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Abstract. The unsteady interaction between a shock wave and boundary layer over a tran-
sonic wing can lead to the generation of considerable separation zones and periodical shock
wave motion along the airfoil chord. The phenomenon is called transonic buffet. In the pre-
sent work the buffet phenomenon on a transonic airfoil is simulated numerically using second
order finite-volume method. Unsteady Reynolds Averaged Navier-Stokes (URANS) equations
with different turbulence models are integrated. Transonic airfoil P-184-15SR of TsAGI is
used as a reference geometry with Reynolds number ~2.6x10°. The buffet onset boundary is
calculated for different free-stream Mach numbers. Active flow control method is proposed to
alleviate the buffet onset. In this method, jet is blown tangentially near the shock wave on the
upper airfoil surface. Parametric studies are performed. In all cases tangential blowing leads
to significant lift growth and buffet alleviation.
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1 INTRODUCTION

Airfoils at transonic speeds are subjected to the buffet phenomenon, associated with un-
steady shock-boundary layer interaction inducing self-sustained oscillations of separation
zone under the shock foot on the upper surface of the wing. That leads to significant changes
of the airfoil performance, i.e. lift, drag and moments. This phenomenon can further lead to
structural vibrations called buffeting. Wing design standards impose margins between the buf-
feting onset and the cruise condition. As a consequence, a delay in buffeting onset could lead
to improved aerodynamic performance characteristics that can result in the reduction of wing
area and hence the friction part of drag. One of the ways of buffet alleviation is flow control.

The buffet is associated with the shock-boundary layer interaction (SBLI). Up to date a
number of methods of SBLI control are developed. One of them is a passive method, in which
a cavity covered with a perforated plate is placed under the shock foot [1]. Grooves and
stream-wise slots are also well-known passive devices [2]. In all the methods the shock is
weakened and wave drag is reduced. 2D bumps also lead to the wave drag reduction, but also
result in too high penalty under off-design conditions [3]. 3D bumps are thoroughly investi-
gated to diminish the penalty [4].

Another group of methods is based on the boundary layer energizing to prevent its separa-
tion. Among the most popular are mechanical and fluidic vortex generators (VGs). Mechani-
cal VGs were investigated in [5-6] and proved their efficiency. The main drawback of the
method is drag increase under cruise condition. Fluidic air-jet VGs and tangential jet blowing
with position at 15% of the chord length to control SBLI were also considered in [5]. Bounda-
ry layer suction [7] and application of plasma actuators [8-9] were also considered. These
concepts have multiple advantages, such as optional turning on during cruise regime and op-
eration in a closed-loop strategy to optimize flow control. However, they require additional
equipment resulting in a weight growth.

The concepts outlined can be used for buffet control. Mechanical trailing edge device
(TED) which can change rear loading of an airfoil was considered in [10]. Fluidic VGs with
air jets along with fluidic TED, where jet was blown on the pressure side, were studied in [11].
VGs are shown to be able to delay the buffet onset in the angle of attack domain by suppres-
sion of a separation zone downstream of the shock. In the case of fluidic TED, the separation
was not suppressed and buffet was alleviated in the lift domain only.

In the present study buffet is simulated on the transonic supercritical airfoil P-184-15SR of
TsAGI with the Reynolds number based on the chord Re=2.6x10°. Steady and unsteady
Reynolds averaged Navier-Stokes equations are used with Spalart-Allmaras (SA) and shear
stress transport (SST) turbulence models. The buffet onset boundary is calculated in a range
of free-stream Mach numbers from 0.72 to 0.75. Flow control method based on fluidic air-jet
blowing is proposed to alleviate the buffet onset. The jet is blown tangentially near the shock
wave on the upper airfoil surface. Buffet alleviation is obtained for these cases.

2 PROBLEM STATEMENT

2D geometry investigated is a supercritical airfoil P-184-15SR developed at TsAGI with
thickness 15% and chord length ¢c=0.2 m. Reynolds number based on free-stream parameters
and chord length is Re=2.6x10°. The baseline geometry corresponds to the smooth airfoil
(figure 1).

To simulate the jet blowing, slot is added at x-coordinate X;=60% of the chord with height
h=0.15 mm (figure 2). The global mesh (figure 3) is not changed. The only grid nodes down-
stream of slot nozzle are added (figure 4). Computational grid consists of approximately
200 000 cells. Grid nodes are clustered normal to the surface inside the boundary layer so that
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Y " 1<1. Grid convergence study showed that the grid size is sufficient for numerical simula-
tions [12].
~50h |

Figure 1: Smooth airfoil P-184-15SR. Figure 2: Slot geometry at X;=0.6.

==

Figure 3: Grid near the airfoil. Figure 4: Grid near slot nozzle.

RANS and URANS equations are used for simulations. The calculations are carried out for
the ideal compressible gas with laminar Prandtl number Pr=0.72. Laminar viscosity-
temperature dependence is approximated by Sutherland law with Sutherland constant 110.4 K.

Numerical solutions are obtained using an implicit finite-volume method. The equations
are approximated by a second-order shock-capturing scheme. The flux vector is evaluated by
an upwind flux-difference splitting of Roe. Second order upwind scheme is used for spatial
discretization of convective terms. Central-differencing scheme is used for diffusion terms.
The second order time discretization is used for transient simulations. Dual time stepping
scheme is used. Time step equals to At=2x10° s with internal iterations converging up to the
error ~10°. Further time steps and error decreasing showed no impact on solutions.

Two turbulence models were used: Spalart-Allmaras and SST. In RANS simulations, the
difference between the models for pressure coefficient C, is relatively small (figure 5). For
these simulations, free-stream Mach number is M=0.73, angle of attack AoA=4 degrees, lam-
inar-turbulent transition was fixed at x/c=0.15. In URANS simulations, SST model showed no
buffet at all considered regimes so that SA model was used for further simulations.
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Figure 5: Cp distribution: M=0.73, AoA=4°, geometry with a slot.
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Some preliminary RANS calculations were also done to compare the flowfield over the
baseline geometry and the airfoil with a slot without a jet for M=0.77 and AoA=6 deg. Slot
was placed at x/c=60% and its height was of the order of magnitude less than the boundary
layer thickness h=0.15 mm. The difference was small enough (figure 6).
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Figure 6: Cp and x-component of Cf distributions: M=0.77, AoA=6°, baseline geometry and airfoil with a slot.

3 BUFFET SIMULATION: BASELINE GEOMETRY

Buffet characterization on the P-184-15SR airfoil on the base of 2D URANS studies are
carried out for the cases without jet blowing for the baseline geometry. Summary of these re-
sults on (M, a) plane is shown in Figure 7. Regimes below solid line correspond to regimes
without buffet, while regimes under solid line correspond to buffet onset. Lift coefficient Cr
convergence history for the case without and with buffet are shown in Figure 8. Buffet fre-
quency was calculated using fast Fourier transformation. It varies from 99 Hz for M=0.72 and
AoA=5°to 118 for M=0.74 and AoA=4.5°.
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Figure 7: Buffet onset on (AoA, M) plane: baseline geometry.
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Figure 8: C; convergence history for regimes without (a, M=0.73, AoA=4°) and with buffet (b, M=0.73,
AoA=4.5°).

During the buffet period shock reaches its most upstream and downstream locations (fig-
ure 9). Figure 10a shows Cp distributions on airfoil surface. Blue curve corresponds to the
mean C, distribution where C, is averaged for several periods of shock oscillation. In this case
the shock is smoothed between the most upstream and downstream locations. Red curve cor-
responds to Cp distribution at time moment in which lift coefficient equals to the mean value.
It is seen that there is a sufficient difference between these curves.

It should be noted that the shock motion also leads to the local maximum of the root mean
square (RMS) of Cp in the region of shock oscillation (figure 10b).
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Figure 9: Mach number field evolution during the buffet period: M=0.73, AoA=5°.

1459



Ksenia Abramova, Kamil Khairullin, Alexander Ryzhov and Vitaly Soudakov

/ Ce rus

0.0 0.2

-
7

0.1

1.0 — Mean Cp \

’ CP in CL=CL mean

| —
: : T - T 0.0 :
0.00 0.05 0.10 X 0.15 0.20 0.00 0.05 010 X 0.15 0.20

a b
Figure 10: Mean and instantaneous Cp distributions (a) and RMS of Cp (b), M=0.73, AoA=5°.

4 TANGENTIAL JET BLOWING EFFECT

To control the buffet supersonic jet is blown out of the slot (figure 11) with momentum co-
efficient C,=0.0066. The mechanism of buffet alleviation and lift increase is associated with
the separation zone elimination. As seen in figure 12, longitudinal component of wall friction
coefficient is above zero downstream the shock for the case with jet blowing, while being
negative for the baseline geometry.

Figure 11: Mach number field near the slot nozzle, M=0.74, AoA=2°, X;=60%, Cu=0.0066.
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o M=0.73, a=4.2°, smooth airfoil
o M=0.73, a=4.2°, C1~0.0086
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Figure 12: X-component of skin friction coefficient: smooth airfoil and airfoil with jet blowing: M=0.73,
AoA=4.2°.

The mean values of C and standard deviations of Cy are plotted in figure 13. Both for the
baseline geometry and for the jet blowing, RANS results close to URANS mean values. For
the baseline case, deviation of lift curve from the linear regime is near AoA=2° while buffet
onset regimes in URANS begin from AoA=4.2°. For the jet blowing with Cu=0.0086, there is
no buffet at all. The Cp increase reaches 0.2 on the linear stage and increases up to 0.4 at
AoA=6°.

1.2

1 [L[~—RANS smooth airoil /.‘./'
' [[]—=— URANS, smooth airfoil —
1.0 H ./"/
I RANS, Cu=0.0086
0.9 |-l —=— URANS, :=0.0086

0.8

I I
0.7 I T * l T
C,06p
05 o
bt LA
03| W

0.2

0.1

0.0 s s s s s s s s s s s s
00 05 10 15 20 25 30 35 40 45 50 55 6.0

AoA
Figure 13: Lift curve for M=0.73 with and without tangential jet blowing.

Additional calculations were performed for low-momentum jet with Cu=0.00069 (figure
14). In this case, there is no impact on C but AoA of buffet onset is delayed to 0.5-0.8° rela-
tive to the baseline geometry.
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Figure 14:Lift curve for M=0.73, URANS, red curve — low momentum jet with Cu=0.00069.

5 CONCLUSIONS

e Two-dimensional numerical simulations are carried out to characterize the buffet phe-
nomenon on transonic supercritical airfoil P-184-15SR. The buffet boundary in AoA —
Mach number is calculated.

e SST model showed no buffet while SA model was used for URANS simulations.

e Tangential jet blowing in the shock region is investigated to delay buffet. Numerical
simulations showed that tangential jet blowing suppresses shock-induced separation and
significantly increases lift coefficient.

e URANS results showed buffet onset delay both in the AoA and CL domain.
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