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Fig. 4 Horizontal stabilizer plan form. All dimensions are in inches.
Note: Unnotched stabilizer has approximately 5.4% more area.

motions: one flight and two wind tunnel generated. The
longitudinal maneuver, Fig. 2, was generated from a horizon-
tal stabilizer (dh) doublet at a trimmed flight condition. The
lateral/directional maneuver, Fig. 3, represents an aileron
doublet obtained by differentially deflecting the model
horizontal stabilizers (dD). The differential deflections occur
at about a nominal horizontal stabilizer setting (dh) of -15.8
deg. The flight data were acquired with an "unnotched"
horizontal stabilizer configuration, Fig. 4. Flight test, with
both "notched" and "unnotched" horizontal stabilizers,
showed no measurable change in aircraft trim angle of attack
(a) with either stabilizer. Because of this, the initial wind tun-
nel simulated motion was acquired with the 1/20-scale model
utilizing an existing "notched" horizontal stabilizer. As seen
in both the longitudinal and lateral/directional motion [pitch
(#), yaw (r), roll (p), angle of sideslip ()8)], the wind tunnel
maneuvers with the "notched" stabilizer have motion
frequencies near the flight data but show large deficiencies in
amplitude. Also the angle of attack at which the wind tunnel
model is trimmed for the lateral oscillations of Fig. 3 is ap-
proximately 4 to 6 deg lower than the RPV model for the
nominal dh setting of -15.8 deg. The assumption that the
"notched" stabilizer would have nearly equal the ef-
fectiveness of the "unnotched" version in the wind tunnel as
seen in flight was a poor one.

An "unnotched" horizontal stabilizer was incorporated on
the wind tunnel model and new longitudinal and lateral/direc-
tional maneuvers were generated, Figs. 2 and 3, respectively.
The amplitude discrepancies between RPV and captive
motion have decreased, and generally good data correlation
exist in all motion planes.

The remaining deficiency in amplitude continued to be the
result of a less effective horizontal stabilizer on the wind
tunnel model. To achieve exact agreement between captive
motion generated in the wind tunnel and flight motion, a bet-
ter aerodynamic representation of the flight vehicle than was
provided by the wind tunnel model must exist.

Conclusions

Captive testing provides a means of conducting an aircraft
motion analysis study without the acquisition of static
aerodynamic data matrices. An aircraft model with a full
compliment of aerodynamic control surfaces is required for
generating complex aircraft maneuvers although aircraft
dynamic stability characteristics may be investigated without
control movements.
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Potential Flow about Impulsively
Started Rotors

J. Michael Summa*
The University of Texas at Austin, Austin, Texas

Nomenclature
= number of blades
= normal velocity components of the blade at

element /
CT = thrust coefficient
NC,NS = element number along chord and span
R = rotor radius
V = axial velocity
F = circulation
A</>^ = potential jump across wake element p
6 = pitch angle
X = advance ratio, A = K/fi/?
Oj - doublet strength per unit area of element y
\l/ = azimuth angle
12 = rotational speed

Introduction

E4 Ref. 1 a method was developed for the cal-
ulation of unsteady three-dimensional lifting potential

flows and was applied to impulsive motion of wings and
rotors. This work was motivated by the difficulties en-
countered by previous methods for predicting static thrust on
propellers and rotors,2 as well as by inadequacies in repre-
senting the complicated wake geometries observed behind
highly loaded wings and in the vicinity of multi-bladed
propellers or rotors with low inflow velocity. Here, some of
the results for the rotor problem are illustrated.

Formulation
By using Green's theorem,3 an exact integral solution for

the inviscid incompressible flowfield due to rotor motion is
obtained, wherein by a continuous distribution of doublets
on each of the blades and their respective wakes. For the case
of a rotor in combined rotational and axial motion, ap-
plication of the exact surface tangency condition and
evaluation of the resulting surface integrals by means of a
discrete set of small surface elements yield the following
matrix equation that is to be solved

= { B i } - [ A » p ] (1)

Here, Afj is the normal induced velocity coefficient on the /th
element of blade 1 due to the doublet distribution of the yth
element of each blade. A™p is similarly defined. The
numerical solution is obtained in a step-by-step fashion,
rotors being impulsively started from rest. Quadrilater sur-

Presented as Paper 75-126 at the AIAA 13th Aerospace Sciences
Meeting, Pasadena, Calif., Jan. 20-22, 1975; submitted Feb. 24, 1975;
revision received Feb. 6, 1976. This work was sponsored by the Air
Force Office of Scientific Research under Contract F44620-72-C-
0026.

Index categories: Rotary Wing Aerodynamics; Nonsteady
Aerodynamics.

'Assistant Professor, Department of Aerospace Engineering and
Engineering Mechanics. Member AIAA.



318 J. AIRCRAFT VOL. 13, NO. 4

FIRST
BLADE TIP
PASSAGE-

STEADY STATE DATA
(X = 0, 8=1, REF. 4)

STEADY STATE DATA (X=0.05, B=l)
(CORRECTED EXPERIMENTAL

STATIC VALUES)

RECTANGULAR PLANFORM
13.75° AT = .261 8 (15°)

B=l ———— B=4

50 100 150 200 250 300 350

AZIMUTH ANGLE TRAVELED ( D E G )
Fig. 1 Indicia! thrust per blade for rotors started impulsively.
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Fig. 2 History of instantaneous circulation.

face elements with "step" doublet distributions are em-
ployed. The geometry and vorticity distribution of the wakes,
including "curling up" of the rear and side edges, are
generated for each time step via the Kutta-Joukowski con-
dition at trailing edges and the dynamic and geometric free
surface conditions on all wake surfaces. Consequently, this
technique allows for the generation of free-wake geometries,
the coupling of the deformed wake with blade loading, and
near wake interference in addition to accounting for exact
blade surface shape.

Calculations
Numerical calculations were performed for a single- and

four-bladed rotor of simple geometry (rectangular planform,
no twist) with and without thickness.1 Because of limited
computer funds, only a minimum number of blade elements
required to verify the method was used in each case, and a
time step equivalent to a change in azimuth angle of 15° was
employed. Results are illustrated for the zero thickness cases.

The calculated instantaneous thrust coefficient per blade
for the single-bladed rotor planform and the four-bladed ver-
sion is shown in Fig. 1. Numerical results for three different
advance ratios are presented. Single-bladed data was
calculated for 120° of azimuth travel while one case for the
four-bladed configuration was allowed to run for 300° of
azimuth travel. The outstanding feature of these calculations
is that the indicial thrust coefficient initially overshoots and
then approaches asymptotically from above its final steady-
state value. This property is attributable to the presence of the
vortex wake system. Basically, the loading per blade is in-
creased as the blade approaches the upwash created by the
starting vortex shed by the fore-running blade (Fig.l, to \}/~
90°). As the blade passes above the starting vortex, the in-

- I

-.2

-.3

-.4-

•I .2 .3 .4 .5 .6 .7 .8 .9 1.0

Fig. 3 Wake geometry for an impulsively started rotor: a) top view;
b) constant azimuthal sections.

duced effects on the blade undergo roughly a step function
change in the opposite direction, i.e., a downwash, and the
thrust decreases as shown in Fig. 1. The influence of the
starting vortex is of course diminished with increasing ad-
vance ratio-i.e., axial distance from the blade. Additionally,
the instantaneous circulation (Fig. 2) does not exhibit a "spike
decrement" paralleling that of the thrust per blade. Thus, the
thrust loss comes about primarily through the apparent mass
term. The effect on the circulation by the step change due to
the starting vortex requires a finite duration of time to make
itself felt. Meanwhile, the blade moves past the starting vor-
tex, its influence wanes, and the loading partially recovers. At
later times, the close proximity of the unsteady rolled-up tip
vortex to the blade dominates the induced velocities
associated with the wake and creates a downwash throughout
the blade span, except very near the tip. Consequently, the
growth of airloads and circulation due to indicial motion is
eventually exceeded by the decrement caused by the wake
system. Therefore, the thrust as well as the instantaneous cir-
culation reach a maximum and then decay toward a steady-
state value as shown in Figs. 1 and 2.

For very small advance ratios, the root vortex passed
through the following blade due to the large time step size and
local roll-up. To avoid this problem, A = 0.05 was chosen for
the lengthly calculation. The experimental thrust coefficient4

in hover was corrected by simple momentum theory for this
advance ratio. Although the final calculated CT/B is within
the corrected experimental accuracy band, a steady state has
not yet been achieved and CT/B should eventually reach a
lower value. In addition, some irregularities developed in the
wake at the tip after one half of a revolution. Consequently,
conclusions about accurate convergence to a final steady state
would be inappropriate, even through the influence of the
wake irregularity on the thrust was evidently small.

The wake geometry for the four-bladed rotor at an advance
ratio of 0.05 after 300° of azimuthal travel is shown in Fig. 3a
(as seen from above the rotor) and 3b (constant azimuthal sec-
tions). Only the primary blade wake is shown. Initial tip vor-
tex roll-up and contraction by the time of the first blade
passage were properly modeled. Also encouraging was the
grouping of the trailing vortex filaments into a strong rolled-
up tip vortex and a weaker vortex sheet for the inboard por-
tion of the wake. However, an irregularity developed in the
tip vortex location due to the presence of wake surfaces from
other blades. This behavior evidently occurs when a wake
control point in the tip region falls close to another element,
and unrealistically large distortions are predicted due to the
large time step size used. Remedies for this problem such as
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finite core size and use of artificial viscosity are currently
being investigated.

Conclusions
A surface singularity method has been developed for the

"exact" calculation of unsteady three-dimensional lifting
potential flows including the effects of wake roll-up.
Numerical calculations of the early stages of the flowfield for
a rotor impulsively started revealed that the indicial thrust and
circulation overshoot shortly after motion starts and then ap-
proach asymptotically from above their steady-state values.
Additionally, the modeling of the distorted rotor wake
geometry was partially successful with initial tip roll-up and
contraction being present. However, more work is required
before an accurate description of the complete wake geometry
can be obtained.
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Inlets for High Angles of Attack

Brent A. Miller*
NASA Lewis Research Center, Cleveland, Ohio

Nomenclature
flow area at diffuser exit
flow area at throat (minimum area)
inlet total pressure distortion [(maximum total
pressure)-(minimum total pressure)] / (average total
pressure)
Mach number at diffuser exit
surface static pressure
freestream total pressure
freestream velocity
axial distance from highlight
angle of attack (measured between freestream
velocity and inlet centerline) resulting in inlet flow
separation, deg.

Introduction

ELETS capable of operating successfully to high
igles of attack are required for STOL and some VTOL

aircraft concepts. In the STOL application, high angles of at-
tack result from the large upwash generated by high wing lift
coefficients. l With VTOL aircraft, large angles of attack may
be generated during the transition maneuver. Analytical and
experimental studies2'6 indicate that increasing lip thickness,
or contraction ratio, can substantially improve the ability of
the inlet to tolerate large flow angles. However, this approach
generally results in inlet lip designs that are in conflict with the
lip shape desired for most efficient cruise operation. In this
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Fig. 1 Inlet geometry and nomenclature.

Fig. 2 Increase in distortion with increasing angle of attack and flow
separation.

Note the results of low-speed wind tunnel tests are presented
that suggest another approach in designing for high angles of
attack.

Apparatus and Results
An inlet design for high-speed subsonic flight was tested in

the Lewis Research Center's 2.75 by 4.58 meter (9x 15 ft)
V/STOL wind tunnel at a forward velocity of 41 meters per
sec (80 knots). This velocity is representative of STOL takeoff
and landing conditions and VTOL transition.

The geometry and nomenclature used to describe the inlet
lips and diffuser tested are shown in the top sketch of Fig. 1.
Three removable entry lips, having contraction ratios,
(Dh(/Dt)2, of 1.30, 1.34, and 1.38 were tested with a single
diffuser. The internal contour of each entry lip was an ellipse
with a major to minor axis ratio of 2.0. The NACA-1 cowl
shape was used for the entry lip external forebody. As in-
dicated by the table of Fig. 1, the ratio of inlet cowl length to
diffuser length, L'c/L.d, increased slightly with increasing lip
contraction ratio. This was due to the increase in internal lip
axial length that resulted from maintaining a constant major
to minor axis ratio.

Each lip and diffuser assembly was tested to determine its
tolerance to angle of attack, with first a conventional cen-


