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A time-domain solution of the gust-airfoil problem is obtained using a high-accuracy computational aeroacoustics
code to solve the nonlinear Euler equations. For computational efficiency, the equations are cast in chain-rule
curvilinear form, and a structured multiblock solver is used on a distributed-memory parallel computer cluster.
To fully investigate the performance of this solver, a test matrix of benchmark problems is computed (two airfoil
geometries and four gust-reduced frequencies). These results are compared to benchmark solutions both on the

airfoil surface and in the flow domain.

I. Introduction

OMPUTATIONAL aeroacoustics (CAA)is concerned with the
time-accurate solution of flow and acoustic phenomena over
long periods of time. In the problems of interest, the flow has a
range of length and timescales, and bodies with complex geometry
are in the computational domain. To accurately compute such com-
plex unsteady problems, high-order finite difference schemes and
optimized schemes have been developed, as well as high-accuracy
boundary conditions. For an overview of the CAA field, the reader
is referred to two excellent review papers'? and a recent special
issue of a journal devoted to recent progress in the CAA field.’
One practical problem of interest is the unsteady aerodynamics
and noise generation that occurs when a periodic vortical gust con-
vecting from upstream impinges on an airfoil. Unsteady flows of
this type occur in many practical applications such as fans, wind
turbines, helicopter rotors, and turbomachinery. The original analy-
sis techniques for such flows were developed by modeling the airfoil
as an infinitely thin flat plate and linearizing the governing equations
about a uniform mean flow.*> This analysis neglects the effects of
the distortion of the vortical gust caused by the mean flow about an
airfoil with thickness, camber, or angle of attack, which proved to
have a significant effect on the unsteady lift and noise radiation.®’
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For an overview of the analysis methods used for this problem, the
reader is referred to the review paper by Atassi.’

In the past, the gust-airfoil interaction problem has been solved
numerically by finite difference linearized Euler solvers in the
frequency-domain by Scott and Atassi.”!® In the time domain, it
has been solved for flat plates using linearized potential equations
by Hariharan et al.!' and using full nonlinear Euler equations by
Lockard and Morris.!? Lockard and Morris have also extended their
nonlinear Euler work to NACA 0006 and 0012 airfoil geometries,
both lifting and nonlifting!?; however, they could only compare the
results to the solutions obtained with those from flat-plate analysis.

In recent years, Scott has provided benchmark solutions for the
problem of a linear vortical gust impinging on a Joukowski air-
foil using the GUST3D code.'*!> These solutions give the steady
and unsteady pressure distributions on the airfoil surface as well
as the radiated noise directivity in the near field. As a result, these
solutions have been used as the basis for validating the new gen-
eration of computational aeroacoustics codes, providing a realistic
test of the accuracy of these codes on nonuniform flows about com-
plex geometries. Because GUST3D is a linearized Euler equation
solver, the mean flow must be specified by the user. In the bench-
mark solutions, FLO36'¢ is used to obtain the mean flows about the
airfoils.

The present work documents the results obtained by the NASA
BASS computational aeroacoustics code on this set of benchmark
problems. BASS is a time-domain nonlinear flow solver, using
a block-structured approach to solve the Euler or Navier—Stokes
equations in generalized curvilinear coordinates. BASS has been
validated for its intended use on turbomachinery problems (e.g.,
Refs. 17-19), but is designed to be a fully general high-accuracy
unsteady flow solver. The goal of this work is to investigate the
current applicability of such high-accuracy nonlinear time-domain
solvers for realistic external flow calculations.

IL.

In this work, the two-dimensional nonlinear Euler equations are
solved. In Cartesian coordinates these equations are written as
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where Q is the vector of conserved properties and E and F are the
inviscid flux terms:

1Y pu pv
u u? + uv
0= P . E= P p . F= /;
pv pUv pv-+p
E u(Ew + p) V(Ew + p)
2
where
Eaw=p/(y =) +p@’+v), y=14 3)

To apply BASS to realistic complex-geometry flow problems, the
equations were recast in generalized curvilinear coordinates:

§=E&(x, ), n=nx,y) 4

From previous numerical tests,?’ the chain-rule formulation was
chosen as the most accurate form of the equations in three dimen-
sions. The chain-rule curvilinear Euler equations are written as

0Q 98 (DE\ 06 (9F\  on(0E\  on(9FY\ _
Bt+8x<3$>+8y<8§>+3x<3n)+8y(3n>_0
®

The time-stepping method used was the low storage fourth-order
nonlinear extension of Hu’s 5-6 low dispersion and dissipation
Runge—Kutta scheme?' by Stanescu and Habashi.??

The spatial derivatives can be calculated by several methods:
an explicit second-order central difference, an explicit sixth-order
central difference, an optimized seven-point dispersion-relation-
preserving (DRP) method,?® or the prefactored sixth-order compact
scheme and explicit boundary stencils of Hixon.?* In recent tests,
the DRP and prefactored compact schemes proved to be the most
accurate for gust-cascade calculations?; thus, these two schemes
were run and the results compared. A 10th-order explicit filter®®
was used at every stage of the Runge—Kutta solver to provide dis-
sipation. This scheme and code have been extensively validated on
benchmark problems, performing very well.

The grid used was a C-H grid topology (Fig. 1), extending at
least 10 chord lengths away in each direction. Figure 2 shows the
grid near the airfoil surface; the C-grid topology about the airfoil
surface can be seen. All grids were generated using the commercial
package GridPro.?” The grid was designed to have a minimum of
10 grid points per wavelength at the highest reduced frequency of
inflow disturbance; to minimize the effects of grid variations on the
solution, this fine grid was used for all input gusts regardless of the
reduced frequency.

T TNE

Fig. 1 Grid used for Joukowski airfoil (94,500 points).

i
I
i

o

1

I T
117 T
SESERRasERasRNan]

7

Fig. 2 Close-up of cambered airfoil grid.

BASS is a parallel solver and is designed to automatically dis-
tribute the grid topology for efficiency on a parallel cluster.?®
Because so many test cases were run, the code was run in
single-processor mode with each case running on a separate pro-
Cessor.

III. Problem Description

In this set of problems, a simple-harmonic vortical gust convects
past a 12% thick Joukowski airfoil. The gust has the distribution

Uguy = —(€BMa [/ @? + B7) cos(ax + By — i) (6)
Voust = (eonoo/\/ot2 + /32) cos(ax + By — wt) 7N

For all of the test cases,

€ = 0.001, M, =05 ®)

In this work, the inflow disturbance was a two-dimensional gust.
The reduced frequency based on the half-chord is defined as
k= wc/2Myax (©)]
where c is the chord length and a is the speed of sound. Using this
definition.
o =2k, B =2k,
Four reduced frequencies were tested: k =0.1, 1.0, 2.0, and 3.0.
The nondimensionalized mean flow at infinity is defined as

i=Me, =0, p=1 (11)

0 =2kMsy (10)

p = )/7

Two airfoil geometries are tested in this work. The first geometry

is a symmetric airfoil at a zero-deg angle of attack. The second

geometry is a cambered airfoil (camber ratio =0.02) at a two-deg
angle of attack.

IV. Initial and Boundary Conditions

For both cases the flow was initialized to the mean flow with the
vortical gust superposed at the inflow boundary. At the wall, Hixon’s
inviscid curvilinear wall boundary condition® was used to set the
time derivative of the normal momentum to zero at the wall at each
Runge—Kutta stage.

At the inflow boundary, the acoustic radiation condition of Tam
and Webb?® was used on the outgoing perturbations. For example,
the outgoing u-velocity perturbation ugc was defined as

Upc = Upoundary — TS Ugyst (12)

At the outflow boundaries, Tam and Webb’s radiation outflow
condition®> was used with no correction for the outgoing vortical
gust.
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In these calculations, the flow is assumed to be inviscid (i.e., vis-
cous and heat-transfer effects are neglected). Because the viscous
terms in the governing equations are not calculated, this saves com-
putational time and effort. The inviscid flow assumption changes
the form of the wall boundary condition from the viscous no-slip
condition to the inviscid flow-tangency condition.

It is important to remember that the inviscid wall boundary con-
dition is really setting the inviscid flow tangent to the top of an
infinitely thin boundary layer, not to the wall itself. At the point(s)
where the boundary layer separates from the wall, the correct bound-
ary condition is for the inviscid flow to remain tangent to the top of
the boundary layer, which is not tangent to the wall surface. Thus,
the user must somehow set the Kutta condition, which defines the
location of the flow separation point on the airfoil.

To set the Kutta condition implicitly, a C-grid topology was used.
Figure 2 shows the C-grid topology on the airfoil. At the trailing
edge of the airfoil, it can be seen that the grid line which defines
the airfoil wall continues into the wake. Because the wall boundary
condition uses the wall grid line to define the direction tangent to
the wall surface, the flow, which is tangent to the grid line defining
the wall, separates from the wall and is shed into the wake.

At the trailing edge, an upper and lower wall condition is cal-
culated, and then the result is averaged; this makes the trailing-
edge point single valued. Similarly, the upper and lower wake
lines are calculated separately, and the results are averaged. The
discontinuity in the boundary condition on the surface line as it
enters the wake causes a loss of accuracy near the trailing edge,
which is especially apparent for the lifting, high-frequency results.
The effect of the trailing-edge discontinuity was much stronger
on the cambered lifting airfoil than on the symmetric nonlifting
airfoil.

Figures 3 and 4 show a representative result from these test cases.
In Fig. 3, the instantaneous disturbance velocity in the y direction is
shown for the case of a two-dimensional gust at a reduced frequency
of kK =2.0 impinging on a cambered airfoil, whereas in Fig. 4 the
instantaneous pressure distribution is shown for the same case.

These figures illustrate the performance of the far-field boundary
conditions as well as the low dispersion and dissipation errors in the
BASS code. In Fig. 3, the gust is introduced at the inflow boundary
and is convecting through the other three outflow boundaries. In

Fig. 3 Instantaneous V velocity distribution (k = 2.0, two-dimensional
gust, cambered airfoil).

Fig. 4 Instantaneous pressure distribution (k =2.0, two-dimensional
gust, cambered airfoil).

Pressure

Pressure

Fig. 5 Mean pressure distribution on the airfoil surface.

Fig. 4, the acoustic waves generated by the gust-airfoil interaction
are propagating through the boundaries with little reflection.

V. Results

The BASS code was run to a nondimensional time of 377, requir-
ing 84 h on a 2.8-GHz Intel Pentium IV. In all cases, the prefactored
compact sixth-order spatial differencing scheme was used, and 16
solutions per cycle of inflow disturbance were saved. As expected,
the nonlifting airfoil case converged faster; however, all cases were
run to the same time level. The relatively long computation was
performed to ensure that the cases are completely converged for
comparison to the benchmark results.

The mean pressures on the airfoil for the two-dimensional gust
cases are shown in Fig. 5. The effect of the trailing-edge condition
is apparent in both figures; however, the effect is localized near the
trailing edge. It is seen that the lifting airfoil peak pressures are
slightly overpredicted compared to the FLO36 results; however, the
difference is small.

Figures 6 and 7 show the rms pressure disturbance distribution
on the airfoil. In Fig. 6, the low-wave-number cases (k =0.1, 1.0)
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Fig. 6 RMS pressure disturbance distribution on the airfoil surface
(k=0.1,1.0).

Symmetric

Fig. 7 RMS pressure disturbance distribution on the airfoil surface
(k=2.0, 3.0).

are compared to GUST3D results, except in the case of the cam-
bered airfoil, k = 1.0 gust. For this case, GUST3D data were not
available, and the results are compared to the benchmark solu-
tions of Kopriva’s discontinuous spectral element method*® and to
Wang’s conservation element/space—time element scheme.>' The
agreement of the BASS solutions with the benchmark results is very
good.

In Fig. 7, the high-wave-number cases are shown (k = 2.0, 3.0).
In the case of the cambered airfoil with a wave number of k =3.0,
no results were available to compare to. In all cases, the BASS
agreement with the GUST3D results is good.

The trailing-edge condition has some effect on the solution on
the airfoil, particularly for the high-frequency gusts. However, as
shown in Figs. 6 and 7, the code is predicting the changing pressure
distributions for all eight test cases very well, accurately capturing
the effects of airfoil geometry and gust-reduced frequency.

Figures 8 and 9 show the acoustic intensity at a distance of one
chord length away from the centerpoint of the airfoil. Here the com-
parison is very good between BASS and GUST3D for the nonlifting
low-frequency case and still good for the nonlifting k = 1.0 case.
Notice that the solution comparison between BASS and GUST3D
is better for the nonlifting cases than for the low-frequency loaded
airfoil case; research is continuing to resolve the differences in the
two solutions. In Fig. 8, data from Golubev’s space—time mapping
analysis (STMA) benchmark results®? were used for the lifting air-
foil, k = 1.0 test case because GUST3D data were not available; for
this case, BASS agrees well with the STMA result. In Fig. 9, no data
were available for comparison except for one case; in this case, the
agreement is adequate.
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Fig. 8 Acoustic intensity distribution at R=1.0 (k=0.1, 1.0).
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Fig. 9 Acoustic intensity distribution at R =1.0 (k =2.0, 3.0).
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Fig. 10 Acoustic intensity distribution at R =4.0 (k=0.1, 1.0).

Figures 10 and 11 show the acoustic intensity at a distance of
four chord lengths away from the centerpoint of the airfoil. The
GUST3D solution at this location was obtained using a Kirchhoff
approach.*® Again, the comparisons between BASS and GUST3D
are acceptable for the low-frequency nonlifting cases. The discrep-
ancies between the BASS and GUST3D solutions are still evident
in the low-frequency lifting airfoil solution, but BASS and STMA
compare well for the k= 1.0 lifting airfoil solution. In the high-
wave-number k = 3.0 case, there are boundary reflections that are
reducing the accuracy of the computed results. Thus, the k=3.0
data in Fig. 11 are of questionable accuracy and are shown only for
completeness.
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Fig. 11 Acoustic intensity distribution at R =4.0 (k=2.0, 3.0).
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Fig. 12 Effect of spatial differencing scheme on the mean and rms
airfoil pressure distribution (k = 3.0, cambered airfoil).

VI. Numerical Accuracy

To assess the accuracy of the solution for these cases, three tests
were run. In the first test, the results for unsteady pressure through-
out the domain were analyzed using a fast Fourier transform. With
such low levels of inflow gust excitation, the test case is effectively
linear, and the flow unsteadiness should occur only at the inflow
gust reduced frequency. In all cases, the amplitude of the flow un-
steadiness at the inflow gust reduced frequency was between two
and three orders of magnitude higher than any harmonic frequency.

Secondly, the amplitude of the unsteady pressure signal at the
inflow gust-reduced frequency was plotted on a logarithmic scale to
highlight any spurious sources of noise in the computational domain.
This investigation highlighted boundary condition inaccuracies at
the highest reduced frequency. In these cases, there were spurious
noise sources at the inflow boundary corners as well as at the wake
outflow boundary. The spurious noise sources are partially caused
by the corner conditions used in BASS and partially caused by the
boundary condition itself. However, the lower reduced frequencies
did not exhibit this problem.

Finally, the code was run again for all test cases, using the opti-
mized seven-point DRP scheme for spatial differencing rather than
the prefactored compact sixth-order scheme. Figures 12 and 13 com-
pare the results for the two schemes at the highest reduced frequency
on the cambered airfoil, which is the most numerically demanding
test case. Figure 12 shows the mean flow and rms pressure distur-
bance results on the airfoil surface. Figure 13 shows the acoustic
intensity from one to four chord lengths away from the airfoil.

In all cases, the results match very well. Because the two spatial
differencing schemes have very different performance at marginal
resolution, this leads to the conclusion that the grid density was
adequate for these calculations.

8e-06 —— — T — 7 :
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Fig. 13  Effect of spatial differencing scheme on near-field acoustic in-
tensity (k = 3.0, cambered airfoil).

VII. Conclusions

A test matrix of eight gust-airfoil interaction problems was solved
using a parallelized prefactored sixth-order compact scheme with
10th-order filtering, run on distributed computer clusters. These
problems tested the accuracy of the code on stretched, curvilin-
ear grids with nonlinear flows. In all cases, the code was robust
and converged well. In these tests, the code predicted the trends
and magnitudes of the gust response on the airfoil surface very well
for the eight test cases. The near-field acoustic intensity of the gust
response was also compared and showed encouraging results for
the low reduced frequency cases, while showing some effect from
boundary condition reflections at high reduced frequencies. An ac-
curacy study was also performed, and it was found that the solution
was effectively grid independent for these calculations.
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