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The objective of the present research is twofold. The first part concerns the construction of a high-reselution
aeroacoustic flow solver, and the remaining emphasizes the wave/vortex interaction around a sharp trailing edge.
Euler equations and the Osher-Chakravarthy MUSCL-type high-resolution upwind TVD scheme were used, res-
pectively, as the flow model and the numerical algorithm to analyze the acoustically excited flow. Modification on the
reconstruction of the cell interface values was first made to improve the scheme fidelity so that a wave propagation
problem can be solved on nonuniform mesh systems. An acoustic source modeling was also devised to simulate
the generation of sound emitted from a monopole located on the solid boundary. The numerical algorithm was
first evaluated by checking the computed results with several test problems that have analytic solutions. Results
show that the currently proposed computational aeroacoustic scheme is accurate and reliable. An acoustically
excited incompressible and low-Mach-number flow over a finite plate was then simulated. The results show that
the unsteady airloads induced by acoustic/vortical interaction around a sharp trailing edge can be satisfactorily
resolved by the currently developed inviscid Euler flow solver.

I. Introduction

COUSTIC fiutter suppression is a novel idea that has been suc-

cessfully demonstrated in a wind-tunnel experiment.! Com-
pared with the hydraulically actuated mechanical type aerodynamic
control surfaces, acoustic devices have the advantages of being sim-
ple in hardware and easy to be implemented, and, most importantly,
the operational frequency range is broad and the response is quick.
To explain the underlying mechanism, Lu and Huang* performed a
theoretical analysis concerning the unsteady aerodynamic field in-
duced by acoustic excitations in linearized incompressible flow. It
shows that the sharp trailing edge is the place where the conversion of
an incident acoustic wave into shedding vorticity waves takes place.
According to Kelvin’s theorem, a bound vortex is produced that
counterbalances the shedding vortices and manifests aerodynami-
cally as the acoustically induced lift and pitching moment acting

on the solid body. Flutter instabilities were shown to be suppressed

when these acoustically induced unsteady airloads were produced
with appropriate phase lags relative to the vibrational motion. Based
on these findings and the results obtained, the acoustic excitation
technique was demonstrated to be a new and promising flutter sup-
pression method. )

The main objective of the present study is to explore the possi-
bility of whether this acoustic/vortical interaction can be resoived
numerically. The ultimate goal is to use this scheme to look into more
intricate problems, such as transonic flutter, in which nonlinearity is
crucial. Using numerical means to resolve the flow details regarding
the acoustic/vortical interaction demands high resolution and low
dissipation and dispersion of the scheme. In addition, the nonreflec-
tive boundary condition treatment and the acoustic source modeling
are also important. Unlike the conventional acoustic computations,
the present approach does not follow the classical line of extracting
and hence computing the perturbation field only, while assuming
that the mean flow is given a priori. Generally speaking, the nonlin-
ear interactions among acoustic, vortical, and shock waves can only
be analyzed as the unsteady aerodynamic field is treated as a whole.

Many state-of-the-art finite difference or finite volume methods
were devised originally for coping with the steady-state problems.
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Hence, a certain amount of dissipation and dispersion exists in those
schemes, which poses fundamental difficulties for them to be used
for the aeroacoustic computations. Dissipation is often a necessity
required by a stable scheme, in particular the steady-state algo-
rithm, and dispersion arises as a result of the choice of stencil points
and the Courant-Friedrichs-Lewy (CFL) number selected. Recently,
nondissipative? and dispersion-relation-preserving® schemes were
proposed for solving the linearized Euler equations. Waves of long-
distance propagation can thus be more accurately simulated for a
wider frequency range. However, those improvements due to elimi-
nation of the numerical dissipation, in principle, cannot be enjoyed
when shock waves or contact discontinuities are present, since, nu-
merically, dissipation is required by the entropy condition and the
monotonicity of the shock-capturing schemes. As far as the present
problem is concerned, the key physical mechanism occurs mainly
in the near field around the solid atrfoil body, and the frequency of
the applied acoustic excitation is low. Hence, a sacrifice in the accu-
racy of the far acoustic field can be tolerated as long as the radiated
sound is not to be significantly reflected back to contaminate the near
field. These particular physical considerations allow the present use
of high-resolution MUSCL-type upwind schemes in the acoustic
flowfield computations subject only to minor adaptations. Improve-
ments are made on the interpolations of the reconstructed variables
on the two sides of the cell interface, as will be shown later. These
modifications make the upwind flow solver more transparent for
waves to be computed on a nonuniform mesh system, due to the
reduction of the reflective noises among unevenly spaced meshes.

There were three test problems considered for examining the ac-
curacy of the present scheme. They include the problems of linear
wave convection, baffied piston radiation, and a uniform stream past
a plane of infinite extent on which a monopole sound source was
flush mounted. All of these test problems have analytic solutions so
that the numerical algorithms can be evaluated properly.

Trailing-edge receptivity, or wave/vortex interaction around a
sharp trailing edge, was then studied using this newly developed
scheme. The computed results were found in good agreement with
the analytic solutions.*

1I. Governing Equations and the
Numerical Formulations

The present problem is concerned with the acoustic/vortical wave
interaction around a solid surface.>~® This acoustically induced vor-
ticity production at the trailing edge might be taken as an inviscid
phenomenon, since the role of viscosity can be accounted for in
the enforcement of the Kutta condition.”!° Based on the previous
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arguments, Euler equations are adopted as the governing equations
to be solved. In the construction of the numerical flow solver, em-
phasis will be placed upon the reduction of the numerical dissipa-
tion and dispersion effects, as well as the treatment of the boundary
conditions.

Finite Volume Method

The unsteady, two-dimensional inviscid Euler flow in a domain
V bounded by a boundary S can be expressed in an integral conser-
vation form, ,

i/UdV+‘¢‘n~FdS=O ¢H)
ot Jy f

In the previous equation the set of conservative variables U and the
normal flux vector F,, = n - F are given, respectively, by the column
vectors

14 Pl
_ | pu _ | puuy -+ pny
U= pv |’ F, = pvl, + phy 2
pe peu, + pu,

where u, = u-n is the normal velocity component with n, and
n, defined as the projections of the unit normal » in the x and y
directions. The variables p, p, u, v, and e denote the static pressure,
density, Cartesian velocity components, and specific total energy,
respectively. In closing the previous governing equations, the ther-
modynamic state equation of a perfect gas is required,

p=(y—l)(pe—§u-u) 3)

in which the specific heat ratio is given by y = 1.4.
In the finite volume approach, the integral conservation form,
Eq. (1), is first applied to a discretized control volume V; ;,

i
—f Udv+?§ n-FdS=0 4)
ot Jy,, g

Si,j

and then Eq. (4) is approximated using a spatially differenced
scheme to yield a semidiscretized system of ordinary differential
equations,

a .
5 W Vi) + ) FiSi=0 )
k

where the index & associated with the flux terms refers to the external
side of the control volume V; ;, and U; ; is taken as the cell-averaged
variable of the control volume. The design principle for the construc-
tion of the numerical flux function F; decides the nature and order of
accuracy of the scheme. The method currently adopted is explained
in the following.

Osher-Chakravarthy Upwind TVD Scheme

The spatial accuracy of the finite volume discretization depends
on the construction of the numerical flux function F, of the dis-
cretized equation, Eq. (5). In this study, the numerical fluxes were
computed using Roe’s scheme!! and the characteristic variable in-
terpolation of Chakravarthy and Osher.'? It is believed that, com-
pared with other schemes, the characteristics-based flux-difference
scheme possesses a comparatively complete, portrait of the wave
propagation phenomena that include the capture of the shock waves
and the interactions among acoustic, entropy, and vorticity waves
that mutually interact and evolve in the flowfield.

The advantage of flux-difference schemes for treating wave phe-
nomena, perhaps, can best be explained using the characteristic form
of the Euler equations. Along the four characteristic curves (Two-
dimensional problem), the variations of the characteristic variables,

o, = 8p — 8p/c?
ay =n6u—n
2 x y‘s v ( 6)
a3 =.n-8u+8p/pc
oy = —n-éu+8p/pc

are exactly those associated with the entropy, vorticity, and acous-
tic waves. Note that, in the one-dimensional sense, the physics are
well represented in the numerical algorithm since dividing the flux
difference into components according to the Riemann solver is a
basic procedure contained in the construction of a flux-difference
scheme. Moreover, no special assumption of linearity has been in-
voked as Roe’s splitting is used, hence making the present scheme
more versatile in treating both linear and nonlinear wave interaction
problems.

Ateachi-direction cell interface i+ 3, let U, , and U7 , denote
the values of the conservative variables specified at the right and
left sides of the cell interface, respectively. Theoretically, one can
construct a one-dimensional upwind-biased scheme to, in principle,
any desired order of accuracy by properly defining the left and right
states at the cell interface via interpolations using the neighboring
cell-averaged values. However, these high-order interpolations may
incur numerical instability and/or result in complicated boundary
condition treatments and use unreasonably distributed stencil points
when extended to multidimensional problems. Hence, the present
scheme only considers accuracy (in the one-dimensional sense and
on a uniform grid) to at most the third order.

First of all, let us define the characteristic wave differences:

o p =" Uin —-Uy)
: Y]
a” 1= e;n(Ui —-UiLy)
iz
where
& =0, (Nigy +N,y) /2] ®

is the mth left eigenvector associated with the mth eigenvalue of
the flux Jacobian matrix dF,/0U, and N denotes the set of unit
surface normal projections n, and n,,. Using the previous variables
@y, the interpolated conservative variables at the left and right
sides of the cell interface can be derived using the MUSCL-type'®
interpolation, )

Uy =Uitx), [(g +2¢0)a, )

Lt
1
+—(1- 2¢a,-)af"_1:|r,."‘ )
&i i-3
U,t% =U-x Z [(Cx‘ - 2¢0'i)a:_%

1
+ —(1 +2¢0)a™ | |
& =3 |
where
= [0, (g +3,3) ]
&= (s +5i-1)/ (8 + 5i4)

Xi = 8;/(Siq1 + 25 + 5i-1)
a; = 8§ /(s +Si41)

(10)

In Eq. (10), the vector r[” is the mth right eigenvector of the flux
Jacobian and the geometry-related parameters ¢;, x;, and o; are
functions of the mean cell width s; (defined as the distance between
the centers of the two opposite cell surfaces) in the i direction. This
extension that considers mesh spacings in the construction of the
interface variables is not new. It has been proposed previously in
the design of a high-resolution non-MUSCL-type scheme.'* For a
uniform mesh system (§; = 1, x; = %, and o; = %), the previous
formulas recover the usual MUSCL-type form!213:

_ 1+¢ ., 1-¢
Ui+%—Ui+Zm:( 4 ai+%+ 4 ai_%)ri'”

an
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The magnitude of the acoustic field is usually so small that it-

is very easy to be contaminated. It is to be shown that Eq. (9) is
meaningful for a time-accurate acoustic computation, since the in-
terpolation errors caused by ignoring the grid nonuniformity, which
would otherwise be eliminated iteratively and is usually not eminent
in the steady-state flow problems, may introduce high-frequency
noises among grids during the simulation of the sound waves.

The parameter ¢ takes on different values depending on the stencil
points and the order of accuracy selected. The use of ¢ = % will
result in a third-order accuracy in the sense of a one-dimensional
simulation on a uniform grid. As a nonuniform mesh system is used,
the order of accuracy of this popular MUSCL-type scheme, Eq. (11),
will degrade due to the poorer interpolations, as will be shown in
the subsequent numerical examinations.

The monotonicity property of the total variation diminishing
(TVD) scheme is guaranteed using the slope limiter given by

&+1=mmm0d( +1,,B(x 2) w2

a3 =mmmod(oti_%, ,BotH_%)

In these equations, the compression parameter 8 and the minmod
operator are defined, respectively, by (see Appendix A of Ref. 16)

B =&l = x:(& + 20001/ [x: (1 — 2¢0:)] (13a)
minmod(x, y) = sign(x) - max{0, min[|x{, y - sign(x)]} (13b)

Therefore, the limited and interpolated variables U “ and U: 1
become :

Uny=Uitx ), [(g + 260 |

m

+ (- 2¢ai>é.-"’_%]r,-’" (14)

E(l +2¢a,>a,_%] "

_ Using Roe’s approximate Riemann solver,!! the numerical flux
F; .1 across the cell interface in the i direction can be constructed

readily,
Fi+%= ( +1, )+Z)»'"_lal .
= F"(Ui-:-%’ Ivi..)..l.) ;lm:;aﬁr%r"i%
= 3[Fu(U0 Nivy) + Fa(U 4 Niyy)]

1 m-- -
A C ey ®

where A™* represents the mth eigenvalue corresponding to either
the downwind (+) or the upwind (—) propagating characteristic
waves.

Time Integration
The semidiscretized system of governing equations, Eq. (5), can
be symbolically expressed as

d(w

% + RU) = (16)
where W = UV, and R(U) represents the residual contributed
from the numerical fluxes across the cell surfaces. This system

of ordinary differential equations will be numerically integrated in
time using the explicit Runge-Kutta time-stepping method. For a
K -stage Runge—Kutta scheme, the advancement of each variable
from time level (n) to (n + 1) is enforced using the following re-
cursive formulas:

WO — wr
WO = WO — o, ArR[UO]

an

Wh = WO — g ArRIU D]
Wn+1 — W(k)

The present study adopts a three-stage scheme with ¢; = 0.24,
oy = 0.50, and a3 = 1.0. This time marching has previously been ~
used in the oscillating airfoil calculations'® and was justified to be of
second-order accuracy in time while maintaining the TVD property.

Boundary Conditions and Monopole Sound Source Modeling

For the present problem of interest, the methods for emitting
sound waves from a solid surface may be divided into two categories.
One is of the structural vibration type, such as a flush-mounted loud-
speaker, a vibrating ribbon or piston, or a piezoelectrically actuated
material. The other is of the fluid pulsation type, for which the sound
wave is generated elsewhere and then transmitted through a conduit
with an opening located on the airfoil surface. No matter which
type is adopted, mathematically, sound wave so generated can be
conceived as resulting from a transpired fluctnating volume flux
whose strength either is known (fluid pulsation type) or can be de-
rived equivalently from the membrane motion (structural vibration
type). In other words, the sound source pertaining to the present
problem is of the “monopole” type as classified in the context of
acoustics.

Generally speaking, the physical boundary condition specified on
a solid or a transpired surface usually does not involve explicitly the
static pressure. Surface static pressure required by the finite volume
method ought to be derived using momentum equations subject to
the given nonpermeable or specified normal flux conditions:

{0
u-n=
Yy

in which v, is the imposed surface normal velocity that character-
izes the sound strength. The density of the issued volume flux can
be extrapolated from the adjacent interior cell-averaged values. The
determination of the surface pressure, however, must invoke the mo-
mentum equations that, as expressed in the computational domain
(&, 7, t) and combined together with the continuity equation and
the metric identity, take the forms!6

ap — ou dv
2 2= —plU I, 1
Mty p{ ( a§+"yag)+ } (192)
0, for soiid wall
J - - ou dv

M, = ’5“Vw+vw('3—'nx+'3_"ny)’

) T n 1 blowing or
suction

in which U is the £-contravariant velocity and V,, (= v,,,:J /1% + 12
=,/ p) is the n-contravariant velocity of which the surface mass
flux m,, is given over the transpired region. The Cartesian velocity
components # and v on the wall, however, are obtainable using the
zero-flux (solid wall) or the specified normal velocity transpiration
v,, and the extrapolated surface tangential velocity. A speculation
of Egs. (19a) and (19b) allows one to find that the contributions to
the normal pressure gradient are attributed to two effects implied
in terms on the right-hand side: the streamwise flow gradient ap-
pearing as a group of terms involving du/9& and dv/0& and the
sound emission effect IT,, due to the surface flux transpiration and
the induced velocity gradients du/dn and dv/dn in the n direc-
tion. With all of the terms in Eqs. (19a) and (19b) being properly

for solid wall

a8

for wall with blowing or suction

for wall with  (19b)
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treated and differenced, the normal surface pressure gradient 3p/dn
can be calculated readily, and the wall pressure can thus be ex-
trapolated using this gradient value and the adjacent cell-averaged
quantity.

The formulation described in Eqgs. (19a) and (19b) is valid for a
distributed-type monopole that spans a finite number of cells with
source strengths assigned at the surface boundaries. As a sound
source is taken acoustically compact, which is the case where most
of the analytic solutions are available, the detailed arrangement of
the cell source strengths over the source region is not critical, and
only the integrated quantities are significant. In this situation, the
present numerical method may encounter spurious oscillations orig-
inating from the spike-like distribution of the source strength when
one mesh was used to model the sound source. Therefore, a number
of source cells are generally required to result in a smooth distribu-
tion of the cell source strengths. In the modeling of an acoustically
compact source, the requirements that need to be satisfied are that
the sum of the weightings of the source strengths must equal to
unity and that the weightings should be arranged in such a manner
that spherical symmetry of the wave pattern be retained in a still
mean flow acoustic simulation. The present study adopts a strategy
using three source cells (the number required can be increased) with
weightings ¢, %, and } for the strength distribution in simulating an
acoustic field induced by a (theoretical) point singularity. The sim-
ulated results, as will be shown, are found to be in good agreement
with the analytic solutions.

In the far field, the outgoing acoustic wave asymptotically ap-
proaches a planar one-dimensional wave that enables the use of the
nonreflecting boundary conditions based upon the Riemann invari-
ants in the direction normal to the outer boundary.!® The tangen-
tial velocity component and the entropy can be determined using
either the freestream values or those extrapolated from the interior,
depending upon the direction of propagation of the corresponding
characteristic waves.

III. ~ Code Validation

First, to examine the capability of the numerical techniques cur-
rently employed, three acoustic wave tests were conducted. All of
these test problems have analytic solutions so that the numerical
techniques can be evaluated properly.

Two-Dimensional Linear Wave Convection

Most of the upwind schemes currently in use are, strictly speaking,
developed based on the one-dimensional framework. The accuracy
of the scheme would deteriorate when applied to the multidimen-
sional problems, in particular when the mesh system used is nonuni-
form and/or highly stretched. To assess the present scheme in this
respect, we consider the two-dimensional linear wave convection
problem:

du Odu Odu
— 4 — 4+ —=0,in0, T) x Q 20
57 + i + 3y in(0, T) x (20)

u(x,y,t =0) =a+u' sin(2w(x + y)1, x,y) e (21
where the mean value # = 1.0 and the perturbation amplitude ' =
0.00S. The domain of interest 2 is confined within a square —1 <
x<land-1<y<l1. :

The computational domain was purposely selected to span a pe-
riod of 27 in both x and y directions so that the periodic boundary
condition can be enforced to preclude the involvement of bound-
ary condition accuracy in the present simulation. Physically, this
can be taken as observing a linear wave from a convective frame.
Hence, the dissipation and dispersion characteristics of the scheme
can be evaluated temporally at the instant of interest, 1 = T". The
special selection, i.e., #’' < #, allows one to access the ability of
the present numerical scheme in resolving small disturbances. Note
that the convective wave fronts are skewed with respect to the cell
faces, hence making the present model problem a good test for the
numerical schemes. S

In the following cases tested, the uniform Cartesian, nonuniform
rectangular (mesh A), and nonuniform and skewed (mesh B) grids
were used. Figure 1 depicts the nonuniform mesh systems A and
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Fig.1 Nonuniform mesh systems A and B (32 x 32 cells) used for the
two-dimensional linear wave convection simulations.

Scheme M-OC, MeshB Scheme O-C, Mesh B

Fig.2 Velocity contour plots for two-dimensional linear wave convec-
tion simulations ¢ = % Scheme O-C: original Osher-Chakravarthy
scheme, Eq. (11), and scheme M-O-C: modified Osher-Chakravarthy
scheme, Eq. (9).

B where mesh B was generated by skewing the cells located at the
central portion of mesh A. The largest cell aspect ratio in mesh A is
around 4. Figure 2 shows the velocity contour plots computed using
the currently developed numerical methods. It can be seen that in
general good resolution in the numerical solution was achieved on
the uniform Cartesian mesh system. However, as the meshes were
stretched or skewed, the consideration of mesh spacings in the con-
struction of interpolated variables at the cell interface, as expressed
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Table1 L; and L errors for two-dimensional linear waves convection simulation (¢ =

789

1

3

L> norm L norm

Cell number Scheme? Mesh Error x103 Order Error x10% Order
16 x 16 o-C Cartesian 2916 — 4.187 _
M-0-C A 2.999 —_ 4,507 —

M-O-C B 3.044 — 4.630 _

0-C A 3.244 —_— 4.797 —_—

o-C B 3.224 —_— 4.766 —

32x32 0-C Cartesian 0.651 2.16 1.176 1.83
M-0O-C A 1.064 1.50 2.118 1.09

M-0-C B 1.177 1.37 2.382 0.96

0-C A 1.455 1.16 2.718 0.82

o-C B 1.454 1.15 2.671 0.84

64 x 64 o-C Cartesian 0.121 242 0.316 1.89
M-O-C A 0.245 2.12 0.703 1.59

M-0O-C B 0.296 1.99 0.916 1.38

o-C A 0.386 1.92 1.019 1.42

o-C B 0.394 1.88 1.003 1.41

2Scheme O-C: original Osher-Chakravarthy scheme, Eq. (11); scheme M-O-C: modified Osher-Chakravarthy scheme, Eq. (9).
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Fig. 3 Lz-norm error vs cell width for two-dimensional linear wave’

convection simulations; M: data obtained on uniform Cartesian mesh;
e, 0: data obtained on mesh A using scheme M-O-C (o) and scheme
O-C (0); and A,a: data obtamed on mesh B using scheme M-O-C (4)
and scheme O-C (a);2) ¢ = 3, D) ¢ = L, ) p =0, and d) ¢ = - 1.

in Eq. (14), became meaningful for the scheme to yield better res-
olution for the numerical acoustic simulation. Table 1 displays the
detailed comparisons, and from the L, and L, error norms it is seen
that the modified scheme is superior for simulations performed on
the nonuniform meshes.

The scheme accuracy can be quantified on plots using the L,
norm, as shown in Fig. 3 Four kinds of schemes were selected,
ie, ¢ = 3, — ,0, and —— . Generally speaking, for all of the ¢
va]ues exammed the orders of scheme accuracy considering mesh
nonuniformity in the reconstruction are relatively higher. But this
advantage becomes less prominent when the grid conditions, i.e.,
the uniformity and skewness, deteriorate. This can be understood
since the present correction of interpolation was made on the one-
dimensional basis. Any effects that strengthen the multidimension-
ality of the problem nature may reduce the significance of the
present way of scheme i 1mProvement Among these cases examined,
the schemes using ¢ = 1 and 1 5 yielded solutions of comparable

accuracy. However, the scheme with parameter ¢ = % will be used
in the following acoustic simulations since, theoretically, it can give
a third-order accuracy for a scalar one-dimensional simulation on a
uniform mesh system.

Bafiled Piston Radiation

In this problem and the next one, we test the appropriateness of
the numerical boundary condition treatments, including those of the
solid boundary, sound source modeling, and the nonreflective far-
field boundary. Baffled piston radiation is a standard acoustic model
problem that illustrates the directivity of wave propagation. The
piston consists of a fluctuating flat plate with width 2d and is flush
mounted in a hard wall of infinite extent. The vibration of the piston
will generate an equivalent volume flow rate, Q = Qysin k¢, in and
out from the mean piston surface. The surrounding mean.flow was
at rest, and the acoustic strength was selected to be Qp = Qo/dc0d
= 5.0 x 107* and the frequency k = wd/a, = 4.23, where o is
the circular frequency, and a is the speed of sound. The analytic
solution for the pressure perturbation is available,!”

1

{smkt/ No[im]dﬂ
1 LAY
‘rl

N / fo[%m]an}

where y is the specific heat ratio, and Ny and Jj are the Neumann
and Bessel functions, respectively.

The computational domain covers a finite region of —~4 < x < 4
and 0 < y < 4.5, and on the bottom boundary the piston spans
a segment of —1 < x < 1. There were around six wavelets con-
tained in the computational domain. Totally there were 280 x 150
Cartesian cells used with 70 cells being located over the piston sur-
face area. The computational time was sufficiently long so that any
wave reflection from the outer boundary can influence the simu-
lated data. In general, satisfactory numerical results are found in
comparison with the analytic solutions, as shown in the contour
plots illustrated in Fig. 4. In Fig. 5, more detailed quantitative com-
parisons at several vertical positions, y/d = 0.14, 0.29, 1.40, and
1.98, are shown. It is observed that in general the acoustic field
can be simulated accurately using the present high-resolution al-
gorithm, and even the magnitude of the fluctuation field is very
small.

px, y,t)——g—0~

(22)

Monopole Radiation in a Compressible Stream

‘We now consider a uniform stream past a monopole located in a
wall of infinite extent. The feature that is new and was not included in
the previous baffled piston radiation is the effect of the mean stream
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Fig. 4 Pressure contour plots of a baffled piston radiation; @ = Qg sin k¢, Qp = 5.0 X 1074,k = 4.23, and ¢ = 6.0; a) analytic solution and b)

numerical solution.

convection on the wave propagation. The volume flow rate sent out
by the monopole source is Q = Qqsin2mt, Qp = 1.0 x 107*
(the nondimensional length and velocity scales are now the still air
acoustic wavelength and sound speed, respectively). The analytic
pressure perturbation can be expressed as

P'(x,y,1) = Re[p(x, y)e'] (23a)

_ ﬂyQO 1 ) 2
plr,y) = ———"— { — H,
R U R

x
x,/x2+y2(1—M§°)]+i Hl(z)
o0

2

X exp {i[27rM°o/(1 - Mgo)]x} (23b)

where Re denotes the real part of the argument, and HéZ)(r) and

Hl(z) (r) are the Hankel functions constructed using the Bessel
functions:

HP(r) = Jolr) — iNo(r)

@ ) (24)
H"(r) = Ji(r) = iN:(r)

There are two freestream Mach numbers, M, == 0.20 and 0.60,
that were selected for the simulations. Figure 6 illustrates the re-
sults computed on a stretched mesh system (180 x 90) and the
comparisons with the analytic solutions. The inaccuracy found in
the upwind direction is due to the lack of grid resolution there, indi-
cating that the grid distribution should be so arranged that the most
retarded waves can be resolved properly. This points out a special
consideration in defining the spatial grid resolution that might not
be obvious for a general acoustic computation, namely, the charac-
teristic length scale of the flowfield may be shrunk by the mean flow
convection effect. '

IV. Acoustic/Vortical Interaction Simulation

The major concern that differs from the previous ones lies in
the generation of an acoustically induced vortical wake down-
stream of the trailing edge. The present model problem represents a
finite plate immersed in parallel to a freestream with a monopole
fiush mounted on the upper surface of the plate. The exact solution
was derived by Lu and Huang,* who did analytic work elaborating
on the acoustic flutter suppression mechanism. The computational
simulation was performed using the currently developed compress-
ible Euler code, in which the freestream Mach number was set to
be M., = 0.1 to minimize the compressibility effect. The vol-
ume flux of the monopole strength was chosen as Q = Qg sin k¢,
Qo = 2.1 x 107, and k = wc/dw = 0.085 (now the velocity and
length scales are the freestream sound speed a, and the chord length
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Fig. 5 - Pressure fluctuation distributions of a baffled piston radiation,
0 = Qosin kt, Qp = 5.0 X 1074,k = 4.23, and ¢ = 6.0 (solid line:
analytic solution, and dash line: numerical solution).
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Fig. 6 Pressure fluctuation distributions for monopole radiation in a
mean stream above a plane of infinite extent; a) M = 0.20 and b)
Moo = 0.60 (solid line; analytic solution, and +: numerical solution).

of the plate ¢, respectively). Figure 7 displays an instantaneous pres-
sure fluctuation distribution at some selected instant. In the vicinity
of the monopole source, the numerical results show that the veloc-
ity acceleration and deceleration induced by the pulsation of the
monopole were properly simulated to result in a fore-and-aft asym-
metric distribution of the perturbation pressure field. At the leading
edge and the location of the monopole, the theoretical results contain
singularities, although the real physical flow and the numerical re-
sults are finite there. It is observed that over these singular regions the
trend of rapid flowfield variation predicted by the theoretical anal-
ysis was well captured by the numerical scheme. The integrated lift
and pitching moment coefficients, C;, and Cy,, are shown in Fig. 8.
Small-scale fluctuations are found with the computed Cp and Cy
curves. They are believed to be caused by the local errors convected
from the sharp leading edge where the grid resolution was not suf-
ficient. Airfoils with finite radius noses were also simulated,'® and
the computed solutions, however, appeared to be smooth.

An important physical feature that is unique to the present prob-
lem is the production of the vortical part in the original irrotational

0.10

0.05 H

—0.05 -1

-0.10 —

Fig. 7 Pressure distributions induced by a monopole sound source on
a finite flat plate, Q = Qosin kt,Qp = 2.1 x 1074, and k = 0.085
(solid line: analytic solution, upper surface; dash line: analytic solution,
lower surface; o: numerical solution, upper surface; and +: numerical
solution, lower surface).
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Fig. 8 Unsteady airloads induced by a monopole sound source on a
finite flat plate, @ = Qpsin k2,09 = 2.1 X 10~4, and k = 0.085; a)
lift coefficient and b) pitching moment coefficient (solid line: analytie
solution, and +: numerical solution).

flow. As was explained by Lu and Huang,* the acoustically induced
shedding vortices result from the satisfication of Kutta condition at
the trailing edge. The definition of the shedding vortex strength ina
potential flow analysis can be given by the tangential velocity jump
across the wake cut:

yw=/(qu)dyN/(—a—u)dy=uz—uu (25)
5 ) ay

in which § is the shear layer thickness, and u, and u; denote the
tangential velocities above and beneath the wake cut, respectively.

The present numerical treatment of the Euler equations did
not explicitly enforce the artificial Kuita condition'® as did the
potential flow analysis. However, it is shown in Fig. 9 that the
computed wake profiles agree well with the theoretical predic-
tions except for the distributions around the trailing edge and in
the far downstream. As explained by Rizzi,!® it is the numerical
dissipation that mimics the physical viscous effect over the trailing-
edge region that enables the present inviscid Euler flow solver to
give a good description of the wave/vorticity interaction around
the sharp trailing edge. Figure 10 shows the tangential velocity
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Fig.9 Wake flow characteristics produced by a monos)ole sound source
on a finite flat plate, O = Qg sin k¢, @9 = 2.1 x 1074,k = 0.085, and
phase angle = 27 /6; a) vortex strength distribution and b) downwash
distribution (solid line: analytic solution, and +: numerical solution).
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Fig. 10 Tangential velocity distributions across the wake produced by
a monopole sound source on a finite flat plate, @ = Qo sin kt, 0y =
2.1 x 10~4, and k = 0.085.

distributions on five representative sectional planes perpendicular
to the wake cut. Since the numerical dissipation plays the role of
physical viscosity, therefore, a finite thickness wake shows up in
the present simulation. Unusual spike-like velocity distributions are
found around the wake center. This phenomenon is not physical, and
the cause for this anomaly could possibly be due to the Riemann
solver employed in the flux-difference scheme, since, theoretically,
the one-dimensional Riemann solver based on the dimension-split
method cannot cope with the discontinuities aligned orthogonally
to the flow direction. Therefore, a judicious judgment is necessi-
tated in defining the wake edge velocities u, and u;. The com-
puted y,, results plotted in Fig. 9 were obtained using Eq. (25)
while keeping in mind that the spurious spike-like jumps should be
ignored.

Trailing-edge flow possesses a very complicated flow structure® 10
that undergoes an abrupt transition from wall boundary layer to free .
shear layer. The potential flow analysis cannot give a full descrip-
tion of this strong viscous/inviscid interaction problem, nor can the
present inviscid scheme thatrelies essentially on the nonphysical nu-
merical dissipation. The reason causing solution discrepancy around
the trailing edge, at the present time, is not clearly known. Further
investigation is necessary that calls for the use of a high-resolution
Navier—Stokes solver in the future. The inconsistency appearing in
the far downstream results, however, comes from the lack of grid
resolution there. Accuracy can be improved when more grids are
used in the downstream.

It is worth mentioning that the present acoustically induced vor-
tical flow is in principle a phenomenon resulting from the satisfac-
tion of Kutta condition at the trailing edge. Therefore, for the present
problem, the inviscid Euler flow model is considered sufficient since
the results show that Kutta condition is always satisfied at the trail-
ing edge. The induced circulatory flow is seen to be well captured,
which can be evidenced from the calculated C; and C,,; data when
compared with the analytic solutions.

V. Concluding Remarks

A numerical scheme capable of solving the near-field aeroacous-
tic problems was developed. The acoustic accuracy was achieved
by improving the interpolation of the cell interface variables of
the flux-difference scheme. This interpolation, which takes into -
account the grid nonuniformity property, is in practice a significant
procedure for treating wave propagation problems on a stretched
mesh system. The numerical boundary treatment of a flush-mounted
monopole was also devised. This aeroacoustic flow solver has been
validated by checking with acoustic model problems having analytic
solutions.

Wave/vortex interaction around a sharp trailing edge was simu-
lated using the currently developed scheme. The results agree well
with the analytic solutions. Although the Kutta condition was not
explicitly enforced, the numerical dissipation enabled the present
Euler flow solver to correctly predict the induced unsteady airloads.
Inadequacy of the scheme was found in the wake flow simulation,
where tangential discontinuities were hard to be correctly captured
by the one-dimensional Riemann solver and the dimension-split
method employed in the present flux-difference scheme.

In summary, it is concluded that the currently developed high-
resolution upwind scheme can be used for predicting small flow per-
turbations provided that sufficient grid resolution was used. Acousti-
cally induced vortices and airloads have been satisfactorily predicted
numerically in a quite general manner. This provides confidence in
the future application of the present scheme to problems involving
more complex and/or nonlinear interactions of the waves.
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The increasing use of composite materials requires
a better understanding of the behavior of laminated
plates and shells for which large displacements and
rotations, as well as, shear deformations, must be
included in the analysis. Since linear theories of
shells and plates are no longer adequate for the
analysis and design of composite structures, more
refined theories are now used for such structures.

This new text develops in a systematic manner
the overall concepts of the nonlinear analysis of shell
structures. The authors start with a survey of theo-
ries for the analysis of plates and shells with small
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