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is replaced with a set of conical frustrums. This, together
with taking y constant over each frustrum, allows analytical
integration over s;. Formation of the radial and axial velo-
cities from the stream function, application of the no-normal
flow boundary condition at some intermediate point of each
frustrum and numerical integration over 8 provides a set of
simultaneous algebraic equations in the sheet strength.
(Note that assuming the y to be sectionally constant does not
provide the free constant usually found in vortex sheet applica-
tions. Consequently, there is no opportunity to impose a
Kutta condition or some facsimile.) Discrete application of
the boundary condition provides for some flow through the
sheet, thereby duplicating a porous material.

Once the y distribution is obtained, velocities anywhere
in the field except on the sheet itself may be found from
the appropriate i derivatives. The surface values would come
from the ¢ derivatives +y/2.

3. Application

An indication of the porosity of the mathematical “fabric
may be obtained from application to a solid hemispherical
parachute. The calculated mass flow per unit time and area
between two points near the portion of the canopy oriented
at a 45° angle to the freestream is very nearly the same function
of differential pressure for Ap <100 psf as is a specimen of
MIL-C-7020 TYPE III (Ref. 2). The effective porosity for
the entire canopy, defined as the ratio of the average velocity
through the cloth to the freestream velocity is 0.042. Results
are not significantly different using 24 frustrums than they are
for only 12.

Measured® and calculated internal surface pressures are
shown in Fig. 1 for O’Hara models* 3, 5and 7. There was no
agreement between external surface pressure distributions due
to flow separation. Mouth plane axial velocities are given
for the same geometries in Fig. 2, with the experimental
values being obtained through pressure rake surveys.* The
large variations in computed values toward the skirts are due
to the proximity to the edge of the vortex sheet. Vent
plane axial velocities* agreed well qualitatively, increasing
from the centerline values to ones roughly one-third greater
at the vent boundary, but the calculated magnitudes were
greater by factors of 3 to 4. The measured velocities were
somewhat suspect, however, as in no case did they satisfy the
conservation of mass. Substitution of the calculated vent
plane values would bring measured vent and fabric mass
outflows close to the measured inflows.
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Fig. 1 Internal surface pressure distributions on O’Hara models
3,5 and 7.
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Fig. 2 Mouth plane axial velocities for O’Hara models 3, 5, and 7.

4. Concluding Remarks

These theoretical predictions of internal flow properties are
only fair numerically, but they represent general behavior
reasonably well. There may be applications where results of
this type are more desirable or more available than average
or empirically derived quantities.

Although results may be improved by assuming a variable
sheet strength distribution, no essential gains in applicability
could be expected due to the failure to consider viscosity.
Significant advances might be made by adapting the technique
to the opening problem. Even in highly viscous fluids,
impulsive motions produce flowfields which closely resemble
potential flows. The relatively short times involved in the
opening problem suggest that an inviscid approximation may
be a very realistic one.
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Study of Rotating Airfoil

Hamn M. JAMEEL*
University of California, Davis, Calif.

Introduction

HE performance of a rotating airfoil depends upon the
effects produced due to rotation. Experiments conducted
by H. Himmelskamp' show the large rotational effects exist
near the hub. Himmelskamp assumed these effects to be
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due to the centrifugal and Coriolis forces acting in the bound-
ary layer. Recently, Dwyer and McCroskey? showed analy-
tically that rotationally induced pressure-gradients, Coriolis
forces and cross-flow derivatives are more important than the
centrifugal forces.

In the present experimental program, the previous analysis
by H. Himmelskamp and by Dwyer and McCroskey has been
investigated.  Various lengths of a NACA 0012, 2-in. chord-
length blade were tested for the lift coefficient. A very sensi-
tive mechanical balance was used to measure the lift. Two-
dimensional tests were also conducted in a closed-section
wind tunnel using a 20-in.-long blade.

Test Facilities and Conditions

A special apparatus designed for the rotating airfoil studies
was used in the test. Reference 3 gives a detailed description
of the apparatus. To measure the lift a very sensitive balance
with a sensitivity of 4+-0.19%, was used.

During the study, the following conditions were fulfilled:
1) The flow was steady. 2) The fluid followed the perfect gas
laws. 3) The viscosity of the fluid was constant. 4) The flow
was incompressible. 5) The flow was three-dimensional
(two-dimensional for wind-tunnel testing of a stationary
blade.) 6) The airfoil was considered to be symmetric.
7) Geometric angle of attack has been taken as the angle
between the chord-line and horizontal plane. 8) The velocity
of the airstream was assumed to be the velocity of rotating
airfoil. In reality, the velocity will be the vector sum of the
blade velocity and axial velocity of the airstream.

Various experimental trials were conducted for three differ-
ent lengths (4-in., 6-in., and 8-in.) of blade at an angular
velocity of 600 rpm. The average lift was measured at various
angles of attack (geometric). It was found that the accuracy
of balance decreased as the length of blade increased, due to
the excess vibration. However, in the range of experiments,
the lift data were within =59, of the balance readings. The
lift coefficients for the various blades are plotted against the
geometrical angle of attack in Fig. 1.
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Fig.1 Lift coefficient C, for various lengths of rotating NACA 0012
airfoil at various angles of attack (geometric).
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Fig. 2 Lift coefficient C.. at various Reynold’s number for two di-
mensional flow over 20 in. NACA 0012 airfoil in wind tunnel.

A two-dimensional analysis was carried out in a closed-
section wind-tunnel at Reynolds number of 3.54 X 10%,
5.54 % 10*, and 1.57 x 105. A 20-in.-long blade was used
for the study. The results thus obtained are shown in
Fig. 2.

Test Results and Discussion

Knowing the average values of lift for each blade at different
angles of attack (geometric), the lift coefficient is calculated
using blade element theory as

r2
Cr= L/ (n [ 12 pwzrzdr>

Yry

where 7 = number of blades (2 for the present case), r = radial
distance, (r, — r1) = length of the blade, w = angular velocity
(600 rpm), L = lift, and C = lift coefficient.

The values of lift coefficients thus obtained are plotted
against geometric angle of attack. The effective angle of
attack will be less than the geometrical due to the induced
axial velocity of the airstream. The lift coefficient obtained is
the average over the whole blade.

From the results it can be seen that due to rotation, the
separation is being delayed and the maximum lift coeflicient
is obtained between the goemetric angles of attack of 45° and
50°. The lift coefficients for the smaller blades are more than
that for the larger blades. The reason is that the stall occurs
earlier at the tip of the blade than near the hub. As a result,
the smaller blades stalled later than the large ones. The
reason for the increase of lift coefficients for the large blade
even after the stall is that the outer portion of the blade has
been stalled already, but the inner portion has not. The over-
all effect will be the slight increase of the lift coefficient.

The two-dimensional data shows that the stall occurs at an
angle of attack of 11.5°, whereas the data published by NACA
shows that the stall occurs at 12°. This difference is due to
the tip effect. The length of the blade was not long enough
to cover the whole section of the wind tunnel.

Comparison of the rotating airfoil data with two-dimen-
sional analysis shows that near the stall the lift coefficients for
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the rotating airfoils are much higher than that for stationary
airfoils in two-dimensional flow. The effect can be traced out
to be due to the separation being delayed at larger angle of
incidence. The displacement of separation is explained by
Dwyer and McCroskey to be due to the appearance of a
favorable pressure-gradient, cross-flow derivative, Coriolis
forces and centrifugal forces. The Coriolis forces and
apparent pressure-gradient are induced by the potential cross-
flow. The maximum benefits with regard to separation are
due to favorable pressure-gradient, and it will be more when
close to the axis of rotation. The detailed explanation is
given in Ref. 2.

The slope of the lift curve for two-dimensional flow is
larger than the rotating case. Therefore, at smaller angles of
attack the stationary blade in two-dimensional flow gives
higher lift-coefficient than the rotating one, and is better in
performance at those angles. However, at large angles of
attack, the rotating airfoil has a better lift-coefficient.

Conclusions

From the results of the investigation the following conclu-
sions can be drawn: 1) The over-all lift coefficient decreases
with the increase of blade length. 2) The slope of lift curve
for two-dimensional case is larger than the rotating. Lift
coefficients at large angles of attack are greater for the rotating
case. The rotating blade stalled at higher angle of attack than
a stationary blade. 3) The present study confirms the experi-
mental results obtained by Himmelskamp and theoretical
results by Dwyer and McCroskey. Hopefully the present
study will help pave the way for an extended study of rotating
airfoils.
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N apparently well-accepted fact pertaining to the analysis
of aircraft flight in continuous random turbulence is that
the main disturbance to lateral tracking is due to side gusts, and
further, that the main contribution of the side gust is accounted
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for by the sideslip it induces. Consequently, the “beta gust”
often has been the sole disturbance input considered in recent
airplane turbulence performance studies.® Actually, a side
gust distribution induces a rigid-body response of the airframe
not only by producing an effective sideslip at its center of
gravity, but also by producing an effective yaw angular velocity
through the linear gradient of the side gust along the aircraft
longitudinal axis.? Both of these effects must be considered
simultaneously if the resultant airframe perturbation in a
continuous random side gust is to be realistically determined.
As will be shown, the yaw-rate effect of the gust produces
considerable low-frequency attenuation of the airframe side-
gust response which would be neglected by considering the
sideslip effect alone.

The incremental disturbances of sideslip and yaw-rate
produced by the continuous random side gust may be mathe-
matically represented by low-pass-filtered white noise as
shown in Fig. 1 where # is a white noise signal of unity power
spectrum density and the filter dynamics are?
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In these equations U, = equilibrium aircraft airspeed, fps;
b =wing span, ft; L,={145 A'® below h=1750 ft, 1750
above h = 1750 ft}, ft, h = altitude, ft; 0,> = L,0,?/L,, (fps)?
L., = {h below 1750 ft, 1750 above 1750 ft}, ft, and o, is the
vertical gust intensity, fps.

For an airplane with a 38.4 ft span flying 500 ft above ground
level at 520 knots Egs. (1) and (2) become
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where the side gust intensity is scaled such that ¢, = 1.5170.,.
The incremental gust disturbances of sideslip and yaw rate
enter only the aerodynamic terms of the lateral-directional
equations of motion of the aircraft.? For example, for a
typical tactical fighter at the flight condition considered above
the equations in stability axes are:
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where v, = T,,n, and the effective roll angular velocity (p,)
due to the spanwise gradient of the continuous random vertical
gust has also been included. Again, as with the side gust, the
incremental roll-rate disturbance produced by the continuous
random vertical gust is mathematically represented by a

Fig. 1 Mathematical model for the generation of continuous random
side gusts and their propagation into equivalent aerodynamic effects.



