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An unsteady two-dimensional inviscid blade-vortex interaction has been calculated using the finite difference

lattice Boltzmann method of the compressible Euler model. The perturbed discrete Boltzmann equation based on a

prescribed vortex approach has been proposed to prevent a vortex from diffusing by numerical dissipation. The

discretization of the governing equation is based on a second-order-accurate explicit Runge–Kutta time integration

and a fifth-order-accurate upwind scheme that includes additional terms to capture the shock waves clearly.

Subsonic and transonicflowsaroundanairfoil were simulated to validate theperturbeddiscreteBoltzmann equation

system. The numerical results were compared with other numerical data, and good agreement has been obtained. In

the simulation of the transonic blade-vortex interaction, an instantaneous pressure coefficient, a time history of a lift

coefficient, and patterns of acoustic waveswere comparedwith other numerical results, andwere found to agreewith

them very well. We have also investigated a generation mechanism of acoustic wave caused by the blade-vortex

interaction, the effect of the flow Mach number, and the influence of the vortex miss distance.

Nomenclature

A = positive constant that represents negative viscosity
a = core radius of the vortex
b = constant associated with the specific-heat ratio
c = chord length
ci� = particle velocity vector
cs = sound speed
c1, c2 = magnitude of the particle velocity
e = internal energy
e0 = internal energy of the rest fluid
fi = velocity distribution function
feqi = equilibrium distribution function
M = Mach number
Mlocal = local Mach number
p = pressure
p0 = pressure of the steady state without the vortex
r = radial distance from the vortex center
t = time
U = moving speed of the airfoil
u� = flow velocity vector
V� = grid velocity vector
v� = tangential velocity distribution of the vortex
Xv = X component of the relative distance between the

vortex center and the leading edge
x� = Cartesian coordinates

Yv = vortex miss distance
�0 = angle of attack
� = vortex strength
� = specific-heat ratio
�p = fluctuation pressure
�t = time step
�u� = relative velocity between the flow velocity and the

moving speed of the airfoil
�i = variable that controls the specific-heat ratio
�0 = magnitude of �i
� = variable that controls the numerical dissipation
� = intersection angle
�� = generalized coordinates
� = density
�0 = density of the rest fluid
� = positive constant that controls the strength of the

dissipative effect
	 = relaxation time

Subscripts

i = direction of the particle velocity
j = grid point number
n = normal component to the boundary
P = remaining part of the total solution
t = tangential component to the boundary
V = prescribed part of the total solution
� = space direction of the Cartesian coordinates

I. Introduction

B LADE-VORTEX interaction (BVI), which is a typical unsteady
flow phenomena of a helicopter rotor, occurs when the trailing

tip vortex shed from one blade interacts with both itself and the other
blades in descending flight or maneuvers, especially during an
approach to a landing. The BVI phenomena induces unsteady
aerodynamic blade loading resulting in aeroelastic instabilities and
blade vibrations, and also causes a highly directional impulsive
noise. TheBVI noise prevents a helicopter from beingwidely used as
a means of intercity transportation in densely populated areas. Thus,
this aeroacoustic problem has received considerable attention in the
helicopter industry.
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Generally, the problem of BVI can be viewed as unsteady and
three-dimensional frames. Figure 1a shows the general BVI problem,
which is an unsteady, three-dimensional close encounter of a curved
line vortex at an arbitrary intersection angle,�. Under certain flight
conditions, a blade can encounter a trailing tip vortex that is almost
parallel to the blade, that is,�� 0. In this case, the interaction can be
approximated to be two-dimensional but unsteady. Such a problem
can bemodeled as the interaction of an infinitely long line vortexwith
an infinitely long blade parallel to the line vortex. The schematic
diagram of two-dimensional BVI is shown in Fig. 1b.We investigate
this particular BVI problem and the aeroacoustic problem in this
paper.

Experimental studies of a two-dimensional BVI have been carried
out by several researchers [1–3]. Booth [1] modeled the parallel BVI
by placing an airfoil downstream of an oscillating airfoil that
generates discrete vortices. He provided the experimental results
such as vortex trajectory data, vortex convection velocity, and
acoustic pressure at low Mach number conditions. Kalkhoran and
Wilson [2] carried out the unsteady vortex-interaction experiments at
transonic Mach numbers ranging from 0.7 to 0.85, and concluded
that the interaction between a vortex and an airfoil shock wave is
significant for the transonic BVI but that the effect of the Reynolds
number variation is small. Lee and Bershader [3] investigated a
parallel head-on BVI and its noise generation mechanism in
experimental and computational studies. They showed that the
viscous effect plays a significant role in the head-on BVIs.

Several papers associated with the numerical simulation of BVI
problems have been also provided. In the numerical simulation of the
BVI phenomena, there are some difficulties; the most prominent is
the numerical dissipation of the vortex, which prevents the
preservation of the strength of the vortices, in particular, at the region
where the grid resolution is not high enough. To resolve this
difficulty, a solution procedure based on a perturbation method has
been proposed by many researchers. Srinivasan et al. [4–6]
developed a procedure for solving BVI problems using the Euler and
thin-layer Navier–Stokes equations. Their approach, called the
prescribed vortex method or the vortex embedded method, is based
on the perturbation method wherein the dependent flow variables are
divided into a prescribed part that defines the vortical disturbance and
a remaining part that is obtained from the solution of the governing
equations. Damodaran and Caughey [7] proposed a numerical
procedure based on velocity-field decomposition that is similar to the
prescribed vortexmethod proposed bySrinivasan et al. [4–6]. In their
approach, the total velocity field is decomposed into two parts to
prevent a vortex diffusion. The first part is an induced velocity field
of the vortex and the second part is the difference between the total
velocity and the vortex-induced velocity. This second part is
unknown and is obtained from the solution of the governing
equations. They numerically analyzed an unsteady inviscid transonic
BVI and provided several numerical data. To capture acoustic signals
caused by the BVI, a higher-order-accurate scheme is required. Wie
et al. [8] proposed a computational aeroacoustics (CAA) solver that
is developed by combining a prescribed vortex method with an
optimized high-order-accurate compact (OHOC) scheme. They
calculated the two-dimensional BVI and then provided not only an
instantaneous pressure coefficient and a time history of lift
coefficient, but also patterns of acoustic waves. However, it is well
known that compact schemes need more computational time than
explicit upwind schemes.A solution-adaptivemesh procedure [9,10]
is an alternative approach to relieve the difficulty associated with the
numerical dissipation of a vortex. This approach is required for the
calculation of strong interactions, such as vortex-airfoil collisions,
that can not be solved by a perturbation method. Oh et al. [10]
investigated transonic BVI problems and the vortex-airfoil collision
problem by using an unstructured adaptive mesh approach. The
solution-adaptive mesh approach is a promising numerical method,
but its algorithm tends to become complicated due to a mesh
adaptation procedure.

On the other hand, the lattice Boltzmann method (LBM) [11–22]
has become very powerful tool of computational fluid dynamics
(CFD). A governing equation of the LBM is the lattice Boltzmann

equation, which has complicated collision processes. Qian et al. [11]
and Chen et al. [12] proposed the lattice Bhatnagar–Gross–Krook
(BGK) collision operator, which simplifies the collision processes.
Use of the lattice BGKmodel makes the computations more efficient
and the transport coefficients can be simply described. Chen and
Doolen [13] presented an overview that the LBM is not only
computationally comparablewith traditional numericalmethods, but
also easy to program and to include new physics because of the
simple form of the governing equations. Imamura et al. [14]
performed high-Reynolds-number flow simulations over an airfoil
by the LBM with an incompressible model. Sun and Hsu [15,16]
proposed the adaptive lattice Boltzmann model for compressible
flows and calculated shockwave propagation, a flow over a cylinder,
and a transonic flow over an airfoil cascade. Kataoka and Tsutahara
[17] developed a compressible Euler model of the LBM and showed
that theLBMcan clearly capture discontinuity, such as a shockwave,
in the calculation of the Riemann problem. The compressible fluid
model of the LBM, however, tends to be more unstable than the
incompressible one [18]. Cao et al. [18] proposed thefinite difference
lattice Boltzmann method (FDLBM), obtained by applying a
standard finite difference (FD) scheme to the discrete Boltzmann
equation. They proved that numerical stability can be improved by
using an adequate FD scheme and a suitable Courant–Friedricks–
Lewey condition. Tsutahara et al. [19] developed a newmodel of the
FDLBM and carried out direct simulations of aeroacoustic problems
by using the FDLBM, which is based on the second-order-accurate
Runge–Kutta time integration and an explicit third-order-accurate
upwind scheme. They showed that acoustic behavior can be well
resolved in the direct simulation by the FDLBM with a smaller
number of grids than the standardCAA scheme for a direct numerical
simulation of aeroacoustic problems. Li et al. [20,21] proposed an
LBmodel in which the collision term ismodified to take into account
the relaxation times associated with the intermolecular potential and
the weak repulsive potential and calculated aeroacoustic problems
using the proposed LB model. They also showed that the proposed
LBM and the standard CAA scheme give identical results.

In the present study, we developed a numerical procedure based
on the FDLBM for a more efficient and accurate numerical
simulation of BVI phenomena and acoustic behaviors. To reduce
the vortex dissipation, the perturbation approach is applied to the
discrete Boltzmann equation, which is the governing equation of the
FDLBM. The discretization of the governing equation is based on a
second-order-accurate explicit Runge–Kutta time integration and a
fifth-order-accurate upwind scheme that includes additional terms
to capture shock waves clearly. Subsonic and transonic flows
around an airfoil were simulated to validate the perturbed discrete
Boltzmann equation system. Then, two-dimensional subsonic and
transonic BVI problems were investigated. Although Lee and
Bershader [3] investigated a mechanism of acoustic wave
generation using numerical simulations of an airfoil-vortex

Fig. 1 Schematic representation of a helicopter blade-vortex

interaction and a particular case under certain flight conditions (from

[7]): a) unsteady and three-dimensional blade-vortex interaction at an

arbitrary intersection angle �, and b) parallel blade-vortex interaction
with the limit of �� 0.
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collision case, a mechanism of BVI noise generation was not fully
investigated. Thus, the mechanism of the acoustic wave generation
caused by BVI is discussed in this paper. The effect of the flow
Mach number and influence of the vortex miss distance were also
investigated.

II. Formulation

A. Governing Equations

First of all, we write down the governing equations for the
conventional FDLBM for the compressible Euler model [17]. Then,
the perturbationmethodwill be introduced into the FDLBM.When t,
x�, andfi represent, respectively, the time, theCartesian coordinates,
and the velocity distribution function of the ith particle, the
governing equation is given by the following discrete Boltzmann
equation (or discrete BGK equation):

@fi
@t
� ci�

@fi
@x�
� A
	
ci�
@�fi � feqi �

@x�

�� 1

	
�fi � feqi � �i� 1; 2; . . . ; 9; �� 1; 2� (1)

where the subscripts i and � indicate, respectively, the kind of
particles and the space direction in theCartesian coordinates. Agiven
positive constant, 	, is the relaxation time. ci� is the particle velocity
vector; ci� � �0; 0� for i� 1, ci� � �c1 cos
i=2; c1 sin
i=2� for
i� 2, 3, 4, 5 and ci� � fc2 cos
�i=2� 1=4�; c2 sin
�i=2� 1=4�g
for i� 6, 7, 8, 9. c1 and c2 are constants that represent the magnitude
of the particle velocity. The equilibrium distribution function, feqi in
Eq. (1), is given by following equations [17]:

feqi � �
�
Ai � Bi

u�ci�
c21
�Di

1

c41
u�ci�u�ci�

�
(2)

where

Ai �

8<
:
2e�b � 2�=�20bc21 i� 1

��c22 � 2efc22�b � 2�=�20 � 2g=bc21 � c22u�u�=c41�=4�c21 � c22� i� 2–5

��c21 � 2efc21�b � 2�=�20 � 2g=bc21 � u�u�=c22�=4�c22 � c21� i� 6–9

Bi �
(
f�c22 � 2e�b� 2�=bc21 � u�u�=c21g=2c21�c21 � c22� i� 2–5

f�c21 � 2e�b� 2�=bc21 � u�u�=c21g=2c22�c22 � c21� i� 6–9

Di �
(
1=2c41 i� 2–5

1=2c42 i� 6–9

where �0 is a given constant. The constant b is associated with the
specific-heat ratio � by b� 2=�� � 1�. The density �, the flow
velocity u�, and the internal energy e are defined as

��
X9
i

fi u� �
1

�

X9
i

fici� e� 1

�

X9
i

fi
c2i� � �2i

2
� 1

2
u2�

(3)

where �i, which is introduced to control the specific-heat ratio, is
given by �i � �0 for i� 1 and �i � 0 for i� 2; . . . ; 9. The pressure
p is given from the density and the internal energy by the equation of
state for an ideal gas, p� �� � 1��e. The sound speed cs is

calculated by cs �
���������������������
��� � 1�e

p
. Third term on the left-hand side of

Eq. (1) is an additional term that was introduced in [19]. According to
the Chapman–Enskog expansion for small 	, the conventional
discrete Boltzmann equation, which does not include the additional
term, is equivalent to the Euler equations for compressible fluid with
the error of O�	�. On the other hand, the stability condition for the
present BGK collision term requires that the time increment, �t,
should be�t < 	=2. Therefore, a very small time increment must be
chosen to keep the error small, which results in poor calculation
efficiency. However, Eq. (1) with the additional term is equivalent to
the compressible Euler equations with the error of O�	� A�.
Therefore, we can use larger 	, keeping the error from the
compressible Euler equations small by setting A close to 	. As a
result, a larger time increment becomes usable, and the calculation
will be more efficient (see [19] for details).

In this paper, inviscid transonic compressible flows are calculated
using the FDLBM. However, it has been known that the calculations
by the LBM or the FDLBM become unstable when the flow Mach
number becomes large. To resolve this difficulty, we employ a
moving grid technique. For example, if the flow around a stationary
NACA0012 airfoil is a uniformflow, themaximumvalue of the local
Mach number is approximately 1.26 when the Mach number of the
uniform flow is 0.8, and the calculation by the FDLBM becomes
unstable. On the other hand, if the flow around the moving airfoil
whose moving speed Mach number is 0.8 in fluid at rest, the local
Mach number of the flow velocity will be 1:26 � 0:8� 0:46, and the
calculation by the FDLBMwill be stable. Because both problems are
identical due to the Galilean invariance, we employ this technique to
calculate transonic flows. We employ the arbitrary Lagrangian
Eulerian (ALE) technique to apply moving boundary condition to a
surface of the airfoil. Then, the governing equation of the ALE-
formulated FDLBM [22] becomes

@fi
@t
� �ci� � V��

@fi
@x�
� A
	
ci�
@�fi � feqi �

@x�

�� 1

	
�fi � feqi � �i� 1; 2; . . . ; 9; �� 1; 2� (4)

where the variable V� is the grid velocity vector. Because we
consider the translation of the moving grid only and do not consider
the deformation of the grid, V� becomes the moving speed of the
airfoil. In this paper, Eq. (4) is used for the calculations.

B. Perturbation Approach

To reduce the numerical dissipation of a vortex, which is the most
prominent difficulty of a numerical simulation of BVI phenomena,
the perturbation approach is introduced into the discrete BGK
equation (4). In this approach, the solution, fi, of Eq. (4) and the
macroscopic variables �, u�, and e are decomposed into two parts as
follows:
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fi � fV;i � fP;i; �� �V � �P;
u� � uV;� � uP;�; e� eV � eP (5)

where fV;i, �V , uV;�, and eV are the prescribed parts that satisfy
Eqs. (2–4) and the compressible Euler equations. fP;i, �P, uP;�, and
eP are the remaining parts that are obtained from the perturbed
governing equation. The solution, fV;i, of the prescribed part is
associatedwith themacroscopic variables�V ,uV;�, and eV byEq. (3).
Similarly, the total solution, fV;i � fP;i, is connected with the total
macroscopic variables�V � �P,uV;� � uP;�, and eV � eP byEq. (3).
After deducting Eq. (3) for the prescribed solution from Eq. (3) for
the total solution, the equations that associate the solution, fP;i, of the
remaining part with the macroscopic variables �P, uP;� and eP are
obtained as follows:

�P �
X9
i

fP;i

uP;� �
1

��V � �P�
X9
i

fP;ici� �
�PuV;�
�V � �P

eP �
1

��V � �P�

�X9
i

fP;i
c2i� � �2i

2
� �V

�
eV �

u2V;�
2

��
� eV

� 1

2
�uV;� � uP;��2 (6)

Substitute Eq. (5) into Eq. (4). Because the solution, fV;i, of the
prescribed part satisfies Eq. (4), the following perturbed equation is
obtained:

@fP;i
@t
� �ci� � V��

@fP;i
@x�
� A
	
ci�
@�fP;i � feqP;i�

@x�
�� 1

	
�fP;i � feqP;i�

(7)

where

feqP;i � f
eq
i ��V � �P; uV;� � uP;�; eV � eP� � f

eq
i ��V; uV;�; eV�

(8)

Consequently, the obtained perturbed discrete BGK equations are
composed of Eqs. (6–8). The desired macroscopic solutions
�V � �P, uV;� � uP;�, and eV � eP are obtained from Eq. (6). The
prescribed parts �V , uV;�, and eV are given by an analytical model,
such as the Scully vortex [23]. The perturbed solution, fP;i, is
calculated by Eq. (7). To use the boundary fitted finite difference
grid, Eq. (7) in the Cartesian coordinates is transformed into that on
the generalized coordinate, ��:

@fP;i
@t
� �ci� � V��

@��
@x�

@fP;i
@��
� A
	
ci�
@��
@x�

@�fP;i � feqP;i�
@��

�� 1

	
�fP;i � feqP;i� (9)

It is well understood that the boundary condition of a perfect fluid
is the slip condition. The slip condition of a moving body is given by
un � Vn, where un and Vn denote the normal flow velocity and the
normal velocity of a moving body on the boundary. Thus, the slip
condition of the unknown part is given as

uP;n � Vn � uV;n (10)

To solve Eq. (9) numerically, the remaining macroscopic variables
on the boundary are required. As in Sun and Hsu [16], they are
determined by the symmetric condition, @ut=@n� 0, @�=@n� 0,
and @e=@n� 0, where ut denotes the tangential flow velocity on the
boundary. The remainingmacroscopic variables of the unknown part
are given as follows:

@uP;t
@n
�� @uV;t

@n
;

@�P
@n
�� @�V

@n
;

@eP
@n
�� @eV

@n
(11)

where uP;t and uV;t are the tangential flow velocities of the remaining
part and the prescribed part on the boundary, respectively. After
calculating the unknown variables on the boundary from Eqs. (10)
and (11), the corresponding equilibrium distribution function, feqP;i, is
determined by Eq. (8). Then, the distribution function fP;i on the
boundary is obtained by fP;i � feqP;i � f

neq
P;i , where fneqP;i is the

nonequilibrium distribution function on the boundary and is
calculated by an extrapolation from adjacent fluid.

C. Discretizations

The discrete BGK equation (9) is spatially discretized by the FD
scheme. Although Tsutahara et al. [19] demonstrated a direct
numerical simulation of an aeroacoustic problem by a third-order-
accurate upwind scheme, the conventional third-order-accurate
upwind scheme has the tendency to generate undesirable wiggles
caused by its truncation error with respect to the fifth-order
derivatives in the neighborhood of a shock wave. Thus, the
governing Eq. (9) is discretized by a fifth-order-accurate upwind
scheme [24] that includes the dissipative term to reduce numerical
oscillations. When the convectional terms of Eq. (9) and a grid point
number are represented by c�@g=@� and a subscript j, the fifth-order-
accurate upwind scheme containing the dissipative term is shown as

c�
@g

@�

����
j

�c�
�2gj�3 � 15gj�2 � 60gj�1 � 20gj � 30gj�1 � 3gj�2

60��

� �jc�j
gj�1 � 2gj � gj�1

��

c� > 0

c�
@g

@�

����
j

�c�
�3gj�2 � 30gj�1 � 20gj � 60gj�1 � 15gj�2 � 2gj�3

60��

� �jc�j
gj�1 � 2gj � gj�1

��

c� < 0

(12)

where

�� �
jpj�1 � 2pj � pj�1j
jpj�1 � 2pj � pj�1j

The positive constant � controls the strength of the dissipative effect.
The pressure p is calculated from the total density, �V � �P, and the
total internal energy, eV � eP, by the equation of state. This approach
is based on the one proposed by Jameson et al. [25,26]. A first-order-
accurate upwind scheme and a third-order-accurate upwind scheme
are employed at the grid points that are adjacent to the boundary. The
discretized governing equation is advanced in time by using a
second-order-accurate explicit Runge–Kutta time integration.

The governing equation (9) is normalized by the particle speed c1,
the chord length c, and the density of the rest fluid �0. The remaining
particle speed c2 and �0 are set for 3.0 and 2.0, which are
recommended values for a stable calculation [15]. To set the specific
ratio for 1.4, the constantb is given asb� 5:0. The calculation by the
FDLBM becomes more stable when the particle speed c1 and the

sound speed cs �
�����������������������
��� � 1�e0

p
, where e0 indicates the internal

energy of the rest fluid, are identical. Thus, the internal energy of the
rest fluid e0 is given by e0 � 1=���� � 1�� � 25:0=14:0. As
mentioned, the error between the governing equations and the
compressible Euler equations are O�	 � A�. To reduce this error,
	� A is set for a very small value. The effect of 	� A is shown in
Fig. 2a. The numerical result was found to be converged if we set
	� A < 1:0 � 10�5. Thus, 	� A was set for 1:0 � 10�7. Because
the BGK collision term requires �t < 	=2, the relaxation time 	 is
set for the same order as the time increment�t. As a result, 	 and A
were set for 0:005� 1:0 � 10�7 and 0.005, respectively. Figure 2b
shows the effect of �. The result shows that the undesirable wiggles
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around the shock wave vanish if we set � � 2:0. Therefore, � is set
for 2.0.

III. Validation of the Present Method

In this section, the proposed numerical procedure is tested with
several numerical simulations of subsonic and transonic flows
around an airfoil with and without a vortex. First, the present method
is compared with other numerical methods based on the
discretization of the Euler equations in a simulation of a flow
around an airfoil without a vortex. Then, the proposed numerical
procedure is validated in a BVI calculation. The grid and time
increment dependence are also investigated in both simulations.

A. Simulations of Flows Around an Airfoil

The numerical simulation of the flow over the airfoil with a
NACA 0012 section has been performed to validate the present
numerical procedure. A 301 �chordwise� � 101 �normal� body
fitted grid (O grid) was employed for this calculation. The size of the
computational domain extends 10 chord lengths in all directions
from the surface of the airfoil. The sponge region where the grid
resolution gradually becomes lower is located at outside of the
computational domain so that the reflections from the artificial
exterior boundary are reduced. The sponge region containing 301 �

11 node points extends 20 chord lengths from the joint between the
computational region and the sponge region. The airfoil surface
boundary condition is the slip boundary condition defined by
Eqs. (10) and (11). Because the fluctuations generated from the flow
around the airfoil are presumed to dissipate well in the sponge region,
the macroscopic variables on the exterior boundary are given as
constants. The airfoil moves with uniform speed in a rest fluid. The
macroscopic variables of the rest fluid are given as the prescribed
parts �V , uV;�, and eV in Eq. (5). The calculation was continued until
the numerical solutions reach steady state. The time increment of this
simulation was prescribed to be 0.00125.

We evaluated grid and time increment dependence of the
calculation before comparing the obtained results with other
numerical data. The angle of attack and the Mach number of the
moving speed are represented as �0 and M, respectively. The
evaluation was performed in the calculation at �0 � 0 deg and
M� 0:8. Figure 3a shows the time increment dependence of the
calculation. Both results became perfectly identical because the
solution is steady. The grid dependence is shown in Fig. 3b. The three
calculations were almost the same, but the resolution of the shock
wave profiles in the calculation with the coarse mesh was poor
compared with the others. The calculation with the present mesh was
practically identical to thefiner calculation, including the shockwave
profiles. Thus, the time increment is set for 0.00125 and the present
mesh is employed in the following numerical simulations.

Fig. 2 Close-up of a shock wave profile in a flow over a NACA airfoil at �0 � 0 deg and M � 0:8: a) influence of � � A, and b) influence of �.

Fig. 3 Evaluation of numerical accuracy in a simulation without a vortex: a) time increment dependence, and b) grid dependence.
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The surface pressure distributions at�0 � 3 deg andM� 0:5 and
at �0 � 0 deg and M � 0:8 are shown in Figs. 4a and 4b. Good
agreements between the present numerical results and another
numerical one [26] were obtained. It was also shown that the
proposed numerical procedure can capture shockwaves clearly. This
is because the FDLBM is one kind of kinetic CFD scheme, generally
with smaller numerical dissipations than conventional CFD solvers
based on the macroscopic governing equations, including Euler
equation solvers. We emphasize this feature as one of the merits of
the FDLBM or the LBM. A comparison of pressure contour lines at

�0 � 1:25 deg and M� 0:8 is shown in Fig. 5. The strong shock
wave on the upper surface and the weak shock wave on the lower
surface were simulated clearly by the proposed numerical method.
The obtained numerical result shows the same pressure patterns as
the result of the Euler calculation based on an artificial dissipation
model [27]. Consequently, these results proved that the present
numerical method based on the FDLBM is suitable for the
calculation of an inviscid compressible flow.

B. Simulations of Blade-Vortex Interactions

A transonic BVI problem was calculated by the present numerical
procedure, and its results were compared with other numerical
methods for BVI calculations [4,7,8,10]. Figure 6 shows the
definitions of the coordinate system and the parameters of the two-
dimensional BVI problem. The NACA 0012 airfoil moves with
uniform speed U in a rest fluid and interacts with a vortex, which is
analytically given by the Scully vortex model [23]. Its tangential
velocity distribution is defined by following equation:

v� � ��=2
r�fr2=�r2 � a2�g (13)

Fig. 4 Comparison of the surface pressure distributions of NACA 0012 airfoil: a) �0 � 3 deg and M � 0:5, and b) �0 � 0 deg and M � 0:8.

Fig. 5 Comparison of pressure contour lines at �0 � 1:25 deg and M � 0:8: a) present calculation, and b) Pulliam [27].

Fig. 6 Definitions of the coordinate system and parameters of the two-

dimensional BVI (from [3]).
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where a and r denote the core radius and the radial distance from
the vortex center. The vortex strength is represented as �. The
counterclockwise vortex is defined as positive. The pressure and
density fields induced by the vortex are determined by the radial

momentum equation in conjunction with the energy equation for
constant enthalpy flows. The Mach numberM of the moving speed
U and the miss distance Yv are prescribed to be 0.8 and �0:26,
respectively. The vortex parameters are given as a� 0:05 and

Fig. 7 Evaluation of numerical accuracy in the BVI calculation (M � 0:8, a� 0:05, ���0:2, Xv � 0:0, and Yv ��0:26): a) time increment

dependence, and b) grid dependence.

Fig. 8 Comparison of the instantaneous pressure contour (M � 0:8, a� 0:05, ���0:2,Xv � 5:0, and Yv ��0:26): a) present calculation, and b)Wie
et al. [8].

Fig. 9 Comparison of the lift variation and instantaneous surface pressure distribution during BVI (M � 0:8, a� 0:05, ���0:2, and Yv ��0:26):
a) lift coefficient variation, and b) instantaneous surface pressure when a vortex is located at Xv � 1:0.
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���0:2, where � is normalized by the chord length c and the
uniform speed U. The 301 � 201 body fitted grid (O grid) was
employed for the simulation of the BVI problem. The
computational domain has 10c in all directions from the surface
of the airfoil. The sponge region that has 301 � 16 grid points is
located at the outside of the computational domain. The size of the
sponge region is 15c in all directions from the joint between itself
and the computational domain. The slip condition is applied as the
airfoil surface boundary condition. The macroscopic variables on
the exterior boundary are given as constants, as in Sec. III.A. The
prescribed components in Eq. (5) are given by the solutions of the
Scully vortex defined by Eq. (13). Firstly, the steady solution of the
flow without a vortex is calculated, and then the Scully vortex is
introduced at the place of Xv ��5:0 and Yv ��0:26. The BVI
calculation was started from this flowfield and was continued while
the relative distance Xv between the vortex center and the leading
edge changes from �5c to 5c. The time step of this simulation was
prescribed to be 0.001. The numerical simulation of the BVI was
performed by 12,500 time steps, and the total elapsed
computational time was approximately 2.0 h on a personal
computer with a Pentium4, 2.66 GHz processor.

The grid and time increment dependence of the present numerical
method is investigated in the BVI calculation. The time increment
dependence is shown in Fig. 7a. Both results were identical,
although the BVI calculation is an unsteady one. The grid
dependence is shown in Fig. 7b. The three calculations became
almost same except for the shock wave profiles. The shock waves
are dull in the coarse mesh calculation due to a lack of grid
resolution. The calculation with the present mesh thoroughly agreed
with the finer calculation, including the shock wave profiles. Thus,
the time increment is set for 0.001 and the present mesh is employed
in the BVI calculations.

Figure 8 shows a comparison of the instantaneous pressure
contour with the CAA calculation [8], which shows the propagation
of BVI noise when the vortex is located at Xv � 5:0. Figure 8b is the
numerical result obtained by the CAA solver [8] developed by
combining a perturbation method with an OHOC scheme. In the
simulation by this CAA method, the multiblock grid that has
123,410 nodes was used [8]. Our result shows the same pattern of
noise propagation as that of the CAA method, although the number
of grid points is smaller than that of the CAA method. The lift
variation and surface pressure distributionwere comparedwith those
of the prescribed vortexmethod [4], the perturbationmethod [8], and
the adaptivemeshmethod [10]. The time history of the lift coefficient
is shown in Fig. 9a. It was observed that the initial lift coefficient is a
negative value because of the downwash of the clockwise vortex. As
the vortex approaches the leading edge, the lift coefficient decreases
gradually. When the vortex reaches a position nearest to the leading
edge, the lift coefficient becomes the negativemaximumvalue. After
that, the lift coefficient rises rapidly. This characteristic is the same as
that obtained by the other numerical simulations [4,8,10]. The
instantaneous airfoil surface pressure distribution when the vortex is
located at Xv � 1:0 is shown in Fig. 9b. Migrations of the shock
waves caused by the existence of the vortex were observed. The
current result agreed with the others very well. As with the
simulations without the vortex, the present numerical method was
also found to have the ability to capture shock waves clearly,
although the number of grid points is smaller than that of the CAA
method [8]. In Fig. 10, the instantaneous surface pressure
distributions were compared with those obtained by other
perturbation methods [4,7]. Good agreements were obtained
between the present results and the other methods.

IV. Results of Blade-Vortex Interaction
Simulations and Discussion

In this section, three BVI calculations were performed by the
present FDLBM to investigate the generation mechanism of the BVI
noise, the effect of flow Mach number, and the effect of the vortex
miss distance. The computational grid, domain, and time increment
were described in Sec. III.B. First, the mechanism of the BVI noise

generation is discussed in a transonic BVI calculation. Then, a
subsonic BVI calculation is carried out to investigate the effect of the
flow Mach number. Finally, the effect of the vortex miss distance is
researched in a transonic BVI calculation with a large vortex miss
distance.

Fig. 10 Comparison of the instantaneous surface pressure distribu-

tions during BVI (M � 0:8, a� 0:05, ���0:2, and Yv ��0:26) when a
vortex is located at a) Xv ��0:5, b) Xv � 0:0, and c) Xv � 0:5.
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A. Mechanism of Blade-Vortex Interaction Noise Generation

To investigate the mechanism of the BVI noise generation, a
transonic BVI calculation is implemented at M� 0:8, a� 0:05,
���0:2, and Yv ��0:26. To recognize the generation and
propagation of acoustic waves caused by the BVI, the fluctuation
pressure �p is defined by �p� p � p0, where p0 denotes the

pressure of the steady state without the vortex. Figure 11 shows the
instantaneous fluctuation pressure distributions when the vortex is
located at Xv � 2:0 and Xv � 3:0. The acoustic wave propagations
are captured well in this calculation. First, a positive pressure pulse
and a negative pressure pulse are emitted from the upper surface and
the lower surface, respectively. After a short time, another set of

Fig. 11 Instantaneous fluctuation pressure distributions of BVI noise (M � 0:8, a� 0:05, ���0:2, and Yv ��0:26) when a vortex is located at
a) Xv � 2:0, and b) Xv � 3:0.

Fig. 12 Instantaneous fluctuation pressure distributions during BVI (M � 0:8, a� 0:05, ���0:2, and Yv ��0:26) when a vortex is located at

a) Xv ��0:4, b) Xv � 0:2, c) Xv � 0:7, and d) Xv � 1:2.
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pressure pulses with opposite signs are observed. The instantaneous
fluctuation pressure distributions around the airfoil are shown in
Fig. 12. The vortex induces a clockwise flow due to its negative
vorticity. As the vortex approaches the leading edge, the pressure
rises near the upper surface and reduces near the lower surface
(Fig. 12a), because the induced flow impinges on the upper surface.
These pressure fluctuations are emitted from the airfoil as acoustic
waves after the vortex passes near the leading edge. When the
vortex is just behind the shock wave on the lower side, a rapid
pressure rise takes place (Fig. 12c), because the induced flow
impinges the lower surface behind the shock wave. This strong
compression wave is observed as the acoustic wave emitted from
the lower surface. To investigate a sound source of the negative
pressure pulse radiated from the upper surface, the instantaneous
local Mach number Mlocal distributions are shown in Fig. 13. The
local Mach number is calculated from the relative flow velocity
�u� defined by �u� � u� � U, where u� and U denote the flow
velocity and the uniform speed of the airfoil, respectively. When the
vortex goes into the supersonic region on the lower side (Fig. 13b),
it is clearly observed that the flow velocity behind the shock wave
on the upper side increases more than that in the flowfield, which is
not influenced by the vortex (Fig. 13a). The pressure reduction
caused by this increment of the flow velocity behind the shock wave
seems to be a sound source of the negative pressure pulse. The
expansion wave, generated by the interaction between the vortex
and the supersonic domain around the leading edge, seems to
increase the flow velocity behind the shock wave, but that detail is
not yet clear.

B. Effect of Flow Mach Number

In this section, a subsonic BVI problem atM� 0:4was simulated
with the normalized vortex parameters of a� 0:05, ���0:2, and
Yv ��0:26 to investigate the effect of the flow Mach number.
Figure 14 displays the instantaneous fluctuation pressure
distributions when the vortex is located at Xv � 1:5 and Xv � 3:0.
The acoustic wave propagations are captured well in this calculation
also. First, pressure pulses in both sides propagate in the sameway as
the results of the transonic BVI calculation. Then, another set of
pressure pulses with opposite signs propagate from the same
surfaces. The wave patterns of the subsonic BVI noise are different
from those of the transonic BVI noise. The instantaneous fluctuation
pressure distributions around the airfoil are shown in Fig. 15. The
vortex induces a clockwise flow due to its negative vorticity. As the
vortex approaches the leading edge, the pressure rises near the upper
surface and reduces near the lower surface (Fig. 15a), because the
induced flow impinges on the upper surface. After the vortex passes
near the leading edge, these pressure fluctuations are emitted as
acoustic waves from the airfoil (Fig. 15b). When the vortex is under
the airfoil, the pressure increases near the lower surface and
decreases near the upper surface because of the impingement of the
induced flow (Fig. 15c). Then, they propagate as the acoustic waves
(Fig. 15d).

C. Effect of Vortex Miss Distance

The last numerical simulation was performed at M� 0:8,
a� 0:05, ���0:2, and Yv ��0:78. In this simulation, the miss

Fig. 13 Instantaneous local Mach number distributions (M � 0:8, a� 0:05, ���0:2, and Yv ��0:26) when a vortex is located at a) Xv ��5:0, and
b) Xv � 0:2. The contour levels are from Mlocal � 0:0 to 1.5.

Fig. 14 Instantaneous fluctuation pressure distributions of BVI noise (M � 0:4, a� 0:05, ���0:2, and Yv ��0:26) when a vortex is located at

a) Xv � 1:5, and b) Xv � 3:0.
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distance Yv was expanded to 3 times as long as that of the first
simulation, which was carried out atM � 0:8, a� 0:05, ���0:2,
and Yv ��0:26. The instantaneous fluctuation pressure distribu-
tions are shown in Fig. 16. The wave patterns of the generated
pressure pulses are similar to those of the first simulation. However,

the positive pressure pulse, generated on the lower surface after the
propagation of the first pressure pulses, is emitted later than that of
the first simulation. The instantaneous fluctuation pressure
distributions around the airfoil are shown in Fig. 17. First, a positive
pressure pulse and a negative pressure pulse are generated by the

Fig. 15 Instantaneous fluctuation pressure distributions during BVI (M � 0:4, a� 0:05, ���0:2, and Yv ��0:26) when a vortex is located at

a) Xv ��0:7, b) Xv � 0:3, c) Xv � 0:5, and d) Xv � 0:7.

Fig. 16 Instantaneous fluctuation pressure distributions of BVI noise (M � 0:8, a� 0:05, ���0:2, and Yv ��0:78) when a vortex is located at

a) Xv � 2:0, and b) Xv � 3:0.
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same generated by the same phenomenon as the former calculation in
Sec. IV.A that was performed at a small miss distance Yv ��0:26
(Fig. 17c). Next, a positive pressure pulse is generated on the lower
surface after the vortex leaves from under the airfoil completely
(Fig. 17d). The positive pressure pulse of the second simulation is,
however, produced when the vortex is under the trailing edge. This
difference is caused by the difference of an intersection angle
between a direction of the induced flow and a tangential direction of
the lower surface behind the shock wave. In this calculation, the
inducedflow is almost parallel to the lower surfacewhen the vortex is
under the trailing edge. As the vortex leaves from under the trailing
edge, the intersection angle between the direction of the inducedflow
and the tangential direction of the lower surface becomes large. Then,
the induced flow impinges the lower surface behind the shock wave.
As a result, a compression wave is generated and emitted from the
lower surface.

V. Conclusions

The FDLBM for the BVI problem has been developed by
introducing a perturbation method into the discrete BGK equation.
For a validation of the present numerical method, subsonic and
transonic flows around an airfoil without a vortex have been
demonstrated. Good agreement has been obtained between the
current results and those of other numerical methods. Numerical
results of the two-dimensional transonic BVI simulation performed
by the proposed method were compared with other numerical
methods. The obtained results show that the present numerical

method has the ability to capture shock waves clearly and to resolve
acoustic waves well with a smaller number of grid points than that of
the CAA solver based on a perturbation method. The total elapsed
computational time was only 2.0 h on a personal computer. To
investigate the mechanism of the BVI noise generation as well as the
effect of the flow Mach number the vortex miss distance, three BVI
calculations have been carried out. In the transonic BVI case, the first
pressure pulses are generated by the impingement of the induced
flow on the leading edge. A second pressure pulse emitted from the
lower side of the airfoil is generated by the impingement of the
inducedflowon a lower surface behind a shockwave. In the subsonic
BVI case, an impingement of induced flow on a leading edge of the
airfoil causes acoustic wave generation. It was also found that the
vortexmiss distance influences the interval between the first pressure
pulses and the second pressure pulses.
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