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Applications of Zero-Net-Mass Jets for Enhanced
Rotorcraft Aerodynamic Performance
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Numerical studies were conducted to investigate the beneficial effects of using arrays of zero-net-mass (ZNM)
“synthetic” jets on the aerodynamic characteristics of the NACA-0012 airfoil. Flowfield predictions were made
using modified versions of the NASA Ames ARC2D, U.S. Army 2DBVI unsteady, two-dimensional, compressible
thin-layer Navier-Stokes flow solvers. An unsteady surface transpiration boundary condition was enforced over
a user-specified portion of the airfoil’s upper, or lower, surface to emulate the time variation of the mass flux
out from and into the airfoil’s surface. Special emphasis is placed on two-dimensional model problems that are
representative of the more complex three-dimensional helicopter rotor flowfield environment. The numerical results
have indicated that ZNM jets can be used to enhance the lift characteristics of airfoils (helicopter rotor blades)
and alleviate the impulsive aerodynamic response of a helicopter blade during encounters with the tip vortex
wake. The effectiveness of ZNM jets for aerodynamic control is shown to increase with the increase in freestream
Mach number and, more importantly, with the decrease in the ratio between the peak jet Mach number to the
freestream Mach number. The striking similarities with the aerodynamics of an airfoil having an array of surface

protuberances are presented.

Introduction

ITH the recent advances in smart materials technology and

the emergence of an array of microfabricatedelectromechan-
ical systems (MEMS), it appears that a compliant-like acrodynamic
surface (e.g., airfoil, wing, rotor blade, fuselage, etc.) may indeed be
feasible. Potentially, these microsystems, or similar macrosystems
which are based on the same principal of operation, can provide
solutions that avert the use of more traditionalcomplex mechanical,
electrical,and pneumatic control systems for aecrodynamicenhance-
ment and control. For example, in the rotorcraft community the use
of higher harmonic control of blade-root pitch! and the use of a
blade-mounted trailing-edge flap® have been known to alleviate the
impulsive aerodynamic response (and hence the acoustics) of rotor
blade-vortex interactions (BVI). Moreover, the benefits of actively
altering the effective leading-edge geometry and camber of a he-
licopter blade on rotor BVI were recently demonstrated® through
numerical simulations involving the use of continuous (i.e., steady)
normal, rather than tangential, surface blowing and the use of a
combination of blowing and suction. These actuation methods, re-
gardless of the control technique being utilized, typically require
a “hub-based” complex control system (be it to actuate the rotor
swash plate, to actuate the trailing-edgeflap, or to administer air to
the rotor blades).

From a practical rotor design point an “on-blade” control method
that emulates the aerodynamic effects which result from blade-root
pitch, from the deflection of the trailing-edge flap, and from steady
surface blowing would, of course, be ideal because it eliminates
the need for a hub-based complex control system. For example,
the emulation of surface blowing without any actual mass transfer
would also be very desirable because it eliminates the need for the
air management system that administers the air to the blades in the
rotating system.

Among the various MEMS designs, zero-net-mass or synthetic
jets* appear to be the most promising where the potential for sig-
nificant lift enhancement;” BVI noise reduction, and configuration
drag reduction™® appear to be the largest. In short, a zero-net-mass

Presented as Paper 98-0211 at the 36th Aerospace Sciences Meeting,
Reno, NV, 12-15 January 1998; received 8 April 1999; revision received 24
May 2000; accepted for publication 2 June 2000. Copyright © 2000 by the
American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

* Associate Technical Fellow, Computational Fluid Dynamics. Associate
Fellow ATAA.

478

or synthetic jet results from oscillating a diaphragmin an enclosed
rigid cavity having an orifice. Figure 1 is a sketch illustrating the
general features of a zero-net-mass jet actuator. As perceived by an
observer standing next to the exit port, periodic flow out of and into
the cavity is seen. The boundary condition for the jet is therefore
one that represents an oscillating velocity vector simply described
using a harmonic function. Here, the synthesized external jet-like
flow results from the entrainment of the surrounding ambient fluid
as aresultof the fluctuationsin the pressure along the axis of the jet.

Typically, the diaphragm of a zero-net-mass actuator is activated
electrostatically,electromagnetically,or through the use of a piezo-
electric material with frequenciesthat span 1-14 kHz. The mechan-
ics of the jet resemble those associated with the outward and inward
flows observed when one moves a piston forward and backward
in a cylinder having a single orifice. In general, air moves out of
the cylinder when the piston is moved forward displacing the vol-
ume of air ahead of it. When the piston is moved backward, air is
drawn into the cylinder by virtue of the low-level suction pressure
created in the cylinder cavity. If the displaced volumes associated
with the motion of the piston are equal, then the net-mass transfer
across the port, for all practical purposes, is equal to zero (hence
the name zero-net-mass jet). In recent laboratory tests conducted at
the Boeing Company, peak jet velocities on the order of 185 ft/s
at a frequency of 110 Hz were measured near the orifice of a first
generation zero-net-mass electromagnetic actuator.

In this paper we present results from numerical simulations con-
ductedusing modified versionsof the ARC2D (Ames ResearchCen-
ter two-dimensional)’ and the U.S. Army 2DB VI (Two-dimensional
blade-vortex interaction)® Navier-Stokes flow solvers to illustrate
the beneficial aerodynamic effects, which result from the use of an
array(s) of zero-net-massjets (AZNMIJ ) on the surface of the NACA-
0012 airfoil. Specifically, the following is demonstrated: 1) the im-
proved lift capability of the airfoil (the basic element for a rotor
blade or wing), 2) the favorable effects associated with the increase
in freestream Mach number on the aerodynamics of the airfoil, and
3) the benefits of using two AZNMIJ to alleviate the impulsive aero-
dynamic response of an airfoil during encounters with a line vortex
(two-dimensional model problem for the more complex helicopter
rotor parallel BVI problem). In the absence of experimental data on
oscillatory transverse (i.e., acting in a direction normal to the aero-
dynamic surface and/or the free stream) jets, we revertto illustrating
the striking similarities with the aerodynamics of an airfoil having
an array of surface protuberances. Specifically, we will demonstrate
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Oscilating membrane

Fig. 1 Sketch of a zero-net-mass synthetic jet actuator.

that the behavior of the predicted lift and drag forces, in a mean
sense, for an airfoil having an AZNMJ are quite similar to those
arrived at from experimental data for an airfoil having an array of
surface protuberances. To provide additional background for the
present studies, we will refer, where applicable, to earlier results.’

Prediction Methods

For the baseline NACA-0012 airfoil and for the NACA-0012
airfoil with the AZNMJ, predictions were made using a modified
version of the NASA Ames ARC2D Navier-Stokes flow solver.
This flow solver was selected among others because of its demon-
strated accuracy in predicting the aerodynamic characteristics of
helicopterrotor airfoils'® and, in particular, the NACA-0012 airfoil.
An alternating-directim-implicitapproximate factorization scheme
was used to solve the discretized equationson a body-fitted curvilin-
ear grid. Second-orderimplicit and fourth-orderexplicitdissipation
terms were added to the difference equations to improve stability
and reduce solution oscillations in regions of large pressure gra-
dients. Additional details relating to the solution algorithm can be
found in Ref. 7.

For the airfoil-vortex interaction problem the “perturbation” ap-
proach by Srinivasan® was adopted. This approach was used by
Baeder et al.!' in their studies of the propagation of airfoil-vortex
interaction noise. In the perturbation approach the dependent flow
variables in the Navier-Stokes equations are decomposed into two
parts. The first represents the perturbation caused solely by the flow
past the airfoil, and the second represents the dependent variables
associated with the embedded vortex (e.g., induced velocities). Us-
ing simple algebraic manipulation of the resulting Navier-Stokes
equations, a similar set of governing equations are obtained for
the unknown perturbation quantities. The numerical simulations of
airfoil-vortexinteractions with, and without, the AZNMJ included a
Lamb vortex® located at an initial position equal to five airfoil chord
lengths upstream of the airfoil’s leading edge (i.e., xv/C = —5.0)
anda distanceequal to 0.25C below the airfoil (i.e., zv/C = —0.25).
Here, C is the airfoil’s chord length.

For a given jet-exit condition the interaction between the jet flow
and the surrounding fluid can be simulated using a time-dependent
boundary condition. As perceived by an observer standing next to
the exit port, periodic flow out of and into the cavity is felt (see
Fig. 1). The boundary condition for the jet is therefore one that rep-
resents an oscillating velocity vector described using a harmonic
function. In this respect the modifications performed to both flow
solvers entailed the enforcement of user-specified unsteady surface
transpiration velocities only at the grid point locations that corre-
spond to those of the AZNMJ. In the modified ARC2D and 2DBVI
flow solvers the algebraic Baldwin-Lomax turbulence model'? was
used to compute the turbulent eddy viscosity.

All computations were performed on a C-type mesh having a
resolution of 277 x 60 (100 points on each of the upper and lower
surfaces of the airfoil; 39 points on each of the wake cuts, which ex-
tended fromthe airfoil’s upperand lower surfacetrailing-edgepoints
to the downstreamoutflow boundaries;and 60 pointsin the direction
normal to the airfoil’s surface). The NASA Ames hyperbolic grid
generator HYGRID'3 was used to generate the computational grid
while enforcing grid orthogonality at the surface of the airfoil. Grid
clustering was performed near the surface of the airfoil to resolve
the details of the boundary layer and the jet flow. In the computa-

tional grid the first grid points off the airfoil’s surface were located
at a distance equal to 0.00001C ensuring the presence of 12 grid
planesin a y* value of 1.2. The far-field boundary was located at a
distance approximately equal to sixteen airfoil chord lengths.

Surface Boundary Condition

The results presented here were obtained assuming that an array
containing 10 zero-net-mass jets is placed on either the lower, the
upper, or both surfaces of the NACA-0012 airfoil. In two of the ex-
amples presented,namely, the simulation of the aerodynamiceffects
that result from the use of a trailing-edge flap and the alleviation of
the impulsive aerodynamic response associated with airfoil-vortex
interactions, two (rather than one) AZNMJ are simulated. In these
examples the two arrays are placed at identical chord positions on
the upper and on the lower surfaces of the airfoil. Specifically, the
array(s) of 10 jets extended over the airfoil’s chord between the
x/C =0.13 and 0.23 nondimensional chord positions.

We assume that the normalized (by freestream speed of sound)
oscillatingjet velocity g (t) can be describedusing a sinusoidal func-
tion of the form

q(t) = vn * sin(2I1f1) €8]

where vn represents the normalized (by the freestream speed of
sound) amplitude of the peak blowing/suction velocity, f is the
normalized (using airfoil chord and freestream velocity) frequency
of the oscillation, and ¢ is the nondimensional time (normalization
factor is given by the ratio of the airfoil’s chord length to the free
stream speed of sound). In the analyses the sinusoidal boundary
condition was enforced at each of the 10 user-defined grid nodes
that collectively represented the AZNMJ. At all remaining surface
grid points the no-slip viscous boundary condition was enforced. In
the numerical simulations all jets were assumed to operate in unison
with no phase shift. All jets were also assumed to have the same in-
stantaneous velocity (or based on the adopted normalization, Mach
number) given by Eq. (1). Figure 2 depicts the temporal variations
of the prescribed jet velocities for three values of vn equal to 0.05,
0.10, and 0.20. The positive and negative jet velocities are associ-
ated with the blowing and the suction portions of the jet oscillation
cycle, respectively.

Results and Discussion

All time-accurate predictions for the NACA-0012 airfoil were
obtained using the ARC2D-predicted steady solution for the base-
line airfoil (i.e., without the AZNMIJ) as an initial starting solu-
tion. Table 1 depicts comparisons between the measured'* and the
ARC2D-predicted sectional lift C; , drag Cp, and pitching-moment
coefficients C,, for the baseline NACA-0012 airfoil at a freestream
Mach number of 0.60, angles of attack o of 0 and 2 deg, and a
Reynolds number of 3 x 10°.

In Table 1 note that the ARC2D predictionsare generally in good
agreement with the measured sectional lift values. However, sec-
tional drag and pitching-moment values are overpredicted.

In the flow control simulations the nondimensional timescale for
one complete cycle involving blowing and suction was set equal
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Fig. 2 Temporal variation of jet velocity.
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Table1 Predicted and measured aerodynamic characteristics for the
baseline NACA-0012 airfoil

Method o deg CL Cp Cn
Predicted 0 0 0.0098 0
Measured 0 0 0.0092 0
Predicted 2 0.2899 0.0106 0.0038
Measured 2 0.2824 0.0095 0.0031

to 1.0 with the nondimensional time step A? being equal to 0.01.
The computations for the airfoil-vortex interaction problem pro-
ceeded in a two-step procedure. In the first step we find the steady-
state solution for a user-prescribedfixed initial vortex position (e.g.,
xv/C =-5.0,zv/C = —0.25). In the second step, using the steady-
state solution found in step one as an initial condition, we com-
pute the unsteady solution for the airfoil-vortex interaction problem
where the vortex s leftto convectfreely by the local flow. When sim-
ulating the effects of the AZNMIJ, only the second step is repeated
while enforcing the unsteady transpiration boundary condition for
the jets.

Unlike the problem for the NACA-0012 airfoil, the airfoil-vortex
interactionprobleminvolvestwo (rather than one) timescales. These
are the timescale associated with the convectionof the vortex and the
timescale associated with the jet oscillation frequency. In the com-
putations simulating the airfoil-vortex interaction problem, these
two timescales were reduced to one, but not without difficulty, al-
beit a minor one. This difficulty is manifestin the need for a smaller
time step (e.g., Af =0.005 rather than 0.01) to satisfy the numer-
ical stability of the solver and, more importantly, to allow for the
accurate simulation of the unsteady interactions between the air-
foil/vortex/AZNMJ flowfields.

To demonstrate the effects of the AZNMJ on the aerodynamics
of the NACA-0012 airfoil, the majority of the numerical simula-
tions were performed for a freestream Mach number of 0.60 and an
angle of attack of 0 deg. The choice of a zero angle of attack was
intentionally made here so that we can illustrate the impact of the
AZNMI on the lift and pitching-momentvalues of the airfoil, which
are, for these freestream conditions, known to be zero because of the
geometric symmetry of the airfoil. Results for other angles of attack
and jet oscillation frequenciescan be found in Ref. 9. The effects of
freestream Mach number, hence the effects of compressibility, on
the aerodynamics of the airfoil for a freestream angle of attack of
0 deg are presented in the next section.

Use of AZNM] for Lift Enhancement

Figure 3 depicts the effects of varying the jet peak velocity vn on
the time histories of the predicted sectional lift for the NACA-0012
airfoil. In these simulations the freestream Mach number is 0.60,
the angle of attack is O deg (i.e., a nonlifting case for the baseline
NACA-0012 airfoil), and the Reynolds numberbased on the airfoil s
chord length is 3 x 10°. The results are shown for one AZNMJ
located on the airfoil’s lower surface between x /C =0.13 and 0.23.
In the predictionsthe jet oscillationfrequencyis 1585 Hz. Once the
unsteady solutionsreach a periodicstate, the attained mean sectional
lift values are seen to be equal to 0.06, 0.16, 0.38 for vn =0.05,
0.10, and 0.20, respectively. It is shown that solution periodicity is
achieved after approximately 13, 16, and 18 jet oscillation cycles
for vn =0.05, 0.10, and 0.20, respectively. In general, the results
of Fig. 3 indicate that higher mean lift values are expected with the
use of higher peak jet velocities and vice versa. Moreover, because
of the symmetry of the NACA-0012 airfoil, if the AZNMJ is placed
on the upper, rather than the lower, surface of the airfoil then one
would expect the attained mean sectional lift values to be negative
rather than positive.

The effects of the peak jet velocity vn on the temporal variations
of the predicted sectional drag are shown in Fig. 4. The figure indi-
cates that after achieving periodicity the attained mean drag values
are equal to 0.011, 0.0140, and 0.027 for peak jet velocities equal
to 0.05, 0.10, and 0.20, respectively. For the baseline airfoil the
predicted sectional drag value is equal to 0.0098. In a given cycle
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Fig. 3 Predicted time histories of the sectional lift for the NACA-0012

airfoil—effect of peak jet velocity v (M,¢ = 0.6, =0 deg, Re = 3 X 10°,
and f = 1585 Hz).
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Fig. 4 Predicted time histories of the sectional drag for the NACA-
0012 airfoil—effect of peak jet velocity (Miys = 0.6, a = 0 deg, Re =
3 x 10%, and f = 1585 Hz).

the magnitude of the maximum drag values are quite sensitive to
the peak jet velocity vn. In contrast, smaller differences are seen
between the minimum drag values for the three jet velocities con-
sidered. Therefore, the observed increase in the overall mean drag
levels is primarily a result of the increase in the maximum, and not
the minimum, drag values for the airfoil.

The results of Fig. 4 suggest that the minimum drag values
decrease with the increase in the jet peak velocity. For example,
whereas the minimum drag values are equal to 0.0048 for a peak jet
velocity of 0.05 the minimum drag values are slightly negative (near
zero) for a peak jet velocity of 0.20. In Ref. 9 it is shown that for a
givenjetoscillationfrequency the minimum drag valuesare strongly
dependenton the magnitude of the instantaneousjet velocity and the
perceived adjustment of the duration of the blowing and the suction
portions of the jet oscillation cycle. More precisely, as perceived by
an observer near the exit of the jet and for angles of attack other
than zero, say positive angles, the magnitude of the jet velocities
during the blowing portion of the cycle are reduced by virtue of the
y component (i.e., normal to the chord direction) of the freestream
velocity. During the suction portion of the cycle, the opposite is
true, as the magnitude of the jet velocities appear to increase. This
apparent decrease and increase in the blowing and suction jet ve-
locities result in a perceived asymmetric, rather than a symmetric,
blowing/suction schedule (see Fig. 2). A similar plot that depicts
the effects of varying the magnitude of the peak jet velocity on the
time histories of the predicted pitching moments is shown in Fig. 5.
The figure indicates that the attained mean pitching-moment values
are equal to —0.011, —0.0235, and —0.033 for peak jet velocities



HASSAN 481

0.04 ! T a s

o
(=3
N

-0.02

Moment Coefficient, C

-0.04

-0.06 i : :
0 5 10 15 20 25

Nondimensionai Time, t
Fig. 5 Predicted time histories of the pitching moment for the NACA-

0012 airfoil—effect of peak jet velocity (Mi,s = 0.6, a = 0 deg, Re =
3 x 10%, and f = 1585 Hz).
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Fig. 6 Predicted mean sectionallift valuesfor the NACA-0012 airfoil—

effect of freestream Mach number (o = 0 deg, Re = 3 X 10%, and f =
1585 Hz).

of 0.05, 0.10, and 0.20, respectively. The results of Fig. 5 indicate
that higher mean pitching-momentvalues, in the absolute sense, are
expected with the higher peak jet velocities and vice versa.

Effects of Freestream Mach Number

The effects of freestream Mach number, and hence the effects
of compressibility, on the attained mean sectional lift values as a
function of peak jet velocity vn are shown in Fig. 6. The results
are shown for a freestream angle of attack of 0 deg. Large changes
in the mean lift coefficients are only feasible at moderate-to-high
subsonic Mach numbers. As seen, the effectivenessof the transverse
zero-net-mass jets as a means to increase the airfoil’s sectional lift
is significantly reduced at the lower Mach numbers.

To explain the reason for the observed degradation in aerody-
namic performance, we consider an alternate representation of the
results shown in Fig. 6. Here, we elect to plot the attained mean sec-
tional lift as a function of a Mach-number ratio (defined as the ratio
between the jet Mach number vn or Mj, and the freestream Mach
number M;,¢) (see Fig. 7). Each of the curves correspondto a specific
freestream Mach number, and the five points that constitute each of
the curves correspondto peak jet velocitiesof 0.05,0.10,0.15,0.20,
and 0.25 respectively. For example, for a freestream Mach number
of 0.15 and a peak jet velocity of 0.05 the Mach-number ratio is %
Referring to Fig. 7, we notice that for a freestream Mach number
of 0.15 the predicted mean sectional lift values gradually increase
reaching a maximum value of 0.074 at a Mach-number ratio of
0.667 (or a jet peak velocity van of 0.10). For higher values of the
Mach-number ratio, the predicted mean sectional lift values gradu-
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Fig. 7 Predicted mean sectionallift values for the NACA-0012 airfoil—
effect of Mach-number ratio (o = 0 deg, Re =3 X 10°, and f = 1585 Hz).

Fig. 8 Close-up view of the predicted particle trajectories for the
NACA-0012 airfoil having an AZNMJ (M = 0.15, o = 0 deg, Re =
3 x 10%,vn =0.20, and f = 1585 Hz, Mach-number ratio = 1.33).

ally decreasereachinga value of zero at a Mach numberratio of 1.38
(or a vn equal to 0.207). For a Mach-numberratio of 1.67 (i.e.,a vn
equal to 0.25), the predicted mean sectional lift is equal to —0.042.
The significance of having reached a Mach-number ratio of one, or
higher, is that the momentum associated with the jet is identical to,
or higher than, the momentum associated with the freestream flow.
Recall that the momentum of the zero-net-massjet is caused solely
by the mass being entrained from the surrounding ambient fluid.
Consequently, with a higher jet momentum the flow in each of the
jets acts as a transverse barrier to the approaching freestream flow
forcing the boundary layer to detach from the lower surface of the
airfoil just upstream of the jet array. This results in the observed
gradual drop in the mean sectional lift values and, ultimately, for
large values of the Mach-number ratio, the negative lift values seen
in Fig. 7.

Figure 8 illustratesa close-up view of the predicted particletrajec-
tories in the vicinity of the AZNMJ for a freestream Mach number
of 0.15 and a peak jet velocity equal to 0.20 (i.e., a Mach-number
ratio of 1.33). The figure illustrates the detachment of the airfoil’s
lower surface boundary layer immediately upstream of the first jet
in the AZNMIJ. Note also the lateral extent of the jet flow into the
direction normal to that of the freestream flow. As expected, the
results obtained from the numerical simulations suggest that the de-
gree of lateral extent of the jet into the freestream flow is directly
proportional to the ratio of the jet momentum to the freestream mo-
mentum. Consequently, for higher freestream Mach numbers one
should expect that the jet flow be confined to a smaller region in the
immediate vicinity of the airfoil’s surface provided, of course, that
the jet Mach number is less than that of the freestream.

Close-up views of the predicted particle trajectoriesin the vicin-
ity of the AZNMJ at selected times during one complete jet oscil-
lation cycle for a Mach-number ratio of 0.333 are given in Ref. 9.
In Ref. 9 it was demonstrated that although blowing tends to repel
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the boundary-layer flow away from the surface of the airfoil, the
freestream flow, when having the proper Mach number, forces the
attachment of the flow to the airfoil surface. For zero-net-mass jets,
with suction immediately following the blowing portion of the jet
oscillationcycle, negative pressuresare created in the vicinity of the
jets. These negative,or suction, pressurestend to draw the boundary-
layer flow even closer to the surface further adding to the stability of
the flow. Unfortunately, for Mach-number ratios equal to or greater
than one the magnitude of the suction pressures are no longer suf-
ficient to maintain the attachment of the boundary-layerflow to the
surface of the airfoil (see Fig. 8). This results in the observeddropin
the airfoil’s mean sectional lift values seen in Fig. 7 for M;,; =0.15.

The results shown in Figs. 7 and 8 suggest that at the lower free-
stream Mach numbers one can perhaps increase the attained lift
by merely decreasing the peak jet velocity and hence obtaining
Mach-number ratios less than one. Unfortunately, with the lower
momentum associated with the jet flow and the equally lower mo-
mentum level associated with the freestream flow the temporal vari-
ations of the airfoil’s lower surface pressures (responsible for the
observedincrease in the mean lift) are not large enough to yield the
observed mean lift values achieved at the higher freestream Mach
numbers.

For freestream Mach numbers equal to, or higher than, 0.25 (also
equal to the largest peak jet velocity considered in this study), the
Mach-number ratio is one or less than one. At these conditions no
dropin the mean sectionallift values are observed (see Fig. 8). At the
higherfreestreamMachnumbers,however,one shouldbe concerned
with the magnitude of the jet peak velocity (or equivalently, the jet
peak Mach number). This is primarily to avoid the introduction of
a localized supersonic flow region in the vicinity of the jets and the
possible formation of a chordwise traveling shock wave.

AZNM] to Alleviate the Aerodynamics of Airfoil-Vortex Interactions

Figure 9 is a sketch of the simulated two-dimensional airfoil-
vortex interaction problem. This model problem has been exten-
sively used by researchers”®~'® to study the effects of airfoil ge-
ometric parameters (e.g., maximum thickness, maximum camber,
etc.) and vortex-related parameters (e.g., airfoil-vortex separation
distance, vortex strength, etc.) on the response of the airfoil to a
moving infinite line vortex. The importance of this model problem
stems from the many similarities that exist between the physics as-
sociated with this interaction and those associated with the more
complex helicopter rotor three-dimensional BVI problem.!>?° In
this section we demonstrate how one can use two AZNMJ to alle-
viate the impulsive aerodynamic response (and hence the acoustic
response) of the NACA-0012 airfoil to a moving Lamb vortex.

To illustrate the beneficial effect of using two AZNMJ for alle-
viating the aerodynamics of the interaction, we must first establish
the response of the baseline, or the “uncontrolled,” airfoil. In this
context, the “controlled” problem, as demonstratedin the next para-
graphs, represents the airfoil’s response to the interaction in the
presence of the two AZNMI. In the present simulations the nor-
malized core radius of the Lamb vortex® rv/C is equal to 0.20; its
nondimensional strength GAM is equal to 0.30, and its sense of
rotation is clockwise. The freestream Mach number is 0.60, and the
angle of attack is O deg.

Figure 10 depicts the predicted sectional lift response of the un-
controlled baseline NACA-0012 airfoil as a function of the stream-
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Fig. 9 Sketch of the model airfoil-vortex interaction problem.
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Fig. 10 Time history of the predicted sectional lift for the uncon-
trolled NACA-0012 airfoil during interaction with an infinite line vortex
(Ming = 0.6, a = 0 deg, Re =3 X 10%, GAM = 0.30, and rv/C = 0.20).
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Fig. 11 Predicted Mach-number contours for the uncontrolled NACA -
0012 airfoil during interaction with an infinite line vortex (Mj,s = 0.6,
a =0 deg, Re =3 X 10°, GAM = 0.30, and rv/C = 0.20).

wise vortex positionxv/C, or equivalently,time. As seen, for neg-
ative values of xv/C the sectional lift continues to decrease up to a
point just past the airfoil’s leading edge. The continued drop in the
airfoil’s sectional lift up to a point beyond, and not at, the airfoil’s
leading edge is a consequence of the unsteady time history of the
lift as the vortex approaches the leading edge. Having reached the
leading edge, the sectionallift rapidly increases. This is followed by
a more gradual rate of increase in the lift values until they reach an
asymptotic value of zero when the vortex is far downstream from
the airfoil’s trailing edge. In this paper we refer to the period during
which the airfoil experiences a rapid decrease in lift as event A.
The duration associated with the rapid increasein the airfoil s lift is
referred to here as event B.

For the uncontrolled problem Figs. 11a-11d depict respectively
the predicted Mach-number contours for four instants (or equiva-
lently, four vortex positions xv/C = —0.468, 0.106, 0.781, 1.387
relative to the airfoil’s leading-edge point). In the present unsteady
calculations the clockwise vortex was allowed to follow a free path
starting from an initial user-prescribed position, e.g., xv/C = —5.0
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and zv/C = —0.25. All negative distances imply that the vortex is
upstream of the airfoil’s leading edge where xv/C is, for conve-
nience, set equal to zero.

The Mach-number contours of Figs. 11a-11d are given here to il-
lustrate, qualitatively,the relative position of the vortex with respect
to the airfoil’s leading edge. In Fig. 11a the vortex is clearly seen
upstream of the airfoil’s leading edge at xv/C = —0.468. For a vor-
tex having a clockwise sense of rotation, the induced velocity field
is such that suctionpressuresare experiencedby all grid nodes lying
on the lower surface of the airfoil. Similarly, positive pressures are
experienced by all nodes lying on the upper surface of the airfoil. It
is this differencein the chordwise pressures that result in a negative
airfoil sectional lift. As seen in Fig. 10, the magnitude of the lift
coefficient, in absolute value, increases as the vortex continues to
approach the leading edge of the airfoil. This is a consequence of
the associatedincrease in the vortex-induced velocities, which vary
in magnitude inversely with the distance between the vortex center
and any point on the surface of the airfoil.

Once the vortex passes the streamwise position that corresponds
to that of the airfoil’s leading edge (see Fig. 11b), the vortex-induced
velocities on the lower surfaceresultin positive pressures only over
a small portion of the airfoil chord—specifically, along the chord
length between the airfoil’s leading edge and the chord position
that correspond to the center of the vortex. On the upper surface,
and along the same extent of airfoil chord, suction pressures are
experienced by the airfoil. On the remainder of the airfoil, nega-
tive pressures are experienced on the lower surface, and positive
pressures are experienced on the upper surface by virtue of the di-
rection of the vortex-induced normal velocities. These chordwise
pressure distributionsresultin the gradual increase (toward zero) of
the already negative lift coefficients of the airfoil. The experienced
increasein the sectionallift coefficientcontinuesas the vortex freely
convects moving toward, and then beyond, the airfoil’s trailing edge
(see Figs. 11c and 11d) for xv/C =0.781 and 1.387, respectively.
Of course, as the distancebetween the vortex and the airfoil’s trailing
edge continue to increasethe lift experiencedby the airfoil becomes
smaller as a result of the lower magnitudes of the vortex-induced
normal velocities. Eventually, for large values of xv/C, the asymp-
totic sectional lift value of zero is approached.

Figure 12 depicts a comparison between the predicted lift re-
sponses for the uncontrolled and the controlled NACA-0012 airfoil
during encounters with an infinite line vortex. As mentioned earlier,
the controlled case provides the outcome of the interaction in the
presence of two AZNMJ located on the upper and the lower surfaces
of the NACA-0012 airfoil between x/C = 0.13 and 0.23. Note that
two, rather than one, AZNMJ are required here to neutralize the
aerodynamic effects manifest in the rapid decrease followed by the
rapid increase in the sectional lift values as the vortex convects past
the airfoil’s leading edge.

Referring to Fig. 12, we note that to counteract the observed de-
creasein the airfoil’s sectionallift during event A of Fig. 9 the lower
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Fig. 12 Predicted sectional lift coefficients for the uncontrolled and
controlled airfoil-vortex interaction problems (Mj,¢ = 0.60, o = 0 deg,
Re =3 x 10°, GAM = 0.30,rv/C = 0.20, vn = 0.20, and f = 1585 Hz).

surface AZNMJ must be activated first to increase the airfoil’s sec-
tional lift (see Fig. 10). During event B of Fig. 9, the opposite is
true. That is, the upper surface AZNMJ must be activated to de-
crease the airfoil’s sectional lift, hence counteracting the otherwise
rapid increase in the sectional lift observed as the vortex continues
to convect past the airfoil’s leading edge. The results of Fig. 12 indi-
cate that timing, in terms of turning on and turning off the AZNMJ,
is critical if overshoots of the lift coefficients are to be avoided. For
example, the overshoot can result from extending the active dura-
tion of either, or both, of the AZNMJ. In the present simulation of
the controlled problem, the lower surface array of jets was activated
when the vortex was at a pointlocated a distance of one chord length
ahead of the airfoil’s leading-edgepoint. The array was then deacti-
vated when the vortex was at the streamwise distance corresponding
to that of the leading edge point, i.e., xv/C =0. At this instant the
upper surface array was activated until the vortex has reached a
pointlocated at 70% chord, i.e., xv/C =0.70. Having reached this
point, the upper surface array of jets was then deactivated to avoid
the possible overshootin the airfoil’s negative lift values.

The activation/deactivation of the AZNMIJ can be easily accom-
plished by monitoring the sign of the temporal differential pressure
sensed by two surface-mounted pressure transducers. These trans-
ducers would be typically mounted on the upper and on the lower
surfaces of the airfoil near the leading edge. In this respect the
activation/deactivation of the upper and lower surface AZNMJ is
directly linked to the positive and to the negative signs of the sensed
differential pressures. Referring to Fig. 12, we notice that for the
controlledproblem the peak-to-peakvalue of the predictedunsteady
lift across the chord length of the airfoil is approximately 47% of
the corresponding value for the uncontrolled baseline problem. The
temporal rates at which the lift values rapidly decrease and then
rapidly increase are lower for the controlled problem as contrasted
to the values for the baseline uncontrolledproblem. In general, with
a weaker, more mild, airfoil aerodynamic response one would ex-
pectthatthe noiselevelsassociated with the controlledairfoil-vortex
interaction problem be lower than those associated with the baseline
uncontrolled problem.

In light of the preceding results and regardless of the specific
aerodynamicapplication, it seems that the success of zero-net-mass
jets will rely, predominantly, on maintaining the proper balance
betweenthe freestreamMach numberand the peak jet Mach number.

Similarities Between an AZNMJ and an Array
of Surface Protuberances

While working on the compilation of this manuscript, it came to
our attention the experimental work being performedat the Univer-
sity of Maryland by Ranzenbach et al.?! on the effects of surface
roughnesson the aerodynamicsof a model rectangular wing having
a NACA-0015 airfoil section. The model wing had a smooth upper
surface and an array of protuberances (or roughness elements) on
its lower surface. In their experiments, extending the earlier work
by Vorob’ev,?? they demonstrated the attainment of a net positive
increase in the airfoil’s sectional lift for a freestream Mach number
of 0.30 and an angle of attack of 0 deg. For these freestream condi-
tions the sectionallift for the baseline smooth NACA-0015 airfoil is
zero. The airfoil’s lift force was also found to increase with the in-
creasein the heightof the introduced protuberances,or equivalently,
with increased surface roughness. Moreover, the results from their
experiments indicated that while the incremental increases in the
sectional lift values diminished with the increase in the freestream
angle of attack the sectional drag values consistently increased.

The similarities between the trends interpreted from the experi-
mental data of Ref. 21 on the effects of surface roughness for the
NACA-0015 airfoil and those interpreted from the results of the
present numerical simulations on the use of array(s) of zero-net-
mass jets on the NACA-0012 airfoil are numerous. Although the
array of oscillating zero-net-massjets does not represent an array of
physical protuberances,its aerodynamiceffect,in a mean sense, can
be viewed as one thatresultsfroma “pseudo” array of protuberances.
Moreover, for all of the angles of attack considered the measured
increase in the airfoil’s sectional lift with the increase in the height
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Table 2 Parameters associated with the experimental study of Ref. 21
and their equivalent parameters from the present numerical study

Parameter

Array of zero-net-mass jets
(present simulations”)

Array of surface protuberances?!-22

Airfoil geometry

Boundary-layer excitation method
Excitation frequency

Magnitude of excitation

Sectional lift for zero angle of attack

General direction of the lift force
experienced by the airfoil

Effects of the amplitude of the
excitation on airfoil section drag

Effects of the frequency of the
excitation on airfoil section drag

Variation of sectional lift with airfoil’s
angle of attack

NACA-0012

Oscillating zero-net-mass jets
Jet oscillation frequency

Peak jet velocity

Positive for an array placed on the
airfoil’s lower surface

Opposite to that of the unit normal to the
airfoil’s surface equipped with the array of
zero-net-mass jets

Consistently increases with the increase in
peak jet velocity

Consistently increases with the increase in
jet oscillation frequency

Incremental lift increase diminished with
the increase in angle of attack

NACA-0015, NACA-0020

Surface protuberances (roughness elements)

Area density of array of protuberances

Height of protuberance

Positive for an array of protuberances placed
on the airfoil’s lower surface

Opposite to that of the unit normal to the
airfoil’s surface equipped with the array of
surface protuberances

Consistently increases with the increase in
the height of the protuberance

Consistently increases with the increase in
the area density of the protuberances

Incremental lift increase diminished with the
increase in angle of attack

of the protuberancecan be viewed as being equivalentto the effects
of increasing the peak jet velocity on the attained mean lift values.
The increase in the lift coefficient of the NACA-0015 airfoil with
the increase in the density of the protuberances (up to a given den-
sity) is equivalentto the observed increase in the sectional lift of the
NACA-0012 airfoil with the increase in the jet oscillation frequency
(only valid up to a certain frequency) (see Ref. 9). Additionally,
the measured increase in the airfoil’s drag with increased protuber-
ance height is equivalent to the observed increase in the predicted
mean drag values associated with the larger peak jet velocities (see
Fig. 4).

The many similarities between the aerodynamiceffects produced
by an array of protuberancesand those produced by an array of zero-
net-massjets are evident. Table 2 illustratesthe equivalencebetween
the experimental parameters of Ref. 21 and the parameters used in
the present simulations. A quick comparison of these parameters
reaffirms the strong similarities that exist between the results from
the experimental investigation by Ref. 21 and the numerical results
presented here. In light of these many similarities, it is hoped that
additional credence to our numerical findings be provided by the
experimental data of Ref. 21.

Conclusions

Numerical studies were conducted to investigate the beneficial
aerodynamic effects that result from the use of an AZNM]J on the
NACA-0012 airfoil. Results were presented to illustrate the use of
transverse zero-net-mass jets for lift enhancement, the effects of
freestream Mach number on the lift characteristics of the airfoil,
and for the alleviation of the impulsive aerodynamicresponseof the
airfoil caused by encounters with an infinite line vortex. Based on
the results of these studies, the following conclusions are made:

1) The results suggestthat zero-net-massjets can, with the careful
selection of their peak amplitude and oscillationfrequency,enhance
the 1ift characteristics of airfoils (rotor blades, wings, etc.).

2) For rotor/proprotor blades two arrays of zero-net-mass jets
can be used to alter the local pressure distribution near the blade’s
leadingedge or, equivalently, the local airfoil sectional lift, resulting
in lower temporal pressure gradients and hence lower BVI noise
levels.

3) The effectiveness of zero-net-mass jets for 1ift enhancement
increases with the increase in the freestream Mach number.

4) The effectiveness of zero-net-mass jets as a device for lift
enhancement increases with the decrease in the ratio between the
jet Mach number and the freestream Mach number.

5) It has been demonstrated that many similarities exist between
the use of an array of protuberances (surface roughness) and the
use of an array of zero-net-mass jets (pseudo protuberances) on an
airfoil.

6) At first glance, the predicted results, or the measured data of
Ref. 21, can deceive one’s intuition. However, upon closer exami-

nation of the details of the flowfield one realizes that the underlying
reason for the reported lift enhancementsis how the flow in the air-
foil’s boundary layer is being manipulated, whether it be through
the use of an array of zero-net-massjets, through the use of an array
of surface-mounted protuberances or any other similar means. In
all cases the net aerodynamic effect, as far as lift is concerned, is
almost identical.
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