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Abstract

In this study, the aeroacoustic-noise field
generated by transonic rotors in hover and
forward flight was calculated using Kirchhoff
method and revised FW-H (Ffowcs Williams-
Hawkings) method with a penetrable surface.
The noise aerodynamically generated by
rotating blades was taken as an equal to the
acoustic radiation from a moving surface
entirely surrounding the blades. To obtain the
nonlinear near-field noise signal, the 3-D
unsteady Euler’s equations were numerically
solved using a central finite-volume scheme and
a dual-time stepping method, and the
aerodynamic data over integration surface were
directly extracted from the Euler solutions. The
far-field noise signal was calculated by
performing the integral of different acoustic
formulas, with the source terms evaluated at the
emission time. The comparison of computed
results with experimental data was made and
reasonably good agreement was achieved. It
was also shown that Kirchhoff method and
revised FW-H method are accurate and efficient
for predicting quadrupole noise of transonic
rotors, and that the revised FW-H method is
more reliable than Kirchhoff method for the
different choices of rotating integration surface.

1 Introduction

In addition to high aerodynamic performance,
low-noise radiation has aso been taken one of
the most important design criterions for the
design of modern helicopter rotors. To reduce
the aeroacoustic noise by caRefully designing
the helicopter rotors, accurate and reliable

noise-prediction tools should be available to
provide necessary guidance for helicopter
designers. Over the past decades, great progress
has been made both in modeling the
aerodynamically generated sound, and in
developing the accurate prediction methods in
time domain.

The FW-H equation [1], which was a
rearrangement of Navier-Stokes equations,
provided an accurate theoretical model for
describing the noise propagation from a moving
surface to far field. The FarassatlA method,
solving the linear part of FW-H equation, has
been successfully applied in linear-noise
prediction [2] for more than 20 years. The
method of solving FW-H equation predicts
linear noise quite well, but it would run into
complication when predicting nonlinear
quadruple noise as the integration surface is the
blade itself and nonlinear effects are not
included in surface integral.

To calculate the nonlinear noise, e.g.
transonic Impulsive (HSl) noise, Farassat and
Mayers [3] proposed a general Kirchhoff
formulation. This integration surface of
Kirchhoff formulation is fictitious and
penetrable. The main benefit of this method is
that the nonlinear effect can be accounted for by
surface integral, with surface surrounding the
nonlinear flow region. With the maturation of
computational fluid dynamics (CFD), the three-
dimensional unsteady flow field of helicopter
rotors can be numerically simulated by solving
Euler' equations or Navier-Stokes egquations.
The near-field noise can be directly obtained
from these unsteady solutions. But it's not
practical to predict the far-field noise by CFD
calculations due to the excessive computational
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costs and strong numerical  dissipation.
Kirchhoff method, coupled with the near-field
CFD solution, has been proved to be efficient
for predicting impulsive noise. More recently, a
form of FW-H equation applied for a permeable
surface was proposed to improve the efficiency
of quadrupole-noise prediction [4]. The
calculation practices for hover rotors showed
preliminarily that this revised FW-H method
gained the same befit as the Kirchhoff method
when predicting transonic noise [5-6].

The main purpose of this paper was to
explore an accurate, efficient and reliable time-
domain method for predicting the noise
generated by transonic rotors both in hover and
in forward flight. The focus of this paper will be
on the prediction of HSI noise. However, the
presented methods were readily applicable to
Blade-vortex Interaction (BVI) noise as well if
the flow-field calculation was replaced by high-
resolution method. The research results and the
developed code were expected to be useful to
the aerodynamics-aeronautics integration design
of helicopter rotors.

2 Aerodynamic Methods

The flow fields around the transonic helicopter
rotors in hover and in forward flight were
numerically simulated by solving three-
dimensional unsteady Euler’s equations. And an
algebraic method based on transfinite-
interpolation theory [7] was employed to
quickly generate the O-H type algebraic grid
around single rotor blade (See Fig.1).
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Fig.1 Schematics for grid of single blade
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2.1 Hovering flow simulation

To numericaly simulate the quasi-steady flow
around rotor in hover, 3-D unsteady Euler's
equations for an inertial coordinate system were
projected to a blade-fixed coordinate system,
while the values of al the physical variables
were kept to be absolute. Assuming that the
angular velocity of rotorsis

®=(0,0,07" (€H)
Then the governing equations for hover
rotors flow can be written as:
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In equation (3), p,u,v,w,p,E,H denote density,
velocity in x-direction, velocity in y-direction,
velocity in z-direction, pressure, total energy,
and total enthalpy, respectively.

A centra finite-volume method and a 5-
stages explicit Runge-Kutta scheme [8] were
used in this study, and the quasi-steady solution
procedure of equation (2) was fairly similar to a
steady calculation of Euler’s equations.

2.2 Forward flight flow simulation

According to Ref.9, the 3-D Euler’s equations
governing the flow around rotor blades in
arbitrary motion can be written as
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In equation (5), q, denotes the velocity of the

boundary of arbitrary control volume. The
motion effect of grid cells (embodied by q, ) was

introduced into the flux terms of governing
equations. This treatment gained the benefit that
no source terms occur on the right-hand side of
the equations. Hence, the calculation was
expected to be smplified to some extent.

In current practice, a method of
deformable-grid developed by Ref.10 was
applied to the forward-flight simulation. A
multiple-block grid was generated to cover the
entire rotor, with each grid block covering a
blade and adjacent to the two neighboring
blocks. The entire grid system moved together
with the rotor blades and the grid cells were
deformable considering the pitching and
flapping motion of rigid blades.

To obtain the time-accurate solution of
forward flight flows, a “dual-time stepping
method” [9] was used together with a cell-
centered finite-volume scheme and an explicit
Runge-K utta method.

The near-field aeroacoustic noise was
directly extracted from the unsteady CFD
solutions obtained by solving 3-D unsteady
Euler's equations. Based on the near-field
aerodynamic data, the far-field acoustic noise
was calculated using the aeroacoustic methods

that would be described in the following section.

3 Acoustic Methods

Time-domain methods, compared to frequency-
domain methods, are more appropriate for
numerical implementation of predicting the
aeroacoustic noise. According to the authors
understanding, these time-domain methods can
be classified into two types, namely Kirchhoff
method solving the general wave equation and
FW-H method solving Ffowcs Williams
Hawkings equation. FW-H method mainly
includes Farassat 1A method for linear-noise
prediction and a revised method for transonic
noise prediction. Kirchhoff method and FW-H
method were both used and validated in
prediction of the complex acoustic field
generated by transonic helicopter rotors. This

section described the time-domain integral
methods used in the study.

3.1 Kirchhoff Method

Kirchhoff formulation was originally used to
describe the diffraction of light, and was
extended to solve the problem of acoustic field.
In 1988, Farassat and Myers derived the general
form of Kirchhoff formulation by use of general
-function theory [3].Then Kirchhoff Method
was successfully used in prediction of HSI noise
generated by transonic rotors.

Consider a piecewise smooth surface
defined by 1(x,) =0, which surrounds rotor blade
or other types of wall boundary, arbitrarily
moving in a dsationary fluid. Assuming
that v/ =a and of/or=—-v, (n is the unit normal
outer vector and v is the velocity vector of
control surface), then by use of general function
theory, the general wave equation (or Kirchhoff
equation) [3] can be written as
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Where iza_zz-;_z is the wave arithmetic
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operators; p'(x,r) denotes the acoustic pressure of
time : for a observing point (coordinate vector
is x ) outside the surface f=o0 and note that
P =p-p.; ¢S Speed of sound (assuming that it
is a constant for linear wave propagation);
5(r) is Dirac function; the bar over the
derivative operators denotes the generalized
differentiation and a dot over a symbol denotes
the derivative with respect to the source time.
Besides, one has
P;:%'nisz‘:L1Mn:Mi‘ni (7)
0x, Co
According to Farassat and Myes's
derivation, a solution of equation (6) named
Kirchhoff formulation can be written as
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Where, £, and £, are defined as follows:
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Where subscript “ret” denotes restarted time (or
emission time) and r, is radius vector.

Furthermore, one has

E =M,py - p,~
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X
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(10)
The integration surface of Kirchhoff
formulation is assumed to be a fictitious
penetrable surface that alows the fluid flow
through. With integration surface surrounding
the nonlinear flow region  Kirchhoff method
gains the benefit that nonlinear effect can be
accounted for by surface integral. Coupled with
modern CFD simulation techniques, Kirchhoff
method was capable of predicting transonic
rotor noise (especialy HSI noise).

3.2 FW-H Method

3.2.1 FW-H equation
In theory, Navier-Stokes equations in fluid
dynamics can describe the problem of
aeroacoustic-noise generation. And FW-H
equation is just an exact rearrangement of N-S
equations into the form of an inhomogeneous
wave equation. Hence FW-H equation, the most
general form of the Lighthill acoustic analogy,
has been taken as one of the most important
theoretical foundations for rotor aeroacoustics.

In 1969, Ffowcs Williams and Hawkings
[1] rearranged the Navier-Stokes equation to an
inhomogeneous wave equation (namely FW-H
equation) by using general function theory.
Consider a control surface r(x,r) =omoving in a
stationary fluid. The FW-H equation derived by
Ffowcs Williams and Hawkings can be written
as
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Where, p.u,p, denotes density, tensors of
velocity and stress, respectively;
T, =—P} + puu, —c’p's; 1S Lighthill stress tensor

and s, is Kronecker delta Subscript

“ 0 "indicates the free-stream undisturbed
quantities, and superscript “” denotes the
disturbed values, H(r) is Heaviside function
and s(r) is Dirac function which satisfies
HO) :{2 {;((r;tt);% and (/) - aH;f)

Provided that the moving surface f(x,1)=0
is coincident with the rotor-blade surface, the
solid-boundary condition «, =v, can be applied
to equation (11), which yields the most popular
form of FW-H equallon

1 52 62 _2

(_2; )p (%, t)=—[(PoV )5(}‘)]——[1 5(f)]+ax

12)
Where, 1, =-P;-n,. The three source terms of the
right-hand side of the Equation (12) are known
as monopole (or thickness), dipole (or loading)
and quadrupole source terms, respectively.
From equation (12), one can immediately get
two conclusions: 1) thickness noise and loading
noise are surface source (determined by Dirac
function) and quadrupole noise is volume
source (determined by Heaviside function); 2)
the thickness noise and loading noise are linear
and quadrupole noise is nonlinear.

FW-H equation provides the exact
governing equation of acoustic field generated
by a solid-body boundary in arbitrary motion.
Finding the methods to solve FW-H equation is
particularly important both in theory and for
engineering application to helicopter rotors.

3.2.2 Farassat Method

Starting from equation (12), Farassat (See Ref.2)
derived the solutions of the liner parts of FW-H

equation by use of 3-D free-space Green's
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function, namely Farassat 1 and Farassat 1A
formulation. It was proved by practices that
Farassat 1A was more suitable for numerical
calculation than Farassat 1. In this paper,
Farassat 1A was used to quantitatively predict
the linear noise (namely thickness noise and
loading noise) of transonic rotors. According to
Farassat1A formula, the acoustic pressure of an
observing point off the blade can be written as

. 1 co(M, +n
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4 o r-M,) et
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Where, subscript “T” and “L” denote thickness
noise and loading noise, respectively and
L=V,-rlr L, =1,-M,l =1-r/r  (15)
By performing the integration of equation
(13-14) on the blade surface, the thickness and
loading noise for a given helicopter rotor can be
easily specified if the motion property and the
surface-pressure distribution are known. Over
the past two decades, FarassatlA formula was
successfully widely used in predicting the near-
field and far-field noise of subsonic rotors. And
in our opinion, it was Farassat’ outstanding
works that made the time-domain method of
solving FW-H equation become applicable.
However, when the flow filed around the rotor
blades becomes transonic and the non-linear
effect becomes apparent, the quadruple source
can not be reasonably neglected, which leads to
the difficulty of the excessive computing
incurred by the volume integration of
guadrupole source.

3.2.3 A Revised FW-H Method

For many years, the FW-H equation has been
used in applications assuming that the control
surface s=0 is coincident with the blade
surface. In fact, Ffcows himself proposed [4] to
aform of FW-H applied to a penetrable moving
surface (Just as equation (11)). When the
surface is located off the blade and surrounds
the nonlinear flow region, the nonlinear effect
of flow inside the surface can be accounted for
by the surface noise source. This academic
thought gave a motivation to explore a form of
solution of FW-H equation that can be used just
as Kirchhoff method and it was recently firstly
implemented by di Francescantonio, and further
better used by Brentner and Farassat both in
theoretical understanding and in engineering
application. (See Ref.6).

According to Brentner and Farassat’s
derivation, when integration surface is located
in the linear flow region, FW-H equation is
equal to Kirchhoff equation. This conclusion
provided the analytica base for using the
solution of FW-H equation just as Kirchhoff
method. Assuming that

i Po i Po (16)
L; =—P;-n; + pu;(u, —v,)

Then the form of FW-H equation applied to afictitious
penetrable moving surface can be written as

> 7., 0
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The above form is very similar to equation (12),
hence, one can immediately write out the
solution according to Farassat 1A formulation
(equation (13-14)). But the solution no longer
has the same physical meaning as thickness and
dipole noise. For concision, the solution of
equation (17) was not listed here. Note that if
f=0 of FW-H equation was reverted to the
blade surface itself, the revised solution will be
identical to Farassat 1A formula and have
apparent physical meaning.

If the solution of equation (17) is utilized
just like Kirchhoff method, one can gain the



same benefit as equation (8). This revised FW-
H method can predict quadrupole noise by
surface integration. If the surface s =o is located
adequately far away from the blade and entirely
surrounding the non-linear flow region, the third
term in equation (17) can be reasonably
neglected, theRefore, the efficiency of
predicting the noise for the complicated,
nonlinear  acoustic  resource could be
substantially improved.

In current practice, the Farassat 1A formula
was used to quantitatively predict the thickness
and loading noise of transonic helicopter rotors.
This treatment was useful for guiding the
acoustic design of transonic rotors because of
the apparent physical meaning of the solutions.
The Kirchhoff method and revised FW-H
method were both used to predict the total
acoustic noise, including quadrupole noise.
Subtracting thickness and loading noise from
the total noise, the value of quadrupole noise
was specified. Coupling the time-domain
method of section 3 with CFD techniques of
section 2, a noise-predicting methodology and a
computer code for transonic helicopter rotor
was developed and was ready to be used for
aerodynamics-aeronautics integration design.

4 Results and Discussing

This section firstly described two vital points for
noise prediction of this paper: the choice of
integration surface and the solution of retarded
time. Then, the numerica examples of
helicopter rotors in hover and in forward flight
were presented and analyzed.

4.1 Choices of Integration Surface and
Solution of Retarded-time Equation

To perform the integration of time-domain
integra  method, an appropriate integration
surface should be caRefully selected, and this
selection may have significant influence on the
computed results. There are two types of
integration surfaces that were generally used in
rotor noise prediction, namely rotating surface
and non-rotating surface. Both of them were
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used in this study. The rotating surface was
selected as some surfaces of CFD grid that have
the same angular velocity of the rotors. One of
the main advantages of rotating surface is that
the aerodynamic data on integration surface can
be directly obtained from CFD solutions avoid
the numerical error caused by interpolation. The
non-rotating surface was defined as a cylindrical
surface that was relatively stationary with
respect to blade hub. This surface was divided
into elements along its circular and axia
direction. To quickly obtain the aerodynamic
data of these grid cels, a 3-D linear
interpolation was pReformed from CFD
solutions. And a fast searching methodology
based “inverse map” was used to improved the
efficiency of searching the contribution CFD
grid cell for a considering point. It was shown
by the following numerical examples that the
accuracy of the interpolation method was
acceptable for the final results.

Another key point of this implementation
was the solution of retarded-time equation.
Assuming that a source over the integration
surface rotates with angular velocity (0,00 and
moves forward with a velocity v, , then the

retarded time for a given observing point

(moving also withv, ) can be written as

cos(wr) 0 —sin(wr)
0 1 0

sn(wr) 0 cos(wr)

Where, - is the retarded time, andx,, y,denote

the coordinate vectors of the observing and the
source point at zero time, respectively. Equation
(18) is called retarded-time equation. Since the
solution of this equation can not be explicitly
deduced, a solution method base on simple-
iteration technique, in this paper, was developed
and a good convergence was achieved. No
matter that the integration surface is rotating or
non-rotating one, the same solving procedure
was conducted for rotor both in hover and
forward flight, which was helpful for integrating
the noise-prediction methods into a single
computer code for different flight conditions
and different types of integration surface.

(18)

T=(——
)

Xo— Yo+ Vo (r-7)

4.2 Hovering rotor example
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To vadidate the computational results for
transonic hover rotor, an UH-1H model was
adopted (Note that the main non-linear noise for
this case is HSI noise). UH-1H rotor is a one-
seventh scale two-bladed model with untwisted
rectangular-platform blades and NACAQ012
airfoil section. The aspect ration is 13.71 and
chord length is 0.0762m.The observing
microphone is located 3.09R away from the
rotating axis(R is the radius of rotor, See fig.2).
The experimental data was presented by
Boxwell in Ref.11. The hover rotor simulation
was conducted on a computational grid with
101x31x 61 points (31 points on the blade). The
non-rotational surface was divided into 360x30
surface elements ( 360 segments along the
circular direction and 30 segments along the
axial direction).

Fig.3 presents the comparison of computed
results and experimental data with a blade-tip
Mach number 1, =085 .The integration surface

for Farassat 1A method was the blade-surface
grid and the surface for Kirchhoff and revised
FW-H method was the combination of grid
surfaces J=20 and K=40 of computationa grid.
Thickness noise and loading noise predicted by
Farassat 1A method was clearly indicated in
fig.2, which showed that the thickness noise was
the main source as the test case was conducted
in non-lift mode. The difference of results
between Farassat 1A and other two methods
(Kirchhoff and revised FW-H method) denoted
the value of the non-linear quadrupole noise
generated by transonic rotor. And result of
revised FW-H method showed dlightly better
agreement with the experimental data.

[}
)
microphone
\\\ - X

(((— - ) -
3.09 R

z

Fig. 2 Schematics of the observing microphone location for
UH-1H rotor in hover
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100 - o
B Revised FW-H method
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50 —————e — Loading noise
[ - Thickness noise
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R R VIR NI I
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Fig.3 Comparison of the predicted noise of different methods
using rotating surface for UH-1H hover rotor, M, =0.85.

The comparison in Fig.4 was made to
check the performance of Kirchhoff method and
FW-H method when applied to a non-rotating
surface. The integral circular cylinder was
located 1.1R from the rotating axis. The time
derivatives of flow variables were discretized by
a 3-order finite difference. The computed results
of two methods were both in good agreement
with the experimental data, which showed the
capability of in transonic-HSI-noise prediction.

=] Experiment.
- Kirchhoff method
50~ —r——= Revised FW-H method

o

p/Pa

50 -

-100

[ I RV IN R B
0.0035 0.004 0.0045 0.005 0.0055
t/s

Fig.4 Comparison of the predicted noise of Kirchhoff and
revised FW-H method using non-rotating surface for UH-1H
hover rotor, M,;, =0.85.

The purpose of Fig.5 was to verify the
perdition performance of Kirchhoff method
revised FW-H method for different locations of
rotating surface, with a transonic tip Mach
number u,, =090 . Surface 1-3, illustrated in

Fig.5a, is coincident with grid surfaces J=5,
J=10 and J=20, respectively.



Fig.5a Schematics of different locations of rotating surface

As illustrated in Fig.5b, substantial error was
caused by Kirchhoff method, when rotating
surface was located in nonlinear flow region of
the rotor blade. This can be interpreted by the
essence that the governing equation of
Kirchhoff method is linear wave equation. By
contrast with Kirchhoff method, revised FW-H
method showed better robustness (See Fig.5¢)
asit isthe exact rearrangement of Navier-Stokes
equation. As integration surface close to rotor
blade (e.g. surface 1), the less nonlinear flow
was surrounded, hence, the predicted results
showed relatively greater difference from
experimental data, and when the integration
surface was far away from rotor blade (e.g.
surface 3), the computed result showed
relatively good agreement with experimental
data, as illustrated in Fig.5c. It can be also
reasoned that the computed result of revised
FW-H method would be the same as that of
Farassat 1A method if the rotating surface was
coincident with the blade surface grid.

2000

u] Experiment.
——————— Surface 1
— — — — Surface 2
Surface 3

1000

-1000 ~ —

p/Pa
!
!
\
\

-2000 - ~_

-3000 |- S s

-4000

T
Lo
\

E 1 1 TR T T TR T R R
0.004 0.0045 0.005 0.0055
t/s

Fig.5b Comparison of the predicted result of Kirchhoff method
applied to different rotating surfaces for UH-1H hover rotor,
M, =0.90.
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300
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-800

E . oy
0.004 0.0045 0.005 0.0055
t/s

Fig.5¢c Comparison of the predicted result of revised FW-H method
applied to different rotating surfaces for UH-1H hover rotor,
M, =0.90 .

The influence of the discrete accuracy for
time derivatives of flow variable on the non-
rotating surface was investigated in Fig.6 for a
transonic tip Mach number 0.95. In Fig.6a and
Fig.6b, it was shown that revised FW-H method
was more sensible than Kirchhoff method for
different discrete accuracy. This may be
explained as: revised FW-H method deals with
more time derivatives than Kirchhoff method,
and much eror must be introduced by
numerical discretization. It can be concluded by
this study that 2-order accuracy was adequately
appropriate for Kirchhoff method, while 3-order
or higher discrete accuracy should be conducted
for revised FW-H method.

1400
1200
1000
800
600
400
200

u] Experiment.
2-order accuracy

— — — — 3-order accuracy
....................... 4-order accuracy

p/Pa
o

-200
-400
-600
-800
-1000
-1200
-1400 —

T IS T ST [N S N N N AR S SR |
0.0045 0.005 0.0055 0.006
t/s

Fig.6a Comparison of predicted results of Kirchhoff method by
2 to 4 order discrete accuracy of time derivatives.
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1400
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o
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-400
-600
-800
-1000
-1200
-1400 =
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0.0045 0.005 0.0055 0.006
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Fig.6b Comparison of predicted results of revised FW-H method
by 2 to 4 order discrete accuracy of time derivatives.

4.3 Forward Flight example

An AH-1/OL S rotor was adopted to validate the
computed results for transonic rotor in forward
flight. AH-1/OLS is a one-seventh two-bladed
model with rectangular-platform blades and
OLS airfail section. The blades linearly twist
with angle of -10°. The aspect ratio is 9.22 and
the chord length is 0.1039m. The location of the
observing microphone was illustrated in Fig.7.
A transonic operation condition was adopted
with rotating tip Mach number u,, =0.666 , an
advancing ratio »-o0345 and a tilting angle of
blade plane «,=-30° . The periodic pitching
motion of bladesis give by

0 =8.20° +1.17° cos(y) —10.67° sin(y) (19
Where, V¥ is the azimuthal angle of the rotor.
The experimental data can be found in Ref.12.
The unsteady simulation was conducted on a
computational grid with 101x31x61 points
(31points on the blade) for a single-blade block.
The grid cells on the non-rotationa integration
surface were divided as 360x30 (360 Segments
along the circular direction and 30 segments

along the axial direction) y
Mo
3.44R L')a)
Observing microphone R

/

Fig.7 Schematics of observing microphone location for AH-
1/OLSrotor in forward flight.

Fig.8 presents the comparison of computed
results with experimental data using different
methods using rotating surface. From this figure,
the thickness, loading and quadrupole noise can
be assessed, and the capability of Kirchhoff and
revised FW-H method for predicting quadrupole
noise was validated. Note that the computed
negative-pressure-peak value was lower than the
experimental data due to the numerical error
caused by CFD simulation and the neglect of
viscous effect.
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Fig.8 Comparison of the predicted result of different methods
using rotating surface for AH-1/OLS rotor in forward flight,

M, =0.666 , 1 =0.345 .
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Fig.9 Comparison of the predicted noise of Kirchhoff and
revised FW-H method using non-rotating surface for AH-1/OLS
rotor in forward flight, A7,z =0.666, 1 =0.345.

Fig.9 illustrates the comparison of
Kirchhoff and revised FW-H method using non-
rotating surface. The integral circular cylinder
was located 1.1R from the rotating axis. From
Fig.9, the discretization of time derivatives of
flow variables was conducted by a 3-order finite
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difference. It was shown that the results of these
two methods were both in reasonably good
agreement with experimental data.

5 Conclusions

Coupling 3-D Euler flow solver and two types
of time-domain acoustic method, an efficient
and accurate methodology for aeroacoustic-
noise prediction of transonic helicopter rotors in
hover and forward flight was developed. The
thickness noise and loading noise was predicted
by Farassat 1A method, and the total noise was
predicted by Kirchhoff method and a revised
FW-H method, including the contribution of
non-linear quadrupole noise. The developed
code integrated the hover and forward flight
flow simulation as well as different time-
domain integral methods with both rotating and
non-rotating integration surfaces. From the
study practice, it could be concluded that
revised FW-H method are more reliable than
Kirchhoff method when applied to rotating
surface, and it was suggested that Kirchhoff
method is more appropriate for non-rotating
surface and that 3-order or higher accuracy
discretization for time derivatives on non-
rotating surface used should be used in revised
FW-H method.
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