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Abstract

Miniature synthetic jets show promise for the al-
leviation of a number of flow control problems.
Proposed synthetic jet actuators consist of mil-
limetre scale cavities whose oscillatory deforma-
tion leads to the alternate intake and ejection of
fluid from the surroundings. The current project
simulates the operation of synthetic jets using a
numerical flow solver.

An investigation of the operation of synthetic jets
and their ability to effect flow control is begun
with a study of a single synthetic jet actuator is-
suing into an otherwise still atmosphere. Results
of this are compared with previously published
data. Simulations are then extended to crossflow
conditions to better understand the parameters
which are of particular significance for helicopter
rotor blade applications.

The project seeks ultimately to simulate the oper-
ation of synthetic jet arrays on an aerofoil section.
Due to computational constraints however, such
an investigation requires that the representation
of the jet actuators be simplified. To this end
an alternative synthetic jet model has been de-
veloped and compared with more detailed CFD
simulations.

This simplified jet model has been investigated
on an aerofoil undergoing dynamic stall, an ap-
plication of particular relevance to helicopters.
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Abstract

Miniature synthetic jets show promise for the al-
leviation of a number of flow control problems.
Proposed synthetic jet actuators consist of mil-
limetre scale cavities whose oscillatory deforma-
tion leads to the alternate intake and ejection of
fluid from the surroundings. The current project
simulates the operation of synthetic jets using a
numerical flow solver.

An investigation of the operation of synthetic jets
and their ability to effect flow control is begun
with a study of a single synthetic jet actuator is-
suing into an otherwise still atmosphere. Results
of this are compared with previously published
data. Simulations are then extended to crossflow
conditions to better understand the parameters
which are of particular significance for helicopter
rotor blade applications.

The project seeks ultimately to simulate the oper-
ation of synthetic jet arrays on an aerofoil section.
Due to computational constraints however, such
an investigation requires that the representation
of the jet actuators be simplified. To this end
an alternative synthetic jet model has been de-
veloped and compared with more detailed CFD
simulations.

This simplified jet model has been investigated
on an aerofoil undergoing dynamic stall, an ap-
plication of particular relevance to helicopters.

Notation
b jet half width(m),
c aerofoil chord length (m),
h actuator exit width (m),
k reduced frequency (we/2Uy),
kp, reduced frequency (wh/2Us),
v (y) velocity component (m/s),
Re Reynolds Number (pUsoc/ ),
Reyp, Reynolds Number (pUsh/p),
Uso,Uinf freestream velocity (m/s),
Vo peak blowing velocity (m/s),
Vel centreline velocity (m/s),
Vmean time averaged velocity (m/s),

) boundary layer thickness (m),
density (kg/m?),

viscosity (Ns/m?),

angular frequency (1/s),
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Introduction

A number of researchers have shown that steady
jets can be used to improve the aerodynamic per-
formance of an aerofoil section. Typically these
deliver the jet fluid tangentially (along the sur-
face of the aerofoil) in the direction of the primary
flow. Pulsed and oscillatory (i.e. alternate blow-
ing and suction) jets have also been considered for
applications such as post-stall reatttachment[1]
and lift enhancement[2] and have been found to
be more effective than steady blowing for separa-
tion control[3)].

As a means to effect an oscillatory jet, miniature
synthetic or ‘zero-mass’ jets have the significant
advantage that they can be remotely activated
using only an electrical supply. This removes the
requirement of a pumping system and extensive
ducting which is considered a major obstacle for
the practical implementation of blowing/suction
approaches for aerodynamic flow control on ro-
torcraft.

Proposed synthetic jet actuators consist of mil-
limetre scale cavities with an opening (or nozzle)
to the ambient atmosphere. Oscillatory deforma-
tion of the cavity leads to the alternate intake and
ejection of fluid from the surroundings. In other-
wise stagnant surroundings, a high frequency rep-
etition of this process creates a jet flow from the
cavity opening. This is illustrated in figure 1, and
has been considered experimentally [4][5][6], and
by numerical simulations [5][7][8].

Using a synthetic jet directed radially from the
surface of a circular cylinder, Amitay et. al.[9][10]
were able to considerably modify the aerody-
namic characteristics. Improvements were at-
tributed to the generation of closed recirculating
regions which formed at the cylinder surface be-
hind the jet exit. These authors described this
as altering the “apparent aerodynamic shape”.
This mechanism has also been described in subse-
quent experiments on a thick aerofoil section by
the same group[11][12] and has been alluded to
by others.

One possible rotorcraft application of synthetic
jets is in the alleviation of some of the adverse
effects of dynamic stall. Dynamic stall effectively
limits a portion of the helicopter flight envelope.



Figure 1: Jet Flow from a Deforming Cavity

The loads experienced during this regime are ex-
tremely severe and also show considerable hys-
teresis. It would be desireable, for example, if the
large pitching moment excursion, or the negative
aerodynamic damping associated with the hys-
teresis, could be mitigated by synthetic jet actu-
ators placed on the blade. Although the dynamic
stall of a helicopter rotor is essentially a three
dimensional phenomenon, a useful model of the
process is obtained by simulation of a two dimen-
sional blade section undergoing sinusoidal pitch-
ing oscillations in and out of the dynamic stall
regime [13]. The sinusoidal motion emulates the
first harmonic of the rotor blade angle of attack
in forward flight. As a preliminary investigation,
some of the aerodynamic effects of a synthetic jet
actuator placed on a two dimensional aerofoil un-
dergoing oscillatory dynamic stall are presented
in this paper.

In order to facilitate this study, a CFD model of a
synthetic jet is developed and then implemented
on an aerofoil undergoing oscillatory pitching os-
cillations. All of the simulations presented in
the current project utilize the ‘pmb2d’ flow
solver developed at the the University of Glas-
gow. This solves the Reynolds-Averaged Navier
Stokes (RANS) equations to give a description
of the flow behaviour at discrete locations in 2-
D space and through time. The computational
cost of simulating a synthetic jet flow from a de-
forming cavity is considerable, as is indicated by
the grid detail in figure 1. The complexity of the
dynamic stall process also incurrs high computa-
tional cost. Therefore, the simulation of dynamic
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stall combined with the grid detail required for
simulation of a deforming cavity is prohibitive
for this preliminary study. Instead, a simplified
jet model is proposed, which is compared to full
CFD models of the jet and cavity, which have
in turn been validated against experimental re-
sults for single synthetic jets. This simplified jet
model may readily be implemented in a dynamic
stall simulation, allowing a preliminary flow con-
trol study.

Results and Discussion

The aim of the current project is to investigate
the effects of a synthetic jet actuator on the stall
behaviour of a rotor blade section. The case of
a single actuator operating in an otherwise still
environment is used for initial validation, since
there is little data available for jets issuing into a
crossflow.

From the literature, an actuator having an exit
width h = 0.5 x 10~3m, operating at 1000Hz and
issuing into an otherwise still environment with a
peak exit velocity of around 25 m/s emerges as
the best test case. A successful simulation of this
should provide confidence for a similar model set
in crossflow which in turn allows the study of lo-
cal interactions between the primary (freestream)
and jet flows.

The ‘pmb2d’ flow solver has been developed
by the CFD group at the University of Glas-
gow. This uses a finite volume formulation for
the implicit solution of the RANS equations. For



the current calculations, the code uses the two-
equation ‘k—w’ turbulence model. In order to effi-
ciently preserve time-accuracy for unsteady cases,
a dual-time method is employed which advances
the solution between each real time level using
explicit ‘pseudo’ time marching. The code allows
mesh deformation at each real time-step via a
modified transfinite interpolation (TFI) method.
The cavity geometry used for all of the current
work is shown in figure 1. The close-up on the
right of the figure illustrates the extremes of cav-
ity floor deflection.

Considering first the case of a jet issuing into a
still atmosphere; on the left of figure 1, contours
of ‘v’ velocity demonstrate the production of a
jet flow between two vortices. These form out of
the separating shear layers produced at the exit
edges during blowing. Asides from extensive de-
scriptions of this process, for example references
[4],[6] and [8], there are several criteria available
for graphical comparison with the existing liter-
ature. These mostly consider velocity profiles at
the actuator exit and at locations further down-
stream.

The streamwise (v) velocity at the actuator exit
plane, averaged over a complete cycle, is plot-
ted on the left side of figure 2. This shows rea-
sonable agreement with the result of Rizzetta et.
al.[8]. Streamwise velocity profiles are plotted on
the right of figure 2 at streamwise distances of
y/h = 9.8 and y/h = 15.6 from the jet exit plane.
These demonstrate the self similarity of the re-
sulting jet. Although a slight assymmetry can
be observed from the figure, synthetic jets un-
der these conditions are broadly stable and sym-
metrical. For the plots of streamwise velocity
shown, data have been normalised with respect
to the maximum centreline velocity and the jet
‘half width’ b (defined as the cross stream dis-
tance from the centreline at which the velocity is
reduced to half its centreline value) in the fashion
of references [7],[4] and [5].

The time variation of centreline velocity at a dis-
tance y/h = 5.0 downstream from the exit plane
is shown on the left of figure 3. On the right,
the spatial variation with downstream distance is
plotted. Comparison is made with the computa-
tional results of Kral et. al.[7], who have shown
good agreement with the experiments of Smith
and Glezer[4]. The quantative differences in fig-
ure 3 indicate that the current jet model has sig-
nificantly lower jet spreading. Despite this, the
broad trends found in the published results are
replicated.
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Comparison of Jet Models

A crossflow is next applied over the surface in
which the actuator is embedded. For intended
simulations of jet enabled aerofoils, the detail
afforded to the single actuator as has been de-
scribed above (and in figure 1) is computationally
prohibitive. Flow data obtained from the deform-
ing cavity model set in crossflow was thus com-
pared with that from a simplified actuator model.
For this simplified model, the cavity and nozzle
are removed and a velocity boundary condition is
instead imposed at the nozzle exit plane (y = 0).
The time varying exit velocity used to develop the
current results is defined,

v(z,1t)

oo = Vo sin?(2nz/h) sin(wt) for 0 <z <h
Comparison was made in conditions of Rep = 350
and Rep = 3500 using a range of actuation fre-

quencies.

In considering the cavity generated flow, two dis-
tinct regimes were observed. At reduced fre-
quency of kp, = 0.0257, vortices were produced
on the downstream side of the actuator and con-
vected in the crossflow direction. At relatively
higher reduced frequency (kn, = 0.17,0.167 and
0.257), these vortices appear to be consumed by a
recirculation bubble which becomes established a
short distance from the exit. Under identical con-
ditions, these features and behaviour were sim-
ilarly observed for velocity boundary condition
cases and will be discussed further in following
subsections.

Flow generated from a deforming cavity is com-
pared with that from an imposed velocity bound-
ary condition for example in figure 4. The in-
stantaneous volume flow rates to and from the
simulated cavities are similar, and each case is
subject to the same freestream. The compari-
son therefore highlights the effect of the bound-
ary conditions imposed across the simulated exit
orifice. The speed and trajectory of the ejected
fluid ‘slug’ are broadly the same for each case.

Considering here data from the tenth cycle, cav-
ity generated flows were found to be similar to
those generated from a sinusoidal velocity bound-
ary condition for reduced frequencies up to kj, =
0.087. At kp = 0.167 and kp = 0.257 however,
although the cavity flow displays comparable fea-
tures, the number of cycles required to establish a
settled periodic behaviour becomes much greater
and no further comparisons were made at higher

kn.-

At k;, = 0.1w, an imposed velocity boundary
condition produces a recirculation bubble, whilst
vortices from the cavity case continue to be con-
vected individually downstream. Subsequent ve-
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Figure 2: Streamwise Velocity:

left, solid line = cycle averaged v velocity at the exit plane, dashed = Rizzetta et. al.(8);

right, cycle averaged v velocity at streamwise stations y/h = 9.8 (solid) and y/h = 15.6 (dashed), and
comparison with Kral et. al(7)
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Figure 3: Centreline Velocity:

left, solid line = variation with time at y/h = 5.0, dashed = Rizzetta et. al.(8);
right, variation of mean velocity with downstream distance, dashed = Kral et. al.(7),
dotted = jet decay rate o (y/h)~'/?
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Figure 4: Comparison of Actuator Models: velocity magnitude contours at equally spaced instants
of an actuation cycle, here k; = 0.0257; left, flow developed from a deforming cavity (nozzle between
z=0and z =1); right, flow developed by imposing a velocity boundary condition,

v(z,t),_, = Vpsin?(2rz/h)sin(wt) for 0<z<h

y=0
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locity boundary condition results (discussed be-
low) indicate that this reduced frequency is close
to that where a change of regime occurs. In all
comparisons, the assumption of a ‘sine squared’
profile meant higher peak to peak velocities than
those generated from the cavity, thus producing
a longer ‘slug’. In sympathetic conditions (i.e.
within a reduced frequency range), the effect of
this may be to establish a permanent recircula-
tion bubble at lower reduced frequencies than is
found for the cavity.

Parameter Study

Results of the parameter study discussed in the
following sections have been obtained by impos-
ing a ‘jet’ velocity in place of the deforming cav-
ity. This study considers separately the influence
of the blowing magnitude, V,/Us, of Reynolds
number Rej and reduced frequency k.

The blowing velocity is found to be crucial in
determining the nature of the flow. Three val-
ues of V,/Us were used, 1.0, 2.0 and 3.0 . For
Vp/Us = 1.0, across the range of Reynolds and
reduced frequency considered, such was the mag-
nitude and dissipation of vorticity that vortices
generated over each blowing event had disap-
peared before the beginning of the next. Thus a
recirculation region was only established for the
two higher values.

For the lowest values of reduced frequency con-
sidered here (k, = 0.00257), vortices created dur-
ing blowing are each individually convected down-
stream. In crossflow, these are only produced on
the downstream side of the actuator. Initially
fluid may become entrained even after blowing
has ended, such that the actual volume of recircu-
lating fluid continues to increase. This is a short-
lived effect however and ultimately, as the vortic-
ity becomes dissipated, the volume of each vortex
reduces with downstream distance until there is
no recirculating fluid at all.

With increasing reduced frequency (kp
0.01257,0.0257), the size of the vortices created
reduces. In addition to the fact that less fluid
is introduced during each blowing cycle (shorter
‘slug’), the vortex is less removed from the exit
as the orifice suction begins and this impedes any
further growth. A point is reached where the suc-
tion affects the motion of each vortex away from
the actuator (k; = 0.057). This is seen in an-
imations where after the vortex has aquired an
initial acceleration, it then slows momentarily as
the suction begins, before once again being pulled
along by the freestream.

At sufficiently high reduced frequency (above
kp, ~ 0.8), vortices are no longer carried off down-
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stream, but rather each feeds into a recirculation
bubble which becomes permanently established a
short distance from the exit. Increasing the re-
duced frequency beyond that required to create
this condition causes the bubble to reduce in size
and to move upstream towards the exit. Regions
of standing vorticity then exist and counter ro-
tating vortices are produced on the blowing cycle
either side of the exit.

The effect of Reynolds number over a range
Rep, = 350 to Rep, = 3500 was also investigated.
Being associated with the crossflow, this influ-
ences the speed at which vortices are convected
downstream. Despite this, for the values of kjp
and V, /Uy at which data was obtained, a change
of flow regime due to Reynolds number variation
was only found for a small number of combina-
tions. From this, when the other parameters are
within a critial range, a decreased Reynolds num-
ber promotes the establishment of a permanent
recirculation bubble.

Amongst the other significant parameters, the
boundary layer thickness, d is also important but
has yet to be investigated. The results that have
been discussed were obtained in conditions where
the nominal boundary layer thickness varied be-
tween § =~ 12h and § ~ 19h. This is greater than
anticipated at the rotor locations where actuation
is proposed. Future work should include an ex-
tension of parameter studies to include boundary
layer thickness.

Control of Aerodynamic Damping

Having established the validity of imposing a ve-
locity boundary condition to represent flow from
a deforming cavity, it was decided to use this ap-
proach to simulate jet actuators on a dynamically
stalling airfoil.

One of the main adverse effects on a rotor blade
entering dynamic stall is the massive increase in
nose-down pitching moment. However, the phas-
ing of the events during the dynamic stall process
can also lead to aeroelastic problems such as stall
flutter [14]. Although a rotor blade encounters
three-dimensional dynamic stall, the analysis of
a two-dimensional aerofoil undergoing harmonic
pitching oscillations provides a useful model of a
section of rotor blade in forward flight [13].

As the mean angle of attack and amplitude of an
oscillating aerofoil is raised, so that the aerofoil
enters dynamic stall, the shape of the Cyy — a
graph changes from a single anti-clockwise loop
to a graph with both anti-clockwise and clock-
wise loops. The coefficient of work done by the



aerodynamic pitching moment over one cycle is,

CW = %CMCZO[

The stability of the aerofoil and rotor blade sec-
tion is therefore dependent on the direction in
which the area of the moment loop is enclosed.
An anti-clockwise loop has stable positive tor-
sional damping; whereas a clockwise loop has un-
stable negative torsional damping. If the total
aerodynamic damping over one cycle is low or
negative, then there is the possibility of stall flut-
ter of the rotor blade section. Blade stall flutter
exerts considerable oscillatory forces on the pitch
control linkages of the helicopter and therefore
limits a portion of the flight envelope.

Actuation During Deep Dynamic Stall

It was decided to investigate the effects of syn-
thetic jet actuation on the phasing of the dynamic
stall events during a harmonic pitching oscillation
and establish whether such flow control actuation
might improve the aerodynamic torsional damp-
ing of the rotor blade section.

Following Carta[14] the work done by the aerody-
namic pitching moment over one cycle was eval-
uated from numerical simulations by calculating
the area within the Cj; — a loops.

The example investigated was a deep dynamic
stall case with aerofoil motion governed by a(t) =
15° 4+ 10° sin(wt), k = 0.1. The Mach number was
set at M = 0.115, so that the simulation could be
validated against available experimental data[l5].
The aerofoil used was a NACAQ012, represented
by a C-type grid having 246 x 49 grid points. A
baseline calculation for this case is shown in fig-
ures 5 and 6. The model results compare fairly
well to oscillatory test data described in reference
[15]. As shown in figure 6, the model pitching
moment graph has the same topology as the test
data, with a stable, unstable and another stable
loop. The moment stall point is modelled accu-
rately, as is the timing of dynamic lift increment
(although the test data shows a slightly higher
maximum dynamic lift). One point to note, how-
ever, is that the model predicts a ‘pinched’ unsta-
ble loop, whereas the test data does not show this.
This difference between experiment and simula-
tion is within the post stall regime, which is tra-
ditionally difficult to model, and also to obtain
definitive experimental data for. All other as-
pects of the experimental C;, — a and Cy — «
behaviour are captured by the model.

The Cps — o graph from the computational model
shows a stabilizing anti-clockwise loop, S;, be-
tween 5° < a < 14.3°, the appearance of a
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‘pinched’ clockwise loop, U, between 14.3° <
a < 23.6° which introduces negative torsional
damping, and the re-emergence of a final stabi-
lizing anti-clockwise loop, S2, between 23.6° <
a < 25°. The work done by the aerodynamic
pitching moment for this case was estimated as
Cw = —0.280, indicating that, over the full cy-
cle, the rotor blade section is torsionally stable.
The Cw value is, however, quite low, due to the
clockwise loop U. (It should be noted, however,
that the experimental data, which has a larger
clockwise loop, indicates slight torsional instabil-
ity, with Cw ~ +0.2 .

The same case was investigated with a synthetic
jet actuator placed close to the leading edge and
on the upper surface of the aerofoil. The jet
frequency was set to be 600 times the pitch os-
cillation frequency, with the jet magnitude de-
scribed (V,/Usx) = 0.5, at a location between
x = 0.0555¢ and z = 0.0575c¢.

The jet actuation is started at the mean incidence
angle of 15° and stopped just after the pitching
moment break at 24.4°. The results of this calcu-
lation are shown in figures 7 and 8.

The dynamic lift on the aerofoil is not affected
by the jet actuation until around 20°. The ef-
fect of the jet on the lift behaviour is to cause
the dynamic lift increment to occur 0.5° earlier
in the cycle, associated with an earlier growth
of the dynamic stall vortex. The magnitude and
shape of the dynamic lift increment is not signifi-
cantly changed by the jet actuation. The abrupt
loss of lift, associated with the convection of the
dynamic stall vortex past the trailing edge, also
occurs around 0.3° earlier in the cycle.

More significantly affected is the pitching moment
behaviour. The pitching moment during jet ac-
tuation begins to visibly differ from the baseline
case at around 17°. The moment therefore begins
to be affected by the jet slightly earlier than the
lift. The pitching moment break occurs 0.5° ear-
lier during the cycle with jet actuation, but the
slope of the pitching moment break and its mag-
nitude remain largely unaffected. However, the
re-phasing of the stall events caused by the jet
actuation are seen to have a beneficial effect on
the size of the unstable clockwise loop, labelled
U in the Cp — o graph. This shrinkage of the
unstable region is achieved by the movement of
branches ‘a’ and ‘b’ marked on figure 8. Branch
‘a’ of the pitching moment graph is during the
period where the dynamic stall vortex is convect-
ing across the aerofoil chord. This branch is well
modelled by the simulation so there is confidence
that the shrinkage of the unstable region by mov-
ing branch ‘@’ could be achieved by a suitable
experimental actuator. Moreover, the stable loop
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So is increased in size by the leftwards movement
of branch ‘a’ resulting from the jet actuation.

The unstable region is also reduced in size by the
rightwards movement of branch ‘b’ in the post-
stall regime. This post stall region is much more
difficult to simulate and validate (for example the
differences between test data and the simulation
are most apparent in this region). Whether an
actual actuator would have the same effect on
this post-stall branch as is shown in the simula-
tion is unclear. However, the simulation suggests
that the effect of the jet actuator is to shift this
branch to the right; and any rightwards shift of
this branch will be beneficial in reducing negative
damping.

The stable loop S; is largely unaffected by the
jet, as one would expect, as no actuation occurs
during this part of the cycle.

To estimate the effect of the jet actuation on
the cycle torsional stability the work done by the



aerodynamic pitching moment was calculated by
integration. The Cys data was filtered to remove
the small scale, high frequency variation caused
by the jet oscillations. This filtering made little
difference to the estimated values for Cy, but
made the line integration computationally sim-
pler.

With the jet actuation, the cycle Cy ~ —0.409,
meaning that the jet increases the aerodynamic
damping by around 46% and has a beneficial ef-
fect on the torsional stability.

In summary, the jet actuation studied here does
not diminish the magnitude of the pitching mo-
ment break, but the slight re-phasing of the dy-
namic stall process (e.g. promoting moment stall
earlier in the cycle) increases the torsional damp-
ing and reduces the likelihood of stall flutter. The
magnitude of the dynamic lift is unchanged. The
position of the synthetic jet actuator on the aero-
foil surface is therefore important— as a jet close
to the leading edge is more able to affect the
growth of the dynamic stall vortex than actuators
further down the aerofoil chord. Indeed, simula-
tions run with the actuator at 40% chord showed
little effect.

Another point to consider is that the jet pro-
duces a high frequency oscillation in the lift and
pitching moment which is in evidence on figures
7 and 8. This oscillation, however, is of quite a
small magnitude and very high frequency. It is
thought that such oscillations will therefore be
highly damped and not detrimental to helicopter
vibration.

Actuation During Light Dynamic Stall

On a helicopter rotor there is a wide variation in
reduced pitch rate, incidence and Mach number,
all of which affect the severity of dynamic stall
[14]. An actual rotor application therefore en-
counters both light and deep dynamic stall. Light
dynamic stall is more conducive to stall flutter
than deep dynamic stall[16] so it is important
to study the effects of a jet actuator on a light
dynamic stall case. Very light dynamic stall of
a NACAO0012 section with M = 0.1, £ = 0.1,
a(t) = 8° + 8°sin(wt) was investigated using the
same synthetic jet as before. The actuation was
started at mean incidence and stopped after the
pitching moment stall. The actuator promoted
the pitching moment break, ‘squashing’ the un-
stable Cpr —a loop as before in the deep dynamic
stall example. However, the strength of the dy-
namic stall vortex was also considerably increased
by the jet actuation. This increase was evident
from a much larger dynamic lift increment and
a much larger pitching moment break than the
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original light dynamic stall case. The net effect
was a decrease in torsional stability. The increase
in both dynamic lift increment and pitching mo-
ment break was evident even for very short peri-
ods of actuation close to the initial growth of the
dynamic stall vortex.

Instead, a different strategy for increasing tor-
sional damping is appropriate for light dynamic
stall. The modelling of light dynamic stall is also
difficult [16] and the experimental validation data
less reliable [15]. This light dynamic stall control
strategy is currently under investigation and is
the topic of future work.

Conclusions

Synthetic jets are suggested as a means of flow
control which may be suitable for use on heli-
copter rotor blades. In order to validate a syn-
thetic jet model using the ‘pmb2d’ code, a sin-
gle actuator issuing into an otherwise still atmo-
sphere has been considered. In regions close to
the actuator exit, velocity profiles give reasonable
agreement with previously published data . Fur-
ther downstream however, the lower jet spread-
ing of the current deforming cavity model leads
to considerable deviation. The mechanisms by
which the jet flow is produced are the same as
have been described in the literature. Overall,
these results give confidence in a similar model
where the actuator has been set in a crossflow.

The flow behaviour produced by a deforming cav-
ity type synthetic jet actuator in a crossflow, was
compared with a simpler actuator representation
where the actuator exit velocity is imposed with-
out the cavity. Describing the exit velocity with
only a simple sinusoidal function; across a practi-
cal range of reduced frequency, similar flows were
observed for both the simplified and full cavity
simulations.

Continuing with the imposed velocity boundary
condition model, a parameter study was per-
formed with particular emphasis on Reynolds
number Rej and reduced frequency kp. At re-
duced frequencies below k =~ 0.087, vortices pro-
duced on the downstream side of the actuator,
and whose scale decreases with increasing kj,, are
individually convected downstream. Increasingly
towards k, = 0.087, the motion of these vor-
tices is impeded by the suction part of the cy-
cle. Above a critical value, the vortices instead
feed into a recirculating region which forms down-
stream of the actuator exit. Further increases
in reduced frequency cause this bubble to reduce
in size and to move upstream towards the exit.
Across the range of conditions investigated, de-
creases in Reynolds number were found to pro-



mote the establishment of a recirculating region.
An extension of this parameter study to include
boundary layer thickness ¢ is now intended.

A numerical simulation of an airfoil pitching into
deep dynamic stall was performed, and calculated
aerodynamic coefficients were compared with ex-
perimental data. This baseline numerical case
gave good agreement over much of the pitching
cycle in terms of load magnitudes and in the phas-
ing of events.

Another case was run having a synthetic jet ac-
tuator simply represented by a sinusoidal veloc-
ity boundary condition, but in all other regards
identical to the baseline case. The presence of
the jet promoted early growth of the stall vortex,
hence pitching moment and lift stall. However,
the magnitude of dynamic lift and the a range
over which this is maintained was undiminished.
Some benefit was identified by the re-phasing of
the pitching moment break and subsequent mo-
ment recovery. Clockwise loops in Cyy — a plots
for pitching aerofoils correspond to negative tor-
sional damping associated with the stall flutter
phenomena. For the jet enabled aerofoil, the sin-
gle unstable loop was significantly reduced.

Light dynamic stall is more conducive to stall flut-
ter than deep dynamic stall. A test using iden-
tical actuation to that of the deep stall case was
unable however, to beneficially alter the aerody-
namic damping in a light dynamic stall case. Dur-
ing light dynamic stall, the actuation increased
the magnitude of the pitching moment excursion
and reduced the aerodynamic damping. Future
work will consider alternative strategies for con-
trol of light dynamic stall.
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