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Abstract

An efficient and accurate method for predicting
the aeroacoustic noise generated by transonic
helicopter rotors is investigated. The near-field
noise is calculated by numerically solving
Reynolds-Averaged  Navier-Stokes  (RANS)
equations using chimera grid methodology. The
far-field noise is predicted by using the method
based on Ffowcs Williams-Hawkings equation
with  penetrable data surface (FW-Hpqgs)
covering the nonlinear flow region. The
computed results are compared with
experimental data and good agreement has
been achieved. The results are also compared
with that of the method based on inviscid flow
simulation using Euler equations. It shows that
the present method is more accurate for the
prediction of High-Speed Impulsive (HSI) noise
generated by transonic helicopter rotors.

1 Introduction

Over the past decade, the hybrid method,
coupling CFD (Computational Fluid Dynamics)
techniques with advanced analytic methods
based on acoustic analogy (such as FW-Hpgs
method), has been successfully applied to
predict the complicated acoustic field of
helicopter rotors.

The Ffowcs Williams-Hawkings (FW-H)
equation Y a rearrangement of Navier-Stokes
equations by utilizing general-function theory,
provides an accurate theoretical model for
describing the propagation of noise from a
moving surface to far field. The FarassatlA

method of solving the linear part of FW-H
equation was developed by Farassat ! and has
been successfully applied in linear-noise
prediction ? for more than 20 years. Farassat1A
method predicts discrete-frequency noise quite
well, but it would run into complication when
predicting nonlinear quadrupole noise of
helicopter rotors as 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 Mayers ! derived the general form
of Kirchhoff equation and its solution (known as
Kirchhoff formulation) to describe the noise
radiation from a moving surface. The data
surface of Kirchhoff formulation is fictitious
and penetrable. The main benefit of Kirchhoff
method is in that the nonlinear effect is
accounted for by performing the integral on the
data surface which covering the nonlinear flow
region. Kirchhoff method coupled with the near-
field CFD solution (called CFD/Kirchhoff
method) has been proved to be accurate and
efficient when predicting impulsive noise. More
recently, a new form of FW-H equation with a
penetrable surface (called FW-Hpgs equation)
was proposed by Crighton etc. ™! to improve the
efficiency of solving the quadrupole noise. A
new method combining Euler equation
simulation with FW-Hqs equation was proposed
by di Francescantonio ™ and successfully
applied in the noise perdition of transonic
helicopter rotors in hover. Brentner and Farassat
%] conducted an analytical comparison of FW-
Hpss method with Kirchhoff method and
concluded that FW-Hps method is more



accurate and robust than Kirchhoff method
when the data surface is located in the nonlinear
flow region. FW-Hpgs method rapidly shows
romises in the study work of a few researchers
871 when it is used for predicting the noise
generated by helicopter rotors in hover and
forward flight. More recently, Farassat
emphasized the role of analytical methods in
Computational Aeroacoustics and recommended
FW-H,qgs as a very promising method for noise
prediction of complicated flow field.

However, according to the experience of the
present authors, the accuracy of FW-Hygs
method is strongly affected by the accuracy of
the aerodynamic input data obtained from CFD
calculation. To predict non-linear noise
generated by transonic rotors, three-dimensional
Euler equations were commonly used to
consider the nonlinear effect related to shock
wave. To consider the influence of viscous
effect in near field and get more accurate
information of noise sources, this paper uses
Reynolds-Averaged Navier-Stokes (RANS)
equations to model the nonlinear viscous flow
field near the rotor blades. The far-field noise is
calculated by a retarded-time integral formula
solving FW-Hpgs equation, with the solution of
RANS equations taken as input data.

This paper focused on the accurate and
efficient prediction of High-Speed Impulsive
(HSI) noise generated by helicopter rotors,
illustrated by examples of helicopter rotor in
hover; moreover, the presented method is
readily applicable to Blade-vortex Interaction
(BVI) noise of helicopter rotor if RANS
equations are solved by high-order, low-
dissipation and low-dispersion scheme.

2 RANS Method for Transonic Helicopter
Rotor in Hover

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

rotor blade

7 X

Fig. 1 Schematics of blade-fixed coordinate system

2.1 Chimera Grid Methodology

Using algebraic method based on transfinite
interpolation ® and elliptical smoothing
technique, a C-H type rotor grid and a curved
H-H type background grid (see Fig.2) are
generated. The blade grid is for the simulation
of viscous flow around the rotor blades and the
captures of the near-field wake; the background
grid is for the capture of far-field wake and for
the convenient treatment of periodic boundary
condition. The flow information between rotor
grid and background grid is exchanged by
chimera grid techniques (see Ref. [9]). The grid
system and the grid near the rotor blade are

illustrated in Fig.2 and Fig.3, respectively.
C-H type rotor grid

Periodic boundary

/”

H-H type background grid

Fig.2 Schematics of chimera grid for a single rotor blade
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Fig.3 Schematics of one section of rotor grid

2.2 Governing Equations and Solution

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

”j%ydv +H(?—7v) ® nds +j”de -0 (1)

where, Vv is the control volume, S,n denote
boundary of control volume and its unit-normal-
outer vector, respectively. The flow variable
vector, inviscid flux vector, viscous flux vector
and source terms are

P olg—q,)
ol | pu(g—g,)+ pi,
W=l ||F=|pv(g—q,)+ piy |
W p\lv(q_qb)"'piz
PE PE(g—q,)+ Dq (2)
0 0
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Tyly +Ty0, + 7,0 - pou

foi, + Qi +hei, 0

where, p,u,v,w, E represent density, components
of velocity vector, total energy per unit mass,
respectively; w is angular velocity of rotor blade;
i,,i, i, denote the unit vector in the blade-fixed
coordinate system; g=ui, +vi,+wi, is the
velocity vector; ¢, = wxr denote the velocity of
the boundary of the control volume. Pressure
and temperature are given by the equation of
state

p=p(y-DIE-0.5u* +v?*)]

T=plp )
The additional variables in Eq. (2) are:
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fg =UzTyy +VTyy +WT +k6T
5 XX Xy Xz ax

ot
U5 =UTyy +VTyy +WTy, +k§

oT
hs =Uzy, +VTy; + Wiy +k§

Tyx = 24Uy + AUy +Vy +Ww;)

Tyy =2u\/y + Auy +Vy +w;) (4)\

Ty =245 + AUy +Vy +w;)

Txy =Tyx =,U(Uy +Vx)

Tyz =Tzy = u(Vz +Wy)

Txg =Tzx = H(Uz +Wy)
where, k is the coefficient of thermal
conductivity and is determined by using the
assumption of constant Prandtl number. The
bulk viscosity 4 is taken to be —2/3x according

to Stokes’s hypothesis. For turbulent flow, the
total viscosity x is calculated as

M=yt (5)
where, 4, is molecular viscosity calculated by
Sutherland law, and eddy viscosity g, is

determined by turbulence model. Then, Eq.(1)
are called Reynolds-averaged Navier-Stokes
equations(RANS). In present work, Baldwin-
Lomax algebraic turbulence model is used for
all the calculation.

The governing equations are solved by a
Finite-Volume Method developed by Jameson.
The details can be found in Ref. [10] and Ref.
[11].

3 Acoustic Method Based on FW-Hpgs
Equation

3.1 FW-Hgs Equation

FW-H equation has been taken as the most
general form of the Lighthill acoustic analogy.
In 1969, Ffowcs Williams and Hawkings !
rearranged the Navier-Stokes equation in fluid
dynamic by applying general functions theory,
and obtained an inhomogeneous wave equation
(namely the well-known FW-H equations)
which can give the exact governing equation of
acoustic field generated by a wall boundary in
arbitrary motion. Consider a piece-wise smooth
surface defined by f(x;,t)=0 , which
surrounding rotor blade or other types of wall

3



boundary moving in a stationary fluid.,
Assuming that vf =n, and a&f /ot =—-v, ( n, is the
unit normal outer vector and v is the velocity
vector of control surface), then the FW-H
equation can be wrltten as
2
A2, =< faovn + p(un - vl ))
¢? at? ox
—a—Xi{[—P.j -y + pui(un ~v)5(1)} (6)

52
+ S [TH(1)]
XX j

Where, c,p,u;, P, denotes speed of sound,

density, tensors of velocity and stress,
respectively; p’ is  acoustic  pressure;

Tj =—P; + puyuj —c®p's;is Lighthill stress tensor

!

and o; is Kronecker delta ; Subscript “ o

indicates the free-stream undisturbed quantities,
and superscript “” denotes the disturbed values;
H(f) is Heaviside function and ¢(f) is Dirac

function which satisfy

1 f(x,0)>0 _OH(f)
H(f)_{o f(xi,t)<0and5(f)_a—f'

Note that the control surface f(x;,t)=0 in

equation (6) can be taken as a fictitious surface
that allows the flow pass through ™. Then
equation is just the so-called FW-H equation
with  “penetrable  data  surface”(FW-Hpqgs
equation).

Provided that the moving surface f(x;,t)=0
IS coincident with the rotor-blade surface, the
solid boundary condition u, =v,can be applied

to equation (6), which yields the common-used
form of FW-H equation:

2 ~2 = = =
182 0 F]
(5~ D) =
c? at? o at

)

(7)
where, 1, =-P/ -n,. The three source terms of the
right-hand side of the Equation (7) are known as
monopole (or thickness), dipole (or loading) and
quadrupole source terms, respectively. Farassat
derived the solutions of thickness and loading
noise in equation (7), and these solutions are
well known as Farassat 1A formula

3.2 The Solution of FW-Hpgs Equation
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Note that FW-H equation (7) is essentially a
special form of FW-H,qs equation when u, =v, .

Referring Brentner and Farassat’s derivation [,
the solution of FW-Hpgs equation can be written
out according to Farassat 1A formula. Actually,
assuming that

PUi
U, (1——) +p (8)

Lo
L =-Pj -nj + pu; (u vy)
Then the FW-H s equatlon becomes

82 2
G )p(xt) ~1PUnd(1]- [La(f)]+ < R0 9

The above form is very 5|m|Iar to equatlon (7).
Its solution can be written as

p'(x;, ) = ps (x;, 1)+ py (x;,t) (10)
where, the subscript “s” and “y” represent
surface integral and volume integral,

respectively. When the data surface f(x;,t)=0
is sufficiently far away from wall boundary and
covering most of the acoustic noise source,
p, (x;,t) can be reasonably neglected. And one
can immediately write out the detail form of
ps(x;,t) according to Farassat 1A formula
presented in Ref. [2]. It takes the form

ps (x;,1) = pyy (x;, 1) + pL(x;,1) (11)
And
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where, the subscript “ret” represent retarded time, and
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Ulcy, M, =M, -r/lr M, =M, -n,
]1.4i ~ni,l\/.|r :Mi rlrny, =n-M,
L =L rir L, =L -M,L =L rlr

If f(x,,t)=0 is selected as the blade surface,
ps (x;,t) will recover to Farassat 1A formula.
And if f(x;,t)=0is fictitious, penetrable surface
in 3-D space, p;(x;,t) no longer has the
physical meaning of thickness and dipole noise.

The main advantage of FW-Hpgs method is in
that the nonlinear effect can be accounted for by
performing the surface integral (denoted
by pi(x;,t)) on the data surface covering the

nonlinear flow region. In other words, the
contribution of nonlinear noise source inside the
data surface can be calculated by surface
integral and the complicated volume integral
can be avoided reasonably.

When one takes insight into formula (11), one
can find out that only the flow variables
p,u,v,w, p on data surface f(x;,t)=0 are need as

input data. Once these variables are specified,
the acoustic pressure of a given observing point
in far field can be calculated by a numerical
integral on data surface. Coupled with modern
CFD techniques, FW-H,gs method is proved to
be very effective and relatively accurate for
predicting transonic rotor noise (such as HSI
noise).

Mi
M,

3.3 Choices of Data Surface and Solution of
Retarded-Time Equation

In order to perform the integral in formula (11),
two key points should be highlighted in this
paper. They are: 1) choices of data surface, 2)
solution of retarded-time equation.

To perform the integration of time-domain
integral method (Such as Formula 11), the first
key point is the appropriate choices of data
surface. There are two types of data surfaces
that are generally used in rotor noise prediction,
namely rotating data surface and non-rotating
data surface, and both are used in this study.
The rotating surface is selected as some surfaces
of CFD grid that have the same angular velocity
of the rotors. The main advantage of using
rotating surface is in that the aerodynamic data
on the data surface can be directly obtained
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from CFD solutions; hence the numerical
interpolation is avoided. The non-rotating data
surface is defined as a cylindrical surface that is
relatively stationary with respect to blade hub.
The advantage of non-rotating surface is that
with it the retarded-time can be solved explicitly,
as will be shown in the following formula (12).
The non-rotating surface is divided into
elements along its axial and circular direction.
To quickly obtain the aerodynamic data of these
elements, a 3-D linear interpolation is
preformed from 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.

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

cos(w,r) 0 —sin(e,r)
r:t—ixo—{ 0 1 0 ]yo (12)

%o sin(m,r) 0

cos(w,7)

where ¢ is the retarded time for a given
observing point; x, , y, denotes the coordinate

vectors of the observing and the source point at
zero time, respectively. o, is the angular

velocity of rotating data surface, which is
chosen the same value as the angular velocity of
rotors. Note that », =0 corresponds to the non-

rotating data surface. Foro, =0, Eq. (12) is an

explicit formula forz . However, the solution of
this equation cannot be explicitly deduced
ifw, =0. In this paper, a solution method base

on simple iteration technique is developed for
rotating data surface and a good convergence is
achieved.

4 Results and Discussing

All simulations in this section are performed
using 169x49x65 C-H type rotor grid and
101x81x91 H-H type background grid (as
illustrated in Fig.2 and Fig.3). The rotor grids
have the first near-surface grid point below y+ =
0.7 to ensure the sublayer of the turbulent shear
flow is sufficiently resolved. The definition of



Reynolds number is based on the chord and the
tip Mach number of rotor blade.

4.1 Validation of RANS flow solver

For noise perdition using CFD combined with
FW-Hpgs Method, the accuracy of near-field
CFD solution has significant effect on the
predicting accuracy of far-field noise. Therefore,
it is necessary to check the accuracy of the
RANS flow solver before performing noise
prediction.

The simulation of flow over Caradonna rotor ™2
is performed to validate the RANS flow solver.
The experiment of Caradonna provided a set of
data for benchmarking the numerical simulation
of helicopter rotor in hover. The rotor model
for Caradonna’s experiment employed two-
bladed rotor with an NACA 0012 profile. The
blades were untwisted and untapered. An aspect
ratio of 6.0 was used, and the rotor diameter was
set at 2.288 m.

The first validation is the subsonic none-
lifting case with the tip Mach number of 0.52
and a Reynolds number 0f2.33x10°. Fig.4 (a)
and Fig4 (b) show the comparison of computed
pressure distribution and experimental data for
two different locations (r/R=0.68 and r/R=0.89)
along the rotor span, indicating that the
computational results are in excellent agreement
with experimental data.

Cp

Data
0.8 o Cal.

TR [NV TS AN Y NN [N NI N |
0.25 0.5 0.75 1

x/c
(a) r/R=0.68

ol
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b 74
(b) r/R=0.89
Fig.4 Comparison of computed pressure distribution and

i =0.52,0, =0°,Re =2.33x10°).
The second validation is the transonic lifting
case with the tip Mach number of 0.877, a

Reynolds number of 3.93x10° and a collective

pitch angle of 8°. 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 Fig.5 (a) and Fig5 (b), and
the agreement is very well. It is also shown that
the shock wave occurs in the flow field near the
blade tip is correctly captured.

2

ol

experimental data (Ma,

Data
o Cal.

r/R=0.89

o - L
0 0.25 0.5 0.75 1
xX/c

(a) r/R=0.89

Data
o Cal.

r/R=0.96

T I N B R R
0 0.25

0.5
X/c

(b) r/R=0.96
Fig.5 Comparison of computed pressure distribution and

experimental data (Ma,;, = 0.877,6, =8°,Re = 3.93x10°).

tip
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4.2 Validation of RANS/FW-H4s Method

To validate present RANS/FW-Hpgs Method for
HSI noise of transonic rotors, an UH-1H model
is adopted. UH-1H rotor is a one-seventh scale
two-bladed model with untwisted rectangular-
platform blades and NACAO0012 airfoil section.
The rotor blade has an aspect ratio of 13.71 and
a chord length of 0.0762m. The observing
microphone is located 3.09R away from the
rotative axis(R is the radius of rotor. see Fig.6).
The experimental data was published by
Boxwell etc. in Ref.[11].

y
A
);
N Observing point
C — N - X
(( G I— )
3.09R

Z
Figure 6 observing location for UH-1H rotor in hover

The near field of UH-1H rotor is simulated by
RANS method presented in section 2. The
rotating data surface consists some of the grid
surfaces of C-H type rotor grid (see Fig.7) and
the flow variables on the data surface are
calculated directly from RANS solution on rotor
grid; non-rotational data surface is constructed
as a circular cylinder (see Fig.8). The cylinder is
divided as 1440x30 surface elements (1440
segments along the circular direction and 30
segments along the axial direction). The value
of flow variables on cylinder is obtained by a 3-
D linear interpolation from flow field on
background grid.

Rotating data surface

Rotor grid in rotor plane

Fig.7 Schematics of rotating data surface
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The rotative axis of rotor

Non-rotating data surface

Fig.8 Schematics of non-rotating data surface

Fig.9 and Fig.10 show the comparison of
predicted acoustic pressure and experiment data
at tip Mach number of 0.85 and 0.95,
repectively. Non-rotating circular cylinder with
a radius of 1.2R is used as the data surface. The
observing point is the same as illustrated in
Fig.6.The computed results show good
agreement with experimental data. Fig. 11 and
Fig 12 show the comparison of predicted
acoustic pressure in one period using rotating
and non-rotating data surface, and only little
difference has been found both for tip Mach
number of 0.85 and 0.95. One can conclude that,
by RANS/FW-H,4s method, both rotating and
non-rotating data surface are nearly identically
adequate for predicting the nonlinear noise of
transonic rotors. The average time for predicting
single observing point is about one minute on
Pentium IV 3.4G personal computer, which
indicates that the present method is very
efficient.

o Exp.
RANS/FW-H

S
3 3 S o

o &

. Acoustic Pressure/Pa
8

TR [N T TN NN NSNS S T S (N T S B
0.004 0.0045 0.005
t/second

Fig.9 Comparison of predicted acoustic pressure and
experimental data (Ma,, =0.85)
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Fig.10 Comparison of predicted acoustic pressure and

experimental data (Ma,, = 0.95)

40— Non-rotating data surface
F --=-=- rotating data surface

"

Acoustic Pressure/Pa
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Fig.11 Comparison of predicted acoustic pressure in one period

using rotating and non-rotating data surface ( Ma‘tip =0.85)
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I —-===- Rotating data surface
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|
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-500 -

Acoustic Pressure/Pa

-1000 [~

PRI [T TSNS TSNNSO A NSNS N N
0.005 0.01 0.015 0.02
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Fig.12 Comparison of predicted acoustic pressure in one period

using rotating and non-rotating data surface ( Ma‘tip =0.95)
4.3 Comparison of Different Acoustic
Methods
The present RANS/FW-Hpss method s

compared with Euler/FW-Hps Method and
Farassat 1A method. Prediction of HSI noise of
UH-1H rotor described in subsection 4.2 is
performed. The experimental data can be found
in Ref.[13] and Ref.[14]

Fig.13 shows the predicted acoustic pressure
versus time for tip Mach number of 0.90 and
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Reynolds number of 1.6x10° . The observing
point is located at in-rotor-plane point that is
3.09R away from rotating axis.

Fig.14 shows the predicted acoustic pressure
versus time for tip Mach number of 0.88 and
Reynolds number of 1.56x10° . The observing
point is located at in-rotor-plane point that is
1.78R away from rotating axis.

In Fig.13 and Fig.14, the result of Farassat
1A method is linear noise including thickness
and loading noise. Compared with Farassat 1A
method, RANS/FW-H,4s method and Euler/FW-
Hpas method can predict nonlinear noise, which
is clearly demonstrated in Fig.13 and Fig.14.
The negative-acoustic-pressure peak calculated
by using RANS/FW-H,gs is higher and more
consistent with the experimental data compared
with that calculated by Euler/FW-H,4 method.
The reason can be explained as that the none-
linear noise due to viscous effect and downwash
of wake system is taken into account more
accurately only when using Navier-Stokes
equations.

o Exp.
00 RANS/FW-H

————— Euler/FW-H
————————— Thickness and Loading noise

-100 F

Acoustic Pressure/Pa
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]
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&
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e g
0.004 0.0045 0.005 0.0055 0.006
t/second

Fig.13 Comparison of predicted acoustic pressure of using

different acoustic methods (May, =0.90)
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P - Euler/FW-H

200F @ === Thickness and loading noise

400 —

Acoustic Pressure/Pa

TR (TN TN SN S S [T TR N S S S
0.0005 0.001 00015 0.002
t/second

Fig.14 Comparison of predicted acoustic pressure of using
different acoustic methods (May, =0.88)



COMPUTATIONAL AEROACOUSTIC PREDICTION OF TRANSONIC ROTOR NOISE BASED ON REYNOLDS-

5 Conclusions

A computational  aeroacoustic  method
combining the RANS simulation with FW-Hpgs
method is presented and studied.  The results
of RANS simulation using Chimera grid
methodology is validated adopting Caradonna
rotor model. The computed acoustic pressure
using presented RANS/FW-Hp for UH-1H
rotor is compared with experimental data and
show good agreement at different tip Mach
numbers. The comparison between RANS/FW-
Hpas method and Euler/FW-Hygs method is made
and show that RANS/FW-Hpgs method is more
accurate due to the capture of viscous effect and
wake systems in the flow over rotor blades.

The presented methods are readily applicable
to Blade-vortex Interaction (BVI) noise of
helicopter rotor if RANS equations are solved
by high-order, low-dissipation and low-
dispersion scheme.
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