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Abstract. In this paper, we investigate the performance of the seventh-order hybrid
cell-edge and cell-node dissipative compact scheme (HDCS-E8T7) on curvilinear mesh
for noise prediction in subsonic flow. In order to eliminate the errors due to surface
conservation law (SCL) is dissatisfied on curvilinear meshes, the symmetrical con-
servative metric method (SCMM) is adopted to calculate the grid metric derivatives
for the HDCS-E8T?. For the simulation of turbulence flow which may have main re-
sponsibility for the noise radiation, the new high-order implicit large eddy simulation
(HILES) based on the HDCS-E8T7 is employed. Three typical cases, i.e., scattering of
acoustic waves by multiple cylinder, sound radiated from a rod-airfoil and subsonic
jet noise from nozzle, are chosen to investigate the performance of the new scheme for
predicting aeroacoustic problem. The results of scattering of acoustic waves by multi-
ple cylinder indicate that the HDCS-E8T7 satisfying the SCL has high resolution for the
aeroacoustic prediction. The potential of the HDCS-E8T?7 for aeroacoustic problems on
complex geometry is shown by the predicting sound radiated from a rod-airfoil config-
uration. Moreover, the subsonic jet noise from nozzle has been successfully predicted
by the HDCS-E8T?7.
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1 Introduction

Aeroacoustic problem is serious in many engineering applications. It can cause human
discomfort and affect the stealth operations of military air vehicles and submarines [1].
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Accordingly, the aeroacoustic noise reduction is an important goal for the commercial
and military aviation communities [2]. For evaluation of the performance of the new
noise-reducing concepts, reliable methods for modeling of the source mechanisms must
be available. However, the nature of aeroacoustic problems is essentially different from
that of standard aerodynamic problems [3]. To be able to compute or simulate aeroacous-
tics problems accurately and efficiently, a computational aeroacoustics (CAA) scheme
should have extremely low dispersion and dissipation errors [3]. Traditional second or-
der accurate methods are known to be too dissipative for these problems. Due to the high
formal order, good spectral resolution and their flexibility, high-order compact finite dif-
ference schemes are the most attractive schemes for CAA [4]. CAA based on high-order
compact finite difference scheme has been applied successfully to various aerodynamic
noise problems. For example, noise generated by jet flow has been successfully predicted
via the direct noise computation approach [5], i.e., simulation of both the unsteady flow
and the associated sound should be performed in the same computation [6]. Based on
the sixth-order central compact finite difference scheme proposed by Lele [7], noise ra-
diated by wake-airfoil interaction, which helps to understand the mechanism of acoustic
radiation in turbo-machine, has been studied [8]. This sixth-order compact scheme is also
used by Rizzetta et al. [9] to investigate acoustic suppression of cavity flow.

In order to provide more realistic aeroacoustic prediction, applications of high-order
compact finite difference schemes are motivated to increasingly complex configurations
of engineering interest. However, applications of these schemes are still challenged by
complex meshes which are commonly used for complex geometry. When the accurate
numerical simulation of broad spectrum phenomenon is performed by high-order com-
pact scheme on a complex mesh, it is argued that there are many obstacles such as robust-
ness and grid-quality sensitivity [10,11]. Fortunately, these deficiencies can be largely
removed by the researches of the Geometric Conservation Law (GCL) [12-16]. The GCL
contains surface conservation law (SCL) and volume conservation law (VCL). The VCL
has been widely studied for time-dependent grids, while the SCL is merely discussed
for finite difference schemes. If the SCL has not been satisfied, numerical instabilities
and even computing collapse may appear on complex curvilinear grids during numer-
ical simulation. In order to fulfill the SCL for high-order finite difference schemes, the
conservative metric method (CMM) is derived by Deng et al. [15]. The CMM is achieved
by computing grid metric derivatives through a conservative form with the same scheme
applied to fluxes. According to the principle of satisfying the CMM, the seventh-order
hybrid cell-edge and cell-node dissipative compact scheme (HDCS-E8T7) has been pro-
posed for simulating subsonic flow on complex geometry [17]. The advantages of the
HDCS-E8T7 are: (a) it can satisfy the GCL which helps to preserve the accuracy orders
on curvilinear meshes, and enhances the ability of the HDCS-E8T7 to handle complex
geometry; (b) it has inherent dissipation which is quite useful in dissipating unresolv-
able wavenumbers; (c) high-order accuracy can be obtained in relatively narrow stencils,
thus the boundary and near boundary schemes are easily designed, and the HDCS-E8T7
can be applied on complex multi-block structured grid conveniently. The properties of
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the HDCS-E8T7 scheme have been systemically analyzed by Deng et al. [18]. Besides
the GCL, multi-block structured grid technique may be another requirement for the ap-
plications of high-order finite difference schemes on complex geometries, because it is
difficult to generate a single-block structured grid system for a complex configuration.
The Characteristic-Based Interface Conditions (CBIC) in [19] and the nonlinear patched
grid method in [20] are quite useful in handling multi-block structured grids, so as to
enable the use of high-order schemes on complex geometries.

For the prediction of noise radiated by turbulent flow, LES may be a satisfying choice
according to currently available computer resources [5]. Based on the HDCS-E8T7, the
high-order implicit LES (HILES) is proposed by Jiang et al. [21]. Although the concept of
the HILES is same as that of monotone integrated LES (MILES) [22], i.e., the effects of ex-
plicit LES models are imitated by the truncation error of the discretization scheme itself,
the HDCS-E8T7 for the HILES is a new seventh-order dissipative compact scheme which
can satisfy the SCL and has inherent dissipation. Due to the inherent dissipation, numer-
ical dissipation of the HILES is introduced by the HDCS-E8T7 itself. For the applications
of the HILES on curvilinear meshes, a very important feature of the HDCS-E8T?7 is that
it can satisfy the SCL, because the computation of the HILES may be contaminated or
even collapse when the SCL is not satisfied. On the other hand, the ability of the HILES
in handling complex geometry is enhanced if the SCL errors are eliminated [23,24]. To
enable the use of the HILES on complex geometry, a special sixth-order interface scheme
is proposed to avoid grid singularity [25]. Moreover, the HILES based on the HDCS-E8T7
has been used to predict the stall phenomenon successfully [21], and it is expected to be
a suitable method for simulating the unsteady turbulence flow on curvilinear meshes.

The objective of the present work is to investigate the performance of the HDCS-ES8T7
on curvilinear meshes for the aeroacoustic prediction in subsonic flow. Three typical
cases are chosen for this investigation. The first one is the scattering of acoustic waves
by multiple cylinder. High resolution of the HDCS-E8T7 for aeroacoustic prediction on
curvilinear mesh will be observed in this test. The second one is sound radiated by a
rod-airfoil configuration. This test is employed to demonstrate the potential of the HDCS-
E8T7 for aeroacoustic noise prediction on complex geometry. The last one is jet noise from
nozzle. We will examine the ability of the HDCS-E8T7 for prediction of jet noise which is
a major source of noise radiated from the aircraft, particularly during takeoff and landing.
In the next section, the governing equations are given. In Section 3, numerical methods
for the aeroacoustic prediction are given. Numerical results are presented in Section 4.

2 Governing equations

Three dimensional Navier-Stokes equations in computational coordinates may be written
as

oll OF  oF aé_e)(aﬁv oF, aév) g

¥+a_§+%+f_l<_e 5 +W+ 3 +7, (2.1)
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%
where 6=1 for Navier-Stokes equations, and =0 for Euler equations, S is a source term,
and it is non-zero only for the computation of scattering of acoustic waves by multiple
cylinders (Subsection 4.1) in this paper,

u=u/j,

E=(&U+EE+EF+E.G)/], Ey=(&Eo+E& P+ EGo) /],
F=(n:U+n<E+nyF+1.G)/], Fo= (nxEo+1yFo+1:Gy) /],
G=(gU+LE+{ F+E.G), Go=(LxEo+lyFo+0:Gy) /],

and

U= [o,pu,pv,pw,pe] "
E= [pu,pu> + p,pvn, pwou, (pe+p)u]
F = [pv,010,00 + p,pwv, (pe+p)v] ",
G = [pw, puw,pvw,pw” +p, (pe+p)w] T
E

7

. AT
F,=[0, Tyx, Ty, Tz UTyx+0Ty+wTz+dy |,

. T
Gv:[or Txr Tzy,  Tzzy usz+Usz+WTzz+QZ] ’

with viscous stress terms written as

e (% oui 2 %)
Z]_V ax] ax] 3 Z]axl !
and heat transfer terms
. 1 3_T . 1 3_T . 1 8_T
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where 7 is the ratio of specific heats, and the viscous coefficient y can be calculated by
the Sutherland’s law. The equation of state and the energy function are

1 p u? + 0% +w?
= — T, e= + .
Vel (y=Dp 2

In the above u, v and w are the velocity components in x, y and z directions, respectively,
p is the pressure, p is the density and T is temperature. The non-dimensional variables
are defined as p = p*/p%, (u,0,w) = (u,0,w)*/ Vi, T=T"/T%, p=p*/ 0 Vi, u=u*/ us,
respectively, and Mo =teo//YRTE, Re = pus?™/ thoo, Pr = e Cpp/ x5, are the Mach num-
ber, Reynolds number and Prandtl number, r* is the characteristic length. | is the Jacobi
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of grid transformation, &, x, Cy, Gz, Mts Mxs My, Yz, Gt Cxs Oy, - are grid derivatives. The
grid metric derivatives have the conservative form as

Ee= & = 2 (2 gy—%—(zvx)g—(zgx)n/ &=E— e (e
n;:”T (ye2)e — (Yez)e, ’Ty:”—]y:(zgx)g—(zcx)g/ ﬁz:%:mwg—(xmg, 2.2)
Ce= Y = (rz2)y- e éy:%=<Z¢x>q—<qu>¢, =& ()~ (o)

3 Numerical methods

3.1 Spatial discretization

Seventh-order finite difference scheme HDCS-E8T7 is employed for the HILES to dis-
cretize the Eq. (2.1). The HDCS-E8T7 is proposed by developing the dissipative compact
scheme (DCS) [26] for simulating subsonic flow on complex geometry. Although the
DCS has successfully simulated some aeroacoustic benchmark problems [27-30], appli-
cations of the DCS on complex grids may have serious problem [15]. The HDCS-E8T7
has demonstrated the promising ability in solving complex flow problems, moreover, the
accuracy orders of the HDCS-E8T7 have been preserved on curvilinear meshes because
the SCL is satisfied [18]. For the convenience of understanding our high-order strategy
for the noise prediction, details of the HDCS-E8T7 will be given in the following.
Considering discretization of the inviscid terms,

E)LI 0E OoF oG

3% oy Tar - =0, 3.1)
and their semi-discrete approximation,
ol ~ g
a—?:—&fE—&?F—&fG. (32)

The discretization (515, (5}7 and 5I€ are the same, thus we only give the discretization in ¢
direction. The 6¢ of the HDCS-E8T7 is

256 A 1 -
%Ej= 175 (B2 Eiaa) = g (B = Ejoa)
1 = 1~ =
+100h( 27 Ejfz)_zm()h (E]‘+3_E]‘*3)/ (3.3)

where, Ej11/,=E(Uj11/2,6x,j11/2,8y,j41/2,8z,j41/2) and Ejom=E(Ujym,Cx,jtmsCy,jtmsCzjim)
are the fluxes at cell edges and at cell nodes, respectively. The numerical flux Ej.1/, is
evaluated by the variables at cell-edges,

. A . .
Eiz1/2=E(Ujt1 2, Ujs12,Gxj1/2,Gy,j01/2,62 41 /2) (3.4)
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where, l:I]-LjEl /2r LAI]Rﬂ /o are variables at cell-edge,

N

5 L ~rL 5 ~rL

14 ]
25 5 1
=535 (Ui +Uj) + 7 (Ujs2 +Uj1) = e (U +Uj—2)
25 15 5
o [6_4(uj+1 - uf)*@(um— Uj—1)— @(Um— U,‘fz)], (3.5)

where a <0 is the dissipative parameter controlling the dissipation of the HDCS-E8T?7.
The corresponding l:Ijlil /> can be obtained easily by setting « >0. Dissipative parame-
ter « has no influence on the accuracy of the HDCS-E8T7 scheme, however, it has effect
on resolution of the scheme. Comparing with the central compact scheme proposed by
Lele [7], Fig. 1 plots the modified wavenumber of the HDCS-E8T7 with different dissipa-
tive parameters. It may be noticed that the resolution of the HDCS-E8T?7 is approximately
spectral-like. According to the concept of Dispersion-Relation-Preserving (DRP) [31], the
HDCS-E8T7 has been optimized by adjusting the value of a. The optimized dissipative
parameter is equal to 0.3 [18], which will be adopted in this paper.

oln=2/3

—————— Exact

it HDCS-E8T7(0=-0.1)
— — — HDCS-E8T7(0=-0.2)
————— HDCS-E8T7(0=-0.5)
CCSN-8

CcC
Figure 1: Modified wavenumber of the HDCS-E8T7.

Seven-point stencil is used by the HDCS-E8T7, thus three levels of boundary and
near-boundary schemes are required for the left-side boundary nodes j=1,2,3 as well as
for the right-side boundary nodes j=N,N—1,N—2. The sixth-order scheme is used for
the near boundary j=3 and j=N -2,

~ 64 . A 2 ~ ~ 1 = -
Ei= 15 (Ejy12—Ej—1/2) — o (Ejy1—Ej—1)+ 1804 (Ej+2—Ej-2). (3.6)
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The fourth-order scheme is employed for the near boundary j=2 and j=N -1,

4 . 1~ =
Ej=3(Ejni2=Ej1/2) = o (Ejy1 —Eja). (3.7)

The fourth-order boundary schemes for j=1 and j= N are

~ 1 A . ~ ~ ~
i:6—h(48E3/2+16E5/2—25E1—36E2—3E3), (38&)

-1 . . _ _ _

Ef\, = T (48EN_1/2+16EN_3/2 —25EN—36EN_1 —3EN_2). (3.8b)

For boundary schemes, the fifth-order interpolations for j=3/2 and j=N—1/2 are

A 1
U, = 15 (35U +140Up — 70U+ 28Uy —5Us), (3.9)

A 1
Uy 1/2= 755 (35Un+ 140Uy -1 ~70Un—2+28Un—3~5Un-4), (3.9b)

synchronously, the fifth-order dissipative compact interpolations for j=5/2 and j=N—
3/2 are given by

3 A A 3 A
10 (=) U} )+ Ul o+ 10 (1+a)Uf 5,
3 1 3 3
=7 Ui+ Uj) + 55 (Ujra+Uja) +a [g (Ujr1 = Uj) + 75 (Uja = ujfl)} : (3.10)

For the computation of the viscous terms, the primitive variables, u, v, w, T, are first
differentiated to form the components of the stress tensor and the heat flux vector. The
viscous flux derivatives are then computed by a second application of the HDCS-E8T?7.

3.2 Time integration

For the test of scattering of acoustic waves by multiple cylinder, the equations are inte-
grated in time with the fifth-order five-stage Runge-kutta scheme [32]. With R denoting
the residual, the governing equation is

- - - ~ — - - .
ol 0 (9E, 9F, aC,\ S 9E oF aC
i_R_RJag*aq*ag)*] o oy o (3-11)

The fifth-order five-stage Runge-kutta scheme integrates from time f( (step n) to to+
At (step n+1) through the operations

_ 1 1
R'=AtR(U"), R2:AtR<U”+§AtR1>, R?’:AtR(u”JrZAtRZ), (3.12a)

_ 1 _ I
R4:AtR<U”+§AtR3>, RS:AtR<U”+§AtR4>, U+l =0"+ R, (3.12b)
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For numerical test on rod-airfoil configuration, the computational mesh is highly
stretched. The stability constraint of explicit time-marching methods is too restrictive and
the use of an implicit approach becomes necessary, then dual time stepping scheme [33]
with Newton-like sub-iterations [34] is employed. The second-order dual time stepping
scheme may be written as

3ur—4ur+un!
2At

(A ! +i>1+M(up)]Aup+1:—[r

AT AT +RUN|,  (313)

where M(U)=0R(U) /U, and 7 is pseudo-time. For the first sub-iteration, p=1, UP=U",
and as p— oo, UP —U" 1. The spatial derivatives in the implicit operators are represented
using standard second-order approximations whereas seventh-order discretizations are
employed for the residual.

3.3 Calculation of the grid metric derivatives

According to the study of Deng et al. [15], the SCL is satisfied automatically on uniform
meshes. However, the SCL may be dissatisfied on curvilinear meshes. If the SCL has not
been satisfied, numerical instabilities and even computing collapse may appear on com-
plex curvilinear grids during numerical simulation. In this subsection, we will discuss
the calculation of the grid metric derivatives according to the principle of satisfying the
SCL on curvilinear meshes. The conservative grid metric derivatives Eq. (2.2) have the
discretization form as

Ee=05((61y)2) — Sl ((6Fyy)z),  &=05((6mz)x) —oh((6h2)%),  E==0R((ohx)y) —oh((8552)y),
e =05 ((05)2) — 05 (0hw)z), 1Ty =05 ((05:2)%) — 05 (05y2)x), 1z = ﬁ((éﬁlmy)—éﬁ((aﬁlx)y)
o= ((05)2) =05 ((hw)z),  Cy=00((65,2)%) =35 ((02)x), o= ((855x)y) =35 (ol x >y>(3 ”
where 55, 5}71, 511 and 5IH, 5IH, 51611 are numerical derivative operators used for the metric

calculations in ¢, # and { coordinate directions, respectively. For the applications on
curvilinear meshes, finite difference scheme should satisfy the SCL which means I, =1, =
I;=01[15],

L= (8) 6] (1) +7 (£,

y—ég(Cy)‘HSW(Wy)"’(sg(gy) (3.15)
L =0f (&) +6] (1) +0; ().

In order to fulfill the SCL, the grid metrics should be calculated with a conservative
form by the same schemes used for flux derivative calculations, i.e., ; = Jy, to imple-
ment the CMM [15]. It has been proved in [15] that the CMM can be easily applied in
high-order schemes if the difference operator i of flux derivatives is not split, while it is
difficult to be applied in the schemes where the J; is split into two upwind operators as
5;’ and ¢; . Although the inner-level difference operators Jyj in the conservative metrics
have no effect on the GCL, the constraint éyy = dy; is recommended by Deng et al. [15].
More recently, the constraint iy = dp is explained from geometry viewpoint, and the
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symmetrical conservative metric method (SCMM) [35], which can evidently increase the
numerical accuracy on irregular grids is proposed. To eliminate the SCL errors on curvi-
linear mesh, here we calculate the grid metrics with a conservative form by the same
schemes used for flux derivative calculations, i.e., ; =y =dmr. Then explicit eighth-order
central interpolation is employed for é;; and éyp at interior nodes,

N

+49(Ujy3+Uj—2) —5(Uj14+U;_3)). (3.16)
At boundary points, the interpolations for é; and éyy are

Us,p = %(35U1+140U2—70U3 +28U,—5Us5), (3.17a)
Us/,= %(—5u1+6ou2+90u3—20u4+3u5), (3.17b)
Uy /p= % (3U; —25U, +150U3+-150U4 —25U5 +-3Us ), (3.17¢c)
Uy 1= 1;—8 (35UN+140UN_1 —70UN_2+28UN_3—5UN_1), (3.17d)
Un_3/2= 11% (—5UN+60UN_1+90UN_2—20Un_3+3Un_4), (3.17¢)
Uy 5,2= 2;—6 (BUn —25UN_1+150UN_2+150UN_3 —25UN_s+3UN_5). (3.17f)

4 Numerical tests

In this section, we will investigate the performance of the HDCS-E8T7 for aeroacous-
tic prediction on curvilinear meshes. A benchmark problem is used to demonstrate the
high resolution of the HDCS-E8T?7 for aeroacoustic prediction on curvilinear meshes, and
then this aeroacoustic prediction method based on the HDCS-E8T7 is used to handle the
realistic rod-airfoil configuration including multiple solid bodies. For the aeroacoustic
prediction in the far-field, the Ffowcs Williams-Hawkings (FW-H) integral method [36] is
employed. Finally, subsonic jet noise from nozzle is predicted.

4.1 Scattering of acoustic waves by multiple cylinder

The case examined here is specified in Category 2 of the Fourth Computational Aeroa-
coustics Workshop on Benchmark Problems. The source term on the right-hand side of
Euler equations (2.1) is applied to the energy equation only, it is specified as

S =exp[—2In2(x*+y?)]sin(87t). (4.1)

A cubic ramping function is added to the above Eq. (4.1) to gradually introduce the
source into computational domain over some finite amount of time at the beginning of
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Figure 2: Computed domain and mesh of two-cylinder scattering case.

2.5E-07 2.2E-06 4.1E-06 6.0E-06 7.9E-06 9.8E-06

N\

)

Figure 3: Root-mean-square value of the fluctuating pressure.

the computation. At the solid surfaces, the physical velocity components are found from
the contravariant velocity components by setting V =#,u+1,v+1,w at the surface equal
to zero and extrapolating for U=¢,u+¢,v+&;w on the surface using a fifth-order formu-
lation. The pressure and density at the wall are also calculated by using the fifth-order
extrapolation. At the far-field boundaries, sponge technique [37] is employed. The so-
lutions are advanced with the time step of 0.002 (125 time steps per source period) for
total 20,000 time steps, with mean values computed over the last 2,000 time steps. Fig. 2
shows the computational domain. Three meshes have been used to solve this problem.
The numbers of the 2D grid points are 469 x 409 (coarse), 721 x 685 (medium), 841 x 775
(fine).

Fifth-order five-stage Runge-kutta scheme [32] is used for the time integration, the
HDCS-E8T7 is employed to calculate numerical flux derivatives. Fig. 3 plots the root-
mean-square (RMS) value of the fluctuating pressure calculated by the HDCS-EST7. A
diffraction field is generated by the acoustic waves coming from the source, and the silent
zone behind the cylinder can be observed. In Fig. 4, the RMS value of the fluctuating
pressure on the surface of the cylinders calculated by the HDCS-E8T7 on the three meshes
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Figure 4: RMS fluctuating pressure on the surface of cylinders.

are plotted. Numerical solution approaches the analytic solution as the number of grid
points increase. On the fine mesh, excellent agreement between the analytic and the
numerical solutions has been acquired. It manifests high resolution of the HDCS-E8T7
for aeroacoustic prediction.

4.2 Sound radiated by a rod-airfoil configuration

This case is used to test the ability of the HDCS-E8T7 for aeroacoustic noise prediction on
complex geometry. The numerical results will be compared to experimental data of the
rod-airfoil reported by Jacob et al. [38]. Computations are conducted for the same con-
ditions as in the experiment, where the incoming Mach number is M =0.2, chord length
of the NACAO0012 airfoil is ¢ =0.1m, and the corresponding chord Reynolds number is
4.8x10°. The airfoil is located one chord downstream of a rod (diameter: d =0.1xc).
In this configuration, the rod wake that impinges the airfoil contains both periodic and
broadband turbulent disturbances. For the simulation of turbulent flow which has the
main responsibility for the noise radiated by this rod-airfoil configuration, the HILES [21]
based on the HDCS-E8T7 is employed. The far-field noise is calculated by applying the
Ffowcs-Williams and Hawking aeroacoustic analogy [36] to the FW-H integration sur-
face, and no volume integration is performed.

Fig. 5 outlines the computational domain, which contains approximately 16,000,000
grid points. For the comparison following, the sketch of locations in the measurement of
Jacob et al. [38] is also shown in this figure. The grid extends 3d in spanwise direction,
and the 2D grid is reproduced in span direction with 45 cells. Grid points are clustered
near the rod and airfoil surfaces, with the minimum normal spacing of 1.0x 10~° (normal-
ized by the reference length L,.r =0.1m). Highly stretched meshes are used in this test,
then dual time stepping scheme [33] with Newton-like subiterations [34] is employed
for the time integration. At the outer boundaries, far-field boundary conditions based
on the LODI approximation [39] and sponge technique [37] are prescribed. The no-slip
condition is invoked on the rod and airfoil surfaces, together with fifth-order accurate
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Figure 5: Sectional view of the computational domain (left) and sketch of the locations for the measurements
(right).
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Figure 6: Mean (left) and instantaneous (right) streamwise velocity contours.

approximations for the adiabatic wall and zero normal pressure gradient. At the span-
wise boundaries, periodicity condition is applied. The computations are advanced for
total 30,000 time steps, and flow statistics are collected for the last 20,000 time steps. For
periodic boundaries in the spanwise directions, flow statistics are averaged in z-direction.

To depict the flow field calculated by the HILES, Fig. 6 plots the mean and instanta-
neous streamwise (taken in the central plane of the computational domain) velocity con-
tours. It can be seen that the von Kdrman vortices in the rod wake impinge onto the air-
foil, and then partly split at the leading edge. Furthermore, many smaller structures can
be found in the rod turbulent wake. This multiple scale flow is dominated by the main
vortices which is the major feature of the rod-airfoil configuration. Comparing with the
experimental measurements [38], Fig. 7 shows the mean velocity normalized by incom-
ing velocity at two locations x/c=—0.255 and x/c=0.25. At the location x/c=—0.255,
the mean streamwise velocity near the center-line is under-predicted, which is consis-
tent with the over-prediction of the mean streamwise velocity near the wall at location
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Figure 7: Spanwise averaged mean streamwise velocity distributions at locations x/c = —0.255 (left) and
x/c=0.25 (right).
20 20
- Present B
--------- LES (Boudet et al)
o Experimental (Jacob et al)
15 15 Present
--------- LES (Boudet et al)
o Experimental (Jacob et al)
Q T
E 101 E 101
‘s ‘s

Figure 8: Spanwise averaged RMS value of fluctuating velocity at locations x/c=—0.255 (left) and x/c=0.25
(right).

x/c=0.25 since the flow predicted moves more slowly between the rod and airfoil. The
similar phenomenon is observed from the LES prediction of Boudet et al. [40]. Moreover,
as shown in Fig. 8, the predicted profiles of the RMS value of streamwise velocity at two
locations x/c = —0.255 and x/c=0.25 have good agreement with that from experimen-
tal data. This seems to indicate that the turbulence intensities are well predicted by the
HILES. Another evidence demonstrating the reliability of the HILES is the resolved en-
ergy spectrum behind the cylinder, which is given in Fig. 9. The resolved scales seem
to reach an inertial subrange, reasonably close to St~>/3 scaling [41]. St is the character-
istic Strouhal number defined as St = fd/U. with f being the frequency and U, being
the incoming velocity. The illustrated slope indicates that the HILES can reliably capture
the turbulence spectrum. Fig. 10 plots the iso-surface of the second invariant colored by
density contours. The second invariant Q is

Q= (jj+5;Sij) /2, (4.2)
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Figure 11: The SPL spectra at the location (x=0.68m, y=1.74m) calculated from the pressure perturbations.

where ;= (u;;—u;;)/2 and S;;= (u; ;+u;;) /2 are the antisymmetric and the symmetric
components of the curl of the velocity, respectively. Due to the fine resolution of the
HDCS-E8T7, we may see the details about the vortex structure. In Fig. 11, we present the
sound pressure level (SPL) spectra at the location (x =0.68m, y=1.74m) calculated from
the pressure fluctuations on the FW-H integration surface. The HILES predicts quite well
the peak frequency. Furthermore, the broadband spectrum is also well described around
the peak frequency. However, the spectrum on high frequencies is over-predicted, which
is similar to the LES results of Boudet et al. [40]. A possible explanation given by Boudet
et al. [40] for this phenomenon is that the dipole cancellation of some quadrupole terms
may be momentarily ineffective which could lead to more efficient sources. Nevertheless,
the good broadband sound is predicted by the HILES.
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4.3 Jet noise from nozzle

The nozzle considered here is the same as the one studied by Andersson et al. [42].The
diameter D; of the nozzle is 50mm. The Reynolds number based on the nozzle exit di-
ameter and the jet velocity at the nozzle exit plane, Rep is 5.0 x 10*. The acoustic Mach
number is M, =0.75. Simulation has been performed for the jet with exit static tempera-
ture T; equaling to the ambient temperature Tw, the inlet conditions for the simulated jet
are the same as that used by Tide et al. [43].

The computational domain used for the three-dimensional simulation is given in
Fig. 12. In order to minimize the effect of reflections at the domain outlet and far-field on
the predicted flow field, the sponge zone [37] is added at the domain outlet and far-field.
The domain extends 20 nozzle diameters downstream of the nozzle exit. The diameter
of the domain at the inlet is 10D, at the outlet is 20D; and the length of sponge zone is
40D;. The computational domain is discretized using a multi-block structured mesh with
about 1.8 x 108 cells. The computational mesh system is shown in Fig. 13.

At nozzle inlet, the static and stagnation pressure are specified. At the domain outlet,
i.e., at the downstream end of the sponge layer, static pressure is specified. For all free
boundaries, far-field boundary conditions based on the LODI approximation [39] and
sponge technique [37] are prescribed. The no-slip condition is invoked on the nozzle
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(a) Grid topology (b) Grid on the solid wall

Figure 13: Mesh system for the nozzle.
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Figure 15: Contours of instantaneous axial velocity.

Baseline Baseline
M=0.75
TAT,

Figure 16: Contours of mean axial velocity.

surface, together with fifth-order accurate approximations for the adiabatic wall and zero
normal pressure gradient.

The HILES based on the HDCS-E8T7 is used to predict the aerodynamic sources of the
jet noise in turbulence flow, however, is not suited for acoustic propagation due to the dif-
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Figure 17: Distributions of axial velocity along the centerline.
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Figure 18: Radial profile of velocity at different axial locations.

ferent numerical requirements of the aerodynamic and acoustic computations, especially
the efficiency. For the aeroacoustic prediction in the far-field, the FW-H integral method
is employed to calculate the far-field fluctuating acoustic pressure. Initially, steady state
calculations are run until the overall mass balance in the domain is less than 1% of the
mass flow rate through the nozzle. Then unsteady calculations are started. The computa-
tion is advanced with the time step At=4yus for total 30,000 time steps, and flow statistics
are collected for the last 20,000 time steps. The fluctuating acoustic pressure at several
receiver locations are then calculated using the FW-H integral method [36]. These receiv-
er locations are shown in Fig. 14. The time history of the pressure on the FW-H surface
is used as the input for the acoustic calculation. This surface is chosen large enough to
enclose all the acoustic sources, in this case, the shear layer.

To depict the flow field calculated by the HILES, Figs. 15 and 16 plot the instantaneous
and mean axial velocity contours, respectively. In Fig. 17, profile of mean axial velocity
along the center-line is compared with the computational and experimental data reported
by Andersson et al. [42]. It is shown that the potential core length, as well as the decay of
velocity after the potential core, are predicted better in the present simulation. Variation
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Figure 20: Sound pressure levels at observer locations.

of the axial velocity in the radial direction at three axial locations, namely, x/ D]- =1,2.5,5
is shown in Fig. 18. Comparing with the solutions of Andersson et al. [42], our HILES
predictions are in good agreement with the experimental data, especially at the locations
x/D;=2.5,5. Fig. 19 plots RMS values of the fluctuating velocity normalized by mean jet
velocity at the nozzle exit plane. Comparing with the experimental data, the locations of
the peaks in 1,5 and v,,s profiles are well predicted by present investigation. However,
the HILES calculations predict very low levels of turbulence in the region x/D; <6, which
is the location of the potential core. The same phenomenon is observed by Andersson et
al. [42]. Fig. 20 shows a comparison between predicted and measured overall sound
pressure levels (OASPLs) at the observer locations. Encouraging agreements between
the present computational data and experimental data [42] can be observed.

5 Conclusions

The performance of the HDCS-E8T7 has been investigated using three typical cases on
multi-block structured meshes for aeroacoustic prediction in subsonic flow. According
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to the solutions of the scattering of acoustic waves by multiple cylinder, it is clear that
the HDCS-E8T7 has high resolution for the aeroacoustic prediction. Numerical results of
the sound radiated from a rod-airfoil configuration indicate that the HILES based on the
HDCS-E8T7 can reliably capture the noise radiated by turbulent flow, and the potential of
the HDCS-E8T7 for aeroacoustic prediction on complex geometry is shown. Comparing
with the LES results and experimental measurements, the mean velocity as well as RMS
profiles of streamwise velocity given by the HILES are reasonable. The reliability of the
HILES is also demonstrated by the illustrated slope of resolved energy spectrum behind
the cylinder. For the jet noise prediction, the present computational results show encour-
aging agreement with the measurements. The potential core length, as well as the decay
of velocity after the potential core, are predicted well in the present simulation. Further-
more, predicted sound pressure levels are in excellent agreement with the experimental
data.

The HDCS-E8T7, which can satisfy the GCL and has good performance in simulating
three typical aeroacoustic problems, is further expected to successfully predict aeroacous-
tic noise on complex geometry. In the future, more efforts will be done to show the ability
of the HDCS-E8T7 in handling aeroacoustic problems on complex geometry.
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