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SUMMARY

Nonlinear characteristic boundary conditions based on nonlinear multidimensional characteristics are
proposed for 2- and 3-D compressible Navier—Stokes equations with/without scalar transport equations.
This approach is consistent with the flow physics and transport properties. Based on the theory of
characteristics, which is a rigorous mathematical technique, multidimensional flows can be decomposed
into acoustic, entropy, and vorticity waves. Nonreflecting boundary conditions are derived by setting
corresponding characteristic variables of incoming waves to zero and by partially damping the source
terms of the incoming acoustic waves. In order to obtain the resulting optimal damping coefficient, analysis
is performed for problems of pure acoustic plane wave propagation and arbitrary flows. The proposed
boundary conditions are tested on two benchmark problems: cylindrical acoustic wave propagation and
the wake flow behind a cylinder with strong periodic vortex convected out of the computational domain.
This new approach substantially minimizes the spurious wave reflections of pressure, density, temperature,
and velocity as well as vorticity from the artificial boundaries, where strong multidimensional flow effects
exist. The numerical simulations yield accurate results, confirm the optimal damping coefficient obtained
from analysis, and verify that the method substantially improves the 1-D characteristics-based nonreflecting
boundary conditions for complex multidimensional flows. Copyright © 2009 John Wiley & Sons, Ltd.
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MULTIDIMENSIONAL NONREFLECTING BOUNDARY CONDITIONS 25

1. INTRODUCTION

For computational efficiency and affordability purposes, the use of a sufficiently small compu-
tational domain is often required for flow simulations of physical and engineering interest. This
necessitates the introduction of artificial computational boundaries. In order to obtain an accurate
time-dependent numerical simulation of the flow, spurious nonphysical wave reflections from the
artificial boundary need to be minimized. Several techniques for the creation of artificial computa-
tional boundaries have been developed, namely linearized boundary conditions, absorbing layers,
and nonlinear characteristic boundary conditions. The readers are referred to informative reviews
[1-4] on the subject. In this paper, nonreflecting boundary conditions for nonlinear multidimen-
sional general flows are developed based on a rigorous mathematical technique. The proposed
boundary conditions are consistent to the flow physics and thus minimize the spurious wave
reflections from the artificial boundaries.

The theoretical basis for nonreflecting boundary conditions was set by Engquist and Majda [5, 6].
They developed a systematic pseudo-differential operator technique to exactly annihilate outgoing
waves so as to construct a hierarchy of local nonreflecting boundary conditions for linear systems.
All these local approximations for exact boundary conditions using the polynomial or rational
function approximation, together with other boundary conditions [7, 8], give very accurate solutions
for linearized multidimensional flows, e.g. the classical wave equation. However, there is apparently
no extension for the nonlinear multidimensional flows and, thus, they are not suitable for the
nonlinear multidimensional flows. For the absorbing layer approach, including the techniques of
a perfectly matched layer [9, 10], Freund’s buffer zone [11], and fringe methods [12], modified
governing equations are considered in the adjacent regions of the artificial boundaries, which adds
additional computational costs. Although some of them give good results for specific problems,
they generally have many free parameters, which need to be carefully tuned for new problems in
order to obtain satisfactory solutions. Furthermore, their extension for nonlinear multidimensional
flows are not straightforward and need further investigation. On the other hand, Poinsot and Lele’s
nonlinear 1-D characteristic boundary conditions [13] remain widely used in compressible flow
simulations due to simplicity and robustness and have been proven very useful, although they
generate strong spurious reflections for realistic nonlinear multidimensional flows.

The main idea of Engquist and Majda’s nonreflecting boundary condition is ‘the characteristic
variables corresponding to incoming characteristic curves are constant’ for linearized systems [14].
Hedstrom [14] extended it to the 1-D nonlinear system based on 1-D nonlinear characteristics. This
1-D approximation of characteristic boundary conditions was further extended to multidimensional
Euler equations by Thompson [15, 16]. Poinsot and Lele [13] extended Thompson’s approach to the
multidimensional Navier—Stokes equations and obtain the well-known Navier—Stokes characteristic
boundary conditions (NSCBC). This approach makes the locally 1-D inviscid (LODI) assumption
such that the waves are normal to the artificial computational boundary. The NSCBC has been
extended to multicomponent perfect gas reactive flows by Baum et al. [17] and Moureau et al. [18],
multicomponent real gas mixture by Okong’o and Bellan [19], and generalized coordinates by Kim
and Lee [20, 21]. For the 1-D flows, NSCBC gives the exact boundary conditions. However, for the
nonlinear multidimensional flows, it generates strong spurious wave reflections of pressure, density,
velocity, and temperature from the artificial boundaries, especially for the outflow boundary, where
complex flow structures exist and the nonlinear multidimensional effects are strong. These spurious
wave reflections result from three shortcomings of the LODI approach for the actual nonlinear
multidimensional flows: the use of 1-D characteristics, the consideration of characteristics only
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26 Q. LIU AND O. V. VASILYEV

in the direction normal to the boundary, and the treatment of the transverse derivatives as source
terms without any modification.

Various techniques, mostly in the context of 1-D characteristics, have been proposed to remedy
the above-mentioned shortcomings for multidimensional flows. Nicoud [22] discussed the impor-
tance of the transverse terms for several approaches. Sutherland and Kennedy [23] recognized the
inclusion of the chemical source terms in the LODI approach for reacting flows. This treatment
allows flame propagation through the boundary without drastically affecting the solution on the
interior. Prosser [24, 25] improved LODI approach for low Mach number flows using asymptotic
analysis. Yoo et al. [26] and Yoo and Im [27] improved the LODI approach by incorporating the
transverse terms to the characteristic wave amplitudes and by accommodating a relaxation treat-
ment for the transverse gradient terms. It should be stressed that this approach works only for low
Mach number flows and is invalid for general flows. First, the relaxation treatment is analogous
to the approach of Rudy and Strikwerda [28], which was used to maintain pressure around a
prescribed ambient value. This analogy does not hold for general flows, since the so-called desired
steady value of incoming wave amplitude does not exist any more. Second, the corresponding
relaxation coefficient was determined by the low Mach number asymptotic analysis. However, as
indicated by the authors themselves, the approach of Yoo and Im [27] is far from ideal for high
Mach number flow cases limit due to the inherent low Mach number assumptions. Lastly, there
is no rigorous mathematical and/or physical reasoning in their definition of characteristic wave
amplitudes by incorporating the transverse terms into 1-D characteristic wave amplitudes. This
definition is mainly from the analogy and numerical tests for low Mach number flows. Liu [29]
implemented the LODI approach in the oblique direction successfully for acoustic problems by
implicitly calculating the local acoustic wave propagation direction. However, its straightforward
extension for general flows does not seem to exist.

It is needed to point out that all of the above-mentioned improved methods possess the inherent
limitations of 1-D nonlinear characteristics for multidimensional general flow simulations. In order
to develop a consistent approach for nonlinear multidimensional general flows, it is natural to
explore nonreflecting boundary conditions based on nonlinear multidimensional characteristics.
For the details of the nonlinear multidimensional characteristics, we refer the reader to the classical
computational gasdynamics textbook of Laney [30] and the note by Deconinck [31].

To minimize the spurious reflections for the nonlinear multidimensional flows, the nonlinear
1-D characteristic boundary conditions are extended to those based on nonlinear multidimensional
characteristics. It should be stressed that the previous studies work only in low Mach number limit,
while our approach is valid for general flows. In contrast to the methods mentioned above, our
approach is based on the rigorous mathematical analysis for general flows, which is consistent with
the flow physics. The definition of the characteristic wave amplitudes comes from the rigorous
multidimensional characteristic analysis. Note that the present approach and the method discussed
in References [26, 27] coincide with the low Mach number limit.

The 1-D characteristic analysis is straightforward while the multidimensional characteristic
analysis is complicated but physical. The complexity and numerous free parameters arise for the
multidimensional characteristic analysis. It is well known that the waves behave much differently
in multi-dimensions than they do in one dimension. In 1-D flows, waves can propagate in two
directions, left or right, and thus it is easy to identify the incoming waves. In contrast, waves may
travel in infinite number of directions for multidimensional flows. A simple wave separation can
be done easily for 1-D flows, which becomes impossible for multidimensional flows, since two
Jacobian matrices do not commute and thus are not simultaneously diagonalizable. Characteristic
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MULTIDIMENSIONAL NONREFLECTING BOUNDARY CONDITIONS 27

variables are constant along characteristics for 1-D flows, which may not be true for multidimen-
sional flows due to source terms. Although the complexity arises for the multidimensional wave
analysis, multidimensional characteristics are consistent with the physics of flows and transport
properties, when the flows are strongly multidimensional. In this paper, the 1-D characteristics
approach is extended to the nonlinear multidimensional characteristic method. This new approach
will be tested for two cases: oblique acoustic propagation and nonlinear wake flows. For the former
case, which is a linear flow, Engquist and Majda’s approach [5, 6] generates very accurate results.
However, since the study of this paper is for nonlinear multidimensional general flows, this case,
together with the latter case, is used to verify that the new approach significantly improves the
nonlinear 1-D characteristic approach for multidimensional compressible general flows.

The rest of the paper is organized as follows. In Section 2, the multidimensional characteristic
analysis is presented, 2-D characteristic boundary conditions are proposed, and optimal damping
coefficients are derived for acoustic waves and general flows using mathematical analysis and phys-
ical argument. Numerical simulations of two benchmark problems on the cylindrical acoustic wave
propagation and the flow around a cylinder generating strong periodic vortices in the wake region
with complex flow structures are discussed in Section 3. Appendices provide other characteristic
boundary conditions for 2- and 3-D flows, reactive flows, and the transport properties.

2. NONREFLECTING BOUNDARY CONDITIONS BASED ON
MULTIDIMENSIONAL CHARACTERISTICS

2.1. Governing equations

The governing nondimensional Navier—Stokes equations for viscous compressible flows are

0 om;
Lo (1)
ot 8x,~
8mi 0 ap 1 a‘L'ij
= (mu)——L Y 2
o = o, T o Y Rey ax, @
% % fet it —— L (g + L= ( aT) 3)
—=——(e uj —uitij)+—"— | u—
ot 5Xj Lo Re, axj‘ t Re, Pr 8xj 'uaxj'

where

Ou; Ouj 2 0ug 1 p
p=pT/y, tij=pu|—+ —CEs ). oy
PT/y i 'u<6xj ox; 3 0xi Y ¢ ZpM,u, y—1

p is the density of the fluid, w=(u, u, u3) is the velocity, m ; = pu ; is the mass flux, p is the pres-
sure, 7;; is the shear stress tensor, u is the coefficient of temperature-dependent dynamic viscosity
of the fluid, e is the total energy, T is the absolute temperature, and y=cp/cy, Re,=pocoL/ is
the acoustic Reynolds number, and Pr =cj/k is the Prandtl number. The variables of velocity,
length, time, energy, density, pressure, viscosity, thermal conductivity, and temperature are, respec-
tively, nondimensionalized by the reference speed of sound co, characteristic length L, L/cy, c(z),

the reference density p, poc(z), the reference viscosity p, tocp,, and the reference temperature 7Tp.
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28 Q. LIU AND O. V. VASILYEV

For efficiency and accuracy purposes, appropriate nonreflecting boundary conditions are required
in addition to the governing equations for a relatively small computational domain.

2.2. Nonlinear multidimensional characteristics

Let us start the discussion of nonlinear multidimensional charactgristics for 2-D flow simulations in
a relatively small computational domain Q= [x]™", x{"**] x [x3"", x;"**]. The 2-D Euler equations

for primitive variables can be written in the vector form as follows:
0 0 0
YA g M &)
ot 5)61 5)62

where w=(p uj ur p)7 is the vector of the primitive variables and the Jacobian matrices A and
B are:

Cuy  p 0 07 fury O 0 07
1
0 u 0 - 0 u O 0
A= P, B= o o 1
0 0 u 0 5
| 0 pc2 0 wuid L0 O pc2 uy_|

where ¢=T"'/? is the normalized local speed of sound. The nonlinear Euler equations can be
rewritten in the most general [30] or limited [32, 33] characteristic forms by using the theory of
characteristics. Note that all of the characteristic forms are mathematically equivalent to the vector
form of Euler equations. These characteristic forms represent the physical interpretation of the
mathematical equations for the nonlinear multidimensional flows. In this paper, one of the simplest
nonlinear multidimensional characteristic forms is considered for simplicity purpose.

Based on the theory of characteristic, the physically relevant simple waves and their orientation
can be determined [32, 33]. This leads to a straightforward and algebraically simple multidimen-
sional characteristic decomposition of four waves: two acoustic waves, one vorticity wave, and one
entropy wave. 1-D wave modelling of classical nonreflecting boundary conditions is inconsistent
with flow physics. In contrast, this multidimensional wave analysis is consistent with the physics
of flows and transport properties, and thus describes the multidimensional flows physically. The
multidimensional characteristic form of Euler equations for an arbitrary unit vector = (ny,, ny,),
can be written as [30, 32, 33]:

vy

E—i—MVvl:—C(nxz, —ny,)- Vo3 &)
ov
—Z 42 Vi =0 ©)
ot

0v3 1

K‘FM'VW:—;("M,—”M)'VP @)

O0vy

E+X4-VU4=—C(M2, —ny)-Vu3 (8)
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MULTIDIMENSIONAL NONREFLECTING BOUNDARY CONDITIONS 29

where the characteristic variables are defined as

1 1
dvj=—fi-du+—dp, dvy=dp——dp )
pc c
1
dv3= (1, —ny))-du, dvg=h-du+—dp (10)
oc

and the vector characteristic velocities (eigenvalues)
AM=u—cn, l=u, I=u, Ml=u-tcn (11)

To avoid confusion, more details on multidimensional characteristics need to be explained here. As
in the 1-D characteristic form, dv; denotes the variation of v;. However, in general, the differential
Equations (9) and (10) for the characteristic variables are not fully analytically integrable, because
p and c are not constants. Although the characteristic variables v; are not always analytically
defined, their variations dv; are defined. This means that no ordinary differential equation governs
the characteristic variable along the characteristic line or surface and, thus, one cannot simply
integrate the ODE along the characteristic line or surface to obtain the characteristic variables.
Therefore, the variations of the characteristic variables are considered and the coupled partial
differential equations must be integrated instead.

To obtain the appropriate nonreflecting boundary conditions, the problem becomes how to
analyze the four waves separately. It is easy to handle entropy, vorticity, and transport waves as
discussed in Appendix A.3, because they are convected by the known velocity u. In contrast, it is
rather complicated to analyze the two acoustic waves. Actually, most of the spurious reflections
stem from these two waves because it is difficult to mimic these two physical waves at the artificial
boundaries. Theoretically, the local direction of the acoustic waves can be determined by solving
(nx,, —nyx,)-Vv3=0. However, in practice, this process introduces complications and, for general
flows, it is impossible to find any direction to satisfy the condition (ny,, —ny,) - Vv =0. The source
term can be rewritten in the quadratic form

ouy 4 Our  Ouy Ouy
(nxzv_nxl)'VUBZ a_)Cln)Q_ gl"f_a_m nxlnx2+6—mnxl
11 —€12 || Nxy
=[nx, nyl (12)
—é&21 €22 Ny,
—_———
Nij

where the shear-strain rate is defined as ¢;; = %(6”,’ /0xj+0uj/0x;). Note that both tensors #;; and
&;j are symmetric and they share the same set of real eigenvalues. The symmetry also implies that
there is a set of principal axes. The local direction of the acoustic waves can be determined only if
the matrix has both positive and negative eigenvalues. However, for general flows, (ny,, —ny,)-Vv3
is the positive definite or negative definite if the eigenvalues of the matrix are positive or negative,
respectively. This means that the shear-strain rate contracts or expands in both the principal axes.
Therefore, for general compressible flows it is not always possible to determine the local direction
of the acoustic waves that completely eliminates the source terms.

Note that all the scalar transport properties, such as vorticity, discussed in Appendix A.3,
have relatively small reflection by using either the 1-D or the multidimensional characteristic
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30 Q. LIU AND O. V. VASILYEV

boundary conditions. The reason is that the acoustic source term does not appear in their
governing equations and, although there is spurious velocity reflection, the scalar properties are
convected out of the computational domain with modified convection velocity. In contrast, the
acoustic source term does appear in the governing equations of density, pressure, temperature,
and velocity. Therefore, the LODI approach with inherent 1-D characteristics generates strong
spurious reflections for them. So, the key to mimic the physical phenomena and minimize the
spurious reflection from the artificial boundaries is to properly modify the source term (nx,, —ny, ) -
Vu3 and obtain the effective source term in addition to the multidimensional characteristic
approach.

2.3. 2-D Characteristic boundary conditions

Without loss of generality, let us consider the right boundary condition at x; =x{"*. Since the
normal unit vector n is arbitrary, a simple n=(1,0) can be reasonably chosen for the outflow
boundary. This selection makes the formulation simple and identifying the incoming and outgoing
waves easy. Then, the above formulations reduce to

0 0
V=2 (13)
ot 6x2
0
22 V=0 (14)
ot
0 10
2 s Voy=— L (15)
ot 1% 0x)
0 0
T4 - Vug=—c 22 (16)
ot 5}62
where
1 1 1
dvy=—du;+—dp, dv2=dp——2dp, dv3=—dusz, dvg=du;+—dp (17)
pc c pc

and the vector characteristic velocities (eigenvalues)
M=@i—c,uz), l=i,uz), h=(ui,uz), I=(ui+c,uz) (18)

The left-hand sides of this characteristic form are the waves along the characteristics. The right-
hand sides are the source terms. When dealing with the source terms, Thompson [15, 16] just put
them into the equation without any modification.

Owing to the source terms, the characteristic variables may not be constant along character-
istics. This means that for the incoming waves in the outflow boundary, /| -Vv; is nonzero for
multidimensional flows and as a consequence cannot be determined, mainly because it comes from
unavailable incoming waves. However, its effective contribution can be modeled with an optimal
coefficient for the transverse term. Equivalently from the mathematical viewpoint, if A;- Vv is set
to zero as usual, only part of the source term cdu;/0x; effectively contributes to the term dv;/0t.
Thus, in order to obtain appropriate nonreflecting boundary conditions, the source terms of the
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incoming acoustic wave must be partially damped as follows:

? ?
Dby Vo =—fre5o (19)
ot O0xo
8
A V=0 (20)
ot
2 10
5 4y Vs = -2 @1)
ot 0 0x2
2 2
g Vo= — e 22 (22)

ot Oxo

Nonreflecting boundary conditions are obtained by setting the corresponding damping coefficient to
unity for outgoing waves while for incoming waves, setting the corresponding damping coefficient
to some value between zero and unity and the magnitudes of incoming waves to zero. This
approach is consistent with the fact that only part of the source terms effectively contribute to
the characteristic variables along the characteristics for incoming waves. Therefore, the key part
of the proposed approach becomes how to set the damping coefficients for incoming waves. For
the oblique plane acoustic waves, their optimal values are analyzed in details in Section 2.4
and numerically verified in Section 3.1. For general flows, their optimal values are estimated in
Section 2.5 from a physical viewpoint and numerically tested in Section 3.2 for a flow around a
cylinder with strong shedding vortices.

2.4. Acoustic plane wave analysis

All 1-D characteristic boundary conditions are exact for the normal waves. However, a strong
reflection can be seen for the case of oblique waves due to the inherent 1-D wave modelling. For
practical flow simulations, the method should have only slight reflection for a wide spectrum of
angles of incidence. In this section, the plane wave propagation is analyzed in the context of the
proposed scheme. Since, in this case, exact solutions exist for the physical domain, an exact 8|’
value for an angle of incidence and an optimal 8, value for a range of the angles of incidence
can be obtained analytically. The rigorous analysis is used to demonstrate the critical roles that
the multidimensional characteristics and optimal coefficients play in our approach. Without loss
of generality, the right boundary at x; =x{"** is used to illustrate the analysis. For acoustic wave
propagation problems, the acoustic wave dominance is assumed.

2.4.1. Exact solution in the physical domain. The governing equations of acoustic wave propaga-
tion problem in the physical domain can be derived by linearizing Equations (13)—(16) around the
mean flow with velocity (M, 0), where M <1 is the inflow Mach number. The resulting linearized
Euler equation is

o0vy ouy
—+WM—-1,0)-Voy=——— (23)
ot 0x7
ovy
< T (M.0)- V=0 (24)
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0 0

2 (M,0)- V=L (25)

ot 0x7

0 0
ﬁ—i—(M-H,O)'VM:—ﬂ (26)

ot (3xz

where

dvi=—du;+dp, dvy=dp—dp, dvz=-—dur, dva=du;+dp 27

Note that all of these variables are perturbation quantities and the normalized local speed of sound
c=1.
The plane acoustic wave has the exact solution of the general form

p=p, uj=coslp, wur=sinfp (28)
where the perturbation pressure p is an arbitrary function of 7,
n:t—f-[x—(M, 0)t]=(1+M cos 0)t —cos 0x| —sin Ox; (29)

the unit vector [ = (cos 0, sin 6) represents the plane wave propagation direction, 0 €[—n/2, /2]
or [—90°,90°] is the angle of incidence for the outgoing wave, and x=(x,x7) is the position
vector. Note that this exact solution satisfies Equations (23)—(26) in the physical domain, which
can be verified by directly substituting them into the linearized Euler equation.

2.4.2. Nonreflecting boundary conditions. For the artificial boundary at x; =x{"* in the computa-
tional domain, nonreflecting boundary conditions are solved. These nonreflecting boundary condi-
tions come from the linearized Euler Equations (23)—(26) by just modifying the first equation
representing a incoming wave. By setting the magnitudes of the incoming waves to zero, the first
equation reduces to:

ovr
= th

Ous

oxy
It has been mentioned that the exact solution satisfies Equations (24)—(26). However, the exact
solution does not satisfy the modified equation for any incident angle if a specific ; is used.
Thus, the error arises from this modified equation. If these solutions satisfy the modified equation

exactly, then nonreflecting boundary conditions yield the exact solution. Therefore, it is useful to
analyze the modified equation for the exact solution.

0 (30)

2.4.3. Exact damping coefficient for an incident angle. Substituting the exact solution into the
left-hand side of the modified equation yields
Juy dp

vy _
i LA 31
ot +h oxo  dpy 6D

where the amplification factor

AM, By, 0)=(1—cos 0)(1+M cos 0) — i} sin* 0 (32)
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Note that the amplification factor A is symmetric with respect to 0, ie. AM, B, —0)=
A(M, B, ,0). In general, the amplification factor is not zero, which means the modified equation
generates some error.

An exact damping coefficient can be found for a specific incident wave by solving A=0. The
corresponding exact damping coefficient becomes

_(1—cos€)(1+McosH)_1+McosH_M+ 1-M
N sin2 0 " l4cosf 14cos 0

By (33)
This implies that the exact damping coefficient is different for different angles of incidence
of a plane wave with an arbitrary shape and that, for all angles of incidence 0e[—n/2, /2],
By €[(1+M)/2,1]. This narrow band of the exact damping coefficient is verified in Figure 1 for
different mean flows. The narrow band suggests that it is possible to choose a certain value in the
middle of the range such that the error is minimized. Particularly, when M is large, the range is
very narrow and thus the value can be easily determined.

For simplicity in the numerical simulation, a fixed damping coefficient 8| can be used for all
incident angles. For this fixed value, it is useful to consider the corresponding magnitude of ampli-
fication factor A. Figure 2 shows the errors for respective (M, ;) =(0,0.6), (0.2,0.75), (0.6,0.9),
and (0.8, 0.96) for different angles. It suggests that the error is very small in a very large range. For
example, (M, ;) =(0,0.6), (0.2,0.75), (0.6,0.9), (0.8,0.96) gives good results for [-60°,60°],
[—70°,70°], [—80°, 80°], and [—90°, 90°], respectively.

2.4.4. Optimal damping coefficient for a range of incidence angles. In some physical and numerical
problems, most or all of the waves have angles of incidence between zero and a maximum value
Om. It is sufficient to minimize reflections for these incident waves. To find the optimal damping

Exact B for different angles of incidence

0.95
0.9 1
0.85
0.8
@ 0.75F
0.7t

0.65
0.6
0.55

0.5 ot UL . - : ’ . ’
0 10 20 30 40 50 60 70 80 90
6 (degree)

Figure 1. Exact 8] for different angles of incidence.
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Amplification factor
0.4 T T T T

0.35

031

0.25
02r1

0.15
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-0.05 . ; : . .
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6 (degree)

Figure 2. Amplification factor for different M and f8] values.

values, the following least-square error need to be minimized:

Om
I(By. M, 0n) =/ [(1—cos 0)(1+M cos 0)— B} sin® 0> do

()m
elﬂ

=2/ [(1—cos 0)(1+M cos 0)— B} sin 0> do (34)
0

where 0y, is a prescribed parameter. Taking the derivative 01 /0f =0 gives the corresponding
optimal 8 value for this optimization problem

fOO’” (1—cos 0)(1+ M cos ) sin*> 6d6

BP(M, 0,,) =
: S sin do

(35)

which reduces to

(4—M)0, —2 sin (20,,) — 3(1— M) sin? 6,, + (M /4) sin(46,,)
30, —2 sin(20,,) + 7 sin(40,,)

p %= (36)

The optimal 8 values for different angles and some selected M values are shown in the left
column of Figure 3. The corresponding maximum amplification factor can be calculated as

Amax(M,@m)zee[glaX |AM, B, 0)] (37)
The maximum amplification factor for different ranges of angles and for few selected M values
are shown in the right column of Figure 3. The figure can be interpreted in the following two
ways.
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Optimal B value Maximum amplification factor
1 0.25
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015
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<
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Figure 3. Optimal f8;" value (a) and maximum amplification factor and (b).

Consider the situation that waves with angles of incidence between —0,, and 0,, are of interest.
As an example, 0, =60°. Figure 3 can be interpreted using Figure 3(a) and (b) as an example for
M =0. From Figure 3(a), the selection of ﬁ;0pt=0.6 can be found for 0,, =60°. This means that
small errors are resulted for the reflected waves. Then look up Figure 3(b) for 6,, =60° and find
that the corresponding maximum amplification factor is less than 0.05. For M =0.2, 0.6, and 0.8,
the optimal ﬁ]_()pt values can be found to be 0.68, 0.84, and 0.92, respectively. The corresponding
maximum amplification factor is 0.035, 0.018, and 0.008, respectively. These maximum errors
may be sufficient for some practical multidimensional flow simulations.

Consider another situation that the maximum amplification factor is prescribed for accuracy. As
an example, Apax =0.05. Figure 3 can be interpreted using Figure 3(a) and (b) as an example for
M =0. From Figure 3(b), 6,, =60° can be found. Then look up Figure 3(a) for 6,, =60° and find
the optimal ﬂl_°pt=0.6. For M =0.2, 0.6, and 0.8, the maximum angles 0,, can be found to be

approximately 68, 75, and 90°, respectively. The corresponding optimal ﬁ;oPt values can be found
to be 0.72, 0.87, and 0.953, respectively.

2.5. General flow analysis

Unlike the plane acoustic waves, the closed-form solution does not exist for arbitrary flows in
general. This difficulty make it impossible to perform the similar rigorous analysis for arbitrary
flows. However, for flows with hydrodynamic waves much stronger than acoustic waves, the
optimal ﬁfomzul /c is proposed where ¢=T"/? is the normalized local speed of sound. This
proposed value is based on analysis in physical viewpoint as follows and in addition on numerical
simulations in Section 3.2.

2.5.1. Nonreflecting boundary conditions. Without loss of generality, the outflow boundary at
x1 =x]""" is used to illustrate the analysis. The general flows are governed by Equations (13)—(16)
in the physical domain. For the artificial boundary at x; =x{"* in the computational domain,

nonreflecting boundary conditions are solved. These nonreflecting boundary conditions come from
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the governing equations (13)-(16) by just modifying the first equation representing an incoming
wave. For supersonic flows, Equations (13)—(16) do not need any modification. For subsonic flows,
Equation (13) needs to be modified. By setting the magnitudes of the incoming wave to zero,
Equation (13) is replaced by

ovy Ouy

—=—fic— 38

a- 0xa %)
and the remaining three equations are untouched. The optimal damping coefficient in the modified
equation needs to be set to minimize the spurious reflection.

A mathematically equivalent approach is to consider the sum and difference of the two acoustic

wave Equations (16) and (38). The equivalent equations become

2 dp Juy  uj+c dp __ Oup ou; 1 ap)

it g _MTeer g 2 (P 39

TR L v wl SR “2<ax2 ¢ 0% 39)
Oup Ouy  uy+c dp _ Oup duy 1 dp

M _ G M7 gy, (2 P 40
TR ol N L R L ”2<ax2+pcax2 (40)

Owing to the inherent difficulty of analysis for arbitrary flows, we perform the analysis for different
flow regimes: M <1 and (1 —M)< 1. The rest of this section is used to give some physical
argument for the estimation of the optimal value of f3; .

2.5.2. Lower Mach number flows. For compressible flows, the variations of pressure and velocity
are of O(M?) and O(M) [34], respectively. For lower Mach number flows, orders of all terms in
Equation (39) can be analyzed. The terms (u1+c)du;/0xy and (1+f;)cduz/0x, are of O(M)
while the rest terms are of O(M?). Hence, the two leading terms (u;+c)du;/0x; and (1+
B )cduz/0x; need to balance each other.

Equations (1) and (6) give the relation

IS P 41
0xa 0x; pc? Dt 0x1 @1

since Dp/Dt is of order O(M?). Therefore, the balance gives the optimal damping coefficient
By =u1/c (42)

As expected from this analysis, f; =u/c gives good results for the lower Mach number region
M <0.3.
For a low Mach number flow, Yoo and Im [27] performed an asymptotic analysis, yielding the
modified LODI boundary condition for the incoming wave
IR (43)
ot 0x2
This approximation is consistent with the proposed optimal value of | =u;/c. However, the
analysis of Yoo and Im is still based on 1-D characteristics and, as a result, numerical simulations
were performed only for a very lower Mach number M =0.05. In this limit, our approach coincides
with the approach of Yoo and Im. As a consequence, the results reported in Reference [27] could
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also serve as quantitative demonstration of the improvement of our approach in the low Mach
number limit. On the other hand, for the high Mach number flows it is hard to differentiate the
acoustic wave from flow field, which in turn could be modified by the spurious waves reflected
from the computational boundaries. Therefore, it is hard or even impossible to provide unbiased
quantitative measure of the spurious wave reflection for high Mach number flows.

2.5.3. High Mach number flows. For supersonic flows with u;/c>1, Equations (13)-(16) do
not need any modification. When u/c=1, they are still valid and Equation (39) with | =u;/
c=1 exactly describes the flow. Denote the corresponding exact solutions as those with ~ and
Equation (38) becomes

o 1 0p o
oy 1 op_ o )
ot pc ot 0x2
For transonic flows with #1/c¢>0.7 the variables can be decomposed as
ui=i1+eul+ 0@, ur=do+eus+0(?), p=p+ep*+0(?) (45)

where ¢ < 1. Substituting Equation (45) into Equation (38) yields

(46)

Since the right-hand side is of O (¢), 1 — | = O (), which suggests that either f; =u;/cor ;7 =M
can be used for the damping coefficient.

2.5.4. General subsonic flows. The above two cases suggest that ;" =u1/c can be used as optimal
damping coefficient for general subsonic flows. This assumption was verified only numerically as
discussed in Section 3.2. In addition, some physical insights can be obtained by considering an
alternative form of Equations (39) and (40)

2 dp _ Ouy 1 op (au1 1 ﬁp) 1+p, Dp

S (- -1_ el SR (et BTN ) LS Wt 47

pc Ot (w1 =h, C)axl (u1+c)pc 0x1 "2 ﬁxz+pc 0x7 + pc Dt “7)
Ouy _ Ouy 1 dp (6u1 1 81)) 1-p, Dp

2 . — P — 7 =P 48
ot (r+pro (u1+¢) c 0xq ! ze_l_pcé’xz + pc Dt (48)

where Dp/Dt=0 for convection dominant flows. The choice ﬁl_()pt:u]/c makes acoustic or
source terms partially annihilating each other. When ¢~ 1, | =u; can be used. For simplicity,
the mean flow Mach number M can be used for ﬂl_. However, the numerical solutions in Section 3
demonstrate that f” =u1/c gives better results.

For low Mach number flows, the proposed approach and that in Reference [27] coincide and, not
surprisingly, result in the same optimal coefficient. For general Mach number flows, however, it is
impossible to derive an optimal coefficient of the form ;" = M using the methodology reported in
Reference [27]. This is clear from the fact that, as already pointed out in Section 3.2 of Reference
[27], the approach of Yoo and Im is not ideal for high Mach number flow cases. They also
used , =u; in some test cases. However, it is only a simple extrapolation from the low Mach
number case. As explained before, this coefficient does not work in high Mach number limit in the
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approach of Yoo and Im and, thus, cannot be derived using any rigorous reasoning. In contrast, in
the proposed approach, the dumping coefficient | =u;/c is derived for arbitrary Mach number
and is consistent with the physics of general flows.

Note that the separation of the two cases is a drawback of our approach. However, in many
applications, there is a vast disparity in the magnitude of acoustic waves and convective waves. For
these cases it is sufficient to suppress the convective wave reflections optimally while simultaneously
the acoustic wave reflections partially by using ;" =u/c. For example, in the outflow boundary
of flows around a cylinder, 8, =u;/c is sufficient for suppressing two kinds of wave reflections
simultaneously. Note that even for the latter partially suppressed part, the proposed approach with
B, =u1/c outperforms the LODI approach, which ignores the transverse term and is equivalent
to our approach using ;" =0. The error for the acoustic part can be estimated as follows. If we
use f; = M ~uy, the amplification factor reduces to A= (1—cos 0)(1—M). This suggests that we
get good results for acoustic waves with small incident angles with any mean flows. However,
for acoustic waves with large incident angles, ;" =M ~u gives accurate results only when u is
close to 1.

On the other hand, if very accurate solutions are needed for acoustic wave dominated or pure
acoustic flows, we have to use the corresponding coefficients for acoustic wave propagations. One
example is the bottom and top boundaries of flows around a cylinder. It should be noted that the
approach in References [26] and [27], which works for hydrodynamic wave dominated low Mach
number flows, generates strong reflections for acoustic wave dominated flows. However, it may
be possible to find a unified approach for both the waves by considering optimal oblique wave
propagation directions. This is under investigation and further work will be described in future
papers.

3. RESULTS AND DISCUSSION

Two benchmark problems are tested for the multidimensional characteristics-based nonreflecting
boundary conditions. One is the acoustic wave propagation problem with various angles of inci-
dence. The other is the flow around a cylinder. The classical LODI approach generates strong
reflections for both the problems. The two benchmark problems are used to illustrate the capabil-
ities of the multidimensional characteristics-based nonreflecting boundary conditions to minimize
the spurious wave reflection from the artificial boundaries for complex multidimensional flows.

3.1. Cylindrical acoustic waves

The acoustic benchmark problem is the free propagation of the cylindrical acoustic waves generated
by localized acoustic sources. This problem is chosen because oblique waves with various angles
of incidence propagate out of the computational domain. The problems of acoustic propagation
out of the computational domain were considered for the Second Computational Aeroacoustics
workshop on Benchmark Problems [35]. In contrast to most of the methods used in the workshop,
which solved the linearized Euler equations, here the compressible Navier—Stokes equations are
solved. For the Euler equations, the benchmark problems have exact analytical solutions [36].
The compressible Navier—Stokes equations are solved for an acoustic Reynolds number Re, = 10>
with the multidimensional nonreflecting boundary conditions. The time accurate direct numerical
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simulation (DNS) results for the field in the computational domain are compared with the analytical
solution.

The cylindrical acoustic benchmark problem is simulated in a rectangular domain Q=[—2,2] x
[—4, 4], which is relatively very small so that the simulation is efficient. The initial conditions are
localized pressure perturbations of the Gaussian distribution

, _ 2+ 2
P =103 exp [—m(z) (XO.OA)L) )} (49)

to the spatially uniform field. The corresponding initial conditions for the conservative variables
are of the form

1 /
= +p—9
=1 =1

Owing to the initial perturbations, a cylindrical acoustic wave forms and propagates toward the
boundaries, which should ideally be transparent to the oblique acoustic waves with various angles
of incidence. The solutions for this benchmark problem are shown in Figures 4-6. To highlight
the difference among the numerical simulations, the same scales are used for Figures 4 and 5.

Figure 4 shows the numerical simulations of the cylindrical acoustic wave snapshots of the
perturbation pressure for [31_ =0.6 at three times t=1.0, t =3.0, and t =4.0. The results show that
these new boundary conditions are appropriate for the oblique acoustic waves, because the oblique
acoustic waves, with various angles of incidence, can propagate through the artificial boundaries
without reflections. Figure 6, the time history for the point (—2,2) shows that the time accurate
DNS results match very well with the analytical solutions. The numerical simulations for the value
B, =0.6 are in good agreement with the analytical optimal value for the oblique acoustic waves
in Section 2.4.
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Figure 4. Time history of cylindrical acoustic wave propagation for ;" =0.6:
(a) t=1.0; (b) t=3.0; and (c) t=4.0.
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Figure 5. Cylindrical acoustic wave propagation: (a) LODI (t =4.0);
(b) By =1.0 (t=4.0); and (c) f; =0.0 (t=4.0).

x10°° Time history at (-2, 2) for various B values

perturbation pressure

Figure 6. Time history for the point (-2, 2).

Figure 5 shows the cylindrical acoustic wave snapshots of the perturbation pressure for the
LODI approach, ;7 =1.0, and | =0.0 at the same time t=4.0 as that for the last figure in
Figure 4. All of the three cases have strong acoustic wave reflections from the artificial boundaries
for the oblique waves. The reflected acoustic waves either strengthen or weaken the original
acoustic waves near the artificial boundary and propagate into the computational domain to pollute
the solutions. The results show considerable improvement of the multidimensional characteristic
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boundary conditions at f{;” =0.6 over the classical LODI approach. For the two 8| values 1.0 and
0.0, it is interesting that they have different phase errors with positive and negative signs, which
can also be obviously observed from Figure 6. In Figure 6, the numerical solutions for ;" =0.6,
which is between ;" =0.0 and | =1.0, are transparent to the oblique waves and are in good
agreement with the exact solutions.

3.2. Flow around cylinder

In the second benchmark problem, the 2-D compressible viscous flow around the cylinder is
considered. This problem is chosen because strong vortices, generated behind the cylinder, are
convected downstream and cross the artificial boundaries. The physical flow pattern is that all the
properties, such as pressure, density, temperature, velocity, and vorticity, are convected downstream
without any reflection from the outflow boundary. Then, the numerical simulations can be compared
with the physical flows.

The previous work [13, 19,37, 38] considered the outflow boundary conditions for the problem
that compressible vortices cross the boundary. The LODI and other approaches generate strong
pressure reflections and distortion without vorticity reflection. Prosser [24] applied the improved
LODI approach to obtain slight pressure reflection and distortion for very low Mach number
flows, when vortices cross the boundary. It is not a surprise that both 1-D and multidimensional
characteristic boundary conditions do not generate the spurious reflection for vorticity. The reason
is that vorticity is a transport variable convected downstream and the acoustic source term does
not appear in its governing equation. Although there is spurious velocity reflection, vorticity is
convected out of the computational domain with modified convection velocity. The details are
discussed in Section 2.2 and Appendix A.3. For the outflow boundaries, Colonius [4] pointed out
that some of the buffer techniques are presently the most accurate approaches. One of them is the
Freund’s zonal approach [11].

The cited previous studies did not consider the cases where multidimensional effects exist without
vortices crossing the outflow boundary. Also, they only discussed the vorticity propagation and did
not consider the velocity reflection. In this benchmark problem, the case with multidimensional
effects, with/without vortex crossing, at the outflow boundary and all properties of velocity,
pressure, density, temperature, and vorticity are studied. Thus, the goal is to mimic the physical
outflow boundary to obtain the appropriate nonreflecting boundary conditions, which are transparent
to all the properties. In the numerical simulations, the Brinkman penalization method for the
compressible flows [39, 40] is applied for the cylinder.

3.2.1. Flow at M =0.2. The 2-D compressible viscous flow around the cylinder at the Reynolds
number Re, =103 and inflow Mach number M =0.2 are considered. The flow is simulated in a
domain Q=[-5, 10] x [—5, 5] with the DNS method for the compressible Navier—Stokes equations.
The numerical solutions for this benchmark problem are shown in Figures 7-12 for the three
cases: f; =M, LODI, and ; =0.6 with strong multidimensional effects, with/without vortex
crossing, at the outflow boundary at x; =10 where strong multidimensional effects exist. The
fields of vorticity o, transverse velocity u,, pressure p, and temperature 7 are shown for each
case. To highlight the difference among the numerical simulations, the same scales are used for
all three cases.

First, let us consider the case f/;” =0.2 using the multidimensional characteristic boundary condi-
tions. Figure 7 is the instance that a vortex is crossing the outflow boundary. Figure 10 is the instance
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that a vortex already crossed the outflow boundary, and another vortex is approaching the outflow
boundary. The numerical simulations show that the multidimensional characteristic boundary condi-
tions with ;" =0.2 are transparent to the pressure, density, temperature, and velocity, as well as
vorticity. For this case, all profiles of the pressure, vortex, velocity, and temperature have not
been distorted by the artificial boundary. Thus, this case has appropriate nonreflecting boundary
conditions for a complex multidimensional flow. As a consequence, these solutions can be used as
the reference for the other two cases. Any difference from the solutions for ;" =0.2 is generated
due to the reflection from the outflow boundary.

Second, let us consider the LODI case to find the difference between the 1-D characteristic
approach and the multidimensional characteristic approach. Figure 8 is the instance that a vortex
is crossing the outflow boundary. Figure 11 is the instance that a vortex has already crossed the
outflow boundary and another vortex is approaching the outflow boundary. The figures show that,
whether a vortex crosses the outflow boundary or not, the LODI approach generates stronger
spurious pressure, density, temperature, and velocity reflection from the artificial outflow boundary,
although only slight vorticity reflection is observed. Two strong spuriously generated pressure
spots are observed at the outflow boundary, and the pressure spots are totally distorted. After
the spurious acoustic waves are generated, they are observed to propagate upstream and contami-
nate the numerical solutions. The reason for the strong reflections for the LODI approach is that
this approach uses the inherent 1-D characteristic modelling, but in fact the complex multidi-
mensional flow structures and strong complicated multidimensional effects exist at the outflow
boundary.

Finally, let us consider the case f/;’ =0.6 to find the role of the damping coefficient. Figure 9
is the instance that a vortex is crossing the outflow boundary. Figure 12 is the instance that
a vortex already crossed the outflow boundary, and another vortex is approaching the outflow
boundary. The figures show that whether a vortex crosses the outflow boundary or not, spurious
pressure, density, temperature, and velocity reflection are generated from the artificial outflow
boundary, although only slight vorticity reflection is observed. Two strong spuriously generated
pressure spots are observed at the boundary, and the pressure spots are totally distorted. After the
spurious acoustic waves are generated, they are observed to propagate upstream and contaminate
the numerical solutions. Although the reflections are similar to those for the LODI case, here they
are weaker, which suggests that the proposed approach improves the LODI approach even using
under-damping effects. The reason for the strong reflections is that this case uses under-damping
effects when only part of the source terms effectively contribute to the characteristic variables
along the characteristics. On the other hand, reflections can be observed for the over-damping
cases, for example, ;" =0.0.

In summary, f/;” =M minimizes the spurious wave reflection from the outflow boundary. This
significantly improves the LODI approach. Even using under-damping and over-damping coeffi-
cients, the proposed approach improves the LODI approach. However, it is important to set proper
damping effects for the source terms.

3.2.2. Flow at M =0.6. In order to verify the optimal damping coefficient ;" =u/c for arbitrary
flows, the 2-D compressible viscous flow around the cylinder at the Reynolds number Re, =400
and another inflow Mach number M =0.6 is considered. The flow is simulated in a domain
Q=[-5,10] x[—5, 5] with the DNS method for the compressible Navier—Stokes equations. Since
it has already been shown that the proposed approach improves the LODI approach, this test
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problem considers the proper damping coefficient for a different inflow Mach number. The flow
with strong multidimensional effects at the artificial outflow boundary is simulated for three cases:
By =ui/c, f; =0.2, and B =M. Numerical simulations of the fields of steamwise velocity u7,
transverse velocity uj, pressure p, temperature 7', and vorticity o at an instantaneous time are
shown in Figures 13-14. To highlight the difference among the numerical simulations, the same
scales are used.

It is important to note that at the outflow boundary the streamwise velocity u#; has a wide range
of values, u1 €[0.35,0.8], as seen in Figure 13(a) for the case f; =u;/c. Thus, it is critical to set
the proper damping coefficient in order to minimize spurious reflections. Based on results from
analysis, /| =u1/c is expected to minimize reflections. {;” =M, which is in the middle of the
range, is expected to generate weak reflections. ;" =0.2, which deviates from u1, is expected to
generate stronger reflections. Vorticity fields are shown in Figures 15(a) and 14(a). The results
verify once again that the reflections are minimized for all cases. Vertical velocity fields are shown
in Figures 13(b), 15(b), and 14(b). The results show that the reflections are minimized for all cases.
Next, consider pressure and temperature fields for the three cases.

First, let us consider the case f{;’ =uj/c using the multidimensional characteristic boundary
conditions in Figure 13. Note that the acoustic waves in the region around xj <2 are generated
by the unsteady shear boundary flow around the cylinder. They are not the spurious reflection
from the artificial boundaries and thus they are unrelated to the proposed approach. The numerical
simulations show that the multidimensional characteristic boundary conditions with /" =u;/c
are transparent to the pressure, density, temperature, and velocity, as well as vorticity. For this
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Figure 13. i =u/c: profiles for (a) u1; (b) u2; (c) p; and (d) T for M =0.6.
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case, all profiles of the pressure, vortex, velocity, and temperature have not been distorted by
the artificial boundary. Thus, this case has appropriate nonreflecting boundary conditions for a
complex multidimensional flow. As a consequence, these solutions can be used as the reference
for the other two cases. Any difference from the solutions for f;"=u1/c is generated due to the
reflection from the artificial outflow boundary.

Second, let us consider the case /i’ =0.2 in Figure 15 and compare it with the case f; =u1/c.
The figures show that this over-damping case generates strong spurious pressure, density, and
temperature reflection from the artificial outflow boundary. After the spurious acoustic waves are
generated, they are observed to propagate upstream and strongly contaminate the numerical solu-
tions. The reason for the strong reflections is that this case uses over-damping effects when only part
of the source terms effectively contribute to the characteristic variables along the characteristics.

Finally, let us consider the case ;" =M in Figure 14. The figures show that this case generates
weak spurious pressure, density, and temperature reflection from the artificial outflow boundary.
After the spurious acoustic waves are generated, they are observed to propagate upstream and
weakly contaminate the numerical solutions. Although the reflection patterns are similar to those
in the case ff; =0.2, here they are much weaker. This result verifies that it is important to set the
proper damping effects for the source terms.

The numerical simulations confirm that the multidimensional characteristics are critical for the
complex multidimensional flows. They also verify that the acoustic source term (ny,, —hy,)-Vv3
and its damping coefficient | play a very important role. On the one hand, all the transport
properties discussed in Appendix A.3, whose governing equations do not have the acoustic source
term, have relatively small reflection by using either the 1-D or the multidimensional characteristic
boundary conditions. The reason is that the acoustic source term does not appear in their governing
equations and, although there is spurious velocity reflection, the scalar properties are convected
out of the computational domain with modified convection velocity. On the other hand, all the
properties, such as density, pressure, temperature, and velocity, whose governing equations have
the acoustic source terms have strong spurious reflections from the artificial boundaries. The good
results of the new approach can be attributed to two factors. One is that the multidimensional
characteristics better approximate the evolution of multidimensional flow structures and capture
the complex multidimensional effects. The other is that the damping coefficient for the source
term mimics the source terms appropriately for the physical phenomena. The optimal damping
coefficient is suggested to use f/; =u1/c, while f; =M also gives good results.

4. CONCLUSION

Nonreflecting boundary conditions based on nonlinear multidimensional characteristics has been
proposed for 2- and 3-D compressible Navier—Stokes equations with/without scalar transport
equations. In contrast to the approaches of Prosser [24,25] and Im et al. [26,27] in the context
of 1-D characteristics for low Mach number flows, the proposed method is valid for general flows
in addition to acoustic waves. Our approach is based on the rigorous mathematical analysis for
general flows, which is consistent with the flow physics. The definition of characteristic wave
amplitudes comes from the rigorous multidimensional characteristic analysis.

The source terms of the incoming acoustic wave are partially damped to model the effective
contribution of the incoming waves. The acoustic plane wave analysis has been performed to
obtain the optimal damping coefficient for acoustic problems. The optimal value is also estimated
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for general flows from a physical viewpoint. This model is consistent with the physics of flows
and transport properties. Therefore, this new approach significantly minimizes the spurious wave
reflections of pressure, density, temperature, and velocity as well as vorticity from the artificial
boundaries, where strong multidimensional flow effects exist. The proposed method is simple,
robust, and numerically accurate. This numerical accuracy is crucial for the computational aero-
acoustic problems, whose quality of numerical simulations is very sensitive to the appropriate
artificial boundary conditions. The proposed method is tested on two benchmark problems of
cylindrical acoustic waves propagation and the wake flow. These numerical simulations yield
accurate results and verify that the method substantially improves the 1-D characteristics-based
nonreflecting boundary conditions for the complex multidimensional flows.

APPENDIX A

A.l. 2-D characteristic boundary conditions in primitive and conservative variables

For the x; boundaries, nonreflecting boundary conditions in the characteristic form, Equations
(19)—(22), can be rewritten in the primitive variable form

ap Br B ous
—=—-41———p— Al
o~ T2 P Ab
0 =BT @
Ut __ X3 u cﬂ (A2)
ot 2 0x)
0 1o
ot p 0x>
G THBT 50
i Pr+hy pc2 22 (A4)
ot 2 0x2
where the convective and isotropic stress terms for the inviscid flows can be decomposed as
1 1
%1150—2[f2+5(f4+f1):| (AS)
Xr=3(I4+I1) (A6)
1
3=5—(F4—I1) (A7)
2pc
Xo=I3 (A8)
and wave amplitude variations can be written in the following form:
0 ou 0 Ju
J1=pchi-Vvr=(u;—c) (—p—pc—1>—|—u2<ﬂp —pc—1> (A9)
0x1 0x1 0xy 0x2
0 0 0 0
fzzczxz.wz:ul(cz—p——p)m <c2—p——p> (A10)
ox1 0Oxy Oxy  0Oxp
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Ouy 0
I3=—h3- Vv3—u1—+ 22 (A11)
0x1 0x2
op 0 0 0
Fa4=pchg-Vog=(ui+c) <—+pcﬂ> +uy (—p—f—pcﬂ) (A12)
0x1 Oxo 0xo

The above equations for the primitive variables can be transformed to equations for conservative
variables. Substitution of the above Z'; expressions into the nondimensional equations result in the
following set of equations at the x; boundaries for the conservative variables:

Z_’t):_%_@pz—ﬁ (A13)
%:—u13{’1—p%3—%pulaxz+ﬁl 2ﬁ1 pcg—;tj Rlea% (A14)
M i —pr = DL, Z—Zi—j—i+é%}’ (A15)
% ; ?%—%-Pulﬁ%— ™
[ i
Re aa (u; ”)+m%(“%) (A16)

For the left boundary, ;" =1 and ,B;r =u/c. For the right boundary, [3;“ =1and ] =ui/c.
A.2. 2-D characteristic boundary conditions in x direction

Similarly, for the x, boundaries, wave amplitude variations can be written in the following form:

op Oun dap Oun
— _ - — — pc—= Al7
J1=(u2 C)(a)62 6x2>+ 1((91 ™ (A7)
»0p  0Op 2 0p  dp
= _— —_— Al8
Sr=u (c 0x2 0x2)+u1 (c ox;  0x; (A18)
ou Ou
Sy=tr—— o (A19)
0x2 Ox1
5 Our 5]7 Oun
Fa=(r+0) —+pc— +up (L pes2 (A20)
0xs 0x1 O0x1
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The convective and isotropic stress terms for the inviscid flows can be decomposed as

Yi=— |:f2+ (f4+f1):| (A21)
Yr=3(Ja+I1) (A22)
Ys=13 (A23)
1
@452—(/4—f1) (A24)
pc

The following set of equations at the x, boundaries for the conservative variables are solved:

op By +B3 ouy
P gy, 2P T A25
o T e (A23)
omy By +B5 (w1 _0p 1 oty
=W —pW3— —L_z - A26
o T T e G T x| Rea ox; (A20)
=W —pW —= A27
o TITPTeT al 2 pa L Rea ox, (A7)
(36 1 2 @2
g af, — = _ Y 5 — af, —
%= 2 u; Y, 1 pu1Y3—pur?y
+ _ﬁz_‘i‘ﬂ;_ (Pcz_p_l_) ﬂz ﬁz UaC %
2 p—1 2 0x1
Ll ( ot 1 0 ( aT) (A28)
Reaox; T ReaPr(y—1) ax; \Max;

A.3. Extension to scalar transport properties

The multidimensional characteristic boundary conditions can be extended to the equations of the
scalar transport properties in the nondimensional form,
6pY i
o

0
———(Yiup)+Si, i=1,2....m (A29)
0x;

where S; are source terms, and the corresponding Euler equations for the primitive variables
become
0Y;

— =—u-VY; (A30)
ot
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which is also of the characteristic form. Some examples are the vorticity equation, multiple species
equations, and the turbulent kinetic energy equation in the URANS model:

ow Vot 1 0 ( 660) (A31)
—=—u-Vw R
ot Re, 0x; 6x,
(3,0Y,' 0 ( Y )+ 1 0 ( 5Yi)+_ (A32)
=—— iuj _— wj
ot 0x; prity ReySci(y—1) 0x; 'uﬁxj

Opk 0 1 oui 1 0 ok
—=——(pku;)+— ko; ——+ +o — | —Reapfkew (A33
o 5% (pku ) Re. < 3P U) o T Reox [(u o ur) ,] app (A33)

From the above characteristic forms, more characteristic variables and corresponding equations
in the characteristic form can be written as

Ovasi
dvayi=dY;, ’g‘* +hayi Vs =0 (A34)

where eigenvalues are h44; =u. Similar to Hedstrom’s method, the incoming waves and the
outgoing waves can be identified and, correspondingly, the nonreflecting boundary conditions can
be achieved by setting the magnitudes of the incoming waves to zero. For the x| boundaries, wave
amplitude variations can be written in the following form:

0Y; 0Y;
I ari=hati-Vugyi=u;j— +u2_ (A35)
0x1 0x2

Then, the convective and isotropic stress terms for the inviscid flows can be decomposed as

Xavi=Iaqi (A36)
and the equations for the scalar-transport properties in conservative variables become
opYi D) e
L =i - Py 2ﬁ1 PYig —pTasi+ S, i=1.2.m (A37)

A.4. 3-D characteristic boundary conditions

For the x; boundaries wave amplitude variations can be written in the following form:

3
fl—(u1—6)<a 5"“) >u (@_p_p %> (A38)

Ox1 8x1 i= 0x;j 0x;j
0 0
Srmu, (cz_P__P) (A39)
Oxj 0x;j
Ou
Ty=uj— (A40)
6xj
5u3
Ia=u;j (A41)
ox; |
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ap 0 ap 0
Fs=(u+0) —+pcﬂ £y (22 el (A42)
0x1 i= 0xj 0x;
0Y;
Fsrimu: A43
5+ ”]axj ( )

Then the convective and isotropic stress terms for the inviscid flows can be decomposed as

U2 Ecl |:f2+ (f4+f1):| 5{25%(f4+f1) (Ad4)

1
3”352—pc(f4—fl), Xa=I3, As=I4, Xsyi=Isy (A45)

and the nonreflecting boundary conditions are achieved by solving the equations for the conservative
variables:

op Br+BT & ouy
Lo g, L1 — A46
ot ! 2 p]§2 axj ( :
omy ﬁl__"ﬁf_ 3 5uj ﬁl_—ﬁ'l" 3 814]- 1 51’1]'
o X — 0T — P F ' A47
o UrA1—p43 3 Puljgzaxj—" 2 pCJZ:Zaxj_'_Rea 0x;j (A4
om 4Bt 3 dui 0 1 0t
—2=—u23£”1—p93p4—ﬁ1 Bl ous Z _J__p_|_ ﬁ—zJ (A48)
ot 2 =2 axj axz Rea 0)Cj
oms3 ﬂl_‘*'ﬁ—li_ 3 duj dp I Om3j
= —u3 21— pA's — T 7 Res Ae. A%
y uUzd1—pas B “3J§2 Oxj 0x3 Rey 0x; (A%
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[ - Pie)+ 5 ga_
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opY;
gt =YX 1—pLsi+Si, i=1,2,....m (ASD)

For the left boundary, ;" =1 and ﬁf =u/c. For the right boundary, ﬁT =1and f; =u;/c.
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