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Abstract
A combined method of a computational fluid dynamics (CFD) technique
with the extended Kirchhoff's equation
has been newly developed to analyze the
high-speed impulsive (HSI) noise of helicopter rotor. The method solves Euler
equations by a CFD technique to obtain
the pressure distributions around a rotor
blade. In order to predict the HSI noise,
the behavior of shock wave should be evaluated precisely. The CFD code used here
has the good capability of predicting the
shock wave by using a higher-order upwind
scheme. In case of a forward flight condition, the Newton iterative method is used
to get unsteady solutions. The Kirchhoff's
equation extended for moving surfaces is
then used to find the acoustic pressures by
using the Euler solutions on the Kirchhoff
surface in which all the acoustic sources
are enclosed.
The HSI noise of a non-lifting hovering rotor is calculated by using the

present method, and the good correlation
between calculated and experimental results is obtained. The comparison between
the HSI noise of two types of advanced tip
shape and a conventional rectangular tip
shape are also presented in non-lifting hovering conditions. The present method is
then used to calculate the HSJ noise of a
non-lifting forward flight rotor. This is because the HSI noise is usually occurred in
forward flight conditions.
1. Introduction

The HSI noise radiating from a
transonic helicopter rotor is one of the important subjects in rotor acoustic researclt.
In the rotor noise analysis, the method
solving Ffowcs Williams and Hawkings
(FW-H) equation [1] is often used. Although this method shows the good capability of predicting the noise from a subsonic rotor [2][3][4], it doesn't succeed to
predict the HSI noise from a transonic
rotor because it is difficult to evaluate
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the quadrupole term of FW-H equation
[5][6][8](9]. Another method to solve the
l!SI noise problem is to use a CFD technique [10] directly. This method successfully predicts the HSI noise at about three
rotor radii. However, it is not practical to
predict the far-field noise because of the
difficulty of maintaining the adequate grid
resolution in the far-field.
A combined method of CFD
technique with the Kirchhoff's equation
[11][12] is also used to analyze the HSI
noise problem. In this method, a CFD
technique is used to obtain the pressure
distributions around a rotor blade. The
Kirchhoff's equation is then used to find
the acoustic pressures by using the CFD
solutions on the Kirchhoff surface in which
all the acoustic sources are enclosed. If the
CFD solutions capture the nonlinear effect
such as shock wave, this method can get
the acoustic pressure including the effect
of nonlinear sources. Previously, the fullpotential equation has been used as the
governing equation of CFD in spite that
the behavior of shock wave should be evaluated precisely in order to predict the HSI
noise. In this paper, the Euler code [13]
which has the good capability of capturing
the shock wave by a higher-order upwind
scheme is combined with the Kirchhoff's
equation extended for moving surfaces by
Farassat and Myers [14].
Theoretical studies about the HSI
noise has been generally conducted in hovering conditions. The HSI noise, however,
usually appears in forward flight conditions. In these conditions, the key phenomenon for estimating the HSI noise,
such as the delocalization and the behavior of the shock wave, become unsteady.
The present method, therefore, has been
developed to adapt the unsteady governing equations.

2. Calculation Method of CFD

dimensional Euler equations in the blade
fixed rotating Cartesian coordinate system (x,y,z) in Fig.J. In order to conduct the calculation with arbitrary curved
grid, these equations are transformed from
the Cartesian coordinate system to the
arbitrary curvilinear coordinate system
((, 17, (). The transformed equations are
written as
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The quantity p is the density, u, v and w
are the velocity components of Cartesian
coordinate system, and U, V and W are
components of the contravariant velocity.
The quantity fl is the angular velocity of
the blade rotation, and p is the pressure
which is represented as

Euler Equations
The governing equations are three-
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P = (1- 1)[e-

1

2purJ

(4)

For simplicity of the calculation,
where 'Y is the ratio of specific heats and e
the
algebraicmethod
is adopted to generis the total energy per unit volume. The
quantity J is the Jacobian of the transfor- ate the grid. The region of the grid is remation.
stricted around only one blade (see Fig.l)
in order to reduce the memory and the
Numerical Method
computing time. The section of the grid
The numerical method to solve the has 0-type shape and the grid consists of
governing equations is an implicit finite79, 50 and 40 points for each ~, r7 and (
difference scheme. The Euler equations directions. On the blade surface, 79 and
are discretized in the conventional delta
20 points are distributed for each ~ and (
form using Euler backward time differencdirections and the grid is orthogonalized.
ing. A diagonalized AD! method which Tlre minimum grid spacing of r; direction
utilizes an upwind flux-split technique is is set to 10- 2 A top view of the grid in
used for the implicit left-hand-side regardthe plane of rotor is shown in Fig .2. This
ing the spatial differencing. In addition, type of swept-back grid was used by Isom
a higher-order upwind scheme based on
et al.[ll] and ensure that high grid density
TVD is applied for the inviscid terms of
region followed the shock in the far-field.
the explicit right-hand-side. Each ADI opAll the boundary conditions are exerator is decomposed into the product of
plicitly specified for simplicity. On the
lower and upper bidiagonal matrices by
blade surface, non-slip and adiabatic conusing diagonally dominant factorization.
ditions are applied. All the quantities are
The TVD scheme has a good capability of
set to the values of free stream at the farcapturing the shock wave without adding
field and inflow boundaries. These quanartificial dissipations.
tities are extrapolated from the interior at
In order to obtain the unsteady sothe outflow boundary. The grid has cuts,
lution in the forward flight condition of
and the flow properties are averaged bea helicopter rotor, the Newton iterative
tween above and below along these cuts.
method is applied. In this method, the
In a forward flight condition, the direction
above-mentioned scheme
of the free stream velocity observed from
the blade fixed coordinate changes at every moment.
is modified as
3. Calculation Method of Noise
Ll!Sm(Qm+l _ Qm) =
Extended Kirchhoff's Equation

-t:.t( Qm- Qn
t:.t

+ RH sm)

(6)

where m means the number of the Newton
iteration. In the beginning of the calculation, the steady calculation is conducted
at the azimuth angle, 1/J = 90' by using
the implicit time-marching method. Then,
the unsteady calculation is started from
this initial condition by using the Newton
iterative method. Four iterations are sufficient to reduce the residual at each timestep. The typical dividing number along
the azimuth direction is about 1000 per
revolution.

In this paper, the Kirchhoff's equation extended for moving surfaces is used
to calculate the acoustic pressure. The
acoustic pressure p satisfies the wave equation as follows :

where H(!) is the Heaviside function and
6(!) is the Dirac delta function. The quan-
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tity c is the speed of sound. The I<irch- In equation (12), '[;is the influential surhoff surface S in which all the acoustic face generated by all f-curves as the
sources are enclosed is described by f = 0 source time r varies from -oo to t for the
such that f > 0 defines the exterior of S. fixed observer position x and timet, where
The bar over the operator symbol denotes the f-curve is the intersection of body and
operators involving generalized derivatives sphere g = 0. The function g is defined by
[1 5]. The acoustic pressure p is the func- equation (11) and g = 0 shows the sphere
tion of a observer position x and a ob- on which the acoustic pressure transmits
server timet. The vector nand Mn,P>Pn in the space.
and p, in equation (7) are described as folKirchhoff Surface
lows:
The Kirchhoff surface used here is
n = \7 J,
selected to correspond with the finite difM _?,_&!
ference grid used in the CFD calculation.
n - C &t '
The top view of the surface is shown as
p lim p(x, t),
(8) the hatched region in Fig.2. The size of
J-+0
the surface is determined by some paraPn = \7p '\7 J,
metric studies. The station of its outer
.
&p
base in x axis is about 1.1 rotor radii and
Pt =at'
the line of apsides of the every section is
By using the Green function in unbounded
about 4 blade chords. In the calculation
space, equation (7) gives
of a forward flight, since the pressure disp(x, t) · H(f)
(9) tributions on the I<irchhoff surface vary
at every azimuth position, they are previ= f' drjG 0 {-(P.n + ?._Mnlit)b(f) ously calculated by using unsteady Euler
C
solutions at 20 azimuth position clustered
[Mnpb(f)]- \7 · (Pnb(f)]}dy,
around advancing side and they are interpolated at any azimuth positions.
where

=

1-oo
~

- :t

G 0 (y, r[x, t)

1
= -b(g),

and

4. Results and Discussions

(10)

47!T

HSI noise in Hover

At the first step of this research,
the HSI noise in hover is calculated by the
In equation (9), the vector y is a source present method. Fig.3 shows the calcuposition, T is a source time. In equation lated and experimental [4] acoustic pres(10), r is the distance between the source sures of a 1/7-scale model of a UH-1H
and the observer positions. By performing main rotor in hover. The model rotor has
the integration on the influential surface in a N ACA 0012 airfoil section and the aspect ratio is 13.71. The calculations are
equation (9), the following is obtained.
made for two cases. One is the condi47rp(x, t) · Jl(f)
tion of tip Mach number is 0.88 [case(a)J
= _ p'n + Mn'ftt/c d'[; + pcosB d'[; and the other is that of tip Mach number is 0.90 [case(b)J. The quantity MT
rA
r 2A
is
tip Mach number, 11- is advance ratio
+?._i!._ (cos
Mn)P dr;,
( 12 )
and r / D is the distance between the obc &t
rA
server
position and the center of the rowhere
tor nondimensionalized by the blade diamA=J1+M~-2MncosB.
(13) eter. In comparison between the results
g = r- t

J
J

r
+ -.
c

(11)

J

e-
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of the present method and of the FW-H
equation without quadrupole term, it becomes clear that the quadrupole sources
play an important part in prediction of
the HSI noise. The results of the present
method also predict the experimental data
better than those of the FW-H equation
including the quadrupole term [6] particularly in case( b).
Fig.4 shows the Mach contours
around a blade tip in the two cases. The
Mach contours of case(b) indicates the occurrence of the delocalization phenomena.

HSI Noise of Advanced Tip Shape
Fig.5 shows the comparisons of
acoustic pressure of an advanced tip shape
similar to BERP [7] with a rectangular tip
shape. The airfoil section is N ACA0012
at every radial station for both shapes in
order to make clear the planform effect
alone on the acoustic pressure. It should
be notified that the advanced tip shape
is thicker than the rectangular tip shape.
The calculations are made for two cases
mentioned above. In case(a), the negative peak pressures of both the blade tips
are nearly equal to each other as shown
in Fig.5(a). The delocalization is not observed for either tip shape as shown in
Figs.4(a) and 6(a). In addition, the shock
wave on the rectangular tip shape is a little stronger than that on the advanced tip
shape. Therefore, it is estimated that the
shock wave effect on the acoustic pressure
is almost canceled by the thickness effect.
In contrast, the absolute value of the negative peak pressure of the advanced tip
shape in case(b) is much less than that
of the rectangular tip shape, as shown in
Fig.S(b ). This is because the delocalization for the advanced tip shape is disappeared as shown in Fig.6(b) and because
the strength of the shock wave of the advanced tip shape is much less than that of
the rectangular tip shape.
Fig.7 shows the comparisons of
acoustic pressure between a rectangular

tip shape and an advanced tip shape similar to ONERA PF2 [16]. In case(a),
the absolute value of the negative peak
pressure of the advanced tip shape is
much less than that of the rectangular
tip shape because the blade thickness decreases and the shock wave on the blade
surface weakens as shown in Figs.4( a) and
8(a). In case(b), although the delocalization slightly occurs, the absolute value of
the negative peak pressure of the advanced
tip shape is less than that of the rectangular tip shape because the shock wave
on the blade surface weakens as shown in
Figs.4(b) and 8(b).

Results of CFD in Forward Flight
Before the calculation of the HSI
noise in forward flight, the validation of
the CFD results by using the swept- back
grid in Fig.2 is conducted. Fig.9 shows
the comparisons between the calculated
and experimental pressure distributions of
a model rotor in forward flight. The experimental data was obtained at the Army
Aeroflightdynamics Directorate (AFDD)
[17]. The model rotor has a NACA 0012
airfoil section and the aspect ratio is 7.125.
The quantity MT is tip Mach number, 11
is advance ratio, xjC is the chord wise distance nondimensionalized by chord length
and r / R is the radial station nondimensionalized by the blade radius. It is indicated that the calculated results are
in good agreement with the experimental
data in every azimuth position for these
two radial stations. Therefore, the capability of the present calculation method is
verified.

HSI noise in Forward Flight
The HSI noise in non-lifting forward fiigh t is calculated for the following :
case(l): MT = 0.666, MAT= 0.864
case(2): MT = 0.666, MAT= 0.896
0.666, MAT= 0.916
case(3) : MT
where MAT is advancing tip Mach number. Figs.10 and 11 show the calculated
result of the variation of the acoustic pres-
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sure for the increase of the advancing tip
Mach number, and Fig.l2 shows the Mach
contours around a blade tip. The delocalization doesn't occur at the advancing side
in cases (1) and (2), but it occurs from
about 'If; = 80' to 110' in case (3), where
'If; is azimuth angle. It is estimated from
these figures that the absolute value of the
negative peak pressure grows rapidly when
the delocalization occurs.
5. Conclusions
o

o

A combined method of a CFD technique with the extended Kirchhoff's
equation has been developed to analyze the HSI noise of helicopter rotor.
The acoustic pressure of a model helicopter rotor is predicted well by the
present method in non-lifting hovering conditions.

o

The acoustic pressures for the advanced tip shapes similar to BERP
and ONERA PF2 on the HSI noise
in non-lifting hover are presented.

o

It is indicated that the CFD results
by using the swept- back grid are in
good agreement with the experimental data for the pressure distributions
on a blade surface in forward flight.

• The calculated results of the HSI
noise in non-lifting forward flight is
also presented by using the present
method.
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Fig.2 Top view of the grid.
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Fig.3 Acoustic pressure in non-lifting hover condition ;
blade shape (AR=13.71, NACA0012), source position (in-plane, r/D=1.5).
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Fig.s Comparison of acoustic pressure between rectangular tip shape and advanced tip shape
similar to BERP; blade shape (AR~:13.71, NACA0012), source position (in-plane, r/0=1.5).

Fig.6 Mach contour around a blade (Advanced tip shape similar to BERP).
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Fig.8 Mach contour around a blade (Advanced lip shape similar to PF2).
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