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A low-dispersion finite volume (LDFV) scheme on curvilinear meshes is developed and applied to rotorcraft noise
prediction. This scheme minimizes the numerical dispersion errors that arise in modeling convection phenomena,
while keeping dissipation errors small. It is accomplished by special high-order polynomials that interpolate the
properties at the cell centers to the left and right sides of cell faces. A low-pass filter has also been implemented
that removes high-frequency oscillations near shock waves. This scheme has been retrofitted into a version of the
finite volume code TURNS. The modified solver, referred to as TURNS-LDFYV, is shown to yield good results for
high-speed impulsive noise applications. The LDFV scheme is also shown to be useful for capturing the blade-tip

vortex core structure and its evolution.

Nomenclature
a = stencil coefficients
b,c,d,e =low-dispersionscheme coefficients
Co = torque coefficient
Cr = thrust coefficient
E,F,G =inviscid fluxes
i,j,k = Cartesian unit vectors
n = normal vector of cell surface
q = vector-valued flow or acoustic variable
qr,qr = left and right upwind variables
R = radius of rotor blade
R, S, T =viscous fluxes
r = stencil increment ratio
S = surface enclosing a flow cell
t = time-like variable
%4 = flow cell volume
X, ¥,2 = Cartesian coordinates
a = wave number
£ = computational plane coordinate
0] = limiter function

Introduction

ELICOPTERS and tiltrotor vehicles operating near popu-

lated areas must have a low noise foot print. To achieve
this, the designers must quantify and minimize several aerody-
namic noise sources. These sources include loading noise, thick-
ness noise, shock noise, blade-vortex interaction (BVI) noise, and
broadband noise. The thickness and loading noise sources can be
modeled accurately using Farassat’s linearized formulation (known
as Formulation 1A).! In this approach the rotor-blade thickness and
aerodynamic forces are modeled with noncompact monopole and
dipole sources, respectively, that rotate and move with reference
to an undisturbed medium. However, modeling high-speed impul-
sive (HSI) noise (also referred to as shock noise) and BVI noise
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phenomena requires complex nonlinear aerodynamic and acoustic
formulations.

The HSI noise is characterized by shocklike structures that em-
anate from the rotor blade tip and propagate over large distances in
the plane of the rotor (Fig. 1). The BVI noise arises from the interac-
tion of the rotor blades with strong vortices shed from a preceding
blade (Fig. 2). The rapid variation in induced velocity associated
with the interaction between blade and previously shed tip vortex
causes large, unsteady variationsin pressures near the blade leading-
edge region (Fig. 3), resulting in an impulsive noise radiation.

Unlike HSI noise, whichis known to propagatemostly in the plane
of the rotor, BVI noise propagates out of the rotor disk plane (i.e.,
typically within the directivity angles of 30-40 deg below the rotor
plane). Characteristically, the BVI noise radiation is more audible
to an observer on the ground.

Over the past decade much work has addressed the accurate mod-
eling of these noise sources with computational fluid dynamics
(CFD) techniques. The near-field details of the flow from the CFD
simulations are fed into an aeroacoustic formulation to model the
propagationeffects to the far field using Kirchhoff’s linearized for-
mulation or the Ffowcs Williams and Hawkings (FW-H) equation.
For example, Purcell’> and Srinivasan and Baeder’ employed the
NASA Ames Research Center CFD solver TURNS to investigate
HSI noise in hover and forward flight. A spatially third-order accu-
rate form of the Roe scheme with a first-order limiter near shock
waves was used in their model. The near-field information from this
analysis was subsequently used in a Kirchhoff method* to model
the pressure field at a far-field observer location. Recently, some
researchers have initiated the utilization of the OVERFLOW code
in combination with the FW-H equation to model the rotor HSI
and BVI noise.’ During the past decade, researchers have also ex-
tensively used full potential flow-based CFD models coupled to a
linearized acoustics formulation such as the one in the WOPWOP
program.? This approach yields fairly accurate predictions of BVI’
and shock noise phenomenal

However, the classical CFD methods have not found their ways
into engineering design because they use very fine body-fitted grids
and require significant computational resources to model the flow-
field. A fine grid is essential because solutions on coarse grids suffer
from two drawbacks: numerical dissipation and dispersion.

Dissipation may be viewed as the progressive decrease in the
amplitude of an acoustic wave caused by numerical viscosity as it
propagates away from the noise source. This leads to an underpre-
diction of the amplitude of the sound waves. Dispersion may be
viewed as the spurious propagation of different frequency compo-
nents of an acoustic wave at different speeds. It is clear that the
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traditional numerical schemes are not suitable for the study of wave
propagationover long distances and large time intervals. The reduc-
tion of the dissipationand dispersionerrors hence is essential for an
accurate simulation of acoustic wave propagation.

In an attempt to reduce the dispersion errors, Tam’ and his
coworkers developeda low-dispersion numerical scheme called the
dispersion-relationpreserving (DRP) finite difference scheme. Al-
though the DRP scheme has superior dispersion characteristics, it

has been applied only on Cartesian uniformly spaced grids. Nance'’
and his coworkersdevelopedalow-dispersionfinite volume (LDFV)
scheme based on the DRP methodology, which may be easily im-
plemented as a variation of the classical third-order Roe type of
finite volume scheme on curvilinear grids. This new scheme can
be simply realized through the replacement of interpolationexpres-
sions for the state vectors at the left g; and right g side of cell
faces with new low-dispersion formulas. With this approach good
agreement between calculations and exact analytical solutions has
been obtained for some classical acoustic problems and for vortex
shedding noise emanating from a circular cylinder.!°

The present work involves the extension and application of the
LDFV scheme, hitherto applied only to classical aeroacoustic prob-
lems, to the simulation of rotorcraft flow and noise characteris-
tics. To eliminate pre- and postshock oscillations arising near shock
waves, an existing limiter (e.g., Roe’s Superbee limiter'') is ap-
plied in conjunction with our high-order LDFV scheme. Results
are presented for shock noise and BVI noise applications. Although
this algorithmis primarily designed for aeroacoustic problems, this
scheme can be effectively used for rotary wing aerodynamics to
improve code’s ability to accurately capture the blade-tip vortices.

In this paper the aeroacoustic computations are made using
TURNS code® because it is currently being used as an application
tool by both NASA and the industry for rotor aerodynamic design
improvements. The existing third-orderMUSCL scheme in TURNS
was replaced with the present LDFV scheme. The full description
of the LDFV implementationin TURNS code is presented here. En-
hanced computed aeroacousticresults obtained for a generic model
rotor are correlated against measured data.

Mathematical and Numerical Formulation
Navier-Stokes Solver
The TURNS code has been modified to model the acoustic noise
phenomenon. The conservation form of three-dimensional Navier—
Stokes governing equation may be written as

og oE oF oG oR oS oT
—= + =— +—+

—t—t —=—+ —+ — (D
ot 0x oy 0z 0x oy 0z
This equation is solved in the divergence form:
0
E///gdv +¢/(Ei+ Fj+ Gk) -ndS
= %f(Ri+Sj+Tk)-ndS @)

The inviscid fluxes crossing the cell face are evaluated in this fi-
nite volume formulationusing Roe’s upwind-biased, flux-difference
scheme. In the original TURNS code the van Leer MUSCL'? ap-
proach (Fig. 4) is used to obtain higher-orderaccuracy:

qr =4q; t %(%‘H —q)+ %(qi —qi-1)

qr =qi+1—é(qHz—qu)—%(qu—qi) (3)
A flux limiter is applied on the right-hand side of the equation to re-
move unexpectedhigh-frequencynumerical oscillationsnear shock
waves. The MUSCL scheme is third-order accurate in space.

Low-Dispersion Scheme

In the current research work the LDFV scheme replaces the
MUSCL Scheme. We refer to the modified code as TURNS-LDFV
and the original TURNS code as TURNS-MUSCL. The goal of the

Stencil for g left Stencil for g right
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Fig.4 Stencil for three-point scheme.
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LDFV scheme (which is an extension of the conceptsin Tam’s orig-
inal DRP scheme) is to choose a proper interpolationthat accurately
represents, at the cell faces where fluxes are computed, sinusoidal
waves of short wavelengths. Details about the LDFV scheme can be
foundinRef. 10. Letus try to approximateg/, ,, in the transformed
uniform plane with five points:

i+l =A-2qi-2ta1qi- Faq; T a1qgiv1 T a2giva
)

Using classical Taylor series method, we can obtain five expansion
equationsof g; —2,¢; - 1,4, 4 +1,andg; +» abouté; 4 1,2, forexample,

o (m)

qz‘+% 1 "
giv1 =q;4 4 F Z m'. <§A‘§) (5)

m=1

Compared to the traditional method to construct a higher-order
scheme, we only employ four of these five equations to determine
coefficients a,. Another restriction required by the low-dispersion
scheme is to match the Fourier transform of approximation for
g}, ,, with its exact transform. Taking the Fourier transform of
Eq. (4), we get the dispersionrelation

2
1 N:](Z_:z a exp(i( — %)aAé) (6)

Here a is the wave number. The quantity Q defined nextis, therefore,
a measure of the errors in the approximation

2
1
=1- ik — = |JaA 7
(O
The goal of the present LDFV scheme is to minimize Q for all

possible values of A& in the range between —7/2 and + /2. This
is achieved by minimizing the integral

2
/2 2
E =/_m kgzakexp(i< —%)aAP;)—I d(aA&)  (8)

with respect to the coefficients a;,

oE
— =0, k=-2,...,2 9
day

The notation ||-|| indicates the modulus of a complex number.

The interpolation coefficients a, are obtained by combining one
minimizationequation from Eq. (9) with four equations from classi-
cal Taylor-series expansions of the right-hand side of Eq. (4) about
& +1/2. This makes the scheme fourth-order accurate in space. One
can exactly solve for interpolation coefficients a; using a symbolic
mathematics program such as Maple reference. The left and right
interpolation formulas used in our current research are

qL =qiL+% =q; +chDl.+_%(qi—l _qi—2)+CLch.+_%(qi = qi-1)
+chDl._+%(qi+l_qi)+eLcDi_+%(qi+2_qi+l)

qr =q.R | =qz‘+1—17RCD.+_1(%‘—qz‘—l)—CRcD.+ 1 (Giv1 —q0)
it i—x i+5

_dRch._+%(ql‘+2_ql‘+l)_€Rch._ %(Qi+3—ql'+2) (10)

+

where coefficients b;, ¢;, d;, and e; are obtained from the corre-
sponding coefficients in Eq. (4). Coefficients by, cg, dg, and ez can
be determined with the same method. The symbol ®@ represents a
limiter function needed to remove unwanted nonphysical oscilla-
tions in the vicinity of sharp gradients (e.g., shocks). The Superbee
limiter proposed by Roe!! was used:

o =c1><r,+ 1), o =c1><r,‘ 1) (11)
=5 i—3 l+7 z+?

where
o _qi+l qz’ o _qi_qi 1 (12)
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Fig.5 Schematic of grid in the cylindrical plane perpendicular to the
rotor blade.

Fig. 6 Schematic of grid in
the plane of the rotor blade.

®(r) =max[0, min(2r, 1), min(r, 2)] (13)

Computational Grid

A hyperbolic C-H grid generator supplied with the TURNS code
is used in all of the calculations. The three-dimensionalgrid is con-
structed from a series of two-dimensional C grids with an H-type
topologyin the spanwise direction. The grid is clusteredin the vicin-
ity of the rotor-blade surface, with a sparse distribution of the points
away from the blade (Fig. 5). For accurate modeling of the shock
delocalizationphenomena, the grid generatorautomatically clusters
the nodes near the expected location of the shock surface (Fig. 6),
as predicted by linear theories.

Results and Discussion

In this section the LDFV scheme just described is applied to
shocknoise and BVI noise problems. Results from the original code
(TURNS-MUSCL) and the modified flow solver (TURNS-LDFV)
are presented. All TURNS-MUSCL and TURNS-LDFV calcula-
tions are done on identical grids to eliminate grid density differ-
ences from clouding the comparisons. Results are also presented
for a lifting rotor in hover to demonstrate the tip vortex capturing
capabilities of the LDFV scheme.

Shock Noise Prediction

Calculationshave been performed for a two-bladed UH-1H rotor
in hover. The blades are untwisted and have a rectangular plan form
with NACA 0012 airfoil sections and aspect ratio of 13.71. The
sound pressure levels have been compared to the experimental data
fora % scale model, as discussed by Purcell.?
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Fig. 7 Shock noise prediction: My, =0.90, r/R =1.111, and grid size
133 X 45 X 31.
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Fig. 9 Shock noise prediction: My, =0.90, r/R =1.111, and grid size
75 X 45 X 31.

Case 1: Tip Mach Number My, = 0.90

Asafirststepin validatingthe LDFV scheme, the TURNS-LDFV
and TURNS-MUSCL calculations were done on a 133 X45 X31
computational grid, similar to the grid used in Ref. 13. The pres-
sure field at two stationary microphone locations r =1.11R and
1.78R were extracted from the flow simulations as a function of
time. The calculationsare compared with the measured data (Figs. 7
and 8). As depicted, on this relatively fine grid TURNS-LDFV and
TURNS-MUSCL bothyield nearly the same results, and the predic-
tions compare very well with the experimental data. The negative
acoustic pressure peak, a salient feature of HSI noise signal, as
well as the asymmetry of the pressure signal are predicted fairly
accurately.

To determine how the TURNS-MUSCL and the TURNS-LDFV
methodologies behave on a coarser grid, the calculations for flow
conditions shown on Figs. 7 and 8 were repeatedon a 75 X45 X31
grid. This grid was constructed by removing every other point in
the streamwise direction over the rotor-blade span from the orig-
inal 133 X45 X 31 grid. Figures 9 and 10 show the results us-
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Fig. 10 Shock noise prediction: My;, =0.90, r/R =1.78, and grid size
75 X 45 X 31.
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Fig. 12 Shock noise prediction: My;, =0.88, r/R =1.78, and grid size
75 X 45 X 31.

ing the coarse grid. From the computed results it is clear that the
TURNS-LDFV predictions correlate better with the experimental
data compared to TURNS-MUSCL in the near field (r/R =1.11).
However, at larger distances from rotor hub (e.g., r/ R =1.78) the
highly stretched and coarse grid induces a significant dissipation
in the computed flow, and both schemes cannot accurately cap-
ture the magnitude of negative pressure peak. In relative terms the
negative acoustic peak pressure is underestimated by 20% using
TURNS-LDFV and by 28.6% with the TURNS-MUSCL scheme. It
demonstrates that TURNS-LDFV still behaves better that TURNS-
MUSCL.

Case 2: Tip Mach Number My, = 0.88

At lower tip Mach numbers, using coarse grid, the agreement be-
tween the TURNS-LDFV calculations and the experiment is con-
sidered good, as shown in Figs. 11 and 12. At this tip Mach number
the shock wave appears to start to become delocalized. Both the
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Fig. 14 Shock noise prediction: My, =0.95, r/R =1.78, and grid size
75 X 45 X 31.

experimental data and numerical simulation wave depict a more
symmetrical form of the acoustic pressure p’ vs time, in contrast
to the results for the higher tip Mach number (i.e., Mg, =0.9).
The higher the tip Mach number, the more asymmetrical will be the
acoustic pressure distribution with respect to time, i.e., the more
the shock wave is delocalized. It is encouraging that on coarse
grids the negative pressure peak at / R =1.78 is underpredictedby
only 13.4% using TURNS-LDFV in comparison with the TURNS-
MUSCL computation, which underestimates the peak by 22.4%.

Case 3: Tip Mach Number My, = 0.95

At higher tip Mach numbers, using a coarse grid, the agree-
ment between the TURNS-LDFV calculations and the experiment
is also better than that of TURNS-MUSCL result, as shown in
Figs. 13 and 14.

BVI Noise Prediction

The Kitaplioglu-Caradonna* parallel BVI experiment(Fig. 15)is
next modeled with the TURNS-LDFV solver. The two-bladed, tee-
tering rotor has a diameter of 7.125 ft. The blade is untwisted, has
a rectangular planform, and utilizes 6-in. chord NACA 0012 airfoil
sections. The hovertipMachnumberis 0.70, and the advanceratiois
0.2. The computational grid consists of 169 pointsin the wraparound
direction with 121 points on the blade surface, 45 pointsin the radial
direction with 23 radial locations on the blade surface,and 57 points
in the normal direction, to closely match the TURNS-MUSCL sim-
ulations presentedin Ref. 15.In the numericalsimulationspresented
here, the line vortex is located 0.25 chord above the blade.

The computed acoustic pressure time history at the microphone
7 location (Fig. 16) with the TURNS-LDFV and TURNS-MUSCL
schemes is shown in Fig. 17. The experimental data are also shown.
The TURNS-MUSCL results and the experimental data were ex-
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Fig. 16 Position of microphone 7.
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Fig.17 BVInoise prediction (microphone 7) M;, = 0.70, and grid size
169 X 45 X 57.

tracted by digitizing the figures given in Ref. 15. Both the TURNS-
LDFV and TURNS-MUSCL schemes have captured the main char-
acteristics of BVI noise signature (i.e., the impulsive nature of the
bladeairloadscausedby the BVI). In thiscase the vortex firstinduces
an upwash and then a downwash velocity on the blade. This gives
rise to a steep positive pressure peak first, followed by a negative
pressure peak. Further, the blade thickness geometry induces a no-
ticeable increase in the BVI negative peak value, in agreement with
the results givenin Ref. 15. TURNS-LDFV computation of the neg-
ative pressure peak magnitudeis consideredgood compared with the
measured data. However, the positive peak value is somewhat over-
estimated. One plausible explanation for the overestimation of the
positive peak is the way thatthe trajectory of the upstream-generated
vortex was modeled in the TURNS-LDFV code. The vortex has
been assumed as a straight-line vortex that remains unaffected in
velocity profile and undisturbed in location when it encounters the
blade. This is in contrast to the experimental observation that the
vortex tends to follow streamlines of the flowfield and is slightly
distorted by the interaction with the blade. In addition, the rotor
itself is affected by the vortex-sheet wake shed from the upstream
vortex generator.

The predicted BVI pulse width, consideredas the time elapsed (or
the change in the blade azimuthal position ) between the positive
and negative peaks, is greater than the measured data. There is also
a shift in the phase between the computed and the experimental
data, for both the TURNS-MUSCL calculations from Ref. 15 and
the present TURNS-LDFV calculations. Reference 15 provides an
explanation of possible causes for this discrepancy.
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The TURNS-MUSCL results taken from the Ref. 15 indicate that
the MUSCL scheme considered in the BVI analysis lacks needed
accuracy to capture the BVI peak-to-peak amplitude. The pressure
levels also do not recover the original undisturbed state quickly
after the BVI. The TURNS-LDFV scheme, on the other hand, ap-
pears to predict the salient features of the BVI pulse with better
accuracy using an identical grid employed for the TURNS-MUSCL
analysis. The pressure recovery after the negative pressure peak is
slightly overpredicted with TURNS-LDFYV, butit is overall in better
correlation with the experimental data than the TURNS-MUSCL

prediction.

Tip Vortex Structure Prediction Capabilities of TURNS-LDFV
Although the TURNS-LDFV scheme has been developed with
aeroacoustic applications in mind, it also offers an enhanced capa-
bility for aerodynamic applications, given its high formal spatial
accuracy and low-dissipationdispersion characteristics. In support
of the preceding statement, aerodynamic results for a rotor in hover
are presented. The case selected for this study is the classical hover-
ing rotor experimental data documented by Caradonna and Tung.'
Calculations were performed at a rotor collective pitch angle of
8 deg and a tip Mach number of 0.44. The computational grid is
coarse and consisted of 79 points in the wraparound direction with
21 points on the blade surface, 45 pointsin the radial direction with
21 radial locations on the blade surface, and 31 points in the normal
direction.

Figure 18 (Ref. 17) shows the typical wake pattern for a hov-
ering rotor. There are an inboard vortex sheet and a strong helical
vortex shed from the preceding blade tip. The trailing vortices de-
scend down at a slower rate compared to the inboard vortex sheet.
There is also some contraction of the rotor wake with the increase
in vortex age.

Vorticity magnitude contours in a cutting plane 90 deg behind

the blade, as predicted by TURNS-MUSCL and TURNS-LDFV,
are shown in Fig. 19. Two distinct vortices can been detected in the
rotor wake domain. The smallest one with highest vorticity magni-
tude is shed from the blade 90 deg ahead of the cutting plane. The
second vortex that is just below the rotor-blade plane is shed from
the preceding blade now at 270-deg azimuth. This vortex, which
has the 270-deg vortex age, is greatly dissipated in the TURNS-
MUSCL computational simulation. However, it is clearly captured
by the TURNS-LDFV scheme. From this figure the conclusion can
be made that the TURNS-LDFV scheme can resolvethe tip vortices
better than the TURNS-MUSCL scheme even on a coarse grid.
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Fig. 18 Schematic of hover rotor wake structure.

Table1 Computed and measured loads for
the Caradonna-Tung rotor on a coarse grid

r/R TURNS TURNS-LDFV Experiment data
0.50 0.2028 0.2120 0.2345
0.68 0.2418 0.2799 0.2815
0.80 0.2609 0.2844 0.2886
0.89 0.2669 0.2834 0.3143
0.96 0.2457 0.2600 0.2683

Table2 Comparisons of thrust and torque coefficient
on a coarse grid

Coefficient TURNS TURNS-LDFV Experiment data

Cr 0.004143 0.004449 0.00459

Co 0.001153 0.001177 (not available)
TURNS-LDEV TURNS-MUSCL

Inboard wake

Vortex 1

Vortex 1

Vortex [I

Fig.19 Vorticity magnitude contour predicted by TURNS-LDFV and
TURNS-MUSCL.
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Fig. 20 Comparison of surface pressure coefficient distribution:
M =0.44 and r/R = 0.68.

In addition to the tip vortex computationalenhancements,Fig. 19
shows that the inboard vortex sheet is also resolved in a more ac-
curate fashion using TURNS-LDFV scheme up to a vortex age of
180 deg on a coarse grid.

The surface pressure distributions at several radial locations are
shown in Figs. 20-22. On the coarse grid that has been employed,
the TURNS-LDFV scheme behaves better near the leading-edge
suction region of the blade than the TURNS-MUSCL scheme. As
a consequence, the sectional lift coefficients and the thrust coeffi-
cient obtained by TURNS-LDFV are closer to experimental data.
Tables 1 and 2 compare the TURNS-MUSCL and TURNS-LDFV
predictionsfor the sectionallift coefficients and the rotor thrust with

experimental data.
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Fig. 21 Comparison of surface pressure coefficient distribution:
Mj;p =0.44 and r/R = 0.80.
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Fig. 22 Comparison of surface pressure coefficient distribution:
M, = 0.44 and r/R = 0.96.

Srinivasan et al.’> have done a similar calculation using the
TURNS-MUSCL scheme with one million computational grid
points and obtained excellent correlation with the measured data.
However, such fine grid calculations are not always feasible in
engineering applications because of their prohibitive cost. The
TURNS-LDFV scheme, on the other hand, appears to yield ac-
ceptable results on engineering-qualitycoarse grid.

Conclusion

A LDFV scheme has been implemented in the TURNS code
to accurately predict rotorcraft noise. This scheme is fourth-order
accurate in space and first-order accurate in time. A limiter is in-
corporated in the scheme to remove unwanted nonphysical oscil-
lations from the numerical solutions of nonlinear problems. En-
couraging agreement between the predicted results and experiment
data has been obtained for shock noise prediction on a coarse grid.
The basic characteristics of BVI noise are also captured with satis-
factory accuracy. Although intended for aeroacoustic applications,
the TURNS-LDFV scheme does a good job of modeling aero-
dynamic phenomena. Compared to the original TURNS-MUSCL
scheme, the TURNS-LDFV scheme can significantly improve the

resolution of the tip vortex magnitude and core size on coarse
grid.

Additional investigations of BVI noise and tip vortex structure
predictions are now in progress with the TURNS-LDFV scheme.
This scheme can be easily ported to otherindustry-standardmethods
and algorithms suchas OVERFLOW or CFL3D in a straightforward
manner.
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