2P2-9

Three-dimensional Numerical Acoustic Simulation with
Background Flow Using Method of Characteristics
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1. Introduction

Our study group is studying the acoustic
simulation with background flow using the
constrained interpolation profile(CIP) method, as
one of the techniques for predicting the acoustic
enviroment around the aircraft and the others.

At present, as a numerical analysis method
with background flow, the linearized euler equation
(LEE) method incorporating background flow effect
in the basic equation of the finite-difference time-
domain(FDTD) methid is introduced[1-3]. However,
in the LEE method, the faster background flow speed
is, the more numerical dispersion occurs, and
therefore numerical accuracy decreases as
background flow speed increases in some case[4].

The CIP method explicitly computes physical
quantities with spatial differential values such as
sound pressure. Therefore, it yields a low-dispersive
scheme for the simulation of sound field propagation
with background flow.[3].

In this study, we examine the analysis method
using the type-C CIP method and the type-M CIP
method in the three-dimensional acoustic field with
background flow. In addition, we compared these
method with other methods.

2. Numerical Analysis Using CIP Method

Linearized governing equations of sound field

are glven in Eq. (1).
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In these equations, p denotes the density of the
medium, K is the bulk modulus, p is the sound
pressure, and U = (v, vy, v2) is the particle velocity.

Here, assuming the analysis of sound field
propagation of the x-direction, we can obtain the
following equations from Eq. (1).

p +oo va =0, 2Zv,+cop=0. ()
ln these equatlons, Z indicates the characteristic
impedance (i.e.Z = ,/Kp) and c represents the sound
velocity in the medium (i.e.c = /K/p).

Then, by addition and subtraction of Eq. (2),
the advection equations are given as
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In the CIP method, the spatial differentiation is
incorporated into the calculation by partially
differentiating Eq. (3) with x, y and z.

When we partially differentiate Eq. (3)
with x, v, xy, z, zx, yz and xyz,
characteristics of F..=p=*Zv., Gy+=0p =+ Z0,vx,
H, += ypizayvx, Ixi:axypizaxyvx, in:azpizazvx,
K +=0z.p =70 vy, Ly +=0,,p =7Z0,.vy, and L, +
=0,-p £ Z0.,-v are obtained in the x direction.

Based on these procedure, the type-C CIP
method calculates by using cubic Hermite
interpolation. In the type-M CIP method, H. -
and J, + are calculated using linear interpolation.
And characteristics of 1.+, K+, L,+ and M, + are
not used for the type-M method.

3. The CIP method with background flow

Considering background flow on the acoustic
field, it is possible to calculate by incorporating
background flow speed U = (Uy, Uy, Uy, ) into the
sound velocity ¢ wused for the interpolation
calculation of the characteristics.

We calculate Fy=+ of next time step using the
cubic Hermite interpolation.

C1+F (l + 1) + Cz+F (l) (4)
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Also, in the type-M CIP method, we calculate H, » of
next time step using the linear interpolation.

HPM (@) = CioHy (0 F 1) + CioHy (D) 4)
In these equations,
Ciy = =2x343x2% Cop = —2x3+3x*>+1
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Calculation of other characteristics are also the
same procedure as Eq. (4) and (5).

On the other hand, in the usual CIP method,
for example in calculation in the x direction, the
particle velocity in the perpendicular direction v,
and v. are not included in the calculation.
However, when considering background flow, it
1s necessary to calculate the propagation of the
advection direction also in these particle
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velocity.

In this calculation, it can be obtained using
cubic Hermite interpolation and linear
interpolation like Eq. (4) and (5). We calculate v, of
next time step using the cubic Hermite interpolation.

Cirvy (i +1) + Copvy (D) ©)
Additionally, in the type-M CIP method we
calculate H:- of next time step using the linear
interpolation.
Oy vitt(i) = CLL o, v (i F 1) + C3.0,v7 (1) (10)

Here, the coefficient C+ and C*+ is the same as Eq.
(6), (7) and (8). However, ¢ and y are expressed
as follows.

fi = ?UxAt,

vt () =
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The sign of & depends on background flow direction.

Calculation of differential values of the
particle velocity in the perpendicular direction are
also the same procedure as Eq. (9) and (10).

4. Computational results

For the parameters in this analysis, the grid
size is Ax = Ay = Az = 0.06m, time step is At =
60ps, the number of gridis NX = NY = NZ = 201,
the number of time step is NT =200 and sound
speed is ¢ = 343m/s.

Figures 1 and 2 shows three-dimensional
acoustic propagation simulation with background
flow speed (Us, U,, U.,) =(—0.3c, 0.1c, 0.3¢) using
the type-C CIP method (Fig.1) and the type-M CIP
method (Fig.2) by sound pressure distribution. From
Figs. 1 and 2, we ascertain the sound wave
propagates considering the background flow.

Figure 3 shows time-pressure waveform at the
sound receiving point (7.38m, 7.38m, 7.38m) using
the type-C CIP method, the type-M CIP method, the
LEE method and exact solution[5] with background
flow speed U, = U, = U. = 0.3c. Here, finer grids
(0.02m and 0.03m) are also used in calculation by the
LEE method. From Fig. 3, the LEE method shows a
large error from exact solution. However, the type-C
CIP method and type-M CIP method is almost
consistent with the exact solution.

Finally, Figure 4 shows the comparison of
calculation time by each method. The calculation
environment uses OpenMP, and the number of threads
is set to 8. From Fig.4, the type-M CIP method had the
calculation time of about 0.62 times than that of the
type-C method.

5. Conclusion

We examined the three-dimensional acoustic
simulation with background flow using the CIP
method. These results suggest that CIP analysis
provides higher accuracy for calculating the
propagation effect with background flow than that
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obtained using the conventional scheme.
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(a) t=50At][s] (b) t=150At[s]
Fig. 1 Spatial distribution of sound pressure used in
the type-C CIP method.

(b) t=150At][s]
Fig. 2 Spatial distribution of sound pressure used in
the type-M CIP method.
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Fig. 3 Sound pressure waveform by the type-C ¢ip
method, the type-M CIP method, the LEE method

and exact solution.

4442561

350

t’ o 2390.108
= x

1492771
1800
865.761

2625 -

C_CIP method M_CIP method W LEE method{Ax=Ay=A7=0.06)
® LEE method({Ax=0y=A2=0.03) M LEE method|{Ax=Ay=Az=0,02)

1000

Fig. 4 Comparison of calculation time.



