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Experiments on a Model Helicopter Rotor Operating
in the Vortex Ring State

KYUICHIRO WASHIZU* AND AKIRA AzuMAf
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Unsteady aerodynamic characteristics of a model helicopter rotor operating in the vortex
ring state have been experimentally investigated. Time histories of thrust, torque, and rpm
of the rotor were measured by use of sensing devices that were installed on the shaft of the
rotor. The results obtained show that in the vortex ring state, the thrust fluctuates violently,
whereas the torque fluctuates very little; in fact, it is hardly observable. The induced power
obtained from thrust and torque data has been compared with that obtained from the mo-
mentum theory. Existence of periodicity in the thrust fluctuation also has been observed
in some regions of the vortex ring state.
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Introduction

THE aerodynamic characteristics of a helicopter rotor
operating in the vortex ring state has been of greatest

concern in helicopter engineering. The importance of this
problem has been emphasized recently by the Federal Avi-
ation Agency (FAA) certification program for commercial
helicopter operation involving aircraft recovery maneuvers
in the event of single engine failure during vertical t-akeoff
and landing. Although a number of papers have been
written on this subject,1"9 there still remain many questions
to be answered. The purpose of the experiment described
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herein is to measure the unsteady aerodynamic characteristics
of a single rotor operating in the vortex ring state.

A model basin was used for the quantitative measurement
of the aerodynamic characteristics of the rotor. The rotor
system was installed on a carriage that moves on the track
of the model basin. The speed of the carriage V, the pitch
angle of the blade 6, and the angle of attack of the rotor plane
a were prescribed as variable parameters during the tests.

Early in 1959, the authors began their first studies on a
rotor operating in the vortex ring state by conducting a
series of experiments in a wind tunnel. It was soon found
that as far as qualitative measurements of rotor character-
istics are concerned, the wind tunnel provided a powerful
tool; however, for quantitative measurements, the wind
tunnel was not always reliable for several reasons. First,
the wind tunnel had interference effects from the wall because
of the size of the fluctuating air bubble or the so-called air-
body around the rotor which extends to a distance of several
rotor diameters in some conditions of the vortex ring state6;
thus, the wind tunnel must be considerably larger than the
diameter of the rotor being tested for good quantitative
measurements. Second, it was difficult to find an existing
wind tunnel having excellent low speed characteristics.
Most of the available wind tunnels were designed so as to
assure an optimum flowT distribution at speeds around 25 ~
50 m/sec. As a result, these wind tunnels usually have very
poor characteristics in the speed range required for testing-
rotors in the vortex ring state. Third, the rotor induces a
flowfickl in the main stream of the wind tunnel. The aero-

Fig. 1 Carriage.
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Fig. 2 Rotor assembly.

dynamic characteristics of the rotor flying in still air are
needed. Such differences could be compensated for except
that it is very difficult to find in the wind tunnel a satis-
factory location for measuring flow speed that will correspond
to the speed of the rotor flying in still air. Because of the
foregoing reasons, the authors found that the use of the test
track, on which a carriage loaded with the rotor system could
move in still air, was indispensable for their experiments.
A special carriage was designed which would operate in the

speed range of 0 ~ 12 m/sec. This carriage proved to be a
very useful and powerful tool for experiments in low speed
aerodvnamics.

Test Apparatus

Model Basin and Carriage

As mentioned previously, the authors used a model basin
for the rotor test. The main dimensions of the basin are as
follows: the effective length of the track was 200 m, the
width of the track was 5 m, the inner width of the building
was 1.2 m, and the height of the ceiling from the floor was
4.7m.

The rotor system, together with the measuring instruments
and recorders, was installed on a carriage that was towed by a
cable. One of the rolling wheels of the carriage triggered a
photo-transistor that produced pulses to measure the carriage
speed. The carriage is shown in Fig. 1.

Rotor Assembly

The blades of the rotor are made of duralumin and weigh
109 g a piece. The airfoil of each blade is a NACA 0012
section. The geometrical properties of the rotor are as
follows: the diameter is 1 100 mm, the chord is 33 mm, the
twist from root to tip is 8° 20', the position of the flapping

Fig. 3a Time histories of the thrust, torque, and rpm of the rotor; V = 2.3 m/sec, a = 90°

Fig. 3b Time histories of the thrust, torque, and rpm of the rotor; V = 2.6 m/sec, a = 60°.
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hinge is 0.0327 R, the position of the lagging hinge is 0.0327 R,
the number of blades is three, and the solidity is 0.0573.

Each blade rotates around its 18% chord axis to set the
pitch angle. The rotor can flap and lag. However, no
cyclic pitch mechanism is employed. The rotor is driven
by an 800-w d.c. motor through gear transmission at approxi-
mately 1000 rpm. The rotor assembly is shown in Fig. 2.

Instrumentation

The torque and thrust of the rotor are measured with
strain gages. The torque pickup, which consists of a torsion
tube and four strain gages, has a maximum capacity of 0.5
m-kg. The thrust pickup, which consists of four leaf springs
and eight strain gages, has a maximum capacity of 5 kg. The
outputs of these two pickups are delivered to the recording
instruments through a slip ring assembly located on the
rotor shaft beneath the pickups. The rate of revolution of
the rotor is measured with pulses, which a small plate at-
tached on the shaft produced by interrupting a light beam
every revolution. These outputs finally are delivered to the
recording instruments on the carriage.

It is noted here that a low pass filter was inserted between
the measuring pickups and the recorders to reduce the effects
of high frequency noise produced by mechanical vibrations
of the rotor and running carriage. The characteristics of this
filter were examined by use of a step response produced by a
calibrating signal imposed on the thrust and torque measuring
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Fig. 4a Thrust vs rate of descent.

-0.1

0.1 0.2 0.3 0.4 0.5xlo-3

Fig. 5 Thrust vs torque in polar curves.

systems. It was found by representing this filter by a first-
order linear system that its characteristic time was approxi-
mately 0.07 sec.

Experimental Results

Typical Test Records

Time histories of the thrust, torque, and rpm of the rotor
as well as the speed of the carriage were measured and re-
corded. Figures 3a and 3b show two typical test records for
vertical and oblique descents, respectively. The presence
of severe fluctuations of thrust are observed in these figures.
It also is observed in Fig. 3b that there exists a marked
periodicity in the thrust fluctuation.

Terms CT and CQ in Vertical Descent

The characteristics of CT and CQ of the rotor in vertical
descent are shown in Figs. 4a and 4b, respectively, where the
nondimensionalized vertical descent velocity (R/D)/R& is
used as abscissa, and the blade pitch angle at 0.75 R is used
as a variable parameter. In evaluating the points shown in
these figures instantaneous values of thrust, torque, and rpm
were taken directly from the test records and nondimension-
alized. The mean values of CT and CQ are plotted in the
form of polar curves in Fig. 5 using rate of descent as a vari-
able parameter. It is observed in these figures that the rotor
enters an autorotative state at high rates of descent when the
pitch angle is small.

Induced Power

By using values of CT and CQ for hovering under the as-
sumption of constant induced velocity over the rotor disk,
one can calculate the profile torque coefficient CQO by the
relation

— CQ —

where

\h = (CV2)1/2

(1)

(2)

(3)

Fig. 4b Torque vs rate of descent.

and where the subscript h indicates that the quantity is re-
lated to hover. The profile torque coefficient will be treated
in the following analysis as a function of CT only, regardless
of the rate of descent and angle of attack.
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Fig. 6a Induced power vs rate of descent, a = 90°

With a further assumption that the component of the rotor
force in the rotor plane is negligibly small, one can calculate
the induced power P; and a reference velocity "0 as follows:

Pi = PirR'W(CQ - CQo) + (R/D)T (4)
V - (/T/2p7r^2)1/2 - ^(Cr/2)1/2 (5)

where R/D is the component of the rotor velocity in the
shaft direction equal to V sina. The induced power is re-
lated to the equivalent induced velocity CU,, based on the
power consideration, as follows:

Pi = TV,
Consequently, one obtains

'
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Fig. 6c Induced power vs rale of descent, a = 50°.

Thus, one can define the induced power in nondimensiona
form by the relation

F /TIST _ rp /cp ,/o\
,/ -£ U — V->v;/ U \O/

It is noted here for later convenience that, if the momen-
tum theory is assumed to be applicable even in the vortex
ring state, one can calculate the mean induced velocity 1),
based on the momentum consideration, using the following
equation:

R/D V . ,
—=— = =: snroi
V V

sma -

The relation between the nondimcnsionalized induced
power and rate of descent, i.e., Pi/TV vs (R/D)/^, together
with the relation between nondimensionalized mean induced
velocity and rate of descent, i.c.,V/V vs (R/D)/V, is plotted
for a = 90°, 70°, 50°, and 20° in Figs. 6a-6d, respectively.
Points on these plots are obtained as follows. Read values
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Fig. 6b Induced power vs rate of descent, a — 70°
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Fig. 6d Induced power vs rate of descent, a = 20°
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Fig. 7 Power loss facLor vs rake of descent.

of the fluctuating thrust at its peaks and valleys from experi-
mental records and read at the same times corresponding
values of the torque^nd rates of revolution of the rotor.
Then, values of P,/?^U can be calculated using Eq. (8).

It is observed from Figs. 6a-6c that a family of values of
LP,/T%j), (^/f))/t] obtained from a series of tests under a
constant pitch angle and a constant rate of descent seems to
lie on a single curve. Let the region covered by these lines
be called "?T region"; thus emphasizing the region where
thrust fluctuation is pronounced. It is interesting to ob-
serve that the lower boundary of the 7T region seems to
coincide with the curve given by the momentum theory
except for those rates of descent where the vortex ring state
seems most pronounced. The upper boundary of the T-F
region may be determined by the characteristics of the
fluctuating air bubble or by the growth and disappearance
of the vortex ring around the rotor. In reading these figures,
remember that since the speed of the carriage and the length
of the track are limited, the accuracy of test results obtained
at high pitch angles and high rates of descent may not be
good. However, it may be observed from Fig. 6a that the
Sow pattern around the rotor in vertical descent begins to
vary from the vortex ring state to the windmill brake state
around (E/D)/"0 = 2.

Forward

=50"
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Fig. 9 An example of power spectral analysis;
m/sec, <z = 60°.

4.1

It is considered convenient to introduce here a power loss
parameter kv defined by the relation

Using this parameter, one can calculate increments of the
equivalent induced velocity compared to the mean induced
velocity obtained from the momentum theory. It may be
said that the power loss factor is a measure of the induced
power wastefully fed to the air How around the rotor. Values
of A?, for the rotor in vertical descent are plotted in Fig. 7,
where *U is calculated from Eq. (9) by setting <x = 90° and
employing the negative sign.

Thrust Fluctuation

Another way of representing the region where the vortex
ring state occurs may be to use A7^/r, where A!T and T are
the amplitude of fluctuation and mean value of the thrust,
respectively. These values are taken from the records and
plotted in Fig. 8 with the value of AJyr as a variable param-
eter. It is noted that this figure was obtained using a limited
number of the experimental results and therefore should be
considered only as an indication of the AT/!T characteristics
in the vortex ring state. More experimental data and sta-
tistical procedures are considered indispensable for a definite
determination of the contours.

Periodicity of the Thrust Fluctuation

As shown in Fig. 3b, a marked periodicity exists in the
thrust fluctuation in some regions of the vortex ring state.

(sec)
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Fig. 8 A!T/T. Fig. 10 Period vs rate of descent, <x = 60°
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For the purpose of finding periodicity, the power spectral
density method was applied. An example of the power
spectral analysis is shown in Fig. 9. From figures such as
this, periods of the thrust fluctuation with dominant power
are obtained for the rotor in a oblique descent and plotted in
Fig. 10 with rate of descent used as abscissa. These figures
show that in some region of the vortex ring state there exists
a fairly pronounced periodicity that has a structure similar
to those observed in the wake of a circular disk or cylinder.

Conclusions
Some of the quantitative characteristics of the flow around

a single model rotor operating in the vortex ring state have
been obtained from the experiments conducted at the model
basin. However, further experiments should be conducted
on model as well as full-scale rotors before the results pre-
sented herein can be proved applicable to the operation of a
helicopter. It should be added that the fuselage as well as
the tail rotor may have significant effects on the aerodynamics
;as well as the stability and control of a helicopter operating
in the vortex ring state.
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