested for measuring its drag, to
be used for theoretical analyses.

4) The purpose of the test with the model fixed (not allowed to
spin) was the determination of the drag at that condition.

The configuration C07 has an 80 grains/cm? sandpaper attached
to the lower surface of the blades.

Concerning the configurations C03, C08, and C09, all of them
have two rods attached to each blade lower surface but placed in
different positions (Fig. 7). The first one, C03, has a rod attached
close to the leading edge and another at the center of the blades
aligned to the span direction. The CO8 configuration has one rod
attached to the inner edge of the blades and the other one in the central
part perpendicular to the flow direction. The C09 configuration has a
rod attached at the center of the blades aligned to the span direction
and the other one close to the trailing edge of the blades.

D. Results and Discussion

The parameters selected for the analysis of the results are the drag
coefficient of the model Cp,, and the velocity ratio k.

The results are analyzed as follows: First, the influence of the flow
velocity and the blade pitch angle on the parameters Cpy and k is
analyzed. Then, the performance of the different configurations is
compared with the basic configuration.

As the falling velocity of the device will usually be larger than
8 m/s and, generally, both Cpy and k show a constant asymptotic
behavior at high speed (see Figs. 8 and 9), the values considered for
the analysis are the ones obtained at the highest velocities.

The experimental results obtained are presented in Table 2. Some
experiments were repeated several times in similar conditions to
verify reproducibility.

1.  Measurement Uncertainty

Before the presentation of the analysis of the results, the
measurement uncertainties analysis is summarized. Measurement
uncertainties have been evaluated taking into account the
reproducibility of the tests performed in similar conditions and the
uncertainties of the instruments. In Table 3 the absolute values of the
combined uncertainties (combination of standard deviations) in the
determination of Cpy and k, U, and U, respectively, for the basic
configuration are presented. For the other tested configurations the
combined uncertainties are of about the same order as for the basic
configuration.

Asitcan be seen, U,,, > Uy, thatis mainly because of variations
in the balance calibration.
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Fig. 8 k vs V, for the basic configuration. The symbols correspond to c) P=6 deg d) B=8 deg

different tests performed.

2. Analysis of the Basic Configuration

From the values of Cpy; and k obtained in the experiments it is
observed that 1) k decreases (the rotation velocity increases) when
the blade pitch angle and/or the flow velocity increase and 2) Cpy
shows small variations with the flow velocity and the blade pitch
angle, except for V, =5.4 m/s and B =8 deg where Cpy, falls
abruptly. For B =8 deg, Cpy values are lower values than for the
other blade pitch angles tested.

The results for the basic configuration are shown in Figs. 8 and 9.
The complete results can be found in [11].

3. Analysis of the Other Configurations

The differences in the parameters k and Cpy; obtained for each
configuration tested are compared with the values of the reference
(basic configuration) and are shown in Table 4. It is observed that

Fig. 9 Cpy vs V, for the basic configuration. The symbols correspond
to different tests performed.

1) In general, roughness variations have a bigger effect on the
parameter k than on Cpy (the rotation velocity falls and the drag
coefficient of the model is nearly unchanged).

2) As the yaw angle increases, k increases and Cpy, decreases.

3) Rounding the leading edge produces no changes (C04).

4) A larger diameter of the device results in an increase in Cpy,
although this configuration could not be fully explored.

5) A higher roughness in the lower surface, generated by means of
sandpaper attached to the blades (C07), produces a small increase in
Cpm, When the blade pitch angle is at both sides (8 = 2 and 8 deg) of
the tested range.

6) The configuration with two rods attached to the lower surface
(C09) shows the largest increase in the parameter k (125% for
B =4 deg). Cpy decreases 7%.

7) The other tested configurations (C02, C03, C05, and C08) show
an increase in k between 21 and 87% and a small change in Cpy;.
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Table 2 Asymptotic values for k and Cpy,

k Com
/3, deg 'B, deg
Configuration Test number 2 4 8 2 4 6 8
Co1 030827 0.39 0.32 — — 34 32 —_— —_—
01 040428-1 0.45 0.35 0.31 0.29 34 33 32 2.
C01 040503-1 0.42 0.35 0.32 0.28 35 34 35 3.1
01 0400504-1 e 0.33 e  — —_— 35
c02 040420-1 —_— 0.49 — — — 39 —_— —_—
C02 040423 e 0.51 0.43 e e 34 33 —_—
C03 040426-1 — — 0.59 0.50 — — 35 3.1
CO01, yaw 10 deg 040428-2 e 0.36 e —_— —_— 3.1
CO01, yaw 20 deg 040428-2 —_— 0.37 — —_— — 29 —_— —_—
c04 040428-3 e 0.34 —_— e e 33 —_— —_—
C05 040430 0.65 0.48 0.45 — 34 33 3.1 —
C06 040503-2 0.46 —_— e  — 3.8 —_— —_— e
co7 040504-2 0.38 0.33 0.31 0.30 3.6 34 33 32
co7 040506-1 0.41 0.35 0.32 0.30 3.6 34 33 32
C08 040506-2 0.55 0.45 0.38 — 35 34 33 —
c09 040426-2 o 0.76 0.59 0.53  — 3.1 3.1 2.8
Table 3 Measurement combined uncertainty for the basic configuration

UCI)M Uy

B, deg B, deg
V,, m/s 2 4 6 8 2 4 6 8
5.4 0.24 0.26 0.55 0.24 0.040 0.010 0.012 0.010
7.3 0.14 0.16 0.33 0.24 0.018 0.008 0.008 0.005
9.0 0.17 0.13 0.27 0.18 0.031 0.008 0.006 0.005
12.8 0.08 0.09 0.17 0.13 0.025 0.009 0.005 0.005
14.0 0.09 0.10 o —_— 0.017 0.008 —_— o

Table 4 Variations of the parameters k and Cy,, with regard to the basic configuration
Variation of k, % Variation of Cpy, %
B, deg B, deg

Configuration 2 4 6 8 2 4 6 8
c02  — 48 38 —_— —_— 1 -1 —_—
C03 — — 87 75 — — 3
CO01, yaw 10 deg e 7 e e e -7 —_ —_
CO01, yaw 20 deg — 10 — —_— —_— —13 o —_—
co4 —_— 1 —_— —_— —_— —1 —_— —_—
CO05 55 42 43 — -1 -1 -7 —_—
C06 10 —_— —_— —_— 11 —_— —_— —_—
co7 —6 1 0 5 5 1 -1 7
C08 31 33 21 —_— 2 1 -1 —_—
C09 — 125 87 86 — -7 -7 -7

E. Flow Visualizations

The flow pattern is almost steady when it is seen in body axes. It is
difficult to show this phenomenon because of the complexity to
attach a visualization system to the body axes, and so a device that
registers in phase with the rotation of the body has been used. The
aim is to observe whether the flow is attached to the surface of the
blades or not and to observe the flow direction over the blades. To do
so, cotton threads have been attached to the blades and illuminated by
using a stroboscopic lamp. It is observed that, for every
configuration, the overall flow pattern does not change, neither
with the blade pitch angle nor with the flow velocity. Generally
speaking, the pattern observed is a flow attached to the upper and
lower surfaces of the blades, except along the leading edge at the
upper surface, where a vortex that grows outwards along the span is
observed. At the inner portion of the lower surface of the leading
edge, an exiguous flow towards the upper surface is observed. At the
leading edge, the flow has a prevailing radial direction; at the trailing
edge, it follows the chord direction; and in the central part of the
blades, the flow is at 45 deg from the radial direction. Figure 10
shows a photograph taken of the model. The numbers in the figure

indicate the following: 1 is the spin direction; 2 is the flow direction;
and 3 is the threads that indicate the flow direction over the lower
surface of the blade. Because of the difficulty of obtaining good
quality pictures, the general flow pattern is reproduced schematically
in Figs. 11 and 12.

It has been observed that

1) Rounding the leading edge does not avoid the flow detachment
at that place.

2) The rods produce small perturbations of the flow only in their
surroundings (Fig. 12). When placed at the leading edge on the lower
surface, they do not avoid flow detachment there.

For configurations C06, C07, and CO08, the flow was not
visualized.

F. Conclusions on Experimental Results

As mentioned, for the basic configuration, the velocity ratio k
decreases (the rotation velocity increases) when the blade pitch
angle and/or the flow velocity increase; and Cpy; shows a small
variation with the flow velocity and the blade pitch angle, except for
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Fig. 10 Flow visualization at the lower surface for the basic
configuration.

Flow towards the
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direction

a) Lower surface, view from upstream site

Detached flow

RN

Spin
direction

b) Upper surface, view from downstream site

Fig. 11 Sketch of the flow on the surfaces for the C01 configuration.

V,=54m/s and B =8 deg where Cpy falls abruptly. For
B =8 deg, Cpy gives lower values than for the other blade pitch
angles tested.

When the other configurations are compared with the basic
configuration, it is observed that the velocity ratio increases for every
configuration except for some cases of the C0O7 configuration
(sandpaper attached to the lower surface).

The drag coefficient of the model does not show a well defined
behavior. Generally speaking, this parameter decreases, except for
some cases: the C03 configuration (two rods attached to the lower
surface); the C06 configuration (greater diameter), although this

Flow towards the |
upper surface

—

S

N

Detached flow

PN
Spin
direction

a) Lower surface, view from upstream site

PN
Spin
direction

%

b) Upper surface, view from downstream site
Fig. 12 Sketch of the flow on surfaces for the C02 configuration.

configuration was not fully explored; and the C07 configuration
(sandpaper attached to the lower surface). The maximum changes for
the drag coefficient of the model are about 10% and for the velocity
ratio up to 125%. The reproducibility of the tests is considered
appropriate.

Concerning the visualization of the flow, the flow patterns change
neither with the blade pitch angle nor with the flow velocity, and they
also do not change significantly for the different configurations tested
(the rods only produce small changes in the direction of the flow
locally, very close to them). The flow is attached along almost all the
surface of the upper and lower faces of the blades. Furthermore, the
flow is steady, considered in the body reference frame.

Finally, it is concluded that if it is desired to increase the velocity
ratio, that is, to decrease the rotation velocity, the roughness of the
blades should be increased, as predicted by the theoretical model. In
the same way, small values of the blade pitch angle are appropriate to
obtain this effect, which is also good to produce an increase of the
drag coefficient of the model Cpy;.

IV. Determination of the Free Parameters
of the Theoretical Model

As mentioned, the approach followed to determine the free
parameters of the theoretical model is to find the values of the
coefficients Cpy, a, and C;, that give the best agreement between
both the experimental results and the predictions of the model. The
approach followed consists of these steps: processing of the
experimental data, selection of the data, and matching of the results.

A. Processing of the Experimental Data

To carry out the matching in a proper way, the experimental data is
processed as follows:

1) The theoretical model does not take into account the drag of the
cylinder, which has been measured and subtracted from the
measured drag of the whole body.

2) The induced velocity at hover is calculated by

T
= 28
Yo =\l5s: 28)
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3) The tangential velocity is taken at 60% of the blades span
(0.75R). It is assumed that the center of pressure is located at that
position. This assumption comes from analyzing the flow
visualizations, the literature [11], and the results of the matching.

B. Selection of the Data

The data used for determining the values of the parameters of the
theoretical model that give rise to a better fit among the model
predictions and the experimental results come from the tests
performed with the configurations C01, C03, C07, and C09. These
configurations have been tested several times and correspond to the
extreme values of roughness. The data considered correspond to the
highest flow velocity tested (asymptotic value). The processed
experimental data used for the matching are shown in Tables 5-8.
The values of k and U2 are obtained from the experimental data
considering r = R.

C. Matching of the Theoretical Model and Experimental Results

The values of Cp,, a, and C;,, that give the smaller differences
between the theoretical and experimental parameters U2, k, and
—V, are found by using a least-mean-square method. To do so, first a
“normalized distance” B is defined as follows:

3 .
2, dif (p;
B = i=1 (p l) (29)
3
Table 5 Experimental data; configuration C01, r = R
B. deg k v, [
2 0.42 1.74 16
4 0.34 1.76 26
6 0.32 1.77 31
8 0.29 1.86 42
Table 6 Experimental data; configuration C03, r = R
B, deg k v, U3
6 0.61 1.74 9
8 0.52 1.85 14
Table 7 Experimental data; configuration C07,r = R
B, deg k vy U;
2 0.41 1.72 19
4 0.36 1.70 27
6 0.33 1.80 33
8 0.31 1.82 37
Table 8 Experimental data; configuration C09, r = R
B, deg k v, Uy
4 0.79 1.85 6
6 0.62 1.86 10
8 0.56 1.96 14
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Fig. 13 Matching of theoretical model predictions (solid lines) and

experimental data (circles). Dashed-dotted lines show a fitting curve to
the experimental data.

where dif (p;) is the relative mean difference between the theoretical
and experimental values for each parameter p;, ie., p; =k,
p>»=—V,, p3 = U;?, and it is given by

\/Zﬁ‘\;l[l’iexp(ﬁj) - pithe(ﬁj)]z/N
.1/'V:I piexp(ﬂj)/N

where p; ., (B;) is the experimental value for the parameter p; for the
blade pitch angle B;, p;.(B,) is the theoretical value for the
parameter p; for the blade pitch angle §;, and N is the number of
cases considered for each p; (it is the number of blade pitch angles
tested for each configuration).

As mentioned, the coefficients Cp, a, and C;,, found in this way
are the ones that minimize the normalized distance B and, therefore,
they give rise to the best agreement between the theoretical model
and the experimental results. These results are shown in Table 9 and
Fig. 13.

dif (p,)[%] = 100

D. Conclusions on the Matching of the Theoretical Model
and the Experiments

It is observed that

1) Increasing the blade roughness leads to an increase on Cp,
ranging from 0.07 and 0.08 for the lower roughness configurations
(CO01 and CO07, respectively) to 0.35 and 0.38 for the higher ones
(€03 and €09, respectively).

2) The parameter a varies between 2 and 2.7. It is about the
magnitude of the corresponding ones found in [12] for a rectangular
flat plate of aspect ratio 3.

3) The relative mean differences between the theoretical values
and the experimental results of the parameters k, —V,, and U lie
under 10% for most of the cases analyzed. A better agreement had not
been possible to attain, probably because of both the simplifying
assumptions considered to develop the theoretical model and the

Table 9 Matching of the theoretical model and the experimental results

Configuration Cpo a Cro dif(k), % dif (V,), % dif (U;2), % B, % N
CO01 0.07 2.4 34 4.7 6.6 6.0 5.7 4
Cc03 0.35 2.3 4.8 4.7 8.4 12.3 8.4 2
Cco7 0.08 2.0 34 3.0 7.0 4.0 4.6 4
Cc09 0.38 2.7 4.6 7.0 3.7 14.5 8.4 3




NADAL-MORA, SANZ-ANDRES, AND CUERVA 1903

experiment uncertainties. However, the result of the matching is
considered good enough for the purpose.

It should be outlined that the better agreement occurs for the low
drag cases (C01 and CO7), whereas it seems to be poorer for the large
drag cases (C03 and C09). This difference could be due to the large
values of the angle of attack that appear in configurations with large
drag (Fig. 5a), values that are close to the limit of validity of the
simple model employed to describe the C; vs « relation.

V. Conclusions

Research concerning the aerodynamic behavior of a pararotor has
been carried out leading to the development of a semi-empirical
model. The theoretical part of the model allows us to determine both
the falling and rotation velocities and also the drag generated on a
pararotor that falls in the atmosphere. The input data needed are three
parameters: the blade drag coefficient, the slope of the lift vs angle-
of-attack curve for the blades, and the rotor solidity. The model
describes the behavior of the rotation and falling velocities and the
drag of the pararotor as a function of the blade pitch angle, the solidity
ratio, and the aerodynamic characteristics of the blades. The model
can also be used for evaluating the influence of the input parameters
on the performance of the device.

On the other hand, a set of experimental tests has been carried out
to support the development of the theoretical model (results of tests
similar to these could not be found in the literature). One type of
model has been tested, maintaining the same planform but with
different roughness. These tests give information about the
experimental performance of the device, in particular, about the
effect of the blade roughness, the blade pitch angle, and the flow
velocity on both the rotation velocity and the drag of the model. The
agreement between the theoretical model and the experimental data
is satisfactory for reasonable values of the aerodynamic coefficients,
which are obtained from the matching.

Flow visualizations have allowed us to identify the characteristics
of the flow pattern around the blades and to make more precise
hypotheses for the development of the theoretical model as well.

In this way, this work also contributes to the knowledge of the
behavior of low aspect ratio rotating-winged devices, which could be

useful for several applications, as decelerating devices for atmos-
pheric probes, final phase of small reentry vehicles, submunition, etc.
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