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Aerofoil-Vortex Interaction Simulation

Using the Compressible Vorticity Confinement Method
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The phenomenon of Blade-Vortex Interaction (BVI) is central to the study of the aerodynamics of rotors as
well as to the calculation of the acoustic field radiated by rotorcraft. The simulation of BVI is challenging since
the solution scheme tends to alter the characteristics of the vortex which must be preserved until the interaction.
The Compressible Vorticity Confinement Method (CVCM) is capable of preserving vortical flows without major
modifications to existing CFD codes. Inviscid and viscous calculations have been carried out for a well-know head-
on BVI case. The results obtained using the CVCM show a good agreement with the measurements.

Nomenclature

£ Confinement parameter

r Normalised circulation

U Numerical viscosity

w Vorticity

p Density

fo Body force term

i Normalised vorticity gradient vector to the sur-
face S

\Y, Velocity vector

BVI Blade Vortex Interaction

CVCM Compressible Vorticity Confinement Method

NS Navier-Stokes

r Distance from the vortex core
Re Viscous core radius
SPL Sound Pressure Level

Cp Surface pressure coefficient
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1 Introduction

BVI noise should be considered when simulating the
acoustics of a helicopter due to its high contribution
to the perceived noise levels. BVI takes place both on
the main and tail rotors of helicopters with the vortex
axis being parallel or orthogonal to the blades. The BVI
noise is generated when the blade tip vortices collide
or come close to the rotor blades [1]. As explained by
Schmitz et al [2], the unsteady disturbances generated
by the passage of a vortex close to a blade radiate a part
of their energy as sound. Depending on the phase delay
between the emitted acoustic waves, the BVI sound
may propagate directionally and far from the rotor. It
is therefore essential to understand the mechanisms of
BVI due to its dominance on the acoustic signature of
a helicopter, particularly in descending flight [3, 4].

In recent years, Computational Fluid Dynamics
(CFD) has made a significant impact in the design
of modern rotors. Yet, the ability of most CFD codes
to preserve vortices over long periods of calculation on
grids of moderate density still remains questionable.
This is mainly due to the amount of numerical dissipa-
tion and dispersion inherent in most numerical schemes.
The PMB code of the University of Glasgow [5] is the
basis of the present work. This is a parallel, structured,
multi-block code with implicit time stepping. It is based
on Osher and Roe schemes and uses a preconditioned
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Krylov solver for high efficiency.

To extend the capability of the code for predicting
flows with strong vortical structures the Compressible
Vorticity Confinement Mdthod (CVCM) [, 78 ] has
been implemented. This method is particularly attrac-
tive from a practical point of view since it is economic
in terms of memory and CPU time and relatively simple
to implement in existing CFD solvers. This method
has been successfully used for tracking vortices9[ , 10
and more specifically for rotorcraft simulations [11].
Application of the method is also reported for several
other flow cases including flows over complex bodies
[12], massively separated flows [13] and even flow vi-
sualization [14]. Recently, it was applied to allow the
simulation of blade-vortex interaction [6] which is the
main focus of this paper.

The well-know experiment of Lee and Bershader [15]
provides the basis of the current work. This experiment
concerns the head-on parallel BVI between a vortex and
a NACARAL2 aerofoil. Since detail ed measurements of
the surface pressure on the upper and lower sides of
the blade are available for this experiment, this popular
case has been previously used for evaluating simula-
tions. Different techniques such as high-order schemes
[15, 16, local grid refinement [17] and more recently
unstructured adaptive meshes [18, 19 were used to pre-
serve the convected vortex. CVCM allows the use of
relatively coarse grids along the vortex path and refined
grids near the aerofoil so that accurate predictions of the
surface pressure and well-preserved near- and mid-field
acoustical waves can be obtained.

The complex flow-field of the head-on BVI is known
to produce a very intense impulsive noise [15]. As men-
tioned i@ [2 , this noise has four main contributions
(i) from the vortex at subsonic speed with its upwash or
downwash velocity component, (ii) from the stall and
reattachment of the flow when the vortex approaches
the aerofoil, (iii) from the oscillation of the stagnation
point due to the high pressure region generated at the
leading-edg®) (df the aerofoil (compressibil ity waves)
and (iv) from the development of a supersonic area at
the shoulder of the aerofoil (transonic waves).

This paper will first illustrate the capabilities of the
Vorticity Confinement Method using the simple bench-
mark problem of vortex convection in an infinite domain.
Once confidence in the method is established the simu-
lation of the head-on BVI will be attempted along with
comparisons between CFD results and the experiments
of Lee and Bershader [15]. Parameters which are likely
to influence the BVI results will be studied: vortex | o-
cation, spatial and time refinement and the influence of
corrections to the angle of attack. Finally, the nearfield
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acoustics of the NACA0D2
Mach nurifdszs.e

will be presented along with

2 The Comble
Cdnenidht hod

2.1 Principles of the VCM

The Vorticity Confinement Method (VCM) developed
by Steifho [7] is aimed at countering the dissipation
of the scheme. The VCM is based on the observation
that the scheme tends to dissipate the vortices in the
flow. Therefore the VCM adds a source of momen-
tum in regions of the flowfield where vorticity is con-
centrated to balance this. The basic modification is to
add a body force term fp to the momentum transport
equations which for incompressible flow reads

Vorticit

—

oV
PS50 +p(v O)W + Op = p0?V —f

_, |

The body force term fp is given by —p&==h 180 3l x @ where

A&
€, U and @ are respectively the confinement parameter,
an artificial viscosity term and the vorticity.

2.2 Compressibility modifications

The extension of the VCM to the compressible
Navier-Stokes (NS) equations has been realised by in-
cluding the work of the body source term in the energy
equation [21]. The integral form of the NS equations
can be rewritten for a two-dimensional problem as

E/Wd3+/F.ﬁdz+/G.ﬁdz=—/ o)
dt Js s s 9

where the conservative variables W, the fluxes F, G and
the source term S can be expressed as

p ;2)u pv
w=d pu F= pu?+p ’ pzuv ,
pv puv pVe+p
pe puh pvh
0 [ao]
- w!
s ) epx@ T | L[ =g
ep (A x ). =2 xV
ep (A x ).V
The term pgllAAlgl\ X w is added to the transport equa-

tions of the momentum components, while €, p and w
represent the confinement parameter, the density and
the vorticity, respectively. In order to include the work
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done by the body source term in the energy conservation
law, the term —gp (i x @) also contributes as a part of
the residual. Note that a complete review of the Com-
pressible Vorticity Confinement Method is given in the
thesis byd [22].

2.3 Implementation

The vorticity gradient is required for the source term
S. The derivatives were calculated from their curvilin-
ear form. It was found that the performance of the
method depends strongly on the order of accuracy of
the calculated gradients. Therefore the derivatives fi'
were estimated using the fourth-order finite difference
approximation as follows

¢ —fipo+8fi 1 —8fi_1+fio
P 12

The use of high-order derivatives provides a better esti-
mation of the vorticity gradients particularly in the wake
of the aerofoil. In addition, some Laplacian smoothing
to the vorticity and its gradient was also applied to get
smoother source terms. Regarding the temporal treat-
ment, thedcobi ans in the implicit formulation were left
unchangdlperi ence with the test cases presented in
this paper (see section 4.2.3) has shown that the sta-
bility and convergence of the scheme is very similar for
different time refinements.

2.4 Modifications to the basic method

Different methods have been used to set the values for
the parameters € and .

(a) Parameters € and [ set to constants.
The constant € and L were respectively chosen so as
to control the amount of momentum injected into
the flow and to remove any excessive momentum
which may create artificial vortices. The value of
€ ranges typically frond 001 tdl whereas the
parameter Ul was set to a valuk fooin 0.

(b) Use of a vorticity gradient based limiter.
It has been attempted to reduce the production of
spurious vortices via the use of a limiter based on
the vorticity gradient. Indeed, it was observed that
some of the secondary vortices stem from the vector
A. The cross product of the vector 1i and the vortic-
ity W allows the concentration of the anti-dissipation
term in the areas given by the vector A, the nor-
malised ratio of the vorticity gradient amplitude.
However, the ratio may have a large value even for
areas of low vorticity, implying that artificial vortices
may be created in zones where the value |fi| is large.
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Therefore, T was set to zero when the magnitude of
the vorticity gradient |A|@|| was low.

(c) Parameter € scaled with the grid.

Different formulations of the CVCM have also been
tested by other Suthors [ , 23, 24]. Since the con-
finement parameter € is homogeneous to a velocity,
it is possible to scale it with the grid size. The for-
mulation proposéJ dypfesses the confinement
parameter as € = h?|0J|w|| with h the characteris-
tic length which is equal to the scalar product of
the cell size vector L = (Ax,Ay,Az) with the vector
A. This formulation has been tested and compared
against the constant scaling €. Results are shown
in section 3.

3 Evaluation of the CVCM on a
vorbecon vectiot ée

The CVCM has been tested on the benchmark prob-
lem of vortex convection in an infinite domain. An isen-
tropic vortex is introduced into the flow and convected
at the free-stream velocity. Periodic boundary condi-
tions were applied to enable the vortex to convect for
many cycles. The Sculley model was chosen due to its
wide acceptance in the literature [15]. According to this
model, the expression for the tangential velocity compo-
nent is as follows:

vg I 2

Voo 27T 124 R2

with Vi, I, @ being respectively the freestream velocity,
the non-dimensionalised circulation (I = \ﬁ) and the
core radius. Note that the pressure and density are cal-
culated from the approximation of the  er equations

2
g—f = pur—" and the isentropic relation p= cpY [22].

The influence of the confinement parameter and
of the viscosity term is examined for the case R; =
0.018, I = —0.283, M = 0.5. The calculations were
carried out on two uniform grids a coarse gri d with
51x1(2 and a finer grid of A3 x278. Different values
for the confinement coefficient € have been used, the
viscosity term being set to zero. The flow was first
considered as laminar with a Reynolds numb&06f 1
The initial condition and the vorticity divided by the
density are plotted in Figure 1. Figure 1(a) highlights
the grid density of the coarse grid. Note that the full
grid extends flom - 5td) 5 in théirecti  on and from
-1.0 to 1.0 in the Y direction. Figure 1(b) shows that
the w/p ratio is maintained constant when the CVCM
is used while it is significantly reduced when £ =0.

[
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It was also noticed that the method leads to the
formation of artificial secondary vortices when the dis-
sipation term is set to zero (Figure 2(a)). As depicted
in Figure 2, the dissipation term (method (a)) reduces
the creation of artificial vortices and results in better
preservation of the shape of the original vortex.

Results with the use of the vorticity gradient based
limiter (method (b)) are presented in Figure 2(b). The
shape of the vortex is better preserved even when the
artificial viscosity is set to zero and all secondary vortices
have now disappeared. The gradient based limiter was
used to replace the dissipation term so that only the con-
finement term € remains as a parameter of the CVCM.
Comparison between the results given by method (c)
and method (b) with the use of the limiter shows that
the vortex is better convected when the characteristic
length is used. This is depicted in Figure 3 where results
are shown aftef2ycl es of vortex convection. It can be
noticed (Figure 3(a)) that the vortex is better captured
on a fine grid than on a coarse grid since the number of
cells across the core radius is larger.

The use of the CVCM allows the tracking of the vor-
tex for several cycles. As illustrated in Figure 3(a), on
the coarse grid, the vortex is well-preserved even after
twenty cycles whereas it disappears after only two cycles
without CVCM. On the fine grid and without CVCM,
the vortex is five times weaker in terms of the w/p ratio
at the vortex core after twenty cycles of convection (see
Figure 3(b)). The combination of methods (b) and (c)
gives the best results for preserving the vortex character-
istics and was therefore preferred to method (a). Note
that the CPU time incurred by the use of the CVCM is
minimal.

oft he BVI Simu
he CVCM

4 Otgisation
latiosigt

Next an aerofoil test case is considered to determine
the capabilities of the CVCM and to find the best op-
tions for simulating BVI. The test case here is the par-
allel BVI between a clockwise vortex and a NACA@12
aerofoil. The radius of the vortex and its circulation are
set respectively td) 018 and)- 283 as for the bench-
mark problem. A schematic is presented in Figure 4.
Both inviscid and viscous calculations were carried out.
Results will be shown for the head-on BVI at freestream
Mach numlers of 5 andOof 8.
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4.1 Characteristics and behaviour of the
CVCM for the BVI simulation

The simulation of BVI requires the use of non-uniform
grids. The scaling with the cell size was therefore com-
bined with the vorticity gradient limiter for the BVI
study. The grid used for the BVI simulation was care-
fully generated so that spacing along the expected path
of the vortex is as uniform as possible. Moreover, the
CVCM was not needed near the aerofoil since the grid
was fine enough in this area to capture the vortices. In
addition, some robustness problems occurred when run-
ning the calculations for values of £ which are too large.
Indeed, the use of the CVCM tends to modify the pro-
file of the boundary layer and to amplify the wake which
is characterised by a large value of vorticity. Therefore,
zones are used to restrict thdfect of the source term to
vortices avoiding wakes and boundary layers the con-
finement method was not applied until a distancel
chords from the aerofoil and also when the vorticity gra-
dient exceeded fé valiieo No confinement was
applied near the aerofoil so that the CVCM does not
alter the behaviour of the turbulence model during the
interaction. Note that the optimum & parameter was
found to depend on the used spatial schemes of which
dissipation properties vary with the grid cell length, the
time step and the nature of the flow. The parameter &
was estimated to 1.5 for the subsonic case and to 1.8
for the transonic case (see section 4.2).

4.2 CFD Calculations

The importance of different parameters has been
evaluatedortex | ocation, spatial and time refinement
and angle of attack. Inviscid and viscous calculations
have been attempted and the Reynolds number was set
to one million for the viscous case. This corresponds
to the range of values 0.9 x 10%-1.3 x 10° given by the
experiments. The viscous calculations were expected to
predict better the pressure coefficient on the lower part
of the aerofoil. As will be shown, it is essential to in-
clude the viscosity ffects since flkey the transfer
of energy between vortices as well as between a vortex
and the boundary-layer flow as mentioned by Korber
and Ballmann in [25]. The best parameters for simu-
lating BVI will be determined by examining the results
obtained for the low-speed case (freestream Mach num-
ber0 5). Then the results for a similar head-on BVI at
a freestream Mach number of 8 will be presented.

4.2.1 Influence of the vortex location

The vortex location is of great importance since the
vortex model needs to be introduced in a potential-

[
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like flow region. Different locations have been tested
to check whether the history of the pressure coefficient
changes and whether the vortex is preserved in a similar
way for different initial locations. Four locations have
been used namely 1.5, 2.5, 3.5 and 4.5 chords ahead
of the aerofoil. Fine and coarse versions of inviscid and
viscous grids were generated. The difference between
the grids is only in the spacing used around the aerofoil.
Figure 5 presents the comparison between the experi-
ments and predictions, on a fine grid of approximately
50k points , for the surface pressure history. The results
using the CVCM compare very well against the experi-
ments for the four vortex locations. The pressure coef-
ficients are well predicted whereas they are very much
underestimated when no CVCM is applied. The vor-
tex location does not seem to ffect the predi ction of
pressure coefficient assuming the optimum confinement
parameter € is used.

The k-w model was used for viscous calculations.
First, as for the inviscid calculations, the trace of the
interaction on the Cp is very weak when no confine-
ment is used. Secondly the viscous results are in very
good agreement with the experiments. Better agree-
ment against the experiments is obtained for viscous
calculations especially for the pressure coefficient at the
lower surface (see Figure§. Thi s is expected as viscos-
ity makes the encounter less impulsive 26. In fact, vis-
cous calculations can reasonably predict the oscillation
of stagnation point [27] and flow separation [17] which
determines the movement of the high-pressure region to-
wards the low-pressure region near theflthe aerofoil
(see Figure 12) [15]. As explained in [17, 27, 28], a sec-
ondary vortex is formed beneath the aerofoil due to the
flow separation. The induced velocity of the clockwise-
rotating vortex makes the stagnation point move up.
Then the flow speed decreases on the upper surface and
increases on the lower surface leading to the creation of
a secondary anti-clockwise vortex. The original and the
secondary vortices get weakened after combining and
they separate more and more from the aerofoil. This
explains why theiffects on the flo  w over the aft of the
aerofoil is minimal. The density contours are compared
against the experiments in Figure 7 and good agreement
is obtained.

4.2.2 Influence of the spatial refinement

Two grids of different density along the vortex path
have been used for the inviscid runa coarse gri d of
125k points and a fine grid of 485k points. The coarse
and fine grids have respectively around 2 and 4 cells
across the core radius, corresponding to a similar grid
density as in the benchmark problem (see Figure 1(a)).
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The € parameters for the coarse and fine grids were re-
spectively set to 1.5 anfl 5. Again, the Cp is well
predicted on both grids (see Figure 8). It was found
that the good agreement depends on the choice of the
€ parameter. The value of € was chosen according to the
cell area along the vortex path for a given grid. Kio wing
the optimum € value for a particular grid density, it is
possible to estimate the € value on another uniform grid
by simply assuming it is inversely proportional to the cell
area.

Viscous calculations were run on two grids for the k-
w modeb coarse gri d of ®2points and a fine gri  d
of 82(k points. Resul ts are similar on both grids for the
main interaction as shown in Figure9ld  wever, some
oscillations occur after the main interaction on the fine
grid. This is apparently due to the scaling used for the
€ parameter.

4.2.3 Influence of the time refinement

The vortex was introduced at 1.5 chords ahead of the
aerofoil and calculations were carried out on the coarse
grid of 125k points. As depicted in Figure0l , the Cp
values are very well predicted for the different time steps.
Differences appear at the chordwise section &=0 05,
that is unlikely tdfat the acousti cal pressure since
the main interaction near Bhe L s well predicted. The
use of a small time step is advisable only if secondary
vortices in the flow are to be captured (see below).

Viscous calculations were run using the k-w and SST
models for two different time Steps 01 an@dl 00l with
the vortex being introduced at 2.5 chords ahead of the
aerofoil. The time refinement was found to modify the
strength of the secondary vortex as the Cp value at
x/c=0 05 as for the inviscid calculations, the k-t model
being more sensitive to the time refinement. The main
acoustical wave is captured in a similar way for both
models, that seems to indicate that a fime of 01 is
sufficient to get an estimation of the SPL for this test
case.

4.2.4 Influence of the angles of attack

It is noticeable that the computed Cp pressure does
not match the experiments before the interaction as if
an angle of attack was present. It was suggestéd [2
that the clockwise-rotating vortices decrease locally the
apparent angle of attack when passing below the aero-
foil, i.e. they unload the blade. Therefore two viscous
calculations with angles of attdtk 5 anfl 75 degrees
were carried out. The k- model was used and the vor-
tex was introduced at 2.5 chords ahead of the aerofoil.
Not only the presence of a small angle of attack gives a
better match against the experiments regarding the Cp

[
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history before the interaction, but it also gives weaker
Cp values at sections k=0 05 ant=<10 , as illus-
trated by Figure 11.

Regarding the Cp yeh for x 02, the interaction
appears stronger for zero angle of attack due to the vor-
tex path. After the vortex break-up, a larger part of the
vortex propagates on the lower side of the aerofoil (see
Figure 12), explaining why the anti-clockwise rotating
secondary vortex is stronger in the case of zero angle of
attack. Then the interaction weakens as the secondary
vortex mixes with the original one.

4.2.5 Transonic case

Results are now discussed for a transonic flow of a
freestream Mach fumber of 8. The history of the pres-
sure coefficients is shown in Figure 13. Despite the fact
that the most pronounced interaction is observed when
the vortex passes under the aerofoil, at transonic flow,
the magnitude of the peaks for the loads are weaker.
This may stem from the presence of shocks. The vortex
while moving at the surface of the aerofoil encounters
the shock, thickens the shock and regains some strength,
that explains why the Cp bandwidth is larger. Regard-
ing the history of the lift, it is interesting to establish
a comparison between the subsonic and transonic flows
(see Figure 14(a)). As mentioned if][3 , the lift coeffi-
cient is observed to be positive when the vortex induces
a downwash at #heflthe aerofoil at both subsoni C
and transonic flows. Afterwards, when the vortex passes
thelE , the lift coefficient rapidly increases. The lift for
the transonic flow is less fiected by the passage of the
vortex which is now weakened by the presence of the
shock. For the transonic case, the same vortex prop-
erties as for the subsonic one have been used, unfortu-
nately no BVI experiments are available for higher Mach
numbers. Figure 14(b) presents the time history of the
density at the vortex core for both Mach numbers used
in this work.

5 AeréiVonte Nse
tion

Simula

So far the aerodynamics of the interaction, as charac-
terised by the surface pressures, have been considered.
The difference considering acoustics makes is now dis-
cussed. The first parameter to be checked for the
calculations of the acoustical pressure was the vortex
location. Although the pressure coefficient can be cor-
rectly predicted for the four different vortex locations
(see section 4.2.1), non physical waves appear. Indeed,
at the first time steps, the difficulties of the solver for
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perfectly assimilating the vortex into the flow solution is
manifested by the creation of spurious waves that start
to propagate from the aerofoil. An acoustical analysis is
spoiled by the presence of these waves and necessitates
the vortex to be introduced at least 4.5 chords ahead.

The same head-on BVI has been simulated for the
NACB@12 for subsoni ¢ and transonic flow conditions.
The Cp history and the acoustical pressure of the vortex-
aerofoil interaction are presented in the next sections.
It will be shown that the BVI noise is determined by
three mechanisms of aerodynamic sound generation
the compressibility waves, the transonic waves (R and
the trailing-edge noise [ .

5.1 High subsonic flow

The high directivity of BVI noise is usually illustrated
by two distinct radiation lobes. These two waves are
called compressible waves which are typical for high sub-
sonic flow at the vortex break-up [31, 32]. The presence
of the vortex causes the unsteady displacement of the
stagnation point of the flow at th& &f the aerofoil.
Then an enlarged high-pressure region is generated and
then propagates upstream like steepening shock waves
[33]. The two waves which are denoted by A and B in
Figure 15(a) are generated below and above the aero-
foil. Once these waves have reached the trailing-edge,
other waves start to form and propagate upstream re-
sulting in trailing-edge noise. The trailing-edge waves
are depicted by C and D.

Placing a probe at point P (see Figure 15(a)), and
plotting the trace of SPL, one can see the passage of
the acoustic wave A. Theteof thi s wave on the SPL
is the peak shown in Figure 15(b) at time tU,/c=5.00

5.2 Transonic flow

An additional acoustical wave apart from the com-
pressibility and the trailing-edge ones is present for tran-
sonic flow. This wave called the transonic wave emerges
when a supersonic flow region is generated along the
shoulder of the aerofoil [33]. As explained in [20, 25],
a shock wave appears after the vortex reaches the max-
imum thickness of the aerofoil beyond which the su-
personic area collapses. Then the shock wave moves
upstream leaving thdnLa do wnward direction while
the stagnation point moves upwards. This results in
the generation of a sound wave propagating upstream
[32]. The acoustical pressure and the Mach number
contours for two instances are given in Figureflnd
17 with the acoustical wave denotel Ay expected ,
the compressible and trailing-edge wave are also present

[
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for the transonic flow case (see Figure 17). It has to
be noticed that there are significant differences in the
strength and direction of the acoustical waves between
the two Mach numbers. Despite the fact that the pas-
sage of the vortex does not perturb as much the loads
of the aerofoil in the transonic case, the level of acousti-
cal pressure are higher than those for the subsonic case.
The directivity patterns of the noise are different due to
the presence of the shocks which modify the trajectory
of the acoustical waves. It is also interesting to note
that it takes more time for the acoustical waves to be
generated for the transonic case than for the subsonic
one (see Figure 15(b)).

6 Condda

Present results indicate that accurate predictions of
BVI can be obtained using the CVCM. The accuracy
of the predictions is good given the complexity of the
problem and first indications reveal that the predictions
are not so sensitive to the parameters of the method
considering that different grids with the appropriate ep-
silon give similar results. The CVCM made possible
the simulation of BVI using an existing CFD code and
the overhead in terms of CPU time and memory was
minimal. Further investigation is needed to make the
method as independent as possible from the value of the
confinement parameter, that could be possibly achieved
by taking into account the properties of the scheme of
the solver.

The present calculations demonstrate that accurate
prediction of the surface pressure coefficient is possible
for head-on BVI cases. The predicted acoustic field is in
qualitative agreement with experimental observations.
However, additional validation cases are necessary to
improve the fidelity of the CFD results. Direct compari-
son between acoustic measurements and CFD would be
beneficial and this could reveal further limitations stem-
ming from the order of the employed numerical scheme.
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Figure 4: (a) Schematic of the initial configuration of the head-on BVI problem, the initial location of the vortex is

shown along with pressure contours. (b) Locations of the pressure taps in the leading-edge region of the aerofoil.
The locations correspond to the experiments by Lee and Bershader [15].
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using the k- model. The time step At is non-dimensionalised with the freestream velocity (Us) and the aerofoil
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Figure 17: (a) Acoustical pressure and (b) Mach number contours for the NACBA@AL2 head-on BVI case. The
freestream Mach number is 0 8 and (tc/U«)=5.40.
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