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Rotating Kirchhoff Method for Three-Dimensional Transonic
Blade-Vortex Interaction Hover Noise

Yu Xue* and A. S. Lyrintzisf
University of Minnesota, Minneapolis, Minnesota 55455

Three-dimensional transonic blade-vortex interaction (BVI) noise is studied numerically. The unsteady tran-
sonic full-potential rotor (FPR) code is used for the simulation of the transonic BVI near-field flow. The rotating
Kirchhoff method is used for the extension to the acoustic far field. Two rotating Kirchhoff formulations are
developed for the three-dimensional BVI far-field noise prediction. The first formulation (Morino's method) is
for an observer rotating with the blade. This allows the direct comparison with computational fluid dynamics
results. The second formulation (Farassat's method) is for a stationary observer and allows a direct comparison
with acoustic experiments. Test results are presented in this paper for a rotating point source and a transonic
high-speed impulsive (HSI) noise prediction. The results for a parallel vortex line interacting with a nonlifting
hovering rotor are presented and various cases are shown. The understanding of the three-dimensional transonic
BVI noise mechanisms and directivity are discussed here.

Nomenclature
#00 = freestream speed of sound, 340 m/s
cos 0 = directivity parameter, r> n/r
h = nondimensional time step
/ = Jacobian of coordinate transformation
K = grid index of the Kirchhoff surface in the spanwise

direction
k = constant for the analytical solution of a rotating point

source, Eq. (18)
L = grid index of the Kirchhoff surface in the direction

normal to the body
M = value of Mach number of M, \M\
Mt = tangential component of M
n = normal unit direction of control surface, S
p = absolute pressure, N/m2

Pec = freestream pressure, 101,330 N/m2

R = radius of rotor
R^ = freesteam subtraction term
r = distance from observer to source, LX* - X\
S = control surface for rotating Kirchhoff method
U = contravariant velocity in £ direction
V = contravariant velocity in r| direction
W = contravariant velocity in £ direction
jc, v, z . = untransformed coordinate system
jc = coordinate system fixed on the moving body
X = inertial coordinate system
Zv = z location of the vortex line, miss distance
V2 = surface gradient operator
a = angle below the rotation plane, see Fig. 4
P = angle from vortex line on the rotation plane, see Fig. 4
Fv = nondimensional vortex strength
y = specific heat, 1.4
4» "H, £ = transformed coordinate system
0 = transmission time, U -I
O = velocity potential
\|/ = rotor azimuthal angle, deg
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p = fluid density normalized by freestream values
p =P//
co = angular velocity of S

Subscripts
v = vortex
oo = conditions at infinity
* = observer location

Introduction

IN recent years the increasing use of helicopter and the projected
use of tilt-rotor aircraft have drawn attention to the noise that

they generate. Among the several types of helicopter and tilt rotor
aircraft noise, that due to blade-vortex interactions (BVI) is one of
the most important. A numerical study of this phenomenon has
been made in the past using a small disturbance, two-dimensional
unsteady transonic flow code (VTRAN2).1"* In Refs. 5-11, the
two-dimensional transonic BVI problem is solved using the small
disturbance theory and the more complex Euler and thin-layer
Navier Stokes equations. A new look at the physics of the noise
mechanisms of unsteady transonic flow is given by Lyrintzis and
Xue12 and Lyrintzis et al.,13 who propose a correlation between lift
and drag forces and the acoustic disturbances. Baeder et al.14

present some near- and midfield results. A direct comparison of
the flow results obtained from the different methods (from small
disturbance to Navier Stokes equations) shows that the results are
very similar (e.g., Ref. 15). In fact, the results tend to coincide at
greater distances from the airfoil surface. However, at great dis-
tances from the airfoil, the waves become very difficult to follow
because of numerical diffusion and dispersion errors. Thus, to
study the far field a more accurate method is needed.

In the past both a full flowfield solution (e.g., Ref. 16) and the
acoustic analogy (e.g., Ref. 17) have been used in rotorcraft aeroa-
coustics. However, a full flowfield solution is very expensive
because it needs very fine grid to get accurate far-field results. For
the acoustic analogy it should be noted that there are substantial
difficulties in including the nonlinear quadrupole term (which
requires second derivatives) in the volume integrals, especially
around moving shock surfaces. Thus, many investigators use near-
field data only on the blade surface (e.g., Refs. 18 and 19), a
method which is less accurate in the transonic cases since the
effects of moving shocks and compressibility in the near field are
not accounted for.

An innovative approach called the Kirchhoff method has been
successfully used to extend the numerical nonlinear aerodynamic
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near-field results to the linear acoustic far field. The full nonlinear
equations are solved in the first region (near field) numerically,
and a surface integral of the solution over the control surface gives
enough information for the analytical calculation in the second
region (far field). An advantage of the Kirchhoff method is that the
surface integrals and the first derivatives needed can be easily
evaluated from the near-field numerical aerodynamic data; full dif-
fraction and focusing effects are included nevertheless eliminating
the propagation of the reactive near field. The method is simple
and accurate, as it especially accounts for the shock-related noise
in the far field. A recent review of the uses of Kirchhoff s method
in aeroacoustics can be found in Ref. 20. The method was first
applied in helicopter acoustics for the calculation of two-dimen-
sional transonic BVI noise with very good results.2"4

For three-dimensional applications, Baeder et al.21 and Strawn
et al.22 used a stationary Kirchhoff surface that encloses the entire
rotor. The state-of-the-art transonic unsteady rotor Navier Stokes
(TURNS) code22'23 was used for the near-field computational fluid
dynamics (CFD) calculations. An unstructured grid was used by
Strawn et al.24 The method predicted the high-speed impulsive
(HSI) hover noise very well using about half the CPU of the
straight CFD calculation. The results are also compared with
acoustic analogy. The acoustic analogy results were inaccurate for
tip Mach numbers higher than 0.7. It should be noted that detailed
CFD information out to the stationary Kirchhoff cylinder is neces-
sary as an input. In addition, the aerodynamic input, which is usu-
ally in rotating blade coordinates, has to be transformed to station-
ary coordinates, a process that introduces some errors.

For BVI, all previously published results for the numerical com-
putation of the acoustics of transonic BVIs are limited to two
dimensions. However, it is very hard to compare the two-dimen-
sional numerical results to the results from three-dimensional
experiments and actual in-flight tests. Thus, a three-dimensional
model utilizing the full potential rotor (FPR) code with a rotating
Kirchhoff method for obtaining far-field noise is developed here
for the first time. A rotating Kirchhoff formulation allows the
Kirchhoff surface to rotate with the blade; thus, a smaller cylinder
surface around the blade can be used. No transformation of data is
needed since the CFD are also rotating. Since a more detailed infor-
mation is utilized for the accurate prediction of the far-field noise,
this method is more efficient. We feel that the rotating Kirchhoff

formulation is necessary for the BVI problem, since the details of
the flow around the airfoil caused by the vortex are important for
the far-field noise.

This paper will demonstrate that the rotating Kirchhoff formula-
tion coupled with the FPR code is able to predict three-dimen-
sional transonic BVI far-field noise as well as high-speed impul-
sive noise and could lead to a better understanding of the BVI
noise mechanisms and directivity. A version of this work was
given in Ref. 25. The parallel BVI model used in study is based on
Caradonna's wind-tunnel experiment configuration.26 However,
the parallel BVI is shown to be very similar to those produced by
the rotor alone while operating in a normal descent mode.26

Full-Potential Rotor Code
The full-potential rotor code26'27 uses finite difference schemes,

which compute three-dimensional transonic flows around rotor
blades. It is fast compared with Euler and Navier Stokes equations
solutions and still gives a realistic representation of the physical
flowfield. Major assumptions for a full-potential model are that the
flowfield is both inviscid and irrotational. For a transonic rotor,
neither of these assumptions is violated. The flowfield is domi-
nated by inviscid effects, and the shocks are not strong enough to
generate sizable vorticity. The near-field results from the FPR
should provide accurate information for far-field calculation by
using the rotating Kirchhoff method. Figure 1 shows the physical
model of the three-dimensional parallel BVI, which is based on
Caradonna's wind-tunnel experiment configuration.26

The FPR code solves the three-dimensional, unsteady transonic
full-potential equation in strong conservation form. This equation
is written in generalized coordinates

with density given by

pJi-
(2)

PATH OF THE VORTEX SECTION A-A

Fig. 1 Hover parallel blade-vortex interaction and rotating Kirchoff surface 5.
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Fig. 2 Rotating constant point source and an observer.
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Fig. 3 Comparison between a theoretical and numerical solution for
the rotating constant point source, Ms - 0.5, at position R = 3Rs (Rs is
the source radius).

where U9 V, and W are contravariant velocities along the !;, r|, and
£ directions, respectively, given by

A! - A6 are metric quantities, and / is the Jacobian of the transfor-
mation |3(£, t], £Xd(*, y, z)| .

All velocities are normalized by a^, distances by the airfoil
chord length c, and time by the combination (c/O- Density is nor-
malized by the freestream value p^. The resulting equation is
approximately factored into L^, L^, and L^ operators.

-RJ+C (6)

where

(7)

and where 8 ,̂ 8,,, and 8^ represent central difference operators in
space, and the term C is

V = (3) (8)

and

A2 =

A5 =

The bracketed term in Eq. (8) represents the temporal conservation
correction to the algorithm. In Eqs. (6-8), h is the time step, (3 =
p2~Y//> and p = p//. The superscript n represents the time step.

The pressure disturbance can be obtained by using the following
equation:

P = (P - (9)

A steady-state alternating direction implicit (ADI) relaxation
algorithm can be obtained from Eq. (6) by omitting the unsteady C

(4) term on the right-hand side of the equation. The steady-state solu-
tion coupling with the rotating Kirchhoff method will be able to
predict the far-field acoustic solution for high-speed impulsive
noise, which will be discussed later.

On the surface of a blade a flow tangency condition is chosen.
At the outer radial boundary of the grid, a nonreflective boundary
condition is used to prevent the accumulation of numerical distur-
bances. A spanwise series of body-fitted parallel O grids are used

(5) for the basic grid system. Rotor flows are computed by assigning
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an appropriate rotational coordinate velocity to each grid point.
Upwind biasing of the density is used in regions of supersonic
flow to stabilize the solution. A prescribed vortex velocity field
(i.e., transpiration method) is specified in the FPR code using a
velocity decomposition method as it is used in Ref. 26. The total
velocity field is written as the sum of a gradient of the potential
and a known velocity field created by the vortex. Half-point differ-
encing formulas have been implemented for both density and met-
ric calculations, which improves the accuracy and robustness of
the code. Further details can be found in Refs. 26 and 27.

It should be noted here that the Bernoulli equation for density is
only valid for isentropic, irrotational flow. Thus, it will cause some
inaccuracy in the occurrence of a strong shock wave as well as in
the calculation within the rotational vortex core. However, this
problem has not been significant for the BVI cases investigated in
this paper.

Far-Field Acoustic Formulation
In our approach, a rigid control surface S warped around the

rotating blade (Fig. 1) is used. The linear acoustics approximation
for pressure is assumed outside of this control surface whereas the
inside of the control surface is the unsteady transonic flowfield.
The near-field flow solution is computed by FPR code; then the
far-field acoustic signal at one observer's position is computed by
a surface integral representation on the closed control surface S,
where evaluations on the surface are provided from the known
near-field flow solution. Since the control surface is rotating with
the blade, this surface integration has to be presented by one of fol-
lowing stated rotating Kirchhoff formulations and this technique is
referred as the rotating Kirchhoff method.
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Fig. 5 HSI acoustic pressure predictions for two hover tip Mach
numbers, M = 0.88 and 0.9 at position d = 3R, a = 0 deg, (3 = -22.3 deg;
experiments and computations from Ref. 32 are also shown.

Theoretical Background
The three-dimensional rotating Kirchhoff formula uses a

Green's function for the linearized governing equation to derive a
representation for the solution in terms of its values and deriva-
tives on a closed surface in space, which is assumed to include all
of the nonlinear effects.20 In the case that the blade is in uniform
rotation (three-dimensional BVI), a rotating Kirchhoff control sur-
face 5, as well as the corresponding rotating Kirchhoff formula-
tion, are employed herein.

Since the rotating Kirchhoff method assumes that linear equa-
tions are valid outside the closed rotating control surface 5, S must
be chosen large enough to include the region of all nonlinear
behavior. However, the accuracy of the numerical solution is lim-
ited to the region immediately surrounding the moving blade
because of the increase in mesh spacing with distance in the FPR
code. Thus, a judicious choice of S is required for the effectiveness
of the Kirchhoff method. Surfaces S from L = 6 t o L = 14 are cho-
sen (based on our experience from numerical experiments), where
L is the grid index in the direction normal to the body shown in
Fig. 1. Higher Mach numbers require larger surfaces because the
persistence in the nonlinear regions are larger. It should be men-

tioned here that a closed Kirchhoff control surface S shown in
Fig. 1 consists of three surfaces: one is a cylinder-like surface
warped around the rotating blade, the other two surfaces are the
surfaces on the top and bottom of the cylindrical surface. How-
ever, the effect from the bottom surface on root of blade is insig-
nificant; only the cylindrical surface and top surface are consid-
ered in our cases here.

The first method of obtaining a rotating Kirchhoff formula is to
adapt the formula derived by Morino and Tseng28 (i.e., Morino's
formula). This formula was originally derived to calculate the
aerodynamics of potential flow around a helicopter blade. For the
purposes of acoustic calculations, the nonlinear term in Morino's
formula is neglected, and the surface integration is applied on the
rotating Kirchhoff control surface S (see Fig. 1) instead of on the
surface of blade used in Morino's formula.

Morino's rotating Kirchhoff formulation gives the pressure sig-
nal of an observer in the rotating coordinate system as a function
of the surface integral over control surface S of the pressure, the
normal derivative of the pressure, and the time derivative of the
pressure, which can be obtained from solutions of a near-field
solver such as the FPR code

Tip path plane - - - -^ Z axis

Yaxis

-" NACA0012

Xaxis

Fig. 4 Observer's position for a rotating blade.

I f f r - 1 ^ 3f-n -l3/>fd6) = — — 5^-57 — ]p + — -f{ 5^47iJJ5[ p 3« 3«V p y p 3rv3«

where

-
dn dn dn

(10)

(11)

Equations (10) and (11) are valid for any arbitrarily moving sur-
face. For the case of a rotoring surface (hover),

M = — (00 xX), , = — (cox**), p = r(l-Af r) (12)

Here the location with the asterisk represents the observer's loca-
tion, and the location without the asterisk represents the source's
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-0.020

——— FPR
- - - - Morino's

we have assumed that the rotating Kirchhoff control surface S is
rigid for the simplicity.

Farassat's rotating Kirchhoff formulation gives the pressure sig-
nal of an observer in the stationary coordinate system as a function
of the surface integral over the control surface S of the pressure,
the normal derivative of the pressure, and the time derivative of the
pressure

where

Fig. 6 Acoustic pressure prediction using Morino's method for hover
parallel BVI, M = 0.75, Tv = 0.2, Zv = - 0.26 at position x# = -0.56, y# =
9.89, z* = 0.705 on L = 11.

•[(Ar-tin-nu)p +

;[M r(cos0-MJp] (15)

o.o

-50.0

-100.0

—— with BVI
- - - - without BVI

100.0 150.0 200.0 300.0 350.0

Fig. 7 Acoustic pressure predictions by using Farassat's method for
hover parallel BVI, M = 0.75, Tv = -0.2, Zv = -0.26 at position d = 3R, a
= 0, P = 0.

position. The T* is the source emission time (or retarded time) and
is the solution of equation

E2 = 1 — M

M and n have the same amplitude as in Morino's formulation but
have to be multiplied by the rotating coordinate transformation
matrix for the directions. Here the dots over M and n denote the
source emission time T* derivative. The T* is the source emission
time and is the solution of the equation

(16)

(17)

In addition, the following definitions are introduced:

= n • M, n = coxn

It should be noted that the simplified expression in Eq. (15) for E2
was given by Myers and Hausmann,30 whereas in the original
paper of Farassat and Myers,29 a more complicated formula was
presented.

It should be mentioned that Morino's formula and Farassat's
formula should be mathematically equivalent after a coordinate

(13)

where T denotes the source time and ^ the observer time, and 0 =
T* -1* (used in Eq. 10). All quantities in the integral of Eq. (10) are
evaluated in the source emission time. M and n are the speed Mach
number and normal direction unit of the rotating Kirchhoff control
surface S, respectively.

The retarded time Eq. (13) can be solved numerically using a
Newton-Raphson technique. When the surface S moves subsoni-
cally, Eq. (13) has a unique solution. Only subsonically moving
surfaces are examined here. It should be noted that the observer in
this formula is moving with the source, and so it is almost impossi-
ble to get this kind of experimental far-field results for comparison.
The advantage of this method though is that the results can be com-
pared with CFD results (i.e., from FPR) for the position not too far
from the blade but outside of the Kirchhoff control surface S.

The second method of obtaining the rotating Kirchhoff formula
is to use a formula given by Farassat and Myers.29 In this formula-
tion the observer is stationary whereas the Kirchhoff control sur-
face is in rotation, so it is possible to get experimental results that
can be compared with our calculations. For this reason, Farassat's
formula has been primarily used in this paper. For both methods,
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•o 0.000
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---- Mesh=60x20x20
——— Mesh=80x25x25

90.0 135.0 180.0
V

270.0

Fig. 8 Different meshes for hover parallel BVI, M = 0.75, Tv = 0.2, Zv
= -0.26 at a position x^. = -0.38, y# = 9.89, z# = 0.45 on control surface
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transform. We were able to show this for the case of a uniformly
moving surface.

To examine the rotating Kirchhoff method, a very simple case
of a rotating constant point source is used as a test, as shown in
Fig. 2. The angular velocity used has the same value as the veloc-
ity used later for a hovering rotor speed. The formulation for this
simple model is as follows31:

r(l-Mr)
(18)

where r and Mr are defined in Fig. 2 and A: is a constant (e.g., k =
1); we used the rotating speed Ms =0.5, Rs =10, and R = 30. For the
numerical computation, we applied Farassat's formulation with the
control surface S shown in Fig. 1. The computed results are shown
in Fig. 3, and these computational results agree with the analytical
solution. The mesh used to get this computational result is 60 X 20,
where these are 60 warp-around grid points and 20 spanwise grid
points. We can also see from Fig. 3 that increasing the mesh den-
sity to 100 X 25 had no significant effect on the computational
results. It should be noted that the derivatives based on the analyti-
cal calculation are initially used on the rotating Kirchhoff surface.
Results from the numerical calculation are also shown in Fig. 3.
The differences because of the mesh spacing become larger in this
case. Both base surfaces (i.e., top and bottom) are included in the
calculations.

Results and Discussion
The numerical analyses were performed on Cray-2 supercom-

puter. The results shown here are for a nonlifting rotor with the
NACA 0012 airfoil section shown in Fig. 1, where aspect ratios of
10 for BVI and HSI were used. The FPR code for an 80 X 25 X 25
mesh with 600 time steps takes about 25 min of CPU time; each
time step corresponds to a 0.3-deg rotor azimuth per time step. It
should be noted here that to get better results for lift coefficient vs
blade rotation \j/, 0.125 deg should be used for A\|/. However, the
influence of the choice of the A\|/ on the far field is small, as will
be shown later. The corresponding far-field acoustic code based on
the rotating Kirchhoff formula takes less than 2 min of CPU time
for one observer position. Since the events that cause the radiated
noise are most likely related to events that occur as the rotor
rotates (changes azimuth angle \|/), \\f is selected.

The observer's position is defined using distance d and angles a
and P shown in Fig. 4. It should be noted that the vortex line is par-
allel to the Y axis, and the observer is stationary with respect to the
undisturbed air, which corresponds to the case of rotor in hover.

Regarding the choice of control surface 5, we chose L = 10 as
shown in Fig. 1 for most BVI calculations because it seemed to
give accurate information on control surface S and it seemed suffi-
ciently large to enclose the most nonlinear effect. However, for
HSI noise calculation, we use larger S at L = 14 and the top surface
at K = 20, which represents the spanwise position, since the tip
Mach number considered was much higher for the cases at M =
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Fig. 9 Noise directivity for hover parallel BVI, M = 0.75, Tv = 0.2, Zv = -0.26 at position d = 3R, 0 = -30.
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Fig. 10 Noise directivity for hover parallel BVI, M = 0.75, Tv = 0.2, Zv = -0.26 at a position d = 3R, (5 = 0.

0.88 and 0.9. It should also be mentioned here including top sur-
face plays a critical role in capturing HSI noise and, thus, is
included in all subsequent calculations.

The main objective of our work is to predict three-dimensional
BVI noise. However, our rotating Kirchhoff method is able to pre-
dict high-speed impulsive noise too as already mentioned. We cal-
culated the HSI noise, because there are some numerical and ex-
perimental results that can be used for comparison (e.g., Purcell32).
Fig. 5 shows the results of computed far-field pressure (HSI
noise); we used similar parameters to Purcell32 (i.e., 1/7 scale
model of a UH-1H rotor). Our results agree well with his numeri-
cal and experimental results, as shown in Fig. 5. It should be noted
that Purcell32 used a finer FPR 80 X 50 X 35 grid coupled with a
nonlinear Kirchhoff formulation (Isom's formulation33). Isom's
formulation restricts the position of the stationary Kirchhoff sur-
face on the sonic cylinder and the observer on the rotating plane
and high frequencies. The finer mesh was needed to extend the so-
lution to the sonic cylinder. Our rotating Kirchhoff formulation is
necessary for the calculation of BVI noise, and it seems that it
works very well in computing the HSI noise as well. Our numeri-
cal results also compare well with direct CFD calculations using
Euler and Navier Stokes calculations,21 not shown here. Finally, it
should be noted that a better FPR mesh might be needed to in-
crease the Mach number beyond 0.9. However, the top base sur-
face can not be extended farther than the sonic cylinder, because
the assumption for the Farassat's formula is for subsonic speed
motion. The method should be extended to supersonically moving

surfaces to address this problem, but it is adequate for tip Mach
numbers < 0.95 used herein.

Figure 6 shows the result from Morino's formulation compared
to the FPR result. It is for tip Mach number = 0.75, Tv = 0.2, Zv
= -0.26 at position on L = 11, whereas the control surface is at L
= 10. It should be noted that the observer's position is moving with
the rotating blade, and the distance between them remains fixed.
Since it is virtually impossible to measure the signals at the rotat-
ing observer's position, the acoustic result from Morino's formula
is difficult to compare with experimental data. However, these
results can be used to examine the validation of the rotating Kirch-
hoff method here.

Figure 7 shows the results from Farassat's formula for the previ-
ous case with and without BVI in plane noise signals. It appears
that the BVI adds two major high-frequency disturbances to the
HSI noise signal. For the BVI case, the size of control surfaces S
used are L = 10 and K = 21. The observer's position is shown in
the caption.

Figure 8 shows the effect of the mesh on the results. The coarse
mesh gives some extra disturbances, whereas the signal for the
finer mesh is smoother. Therefore, the finer 80 X 25 X 25 mesh is
used in the subsequent calculations.

Figures 9-11 show the noise directivity results from Farassat's
formula at various positions. Figure 9 shows the vertical directivity
before the vortex line. It should be noted that the second distur-
bance increases with angle a, showing a similarity to the two-
dimensional results.4 The amplitude variations are caused by the
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Fig. 11 Noise directivity for hover parallel BVI, M = 0.75, Tv = 0.2, Zv = -0.26 at position d = 3R, a = 60.
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Fig. 12 Different Mach numbers for hover parallel BVI, M = 0.8,0.75,
0.7, and 0.6, Tv = 0.2, Zv = -0.26 at position d = 3R, a = 60, p= -30.
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Fig. 13 Different vortex strength and miss distance for hover parallel
BVI, M = 0.75 at position d = 3R, a = 60, P = -30.
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different distances between tip blade and observer. The downward
directivity of the BVI noise signal is due to the unsteady lift and
the unsteady shock wave motion (for the transonic cases) that are
induced by the BVI. The HSI noise decreases with increasing a, as
expected. The cited phenomena are more clearly shown in Fig. 10,
which presents the vertical directivity just under the vortex line.
Figure 11 shows the horizontal directivity at a = 60, which is the
BVI noise dominated region. The stronger signals are observed at
the region before the vortex line (i.e., P = -30). In addition, the
BVI noise has a forward directivity on the advancing side before
the BVI (i.e., negative p). The signal at the retreating side is
mainly due to HSI noise. It should be noted here that some signals
at certain positions are longer than the others; that is primarily due
to the Doppler frequency shift. The directivity of three-dimen-
sional BVI noise is very complicated (e.g., Ref. 34) and a more
detailed investigation is needed.

Figure 12 shows the noise signal for a = 60 and p = -30. We
can see that with increasing tip Mach number the two disturbances
increase proportionally.

Figure 13 shows the effect of vortex strength and miss distance.
Both these parameters have a significant effect in the resulting
noise as shown in Fig. 13. A higher vortex strength increases both
disturbances. A higher miss distance decreases both disturbances,
especially the second one. A low vortex strength and a higher miss
distance are desirable for low BVI noise.

Concluding Remarks
A new method has been developed for the computation of the

far-field transonic noise due to three-dimensional BVI. A rotating
Kirchhoff method is used to calculate the far-field results, with the
near-field computed by the FPR code. It shows that this method
can predict both far-field BVI and HSI noise, although we have not
had the corresponding experimental results for parallel BVI to
compare with. The separation of the problem into linear and non-
linear regions allows the use of the most appropriate numerical
methodology for each. Two rotating Kirchhoff formulations are
presented for this method. They are developed for the hovering
rotor case in this paper. However, these rotating Kirchhoff meth-
ods can be easily extended to forward flight. This extension is cur-
rently sought.

The rotating Kirchhoff method was found to have very good
agreement with other experimental and numerical techniques for
HSI noise and seemed to be more efficient than other computa-
tional methods. This method can also capture both HSI and BVI
noise at the same time. It is noted that the three-dimensional noise
signals are weaker but more directive in character than two-dimen-
sional results. Important parameters are the tip Mach number, vor-
tex strength, and miss distance. The vortex strength has a more sig-
nificant effect on the far-field noise. The limited results shown in
this paper strengthen our belief that the Kirchhoff method in gen-
eral is ideal for three-dimensional transonic BVI noise because it
can gather all near-field complicated nonlinear effects that are nec-
essary for far-field accurate acoustic prediction. Future stages of
the research will extend the formulation for forward flight and
supersonically rotating surfaces that are needed for high tip Mach
numbers (eg., Mtip > 0.95). We will also apply it to more complex
vortex wake models (i.e., self-generating BVI), e.g., FPR coupled
with CAMRAD as in Ref. 35 and more advanced CFD models
(e.g., TURNS code).
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