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Nomenclature
Ch C(t, Cm = lift, drag, and moment coefficients
CM = blowing coefficient, rhjVj/q^c
c = chord
M = Mach number
rhj = mass flow rate of jet, pjSVj sin </>
qx = dynamic pressure, \pJJL
Re( = chord Reynolds number, U^clv^
s = slot width
t+ = nondimensional time, tUJc
U^ = freestream velocity
Vj = velocity of jet
jc, y = coordinates of moving reference frame

attached to airfoil
a = angle of attack
ah = onset angle of attack (blowing or suction)
v = dynamic viscosity
f, j] = transformed coordinates
p = density
4> = jet blowing angle, 10 deg
H+ = nondimensional pitch rate, a>c/U^

Introduction

A TTEMPTS have been made by numerous researchers to
harness the large aerodynamic forces temporarily gen-

erated on a streamlined body rapidly pitched beyond its steady
stall angle of attack. Dynamically pitched airfoils exhibit max-
imum lift coefficients two or three times the static maximum
lift.1 Uncontrolled, the ensuing unsteady motion results in
dynamic stall. The dynamic stall phenomenon arises in several
applications: wind turbine blades, helicopter rotor blades, jet
engine compressor blades, and rapidly pitched airfoils. The
current study compares and contrasts two approaches to dy-
namic stall suppression: 1) suction and 2) nearly tangential
blowing, applied in the vicinity of the leading edge of a NACA
0015 airfoil.

Dynamic stall suppression via leading-edge suction and
leading-edge tangential blowing focuses on the removal of
low momentum fluid that accumulates along the airfoil upper
surface as it is pitched upward. Specifically, as the airfoil is
pitched up, the adverse pressure gradient along the upper
surface promotes the forward propagation of reverse-flowing
fluid into the leading-edge region. The thickening of this low
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momentum fluid region near the leading edge ultimately forces
an upward displacement and "kinking" of the feeding shear
layer. The kinking of this shear layer marks the initial for-
mation of the dynamic stall vortex. Suction experiments by
Karim and Acharya2 demonstrated that the key to dynamic-
stall-vortex-formation suppression is to remove fluid from un-
derneath the leading-edge-originating shear layer at the same
rate as the reverse-flowing-fluid-pooling accumulation rate.
Results by Towne3 verify their findings numerically and dem-
onstrate that tangential blowing applied upstream and/or in
this pooling region is also effective in eliminating the low
momentum region, and hence, in delaying dynamic stall vor-
tex (DSV) formation.

The flow regime of interest is one of low speed and low
Reynolds number. A compressible Navier-Stokes code de-
veloped by Visbal to numerically investigate dynamic stall4-5

is used. The nominal flow and pitch-rate conditions are M^
= 0.2, Rec = 2.4 x 104, and H+ - 0.2.

Numerical Methodology
The strong conservation law form of the two-dimensional

compressible Navier-Stokes equations are cast in an inertial
frame of reference using a general time-dependent coordinate
transformation to account for the motion of the body. Closure
of the system is provided by the perfect-gas law, Sutherland's
viscosity formula, and the assumption of a constant Prandtl
number.

Freestream conditions are imposed at the inflow boundary.
At the surface, no-slip adiabatic conditions are used. At the
outflow far-field boundary, velocity and density are extrap-
olated and pressure is set to the freestream pressure. For the
current simulation, an O-grid structure is employed. This ne-
cessitated the specification of periodic boundary conditions
at the O-grid cut by overlapping five grid points in the £
direction. To simulate the nearly tangential jet the velocity
at the slot location was specified with a given magnitude and
orientation. The pressure boundary condition was not mod-
ified at the slot. The flowfield for time-periodic flow at zero
angle of attack is used as the initial condition.

To avoid the expense of regridding at every time level, a
grid that is fixed relative to the airfoil was used. An extensive
grid study was conducted on mesh sizes ranging from 203 to
505 points in the £ direction (circumferential) and 101 to 301
points in the 17 direction.3 Each grid was applied to a physical
domain that extends nominally 30 chord lengths away from
the airfoil. The current results were obtained on a 361 x 201
grid that had minimum £ and 77 spacings of 0.000082 and
0.00005c, respectively. No fewer than 21 grid points were used
to define the slot aperture. The governing equations were
numerically solved using the alternating direction implicit
approximate-factorization algorithm of Beam and Warming.6

Fourth-order explicit and second-order implicit spectral
damping was used to damp high-frequency numerical oscil-
lations and enhance stability behavior.

Results and Discussion
In a previous numerical study by Towne,3 nearly tangential

blowing was applied at a series of locations along the airfoil
upper surface to assess the effect of slot position on DSV
suppression. Based upon this work and the suction experiment
of Karim and Acharya,2 the comparison between suction and
blowing was conducted for a single slot position of width
0.00717c at x/c = 0.05. The selection of this position assured
that the slot was located upstream of the point at which the
DSV was seen to form in the natural (no-control) case. Pre-
vious work by Towne and Buter7 showed that blowing applied
aft of the natural DSV vortex formation point, while useful
for retarding the forward propagation of reverse flow from
the trailing edge, did not suppress the formation of the dy-
namic stall vortex.
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Previous work2-4 has shown that suction effectiveness is tied
to the removal of low momentum fluid that pools along the
upper surface as the airfoil is pitched upward. Thus, its ef-
fectiveness is dependent upon the mass flow rate at which this
fluid is removed. In contrast, blowing suppresses dynamic stall
vortex formation by adding momentum to the fluid near the
surface; in effect adding momentum to the feeding shear layer.
Thus, its effectiveness is clearly tied to variations in CM. There-
fore, for a fixed jet velocity, blowing through smaller slot
widths is more effective, to the limit of choked slot flow. The

Fig. 1 Isovorticity contours for natural case, tangential-blowing con-
trol, and suction control at O.OSc slot; a = 27 deg, m = 0.0051
pJJvoC for blowing and suction: a) natural, b) Vj = 4.14U^
and c) vs = 0.7217^.
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Fig. 2 C,, C ,̂ and Cm (about X = 0.25c) comparisons for natural
case, tangential-blowing control, and suction control at O.OSc slot; m
= 0.005IpJJ^c for blowing and suction.

dependence of suction and blowing on different problem pa-
rameters complicates the comparative process. In the current
study, no attempt was made to optimize slot width for blow-
ing.

Results for m = Q.OQSlp^U^c corresponding to a suction
velocity of 0.72/7^ and a blowing velocity of 4.14(4 (CM =
0.246; blowing was applied at a 10-deg angle relative to the
surface) are presented in Fig. 1. For the test conditions con-
sidered, without control a DSV begins to form at a = 21 deg.
Both techniques effectively suppress the formation of the dy-
namic stall vortex, though for this geometry and m, suction
delays DSV formation by an additional 2 deg. Examination
of the vorticity field along the upper surface indicates that
blowing strengthens the shear layer, thereby delaying a amal-
gamation into distinct vortical structures downstream of the
leading edge. Suction, while acting to promote attached flow
along the leading edge, is less effective in sustaining a coherent
shear layer along the upper surface. The consequence of this
is clearly illustrated in the aerodynamic coefficient informa-
tion presented in Fig. 2. The formation and shedding of shear-
layer vortices along the airfoil upper surface in both the nat-
ural and suction cases manifests itself as an oscillation in pitch-
ing moment (computed about the quarter-chord); this effect
is greatly reduced when blowing is applied. Note that the high
momentum fluid added by blowing increases both the lift and
drag coefficient.

The angle of attack at which control was initiated was also
investigated. Researchers2-8 have shown that the successful
suppression of DSV formation via suction or nearly tangential
blowing can be achieved even when control is not initiated at
the beginning of the pitch-up cycle. The effect of suction and
blowing initiation angle is presented in Fig. 3 at a = 27 deg
(roughly 6 deg after the DSV forms in the uncontrolled case).
For the conditions investigated, the structure of the shear
layer at this angle of attack is virtually unaltered by a variation
of ah, provided blowing is initiated prior to the natural DSV
onset angle. This angle is telegraphed by the appearance of
a flattening in the upper surface pressure distribution at the
location where the DSV subsequently forms.8

While delays in suction implementation are likewise effec-
tive in suppressing DSV formation, changes in ah manifest
themselves in the form of structural variations in the shear
layer aft of the midchord. This underscores the causal differ-
ence between suction and blowing. As previously noted, blow-
ing increases the strength of the shear layer by adding high
momentum fluid, whereas suction acts to stabilize the shear
layer by delaying its outward displacement and kinking, rather
than actually increasing its strength. Thus, the suction-altered
shear layer is more susceptible to breakdown than the stronger
shear layer created by blowing. Again note that once a DSV
is formed, suction and blowing as implemented are ineffec-
tive, at least in so far as DSV formation/suppression is con-
cerned.

Tangential blowing

Suction

a) -~V& b)

Fig. 3 Effect of a variation in ah (a = 27 deg); m = O.

c)

, for slot at O.OSc. a = a) 0, b) 20, and c) 22 deg.
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Nomenclature
b = wingspan, ft
c = mean aerodynamic chord, ft
Ix, 7V, lz — model moments of inertia about the X-, Y-,

or Z-body axis, respectively, slug-ft2

7VZ, /VJC, Ivz = model products of inertia, slug-ft2

/ = total aerodynamic rolling moment about
e.g., coefficient C, = llqSb

m = total aerodynamic pitching moment about
e.g., coefficient Cm = mlqSc

n = total aerodynamic yawing moment about
e.g., coefficient Cn = nlqSb

p = angular rate about ^-body axis, rad/s
q = angular rate about Y-body axis, rad/s
q = freestream dynamic pressure, \pV2, lb/ft2

R = spin radius: distance from model e.g. to spin
axis, ft

r = angular rate about Z-body axis, rad/s
S = wing area, ft2

V = vertical wind-tunnel freestream velocity, ft/s
a' = angle between X-body axis and vertical in

vertical wind tunnel, deg or rad

p = air density, slugs/ft3

\fj, 6, </> = Euler angles: azimuth, pitch, and roll angles,
respectively, deg or rad

(1 = spin rate, i.e., angular velocity about vertical
axis, deg/s or rad/s

Introduction

A ERODYNAMIC forces and moments on a model under-
going steady rotation at a constant attitude can currently

be measured using the rotary balance technique.1-2 These data
are used to predict potential steady spin modes and for build-
ing up data bases for the spin portion of flight simulations.
However, rotary balance data alone cannot be used to predict
oscillatory spins since the measured forces and moments are
constant for a given set of conditions. In contrast, dynamically
scaled free-spinning models can predict the oscillatory nature
of an airplane's spin.1

Free-spin tests of dynamically (Froude) scaled models have
been performed in the NASA Langley 20-ft Vertical Spin
Tunnel since 1941.l In all of these tests, model attitude and
angular rate data were obtained from high-speed motion
picture film or video tape records, read frame-by-frame, to
quantify spin modes. Historically, this method has been used
successfully to predict full-scale results. However, 6-degree-
of-freedom time histories of model motions have recently
become available via a computerized, optically-based data
acquisition system known as the Spin Tunnel Model Space
Positioning System (MSPS).3 Using the equations of motion
coupled with these time histories, a simple procedure for es-
timating the moment coefficients about all three body axes
during a spin that may or may not be oscillatory is developed.
The method used in this Note is similar to that proposed by
Neihouse et al.1 for determining the moments of a spinning
airplane from flight-test data.

Estimation of Moment Coefficients
For a true equilibrium spin mode to exist (i.e., a "steady"

spin in which the angular accelerations are equal to zero), the
external (aerodynamic) moments and inertial moments about
all three axes must balance simultaneously. In many cases,
assuming that a spin is steady is reasonable since the angular
accelerations are small and can be ignored. In reality, how-
ever, no spin is perfectly steady and, in fact, some may be
quite oscillatory. Free-spin tests with dynamically scaled models
provide a unique opportunity to determine the moments pro-
duced during an oscillatory spin.

In terms of the equations of motion for a rigid body (as-
suming a body axis system is used in which Iyx = Iyz = 0),
the moment balance, including angular accelerations, can be
written as

1 = Ixp- Ixzr + (I, - Iy)rq - Ixzpq (1)

m = Iyq - (lz - lx}pr + Ixz(p2 - r2) (2)

n = I2r - lxzp + (ly - Ix)pq + Ixzrq (3)

where a superscript dot over a variable represents differen-
tiation with respect to time. Assuming with $ = R = 0 and
rewriting the body-axis angular rates in terms of the Euler
angles and the spin rate yields
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p = — (1 sin 0

q = 11 cos 0 sin 4>

r = n cos 0 cos (f>

(4)

(5)

(6)

Differentiating Eqs. (4-6) with respect to time, substituting


