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Fig.4 Evolution of (0x,/0¢), - , with incidence angle.

parameter increases with incidence up to i = 14° and becomes
nearly constant beyond this value at about 0.33. The ratio of
turbulent parameter G, to the inviscid one is constant and close
to 1.80 up to i = 11° which is the limit value of Jones’ data. The
laminar values are about twice the turbulent ones and are slightly
affected by Mach numbers as shown when comparing data
previously obtained at M, = 6.85, Re, = 0.25x 10° cm ™! with
those obtained under the present conditions.

The comparison of present results with data of Rainbird® for
the turbulent case, shows a similar effect of Mach number. The
maximum value of «, follows the same evolution with incidence
as the parameter G, (Fig. 3). According to the results of
Rainbird,® the Mach number effect appears to be different,
whereas the present data point out a similar effect in the laminar
case.

The «, slope G at ¢ = = is particularly interesting for the
determination of the separation incidence i, Its evolution with
incidence (Fig. 4), increasing linearly within 0 <i < 6° and
decreasing linearly within 7° < i < i, presents a maximum
value for i = 6.5°. Thus, the separation incidence is found equal
to 9.8°=1.09 0, with an accuracy estimate of +0.05°. The
laminar value obtained with less precision because of the minor
frequency of measurements, is close to 8.8°, which means that
the turbulent separation occurs 1° sooner than the laminar one.
Furthermore, it is to be noted that the comparison between
the experiments and the inviscid theory brings out a particular
value of incidence angle (6°) beyond which the boundary effects
are fundamental with respect to the separation phenomenon.

Finally, the separation azimuth ¢, deduced from the circum-
ferential surface flow angle, decreases with incidence down to a
constant value beyond i = 14° (Fig. 5). This constant value seems
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Fig. 5 Location of separation line. All data concern primary separation,
except the symbol 6 as indicated.
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to be slightly higher for the laminar case than for the turbulent
case. In order to show the Mach number effect, some previous
data have been plotted in the figure.
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Instantaneous Velocity Measurements in
the Near Wake of a Helicopter Rotor

CHRISTIAN MARESCA,* DANIEL FAVIER,T AND
JEaN REBONTE
Institut de Mécanique des Fluides de Marseille,
Marseille, France

RECENT study on the near flow behind a propeller' has

shown that the form of the mean velocities measured just
downstream of the rotation plane can illustrate the significant
phenomena which occur upon the blades. Such a method seemed
to be applicable to a helicopter rotor wake. However, the un-
steady nature of such a flow requires that the instantaneous
velocities be measured.

The three instantaneous velocity components have been
measured by use of a hot film wedge-shaped probe, located in the
near wake of a two-bladed rotor tilted at —10° as shown in
Fig. 1. The untwisted blade (profile NACA 0018): has a

" rectangular shape. During all the tests the blade tip speed wR

(where @ is the angular frequency and R the radius of the rotor)
and the wind-tunnel velocity were maintained respectively at 105
m/sec and 25 m/sec, so that the advance ratio was kept at a
constant value (0.24). The sensor element of the probe was
placed in the retreating blade zone at the position 0.25R from
the rotation axis and 0.1 R under the horizontal plane (see Fig. 1).
The measurement method of the three velocity components by
use of such a probe is described in Ref. 2. This method is
applicable when the angle between the axis of the probe and
the mean velocity direction is less than 12°. In our experiments,
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Fig. 1 Orientation system of the probe.
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Fig. 2 Azimuthal evolution of u/wR with blade pitch.
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Fig. 3 Azimuthal evolution of v/wR with blade pitch.

a flow visualization (obtained by the emission of ammonium
chlorate upstream of the rotor) has indicated that this angle
condition is fulfilled if the probe is tilted by 10° as shown in
Fig. 1. Hence, the method of Ref. 2 enables us to compute the
instautaneous velocity components w, u, v (w is along the probe
axis, u is in the vertical plane normal to Ow; and v is in the
horizontal plane normal to Ow, as shown in Fig. 1). The vari-
ations of these components have been plotted vs the azimuthal
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Fig. 4 Azimuthal evolution of w/wR with blade pitch.
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Fig. 5 Top view of the flow
around the retreating blade,
0 =16°.

angle y which is defined in Fig. 1. The origin of this angle
corresponds to the extreme forward position of the blade. For
the three values of blade pitch (6 = 8°, 12°, 16°) the results of
the measurements of u, v, and w are shown in Figs. 24,
respectively.

The evolution of the form of u/wR with increasing 6, shows
(Fig. 2) that the first maximum occurs at a constant value of
W ~ 65° for the three value of #. Each of these maxima is
followed by a minimum which decreases in value and increases
in azimuth as fincreases. It is interesting to note that the extrema
are very strong for 8 = 16°.

The variations of v/wR (Fig. 3) seem to be inverted in com-
parison to those of u/wR. Indeed, the maxima follow the minima
at the same values of . However, an unexpected decrease in
the value of v/wR for § = 16° and ¥ ~ 115°, can be interpreted
as a local stalling of the blade. For the same value of 6, the
flow visualization around the blade has been carried out by use of
the technique described in Ref. 3. A single emission line splits
over the blade. As can be seen on Plate 5, the part of the
emission line flowing over the lower side of the blade is slightly
deflected towards the tip whereas the part flowing over the upper
side is markedly deflected towards the hub. This latter effect is
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not observed for smaller values of 6 and could perhaps be
interpreted as being a consequence of local stall. It should
finally be noted that the deflection towards the hub agrees with
the sudden drop of v/wR observed at § = 16°.

For the variations of w/wR it can be seen in Fig. 4 that a
first maximum value is reached at Y ~ 65° for all the values of 6.
This maximum occurs when the lower side boundary of the blade
wake arrives at the probe. This boundary seems to be in-
dependent of the pitch blade. The minima observed at i ~ 90°
are due to the blade wake and the subsequent maxima correspond
to the upper side boundary of the blade wake. These maxima
which occur at larger values of s for larger 6 are significant
evidence of the thickening of the wake produced by the sepa-
ration of the flow on the blade.

It can be concluded that it is possible to infer some pheno-
mena occurring on the blades by analysing the instantaneous
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velocity measured in the near wake of a helicopter rotor. In
particular, the sudden change in the profile of v/wR as § increases
very likely indicates some local blade stall and this question will
be the object of further investigation.
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Comment on “A Graphical Method for
the Investigation of Shock Interference
Phenomena”

KARL M. FORSTER*
Institute for Aerodynamics, University of Stuttgart,
Stuttgart, F.R. Germany

EEPING abreast of scientific developments in countries
other than one’s own is becoming more and more difficult.
An example of this problem is given by a recent publication in
this journal.! The graphical method for the straightforward
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Fig. 1 Herzkurven-diagram after A. Weise, including the isentrop.
Laval number o as parameter, the figures on the left margin giving the
characterizing values for the different heart-curves drawn. y = 1.405.
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Fig. 2 Flow over double wedge in case of a reflected rarefaction wave.

computation of supersonic flow with imbedded, and eventually
interacting, shock waves and contact discontinuities described
there by Crawford was developed by Weise®'® in 1943-1944 as
the “‘Herzkurven-Methode” (the curves resembling the symbolic
heart-shape). Asencyclopaedic articles®* confirm, Weise tackled
not only the same problems as Crawford, but also some others.
He also solved the problem of forked, or i-, shocks.’~7 Later
the Herzkurven-method was used to calculate and classify the
types of supersonic flow through cascades,® and its basic idea
has been adopted for the graphical computation of unsteady one-
dimensional flow.®-3

As to the presentation of the heart-curves, it is neither neces-
sary to plot both (symmetric) halves of the curves nor to ratio
the pressure p to a special reference value. The latter is due to
the additive feature of the logarithm: log(p/p,) = log(p/p,)+
log(p,/p,), and changing the reference pressure results in nothing
but a translation of the figure along the pressure axis without
changing the shape. Furthermore, it is advantageous to give a
scale of the flow velocity along the heart-curve, preferably in
form of the Laval number o (velocity divided by critical speed,
which is the better alternative to the Mach number because of
the constancy of the critical speed in isenergic flow). Each
heart-curve is then characterized by the Laval number at its
cusp which equals the Laval number ahead of the shock. As a
last item, we found it convenient to add the isentrop to the
log p, 5-diagram (6 angle of streamline), likewise with an
w-scale, and to line up the heart-curves along it in such a way
that the location of any cusp on the isentrop’s w-scale cor-
responds with the characterizing value of that heart-curve. So
one set of curves @ = const provides the w-scales for the isentrop
and the heart-curves, see Fig. 1. With the help of this universal
diagram, the log p, 5-plane for a special flow configuration can



