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NUMERICAL INVESTIGATION OF AIR JETS FOR DYNAMIC STALL
CONTROL ON THE OA209 AIRFOIL

A.D. GARDNER* K. RICHTER AND H. ROSEMANN¥

ABSTRACT

The design and numerical investigation of constant blowing
air jets as Fluidic Control Devices (FCDs) for helicopter dy-
namic stall control is described. Prospective control devices
were first investigated using 3D RANS computations to
identify effective configurations and reject ineffective con-
figurations. Following this, URANS investigations on the
dynamically pitching OA209 airfoil verified that configura-
tions had been selected which reduced the peaks in pitching
moment and drag while preserving at least the mean lift and
drag from the clean wing. Two configurations using jets at
10% chord on the airfoil top were identified, and one con-
figuration using a tangential slot at 10% chord on the airfoil
top, with each configuration evaluated for two jet total pres-
sures. For the best configuration, a reduction in the pitching
moment peak of 85% and in the drag peak of 78% were ob-
served, together with a 42% reduction in the mean drag over
the unsteady pitching cycle.

INTRODUCTION

The DLR-ONERA project SIMCOS is part of a long-term
German-French cooperation to combat dynamic stall (DS)
and improve numerical modelling with regards to dynamic
stall. As part of this project the effect of pulsed and constant
blowing jets on dynamic stall is being investigated both ex-
perimentally and numerically, with this paper describing the
numerical investigation [7]] for the design of a model for the
Transonic Wind Tunnel Gottingen (DNW-TWG).

Dynamic stall is a well-known effect for many helicopter
airfoils [[15] occurring when a pitching airfoil stalls [2],
forming separated flow in a dynamic stall vortex. A lift
peak forms and then a rapid drop in lift and a negative spike
in pitching moment appear as the stall vortex moves down-
stream. This torsional impulse is often a load-limiting case
for the pitch links of the helicopter rotor blades, and high
drag is experienced compared to attached flow. A device to
combat dynamic stall will reduce the torsional impulse and
drag, while improving the airfoil mean lift over a cycle.

The airfoil OA209 was chosen as a test object because
it is an openly available contour [5] in use on a num-
ber of Eurocopter helicopters, for which good experimental
databases from the DLR in the DNW-TWG and from ON-
ERA in the F2 exist. It is an airfoil with thickness 9% chord,
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which displays leading edge stall at Mach 0.3 and lower and
displays a number of interesting dynamic stall behaviours
[8, 112} [17]. The OA family of airfoils has been extensively
investigated at the DLR with results for laminar separation
bubble bursting [9] and for leading edge vortex generators
for dynamic stall control [3} [13]. A predecessor study to
this one [20] investigated the mesh densities and time step
sizes necessary to get good CFD results for the clean OA209
airfoil, and test cases were identified where fully turbulent
computations with a one-equation turbulence model gave
good estimates of the airfoil performance when compared
with experiment, including the test case used here.

Fluidic Control Devices (FCDs) have the advantage that,
when turned off, the original airfoil contour and perfor-
mance are available. Recent investigations into FCDs on
an airfoil have often been performed with synthetic jet ac-
tuators (SJAs) in mind. These jets rely on a small plenum
chamber behind a jet from which air is sucked in from the
outside or ejected to the outside using a piston or diaphragm
actuator. This type of jet has zero mass flux (ZMF) when in-
tegrated over a cycle, and thus only electrical power (no air)
needs to be provided. Experiments using SJAs [24] show
that the same results are achieved as with constant blowing,
with an additional advantage which is attributed to the in-
creased resistance of the boundary layer to separation due
to the amplification of turbulent frequencies by the high fre-
quency SJA injection. The same effect has also been noted
for pulsed blowing from a high pressure source (not ZMF)
[L1]. The synthetic jet appears to be more efficient than
constant blowing but the aerodynamic similarity between
the two cases and the reduction in computational time by a
factor 3-10 for the constant blowing over SJAs meant that
constant blowing was selected to be studied.

Constant blowing or pulsed blowing at 1/cycle and up to
100/cycle at total pressures of up to 50 bar can be realised
experimentally using valves [18]] in the model installed be-
hind each injection point. Turning off the blowing for a
half-cycle will halve the air needed and pulsed blowing over
a half cycle will further reduce the air needed by a factor of
2-3. Thus the constant blowing case is expected to define
a lower limit of actuator effectiveness and an upper limit of
air use. In this paper injection with supercritical jet con-
ditions is described, where the gas expands to supersonic
conditions after injection.



Figure 1: Airfoil gridded area.

COMPUTATIONAL APPROACH

Computations using the DLR-TAU code are presented for
a 3D slice of the dynamically pitching OA209 airfoil at the
DS2 test condition: M=0.31, Re=1.16e6, a=12.87+7.13°,
®*(c)=0.101. Different types of air jets were investigated
and evaluated for their ability to reduce the negative effects
of dynamic stall, while preserving the positive effects. The
values of pitching moment peak height and peak drag height
were minimised, as was the mean drag. The mean lift and
instantaneous lift at low angles of attack were maximised
and high values were used an indicator of reduced lift hys-
teresis.

Reynolds-averaged Navier-Stokes (RANS) and Unsteady
RANS (URANS) computations were undertaken with the
DLR-TAU release 2009.1.0 [[10} 21]]. The node-based finite-
volume solver was used on a hybrid unstructured grid con-
sisting of prismatic layers close to the viscous surfaces and a
tetrahedral field, generated using the Centaur ™[] unstruc-
tured grid generator. All computations were fully turbulent,
using the Spalart-Allmaras turbulence model [22] with the
Edwards modification (SAE) [4], due to its excellent speed
and stability, and the good results obtained for this test case
by previous investigators. A central scheme was used with
the scalar dissipation method of Mavriplis [14]. An LUSGS
flux solver was used, with no multigrid convergence accel-
eration and a CFL number of 2.

The RANS computations used 10000 time-steps, for a to-
tal of around 60-80 CPUh, although true convergence was
not reached due to the separated flow at the conditions com-
puted. The coefficients were instead averaged over the last
2000 time steps to obtain the values quoted in this article.
The URANS computations used 1600 time steps per period
with 400 inner iterations per timestep. Significantly more
inner iterations were required for convergence with jet in-
jection than had been previously observed for clean cases.
A minimum of 3 pitching cycles needed to be computed for
convergence, with each cycle costing 3400-4400 CPUh.

The grid was generated according to the guidelines of
Richter et al [20]], with grid cells of 1% chord on the top and
bottom of the airfoil and finer cells of 0.15% on the leading
and trailing edges and around the jets. A 3D slice of the air-
foil with a width of 20% chord (60 mm) was used. This was
bounded by periodic side-walls (Figure[T)) which allow a net
spanwise flow for jet configurations with all jets skewed in
one direction. The domain was selected to capture the qual-
itative effects required to make a good decision about which
jet to choose, with a small number of node points (under 2
million) so that the geometry could be computed with ac-
ceptable cost by the URANS solver.

It is expected that this domain is insufficiently wide to
see 3D effects for the main dynamic stall vortex, but the 3D

Figure 2: Comparison of airfoil modifications for portholes
(left) and for tangential injection (right and bottom).

effects in the first 20-40% of the airfoil will be preserved, as
needed for the jets. This type of computational domain has
also been used by a number of other investigators, amongst
them Prince et al [19], who got quite good results when
compared with experiment for passive air-jet vortex gener-
ators in incompressible flow. In order for the effect of the
jet boundary layer to be captured, the jets were modelled
as short tubes sunk into the surface with a length of twice
the jet diameter (or slot width), with a boundary setting the
total temperature, pressure and density at the bottom end.
In cases where a tangential slot of width 0.5 mm was to be
used, the surface of the airfoil was changed, shifting the
surface inward by 0.75 mm (to include the 0.25 mm wall
outside the slot), and blending in all the changes back to the
original contour within a length of 7% chord (Figure[2)). The
same method was used for all other tangential slots shown
in this article.

DEFINITIONS
Reduced frequency: o* = M, with f the oscillation

frequency (Hz), ¢ the chord and Voo the freestream velocity.

n;v;
% pojvi ’
flux out of the jets, v; the jet speed at the jet exit (set to
be a constant value, M=1.0) and b the span width of the
rotor blade. C, is well-defined for the incompressible
case (Cy = ’%:—i), (A is the jet area), but its extention to
compressible flow depends on the jet conditions used as a
reference. The extension above is simplest, but differs from
some definitions used in the literature.

io: C, — "M
Jet mass ratio: C; = =,

Jet momentum ratio: Cy, = with ni; the mass
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Figure 3: Measurement of the peak height for two sets of
data.

Drag and pitching moment peak heights: CM,, and
CDp are the difference between the value at the peak and
“flat” value a short time beforehand (Figure [3).



Figure 4: Comparison of flow topologies on the symmetry plane before (left), at (middle) and after (right) dynamic stall for
the ”Clean” OA209 airfoil. ¢=15.6°, 17.9° and 19.5° respectively for an instantaneous solution at the periodic plane.
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Figure 5: URANS results of the coefficients over one pitching cycle a=12.874+7.13°,

®*(c)=0.101 for: (left) Lift coefficient,

(right) Pitching moment coefficient. Shown is the result for the "Clean” OA209 airfoil compared with a static polar computed

with RANS on a 2D grid with a farfield boundary.

Mean values of lift and drag: C; and Cp are averaged over
one pitching cycle.

Mass flow: ni; is an output of the TAU solver for the jet
boundaries. It is averaged over one pitching cycle and nor-
malised to one meter of blade span width.

DEEP DYNAMIC STALL ON THE OA209

The SIMCOS DS2 test case (M=0.31, Re=1.16e6,
a=12.874+7.13°, ©*(c)=0.101) shows all the typical be-
haviour of deep dynamic stall at low Mach numbers. At low
angles of attack, on the upstroke, the flow is attached and
is qualitatively similar to the statically attached flow (Fig-
ure [ left). At stall, a large dynamic stall vortex appears,
which is associated with a peak in the lift coefficient (Fig-
ure 4] middle). The vortex attachment point is at the nose
and the large main vortex stretches to the leading edge with
a counter-rotating vortex is formed from the trailing edge.
After stall (Figure [l right) the dynamic stall vortex moves
downstream, and the pressure minimum in the center of the
dynamic stall vortex wanders over the trailing edge of the
airfoil, leading to a negative peak in the pitching moment.
Additionally, the attachment point of the dynamic stall vor-
tex (the separation point of the flow on the top of the airfoil)
moves rearward, also increasing the pitching moment. The
movement of the attachment point can be observed by the
movement of the forward streamline of the dynamic stall
vortex between Figures [ (middle) and (right) but is diffi-
cult to see in these pictures. This negative peak in the pitch-
ing moment is the main undesirable effect of dynamic stall,
and is the maximum load for the pitch links on a helicopter
blade. The reduction in size and strength of the dynamic
stall vortex is a central target of dynamic stall control strate-
gies. In addition, better anchoring the attachment point of
the dynamic stall vortex can reduce the height of the peak
in the pitching moment.

Figure [3] shows the lift and pitching moment coefficients

over a cycle for the OA209 airfoil at the DS2 test condi-
tion. The upstroke has attached flow, before a peak in the
lift coefficient associated with the formation of the main dy-
namic stall vortex (Figure[3] left). As the lift suddenly falls,
a peak in the pitching moment coefficient is formed (Fig-
ure[3 right), which is associated with the movement of the
dynamic stall vortex downstream, and with the downstream
movement of the separation point. After stall there is un-
steady, separated flow, which continues up to the maximum
angle of attack and to around ¢=16° on the downstroke.
This unsteady flow is caused by the shedding of smaller vor-
tices from both the leading and trailing edges of the airfoil.
After around a=16° on the downstroke the flow stabilises,
and the flow reattaches, so that the bottom part of the down-
stroke again has flow qualitatively similar to the fully at-
tached flow on a statically inclined airfoil.

The dynamic stall control strategies followed in this arti-
cle will concentrate on using blowing with air jets to keep
the flow attached, reduce the strength of the dynamic stall
vortex, and to anchor the separation of the flow and the at-
tachment point of the dynamic stall vortex. Each type of air
jet used one or more of these types of flow control and, in
the following sections, the air jets are grouped by the main
type of flow control which they display. The strategies are:

1. Dynamic stall vortex reduction. Flow attachment was
improved using air jets in the flow direction to push the
separation point backward using the Coanda effect.

2. Coanda effect tangential blowing. The strength of the
dynamic stall vortex was reduced by blowing across
the airfoil to turn the dynamic stall vortex from a single
vortex with only a y-component to its axis into one or
more vortices with a vortex axis having components in
the x, y, and z directions.

3. Limiting the separation vertical blowing. The dynamic
stall vortex was stabilised by using vertical blowing
from the surface to provide an anchor point for the sep-
aration and limit its upstream travel.



Figure 6: Test matrix of RANS computations.

INITIAL INVESTIGATIONS

Initial investigations showed that approach of using
URANS computations directly was too costly in both com-
puting power and time to be used as the sole tool for the
numerical investigation of these air jets. In contrast, RANS
results above the static stall angle were found to be a rel-
atively cheap method of identifying effective flow control
devices. Thus potential flow control devices were first in-
vestigated with RANS before a reduced number of devices
were investigated using URANS with full pitching motion.

It was found that the control of mass flow in low pressure
jets was too unreliable, and instead supercritical configura-
tions should be investigated. This meant that the impulse
of the jet was significant and had to be taken into consider-
ation. Finally, it was found that the jets should pierce the
boundary layer without separating it, meaning that all con-
figurations having slot injectors normal to the surface were
removed from consideration because of the large separated
regions which they caused.

RANS RESULTS AT ax=17.5°

Using RANS computations, 12 configurations (Figure [G)
were investigated at M=0.31, Re=1.16e6 for a steady an-
gle of attack of a=17.5°, well above the static stall an-
gle of a=14° (Figure Q). This approach provided a qual-
itative estimate which jets would give a performance im-
provement over the clean case comparatively cheaply com-
pared to URANS computations. The improvement in lift
and drag compared with the reference airfoil identified in-
teresting configurations, with only the three most interest-
ing configurations extensively investigated using URANS
on an airfoil with pitching motion. Each configuration was
investigated for two air mass flow rates: a maximum flow
rate of 0.22 kg/s per meter of blade and a flow of half that
(0.11 kg/s/m), resulting in supercritical injection with pres-
sure ratios across the jet of between 2 and 20. This approach
simplified the local modelling of the jet since no feedback
into the jet was expected and the main effect was of a macro-
scopic jet. The test cases are enumerated in Table [I] and
Figure[@l An example for each grouping can be seen in Fig-
ure[7l

The test cases for the dynamic stall vortex vortex reduc-
tion use jets which were inclined at 45° downstream, and
skewed at 45° across the flow with a jet spacing of 60 mm
(for example TCO6 in Figure [7) or 20 mm. In the RANS

Incline/
Position | Space | Skew

Jet Type
Case | (W/¢)
Reference case
TCO01 \ Clean OA209, width=60 mm, chord=300 mm
Dynamic stall vortex reduction

TCO05 | Hole (6mm ) | 10% top | 60 mm | 45°/45°
TCO06 | Hole 3mm) | 10% top | 60 mm | 45°/45°
TC10 | Hole 3mm) | 10% top | 20mm | 45°/45°
TC16 | Hole 2mm) | 10% top | 60 mm | 45°/45°
TC18 | Hole (1mm) | 10% top | 60 mm | 45°/45°

Coanda effect blowing

TCO04 | Slot (0.5mm) | 10% top | — Tangent
TC13 | Slot (0.5 mm) | 10+75%t. | — Tangent
TC14 | Slot (0.5mm) | 75% top | — Tangent
TC15 | Slot (0.5mm) | 75% bot. | — Tangent

Dynamic stall vortex limitation
TCO07 | Hole 3mm) | 10% top
TC12 | Hole 3mm) | 10% top

60 mm | Vertical
20mm | Vertical

Table 1: Test cases.

results, three effects of the jets are observed: firstly a vortex
is generated at the root of the jet, which propagates along
the top side of the OA209, secondly a sideways momentum
is given to the flow so that the dynamic stall vortex is not
purely 2D, and finally the angling of the jets downstream
reduces the drag, by adding some of the jet thrust in the
forward direction, and turning the flow further toward the
surface due to the Coanda effect. The vortex along the wall
will help the flow to remain attached longer, and it is hoped
that the break-up of the 2D vortex will reduce the height of
the dynamic stall peaks in lift, drag and momentum as the
dynamic stall vortex separates. It is postulated that a similar
3D effect due to model end conditions [[6] causes the over-
estimation of the size of the lift and pitching moment peaks
at the moment that the dynamic stall vortex separates when
compared with experiment [20]].

The jet diameter and spacing were varied at constant mass
flow for the dynamic stall vortex vortex reduction. With re-
ducing hole diameter and constant mass flow through the
jets, smaller jets have higher Mach number, stagnation pres-
sure and injected energy (Table2)). The overall effect of re-
ducing the spacing to 20 mm is a reduction in lift and an
increase in drag over the single jet case, since the flow is
not turned as much toward the airfoil, and no vortices are
created along the top surface of the airfoil. In fact the total
effect of reducing the spacing to 20 mm (TC10) is to join the



Figure 7: Test matrix for URANS computations with an example of each jet type group, showing flow state at =16.35° on
the upstroke for the maximum mass flow rate tested. (Top, left) Clean case with unsuppressed DS vortex (TCO1); (Top, right)
tangential slot 0.5 mm (TCO04); (Bottom, left) 3 mm jet at 60 mm spacing inclined/skewed at 45°/45° (TC06); (Bottom, right)
Vertical 3 mm jet at 20 mm spacing (TC12). Jets were at 10% chord.

jet flows into a single blockage. As seen in Table[2] all of
the 60 mm jet spacing configurations increased lift by 50-
80%, and decreased drag by around 35%. The TC06 was
selected for URANS testing due to practical considerations
of the feeder pressure and geometry.

The test cases for the Coanda effect blowing use slots
tangential to the airfoil surface to increase lift by turning
the external flow back toward the airfoil (for example TC04
in Figure [7). This is done by using the Coanda effect on
the flow near the separation streamline, and by providing
blowing in the streamwise direction along the wall so that
the reverse flow, which would form near the airfoil for sep-
arated flow, is not permitted. Slot blowing at the 10% chord
position caused fully attached flow on the rear 90% of the
airfoil, and only a small separation of the front 10% of the
airfoil. As seen in Table[2] for the TCO4 the lift is increased
by 70% and the drag is reduced by 60%, due in part to the
direction of the jet rearward, and also to the almost complete
absence of separated regions.

Two basic problems remain with the tangential slot jets.
Firstly due to the large exit area of the slots the jet pressures
used are low, leaving little room to operate at lower pres-
sure for reduced effect, and the possibility of reducing the
slot width is limited since the slot is already only 0.5 mm
wide. Additionally the alteration of the airfoil contour at
the point where the highest Mach number flow is found on
the advancing blade is likely to be a serious problem unless
the slot itself is a deployable object. The TC04 was nev-
ertheless selected for URANS testing because of its good
performance.

The test cases for the dynamic stall vortex limitation use
vertical jets at 10% chord to limit the upstream travel of
the dynamic stall vortex (similarly to the back-flow flap
[16, 23]]), and convert it to a static separation, with accom-
panying suppression of dynamic separation effects (for ex-
ample TC12 in Figure[7). The idea is to create a separation
limiting effect similar to that possible for a vertical slot, but
without forcing the boundary layer to separate fully.

This idea did not work fully for a jet spacing of 60 mm.
However with a jet spacing of 20 mm (TC12) the size of
the separation is limited by the front edge of the separa-
tion anchoring at the jet, and a modest improvement in lift,
drag and pitching moment were achieved, with around 30%
improvement in lift and 30% reduction in drag over the ref-
erence case, as can be seen in Table 2l Confirming the se-
lection of TC12 for further URANS study were the results
at half pressure, where the flow was fully turned and only
a small separation was seen behind the jets. It is postulated
that the additional ventilation provided to the back half of
the airfoil between the jets causes the large difference to the
vertical slot case investigated initially. For the half-pressure
case, the improvement in lift over the reference case was
only 20%, but the drag was only 60% of that for the refer-
ence case, and improvement of 10% over the case with full
pressure.

The RANS computations indicated a reduction in drag
and an increase in lift for configurations with air jets which
allowed the configurations using each of the three control
strategies to be identified. As an example of the Coanda ef-
fect blowing, the tangential slow configuration TC04 was



Case P()j mj (kg/ | Cp/ Cp/ CM)VP/
Name | (bar) s/m) Ref Ref Ref
Reference case

TCO1 \ 0 \ 0 \ 1.00 \ 1.00 \ 1.00

DS vortex reduction (C,=0.01, C;,=0.06)

TCO5 | 3.04 -0.22 1.52 | 0.64 | 0.28
TCO06 | 11.11 | -0.22 1.72 | 0.66 | 0.27
TC10 | 3.35 -0.22 1.24 | 099 | 1.20
TC16 | 41.68 | -0.22 1.72 | 0.62 | 0.23
TC18 | 278.9 | -0.22 1.79 | 0.63 | 0.22
DS vortex reduction (C,=0.005, C;,=0.03)
TCO05 | 1.52 -0.12 1.02 | 093 | 0.90
TCO06 | 5.55 -0.11 1.01 | 0.94 | 0.89
TC10 | 1.67 -0.11 094 | 0.88 | 0.81
TC16 | 20.84 | -0.12 1.14 | 0.85 | 0.72
TC18 | 120.2 | -0.11 0.97 | 096 | 1.01
Coanda effect blowing (C,=0.01, C;;=0.06)
TC04 | 2.07 -0.22 1.70 | 0.39 | -0.01
TC13 | 1.04 -0.22 1.01 | 0.64 | 0.54
TC14 | 1.99 -0.22 1.08 | 092 | 1.14
TC15 | 1.99 -0.22 1.09 | 090 | 1.14
Coanda effect blowing (C,=0.005, C;,=0.03)
TC04 | 1.03 -0.11 0.86 | 0.74 | 0.56
TC13 | 0.52 0.01 1.05 | 0.87 | 0.79
TC14 | 1.00 -0.11 0.97 | 095 | 094
TC15 | 1.00 -0.11 1.03 | 095 | 0.95
DS vortex limitation (C,=0.01, C;,=0.06)
TCO07 | 2440 | -0.22 0.94 | 0.80 | 0.94
TC12 | 6.70 -0.22 1.31 | 0.73 | 0.59
DS vortex limitation (C,=0.005, C;,=0.03)
TCO07 | 12.20 | -0.12 0.92 | 097 | 0.99
TC12 | 3.35 -0.12 1.23 | 0.59 | 0.10

Table 2: Results of the RANS investigations.

selected. As an example of the dynamic stall vortex re-
duction, the inclined/skewed jet configuration TC06 was se-
lected. As an example of the dynamic stall vortex limitation
and anchoring the vertical jet configuration TC12 was se-
lected. These configurations were then investigated using
URANS computations with pitching motion.

URANS RESULTS WITH
o=12.87+7.13°

The test cases TCO1, TC04, TC06 and TC12 were investi-
gated with URANS computations on a dynamically pitch-
ing OA209 airfoil. The test cases are shown in Figure [7]
and have one example of each flow control method, together
with the reference case. The images in Figure[/lare all taken
at ®=16.35° on the upstroke, and large differences in the
flow topology due to the flow control mechanisms are vis-
ible. The flow in the reference case has just developed the
main dynamic stall vortex, where the cases with air blowing
have all suppressed it to some degree. For the TC04, which
used blowing from a slot parallel to the airfoil surface, the
flow is fully attached except for a small, flat separation near
the trailing edge. For the TC06, which used jets inclined in
the flow direction and skewed to the left, the separation has
been greatly reduced, and no real vortex is currently visible.

Case | Py, mjkg | C. | Cp | CM,, | Cp,
Name | (bar) | /s/fm) | /Ref | /Ref | /Ref | /Ref
Reference case

TCO1 \ 0 \ 0 \ 1.00 \ 1.00 \ 1.00 \ 1.00
DS vortex reduction (C,=0.01, C;,=0.06)

TCO06 [ 11.11 [ -0.22 [ 1.07 [ 0.56 [ 0.74 | 0.68
DS vortex reduction (C,=0.005, C,,=0.03)

TCO06 \ 5.55 \ -0.11 \ 1.03 \ 0.73 \ 0.76 \ 0.79
Coanda effect blowing (C,=0.01, C;,=0.06)

TC04 \ 2.07 \ -0.22 \ 1.18 \ 0.31 \ 0.62 \ 0.62
Coanda effect blowing (C,=0.005, C;,=0.03)

TC04 \ 1.03 \ -0.11 \ 1.07 \ 0.68 \ 0.83 \ 0.80
DS vortex limitation (C,=0.01, C;,=0.06)

TC12 \ 6.70 \ -0.22 \ 0.99 \ 0.58 \ 0.15 \ 0.22
DS vortex limitation (C,=0.005, C;,=0.03)

TC12 \ 3.35 \ -0.12 | 1.02 \ 0.61 \ 0.29 \ 0.31

Table 3: Results of the URANS investigations.

A strong sideward component to the flow on the surface as
been created due to the jet skew. For the TC12, which used
vertical jets, the flow is separated both before and after the
jets, but the size of both is reduced. A strong anchoring of
the separation on the back of the airfoil at the position of the
jets is visible, as is the termination of the separated region
on the front of the airfoil by the jets.

Coanda effect blowing: The effect of the 0.5mm slot
used for the Coanda effect blowing test case (TCO04) is to
shift the separation vortex rearward and cause earlier reat-
tachment (Figure [8). The high Mach number of the air ex-
iting the slot causes a small separation in front of the slot
during the upstroke (Figure [8 left), which expands as the
angle of attack increases, but is qualitatively similar, even
after stall. After stall, the blowing prevents the formation
of the dynamic stall vortex until halfway back on the airfoil
(Figure [8l middle). This vortex is smaller, weaker and po-
sitioned further back than for the clean case, meaning that
the lift and pitching peaks are reduced. As the dynamic stall
vortex becomes very large and moves over the trailing edge
of the airfoil (Figure[8] right) the blowing of the jet still en-
forces attached flow along the majority of the airfoil.

The stall for the TC04 occurs at approximately the same
angle as for the reference airfoil, and there is no large lift
peak since no large dynamic stall vortex forms (Figure
left). An increase in lift of up to 15% was seen during
the attached flow part of the upstroke due to the jet being
pointed directly aft of the airfoil, decreasing at lower angles
of attack, and a net thrust (negative drag) was produced at
low angles of attack. While the improvements in mean lift
(18%) and mean drag (69%) are impressive (Table B) they
come at the cost of a significant modification to the airfoil
contour for the injection slot and the creation of a second dy-
namic stall vortex. The pitching moment peak from the first
DS vortex is reduced by 38% (Figure[9] right) and the shape
of both the lift and pitching moment peaks is rounded when
compared to the reference case. The rounding of the lift
peak is due to the slow growing of a separation on the front
part of the airfoil, which is prevented by the jet from spread-
ing backwards as is the case for the clean airfoil. In addi-
tion, the growth of the main dynamic stall vortex limited
to the back half of the airfoil. The vortex later swims off,



Figure 8: Comparison of flow topologies on the symmetry plane before (left), at (middle) and after (right) dynamic stall for
the "TC04” (tangential slot blowing) OA209 airfoil. a=16.4°, 17.5° and 18.5° respectively for an instantaneous solution at

the periodic plane (between the jets).
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Figure 9: URANS results of the coefficients over one pitching cycle =12.87+7.13°, *(c)=0.101 for: (left) Lift coefficient,
(right) Pitching moment coefficient. Shown is the result for the "TC04” (tangential slot blowing) plotted against the "Clean”

OA209 airfoil.

but without giving a large dynamic stall peak. The RANS
results for TCO4 (Table 2)) suggest that the lift should be in-
creased by 70% and the drag reduced by 60%, but this is not
the case for any angle in the upstroke, but a 75% increase in
lift and 60% decrease in drag can be seen on the downstroke
at around 17°. Due to the airfoil modification, the TC04 is
not preferred to the porthole configurations TC06 or TC12.

Dynamic stall vortex reduction: The effect of the inclined
and skewed jets (TC06) is to reduce the size of the dynamic
stall vortex and to stabilise its position at the jets. Figure [10]
(left) shows the flow on the symmetry plane, just after the
end of the attached flow section of the upstroke. Here the
sidewards flow of the air jets causes a stable deviation of
the streamlines upward away from the trailing edge of the
airfoil which does not immediately separate. Instead this
state persists for around Ao=3° until finally a dynamic stall
vortex starts to form, at a delay of about Ao=2° from the ref-
erence case (Figure middle). Finally the dynamic stall
vortex moves downstream (Figure [IQ right), with a con-
siderably reduced strength, but the counter-rotating vortex
formed at the trailing edge is much stronger. As a result of
the strengthening of the counter-rotating vortex, a second
dynamic stall vortex is produced, which is as strong as the
original vortex.

With TC06 a constant lift up to just over =19° (Fig-
ure [[11 left) is produced, and the lift peak seen in the ref-
erence case does not appear. After separation and on the
downstroke a second vortex is released from the surface cre-
ating a second peak not present in the clean case. The two
peaks in the pitching moment are equally large (Figure [L11
right) and are reduced by 26% over the clean case. The
first peak in pitching moment is moved around 2° higher in
angle, consistent with movement seen in the drop in lift co-
efficient. Likewise the peak in drag (Table[3)) is reduced by
32%, with a similar movement in the peak position. Af-
ter this the flow in the reference and TCO6 test cases is
rather similar, although the reattachment for the TCO6 is

marginally later. For the test case DS2 investigated here,
dynamic stall could not be avoided, but indications are that
for light dynamic stall the separation may be delayed suffi-
ciently to avoid dynamic stall entirely.

As seen in Table[3] the improvements in the mean lift and
drag for TC06 were 7% and 44% respectively, compared
with the 70% and 34% predicted by the RANS computa-
tions. Some of this is because the RANS computations only
look at the flow above stall, but it is clear that the RANS
computations are a qualitative indication rather than a quan-
titative predictor.

Due to the narrowness of the computational domain (20%
chord), the splitting of the main dynamic stall vortex into
smaller vortices with X, y and z components to the axis was
not captured. It is expected that these vortices would have
a width of around 1 chord and so a computational domain
of at least 2-3 chords would be needed to capture this be-
haviour, for a computational cost around 10 times that of
these investigations. Additionally, due to the computational
domain size a quasi-two-dimensionality is enforced at the
trailing edge which will tend to strengthen both the dynamic
stall vortex and the counter-rotating vortex from the trailing
edge, so it remains to be seen whether a full 3D investiga-
tion can better estimate the respective strengths of these two
vortices. This effect would be expected to further reduce the
strength of the dynamic stall vortex.

Dynamic stall vortex limitation: The effect of the vertical
jets for dynamic stall vortex limitation (TC12) is to cause
the formation of a static separation bubble behind the injec-
tion position, which is stable in size and anchored in po-
sition by the jets. This separation is limited in height and
does not block the flow. A separation is also formed in front
of the jets, but this is stable and not connected to any other
separation region. As seen in Figure [12] (Ieft), the vertical
blowing is detrimental during the parts of the cycle with
attached flow, since it forces the flow before and after the
jets to separate, as well as reducing the lift due to the direct



Figure 10: Comparison of flow topologies on the symmetry plane before (left), at (middle) and after (right) dynamic stall for
the ”TCO06” (inclined/skewed blowing) OA209 airfoil. o=16.4°, 19.2° and 19.7° respectively for an instantaneous solution at

the periodic plane (between the jets).
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Figure 11: URANS results of the coefficients over one pitching cycle o=12.87+7.13°, ®*(c)=0.101 for: (left) Lift coefficient,
(right) Pitching moment coefficient. Shown is the result for the “TC06” (inclined/skewed blowing) plotted against the "Clean”

0OA209 airfoil.

jet acceleration downward on the airfoil. In a practical im-
plementation with constant blowing the jets would only be
turned on during the parts of the cycle needing stabilisation,
so this is not necessarily a problem. Switching the flow on
and off once each per cycle was investigated numerically,
and it could be shown that at the start and end of jet actua-
tion the solution moved neatly between the solution for the
jets and the solution for the clean OA209 airfoil in under
Aa=0.5° of movement.

At stall (Figure [[2] middle), a dynamic stall vortex simi-
lar to that seen for TCO04 is formed near the rear of the air-
foil. In addition a long, flat separation lying close to the air-
foil surface stretches between the jets and the upstream side
of the dynamic stall vortex. After stall (Figure[12] right) the
flat separations around the injectors stretch to the trailing
edge and this causes the flow to be less unstable than for the
reference case, even though separation is present. A sim-
ilar arrangement using a vertical slot produces an unstable
separated region, and the stabilising effect in this case is the
ventilation of the separated region from the front between
the individual jets.

As seen in Figure [[3] (left) the separation of the flow oc-
curs at about the same angle of attack as for the reference
airfoil (¢=16°), but the stabilisation of the separation re-
sults in a much more stable coefficient history after sepa-
ration. The lift near the maximum angle is improved by
20% between a:=19°-20°, somewhat less than the 31% gain
predicted by the RANS computations. The flow reattaches
around Aa=3° later than for the reference case, meaning
that the mean lift was reduced 1% from the reference case
(Table [3), although when only the top half of the cycle is
considered, a modest 5% gain over the reference case is
seen. The late reattachment can be solved by turning the
jets off at the appropriate moment.

The improvement in the pitching moment coefficient
(Figure right) is by far the best for any configuration
investigated, and no second dynamic stall peak is formed.

As reported in Table[3] a reduction in the pitching moment
peak of 85% was found and the mean drag coefficient is im-
proved by 42%, much better than the 27% predicted by the
RANS computations.

BLOWING WITH REDUCED PRESSURE

To investigate whether the improvements noted in mean lift,
mean drag, pitching moment peak and drag peak were lin-
ear with the amount of air used for blowing, each of the test
cases TC04, TCO06 and TC12 were also tested with half the
blowing pressure above. For TC04 (tangential slot blowing)
and TCO06 (inclined/skewed blowing), the effect of the pres-
sure reduction was to create a qualitatively similar change
to that for the full pressure case, but with the improve-
ments in mean lift, mean drag, pitching moment peak and
drag peak over the reference case approximately halved (Ta-
ble[3). This means that the improvements will react linearly.
For TCO04, the pressure was reduced to around 1 bar, which
was the limit for supersonic blowing in this case, which sets
the lower limit for this linear relationship. For TCO06 a fur-
ther factor of 5.5 reduction in pressure would be possible
before the pressure is at 1 bar and the blowing is no longer
supersonic.

For the vertical blowing (TC12), halving the blowing
pressure had less effect than expected by a linear depen-
dency. As seen in Table Bl the mean lift and drag were
marginally improved, mostly due to the reduction of the
negative effects of the vertical blowing, since the jet effect
downward and the size of the separation around the jets in
the attached flow are both reduced (Figure [[4] left). As the
dynamic stall vortex forms (Figure [[4] middle), the size is
approximately the same as for the full-pressure case, but
the separations around the jet are flatter and closer to the
body. The dynamic stall vortex remains attached to the air-
foil longer than for the full-pressure case (Figure[I4] right).



Figure 12: Comparison of flow topologies on the symmetry plane before (left), at (middle) and after (right) dynamic stall
for the "TC12” (vertical blowing) OA209 airfoil. a=16.4°, 17.5° and 18.5° respectively for an instantaneous solution at the

periodic plane (between the jets).
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Figure 13: URANS results of the coefficients over one pitching cycle o=12.87+7.13°, ®*(c)=0.101 for: (left) Lift coefficient,
(right) Pitching moment coefficient. Shown is the result for the "TC12” (vertical blowing) plotted against the "Clean” OA209

airfoil.

The improvement in the behaviour during the attached
flow can be seen in the history of the lift coefficient (Fig-
ure[T3] left) where the lift is now approximately the same as
for the reference case. In addition the reduced pressure al-
lows earlier reattachment of the flow during the downstroke.
The reduction to the pitching moment peak was still 71%
over the reference case, rather than 42% as might be lin-
early expected (Table[3)) and it can be seen that the pitching
moment history is qualitatively similar to that for the full-
pressure blowing (Figure[13] right).

CONCLUSION

The numerical investigation of air jets for dynamic stall
control has been described for the SIMCOS DS2 test case
(M=0.31, Re=1.16e6, 0:=12.87%7.13°, 0*(c)=0.101). The
dynamic stall control strategies concentrated on using blow-
ing with air jets to keep the flow attached, reduce the
strength of the dynamic stall vortex, and to anchor the sep-
aration of the flow and the attachment point of the dynamic
stall vortex. Steady RANS computations were first used to
narrow a wide field of candidates to one candidate for each
flow control strategy.

Computations using URANS on the pitching airfoil
showed that each of the three candidates investigated in-
creased the mean lift and reduced the mean drag over a
pitching cycle, while reducing the peaks in pitching mo-
ment and drag caused during the production of the dynamic
stall vortex. Each configuration was investigated for two
blowing pressures to investigate the linearity of the flow
control effect. From the results of the URANS computa-
tions, a configuration using vertical 3 mm portholes at 10%
chord and 20 mm spacing (TC12) is the preferred configura-
tion, with a configuration using a 3 mm inclined porthole at
60 mm spacing (TC06) as a second choice and a tangential
slot (TCO04) as the third choice. For the best configuration

(TC12), improvements in the pitching moment peak of 85%
and in the drag peak of 78% were observed, together with
a 42% reduction in the mean drag over the unsteady pitch-
ing cycle. Based on these results a wind tunnel model for
the DNW-TWG is being constructed to investigate pulsed
blowing on the vertical jet configuration, with the expecta-
tion that a control of the dynamic stall peak can be achieved
using less air power than that saved in the airfoil drag.

The vertical jets have the interesting property of stabilis-
ing the separation point at the point of injection, with a small
separation in front of the jets which stabilises the large vor-
tex behind the jets by a constant flow between the jets. This
avoids the unsteadiness in attachment position and size of
the large vortex which would otherwise appear, such that
the flow after separation is less unsteady than without flow
control.

An open question from this investigation is the effect of
a 3D computation with sufficient domain width to see full
3D development of the stall vortex, since the domain width
here was so narrow as to enforce mainly 2D behaviour at
higher stall angles.
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