Downloaded 06/06/22 to 192.12.184.7 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

SIAM J. NUMER. ANAL. © 2022 Nek Sharan
Vol. 60, No. 3, pp. 1331-1362

TIME STABILITY OF STRONG BOUNDARY CONDITIONS IN
FINITE-DIFFERENCE SCHEMES FOR HYPERBOLIC SYSTEMS*
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Abstract. A framework to construct time-stable finite-difference schemes that apply boundary
conditions strongly (or exactly) is presented for hyperbolic systems. A strong time-stability definition
that applies to problems with homogeneous as well as nonhomogeneous boundary data is introduced.
Sufficient conditions for strong time stability and conservation are derived for the linear advection
equation and coupled system of hyperbolic equations using the energy method. Explicit boundary
stencils and norms that satisfy those sufficient conditions are derived for various orders of accuracy.
The discretization uses nonsquare derivative operators to allow stability and conservation conditions
in terms of boundary data at grid points where physical boundary condition is directly injected and
solution values at the rest of the grid points. Various linear and nonlinear numerical tests that verify
the accuracy and stability of the derived stencils are presented.
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1. Introduction. High-fidelity fluid dynamics simulations require stable bound-
ary closures for long-time calculations typical of practical applications. High-order
centered finite-difference schemes are commonly used for accurate turbulent flow
[25, 20, 26, 30] and aeroacoustics [33, 39, 8, 11] simulations because of their non-
dissipative properties, ease of implementation, and computational efficiency. How-
ever, the nondissipative character of centered schemes also renders them susceptible
to numerical instabilities when the boundary closure for a given interior scheme is not
derived to satisfy stability conditions [5].

Numerical stability proofs require bounding the computational solution in terms
of constants independent of grid spacing [15]. Various stability definitions exist that
impose different solution bounds. The classical (Lax and G-K-S) stability definition
allows nonphysical solution growth in time even though the solution may converge on
successive grid refinements [35, 6], which can be detrimental to long-time integrations
in fluid-flow calculations. In this study, boundary stencils are, therefore, derived
to satisfy the time-stability (also called strict or energy stability) definition, which
provides a uniform bound for the solution in time, preventing nonphysical temporal
growth.

*Received by the editors May 14, 2021; accepted for publication (in revised form) January 27,
2022; published electronically June 6, 2022.
https://doi.org/10.1137/21M1419957
Funding: The work of the authors was supported by the US Department of Energy through the
Los Alamos National Laboratory. Los Alamos National Laboratory is operated by Triad National Se-
curity, LLC, for the National Nuclear Security Administration of U.S. Department of Energy, contract
89233218CNA000001. Research presented in this article was supported by the Laboratory Directed
Research and Development program of Los Alamos National Laboratory project 20190227ER and the
LDRD (Laboratory Directed Research and Development) program at LANL project 20180000ER.
Computational resources were provided by the LANL Institutional Computing (IC) Program and
the National Science Foundation XSEDE resources under grant TG-PHY210037.
TDepartment of Aerospace Engineering, Auburn University, Auburn, AL 36849 USA (nsharan@
auburn.edu).
$C(CS-2, Los Alamos National Laboratory, Los Alamos, NM 87545 USA (ptb@lanl.gov, livescu@
lanl.gov).

1331

© 2022 Nek Sharan


https://doi.org/10.1137/21M1419957
mailto:nsharan@auburn.edu
mailto:nsharan@auburn.edu
mailto:ptb@lanl.gov
mailto:livescu@lanl.gov
mailto:livescu@lanl.gov

Downloaded 06/06/22 to 192.12.184.7 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1332 NEK SHARAN, PETER T. BRADY, AND DANIEL LIVESCU

Commonly used time-stable boundary treatments include the weak imposition of
boundary conditions (BCs) with simultaneous-approximation-term (SAT) [6] as well
as the projection method [21, 22]. The SAT approach imposes BCs using a penalty
term, whereas the projection method uses a projection matrix to incorporate BCs into
the system of ordinary differential equations (ODEs) solved for the discrete solution.
The extent to which the boundary point may satisfy the BC with the SAT approach
depends on the magnitude of the penalty parameter. A higher value may better satisfy
the BC: however, it may make the ODE system stiffer. In cases of nonhomogeneous
boundary data, the projection method may also not satisfy the BC exactly because the
projected ODE system imposes the time-derivative of boundary data, and the time-
integration of the ODE system may not be exact. This work focuses on derivation of
a time-stable method that enforces BCs strongly (or exactly).

Kreiss and Scherer [18] proposed a method to derive first-derivative finite-difference
approximations with centered interior schemes and boundary stencils that satisfy a
summation-by-parts (SBP) property of the differential equation. In general, the SBP
property is not a sufficient condition for time stability with strong BCs [15, 6], but
several SBP operators are time stable for scalar hyperbolic problems with homoge-
neous boundary data. However, as observed by Carpenter, Gottlieb, and Abarbanel
[6], high-order schemes can lead to unphysical solution growth in time for coupled
hyperbolic systems, when solved using strong BCs. In particular, for the 2 x 2 system
discussed in [6, section 3], and solved here in section 4.2, Carpenter, Gottlieb, and
Abarbanel noted at the time that no central difference scheme of order greater than
two was time stable for this system. To the best of our knowledge, there are still no
central finite-difference scheme of order greater than two that are time stable for this
system with strong BCs. Carpenter, Gottlieb, and Abarbanel [6] proved time stability
of SBP schemes for this system using SAT (weak) BC implementations. In this work,
we derive boundary stencils for centered interior schemes up to sixth-order accurate
that are time stable for this system with strong BCs.

Theoretical time-stability analyses of finite-difference schemes using weak BC im-
plementations are widely available [12, 31]. However, similar analyses for strong BCs
are hindered by the challenge of incorporating exact boundary conditions (EBCs) in
the system of ODEs (following a method-of-lines approach) such that it also ensures
a uniform solution bound (for systems with bounded energy), independent of grid
spacing. An alternative approach that uses nonlinear optimization to numerically
examine the stability of boundary closures with strong BCs is proposed in [4]. The-
oretical stability proofs provide sufficient conditions of stability, so in principle, it is
possible that a numerical optimization may provide time-stable schemes that satisfy
yet unknown necessary conditions of stability but not the sufficient conditions from
theoretical proofs. However, at present this procedure has also not yielded time-stable
schemes for the 2 x 2 system mentioned above.

In theoretical stability analyses, application of strong BCs is typically represented
by a projection operator that omits rows in the derivative operator corresponding to
grid points where the physical BCs are applied, e.g., [6, 18]. The row omissions
prevent calculations at the boundary points where exact boundary data is injected.
Row omissions in a derivative operator that was originally designed for calculations
on the whole domain compromise the numerical properties of the full operator [15].
For example, a derivative operator that discretely satisfies the conservation condition
for the scalar convection equation

oU U

1.1 T+ -0, 0<a<1,t>0
(L) 8t+8o: ’ =r=ht=b
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given by

d [* Lou
(1.2) %/0 de_—/o %dx—U(O,t)—U(l,t),

is not conservative after row omission, as shown in Lemma A.1. To alleviate these
issues, we consider nonsquare derivative operators that incorporate EBCs to begin
with and derive time-stability and conservation conditions for such operators. This
is in contrast to the traditional approach where stability and conservation conditions
are satisfied for square operators, which may not preserve those properties on row
omission(s) for strong BC implementation.

The paper is organized as follows. Time-stability and conservation constraints
for finite-difference schemes imposing strong BCs are derived in section 2 for a hy-
perbolic scalar equation as well as coupled system of equations. For nonhomogeneous
boundary data, a definition of strong time-stability is introduced, in addition to the
time-stability definition for homogeneous boundary data. Steps in the construction
of boundary stencils to satisfy the time-stability and conservation constraints are
discussed in section 3. The stability and the accuracy of the derived schemes are
evaluated for various linear and nonlinear problems in section 4. Application of the
derived schemes to the Euler equations with characteristic BCs is discussed in section
5 and the conclusions are provided in section 6.

2. Numerical approach and proof of stability. This section derives the
constraints on boundary stencils for time-stable enforcement of strong BCs to solve a
hyperbolic scalar equation (section 2.1) and hyperbolic system of equations (section
2.2). The derived constraints are then used to obtain schemes of various orders of
accuracy in section 3.

2.1. The hyperbolic scalar problem. Consider the scalar hyperbolic equation
(1.1) with the initial and the boundary condition given by

(2.1) U(z,0) = f(z),  U(0,t) =g(2).
On a domain with n + 1 equidistant grid points (g = 0,21,...,2Zn—1,2, = 1), a
semi-discretization of (1.1)—(2.1) using strong BCs can be written as
da

2.2 —=_D
(22 W pu,

u(0) = f,
where u(t) = [ug(t) - un(t)]T, with ug(t) = g(t), is the discrete solution vector.
ut) = [ui(t) --- un(t)}T is the solution vector without the first element, which

corresponds to the grid point where the boundary data is injected. D, a matrix of
size n x (n + 1), denotes the derivative operator. The entries of D are denoted by d;;,
where 1 < i < n and 0 < j <n. Its nonsquare structure prevents computation at the
first grid point, where a physical BC is applied. f = [f(zo) --- f (xn)]T denotes
the discrete initial data.

Define a scalar product and norm for discrete real-valued vector functions v =

[vl vn]T and w = [wl wn]T by (e.g., [18])
K n—ek n
(23) (V7 W)H = VTHW = Z hijviijx + Z ’iniAx + Z hijviijm,
i,j=1 1=r+1 i, j=n—kr+1
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(2.4) VIl =V (v, V)a,

where Ax denotes the grid spacing, k represents the depth of boundary stencil, and
h; ; are the coefficients of a symmetric positive definite (norm) matrix H.

Multiplying (2.2) by a7 H, where H is a norm matrix of size n x n, and adding
its transpose yields

d
(2.5) 5 a)?, = —a’ HDu — (Du)” Hu.

Using Definition 2.13 of [15], time stability is defined as follows.

DEFINITION 1. The approzimation (2.2) is time stable if for g = 0, there is a
unique solution U(t) satisfying
(26) ol < & [ © <o
. a or —||a
H = H dat ' H =
where K is independent of Ax, f, and t. f denotes the vector £ without its first
element, following the definition of Q.

For g = 0, the first element of vector u is zero, i.e., ug = 0. Substituting ug = 0
in (2.5) yields

d - _\T
(2.7) = lalf = —a"HDa - (Dﬁ) Ha=a’ [HM + (HM)T} a,

where M = —D and D is a square (n x n) matrix containing all columns of D except
the first. If the approximation (2.2) is time stable, i.e., (2.6) is true, then the following
result about the eigenvalues of M can be stated.

THEOREM 1. If there exists a positive definite matriz H such that HM + (HM)T
is negative definite (semidefinite), then the real part of all eigenvalues of M is negative
(nonpositive).

Proof. See [10, Lemma 3.1.1]. d

(2.6) defines time stability for homogeneous boundary data, i.e., g = 0. For g # 0,
following the Definition 2.12 of [15] for strong stability, we define strong time stability
as follows.

DEFINITION 2. The approzimation (2.2) is strongly time stable if there is a unique
solution (t) satisfying

~12 1 d
(2.8) nszKQML+/WwﬂQM) or ol < Klgl
0

where K is independent of Az, £, g, and t.

Remark. The time-stability definition (2.6) differs from the classical stability
definition [15, Definition 2.11] in requiring a uniform solution bound, independent of
time [35, 6]. The energy estimates derived for the SBP operators in [18] ensure classical
stability (see [18, Theorem 1.1]), but may not ensure time stability [6, 15]. The
diagonal and restricted full-norm SBP first-derivative operators of [32] on omitting
their first row for strong BC implementation with semidiscretization (2.2) satisfy (2.6),
for homogeneous boundary data, but do not guarantee (2.8) for nonzero boundary
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data. Moreover, row omission introduces an O (1) conservation error, as shown in
Lemma A.1.

In the following, we derive the constraints on the entries of the derivative operator,
D, for the solution of (2.2) to satisfy the strong time-stability definition (2.8) and a
discrete conservation condition. To simplify algebra, the nonsquare operator @ = HD
can be decomposed such that

(2.9) " HDu = a"Qu = a"Qu + a" qug,

where @ is a square (n x n) matrix containing all the columns of Q except the first
and vector qo is the first column of Q. wug(t) = g(t) is substituted in the second term
of the right-hand side (r.h.s.) of (2.9). The entries of @, like D, are denoted by g;;,
where 1 <4 <n and 0 < j < n. Substituting (2.9) in the r.h.s. of (2.5) provides the
strong time-stability condition that respects (2.8):

(2.10) —a"HDu— (Du)" Hu = —a” (Q + QT) i —2a"qg < K |g|*.

In addition to the above time-stability condition, we seek a discrete conservation
condition. A discrete version of (1.2) is given by

2.11 — | Ude~— Hu), = — HDu), = g(t) — un(t),
1) G [ U= g 3, = 3 (HDw, = 1)~ )
where the notation (v), denotes the ith component of a vector v = [v; --- vn]T

and the entries of H constitute a quadrature for the domain 0 < x < 1.
In terms of the operators defined in (2.9), condition (2.11) translates to

n

(2.12) Z (q0); = —1, Z Gij = {(1), Jj=n,
i=1

= otherwise,

where (qo); = gio-

We seek derivative approximations, D, and norm matrices, H, that satisfy the
strong time-stability condition (2.10) and the discrete conservation condition (2.11)
for various orders of accuracy. The derivation proceeds by assuming an extent of
nonzero elements in vector qg, denoted by S, i.e., let

(213) qo = [qu 0 gpgo o --- O]T .

In other words, 8 > 0 represents the depth of boundary stencils that use the physical
boundary point, where the boundary data is injected, for derivative approximation.
A nonzero (row) entry in qg requires a corresponding nonzero diagonal entry in Q to
satisfy (2.10), as shown in the following theorem.

THEOREM 2. (a) The strong time-stability condition (2.10) is satisfied if, for 1 <
i,j <mnand >0,

=—qi if i#],
(2.14) gij 4 >0 if i=7j<5,
(b) The conservation condition (2.12) is concurrently satisfied if the latter two

conditions in (2.14), for the diagonal entries of Q, are replaced by the stricter condi-
tions, given by
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—ji i i# ],

1 . . .

—=q;0 >0 =72,
(2.15) Qij = 20 Zf ! j._ﬁ.

0 if B<i=j7<n,

3 if  i=j=n,

and Y1 qio = E?Zlqio = -1
Proof. Matrix Q with entries satisfying qij = —¢qj; for i # j yields

Q+Q" _
(216) T :dla’g (q117 -5 488, - - - 7Q7m)7
whose substitution in (2.10), with qg = [qlo oo qgo 0 .- O}T, provides
(217) - (Q+ Q") a—20"aw =~ Y 2quui— Y 2aiouig
i=1 i=1

B
=2
i=1

where the last inequality holds if ¢;; > 0 for 1 <4 < 8 and ¢; > 0 for 8 < i < n (the

conditions in (2.14)), and K; = Z*f:l 2q:0 This proves the (a) part of the theorem.
For the (b) part of the theorem, note first that conditions in (2.15) satisfy (2.14),
which ensures strong time stability. This can also be seen by substituting (2.15) in
(2.17) and using Ziﬁ:l%‘o = —1. It remains to be shown that (2.15) also satisfies the
conservation condition (2.12).
The rows of a derivative approximation, D, sum to zero and, hence, the rows of

@ = HD also sum to zero (for proof, see Lemma A.2 in Appendix A), i.e.,

2 2 n

qi q;

—2q;; (Uz + 210 g) + 067 - Z 2qiiu? < K1g°,
ii 2qii vy

(2.18) E ¢ij = Gio + Qi+ E ;=0 VvV 1<i<n,
Jj=0 j=1
J#i

where, from (2.13), gio = 0 for 4 > . Using ¢;; = —g;; for i # j (this structure is
typical of a centered finite-difference scheme in the interior) yields

(2.19) > aj=->¢i Vi<i<n
j=1 j=1

Gi J#i

Adding —g;; to both sides of (2.19) and using (2.18) provides

(2.20) - Z qji :Z Gij — 2qis = —qio — 2qi; vi<i<n

j=1 j=1
(2.12) is then satisfied if ¢;; = —%Qio for 1 <i<nandg; = % — %Qio for i = n.
From (2.13), g;o = 0 for ¢ > 3, which yields ¢;; = % for i = n and ¢;; = —%Qio = 0 for
B < i < n (the conditions in (2.15)). This completes the proof. d

To summarize the above theorem, a skew-symmetric Q except at the top-left
and the bottom-right corner satisfies the conservation condition (2.12) at the interior

© 2022 Nek Sharan
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points and it leads to cancellations of interior point terms in (2.10) for time stability.
The skew-symmetric structure prescribes centered derivative approximations in the
interior. The top-left and the bottom-right corner of @) (that comprises qg and Q; see
(2.9)) determine behavior at the inflow and the outflow boundary, respectively. The
conditions in (2.15) for the outflow boundary, where no physical BC is required, satisfy
the SBP formula [18] and, hence, SBP stencils are used at the outflow boundary in
the proposed scheme. At the inflow boundary, new stencils that satisfy (2.14) are
derived in section 3 for various centered interior schemes.

2.2. The coupled hyperbolic system. This section discusses the time-stability
conditions for the semidiscretization of a one-dimensional (1-D) hyperbolic system
using strong BCs. A hyperbolic system coupled at the boundaries, considered by
Carpenter, Gottlieb, and Abarbanel [6] and by Abarbanel and Chertock [1] to prove
time stability of finite-difference schemes with SAT (weak) BCs, is considered here
with strong BCs.

The system, with domain 0 < z < 1 and ¢ > 0, is given by

oul oul
2.21 A =
(2.21) o TN =Y
8UH 6UII
2.9 AT =
( ) ot + ox 0,
where
U = [U (z,t) - UF(x,t)]"  and Al =diag (\1, ..., A)

for Ay > A9 > -+ > A\g > 0 describe a system of right-moving waves and
U = [UF () -+ U (2,)]"  and AT =diag (Aks1, --0s Ar)

for 0 > Agy1 > Ago > -+ > A, describe a system of left-moving waves. The system
(2.21)—(2.22) is well-posed for BCs given by

(2.23) U’ (0,t) = LU (0,t) + g’ (1),

(2.24) Ul (1,t) = RUT (1,¢) + g1 (1),

where L and R are constant matrices of size k x (r — k) and (r — k) X k, respectively,
and g! and g!! are vectors of size k and 7 — k, respectively. The system (2.21)—(2.24)
has a nongrowing solution in time if g/ and g’/ are zero and (see [6, Theorem 2.1])

(2.25) ILIR] < 1.

The matrix norm for real matrices is defined by ||L||* = p (LTL), where p(-) denotes
the spectral radius. For the system (2.21)—(2.22) to be coupled, the norms ||L|| and
| R|| should be nonzero.

A semidiscretization of (2.21)—(2.24) using strong BCs can be written as

dw
2.2 — =-D b
(2.26) 7 w + b,
where w(t) = [ al(t) a/f(¢) |7 with al/(t) = [a'(¢) --- 6F(t)] and @ll(t) =
[@**1(¢) .-+ u"(t)]. The unknowns for each equation in the system are given by

© 2022 Nek Sharan
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(assuming a discretization with n + 1 grid points, as described in section 2.1) a®(t) =
[u‘f(t) uﬁ(t)}T for 1 < ¢ <k and u®(t) = [ug)(t) u,ﬁ_l(t)}T for k+1<
# < r, where u?(t) is the solution vector without the element corresponding to the
grid point where the boundary data is injected. Therefore, the solution vectors for
the first k£ equations do not contain the element corresponding to the first grid point
and the rest do not contain the element corresponding to the last grid point. The
derivative operator, D, is then given by

(2.27) D=AH'Q,
where A = diag (A1, ..., \),

_ Hll 0 _ Qll Ql?
= { 0 7'[22} ’ and e= [921 Q22:| '

The submatrices are given by
Hin =1 ® H, Hop = I, @ HY,

(2.28)
Q11:Ik®Q’ Q12:L®Q0, Q21:7R®Q(:§#, Q22:*T‘—k®Q#a

where I,,, denotes an identity matrix of size m x m and ® denotes the Kronecker
product. The superscript # denotes the matrix and vector transformations M# =
J'MJ and m¥* = 7 'm, respectively, where

0 1
(2.29) J=J"'=

The transformation yields matrix/vector “rotated” by 1809¢&, for example,

I

Qo is an n xXn matrix with qq as the first column and the remaining columns zero. The
vector qg and matrices H and @ are as described in section 2.1. Vector b incorporates
the boundary data g’ and g/ and is given by

(2.30) [‘é Z}

I
(2.31) b=AH"" { & @ do } .

g ®qf

Let the discrete energy be defined as (e.g., [6, 1])

= | L]
(2.32) § /\— " Ha+ E T H*a,

o e oS A ¢|
which provides

dE |R] d _ 1Ll d
2.33 a? T H#as.
(2:33) ZA¢dtu + Z |)\¢\dt
o=1 d=k+1

© 2022 Nek Sharan
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The time-stability condition, assuming g/ = 0 and g’/ = 0 in (2.23)-(2.24), is defined
as
dE
2.34 — <0
(234 " <o,

and the strong time-stability condition for nonzero g’ and g’ is defined as

dE
(2.35) — <K Hngg—&—KHHg”’

2
dt ’

where ||v]| = vV'vTv for a vector v. The conservation condition for the system (2.21)-
(2.22) is the same as that for the scalar equation (1.1), since the system comprises
scalar advection equations. The conservation condition for the operators used in the
semidiscretization (2.26) is, therefore, given by (2.12). The numerical flux should
“telescope” across the domain to the boundaries without loss, consistent with the
continuous flux behavior.

The following theorem provides sufficient conditions for the semidiscretization
(2.26) to satisfy the strong time-stability and conservation conditions.

THEOREM 3. (a) The strong time-stability condition (2.35) is satisfied if, for 1 <
i,7<nandp >0,

= — i if i#7,
2
_%io ||, : i<
(2.36) gi; | 7 Famar ILVIRI i i=j <8,
>0 if B<i=j<mn,
>0 if i=j=n,

where a; > 0 and Eleai =1.
(b) The conservation condition (2.12) is concurrently satisfied if (2.15) is true

with 3271 gio = Y0 qi0 = — 1.
Proof. The individual terms in summations of (2.33), which denote the contribu-

tion from each equation of the system, are given by
d ~ T - d - 2 T [ ~ . B
ean @) e = Gl = @) (@4 @) w
-2\, (ﬁqs)TqO (Lﬁéj + gI)(ﬁ’

for 1 < ¢ < k, and by
sy L@ mre = ), = - @) (Q# ; (@#)T> @

— 25 (@) off (Ra) +g'),,
for k+1< ¢ <r, where &/ = [uk*1(t) -+ up(®)]” and & = [ul(t) --- uk(t)]".

Assuming g;; = —gj;, for ¢ # j in matrix Q, the contribution to (2.33) from the first
term in the r.h.s. of (2.37) and (2.38) can be calculated from, respectively,

ERURD SYUO (CRE-1) RUNES SPI oF (7 WS PR LY 3

=1 i=1 p=1
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T

(2:40) > (@ (@) )

b=k+1

¥ () e

i=1 p=k+1

)

where [[@/[2 = Y20 (uf)? and [[al7 2 = ), (ul_,)% Further, assuming qo =

[Cho -+ ggo 0 --- O}T, as in (2.13), the contributions to (2.33) from the second
term in the r.h.s. of (2.37) and (2.38) are, respectively,

(2.41)

k
LuO +g ¢
1

B
"o (Lug' +g') ZZ qio Z

P=

<
Il x>
—

i)

T T

(242) Y (@) af (RaL+g'), ==Y a0 Y. ui, (Ral+g'l),.
=1

p=k+1 = p=k+1

Using the Cauchy—Schwarz inequality,

Mw

k
(243) up (Lag"), < [[ad ] Izl as] Z o < |
¢=1 ¢=1
and
(2.44)
> s (Ra)), < [wl[IRIa] Y2 wn (g™, < ol (el
op=k+1 ¢=k+1

Substituting (2.43) and (2.44) in (2.41) and (2.42), respectively, and, in turn, using
(2.37)~(2.38) with (2.39)~(2.42) in (2.33), assuming g;; > 0 for B < i < n, yields

(2 45)

B
dt < {Z( 255 | RIL |8 + 2 ol 1LE1 121 [ 7] 1957)]) = 240n 11 18 }

i=1

B
+ O (=20 NEA G242 lasol LI I RI &[G ) ~260n 1R Hﬁi!ﬁ}

i=1

<. \

B
+ > (2lawol 1R & + 2 gl 11 [[a7"]] [[g™]]) -
i=1

The time-stability condition (2.34), where g/ = 0 and g/ = 0 is assumed, is satisfied
if both curly brackets in (2.45) are nonpositive. Introducing Zleai = 1, where
a; > 0, the last terms in the curly brackets can be written as

B

(2.46) 2n | LI |62 ]|* = 2" aiqun |11l |57,
=1

~T 2 IB ~ T 2

(2.47) 2n | RN GL]7 = 2> aigun | RI[|4])"
=1
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Substituting (2.46)—(2.47) in (2.45), the two curly brackets in (2.45) are nonpositive
if

2
q; .
48 auz TR LRI or  gu=st g2 LRI, 1<i<5

nn+ 47LTLZ

where s > 0. Substituting g;; from (2.48) in (2.45) ensures that the terms in the curly
brackets are nonpositive and yields for s > 0,

(2.49)
g < e ST o d ST ()2
S0 <Y (<25 |RI & + 2 laol 1] &) &) - 25 1] a2
=1
2|qlo| I et le™ )

:Z ("RH {@”ﬁﬂ o] s ’I@ — Ll {WHUU 1||_M|| 2l

+ |Ql0| {HRH HgIH + ||L|| HgIIH })

< =— (IRl &' + 1Ll Is™ %) -

Thus, s > 0 in (2.48) ensures both strong time stability, defined by (2.35), and time
stability, defined by (2.34), while s = 0 ensures time stability but not strong time
stability. This proves the (a) part of the theorem.

Theorem 2(b) shows that (2.15) with > g0 = —1, where g;o < 0, satisfies the
discrete conservation condition (2.12) for the scalar advection equation. As already
mentioned, the discrete conservation condition for the system (2.21)—(2.22) is the
same as that for the scalar advection equation. Therefore, a stencil satisfying (2.15)
provides a conservative scheme for the system (2.21)-(2.22). It remains to be shown
that (2.15) also satisfies the strong time-stability condition (2.35).

Using a; = —gjo and ¢y, = % in (2.36), (2.15) automatically satisfies (2.36) since

1 %0 9i0
2.50 g =k L||IR
(2.50) R A I
for ||L||||R|] < 1. This completes the proof. O

Remark. The energy estimate (2.49) obtained in terms of the matrix norms
IL|| and ||R| is an artifact of the energy definition (2.32) used for the proof. This
definition simplifies the proof of stability, and from the equivalence of norms over a
finite-dimensional vector space, it can be shown that the energy defined simply by the

square of the Euclidean norm, E(t) = D o1 (ﬁ¢)T 0%, is bounded by

(2.51) a E(t) < E(t) < e, B(t),

where cq, co > 0 are real constants.
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The boundary stencil derivation for various orders of accuracy is discussed in
the next section. The goal is to satisfy the stability and conservation conditions of
Theorems 2 and 3, which follows if a stencil satisfies (2.15) with Y ;" ;g0 = —1. In
cases where stencils that satisfy (2.15) could not be found, stencils that ensure (2.36)
are derived, which also ensures (2.14) is satisfied, providing a strongly time-stable
scheme for the scalar problem (1.1)—(2.1) as well as for the hyperbolic system (2.21)—
(2.24). The strong time-stability condition (2.36), however, does not ensure that the
conservation condition (2.11) is satisfied.

The condition (2.11) with an O (Az) error, given by

n

(2.52) i/o U dx %; ((ZHﬁ)i == (HDu), = g(t) — un(t) + O (Az),

i=1

can be satisfied, concurrently with (2.36), if

= —dqji if [ # j7
2
259 o 1> TR IENIRL 3 i=j<5,
1=0 if B<i=j<n,
: if i=j=n,
and Z;:OZ?:ﬂij = —1, where a; is as in Theorem 3 and x is the depth of the

boundary block in H and Q (as denoted in (2.3) and further described in section 3).
Obviously, condition (2.52) converges to (2.11) as Az — 0.
For brevity, the above-derived conditions will be referred to in the following sec-

tions as

e Condition I if a stencil satisfies (2.15) with Y. ;g0 = —1,

o Condition IT if a stencil satisfies (2.53) with >°7 (> gi; = —1.
Both conditions ensure strong time stability for the scalar problem (1.1)—(2.1) as well
as for the hyperbolic system (2.21)—(2.24). But while Condition I directly satisfies
the conservation condition (2.11), Condition IT satisfies the conservation condition to
within an O (Ax) error, given by (2.52).

Remark. To put the O (Azx) error in context, the commonly used approach of
strong BC implementation [18, 15], using a projection operator that omits rows (cor-
responding to the grid points where the boundary data is injected) in a square de-
rivative operator, introduces an @ (1) conservation error, as shown in Lemma A.1 of
Appendix A for the scalar problem (1.1), for example.

3. Stencil construction for various orders of accuracy. The derived
schemes are denoted by p, — p; — pp, where p, and p; are the order of accuracy
of boundary and interior stencils, respectively. If an energy estimate exists, the global
order of accuracy of a p, — p; — pp scheme, where p;, < p;, is expected to be py + 1 for
first-order hyperbolic systems [13, 14]. The structure of the operators @Q and H that
determine the derivative approximation D are as described in the previous section. @
is of size n x (n + 1), as defined in (2.9), and it can be written as

B! S 0
31) Q=] a Q , Q=] 57 c (sT)Y* |,
0 —S# BY
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where qq is the first column of @ given by (2.13) and Q is a square (n x n) matrix
with the upper-left and the lower-right boundary blocks given by

(3.2)
qir -0 ik An—rk+ln—r+1 " Gn—k+1n

9kl - Gkk An,n—r+1 et Qnn

and the interior blocks given by

(3.3)
0 cq Cuw ] 0 0

—C 0 c1 N Cw .
—c1 0 c1 ... Cuw ; T : ;
¢= Sl P 0

—Cy . —C1 0 c1
—Cy - —c1 0 c1

—Cw + —c1 O lc1 r Cw 0 --- 0]

The entries of B and B} are the unknowns that will be determined to satisfy the
stability and conservation conditions of Theorems 2 and 3. The entries of C and S
are the centered scheme coefficients

(=" (w)?
E (w4 k) (w—k)!

(3.4) cp = — for 1<k <w,

with half-stencil width w = p; /2. Theorems 2 and 3 assume a real symmetric positive-
definite matrix H. If the matrix H is diagonal, the corresponding stencil is referred
to as a diagonal-norm stencil, and if H has a block structure at the boundaries, the
stencil is referred to as a full-norm stencil. H can be written as

Bh
1
(3.5) H= Az )
1
By
where B = diag (h11, ... , hex) and Blh = diag (Apn—k+1,n—r+1, - - - , Anp) for a diag-
onal norm and
(3.6)
hit -+ - hie hn—n+1,n—f~c+1 oo hn—r;+1,n
Bi=|' T |, Bp=
hi. -+ o0 R P rtim -

for a full norm. The unknowns B¢" and qu’h are determined using Algorithm 3.1 to
satisfy the stability and conservation conditions, described by Conditions I and IT in
the previous section.
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Algorithm 3.1. Determine BZ" and qu’h.

input : Boundary and interior order of accuracy (py, p;)
input : Limiting value of k (N,)

AccuracyConstraint, CondI, CondII « false
M <0
K < Db
Use £ and p; to construct Q and H as given by (3.1)—(3.6)
while k < N,. do
AccuracyConstraint < Can the free parameters in @) and H satisfy
the order-of-accuracy constraints?
if (AccuracyConstraint) then
Update BZ" and qu’h to satisfy the order-of-accuracy constraints
CondlI < Can the remaining free parameters satisfy Condition I?
if (CondI) then
Update B2 and B" to satisfy Condition T
return B%" and B{""
else
Optimize entries of BZ" and qu’h to satisfy Condition II, while
maximizing || L|| || R]]
CondlII « Is an optimal solution found?
if (CondII) then
Update BZ" and qu’h if the found optimal ||L]|| ||R|| > M
M + max (M, optimal ||L|| | R]])
end if
K4+
end if
else
K4+
end if
end while

if (M > 0) return B2" and BY"
else return no solution found

The algorithm was executed in Mathematica [16] using N,, = 8 for high-order
cases and the nonlinear optimization to maximize ||L| || R|| was performed using the
IPOPT library [36]. The 1 — 2 — 1 scheme obtained from the algorithm is

_2 1 1 3
3 3 3 2
R S 1
3.7 D=— " " - H=A
(87) D=+ C | z
-3 0 5 1
-1 1 1

Here =k =1 and
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TABLE 1
Summary of the strong time stability and conservation properties of various schemes. v' denotes
that the scheme satisfies that condition, whereas X denotes that it does not.

Scheme Norm Strong time stability Conservation
R Scalar convection | Coupled system Condition T | Condition IT
1—2—1| 1 [diagonal v LI |R]| <1 v v
2—4—2| 4 |diagonal v L\ R|| <1/4 X v
3—4-3]| 4 full v L|[||R|| <1/6 X v
3—6—-3| 4 full v R|| <1/3 X v
1 1
P 1 2 2
1 1
-3 0 3
(38) qo = : ) Q = ’ .
. 1 1
: -3 0 3
1 1
0 ~3 3

The 2 — 4 — 2 scheme that is expected to provide a global third order of accuracy
[13, 14] is presented in Appendix B. The 3 — 4 — 3 and 3 — 6 — 3 schemes that
provide a global fourth order of accuracy are included in the supplementary material
(SM_Intro.pdf [local/web 171KB]). MATLAB scripts for each stencil are also included
in the supplementary material (SM_-MATLAB.zip [local/web 9.35KB]).

Important attributes of these schemes are summarized in Table 1. Boundary
blocks are of size k = 4 in the high-order schemes. 1 —2 — 1 and 2 — 4 — 2 schemes
have diagonal norm matrix, while 3 —4 — 3 and 3 — 6 — 3 schemes have full norm
matrix. Symbolic computations with values of x up to 8 did not yield diagonal-norm
3 —4 — 3 and 3 — 6 — 3 schemes that simultaneously satisfy the strong time-stability
and conservation constraints. All the schemes listed in Table 1 are provably strongly
time stable with strong (or exact) BCs for scalar convection problems as well as for
the coupled hyperbolic systems with || L|| || R|| values as listed in the table. To the best
of our knowledge, strongly time-stable schemes with nondissipative centered schemes
in the interior and strong BCs have not been reported in the literature for hyperbolic
problems. The 1 — 2 — 1 scheme satisfies Condition I, while the high-order schemes
satisfy Condition II. Numerical tests to verify the accuracy and stability of these
schemes are presented in the next section.

4. Numerical results. This section examines numerical results from applica-
tion of the schemes discussed in the previous section. In all cases, time integration is
performed using the classical fourth-order Runge-Kutta (RK4) method with a CFL
of 0.8, unless mentioned otherwise. For convergence studies, the time step is taken
small enough such that the temporal errors are insignificant compared to the spa-
tial truncation errors. The schemes discussed in section 3 allow imposition of EBCs,
therefore, for brevity, we will refer to them as EBC schemes in the following sections.

4.1. 1-D scalar advection equation. Consider the scalar hyperbolic equation
(1.1) with the initial and the boundary condition given by

(4.1) u(z,0) = sin 27z, u(0,t) = g(t) = sin 27 (—t) .

The exact solution to the problem is u(x,t) = sin 27w (x — t). A semidiscretization to
the problem, using strong BCs, the notation of (2.2), and the decomposition described
in (2.9), is given by

© 2022 Nek Sharan


https://epubs.siam.org/doi/suppl/10.1137/21M1419957/suppl_file/SM_Intro.pdf
SM_MATLAB.zip
https://epubs.siam.org/doi/suppl/10.1137/21M1419957/suppl_file/SM_MATLAB.zip

Downloaded 06/06/22 to 192.12.184.7 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1346 NEK SHARAN, PETER T. BRADY, AND DANIEL LIVESCU

80

80

: : : T
* 1-2-1 < “ :
L <
60 + 2-4-2 60 . . o
3-4-3 '
0 4 3_6-3 40 * * *
20 <t ¥ 20 |
. L g N I
O '
] 4 St x ¥ k=l !
5 0 q D A % 0 !
& G + 5 * &
E L g¥ oy, E] !
= 20t <y I g 20 !
I
I
a0b 40} * * * 0
+ + + :
.60 [ -60 < < |
4 I
80 . . . . 80 . . . 1 .
-10 -8 -6 -4 -2 0 -0.06 -0.04 -0.02 0 0.02
Real Real

(a) (b)

FiGc. 1. PEigenvalue spectrum of the system matriz to solve (1.1) with initial and boundary
conditions given by (4.1) using n = 40 and various schemes. (a) All eigenvalues and (b) magnified
view near the imaginary axis. Legend is the same for both plots.

(4.2) %‘ = —Du=—-H 'Qu— H 'qug.

For a bounded boundary data g(t), the stability of the semidiscretization depends on
the properties of the matrix M = —H 1, referred to as the system matrix [5]. If the
semidiscretization (4.2) is time stable (as per Definition 1), then, from Theorem 1,
the real part of all eigenvalues of the system matrix, M, must be nonpositive. Figure
1 shows the eigenvalue spectrum of the system matrix using the EBC schemes with
n = 40. All eigenvalues for all schemes lie in the strict left half of the complex plane
and, therefore, all the schemes show time stability for this problem, as expected from
the theoretical proof.

Table 2 shows the Ls- and Ly,-norms of the solution error, denoted by e, and
the respective convergence rates from the EBC schemes. As expected, all schemes
converge with at least p, + 1 global order of accuracy, where py, is the order of accuracy
of the boundary stencils.

4.2. 1-D coupled hyperbolic system. This section examines the performance
of the EBC schemes for a 2 x 2 system coupled by the BCs. This system provides
a severe test of numerical stability [6, 1] and, as noted by Carpenter, Gottlieb, and
Abarbanel [6], no existing central difference scheme of order of accuracy greater than
two is time stable for this system with strong BCs. Here, we evaluate the numerical
stability and accuracy of boundary closures for various centered schemes with strong
BCs.

The hyperbolic system, on domain 0 < x < 1 and ¢ > 0, is given by

ou oU
4. —_—+ ==
(43) or T or =
ov. oV
4.4 RS A
(44) ot Ox
(4.5) Initial conditions : U(z,0) = sin 27z, V(z,0) = —sin 27x.
(4.6) Boundary conditions : U(0,t) = a1 V(0,1), V(1,t) = axU(1,1).

For a; = ap = 1, this system provides a strict test of numerical stability because it
is neutrally stable, i.e., the energy, fcl)[U(as,t)2 + V(x,t)?] dz, remains constant with
time.
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TABLE 2
Lo- and Loo-norm of the solution error and convergence rates from solving (1.1) using various
schemes. Error calculations performed at t = 1.0.

" 1-2-1 2—4-—-2
logio [le]ly [ Rate [ log1o [lell [ Rate | logio [le]l5 [ Rate [ log1o [lell [ Rate
20 -1.442427 -1.234263 -1.828907 -1.541334

40 -2.044080 | 1.999 -1.834978 1.996 | -2.789357 | 3.215 -2.335029 2.637
80 -2.644558 | 1.995 -2.435158 1.994 | -3.729319 | 3.298 -3.204515 2.888
160 | -3.245543 | 1.996 -3.039630 2.008 | -4.653197 | 3.110 -4.099137 2.972
320 | -3.846993 | 1.998 -3.646874 2.017 | -5.567189 | 3.046 -5.000487 2.994
640 | -4.448730 | 1.999 -4.250385 2.005 | -6.475805 | 3.027 -5.903084 2.998

3-4-3 3-6-3
Rate | logio[le]l,, | Rate | logio|lell, | Rate [ logio el

n

log1o [lell, |
20 -1.946005 -1.801309 -1.681300 -1.160180
40 -3.355294 4.682 -3.137755 4.440 -3.107325 4.737 -2.484588 4.399
80 -4.706377 4.488 -4.522492 4.599 -4.493823 4.606 -3.853948 4.549
160 -5.978925 4.227 -5.810145 4.277 -5.775224 4.257 -5.200389 4.473
320 -7.208962 4.086 -7.047904 4.112 -7.002522 4.077 -6.504670 4.333
640 -8.418204 4.017 -8.233410 3.938 -8.213472 4.023 -7.770852 4.206

Rate

|

Let u(t) = [ug(t) --- - un(t)]T and v(t) = [vo(t) -+ --- vn(t)]T de-
note the grid function, assuming a spatial discretization of the above system with
n + 1 grid points. A semidiscretization of (4.3)—(4.6) using strong BCs is given by

dw

where w(t) = [a(t) v(t) [Twith a(t) = [us(t) - - wun(t)]” and ¥(t) =
[vo(t) «-+ -+ Un_1(t)]T. The derivative operator, D, is given by
[H o1 @ @],
Gl (P I B

where Q and Q are as described in (2.9) and (2.28), respectively, and the superscript
# denotes the matrix transformation (2.30). The off-diagonal entries of Q, involving
Qo, apply the BCs (4.6) strongly.

As mentioned earlier, existing high-order central difference schemes fail to be
stable for this problem when solved with strong BCs. Figure 2(a) shows the eigenvalue
spectrum of the system matrix, given by —D in (4.7), for the neutrally stable problem
with various high-order schemes from the literature. All schemes exhibit eigenvalues
with positive real part, therefore, the numerical solution grows nonphysically in a
long-time simulation, as shown by the solution error (¢) plotted in Figure 2(b).

Figure 3 shows the the eigenvalue spectrum of the system matrix for the neutrally
stable problem from various EBC schemes discussed in section 3. The eigenvalues lie
in the strict left half of the complex plane in all cases indicating time stability. Further,
the eigenvalue spectrum for a; = as = 1/2 from various EBC schemes is depicted
in Figure 4. All derived schemes are also time stable for this problem, and larger
negative real part of the eigenvalues compared to Figure 3 indicates the dissipative
nature of the BCs. An eigenvalue spectrum from various values of n (not presented
here for brevity) showed similar time-stable behavior. Table 3 shows the Lo- and
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0ol * 3rd Order (gn-;m 1994) | 1 ——3rd Order (Strand 1994)
+ it? 8r3er Ezmmd 39942 L 1999) o © ——4th Order (Strand 1994)
th Order (Carpenter et al. ° 4th le arpenter et al. 199:
o 6th Order (Carpenter et al. 1993) © N7 ot 8r;°f (S.“""“ el 1332)
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F1G. 2. (a) Eigenvalue spectrum of the system matriz near imaginary azis and (b) Loo-error
from solving the coupled hyperbolic system (4.3)—(4.6) with a1 = az = 1 using various spatial
schemes from literature with strong BCs. Classical RK4 is used for time integration with a CFL of
0.25 and 40 grid points in the domain. 3rd Order (Strand 1994) denotes the diagonal-norm stencil
in [32, Appendiz A] that is second-order accurate at the boundary; 4th Order (Strand 1994) denotes
the minimum-bandwidth full-norm stencil in [32, Appendix B] that is third-order accurate at the
boundary; 4th Order (Carpenter et al. 1993) and 6th Order (Carpenter et al. 1993) denote the
43 —4—43 and 52,52 — 6 — 52,52 stencils of [5], respectively; 6th Order (Cook € Riley 1996) denotes
the sizth-order compact scheme of [9, section 7.3].

80
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I
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. 20f . 20 ® |
3 *
g g * * 0
E 0 % 0
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I
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(b)

F1G. 3. Eigenvalue spectrum of the system matriz to solve (4.3)—(4.6) with a1 = a2 = 1 using
n = 40 and various schemes. (a) All eigenvalues and (b) magnified view near the imaginary azxis.
Legend is the same for both plots.

L.-norms of the solution error, denoted by ¢, and the respective convergence rates
from the EBC schemes for this problem. All schemes converge with approximately
pp + 1 global order of accuracy.

4.3. Inviscid Burgers’ equation. Consider the inviscid Burgers’ equation with
a source term,

oUu o (U?
) — | — ) = . <z< >
(4.8) 8t+6x<2) fu 0<x<1, t>0,

The method of manufactured solutions [27] is employed to perform long-time simu-
lations to assess the stability and the accuracy of the derived schemes. The source
term prevents solution discontinuities. The solution is assumed to be

© 2022 Nek Sharan



Downloaded 06/06/22 to 192.12.184.7 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

STRONG BOUNDARY CONDITIONS IN FINITE DIFFERENCES 1349

80 T T 80
= 1-2-1
60f + 2-4-2 60 4 < «
3-4-3 + ++ *
40f <« 3-6-3 40 . . .
<
b 207 PR P 5 20
4 4 et @
% 0 < ot % 0
2 <t N 2
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F1G. 4. Eigenvalue spectrum of the system matriz to solve (4.3)—(4.6) with oy = g = 1/2 using
n = 40 and various schemes. (a) All eigenvalues and (b) magnified view near the imaginary azxis.
Legend is the same for both plots.

TABLE 3
La- and Loo-norms of the solution error and convergence rates from solving (4.3)—(4.6) using
various schemes. Error calculations performed at t = 1.0.

1-2-1 2—4-2
n
logio ||l ‘ Rate ‘ log1o |le]l o ‘ Rate | logio [le]l ‘ Rate ‘ log1o |lell oo ‘ Rate
20 -1.217223 -1.225890 -1.676188 -1.508359

40 -1.803716 | 1.948 -1.770808 1.810 | -2.643277 | 3.215 -2.351858 2.802
80 -2.398761 | 1.977 -2.353810 1.937 | -3.582599 | 3.120 -3.206750 2.840
160 | -2.997715 | 1.990 -2.955241 1.998 | -4.505004 | 3.064 -4.099017 2.964
320 | -3.598344 | 1.995 -3.555882 1.995 | -5.417936 | 3.035 -5.000116 2.993
640 | -4.199721 | 1.998 -4.157098 1.997 | -6.325949 | 3.016 -5.902821 2.999

3—-4-3 3—6-3
n
logio ||l ‘ Rate ‘ log1o |le]l o ‘ Rate | logio [le]l ‘ Rate ‘ log1o |lell oo ‘ Rate
20 -1.771245 -1.777406 -1.992622 -1.811695

40 -3.162562 | 4.622 -3.117156 4.451 | -3.419956 | 4.742 -3.201140 4.616
80 -4.494335 | 4.424 -4.487070 4.551 | -4.765353 | 4.469 -4.638031 4.773
160 | -5.760716 | 4.207 -5.754529 4.210 | -6.020126 | 4.168 -5.970614 4.427
320 | -6.983890 | 4.063 -6.979341 4.069 | -7.237780 | 4.045 -7.187086 4.041
640 | -8.083748 | 3.654 -8.059036 3.587 | -8.445220 | 4.011 -8.394934 4.012

(4.9) U(z,t) =sin2x (x —t) + C,

where C' = 1.0 is a constant. (4.9) prescribes the initial and the boundary data, and
the source term is given by

(4.10) fulz,t) =mwsindn (x —t).

The solution (4.9) is nonnegative in the domain at all times, therefore, the BC
U(0,t) = sin 2w (—t) + C makes the problem well-posed.

Figure 5 shows the L,-errors with time in long-time simulations using various
schemes. A constant error profile indicates time-stable behavior. Figure 5(a) shows
the errors from the EBC schemes and, for comparison, Figure 5(b) shows the errors
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FI1G. 5. Loo—error from long-time simulations of (4.8) using n = 40 with (a) EBC schemes and
(b) schemes from literature referenced in Figure 2. Note the difference in axis scales between the
two subfigures.

TABLE 4
Lo— and Loo—norm of the solution error and convergence rates from solving (4.8) using various
schemes. Error calculations performed at t = 1.0.

1—-2-1 2—4-—-2
n
log1o lell, ‘ Rate ‘ log1o |l€ll o ‘ Rate | logio [lell, ‘ Rate ‘ log1o |l€]| o ‘ Rate
20 -1.176427 -0.738973 -1.987098 -1.528051

40 -1.781249 2.009 -1.280048 1.797 | -2.833219 | 2.811 -2.230067 2.332
80 -2.414563 | 2.104 -1.740013 1.528 | -3.677578 | 2.805 -3.068572 2.785
160 | -3.042268 | 2.085 -2.244332 1.675 | -4.547528 | 2.890 -3.765753 2.316
320 | -3.658045 | 2.046 -2.793888 1.826 | -5.397666 | 2.824 -4.496024 2.426
640 | -4.268635 | 2.028 -3.375075 1.931 | -6.297327 | 2.989 -5.369695 2.902

3—4-3 3—6-3
Rate ‘ log1o [l€ll o ‘ Rate | logio [lell, ‘ Rate ‘ log1o |l€]| oo ‘ Rate

logio [lell5
20 -2.222065 -1.804324 -2.437228 -2.136384
40 -3.540079 | 4.378 -2.998817 3.968 | -3.463385 | 3.409 -2.876606 2.459
80 -4.765848 | 4.072 -4.154203 3.838 | -4.686090 | 4.062 -4.306489 4.750
160 | -6.170204 | 4.665 -5.414077 4.185 | -5.876633 | 3.955 -5.540050 4.098
320 | -7.502206 | 4.425 -6.640841 4.075 | -7.068063 | 3.958 -6.705179 3.870
640 | -8.748263 | 4.139 -7.871633 4.089 | -8.264577 | 3.975 -7.884398 3.917

from the schemes (from literature) used in Figure 2. While all the schemes of Figure
5(b) were unstable with strong BC implementation for the neutrally stable coupled
system of section 4.2, the diagonal-norm third-order scheme of [32] and the forth-order
compact scheme of [5] show time stability for this problem. The other schemes diverge
early in time. Table 4 shows the La- and Ls.-norms of the solution error and the
respective convergence rates from the EBC schemes. All schemes show approximately
pp + 1 global order of accuracy.

4.4. 2-D variable-coefficient advection equation. Consider the scalar
problem

oo oo} 0
- - — = < <L >
8t+u5‘x+v8y 0, 0<z,y<L, t >0,
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F1G. 6. Loo-error from long-time simulations of (4.11)—(4.13) using N = 40 with (a) EBC
schemes and (b) schemes from literature referenced in Figure 2. Note the difference in axis scales
between the two subfigures.

(4.11) ulw,y) = oo, vlwy) = o

r(@,9) = /(2 — 20)” + (4 — 90)%,

where L = /2, 29 = —0.25 and 39 = —0.25. The initial and the boundary conditions
are given by

(4.12) ¢(z,y,0) = sin 277
and
(4.13) #(0,y,t) =sin 27 (r (0,y) — t), ¢(x,0,t) = sin 27 (r (z,0) — t),

respectively. The exact solution to the problem is ¢(z,y,t) = sin 27 (r — ¢).

Figure 6 shows the Loo-errors from long-time simulations of (4.11)—(4.13) using
various schemes with N x N grid points. To highlight the efficacy of the derived
schemes, a CFL of 1.5, calculated from

is used for the results of this figure. Figure 6(a) shows the errors from the EBC
schemes and Figure 6(b) shows the errors from the schemes used in Figure 2. As
in the case of the inviscid Burgers’ equation in the previous section, the diagonal-
norm third-order scheme of [32] and the forth-order compact scheme of [5] show time
stability. The other schemes tend to diverge very early in time. Table 5 shows the
Ls- and L.-norms of the solution error and the respective convergence rates from the
EBC schemes. All schemes show approximately py + 1 global order of accuracy.

5. Application to the Euler equations using characteristic boundary
conditions. This section discusses the application of the schemes derived in section
3 to solve the 2-D Euler equations. The extension to three dimensions follows a similar
approach. The primary interest of this study is in high-fidelity fluid-flow simulations,
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TABLE 5
Lo- and Loo-norms of the solution error and convergence rates from solving (4.11)—(4.13) on a
N X N grid using various schemes. Error calculations performed at t = 1.0.

N 1-2-1 2—4-2
logio |lell, | Rate | logiollell,, | Rate | logio|lell, | Rate | logio|lell,, | Rate
30 -1.404196 -1.037912 -2.118175 -1.439252

60 | -2.018962 | 1.993 | -1.615432 | 1.872 | -3.092760 | 3.160 | -2.445756 | 3.263
120 | -2.626948 | 1.995 | -2.207732 | 1.944 | -4.035679 | 3.095 | -3.435688 | 3.249
240 | -3.232256 | 1.999 | -2.801850 | 1.962 | -4.954626 | 3.034 | -4.343758 | 2.998
3—4-—-3 3—6—3

logio |lell, | Rate | logio [lell,, | Rate | logio|lell, [ Rate | logio ||l

Rate

o

|
30 -2.337262 -1.760082 -2.513605 -1.942708
60 -3.646564 | 4.245 -2.929111 3.790 | -3.838707 | 4.296 -3.070683 3.657
120 | -4.956536 | 4.299 -4.123419 3.920 | -5.147756 | 4.296 -4.249164 3.868
240 | -6.268282 | 4.331 -5.324285 3.965 | -6.456819 | 4.322 -5.447414 3.957

and hence the performance of the derived schemes is analyzed for the Euler equa-
tions. Theoretical stability and convergence analysis of finite-difference and pseudo
spectral schemes for other nonlinear hyperbolic PDEs can be found in [37, 3, 7, 38], for
example.

The 2-D Euler equations, assuming a calorically perfect gas, in generalized coor-
dinates are given by

0Q JF 0G

5.1 G T o T =0
(5-1) or "o T ap

p pU pV

1 | pu 1| pulU + &p L1 puV +n.p

5.2 == , F=- o G=+
(52)Q J | pv J | poU+&p J | poV +mnyp

pE pEU + &, uip PEV + ng,uip

U:€t+§mu+€yvv V=77t+77zu+77yv’

u? + v?
pE = P +p< >

v—1 2
The coordinate transformation between the physical domain x = (z,y) and the
computational domain & = (§,n) is &€ = =E(x,t) with the inverse transformation

x = X(&,7) and the metric Jacobian J = det(9€/0x) = (wey, — x,ye) " . We assume
the time to be invariant, therefore, 7 = t. u, v are the Cartesian velocity components,
p denotes the density, p is the pressure, and E is the total energy per unit mass.

Let ¢ and j denote the grid indices in ¢ and n direction, respectively, where
0<i< Ngand 0 < j <N, fora (Neg+1)x (N, + 1) computational grid. To simplify
the discussion, let us consider the boundary located at ¢ = 0, which has a constant
¢ value. The flux-derivative in the ¢-direction in (5.1), then, has to be modified to
account for the physical BC. (5.1) can be transformed to a characteristic form in
the direction normal to the ¢ = 0 boundary by using a similarity transformation
A=0F/0Q = TgAngl, where the columns of T¢ contain the right eigenvectors of A
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and A¢ is a diagonal matrix containing the eigenvalues of A. The expressions for A¢
and T¢ can be found in [24]. The resulting characteristic equations are given by (e.g.,

[17])

R
(5.3) En + L =S¢,

where R is the vector of characteristic variables,

(5.4) L=JI {?g {Fag <£> +G8€ <£ )H

and

(5.5) SCJTgl{%G+[F8€ <’59”>+G8§ (gy)”

The square brackets in (5.4)—(5.5) preserve the conservative form of the equation [17].

Following the 1-D discretization described in section 2, a semidiscretization of
(5.1) at grid points within the boundary stencil depth from the ¢ = 0 boundary, i.e.,
0 < i < K, can be written as

oo e (bsa e (5) a2 (S)]), o

where ¢;; and (Dng)ij are the discrete approximations of Q and G /91 at the 4, j grid
point and L* denotes the modified characteristic convection term in the £-direction
given by

(5.7) L" = Légp + Lgpc-

The derivative operators derived in section 3 to satisfy the stability and conservation
constraints of section 2 are nonsquare and use different stencils at inflow (where a
physical BC is applied) and outflow boundaries. The outflow boundary uses an SBP
stencil, whereas stencils for the inflow boundary, derived in section 3, that impose
the EBCs will be referred to as the EBC stencils. Ligp denotes the convection terms
for the outgoing waves calculated using the SBP stencil. The outgoing characteristics
correspond to the negative entries of A¢ at the i = 0 boundary, therefore, the elements
of L§gp can be obtained from

(5.8) (Lépp)y = M;|>\| (Lssp), »

where (o), denotes the kth entry of the vector, A is the kth diagonal entry of A¢, and

Lspp is L in (5.4) calculated using the SBP derivative approximation. The prefactor
[Ak|—Ak

2[Ak] ) ! ]
calculations. L~ denotes the incoming characteristic convection terms that at i = 0
are calculated using the physical boundary data and at 0 < ¢ < k calculated using

the EBC derivative stencils from

ensures that the SBP stencil is applied only to the outgoing characteristic
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N Akl + Ak
(5.9) (Lgpc)y, = Pal & Ax (LeBc)
2 [ Ak

where the expressions are as described for (5.8).

Next, we describe the application of the above discretization to solve problems
where the exact or target boundary data for all conservative variables may or may not
be known. The metric terms are calculated using the SBP derivative approximation
and time integration is performed using the classical RK4 method with a CFL of 0.6
for all results discussed in the following sections. For convergence studies, the time
step is taken small enough such that the temporal errors are insignificant compared
to the spatial truncation errors.

5.1. Isentropic convecting vortex. The 2-D Euler equations are solved for
a compressible isentropic vortex propagation. Initial and boundary conditions are
applied using the exact solution given by (e.g., [28])

1
2 =T
Po1) ) o e
p:<1_87720(2)6 o ; u:uo—%go(y—yo—vot)e 7
2,2 1
(5.10) v =g+ E(p(x — 1z — uot)e1 T, E=-L_4 —p(u* +v?),
o ~—1 2
p=p’, r? = (z — 20 — uot)® + (y — yo — vot)?,

where (xq, yo) denotes the initial position of the vortex, (ug,vg) denotes the vortex

convective velocity, ¢ is a scaling factor, and w denotes the nondimensional circula-

tion. 7y =14, ¢ = 11, and w = 1 is used for all simulations. All quantities in (5.10)
o

\/0,77

length scale, and pressure scale = pjuj?, where x denotes the dimensional quantities.

The nondimensional ambient speed of sound is ¢y = /7.

Figure 8 shows the L., —errors of velocity magnitude and density from simula-
tions using (xo, yo) = (—1.5, 0) on the domain shown in Figure 7, i.e., the vortex is
initially located outside the computational domain. A subsonic (ug = 1.0, v9 = 0) and
a supersonic (ug = 2.0, vg = 0) convective velocity are used to examine the robustness
of the boundary implementation. In the subsonic case, the left/right boundary has
three/one incoming and one/three outgoing characteristics. As per the characteristic
eigenvalue/eigenvector matrices of [24], for the subsonic left boundary, the outgoing
wave (L*), = (Lspp),, the incoming waves (L*), , 5 are calculated directly from the
exact solution at ¢ = 0 and (L*)1,2,3 = (LEBC)L?,S at 0 < ¢ < k. For the subsonic
right boundary, the outgoing waves (L), , 3 = (Lsgp), 5 3. the incoming wave (L*),
is calculated directly from the exact solution at ¢ = N, = N¢ and (L*), = (Lgsc), at
N¢—k <@ < Ng. A similar characteristic treatment is used for the boundaries normal
to the y-direction, where the incoming/outgoing waves are determined by the entries
of A,, obtained from the similarity transformation B = 0G/0Q = T, A, T, [24].
The supersonic case has characteristic velocities of the same sign at each z-boundary,
therefore, theoretically, no similarity transformation is required to impose the BCs.
However, the code implementation performs a decomposition and assigns L* = Lgpp
at the right boundary and, at the left boundary, L* is calculated directly from the
exact solution at ¢ = 0 and L* = Lggc at 0 <7 < k.

In the simulation duration shown in Figure 8, the vortex enters and exits the
domain through the left and the right boundary, respectively. The two spikes in the
plots of Figure 8 mark the time of vortex entry and exit. The time interval between the
entry and the exit is longer for the subsonic case, as expected. The vortex entry/exit

unit

are nondimensional, obtained from the density scale = p§, velocity scale uj =
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Fia. 7. Computational domain for isentropic convective vortex simulations.
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F1G. 8. Loc—norm of (a) velocity magnitude error and (b) density error from solving the Euler
equations for isentropic convecting vorter using various EBC schemes with 201 x 101 grid points. Left
and right columns show errors from a subsonic (ug = 1.0, vo = 0) and supersonic (ug = 2.0, vo = 0)
convective velocity, respectively. Initial vortex location is (zo, yo) = (—1.5, 0) for all simulations.
Legend is the same for all plots.

triggers numerical reflections from the inflow /outflow boundary, which can be a source
of instability and, therefore, the simulation is set up to examine if the errors grow
with time. All schemes of section 3 are stable for this problem. The error decay rate
is higher in the supersonic cases, likely because of the simpler boundary treatment
where all characteristic eigenvalues have the same sign.
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F1G. 9. Lo—norm of (a) velocity magnitude error and (b) density error from solving the
Euler equations for isentropic convecting vortex using various EBC schemes with 201 x 101 grid
points. Convective velocity (ugp = 0.8, vo = 0.4) with initial vortex location (xo, yo) = (0, 0) is used
to simulate a subsonic vortex traveling through the top-right corner of computational domain.

The extent/magnitude of numerical reflections at the outflow boundary may de-
pend on the flow direction at the boundary [2]. To examine the robustness of the
developed schemes, several numerical tests were performed with vortex traveling in a
direction that is oblique to the boundary. Figure 9 shows the velocity magnitude and
density errors with time for a subsonic vortex traveling through the top-right corner
of computational domain. Initial vortex location (zo, yo) = (0, 0) with convective
velocity (ug = 0.8, vg = 0.4) allow the vortex to exit the domain in ¢ < 2, allowing
an assessment of error growth with time. Figure 9 shows the results from the EBC
schemes of section 3. All schemes produce stable results without any ad hoc stabi-
lization measures indicating the suitability of these schemes for high-fidelity turbulent
flow calculations [19, 29].

Ls- and L,-norms of the solution error and respective convergence rates from
the stable schemes for this problem are given in Table 6. The errors are calculated at
t =1 using (xo, yo) = (—0.5, 0) for the subsonic (ug = 1.0) case. All schemes exhibit
a global order of accuracy approaching p, + 1 or higher.

5.2. Acoustic scatter by a rigid cylinder. This section examines the perfor-
mance of the EBC schemes on a curvilinear grid to solve problems where the exact
(or target) values of all conservative variables are not known at the boundary, as is
often the case in practical flow simulations. The strong BC implementations, unlike
the weak enforcement, do not require target values for all conservative variables.

The Euler equations (5.1) are solved for scattering of an initial pressure pulse by
a cylinder [34], as shown in Figure 10. The initial condition is given by

1
s p:<1—>+p7 u:’[}:O,
v

where a small value of ¢ = 107% is considered to trigger a linear response allowing
comparison with the linearized Euler equations solution. The pressure disturbance
is centered at (zs,ys) = (4,0). All quantities in (5.11) are nondimensional, obtained
from the density scale = p¥_, velocity scale = ¢, length scale = r¢(cylinder radius),

1 —4)? 42
(511) p=_ +eex —(1112)(370#
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TABLE 6
La- and Loo-norms of the density error and convergence rates from solving the Euler equations
for isentropic vortexr convection on an N X N grid using various schemes. Error calculations are
performed at t = 1.0.

1—-2-1 2—4-2
N
logio lleplly ‘ Rate ‘ logio llepll o ‘ Rate logio lleplly ‘ Rate ‘ logio |lepll o ‘ Rate
50 -2.97741 -1.99754 -3.55779 -2.68874
100 -3.5008 1.714 -2.50662 1.667 -4.34167 2.566 -3.46567 2.544
150 -3.85544 1.997 -2.86293 2.007 -4.83949 2.804 -3.99159 2.962
200 -4.10382 1.977 -3.11973 2.043 -5.21171 2.962 -4.38812 3.155
250 -4.29947 2.010 -3.32405 2.099 -5.50531 3.016 -4.70008 3.204
3—4-3 3—6-3
N
logio [lepll, ‘ Rate ‘ logio [lepl o ‘ Rate | logio lleplly ‘ Rate ‘ logio [lep ] o ‘ Rate
50 -3.0783 -2.14384 -3.19404 -2.28162
100 -4.06836 3.242 -3.14236 3.269 -4.25752 3.482 -3.32069 3.402
150 -4.70384 3.579 -3.73467 3.336 -4.94213 3.856 -3.97785 3.701
200 -5.22411 4.140 -4.22631 3.912 -5.50794 4.502 -4.51338 4.262
250 -5.65743 4.451 -4.64963 4.349 -5.96407 4.686 -4.95957 4.584

and pressure scale = p%_c:2, where * denotes the dimensional quantities, subscript oo

denotes the ambient values, and c is the speed of sound.

Figure 10(a) shows the computational grid and the BCs for the problem. The
inviscid wall imposes the no-penetration condition normal to the wall and slip condi-
tion in the tangential direction. The no-penetration condition makes the contravari-
ant velocity U in (5.2) zero and, therefore, (L*); = (L*), = 0 in (5.7), based
on the eigenvalue arrangement of the characteristic matrices of [24]. (L*), corre-
sponds to the outgoing wave, therefore, (L*), = (Lgsgp), and the incoming wave
(L*); = (Lssp)y + (Sc); — (Sc)y; see [17]. The outflow has three outgoing and
one incoming waves. (L*), , 5 are the convection terms of outgoing waves, therefore,
(L*); 53 = (Lsep), 5 5 and (L"), is specified using a pressure relaxation term, as in
23]

Figures 10(b) to (d) show the pressure fluctuation contours at various times. The
solution consists of the incident pulse and the pulse reflected by the cylinder. The
exact solution of pressure fluctuation is given by (see [34])

P2y, 1) = Re { [ i) + A ) we"“fdw} .
0

The contribution of the incident pulse is estimated from

1 )
Ai (@) = gre™ Py (wry),

where 7, = \/(z — 4)> + 42 and Jy is the Bessel function of order zero. The reflected
pulse contribution is calculated from

A, (z,y,w) :Z Ck(w)ngl)(rw)cos(kH),
k=0
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F1G. 10. Initial pressure-pulse problem: (a) computational grid and boundary conditions, and
pressure fluctuation contours at (b) t = 1.5, (c) t = 4.5, and (d) t = 9.5. The contour lines show 10
levels in the range [—5, 5] x 107,

EX=12

where H,gl) is the Hankel function of the first kind of order k, r = /22 + 42, 0 =
atan2 (y, z), and

, B 1—4cosf
Ck: (w) = ie—zwz/Zb%/ Jl(wrso)ﬁ COS(]C@) de,
2b mwH,’ (w) Jo Ts0
where 7y = rs|T:T0:1 = \/(COSG — 4)2 +sin?0, 9 =1 and e, = 2 for k # 0.

A comparison of the exact solution with the numerical results from various schemes
at different spatial locations is shown in Figure 11. The subfigures in the left column
show the time history of pressure fluctuation and the right column shows the respec-
tive errors. The spatial locations span different regions of the domain; z = 2, y = 0
(top subfigures) lies in between the cylinder and the acoustic source, z = 0, y = 5
(middle subfigures) lies above the cylinder, and = —5, y = 0 (bottom figures) lies
behind the cylinder with respect to the source. The polar grid shown in Figure 10(a)
with an outer radius of 12 and 251 grid points uniformly distributed in the radial and
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Fi1c. 11. Numerical results from various schemes showing time history of (a) pressure fluctua-
tion and (b) pressure-fluctuation error at x = 2, y = 0 (top), z =0, y = 5 (middle), and x = —5,
y = 0 (bottom). The black solid line in subfigures of (a) shows the exact solution. Note the differ-
ence in axis scales of the top subfigure in each column. Legend is the same for each subfigure of a
column. In subfigures of column (b), the absolute of the mazimum error is less than 1.5 x 1076 for
the 2 —4 —2 and 3 — 4 — 3 schemes, and less than 4.5 x 10~7 for the 3 —6 — 3 scheme at all times.

azimuthal directions is used for all simulations. The two peaks in the top and the
middle subfigure of Figure 11(a) correspond to the incident and the reflected pulse.

All EBC schemes of section 3 are stable for this problem. The error plots show
the significance of high-order schemes for acoustic (wave propagation) problems. The
second-order scheme has poor dispersion properties and, as a result, the highest error
among all schemes. The error decreases with increase in order of accuracy of the
interior scheme, as expected.

6. Conclusions. A systematic approach is developed to derive strongly time-
stable high-order finite-difference schemes that enforce BCs strongly for hyperbolic
systems. Time-stability and conservation constraints are derived for nonsquare first-
derivative operators that, by construction, exclude calculations at grid points where
physical BC is imposed. Schemes of global order of accuracy up to fourth order are
derived that show time stability for problems that previously could not be solved
for long times with high-order schemes and strong BCs without additional stability
measures, e.g., artificial dissipation/filters. The robustness of the proposed method
is verified for solving various problems: (a) 1-D scalar advection equation, (b) 1-
D coupled hyperbolic system, (c¢) 1-D inviscid Burgers’ equation, (d) 2-D variable-
coefficient advection equation, and (e) 2-D Euler equations in curvilinear coordinates.

Appendix A. Additional proofs.

LEMMA A.1. A square derivative operator, ﬁ, that ensures discrete conservation
in solving (1.1) is not conservative after the row omission for strong BC enforcement.
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Proof. Consider the grid function u(t) = [ug(t) --- un(t)]T for solving (1.1)
over the domain 0 < z <1 \Zvith n + 1 equidistant grid points. A square (n + 1) X
(n + 1) derivative operator, D, typically satisfies the discrete analogue of (1.2) given
by

n

(A1) jt/ol Udz ~ % 3 () == (HDu) = uolt) ~ ua(t),

i=0 i=0 ’

where (v); denotes the ith component of a vector v = [vg - vn]T and H is an
(n+1) x (n+ 1) matrix that constitutes a quadrature for the spatial domain. (A.1)
implies for the entries ¢;; of Q@ = HD that

n n n -1, j =0,
(A.2) Z Gij ZZZ hikdrj =1, j=n,
=0 i=0k=0 0 otherwise,
where izik and cfkj denote the entries of H and 15, respectively. 0

To enforce BC strongly, if the first row of Dis omitted, i.e., if cfkj = ( is assumed
for k = 0, then (A.2) holds only if doj =0forall 0 < j <ninD. But, if D is
a valid derivative operator at all grid points, including the boundary points, then
do; # 0 for some values of j. The omission of the first row of D, therefore, introduces
a conservation error at the jth grid point of Y7 hodo;, which is O (1) at some grid
points.

LEMMA A.2. The rows of a derivative operator D sum to zero, and hence the
rows of Q@ = HD should also sum to zero.

Proof. The rows of a derivative operator D sum to zero, i.e., D1 = 0, where 1
denotes a vector whose entries are all one. For a symmetric positive definite H, D =
H~'Q. Hence, D1 = 0 implies H~'Q1 = 0. Multiplying both sides of H~'Q1 = 0
by H yields @1 = 0 or that the rows of ) sum to zero. ]

Appendix B. 2 — 4 — 2 stencil.

49 43 59 17
H = Azdi h 7h 7h 7h 717"'71777777»7 )
z 1ag< 11, 22, h33, Nag 3 18 48 48)
(B.1)
[dio dix diz diz dia  dis  dis i
do d21 da2 de3 daga  d2s  das
d3o ds1 ds2 d3z d3za d3s  dse
dio da1 daz  daz  daa  das  dgs
12 g 2 _1
12 3 3 12
1 . . .
D=— ‘. .. -
Az 1 _2 2 _1
12 3 3 12
4 32 59 3
s —1 0 g 0 —g
4 59 o 59 _4
13 86 86 13
1 1
o o o -1 o 1
3 4 59 24
L 0 U S« -7 S +
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hq1 = 1.117853598033634 hop = 1.734954607723689 hgs = 0.493492831348563 hyy = 1.153698962894113
dip = —0.558055563977424 dgp = —0.177806646597481 dzg = 0.197577181565075 dy0 = 0.053103321910167
dy1 = 0.206193447640676 do; = —0.148032843241780 dz; = —0.349146497048670 dy; = 0.031031686127352
dyo = 0.229753040942520 dgo = 0.010938409310223 dsgy = —0.469159274307636 dyp = —0.272872172147738
dy3 = 0.154135831102631 dgg = 0.133448297494816 dgg = 0.026584989564182 dy3 = —0.326375382961636
dy4 = —0.032026755708402 dgs = 0.181452783034222 dgy = 0.763007924163851  dgy = 0.009492491845307
di5 =0 das =0 d3s = —0.168864323936802 dy5 = 0.577851491687484
dig =0 dag = 0 dsg =0 dyg = —0.072231436460936
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