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I. Introduction

VER the past decade, the hybrid method [coupling

computational fluid dynamics (CFD) techniques with
advanced analytic methods based on acoustic analogy, such as the
Ffowcs Williams—Hawkings equation with penetrable data surface
(FW-H,,4;) method] has been successfully applied to predict the
complicated acoustic field of helicopter rotors.

The Ffowcs Williams—Hawkings (FW-H) equation [l1], a
rearrangement of Navier—Stokes equations by using general-
function theory, provides an accurate theoretical model for
describing the propagation of noise from a moving surface to the far
field. The Farassat 1 A method for solving the linear part of the FW-H
equation was developed by Farassat and Succi [2]. It has been
successfully applied in linear noise prediction [2,3] for more than
20 years. The Farassat 1A method predicts discrete frequency noise
quite well, but it would run into complication when predicting
nonlinear quadrupole noise of helicopter rotors, because the data
surface is the blade itself and nonlinear effects are not included in the
surface integral. To calculate the nonlinear noise [e.g., high-speed
impulsive (HSI) noise], Farassat and Myers [4] derived the general
form of the Kirchhoff equation and its solution (known as the
Kirchhoff formulation) to describe the noise radiation from a moving
surface. The data surface of the Kirchhoff formulation is fictitious
and penetrable. The main benefit of the Kirchhoff method is that the
nonlinear effect is accounted for by performing the integral on the
data surface covering the nonlinear flow region. The Kirchhoff
method coupled with the near-field CFD solution (called the CFD/
Kirchhoff method) has proven to be accurate and efficient when
predicting impulsive noise. More recently, a new form of FW-H
equation with a penetrable surface (called the FW-H,, equation)
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was proposed by Crighton et al. [5] to improve the efficiency of
solving the quadrupole noise. The method using a penetrable data
surface for solving the FW-H equation with the Euler solution as
input data was first implemented by di Francescantonio [6] for
prediction of far-field noise from transonic helicopter rotors in hover.
Brentner and Farassat [7] conducted an analytical comparison of the
FW-H,4; method with the Kirchhoff method and concluded that the
FW-H,,4, method is more accurate and robust than the Kirchhoff
method when the data surface is located in the nonlinear flow region.
The FW-H,,4; method rapidly showed promise in the study work of a
few researchers [7-10] when it was used for predicting the noise
generated by helicopter rotors in hover and forward flight. More
recently, Farassat and Casper [11] emphasized the role of analytical
methods in computational aeroacoustics and recommended
FW-H,4 as a very promising method for noise prediction of a
complicated flowfield.

To predict nonlinear noise generated by transonic rotors in hover,
three-dimensional Euler equations were commonly used to consider
the nonlinear effect related to shock waves. To consider the influence
of viscous effect in the near field and get more accurate information
about noise sources, this paper uses Reynolds-Averaged Navier—
Stokes (RANS) equations to model the nonlinear viscous flowfield
near the rotor blades. The far-field noise is calculated by a retarded-
time integral formula solving the FW-H,4 equation, with the
solution of the RANS equations taken as input data.

II. RANS Method for a Transonic Helicopter Rotor

in Hover

Simulation of quasi-steady flow over helicopter rotors in hover
uses a relative coordinate system fixed on a rotor blade. The grids
around a single blade are generated (see Figs. 1 and 2) and the
flowfield around only a single rotor blade is simulated. The influence
of other blades is accounted for by performing a periodic boundary
condition. Chimera-grid methodology is used to effectively capture
the viscous effect near a rotor blade and implement the periodic
boundary condition.

Three-dimensional unsteady RANS equations in a relative
coordinate system fixed on a rotor blade can be written as

///Vi)—v:/dv+//s(f—1:”v)~nds+///vcdvzo )

where V is the control volume, and S and n denote the boundary of
the control volume and its unit normal outer vector, respectively. The
expressions of flow variable vector, inviscid flux vector, and viscous
flux vector are omitted here and can be referred to in [12]. For
turbulent flow, the Baldwin—Lomax [13] algebraic turbulence model
is used for all of the calculation in the present work. The governing
equations are solved by a finite volume method developed by
Jameson et al. [14].

III.  Acoustic Method Based on the FW-H 4, Equation
A. FW-H_, Equation and Solution

The FW-H equation was taken as the most general form of the
Lighthill acoustic analogy.

In 1969, Ffowcs Williams and Hawkings [1] rearranged the
Navier—Stokes equation in fluid dynamics by applying general-
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function theory and obtained an inhomogeneous wave equation
(namely, the well-known FW-H equations) that can give the exact
governing equation of an acoustic field generated by a wall boundary
in arbitrary motion. Consider a piecewise smooth surface defined by
f(x,1) =0, which surrounds a rotor blade or other types of wall
boundaries moving in a stationary fluid. Assuming that Vf = r and
df/dt = —v, (n denotes the unit normal outer vector, v is the
velocity vector of the control surface, and v - » = v,,), then the FW—
H equation can be written as

2 2 3
(2 )50 = 3 a0 + o, = 0B

2P ax?
P ; 9
- g{[—Pi,— cn;+ pu(u, —v,)8()} + H[Tin(f)] 2
i vy

Where, ¢, p, u;, and P;; denote the speed of sound, density, tensors of
velocity, and stress, respectively; p'is acoustic pressure; T;; =
—P}; + pu;u; — c?p'8;; is the Lighthill stress tensor; §;; is the
Kronecker delta; subscript 0 indicates the freestream undisturbed
quantities; superscript prime denotes the disturbed values; H(f) is

the Heaviside function, and §( f) is the Dirac function, which satisfies

(1 fnn>0
H(f)_{o FCent) <0
and
P
s =50

Using a penetrable data surface f(x;, 1) = 0, including the entire
acoustic source, the retarded-time solution of Eq. (2) for a penetrable
data surface can be obtained directly, according to the Farassat 1A
formula. The retarded-time integration solution of the FW-Hqq
equation according to the Farassat 1A formula can been found in [7]
and will not be listed here.

B. Choices of Data Surface and Solution
of the Retarded-Time Equation

To perform the integral on the data surface, two key points should
be highlighted in this paper. They are 1) choices of data surface and
2) solution of the retarded-time equation.

To perform the integration of the time-domain integral method
(such as Formula 1A), the first key point is the appropriate choice of
data surface. There are two types of data surfaces that are generally
used in rotor-noise prediction (namely, rotating data surface and
nonrotating data surface), and both are used in this study. The
rotating surface is selected because some surfaces of the CFD grid
that have the same angular velocity of the rotors. The main advantage
of using the rotating surface is in that the aerodynamic data on the
data surface can be directly obtained from CFD solutions; hence, the
numerical interpolation is avoided. The nonrotating data surface is
defined as a cylindrical surface that is relatively stationary with
respect to the blade hub. The advantage of the nonrotating surface is
that with it, the retarded time can be solved explicitly, as will be
shown in the following formula (3). The nonrotating surface is
divided into elements along its axial and circular directions. To
quickly obtain the aerodynamic data of these elements, a 3-D linear
interpolation is performed from the CFD solution. A fast-searching-
methodology-based inverse map is used to improved the efficiency
of searching the contribution CFD grid cell for a considering point.

As stated in [15], some of the quadrupole sources lie outside the
sonic circle when the delocalization of the shock system occurs at a
high tip-Mach number. In this case, the integration surface should be
placed outside the sonic circle and extended far away from the rotor
tip. Then the rotating data surface cannot be used, because the speed
of the data surface will be larger than the sonic speed and the Farassat
1A method will break down. For the supersonic rotation surface, an
alternate solution of the FW-H,,4; equation based on the collapsed-
sphere method should be employed (it will not be discussed here). In
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this paper, when delocalization of the shock system occurs, the
nonrotation surface is used and the Farassat 1A method mentioned
earlier still works well.

Another key point is the solution of the retarded-time equation.
For the noise prediction of helicopter rotors in hover, the retarded-
time equation can be written as

1 cos(w;,t) 0 —sin(w,7)
T=1——1|Xy)— 0 1 0 Yo (3)
Co sin(w,r) 0 cos(w,T)

where 7 is the retarded time for a given observing point; xyand y,
denote the coordinate vectors of the observing and the source point at
zero time, respectively; w, is the angular velocity of the rotating data
surface, which is chosen to be the same value as the angular velocity
of the rotors. Note that w; = 0 corresponds to the nonrotating data
surface. For w; = 0, Eq. (3) is an explicit formula for 7. However, the
solution of this equation cannot be explicitly deduced if w; # 0. In
this paper, a solution method based on a simple iteration technique is
developed for the rotating data surface, and a good convergence is
achieved.

IV. Results and Discussion

All simulations in this section are performed using a rotor grid of
the C-H type with a grid number of 169 x 49 x 65 and a background
grid of the H-H type with a grid number of 101 x 81 x 91 (as
illustrated in Figs. 1 and 2). The rotor grids have the first near-surface
grid point below y+ = 0.7, to ensure that the sublayer of the
turbulent shear flow is sufficiently resolved. The definition of the
Reynolds number is based on the chord and the tip-Mach number of
the rotor blade.

C-H type rotor grid

Periodic boundary

Fig. 1 Schematics of the chimera grid for a single rotor blade.
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Fig. 2 Schematics of one section of the rotor grid.
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Fig. 3 Comparison of the computed pressure distribution and experimental data.

A. Validation of the RANS Flow Solver

The simulation of flow over a Caradonna and Tung [16] rotor is
performed to validate the RANS flow solver.

The validation case is the transonic lifting rotor with a tip-Mach
number of 0.877, a Reynolds number of 3.93 x 10°, and a collective
pitch angle of 8deg. The comparison of computed pressure
distribution and experimental data for two different locations
(r/R =0.89 and r/R = 0.96) is demonstrated in Figs. 3a and 3b,
and the agreement is very good. It is also shown that the shock wave
that occurs in the flowfield near the blade tip is correctly captured.

B. Validation of the RANS/FW-H 4, Method

To validate the present RANS/FW-H,,4 method for HSI noise of
transonic rotors, a UH-1H model is adopted. The experimental data
were published by Boxwell et al. in [17]. The observing microphone
is located R = 3.09 away from the rotation axis (R is the radius of the
rotor).

The near field of the UH-1H rotor is simulated by the RANS
method presented in Sec. II. The rotating data surface consists of
some of the grid surfaces of the C-H type of rotor grid (see Fig. 4), and
the flow variables on the data surface are calculated directly from the
RANS solution on a rotor grid; the nonrotational data surface is
constructed as a circular cylinder (see Fig. 5). The cylinder is divided
as 1440 x 30 surface elements (1440 segments along the circular
direction and 30 segments along the axial direction). The value of
flow variables on the cylinder is obtained by a 3-D linear
interpolation from the flowfield on the background grid.

Figure 6 shows the comparison of predicted acoustic pressure and
experiment data at a tip-Mach number of 0.85. A nonrotating circular
cylinder with a radius of R = 1.2 is used as the data surface. The
computed results show good agreement with experimental data.
Figure 7 shows the comparison of predicted acoustic pressure in one
period using rotating and nonrotating data surfaces, and little
difference was found. One can conclude that by the RANS/FW—H 4
method, both rotating and nonrotating data surfaces are nearly
identically adequate for predicting the nonlinear noise of transonic
rotors. The average time for predicting a single observing point is
about 1 min on a Pentium IV 3.4 GHz personal computer, which
indicates that the present method is very efficient.

D

Rotating data surface

Rotor grid in rotor plane

Fig. 4 Schematics of the rotating data surface.

C. Comparison of Different Acoustic Methods

The present RANS/FW—H,,4; method is compared with the Euler/
FW-H,,; method and the Farassat 1A method. Prediction of the HSI
noise of the UH-1H rotor described in Sec. IV.B is performed.

Figure 8 shows the predicted acoustic pressure versus time for a
tip-Mach number of 0.90 and Reynolds number of 1.6 x 10°. The
observing point is located at an in-rotor-plane point that is R = 3.09
away from the rotation axis. Figure 9 shows the predicted acoustic
pressure versus time for a tip-Mach number of 0.88 and Reynolds
number of 1.56 x 10°. The observing point is located at an in-rotor-
plane point that is R = 1.78 away from the rotation axis.

In Figs. 8 and 9, the results of the Farassat 1A method are linear
noise, including thickness and loading noise. Compared with the
Farassat 1A method, the RANS/FW-H,,4, method and the Euler/
FW-H,4, method can predict nonlinear noise, which is clearly
demonstrated in Figs. 8 and 9. The negative-acoustic-pressure peak
calculated by using the RANS/FW-H 4, method is higher and more
consistent with the experimental data compared with that calculated
by the Euler/FW-H,,4; method. The reason can be explained as being
that the nonlinear noise due to viscous effect and downwash of the
wake system is taken into account more accurately when using a
solution of Navier—Stokes equations as input data.

_-Rotational axis of rotor

o

Nonrotatiﬁg data surface

Fig. 5 Schematics of the nonrotating data surface.
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Fig. 6 Comparison of predicted acoustic pressure and experimental
data (May;, = 0.85).
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Fig. 7 Comparison of predicted acoustic pressure in one period using
rotating and nonrotating data surfaces (May;,, = 0.85).
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Fig. 8 Comparison of acoustic pressure signatures predicted by
different acoustic methods (Ma;, = 0.90) with measurements.
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Fig. 9 Comparison of acoustic pressure signatures predicted by
different acoustic methods (Ma;, = 0.88) with measurements.

V. Conclusions

A computational aeroacoustic method combining the RANS
simulation with the FW—H_4; method is presented and studied. The
results of RANS simulation using chimera-grid methodology is
validated for the Caradonna and Tung [16] rotor model. The
computed acoustic pressure using RANS/FW-H,, for the UH-1H
rotor is compared with experimental data and shows good
agreement. Comparison of RANS/FW-H,4; and Euler/FW-H,
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predictions with measurements shows that the acoustic prediction
using the RANS/FW-H,4; method is more accurate, due to the
capture of viscous effect and wake systems in the flow over the rotor
blades.
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