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Partial differential equations (PDEs) are used to model various phenomena in nature and society,
ranging from the motion of fluids and electromagnetic waves to the stock market and traffic
jams. There are many methods for numerically approximating solutions to PDEs. Some of the
most commonly used ones are the finite volume method, the finite element method, and the
finite difference method. All methods have their strengths and weaknesses, and it is the problem
at hand that determines which method that is suitable. In this thesis, we focus on the finite
difference method which is conceptually easy to understand, has high-order accuracy, and can
be efficiently implemented in computer software.

We use the finite difference method on summation-by-parts (SBP) form, together with a weak
implementation of the boundary conditions called the simultaneous approximation term (SAT).
Together, SBP and SAT provide a technique for overcoming most of the drawbacks of the finite
difference method. The SBP-SAT technique can be used to derive energy stable schemes for any
linearly well-posed initial boundary value problem. The stability is not restricted by the order
of accuracy, as long as the numerical scheme can be written in SBP form. The weak boundary
conditions can be extended to interfaces which are used either in domain decomposition for
geometric flexibility, or for coupling of different physics models.

The contributions in this thesis are twofold. The first part, papers I-IV, develops stable
boundary and interface procedures for computational fluid dynamics problems, in particular for
problems related to the Navier-Stokes equations and conjugate heat transfer. The second part,
papers V-VI, utilizes duality to construct numerical schemes which are not only energy stable,
but also dual consistent. Dual consistency alone ensures superconvergence of linear integral
functionals from the solutions of SBP-SAT discretizations. By simultaneously considering well-
posedness of the primal and dual problems, new advanced boundary conditions can be derived.
The new duality based boundary conditions are imposed by SATs, which by construction of
the continuous boundary conditions ensure energy stability, dual consistency, and functional
superconvergence of the SBP-SAT schemes.
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1. Introduction

Many problems in the natural sciences can be described in the language of
mathematics as systems of partial differential equations (PDEs). A system
of PDEs typically describes the time-evolution of physical quantities such as
velocity, momentum, and energy in a coupled manner. There are no general
methods to compute analytical solutions to PDEs, and even when there are
analytical solutions available, they are often not suitable for practical applica-
tions due to their complexity. Numerical methods for solving the PDEs are
therefore the preferred and often only choice.

The increase in computing power over the past decades has helped to estab-
lish numerical simulations as the third cornerstone of science, alongside theo-
retical analysis and practical experiments. As the usage of computers grow, the
algorithms which produce the numerical results become increasingly impor-
tant. In particular for solving PDEs, there is a multitude of available methods.
Each of them have their strengths and weaknesses, and the problem at hand
determines which method that is suitable.

In this thesis, the problems under consideration usually appear in compu-
tational fluid dynamics (CFD) applications. The typical and most general ex-
ample is the compressible Navier—Stokes equations which describe the motion
of a compressible fluid. The Navier—Stokes equations provide a challenge for
both mathematicians and numerical analysts. From a mathematical point of
view, it has not yet been proven that a global smooth solution exists in three
space dimensions. From a numerical point of view, the treatment of boundary
conditions and high complexity make the construction of numerical schemes
highly non-trivial.

It is common in CFD to derive numerical methods for model problems
which are subsequently applied to more complicated equations. Model prob-
lems are constructed so that the main mathematical properties of the real prob-
lem are preserved, but the analysis is simplified. Also, when implementing the
solution algorithms for a model problem, flaws in the algorithms are not hid-
den by the algebraic complexity of the equations to be solved.

Whatever numerical method used to solve PDEs, the following require-
ments have to be satisfied;

1. Consistency

2. Stability

3. Efficiency
By the famous theorem of Lax and Richtmeyer [26], the solution of a lin-
ear PDE given by a numerical method converges to the solution of the PDE if,
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and only if, the method is consistent and stable. All schemes which are used in
practice are consistent by construction. Far from all schemes are, however, sta-
ble. That is what brings us to the main topic of this thesis—the construction of
stable and high-order accurate numerical schemes for solving time-dependent
partial differential equations.



2. The summation-by-parts technique

A finite difference method for solving differential equations is constructed by
approximating the derivatives in discrete points as weighted sums of solution
values in neighboring points. Recall the mathematical definition of the first
derivative;

u(x+h) —u(x)

u'(x) = lim

h—0 2.1

A computer has finite precision and hence % in (2.1) can not be made arbitrarily
small. Instead, a computational grid is introduced where 4 = Ax > 6 > 0 and
the first derivative at the point x = x; in (2.1) becomes approximated as

u(x; + Ax) — u(x;)

W (x;) ~ ~ . 2.2)

In (2.2), only one neighbor-point is used. More points can be included to
obtain more accurate approximations of the first derivative. For example the
central approximation, where two neighbor-points are used, given by

(x;i + Ax) — u(x; — Ax) .

u
u' (x;) ~ e

(2.3)
The geometric interpretations of (2.2) and (2.3) can be seen in Figure 2.1.

Forward approximation Central approximation

(a) Forward difference using one neighbor- (b) Central difference using two neighbor-
point points

Figure 2.1. Geometric interpretation of first derivative approximation using forward
and central differences



We say that (2.3) is second-order accurate since substituting the Taylor se-
ries expansion of u(x) around x = x; gives

u(x; +Ax) —u(x; — Ax Ax?

(L+ )2Ax(l ):M/(xi)+6”(3)(§)+~-a
where x; — Ax < & < x; + Ax. Thus if the third derivative of u is sufficiently
smooth, the error term will behave as Ax? and tend to zero as Ax — 0.

For Cauchy problems, the stability criteria for a given numerical scheme
can be analyzed with von Neumann analysis. For an initial boundary value
problem (IBVP), however, the formula (2.3) reveals difficulties. For example,
if the point x; = xg is a boundary point, then xg — Ax is not included in the
discretization and special care has to be taken.

The difficulties at the boundaries for IBVPs using finite difference methods
is what gave birth to the summation-by-parts (SBP) form [23, 24]. We say
that;

Definition 2.1. A finite difference matrix D; is an SBP operator for the first
derivative if

Dl :PilQa
Q0+ 0" = Ey — Ey = diag[0,....,0, 1] — diag[1,0,...,0],

and the matrix P defines an inner product and norm by
(up,vi)p = ul Pvy,  ||up||* = ul Puy,
for any discrete grid functions u,, vj,.
Given these definitions, we have
(un, D1vi)n = ujy (Ex — Eo) vy — (D1, v,

which mimics integration by parts in the continuous sense and motivates the
SBP terminology. Essentially, an SBP operator is a central finite difference
operator in the interior while the boundaries have been modified so that the op-
erator is one-sided. For example, the second-order accurate operator is given
by

-2 2 0 0 ... 07
-1 0 1 0 ... 0
| 1o =10 1 .0
Dl:P Q:m . . . .. . )
0 0 -1 0 1
L O o 0 -2 2|
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where

10 0 0 -1 1 0 .. 0
0 1 0 0 -1 0 1 .. 0
P=Ax| : . : ,Q:% : coote e
0 ... 0 10 0 ... =1 0 1
(0 ... 0 0 3| 0 ... 0 —1 1|

There are SBP operators for the first derivative with interior order of ac-
curacy 2p for p = 1,2,3,4. The global accuracy depends on the choice of
the norm matrix P. With the requirement of P being diagonal, the order of
accuracy at the boundaries needs to be reduced to p. The global order of accu-
racy then becomes p + 1. There are also block-diagonal matrices which give
2 p-order global accuracy [46]. While a diagonal P gives less accuracy, it has
more flexibility. For example, a diagonal norm is required to derive energy es-
timates under curvilinear coordinate transforms since P has to commute with
the (diagonal) Jacobian matrix of the coordinate transform [37, 48]. In this
thesis, a diagonal matrix P has been consistently used.

Once an energy estimate has been derived, a higher order accurate solution
can be obtained by simply replacing the difference operator with one of higher
order.

SBP operators can also be used to approximate the second derivative. The
most direct way is to apply the first derivative twice, D, = DD, which results
in a wide difference stencil. The order of accuracy is the same as for the
first derivative. A compact stencil can be obtained by considering a second
derivative operator of the form

Dy, =P Y (—A+ (Ey — E))S),

where A +AT > 0 and S approximates the first derivative at the boundary. In
this case, S can be chosen to be accurate of order p + 1 instead of p and the
global accuracy increases from p + 1 to p + 2 for pointwise-stable discretiza-
tions [4, 31, 50].

Several attempts to include the boundary conditions were made after the
construction of the SBP finite difference operator. Injection of the boundary
values destroy the SBP properties and stability is restricted to low-order ac-
curate schemes. An orthonormal projection method which preserves the SBP
properties was proposed in [41, 42], but is not in practical use because of
other complications [28, 30]. The current state-of-the art method for imposing
the boundary conditions was proposed by Carpenter et al. in [3] and has be-
come known as the Simultaneous Approximation Term (SAT). Together, the
SBP-SAT technique provides a method for constructing stable and high-order
accurate approximations of IBVPs.
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2.1 Initial boundary value problems

Analyzing the stability requirements for a full time and space discretization is
difficult. The analysis can be simplified by only discretizing in space while
keeping time continuous. The stability analysis can then be done by using the
energy method which is applicable to complicated problems. Such a semi-
discretization is called a method of lines [47].

2.1.1 Well-posedness of the continuous problem

The semi-discrete energy estimates are closely related to well-posedness of the
continuous problem. One of the earliest definitions of well-posedness were
given by Hadamard [16] in the 1920’s and can be stated as;

Definition 2.2 (Hadamard). A problem is called well-posed if
1. A solution exists
2. The solution is unique
3. The solution depends smoothly on the data of the problem

The two first statements are obvious for a problem to be computable. The
third statement is somewhat vaguely formulated. In Hadamard’s original texts,
data refers to everything from initial and boundary data to the boundary con-
ditions. Even so, it is clear that such a definition is necessary from a numer-
ical point of view. Every numerical computation produces discretization and
round-off errors. These errors can be thought of as data of the problem, and
perturbations due to finite precision arithmetic can not be allowed to affect the
solution too much.

When studying finite difference discretizations of IBVPs, Kreiss [25] made
another definition of well-posedness which became very influential for numer-
ical solutions of PDEs. The definition can be stated as;

Definition 2.3 (Kreiss). A homogeneous IBVP is well-posed if a unique solu-
tion u exists and satisfies the energy estimate

|lull < Kee™'[|£]], V>0,

where f is the initial data. The parameters K. and ¢, are not allowed to depend
on neither ¢ nor f.

By the principle of Duhamel, it is sufficient to study the homogeneous prob-
lem since well-posedness of the inhomogeneous problem follows. Moreover,
the boundary conditions can also be assumed to be homogeneous [15]. Def-
inition 2.3 quantified the vague definition of Hadamard, and also allowed the
solution to be stable against lower-order perturbations. The later property has
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extensive use in numerics since non-linear and variable coefficient problems
can be treated using linearizations and localizations [22].

2.1.2 Stability of the semi-discrete problem

The definition of Kreiss did not only improve the theory of PDEs in general,
it also suggested a method for proving stability of semi-discretizations. The
same reasoning can namely be applied in the discrete sense as described in;

Definition 2.4 (Kreiss). A semi-discretization of a homogeneous IBVP is
called stable if the discrete solution uy, satisfies the energy estimate

||un|| < Kqe®@||f|], Vi>0,

where f is the initial data. The parameters K; and o; are not allowed to depend
on neither ¢ nor f.

Kreiss and Wu [25] showed that when time is kept continuous and a space
discretization is stable according to definition 2.4, a Runge-Kutta time inte-
gration scheme can be used to integrate the solution in time while maintaining
stability.

The outlined procedure of assuming that there is no forcing function and
that the boundary conditions are homogeneous gives the most basic suffi-
cient requirements of well-posedness and stability. There are other definitions
where the data of the problem is included in the estimates, in which case the
continuous problem is called strongly well-posed and the semi-discretization
is called strongly stable. Moreover, the semi-discrete problem is called strictly
stable if oy = ot + O(Ax). More details on the definitions and their usage can
be found in [15, 36, 39].

We can now exemplify the whole idea of the SBP-SAT method by consid-
ering the advection equation with wavespeed i > 0,

u; + ity = 0, 0<x<1,
u(x¢0) :f(x)a (24)
u<07t> :gL(t)'

Assuming that a unique solution exists, we let g; = 0 and integrate (2.4) over
the spatial domain. We obtain

d
S llull = —au(1,0)* <o,

which leads to an energy estimate and hence (2.4) is well-posed. An SBP-SAT
discretization of (2.4) can be written as

d _
Euh +iaDup, = oP leo(eguh —gL(t)) (2.5)
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where ep = [1,0,...,0] T The parameter o has to be determined such that (2.5)
is stable in the norm defined by P. By multiplying (2.5) with uZP, assuming
gr =0, we get

d
E | |Mh||2 = (I/_t + ZG)MZ;E()uh — ﬁu,fENuh (2.6)

and a discrete energy estimate is obtained for 6 < —ii/2. For those values
of o, the scheme is stable. Note that there is no restriction on the order of
accuracy for stability in the energy estimate (2.6). Once a discrete energy
estimate has been obtained, the same requirements are valid for all orders of
accuracy.

The construction of stable boundary procedures for the compressible Navier—
Stokes equations with Robin solid wall boundary conditions is the topic of
paper I11.

2.2 Coupled problems

To study complex flow phenomena, such as conjugate heat transfer, the flow
equations need to be coupled with the equations for heat transfer [17, 8, 45].
For model problems, well-posed coupling conditions can be derived using the
standard energy method. When the coupling conditions are derived from first
principles of physics, the energy method in its standard setting might be in-
sufficient. The reason is that the energy estimates are derived in the L>-norm
which might not capture the physics of the problem. A simple example is the
coupled heat equations in one dimension, given by

Uy = OlpUyy, —1<x<0,
Vi = ORVxx, 0<x<1,
u(—1,1) =gr(1), v(1,1) = gr(t),

M(O,l) = V(O,l‘), KLMX(()?t) = KRVx(Ovt)a

KL,R
CLRPLR . .. o .
the thermal conductivities, specific heat capacities, and densities, respectively.

The coupling conditions require continuity of temperature and heat fluxes. In
order to obtain an energy estimate, it is necessary to modify the norms as

where o g =

are the thermal diffusivities and &z g, ¢z r, and py g are

0 1
Wl = [ wedr, W= [ e,
—1 0

where 8y g > 0 are to be determined. The energy method (assuming g; = gg =
0) results in

d
S (2 A+ [1V][R) + 20 [ 17+ 200 [vil |z = [Sr.otuee — Spomvv] o -
2.7
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To obtain an energy estimate, using the interface conditions, it is required that
Or.r = cL,rPL R since then (2.7) reduces to

d
S lal[Z 4 11vI17) + 20 [luel[7.+ 200l vl I = [(Liae = Kgve)ule—o = 0,
and an energy estimate is obtained.

The modifications of the norms are also seen in the discretization of the
coupled problem. A discretization using the SBP-SAT method can be written
as

d _
= oy Diuy +01P~' D eo(edun — g1)

+ GszlDlTeN(eZ\w,uh — egvh) + G3P71eN(KLe£,(D1uh) — KReg (D1vp))
d _
Evh = OCRD%V}Z + TP lDlTeN(eIY\;v;1 — gR)
+ TzPilD?EO(egvh — e]{,uh) + ’L'3P71€0(KR6(7)W (Dlvh) - KLE}\;(Dluh))
(2.8)

and we have to choose 01,3 and 7; 3 such that the scheme is stable. For
simplicity, we have assumed that both domains have the same number of grid
points since then the same operators can be used in both domains. This is to
simplify the notation and in general the domains can have different discretiza-
tions. Since a modified norm was required to obtain an energy estimate in the
continuous case, the same modification is required to obtain a discrete energy
estimate. The modified discrete norms are defined analogously as

\|unl |7 = Spuf Pup, ||vallz = Srvy Pvn,

with O g determined from the continuous energy estimate. To highlight the re-
lation to the continuous energy estimate, we consider only the interface terms
and apply the modified energy method with general &, g. We get

d
E(H”h”%""||Vh|‘123)+2aL||Dluh||%+205R||D1Vh”122 = g}, Mgy,
where g, = [eK,uh,egvh,e;,(Dluh),eg(Dlvh)]T and

0O 0 m m
0 0 m3 my

M=\ ms 0 0 |
my mg 0 O
with
my = (0 + 0+ 03K1) 61, my = —030LKg — T20R,
m3 = —020r — T30rKL, mg = (—0g + T» + T3KR) Og.-
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In order to obtain an energy estimate, it is required that all parameters are
chosen such that M < 0. Since the main diagonal of M consists of zeros, the
only option is to choose the parameters such that m; >34 = 0. A little bit of
algebra shows that this requirement is possible if, and only if,

@ _ CLPL
Or  CRPR’

which is satisfied by the choices of &, g from the continuous energy estimate.
Thus, if a modified norm is required to obtain an energy estimate in the con-
tinuous case, the same modification has to be done to the discrete norm. An
example of an implementation of the scheme (2.8) can be seen in Figure 2.2,
where we have chosen the problem parameters such that oy, / og = k7, / kg = 10.

Initial data Time 0.1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
02 -0.5 0 0.5 1 02 -0.5 0 0.5 1
X X
(a) Initial data (b)yt=0.1
Time 0.5 Time 10.0
1 +uh 1 +uh
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
02 -0.5 0 0.5 1 02 -0.5 0 0.5 1
X X
(c)t=0.5 (d) Steady-state

Figure 2.2. A sequence of solutions for two coupled heat equations with different
problem parameters

In Figure 2.2, the initial data did not match the boundary data at the left
boundary. This causes instabilities for schemes with strong implementation
of the boundary conditions. With weak boundary conditions and energy sta-
bility, the solution attains the boundary value and the scheme remains stable
throughout the computation. In this example, we have used 33 grid points in
each subdomain and second-order accurate SBP operators.
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In paper I and paper IV we investigate coupling procedures for computing
conjugate heat transfer problems. In the first case for a one-dimensional model
problem, and in the second case for the two-dimensional compressible Navier—
Stokes equations. In paper II, the coupling procedure itself is studied using
model problems.
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3. Functionals and dual problems

The solution of the governing equations might not be the output of primary
interest in many CFD applications. Of equal, or even greater, importance is
the computation of functionals from the solution. In general, a functional is
defined as any map from a vector space V into the underlying scalar field K.
Every vector space has an associated vector space called its dual (or adjoint)
space. The dual space is denoted by V* and is defined as the space of all linear
functionals V — K.

The adjoint, or dual, operator L* of a linear operator L is the (unique) oper-
ator satisfying

(v,Lu)y = (L*v,u)y, 3.1

where (.,.)y denotes the inner product on the space V. The study of linear
functionals and dual spaces is the topic of functional analysis and additional
preliminaries can be found in any functional analysis textbook, for example
the classical works [43, 44].

In this section, we consider initial boundary value problems of the form

w+Lu)=F x€Q,
PBu)=gr, x€lL CIQ, 3.2)
u=f, t=0.

For applications in CFD, a linear functional of interest usually represents the
lift or drag on a solid body in a fluid, which is computed in terms of an integral
of the solution of (3.2). The functional can be represented in terms of an
integral inner product as

Iw) = (g.0) = [ ¢ ud
Q

where g is a weight function. A main complication in CFD is that no phys-
ically relevant solutions have compact support in the computational domain.
The dual operator is obtained through integration by parts which will introduce
boundary terms that must be removed. The dual PDE has thus to be supplied
with dual boundary conditions to close the system.

The associated dual problem has been extensively studied [11, 12] and used
in the context of error control and adaptive mesh refinement [1, 2, 6, 14, 10, 7]
as well as within optimization and control problems [21, 13]. In error control
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and mesh adaptation, the dual problem is derived and treated as a variational
problem. In optimization and control problems, the dual problem is derived
and treated as a sensitivity problem with respect to design parameters. In the
end, the two different formulations yield the same dual problem. A similar-
ity for the different areas of applications is that most of them are based on
unstructured methods, such as finite elements or discontinuous Galerkin.

3.1 Quadrature accuracy

Only recently was the study of duality introduced to structured methods, such
as the SBP-SAT technique. Recall that the SBP operator was constructed to
satisfy

(v, D1, = up (Ex — Eo)vi — (D1, un ),

which mimics an integration property, rather than a differentiation property.
While the differentiation properties of the SBP operator has been extensively
studied and used [46, 49, 32, 50, 20, 38, 5, 33, 29], the integration properties
of the matrix P have been much less explored. The integration properties of
P was thoroughly investigated by Hicken and Zingg [19]. It was shown that
the requirements on P to obtain an accurate SBP operator include, and extend,
the Gregory formulas for quadrature rules using equidistant points. Two main
results were proven in [19], which are restated here for convenience. The first
theorem establishes the accuracy of P as an integration operator;

Theorem 3.1. Let P be a full, restricted-full, or diagonal mass matrix from
an SBP first-derivative operator D1 = P~'Q, which is a 2p-order accurate
approximation to the first derivative in the interior. Then the mass matrix P
constitutes a 2p-order accurate quadrature for integrands u € C*P (Q).

The second theorem extends the results to include discrete integrands com-
puted from an SBP differentiation;

Theorem 3.2. Let D; = P~'Q be a an SBP first derivative operator with a
diagonal mass matrix P and 2 p-order interior accuracy. Then (v, Diuy), is a
2p-order accurate approximation of (v,uy).

These theorems proved in summary that it is possible to retain the full order
of accuracy when computing integrals from an SBP discretization, even with

a diagonal P.
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3.2 Dual consistency

For IBVPs, it is not sufficient to integrate the solution obtained by an SBP-
SAT discretization using P to obtain a functional of 2p-order accuracy. It was
shown in [18] that an additional property of the discretization was required—
the so called dual consistency property. The main result in [18] extends the
results in [19] to include SBP-SAT solutions to IBVPs. Even though the so-
lution u;, to an IBVP using SBP-SAT is accurate of order p+ 1 when using a
diagonal P, any linear functional of u, is accurate of order 2p when integrated
using P, if the discretization is dual consistent.

As suggested by the name, dual consistency requires that the discretization
of the primal problem is also a consistent approximation of the dual problem.
In order to construct a dual consistent discretization, one first have to derive
the dual problem and work with both the primal and dual problems simul-
taneously. To obtain the dual differential operator we consider the linear, or
linearized, Cauchy problem,

w+Lu=f, xeQ,
u=0, t=0,
J(u) = (gvu)’

where J(u) is a linear functional of interest. We seek a function 6, in some
appropriate function space, such that

T

/ J(u)di = /T (6, f)dt.
0

0

Using integration by parts, we can write

T T T
/ J(u)di = / J(u)di — / (8,u; + Lu— f)di
0 0 0

St~

T
(6, — L0 + g,u)dt — [(6,u)],_; +/(9,f)dt
0

and it is clear that 6 = 0 at t = T is needed, and that 6 has to satisfy the dual
equation —6; + L*0 = g. The time transform 7 = T —¢ is usually introduced,
and the dual Cauchy problem becomes

0, +L"60=g, xcQ,
6=0, 7=0.

The situation is more complicated for IBVPs. Since the primal equation does
not have compact support in general, the boundary terms resulting from the
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integration by parts procedure has to be properly taken care of by the homoge-
neous primal boundary conditions. The dual boundary conditions are defined
as the minimal set of homogeneous conditions such that the boundary terms
vanish after the homogeneous primal boundary conditions have been applied.
Still, one needs to investigate the well-posedness of the dual equation with the
resulting dual boundary conditions. A well-posed set of boundary conditions
for the primal problem does not necessary lead to a well-posed dual problem.

A discretization of a problem with a functional of interest can be written as

d
PP + Lyup = f, (3.3)
In(un) = (& un)n,

where the entire spatial discretization, including the boundary conditions, has
been collected into the discrete operator L. Recall that the inner product is
defined as

(vh,uh)h = v;{Puh (34)

in an SBP-SAT framework. The discrete adjoint operator L, is defined, analo-
gously to (3.1), as the unique operator satisfying

(Vi Lpup)n = (Lpvp, up)p- (3.5)

The discrete adjoint operator can hence be explicitly computed, using (3.4)
and (3.5), as

Li=pP'LIP (3.6)

The discrete dual problem is obtained analogously to the continuous case by
finding 6y, such that fOT Jp(up)dt = fOT(Gh, f)dt. Integration by parts and (3.6)
gives

T T T

d
/Jh(uh)dl = /(&Mh)hdf—/(@h,auh + Lyup — f)pdt
0 0

0
o T

= /(Eeh—LZQh + g, up)pdt — [(ehauh)h]t:T+/(6haf)hdt
0 0

and hence the 6, has to satisfy the discrete dual problem
d

6,+L:6, =
dt h+ hYh 8,

0, =0, T=0,

where T =T —t. Dual consistency can now be defined in terms of L; and L*;
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Definition 3.3. A discretization is called dual consistent if L, is a consistent
approximation of L* and the continuous dual boundary conditions.

The above definition is not specific for SBP-SAT discretizations. Any dis-
cretization which can be written in the form (3.3) is applicable. The SBP-SAT
technique is particularly well-suited for this framework because of the well-
defined inner product and operator form.

It is common, in optimization for example, that continuous and discrete ad-
joint methods are distinguished [34, 35, 9]. This is because the discrete adjoint
operator does not approximate the continuous adjoint operator and boundary
conditions in general. In the SBP-SAT framework, the dual consistency prop-
erty can allow for very efficient use of adjoint based techniques due to the
unification of the continuous and discrete adjoints. SBP-SAT is not the only
method which offers consistency with the dual equations. It was shown that,
for example, the discontinuous Galerkin method can also exhibit this property
[27, 40].

The dual consistency property can be easily exemplified using the model
problem (2.4). Dual consistency does not depend on any data of the problem
but only the differential operator and the form of the boundary conditions. We
hence consider the inhomogeneous problem with homogeneous boundary and
initial conditions,

uy + ity = f, 0<x<1
u(0,1) =0, 37
u(x,0) =0, '
J(u) = (g;u),

where J(u) is a linear functional of interest. We seek a function 6 so that
) J(u)dt = [ (6, f)dr and integration by parts gives

S—_

T
J(u)dt = / /6 up + iy — f)dt
0

T 1 T T
:/(9,+ﬁ9x+g, /Gut rdx— /[aeu]ledt—l—/(e,f)dt
0 0 0

It is clear that 6 has to satisfy the dual problem

0, —ub,=g, 0<x<1,
0(1,7) =0, (3.8)
0(x,0) =0,

where we have introduced the time transform 7 =7 —+t.
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The model problem (3.7) can be discretized as

d
—up+iuDuy, = GPil(eguh — O)eo+f,

dt (3.9)

Jn(up) = (g un)n,

and the parameter ¢ has to be determined so that the scheme is not only stable,
but also a consistent approximation of the dual problem (3.8). It is convenient
to rewrite (3.9) in operator form as

d
T +Lyuy, = f,

where the spatial discretization, including the boundary condition, is included
in the operator

L, =aD, — oP 'E,.
The discrete dual operator can be directly computed as
L =P 'LTP=—aD, +aP 'Ey — (6 +a)P 'Ey, (3.10)

and it is seen that L; imposes a boundary condition at x = 0, due to the last term
in (3.10), unless ¢ = —ii. With 0 = —i, the discrete dual problem becomes

d
— 6, — D16, = —iaP 'Ey@
g7 o T 16, Z NOL+ g,
which is a consistent approximation of the dual problem (3.8). Since ¢ = —i1

does not contradict the stability condition (¢ < —ii/2), the scheme is both
stable and dual consistent. In Table 3.1 we show the convergence rates g for
the solution and the functionals, together with the functional error, using the
dual inconsistent and consistent schemes.

Table 3.1. Convergence rates q, and functional errors for the dual inconsistent and
consistent schemes

Sth-order (2p = 8)

c=-1/2 c=-1

N | q(un) | qUn(up)) | Error || q(un) | q(Jn(un)) | Error
96 | 4.58 4.51 1.87e-05 || 5.14 8.20 7.54e-09
128 | 4.87 4.80 3.02e-06 || 5.34 7.96 2.71e-10
160 | 4.97 491 7.58e-07 || 5.41 8.02 2.74e-11
192 | 5.02 497 2.53e-07 || 5.44 8.06 4.58e-12
224 | 5.05 5.01 1.02e-07 || 5.46 8.21 1.05e-12
256 | 5.06 5.04 4.72¢-08 || 5.46 8.62 2.97e-13

As we can see from Table 3.1, the convergence rate for the linear functional
increases from p+ 1 to 2p when using the dual consistent discretization. Also

23



notice that dual consistency is merely a choice of parameters. The solution of
the dual problem is never required and hence the increased rate of convergence
for linear functionals comes at no extra computational cost.

In paper V we establish the dual consistency theory for time-dependent
problems, and relate the dual consistency property to stability using several
model problems of different types. A general proof is presented which shows
that stable and dual consistent SBP-SAT schemes produces superconvergent
linear integral functionals. In paper VI we extend the theory to include ad-
vanced boundary conditions which further enhances the performance of dual
consistent schemes.
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4. Summary of papers

4.1 Contributions

The ideas of the papers in this thesis have been developed in close collabora-
tion between the authors. The papers have been written by the author of this
thesis. The computations in the papers have been performed by the author of
this thesis. The analysis in the papers have been done to large extent by the
author of this thesis in close collaboration with the co-author.

4.2 Paper |

J. Lindstrom and J. Nordstrom. A stable and high-order accurate conjugate heat trans-
fer problem. Journal of Computational Physics, 229(14):5440-5456, 2010.

This paper was a first attempt to compute conjugate heat transfer problems
using the SBP-SAT framework. In previous work, the coupling procedures
have been focused on multi-block couplings to split the computational domain.
For conjugate heat transfer problems, not only is the domain split, there are
also different governing equations in the blocks describing the fluid and solid,
respectively.

A one-dimensional model problem was analyzed. An incompletely parabolic
system of equations was coupled to the scalar heat equation and well-posed
interface conditions were derived for the continuous problem. The coupled
problem was discretized and it was shown how to construct an SAT so that the
coupling is stable, and that the target high-order accuracy was obtained.

The stable discrete coupling was derived as a function of one parameter
describing the weight between Dirichlet and Neumann conditions, showing
that there are no restrictions on how the coupling is done. The results extends
earlier results where restrictions on the coupling were required for stability.

The spectral properties of the discretization were investigated as a function
of the interface parameter and it was shown that both the rate of convergence
to steady-state as well as the stiffness of the coupled system could be enhanced
compared to having pure Dirichlet or Neumann conditions.
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4.3 Paper II

J. Berg and J. Nordstrom. Spectral analysis of the continuous and discretized heat and
advection equation on single and multiple domains. Applied Numerical Mathematics,
62(11):1620-1638, 2012.

To obtain further insights in how numerical coupling procedures affect the
overall discretization, two model problems were investigated. Most physical
problems consist of advective and/or diffusive terms which have very differ-
ent mathematical and numerical properties. We hence considered the advec-
tion and heat equation on single and multiple domains. This was done to see
which effects the multi-block coupling have, compared to a single domain dis-
cretization. Second-order accurate SBP operators were used since they allow
analytic computations of spectral properties.

For the heat equation, we derived a closed form expression of the eigenval-
ues for the discrete single domain operator and showed asymptotical second-
order convergence of all discrete eigenvalues. For the multi-block domain we
showed that the eigenvalues from the single domain operator were included in
the set of eigenvalues of the multi-block operator. The stable coupling con-
ditions were derived as a function of one coupling parameter, similarly as in
paper L, for which the discretization properties were studied.

For the advection equation, we showed how the eigenvalues of the multi-
block operator are again included in the set of eigenvalues of the single do-
main operator. The multi-block coupling was derived as a function of one
semi-bounded parameter for which the discretization is both stable and con-
servative. Two different values of the parameter could be distinguished. One
value which gives minimal interface dissipation, and another which gives a
fully upwinded scheme. It was shown by several examples that the upwinded
interface treatment is the preferred choice since it improves the errors, stiff-
ness, and rate of convergence to steady-state. In the latter case, adding several
interfaces can enhance the convergence rate to steady-state by several orders
of magnitude.

4.4 Paper III

J. Berg and J. Nordstrém. Stable Robin solid wall boundary conditions for the Navier—
Stokes equations. Journal of Computational Physics, 230(19):7519-7532, 201 1.

There are multiple choices of well-posed solid wall boundary conditions for
the compressible Navier—Stokes equations. The most commonly used ones are
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the no-slip conditions for the velocity with an isothermal or adiabatic temper-
ature condition. These boundary conditions make sure that there are no veloc-
ities in neither the normal nor tangential directions, and that the temperature
or temperature gradient is specified. It is well-known that the no-slip condi-
tions are accurate as long as the characteristic length scale is large enough.
For flows on the micro or nano scale, molecular interactions have to be taken
into account, and the Navier—Stokes equations do no longer give an accurate
description of the physics. The effects of molecular dynamics can be modeled
by slip-flow boundary conditions where the tangential velocities are allowed
to be non-zero.

All of the above mentioned boundary conditions can be represented by
Robin solid wall boundary conditions on the tangential velocity and tempera-
ture. This allows for a transition from no-slip to slip, and from isothermal to
adiabatic, by varying parameters. We have proved that the SBP-SAT method
can be made stable for all choices of parameters, using sharp energy estimates.
All physically relevant solid wall boundary conditions for the compressible
Navier—Stokes equations are thus contained within one uniform, energy sta-
ble, formulation.

4.5 Paper IV

J. Nordstrém and J. Berg. Conjugate heat transfer for the unsteady compressible
Navier—Stokes equations using a multi-block coupling. Accepted for publication in
Computers & Fluids, 2012.

There are two possible choices for how to compute conjugate heat transfer
problems: 1) the Navier—Stokes equations are coupled to the heat equation,
and 2) the Navier—Stokes equations themselves govern heat transfer in the
solid. The first is the most obvious choice due to the simplicity of the scalar
heat equation. The latter is common for incompressible fluids because the
energy component is decoupled from the momentum, and reduces exactly to
the heat equation for zero velocities. For compressible fluids, the latter choice
is less explored since stability and accuracy become problematic.

We used a modified multi-block coupling, where only the temperature is
coupled over the interface, and let the compressible Navier—Stokes equations
govern heat transfer also in the solid region. In the continuous case, we
showed how to scale and choose the coefficients in the energy component of
the Navier—Stokes equations, so that it becomes as similar to the heat equation
as possible. Well-posedness of the modified multi-block coupling was shown
using energy estimates in a modified norm.
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In the discrete case, we showed that the coupling can be made stable us-
ing the same modified norm. Computations using both approaches were per-
formed and it was shown that the differences can be made very small.

4.6 Paper V

J. Berg and J. Nordstrom. Superconvergent functional output for time-dependent prob-
lems using finite differences on summation-by-parts form. Journal of Computational
Physics, 231(20):6846—6860, 2012.

The theory of dual consistency and functional superconvergence for SBP-SAT
discretizations was first derived for steady problems. In this paper, we ex-
tended the theory to time-dependent problems and related dual consistency to
stability. We gave a general proof that dual consistency and stability implies
superconvergence for linear (integral) functionals. Several model problems of
different kinds were analyzed. It was shown how to construct schemes which
are stable and dual consistent, and that superconvergence was obtained for all
cases.

4.7 Paper VI

J. Berg and J. Nordstrom. On the impact of boundary conditions on dual consistent
finite difference discretizations. Accepted for publication in Journal of Computational
Physics, 2012.

In paper V, the model PDEs were supplied with Dirichlet boundary conditions
to simplify the analysis in the continuous case. Dirichlet boundary conditions
automatically ensures that both the primal and dual problems are well-posed.
The discretization, however, became more complicated as it was required to
reduce the equations to first-order form to derive stability conditions. In real-
istic applications, Dirichlet boundary conditions are rarely suitable at far-field
boundaries. It is well-known that they give large reflections which eventually
will pollute the whole solution unless exact boundary data is known. Other
kind of boundary conditions can significantly enhance both the stability and
accuracy of a numerical scheme.

We considered a linear incompletely parabolic system of PDEs in one di-
mension. The boundary conditions of far-field type were derived using energy
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estimates, under the restriction that both the primal and dual problems were
well-posed. By simultaneously considering the primal and dual problems, the
amount of free parameters could be reduced, which allowed the construction
of new advanced boundary conditions.

The equations were discretized using the SBP-SAT technique, and it was
shown that the construction of the continuous boundary conditions are suffi-
cient for both stability and dual consistency. In fact, with the new boundary
conditions, stability and dual consistency are equivalent. Several computations
were performed with the new boundary conditions, and it was shown that they
provide both error boundedness in time, fast convergence to steady-state, and
superconvergence of linear integral functionals.
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6. Summary in Swedish

Stabila finita differensmetoder med hog
noggrannhetsordning for multifysik- och flodesproblem

Manga problem inom teknik och naturvetenskap, och dven inom andra om-
raden, kan modelleras med hjilp av partiella differentialekvationer (PDE:er).
Nagra exempel dr dynamiken hos fluider och elektromagnetisk vagutbredning,
men dven problem fran aktiemarknaden och trafikstockningar kan beskrivas
med PDE:er. I allménhet finns inga generella metoder for att hitta exakta 16s-
ningar till dessa problem. Aven i de fall dir det finns exakta Iosningar s ir de i
allménhet for komplexa for att vara praktiskt anviindbara. Numeriska metoder
ar darfor ofta nodvandiga.

Under de senaste artiondena har datorerna utvecklats till den grad att nu-
meriska simuleringar har etablerat sig som ett av vetenskapens fundament,
likvardigt med teori och experiment. Den okade anvindningen av datorer dr
inte enbart tack vare att hardvaran har blivit snabbare och effektivare. Algorit-
merna som anvinds for berdkningar har dven de utvecklats i samma takt. Den
okade anvindningen av datorsimuleringar stéller hoga krav pa algoritmerna.
Bra hardvara &r betydelselos om algoritmen som anvinds ér ineffektiv eller
inte berdknar ett korrekt resultat.

Det finns en uppsjo av olika metoder for att 16sa PDE:er. Nagra av de
vanligaste &r finita volymsmetoden, finita elementmetoden, och den som dr
huvudfokus i den hér avhandlingen — finita differensmetoden. Vilken metod
som #n anvinds sa krivs det att metoden ér;

1. Konsistent

2. Stabil

3. Effektiv
I allménhet &r tva av de tre ovanstaende kraven relativt litta att astadkomma.
Att metoden &r konsistent betyder att den faktiskt 16ser den PDE vi ér intresser-
ade av. Stabilitet betyder att storningar, t.ex. i data eller fran diskretiserings-
eller avrundningsfel, inte paverkar 16sningen alltfor mycket. Effektivitet bety-
der att metoden levererar en 16sning inom rimlig tid. De flesta metoder som
anvinds #r i praktiken dr konsistenta. Daremot 4r langt ifran alla metoder som
anvénds stabila och effektiva. En konsistent och stabil numerisk metod har
ofta en 1ag noggrannhetsordning och &r ddrmed ineffektiv, eftersom det krévs
hog upplosning for ett noggrant resultat. En konsistent metod med hég nog-
grannhetsordning 4r ofta instabil.
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Finita differensmetoder ir i sitt grundutférande konsistenta och effektiva.
Effektiviteten kommer av att det &r litt att astadkomma hog noggrannhetsor-
dning, samt att de lampar sig vdl for implementering pa datorer. Ett stort
problem é&r stabilitet. For att komma till ridtta med stabilitetsproblemen har
finita differensmetoder pa partiell summationsform (eng. summation-by-parts,
SBP) utvecklats. En SBP-operator édr i grunden en central differensoperator
som har modifierats for att vara ensidig vid rinderna. SBP-egenskapen i sig ar
tillracklig for att varje linjért vélstillt Cauchy-problem ska ha en stabil diskre-
tisering.

For initial- och randvillkorsproblem (eng. initial boundary value problems,
IBVP) ir situationen lite mer komplicerad. De flesta PDE:er av fysikaliskt
intresse, t.ex. Navier-Stokes ekvationer, kriver randvillkor for att vara vil-
definierade. SBP-metodiken i sig har ingen hantering av randvillkor utan
dessa maste ldggas till separat. Den mest anvindbara metoden &r att ligga
till randvillkoren svagt, genom en sa kallad SAT (eng. simultaneous approxi-
mation term). Tillsammans ger SBP-SAT ett ramverk for att konstruera kon-
sistenta och stabila finita differensapproximationer av linjart vélstidllda IBVP,
dir noggrannhetsordningen inte dr begrinsad av stabilitetskrav.

Den hir avhandlingen fokuserar pa stabila och hogre ordningens SBP-SAT-
approximationer av olika IBVP som forekommer inom berdkningsfluiddy-
namik. T atanke finns speciellt Navier-Stokes ekvationer samt multifysikprob-
lem inklusive konjugerad virmeoverforing. Avhandlingen kan delas in i tva
delar. Den forsta delen bestdr av artikel I-IV. I dessa utvecklas SBP-SAT-
tekniken for kopplade problem samt randvillkorshantering for Navier—Stokes
ekvationer. Det visas hur SBP-SAT anvinds for att koppla ihop olika fysik-
modeller och vilka egenskaper hos diskretiseringen som #ndras vid kopplin-
gen. Viggrandvillkor for Navier-Stokes ekvationer som leder till vélstilld-
het f6r det kontinuerliga problemet hérleds, tillsammans med stabilitet f6r det
diskreta. Véggrandvillkoren dr formulerade sa att alla relevanta fysikaliska
randvillkor, t.ex. no-slip, slip, isoterma och adiabatiska, finns representerade i
en enhetlig formulering som &r energistabil med skarpa energiuppskattningar.

I den andra delen, bestdende av artikel V-VI, utvecklas SBP-SAT-tekniken
for hantering av duala problem. Dualkonsistens relateras till stabilitet vilket
resulterar i superkonvergenta linjira integralfunktionaler. Genom att samtidigt
betrakta vilstilldhet hos det priméra och duala problemet kan nya avancerade
randvillkor hirledas, vilka i en SBP-SAT-diskretisering direkt ger stabilitet
och dualkonsistens, och dirmed superkonvergenta funktionaler.
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solid. The energy method is used to derive boundary and interface conditions that make
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1. Introduction

The coupling of fluid and heat equations is an area that has many interesting scientific and engineering applications. From
the scientific side it is interesting to mathematically derive conditions to make the coupled system well-posed and compare
with actual physics. The applications for conjugate heat transfer ranges between cooling of turbine blades, electronic com-
ponents, nuclear reactors or spacecraft re-entry just to name a few. The particular application we are working towards here
is a microscale satellite cold gas propulsion system with heat sources that will be used for controlling the flow rate [1]. See
Fig. 1.

This paper is the first step of understanding the coupling procedure within our framework. The computational method
that we are using is a finite difference method on Summation-By-Parts (SBP) form with the Simultaneous Approximation
Term (SAT), a weak coupling at the fluid-solid interface. This method has been developed in many papers [2-7] and used
for many difficult problems where it has proven to be robust [8-11]. The extensions to multiple dimensions is relatively
straightforward once the one-dimensional case has been investigated. The difficulty in extending to multiple dimensions lies
rather in a high performance implementation than in the theory.

The main idea of the SBP and SAT framework is that the difference operators should mimic integration by parts in the
continuous case. This framework makes the discrete equations closely related to the PDE:s themselves. The difference oper-
ators are constructed such that they shift to one-sided close to the boundaries. This results in an energy estimate which gives
stability for a well-posed Cauchy problem. The SAT method implements the boundary conditions weakly and an energy esti-
mate, and hence stability, can be obtained for a well-posed initial boundary value problem.
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Fig. 1. A micro machined nozzle with 3 heater coils positioned just before the nozzle throat. The nozzle throat is approximately 30 um in a heat exchange
chamber.

Since the operators shift to one-sided close to boundaries and interfaces there is no need to introduce ghost points
or extrapolate values which in general causes stability issues. Once the scheme is correctly written and all coefficients
determined the order of the scheme depends only on the order of the difference operators. In this paper we will present
2nd-, 3rd- and 4th-order operators and study their performance. The details of these operators can be found in for example
[2.3,12].

2. The continuous problem

The equations we are studying in this paper are motivated by a gas flow in a long channel with heat sources. The channel
is long compared to the height and hence the changes in the tangential direction are small in comparison to the changes in
the normal direction, see Fig. 2.

The equations are an incompletely parabolic system of equations for the flow and the scalar heat equation for the heat
transfer,

We +Awy = eBwy,, —1<x<0 (1)
and
Tt = ka)u 0 <X< 1-, (2)
where
p ab 0 00O
w=|u A=|b a c|, B=|0 a O (3)
T 0 c a 0 0 B

We can view (1) as the Navier-Stokes equations linearized and symmetrized around a constant state. In that case we would
have

g At2n YU @)

p TPy

where i1, p and ¢ is the mean velocity, density and speed of sound. 7 is the ratio of specific heats, Pr the Prandtl number and 7
and u are the second and dynamic viscosities, [8,13,14]. At this point the only assumption on the coefficients is that o, > 0.

Our main objective is to couple (1) and (2) at x = 0 and investigate which boundary and interface conditions that will lead
to a well-posed coupled system.

Y22
N _

Fig. 2. By assuming an infinitely long channel with homogenicity in the tangential direction y we get an one-dimensional problem in the normal direction x
for the conjugate heat transfer problem.
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To simplify, we assume for the rest of the paper that a > 0. We are allowed to use three boundary conditions at x = —1,
three interface conditions at x = 0 and one boundary condition at x = 1. See e.g. [8,9,13,15].

2.1. Boundary conditions at x = —1

The boundary and interface conditions will be derived using the energy method. Define the energy norm of w as

0
Iwi? = [ wwax. (5)
-1
By multiplying (1) with w' and integrating over the domain we get
0
[wi? = —wTAw[® | + 2ewBw,|°, — 28/ W] Bwdx. (6)
-1
Let
1 [~V2e bbb
X=—| 0 d d|, d=yb+c, 7
2d ) (7)
V2b ¢ ¢
be the diagonalizing matrix of A. We have X! = XT and A = XAX" where
a O 0
A=10 a+d 0 |, (8)
0 0 a-d

contains the eigenvalues of A. Using these relations we can write (6) as
0
[w]? = (X"w)" A(X"w) — 26w Bw, — 2¢ / WIBw,dx, (9)
-1

where all boundary terms are evaluated at x = —1. We make the change of variables

—V2cp +V2bT c
X'w=—| bp+du+cT |=|c|, (10)
2d :
v2 bp —du+cT 3

which are the characteristic variables for the hyperbolic part, cf. [13,15]. In order to bound the energy for the hyper-
bolic part we need to put boundary conditions on the characteristic variables that are related to the positive eigenvalues
of A. If we assume that a < d which corresponds to subsonic inflow, then A has two positive eigenvalues and we need to
use two boundary conditions on the corresponding characteristic variables. Thus we need to impose the boundary
conditions

1
&1 = g (~V2ep +V2DT) = () v
szﬁ(prrdquCT):fz(t)v "

to bound the hyperbolic part.
We are allowed to use one more boundary conditions that will need to bound the parabolic term —2sw'Bw,. Assume
f1=f>=0. By taking linear combinations of (11) and (12) we can eliminate p and obtain

cu+d7T =0. (13)
The parabolic term is expanded using relation (13) to obtain

—2ew'Bw, = —2¢u (otux - %TX> . (14)
If we put

aduy — peTx = f3(1), (15)

as the final boundary condition for (1) at x = —1, then with f; = 0 the parabolic term (14) is zero and all the boundary terms
are bounded.
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Remark 2.1. The assumption of zero boundary data is necessary to obtain Eq. (15). If we could have bounded the left
boundary terms with non-zero boundary data, it could lead to a strongly well-posed problem [16].

2.2. Boundary conditions at x =1

At x =1 we have the scalar heat equation. By applying the energy method we get
IT|I7 = 2KTT, — 2Kk| T >, (16)

from which it is easy to see that either
T=m(t), Te=hy(t) or T+ piTe=hs(t), (17)

will result in an energy estimate (for suitable choices of the constants oy and ;). In the rest of the paper and in the numerical
experiments we have used T = hy(t).

2.3. Interface conditions at x =0

At the interface we apply the energy method to both equations and add them together to get (when ignoring boundary
terms)

0 1
%(nwn2 + HTHZ) = —W'AW + 2ew"Bw, — 2KTT, — 28/ wIBw, dx — Zk/o T dx. (18)

-1

Since we are considering the interface as a solid wall which separates the fluid from the solid and since we want a continuous
heat transfer we impose

u=0, 7=T. (19)
Using the interface conditions (19), Eq. (18) reduces to

0 1
%(nwn2 FITIP) = ~a(p? + T2) + 2T (BeT, ~ kT.) - 28/ W Bw dx — Zk/ T2 dx (20)
-1 0

and we can easily see that if we impose
PeTy — kTx =0, (21)

as the final interface condition we get an energy estimate. Without (21), the interface can act as an unphysical heat source.
Using all these boundary and interface conditions we can conclude the following.

Proposition 2.1. Egs. (1) and (2) coupled at x = 0 are well-posed with boundary conditions (11), (12), (15) and (17) and interface
conditions (19) and (21).

Remark 2.2. Note that in arriving at Proposition 2.1 we have assumed that the data is identically zero. If we had been able to
obtain an energy estimate for non-zero data the problem would have been strongly well-posed [16].

3. The semi-discrete problem

Eq. (1) is discretized on the single domain [-1,0] on a uniform grid of M+1 grid points. The vector w =

[Wg.W]....,W,\/]]T = [po,uo,TO,pl,ul,Tl,...,pM,uM,TM]T is the discrete approximation of w. The derivatives are approxi-
mated by the operators on SBP form
W, ~ (Dﬁ ®I3)w = (PLlQL ®I3)w, (22)
2
Wiy ~ (Dg ®13)w - (P;lQL ® 13) w, (23)

where P, is a symmetric positive definite matrix and Q; is an almost skew symmetric matrix satisfying Q, + Q] =
B, = diag(-1,0,...,0,1) [2,3]. I5 is the 3 x 3 identity matrix. Eq. (2) is similarly discretized on a uniform grid of N+ 1 grid
points.

Remark 3.1. The approximation (23) has the drawback that the computational stencil is wide. This is however necessary for
variable coefficients. Compact formulations that uses minimal bandwidth does however exist for constant coefficient
problems [3].
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In (22) and (23) we have introduced the Kronecker product, defined as

anB - ﬂ]nB
AeB=| i . (24)
amB - am,B
for the m x n and p x q matrices A and B respectively. It is a special case of a tensor product so it is bilinear and associative.
Some of its important properties are
(A®B)(C® D) = (AC ® BD), (25)
(AoB) ' =A"eB™), (26)
if the usual matrix products and inverses are defined.
Given a partial differential equation,
v =P, t,v), xe€Q, t=>0,

v(x,0) =f(x), xeQ, t=0, (27)
Lv=g(t), x€0Q, t>0,

the SAT method will be used to implement the boundary condition Lv = g weakly. This means that Lv — g = O(hP) in the dis-
crete case. The discretization of (27) using the SAT method would schematically look like
Vi=9v+ (P 'E@Z)(Lv-g), (28)

where Z is a discrete SBP approximation of 7 and L is a matrix that approximates the continuous operator L. E is a matrix
which picks the correct boundary terms at the correct positions in space. ¥ is an unknown matrix of the same size as the
system of PDE:s to be determined for stability.

With these tools and the boundary and interface conditions derived in Proposition 2.1 we can discretize (1) and (2) using
the SAT method as

W, = 7(Dﬁ ®A)w + s(Dg ® B)w T (P;lEf, ® z?) (xTwO - g?) + (P;lEg ® 22) (ad(Dﬁu)o - /;c(DﬁT)O - gg)

T
+ (P;l (D)) Es o 22) (cuo +dTo — g8) + (P "By 0 ') (wua — Y1) + (PL'Efy  23') (wut - &)

(P B ZM)<TM ~To) + ( ; ( )TE ® z4> (Tw—To) + (P[’Eﬁ,, @22”) (ﬁa(DﬁT)M
-k(D’fT)O) - (P;1 ®13) (D{BLDL @13) (29)
T
T, = kDST + 20P; 'R (To — Ty) + 10P; (DR) EX(To — Thy) + 19P; ' EX (k (D‘fr)o ~pe (DﬁT)M)
+ TP ER (TN - h’f) — P;'DTByDp. (30)

The matrices E, = diag(1,0,...,0), Eﬁ,, =diag(0,...,0,1) and ERN similarly defined, are used to select boundary elements. The
3 x 3 matrices 2 and coefﬁc1ents 1,' N are called penalty matrices and penalt )z coefficients which have to be determined for
stability [2-4]. All gOM and hN are arbltrary boundary data, except for g2 = b€1+V2%, \yhich was derived as a linear combination
of the other boundary condmons

Remark 3.2. In (29) we have X'w, -g=[c1-fi,co—foC3 —fg]T where ¢y, c; and c3 are the characteristic variables.
Moreover wy — gV = [py — 81, UM — 82, Tm — g;)". The rest of the SAT boundary and interface terms are 3 x 1 vectors with
the scalar values given on each row. The penalty matrices are constructed such that they select the correct entries and
cancels the rest.

The terms [N)ZVRELR[N)L,R are artificial dissipation operators which reduce spurious oscillations. The matrices f)LR are undi-
vided forward or backward difference operators and B,  are diagonal matrices which make the dissipation operator symmet-
ric and determines the amount and location of the dissipation. In this case we have for 2nd-order the dissipation operators

11 0 .- 0
o -1 1 .- 0

Dig=|: - - -, |, Buwr= diag(y g Yigs -+ Vg, 0)
0 0o -1 1
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1 -1 0 0 0
-1 2 -1 0 0
DI¢BirDir=7ig| © . . o i, (31)
o -~ 0 -1 2 -1
o -~ 0 0o -1 1

where 7y, g is a positive parameter determining the amount of dissipation. These operators lead to an energy estimate and
does not reduce the order of the scheme. An extensive study of these dissipation operators can be found in [12].

3.1. Stability conditions at x = —1

We will use the discrete analogue of the energy method to show that the scheme is stable. Define the discrete energy
norm

w5, = W' (P, @ Is)w, (32)

where I3 is the 3 x 3 identity matrix. Omit all terms which are not related to the left boundary, and multiply (29) with
w/(P ® I3). Since D} and D5 are on SBP form we obtain after some algebra

%HWan = WiAwo — 2ewfB(Diw) -~ Zs(Dﬁw)T(an @ B) (Diw) +2wj 23 (X"wo - &)
+ 2w}z («d(Diu) — pe(DiT) - 83) +2 (Dﬁw):zg (cto + dTo — £2). (33)
As in the continuous case we let g9 = g3 = g2 = 0 and consider the hyperbolic and parabolic parts separately.
The hyperbolic part with the corresponding penalty term is
whAw, + 2wh 29X wo. (34)
By diagonalizing A and make a change of variables in the same way as in the continuous case we obtain that with

—Vv2ca? ba) 0

- 0 dod 0 (35)
2d 20
& V2ba9 cal 0
where
a+269<0, a+d+205<0, (36)

the hyperbolic part is bounded.
The parabolic part with the corresponding penalty terms is

T
~26wB(Diw)  +2wi23 (ad(Diu) — pe(DiT) ) +2(Diw) 2d(cuo + dTo) (37)
and again we have to choose Zg and Z‘S’ such that (37) is negative semi-definite. Let
0 0 0 0 0 0
=10 ¢y 0|, X2=(0 e? 0 |. (38)
0 0 &0y 0 0 ea?

We formulate (37) as a quadratic form eMovo with vy = [ug, (Du),, 7o, (D5T),]" and

0 —o + adod + co? 0 —pcay + cal
My— | % + oda’ + co 0 odol + do? 0 (39)
0 adog + do? 0 B — pcol +dal |’
—pca’d + cal 0 —B — Bcad + da? 0

In order for (37) to be negative semi-definite we need to choose the coefficients ¢? such that My < 0. Since all diagonal en-
tries of My is zero, all other entries must also be zero. This results in a system of equations with one parameter family of
solutions

1+cr (1 +cr)
0 _ = 7
reR, oz3= q i

The arbitrary parameter r will later be used in the analysis of the discrete spectrum when we study convergence and stiffness
properties of the discretization. With these choices My = 0 and we obtain an energy estimate and hence the left boundary is
stable.

ay=r, ad=-or, ol=

(40)
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3.2. Stability conditions at x =1

Consider the semi-discrete scheme (30) at x = 1, where all interface terms have been neglected,
T, = kDT + 7P, 'ER (TN - h’f). (41)
By assuming h'f' = 0 and multiplying with T"P; we get (when ignoring interface terms)
d T
3T, = 2KTy (D'fT)N 27072 - 21<<D'fT) P (D’fT). (42)

Define pf as the last entry on the diagonal of Pg, that is pf = Pi""). Then (42) is bounded by choosing

—k
™ < - (43)
This means that 7} is proportional to -, and in particular we have 41’7‘5 =k 22 80k for 2nd-, 3rd- and 4th-order operators
respectively. This technique is discussed in e.g. [5,6].
3.3. Stability conditions at x =0
At x = 0 we have the two interface schemes
w, = —(Dﬁ ®A)w+ s(ng ®B)w+ (P"Efw ® 2’1”) (wu —gl) + (P”Eﬁ,, ® ZQ”) (wm — g1
T
+ (P’1E,LV, ® zg”)(m ~To)+ (P’l (Dﬁ) B, 22”)(%, ~Ty)
+ (P"Efv, ® zg”) (ﬁs(DﬁT)M - k(D’fT)o), (44)
T
T, = KDST + T3Py E§ (To — Tw) + T3Py (DY) E§(To — o) + 18P 'E§ (k(DT) = pe(DiT)y ) 45)
The penalty terms related to the outer boundaries are omitted.
A formulation which clearly shows the coupled system can be written
[W} _ [Di e (-A) 0} [w} N Di®eB 0O } [w} L eosM [ehen] [w}
T|, 0 o||T 0 kDS][ T —19ef —eR T
h
L\T 3 T = I T T (46)
o [@ o B [ m pr e Y [ﬂam obs) (e o) m
~oO)’el Il e ] LT —15¢f —k(Df)"ef T
J2 I3
where
. P'el; 0 .
Pr=|t 0 pot |’ M =10,0,aM"", f3=10,0,1]". (47)
R

The interface matrices J; are sparse with entries only close to the interface. For 2nd-order difference operators they are

0 0

af —a¥
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0
o g
A A
0 0
0 0
oM o
= %4 _ %
iz A E . (49)
B T T
AXg AXy
5 _9
AXg AXp
LO 0]
ro 01
_ a¥pe 0 0 o pe _ allpe  a¥pe
AxL Ax; M Ay
J3 w9k 0 0 w9k w9k 9k (50)
T Ay Ay My Axg
LO 0]

By letting g}' = 0, applying the energy method to both equations and adding together we get (when ignoring the outer
boundary terms)

d
a (1wl + I, )

wlAwy + stLB(Dﬁw)M - 2g(D§w)T(1N ®B) (Dﬁw) + 2wl SMwy + 2w My
2w EM( Ty — To) + (Dﬁw)LZQ”(TM — To) + 2w/, Z¥ (ﬁs(Dﬁw)M ~k(DiT) )

0
— 2kT, (D’fT)O — 2k (D’fT)TPR (D’fT) +279T(To — Thr) + 278 (D’fr)om, —Tw)
+279T, (k (D’fT)O - /fe(DﬁT)M).

(51)
As in the continuous case we have the hyperbolic part with the corresponding penalty term

—wWh AWy + 2wh 2wy = wi | A+ 22Y | wy,

(52)
My
which we want to bound by making My negative semi-definite. Note that A is symmetric by assumption. By choosing
0 g 0
=10 o 0f, (53)
0 df 0
we can explicitly compute the eigenvalues of My and see that with
0’1":127, al <0, 0’3":;, (54)
we have My < 0. Note that ZQ” acts on u only.

The parabolic part is split into parts containing u and 7 separately. For the interface condition on u at x =0 we get by
expanding (51)

20ceup (DA )y, + 2wl ZYwy — 20ie(Dhu) Py (Dhu).

(55)
We choose
0 0O
=10 o¥ 0 (56)
0 0O

and rewrite (55) as
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20guy (Dyu)y + 203 u3; — 20| Diul| . (57)

This expression is bounded by choosing
M —0E

<—, 58
02 4P1LV, ’ < )
where p}, is defined analogously to pf in (43).
The remaining terms are used for coupling the two equations. Let the penalty matrices have the form
00 O 00 O 00 O
M—-loo of, =|oo0o o], z¥=]|00 O (59)
00 o 00 o 00 o¥
and expand the remaining terms. This gives us the expression
T
26Ty (DﬁT)M - 2ﬁs(D§T) P, (DﬁT) + 268 (Th — To) + 20Y (DﬁT)M(TM ~To)
T
+204T, (ﬁa(DﬁT)M - k(D’fT)O) — 2KT, (D’fr)o - 2k(D’fT) Pr (D’fT) +279T4(To — Thy)
+219 (D’fr)o(ro —Tu) +273To (k (D’fr)o — e (Dﬁ T)M), (60)

which we need to bound by choosing appropriate penalty coefficients. Expression (60) can be written in matrix form as

. P el 12
VMo — ZﬁSHDlJ HP - ZkHDlT e (61)
L R
where vy = [Ty, (D{T)y, To, (DfT)o]" and
2a¥ pe+oeot + ol —(a¥+19)  —(Bko¥ +19)
M- pe + oeaM + gl 0 — (oY + aeall) 0 62)
! —(o¥ +19) (! 279 —k+ pkt + 19|
—(pka¥ + 19) 0 —k -+ pktd + 9 0

In order for the coupling terms to be bounded we need M; < 0. The columns which have zero on the diagonal must be can-
celed. This gives a system of equations with one parameter family of solutions

SER, off =—pe(1+s), o¥=s, 13=—ks, 13=1+s. (63)

Using relations (63), M; reduces to

2a¥ 0 —(a¥+19) 0
0 0 0 0
M, = 64
! —(c¥+19) 0 279 0 64
0 0 0 0

and by choosing
o =17 <0, (65)

we have M; < 0 and all coupling terms are bounded. The parameter s will be of particular interest in later sections since it
determines the type of the coupling.
Using all the above we can thus conclude.

Proposition 3.1. The schemes (29) and (30) coupled at x = 0 are stable using the SAT boundary and interface treatment with
penalty coefficients given by (35), (40), (43), (54), (58), (63) and (65).

Remark 3.3. As in the continuous case we have assumed the boundary data to be identically zero. If we would have obtained
an energy estimate with non-zero data the coupled schemes would have been strongly stable [16].

4. Order of convergence

The order of convergence is studied by the method of manufactured solutions. The time step (At = 10~>) for all compu-
tations is chosen such that the scheme with 4th-order operators is well below the stability limit with 256 grid points in each
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subdomain, and we integrate in time until t = 0.1 using the classical 4th-order Runge-Kutta method. This ensures that the
time integration errors are negligible compared to the spatial discretization error. We use the functions
p(x,t) = cos(2mx — t) + sin(2mx — t), u(x,t) =X+ cos(2mx — t)

T(x,t) = % sin2mx)e ™, T(x,t) = ]1—< sin2nx)e ™™, Kk =0.1, (66)
which inserted into (1) and (2) gives a modified system of equations with additional forcing functions

W, + AWy = €BWy + F,
T =kT.x + G, (67)

where F =[Fy,F,,F3]" and
Fi=(1-2n(a+Db))sin(2nx — t) + (-1 + 2ma) cos(2mx — t) + b,
F, =1 -2mn(a+b))sin(2nx —t) + 2n(b + 2mea) cos(2mx — t) + ? cos(2mx)e ™ +a, (68)
F3 = —27csin(2mx — t) + (*%“r 47z2,/f) sin(2mx)e ™ + 2776ra cos(2mx)e ™ +c,
— 75 2 H Kt
G= ( X +4m ) sin(2mx)e ",

The functions (66) are analytic solutions to the modified system (67) and they satisfy the interface conditions in a non-trivial
way. Using (66) we create exact initial- and time dependent boundary data where needed. The penalty parameters have been
chosen with equality sign where there are inequalities, r= —1/2c and s = —1/2. The rate of convergence is obtained as

q; = logy, |u)]1u1],_:j:|l| /IOgm(h%l) (69)

where q]f denotes the convergence rate for either of the variables i = p,u, 7, T at mesh refinement level j. uJ’3 is the exact ana-
lytic solution for either of the variables i at mesh refinement level j and 1/1’3 is the discrete solution. The ratio hj/h;_; is the ratio
between the number of grid points at each refinement level. The coefficients in (1) and (2) have been chosen as

(70)

and the results are seen in Table 1.
The rates of convergence in Table 1 agree with the theoretically expected results [3,6]. The convergence in this case can be
improved by using a second derivative difference operator on compact form (if the solution of the coupled problem is proven

Table 1
Order of convergence.

M=N 2nd-order 3rd-order 4th-order
P P P

32 1.5397 3.3169 3.9166

64 1.8835 3.3032 4.1544

128 1.9808 3.1561 4.1998

256 1.9934 3.0453 4.1291
u u u

32 2.0177 3.3919 5.7397

64 2.0123 3.2439 4.0481

128 2.0018 3.1309 3.5984

256 2.0024 3.0619 3.8251
T T T

32 1.9774 2.8456 43129

64 1.9868 2.9676 4.7098

128 1.9920 2.9973 4.8654

256 1.9959 3.0023 4.9148
T T T

32 1.9260 3.0821 4.2883

64 1.9529 3.0257 4.5497

128 1.9751 3.0152 43572

256 1.9873 3.0088 4.0936
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to be pointwise bounded and the penalty coefficients are chosen correctly) [17]. This case is not considered in this paper
since we are aiming for the compressible Navier-Stokes equations where the diffusive terms have variable coefficients.
For this type of problem the theory for the compact formulation is not yet satisfactory and work remains to be done.

5. Spectral analysis and convergence to steady-state

When doing flow computations one is often interested in reaching the steady-state solution fast. From (29) and (30) we

can see that we can write the fully coupled scheme as

% =Hv+F (71)
where the entire spatial discretization has been collected in the matrix H and F contains the boundary data. There are mainly
two ways of enhancing convergence to steady-state. One is to make a spatial discretization which has negative real parts of
the eigenvalues with as large magnitude as possible. That will optimize the convergence to steady-state for the ODE system
(71) [18-20]. The second is to advance in time with as large time step as possible. For an explicit time integration method,
the time step is limited by the eigenvalue with largest modulus.

The scheme and penalty parameters are independent of the order of accuracy of the difference operators and hence we
can study the spectrum of H for different orders. The first thing to be noticed is that there are two undetermined parameters r
and s coming from the left boundary (40) and the interface (63). Theoretically any choice of these parameters lead to a stable
scheme. With a too large magnitude they will make the problem stiff and a smaller time step is needed. Within a decent
range it is interesting to see how the spectrum of H changes as a function of these parameters.

2nd order. N = M = 16, epsilon = 0.10, k = 1.00 3rd order. N = M = 16, epsilon = 0.10, k = 1.00

s -5 -5 s -5 -5

(a) 2nd-order (b) 3rd-order

4th order. N =M = 16, epsilon = 0.10, k = 1.00

(c) 4th-order

Fig. 3. Minimum real part of the eigenvalues of the spatial discretization as a function of the boundary and interface parameters r and s for M = N = 16 grid
points. Note that the surfaces become flatter with higher orders due to the improved convergence.
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2nd order. N = M = 128, epsilon = 0.10, k = 1.00 3rd order. N = M = 128, epsilon = 0.10, k = 1.00

-0.9863 -

-0.9864 -
-0.9865 ~
-0.9866
-0.9867 ~
-0.9868 -

-0.9869 -
5

r s -5 -5

(a) 2nd-order (b) 3rd-order
4th order. N = M = 128, epsilon = 0.10, k = 1.00

-0.987
-0.987
-0.987 -
-0.9871
-0.9871

-0.9871 -
5

(c) 4th-order

Fig. 4. Minimum real part of the eigenvalues of the spatial discretization as a function of the boundary and interface parameters r and s for M = N = 128 grid
points.

In Fig. 3 the minimum real part of the spectrum of H is plotted as a function of r and s for M = N = 16. Since the scheme is
stable all real parts are negative.!

As the mesh is refined the dependence of the boundary and interface parameter disappears and the minimum real part of
the eigenvalues converge to the same value for all choices and all orders of accuracy, see Fig. 4.

To see the convergence of the spectrum we compute the minimum real part of the eigenvalues of the spatial discretiza-
tion for an increasing number of grid points. The boundary and interface parameter have been chosen as r= —0.4 and s = —0.5
for all orders and number of grid points. The choice r= —0.4 makes the penalty coefficients at the left boundary to be of
approximately the same magnitude. All choices of r with a magnitude of order one lead to approximately the same results.
The results are shown in Table 2 and Fig. 5 where we can see that the minimum real part of the spectrum of the discretization
converges for all orders as they should.

The parameter s in (63) is of particular interest. In the figures and tables below we have chosen g% = ¢ = 0 and hence the
coupling depends only on s. By choosing s = 0, Dirichlet conditions for continuity of temperature are given to the fluid do-
main and Neumann conditions for continuity of heat flux to the solid domain. By choosing s = —1 we get the reversed order.
By choosing s such that no terms are canceled in (44) and (45) we get a mixed type of interface conditions.

As can be seen from Fig. 3 there are variations depending on the choice of r and s for a coarse mesh. Since we are inter-
ested in the properties of the discretization depending on the coupling, we fix r = —0.4 and compute the minimum real part
of the spectrum as a function of s. The result can be seen in Table 3.

1 Minimum will refer to the minimum modulus of the real part of the spectrum. It is the eigenvalue with negative real part closest to zero which will be of
our interest.
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Table 2
Minimum real part of the spectrum of the spatial discretization.
M=N Minimum real part of the spectrum
2nd-order 3rd-order 4th-order
16 —0.95933 —0.97811 —0.98496
32 —0.97933 —0.98540 —0.98666
64 —0.98510 —0.98681 —0.98701
128 —0.98658 —0.98703 —0.98706
256 —0.98694 —0.98706 —0.98706
-0.95 -
-0.955

-0.96

-0.965

-0.97

-0.975

-0.98

-0.985

~0.99 . . . . . . . )
7 75 8 8.5 9
Iogz(M +N)

Fig. 5. Convergence of the minimum real part of the discrete spectrum for 2nd- (circle), 3rd- (square) and 4th-order (star) spatial discretization.

Table 3

The value of s which give minimal real part of the spectrum is shown in the upper part. The lower part includes a comparison with the case s = —1.
M=N 2nd-order 3rd-order 4th-order

s min R(1) s min R() s min R(2)

16 0.0 —0.97367 0.0 —0.97837 -0.1 —0.98502
32 0.0 —0.98310 0.0 —0.98542 0.0 —0.98667
64 0.0 —0.98600 0.0 —0.98681 0.0 —0.98701
128 0.0 —0.98679 0.0 —0.98703 0.0 —0.98706
16 -1.0 —-0.97117 -1.0 —0.97806 -1.0 —0.98495
32 -1.0 —0.98259 -1.0 —0.98540 -1.0 —0.98666
64 -1.0 —0.98589 -1.0 —0.98681 -1.0 —0.98701
128 -1.0 —0.98676 -1.0 —0.98703 -1.0 —0.98706

Interface procedures for the heat equation have been considered before by e.g. Giles [21], Roe et al. [22] and recently by
Henshaw and Chand [23]. Giles demonstrates a method where giving Dirichlet conditions for continuity of temperature to
the fluid domain and Neumann conditions for continuity of heat flux to the solid domain is necessary for preserving stability,
but that the time step restriction for certain discretizations and diffusion coefficients is more severe than in each of the sub-
domains. Roe et al. utilizes a different discretization and is able to circumvent this restriction by deriving a set of interface
equations from the interface conditions that improve the stability characteristics and also preserve the accuracy of the
scheme. Henshaw and Chand considers many different interface procedures and prove both stability and second order accu-
racy independent of the diffusive properties in contrast to the results in [21]. They also state that more attractive conver-
gence results might be obtained by considering a mixed type of interface conditions.

As can be seen from Table 3 the choice s = 0 maximizes the real part of the spectrum and hence improves the convergence.
It is also clear that the difference between the results for s = 0 and s = —1 are small. We investigated the intermediate values
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2nd order. N = M = 16, epsilon = 0.10, k = 1.00 3rd order. N = M = 16, epsilon = 0.10, k = 1.00
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Fig. 6. Maximum absolute value of the eigenvalues of the spatial discretization as a function of the boundary and interface parameters rand s forM =N =16
grid points.

Table 4
The values of s which gives minimum largest modulo of the spectrum is shown in the upper part. The lower parts includes a comparison with the cases s = 0 and
=1

M=N 2nd-order 3rd-order 4th-order
s max |/ s max |4 s max |4

16 0.27 264.37212 0.26 499.93406 -0.47 835.66403
32 0.28 1048.74365 0.26 1956.96051 —0.47 3326.02711
64 0.28 4131.04022 0.26 7730.02818 —0.47 13290.63251
128 0.28 16385.84328 0.26 30875.85671 -0.47 53149.05486
16 0.0 506.90795 0.0 947.57621 0.0 1464.10848
32 0.0 2024.77672 0.0 3788.48085 0.0 5848.25739
64 0.0 8096.41699 0.0 15152.37150 0.0 23385.03672
128 0.0 32383.30564 0.0 60608.47526 0.0 93532.47649
16 -1.0 736.69526 -1.0 1427.61237 -1.0 1889.15048
32 -1.0 2941.57122 -1.0 5703.70657 -1.0 7549.01304
64 -1.0 11756.87139 -1.0 22802.26105 -1.0 30181.19951
128 -1.0 47009.65698 -1.0 91184.83169 -1.0 120695.41482

as well and not much difference in min R(4) was found. From this point of view, the choice s = 0 is preferable. However we
shall see that when regarding the time step, it is not.
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Regarding the issue of stiffness and the time step we can perform the same procedure as above but instead compute the
maximum modulus of the spectrum as a function of r and s. The results for M = N = 16 grid points are shown in Fig. 6.

Clearly the stiffless is strongly influenced by s related to the interface coupling s but not by r relating to the left boundary
condition. As before we fix r = —0.4 and compute the maximum modulus of the spectrum as a function of s. The result is seen
in Table 4 together with a comparison with the extremal cases s = 0 and s = —1. As can be seen in Table 4 the stiffness can be
reduced by choosing a mixed type of interface condition, and hence bigger time steps can be used. Compared to the extremal
values s =0 and s = —1 the optimal choices of s allows one to take almost twice as big time step and maintain stability for an
explicit time integration method. This result is discussed in [23] for the heat equation and we can now verify it for this more
general problem.

When performing computations of (1) and (2) on separate domains given standard boundary conditions, it was seen that
the time step restriction for the coupled problem is the same as that in the worst of the subdomain problems when the opti-
mal value of s was used. However, when a non-optimal value of s is used, the time step restriction for the coupled problems
will be more severe than in that of the worst subdomain problems.

6. Two applications

An example of a solution, where the coefficients are given by (70) is given in Fig. 7. We start with zero initial data and at
time t=0 we let p=0,u=0.5and 7 = 1 at the left boundary while T = 0 at the right boundary and u = 0 at the interface. The

-0.2! . . . . . . . . . -0.2 . . . .
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -08 -06 -04 -02

xol

- . . . . . . . . . -02 . .
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 | -08 -06 -04 -02
X

(c) Time ¢t = 1.25 (d) Time ¢t = 5.0

<ol
o
N
o
=
o
o
o
©

Fig. 7. p (solid), u (circle), 7 (triangle), T (star). A sequence of solutions for different times using M = N = 32 grid points and 3rd-order operators. The last
figure shows the steady-state solution.
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Fig. 8. Computed (star), analytic (solid). A sequence of computed vs. analytic solutions with wrong initial data for different times using M= N = 32 grid
points and 3rd-order operators.

values at the left boundary are transformed into data for the characteristic boundary conditions. We can see how the influ-
ences from the left boundary travel across the domain and reaches the interface. No external data is created for 7, T, 7 or T
but the weak interface conditions (19) and (21) together with the fully coupled formulation (46) make sure that the temper-
ature is continuous across the interface and that the heat fluxes are equal up to the order of the scheme.

To obtain a correct solution, it is not necessary to initialize with correct data. By using the functions a(66) we can initiate
the computation with zero data and investigate whether or not the computed solution converges to the analytic solution
with time. Fig. 8 clearly shows that it indeed does.

7. Summary and conclusions

An incompletely parabolic system of equations is coupled with the heat equation in one space dimension. The energy
method is used to derive well-posed boundary and interface conditions. The equations are discretized using finite differences
on Summation-by-Parts form where the boundary and interface conditions are weakly imposed using the Simultaneous
Approximation Term. The penalty matrices and coefficients are determined such that we can prove that the coupled scheme
is stable.

The interface conditions are derived such that we can study different interface conditions as a function of one parameter.
By looking at the spectrum of the spatial discretization as a function of the interface parameter, it can be seen that there are
only minor differences between the minimum real part of the spectrum for different coupling techniques. However when
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giving a mixed type of interface condition the stiffness is greatly reduced and an almost twice as big time step can be used
while maintaining stability for an explicit time integration method.

The rate of convergence is verified by the method of manufactured solutions and the result is consistent with the theory
within the SBP framework. The derived numerical schemes are independent of the order of accuracy and higher-order accu-
racy is easily obtained by using difference operators of higher-orders. Two examples where the system is solved using 3rd-
order operators are shown and it can be seen that the correct interface conditions are obtained.
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Weak boundary conditions
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1. Introduction

When performing large scale computations in scientific computations involving partial differential equations (PDEs),
there is often a need to divide the computational domain into smaller subdomains. This is done either to allow more
flexible geometry handing for structured methods or to obtain sufficient resolution by distributing the computations in the
subdomains on parallel computers. Independently of which PDE (Navier-Stokes, Euler, Maxwell, Schrodinger, wave, ...) that
is being solved, one would like to construct the interfaces between the subdomains in such a way that certain properties of
the discretization is preserved, or even improved, for example accuracy, stability, conservation, convergence and stiffness.

Stable and accurate interface treatments are required in many applications, for example fluid-structure interaction [17],
conjugate heat transfer [12,9], computational fluid dynamics [18,10] and computational quantum dynamics [15] to mention
a few. From the mathematical point of view, an interface is purely artificial and has no influence on the solution. However
when introducing interfaces in a computational domain, the numerical scheme is modified and one has to make sure that
these modifications does not destroy the solution.

The focus in this paper is a finite difference method on Summation-By-Parts form together with the Simultaneous Ap-
proximation Term (SAT) for imposing the boundary and interface conditions weakly. The equations we consider are the heat
equation and advection equation in one space dimension.

The SBP and SAT method has been used for many applications in fluid dynamics since it has the benefit of being provable
energy stable when the correct boundary and interface conditions are imposed for the PDE [19,21,24,1,2].
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Here we investigate the details of the diffusion and advection operators by considering the one-dimensional heat and
advection equation on single and multiple domains. The boundary and interface conditions are imposed weakly using the
SAT technique and the equations are discretized using a second order accurate SBP operator. There are SBP operators accu-
rate of order 2, 3, 4 and 5 derived in for example [14,20] and we stress that the stability analysis given in this paper holds
for any order of accuracy. The second order operators was chosen since it allows us to derive analytical results regarding
certain spectral properties of the operators.

The analysis is performed using the Laplace transform method [11,8,7]. Since the SBP and SAT discretization is a method
of lines, time is kept continuous and only space is discretized. Hence the Laplace transform turns the numerical scheme into
a system of ordinary differential equations (ODE) in transformed space. This ODE is an eigenvalue problem and the solution
determines the spectral properties of the spatial discretization.

2. Single domain spectral analysis of the heat equation

In order to compare the effects on the spectrum when introducing an artificial interface we shall begin by decomposing
the heat equation on a single domain both continuously and discretized. This allows us to isolate expressions stemming
from the boundaries only and separate them from the interface part.

2.1. Continuous case

Consider the heat equation on —1<x <1,

U = Uxx,

ux,0)= f(x),

u(=1, =g,

u(1,t) = ga2(b) (1)
where the notation ug denotes the partial derivative of u with respect to the variable & where £ is either the space or time

variable x or t respectively. To analyze (1) we introduce the Laplace transform

oo
ﬁ:[lu:/e*“udt (2)
0

which is defined for locally integrable functions on [0, co) where the real part of s has to be sufficiently large [11,8]. The
basic property that we are going to use is that it transforms differentiation with respect to the time variable to multiplication
with the complex number s. Hence a time-dependent PDE in Laplace transformed space is an ordinary differential equation
(ODE) which we can solve. Finding analytically the inverse transformation is in general a very difficult problem but that is
not our interest here.

We shall use the Laplace transform to determine the spectrum of (1). Assume that g1 = g =0 and take the Laplace
transform of (1). The initial condition is omitted since it does not enter in the spectral analysis. We get an ODE in trans-
formed space,

Sl = llxy,
ii(—1,s) =0,
ii(1,s) =0, (3)

which is an eigenvalue problem for the second derivative operator. By the ansatz i = ek

solution to (3) is

we can determine that the general

i = creVs + cpe™ V5, (4)
By applying the boundary conditions we obtain

cle*‘/g+czeﬁ=0, (5)

c1eVs + e VS =0 (6)

which we write in matrix form as

e=Vs eVs €| 0 ;
Vs eS|l |0 )
- -

E(s)



1622 J. Berg, J. Nordstrém / Applied Numerical Mathematics 62 (2012) 16201638

Eq. (7) will have a non-trivial solution when the coefficient matrix E(s) is singular. We hence seek the values of s such that
the determinant is zero. We have

det(E(s)) = —2sinh(2v/s) (8)
which is zero for
2.2
= _rn , neN. 9
4

This infinite sequence of values is thus the spectrum of (1). Note that s =0 is not considered a solution since then we have
a double root and @ = ¢y + cax. From the boundary conditions we get that & =0 and hence u = 0, which is trivial.

2.2. Discrete case
To discretize (1) we use a second order accurate finite difference operator on SBP form,

Uyx &~ Dyv (10)

where v = [vg, v1,...,vy]T is the discrete grid function and the mesh is uniform with N + 1 grid points. The exact form of
the operator D is, see [14,2],

00 0 0 -~ 0
1 -2 1 0 -0
1
Dy=P ' (—A+BD)=—| : . . . . 11
2 (-A+BD) v R (11)
0 0 1 -2 1
00 0 O 0
where
[ 0 0 0 1 -1 0 07
01 0 0 -1 2 -1 0
1
P=Ax| : ., A=—| : ,
0 10 0 -1 2 -1
1
L o 1 0 0 -1 1 |
(-1 0 o0 0 -1 0 07
0 0 0 -~ 0 -0 1 0
B= p=! : : (12)
B ’ T Ax - :
0 0 0 0 o o -1 o 1
L0 . 0 0 1 0 o0 -1 1]

Note that (11) has zeros on the top and bottom row and is hence inconsistent at the boundaries. This does however not
affect the global accuracy because of the SAT implementation of the weak boundary conditions [14,6,23].
The entire scheme for (1) can be written as

ve=Dv+01P ' DTeg(vo — g1) +02P ' DTen(vy — £2) (13)

where P is the positive symmetric matrix in (12) which defines a discrete norm by ||w|? = w! Pw. The vectors eg y are
zero vectors except for the first and last position respectively, which is one. The two parameters o1 will be determined
such that the scheme is stable in the P-norm [20,13].

Note that we only discretize in space and keep time continuous. The discrete norm is hence a function of time and the

stability of the scheme will depend upon whether or not we can derive a bounded estimate for the time rate of change of
the discrete norm.
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2.2.1. Stability

We use the energy method to determine the coefficients o7 ; such that the scheme is stable. The stability of the scheme
ensures that all eigenvalues of the complete difference operator, including the boundary conditions, have non-positive real
parts.

By multiplying (13) by vT P and adding the transpose to itself we obtain

IVl =2(01 = 1)vo(DVv)o + 2(02 + VN (DV)N — v (A+ AT)v. (14)
It is clear that the scheme is stable if we choose
o1=1, oy =-—1 (15)

since A is symmetric and positive semi-definite which can be seen from (12). Hence A+ AT >0 and the last term in (14)
is dissipative.

2.2.2. Complete eigenspectrum
Consider (13) again with homogeneous boundary conditions. Since we have kept time continuous we can take the
Laplace transform of the entire scheme and after rearranging we get

(sI=D2—01P7'DTEg— 0P 'DTEN) V=0 (16)

M

where I is the N + 1-dimensional identity operator and Eq y are zero matrices except for the (0,0) and (N, N) positions
respectively which is one. To determine the complete eigenspectrum of the discrete operator M we start by considering the
difference scheme for an internal point. The internal scheme is the standard central finite difference scheme and hence

a Vi1 —2Vi+ Vi
Zyi= i—1 i+ Vit (17)
ot Ax?
By taking the Laplace transform of (17) we obtain a recurrence relation
L Vil =20+ Vi
sV = B e R (18)
for which we can obtain the general solution by the ansatz 7; = ok!. The ansatz yields the second order equation
K2—GE+22k+1=0 (19)
with the two solutions
- ~ 2
S+2 S+2
Ky —=——= — -1 20
L) o
where § = sAx?. Hence the general solution to (18) is
\A/,‘=C1K£r+C2KL 21

where i is a grid point index on the left-hand side and the corresponding power on the right-hand side.
To obtain the eigenspectrum of M we consider the boundary points. The scheme is modified at grid points xo, X1, XN—1
and xy and the corresponding equations are after substituting (15)

+2)=0,
—2V0+ S+ )V — V=0,

N2+ (B +2)Vn_1 20y =0,

S+2)vy=0. (22)
If we assume that the ansatz (21) is valid at grid points x;, i=1,..., N — 1 we get by substituting (21) into (22) the square
matrix equation
5+2 0 0 0 Vo 0
-2 (54+2) —Kki)k+ (5+2) —Kk_)Kk— 0 c 0
0 G+ks N2 G+ -1k 2 ||| |0 3
0 0 0 5+2 VN 0

E(s,k)



1624 J. Berg, J. Nordstrém / Applied Numerical Mathematics 62 (2012) 16201638

Eq. (23) will have a non-trivial solution for the values of § which makes E(s, k) singular. Thus we seek the values of 5 for
which det(E(s, k)) = 0. These values of 5§ constitute the spectrum of M [8]. The determinant of E(s, k) is

det(E(s, 6)) = G+2)? (kN — &) (24)
and we can see that the spectrum contains the points for which
§=-2, «N=«l. (25)

In the second case we have a binomial equation for the complex number 3. To solve it we write k. = ae’ and x_ = be'? in
polar form where a,b = |k4 —| and ¢, ¥ = arg(k4 _). After identifying a, b and ¢, ¢ we can determine that

§:2<(—1)kcos(%k>—l), k=1,...,N—1. (26)

This solution method of binomial equations in complex variables can be found in any standard textbook in complex analysis.
Thus we have found N+ 1 values of § which gives non-trivial solutions to (23) and hence they constitute the entire spectrum
of M.

Remark 2.1. One has to be careful with double roots. From (20) and (24) a possible solution would be when
= 2
S+2
(i> -1=0 (27)
2
or equivalently S = —4 or §=0. These are however false roots. A proof is given in Appendix A. Interesting is though that all

eigenvalues of M are contained between §s=—4 and §=0.

2.2.3. Convergence of eigenvalues
To see how the eigenvalues of the discretization matrix converge to the eigenvalues of the continuous PDE, we let (9) be
denoted by ji,. We rescale (26) with Ax? and denote it A;. Since Ax = % we can rewrite Ay as

N2 n
m=—cos| —)—1]), n=1,...,N—-1 (28)
2 N

which generates the same sequence as (26), but it is monotonically decreasing. This allows us to compare w, and A,
elementwise.
By assuming that n < N we can Taylor expand (28) around zero and simplify to get

n4
Anzﬂn+o<m>~ (29)

We can see that for n < +/N, the eigenvalues are well approximated while for larger values of n, they will start to di-
verge. This is the typical situation. When the resolution is increased, more eigenvalues will be converged but even more
eigenvalues that are not converging will be created.

Remark 2.2. Note that since N ~ 1/Ax, Eq. (29) ensures asymptotically second order convergence of all eigenvalues.

3. Multi domain spectral analysis of the heat equation

In this section we shall use the knowledge obtained in the previous section to determine spectral properties when
an artificial interface has been introduced in the domain. Our goal is to determine how the introduction of an interface
influences the spectrum of both the continuous and discrete equations. Moreover we want to design the interface treatment
in such a way that the resulting difference operator is similar to, or maybe even better than, the single domain operator.

3.1. The continuous case
Consider now two heat equations coupled over an interface at x =0 with homogeneous boundary conditions

U =Ug, —1<x<0,
Vi=Vx, 0<x<1,
u(=1,t) =0,

v(l,t) =0,
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u(0,t) —v(0,t) =0,
ux(0,t) — vx(0,t) =0. (30)
We take the Laplace transform again as before and obtain the general solutions for &l and V as

i = creV™ 4+ eV

i

D =c3eV™ 4 cqe vV (31)
By applying the boundary and interface conditions we get the matrix equation
e’*/g eﬁ 0 0 C1 0
1 1 -1 -1 c2 0
= (32)
1 -1 -1 1 c3 0
0 0 eVS eV C4 0

E(s)

with a non-trivial solution when det(E(s)) = 0. A direct computation of the determinant shows that det(E(s)) = 4sinh(2+/5s)
and hence the spectrum remains unchanged by the introduction of an interface. This is of course all in order since the
interface is purely artificial. However when we discretize (30) we modify the scheme at the interface and we can expect
that this modification will influence the eigenvalues of the complete difference operator.

3.2. The discrete case

In order to proceed we assume that there are equally many grid points in each subdomain and that the grid spacing is
the same. This means that we can apply the same operators in both domains which will simplify the notation and algebra.

With a slight abuse of notation we now let u and v denote the discrete grid functions and both having N +1 components.
Thus there are in total 2N + 2 grid points in the domain since the interface point occurs twice, and the resolution is twice
as high as in the single domain case.

By using the SBP and SAT technique we can discretize (30) as

ug=Dou+01P ' DTEqu+ 02 P DTen(un — vo) + 03P 'en ((Du)n — (Dv)o),
ve=Dov+ 71 PTIDTEnv + 12 P D eg(vo — un) + 3P eo ((Dv)o — (Du)n). (33)

The unknown penalty parameters o123 and 71,2 3 has again to be determined for stability.

3.2.1. Stability
To determine the unknown parameters o123 and 7123 we multiply the first equation in (33) with uT P and the second
with vT P. We add the transposes of the resulting expressions to themselves to get

]} = —2uo(Du)o + 2un(Du)y — u” (A+ AT )u
+ 201 (Du)ottg + 202 (Du)n (uy — Vo) + 203up ((Du)y — (DV)o),
IvIIZ = —2vo(Dv)o +2vn(DV)y — vT (A + AT)v
+ 271 (DV)NVN + 272(DV)o(vo — uN) + 273V ((DV)o — (Du)y). (34)

By adding both expressions in (34) we can write the result as

lul2 + [IvlIZ = 2(o1 — Duo(Du)o + 2(t1 + Dy (DV)y

+q"Hg—uT(A+ AT u—vT(A+AT)y (35)
where q = [uy, (Du)n, vo, (Dv)o]T and
0 140y +03 0 —(12+ 13)
1+o0y+0 0 —(T2+ T 0
o 2+ 03 (T2 +713) . (36)
0 —(02 +13) 0 —1+1+13
—(03 4+ 12) 0 —1+nm+13 0

In order to bound (35) we have to choose

o1 =1, T1=-1 (37)
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as in the single domain case, and we have to choose the rest of the penalty parameters such that H < 0. This is easily
accomplished by noting that the diagonal of H consists of zeros only, and hence by the Gershgorin theorem we need to put
all remaining entires to zero to ensure the semi-definiteness of H. This gives us a one-parameter family of solutions

reR, 0y =—(1+71), 03 =T, Ty =T, T3=1+r. (38)

Thus all penalty parameters have been determined and the scheme is stable.

Worth noting is that the parameter r determines how the equations are coupled. For r = 0 two of the penalty parameters
in (38) disappear and renders the scheme one-sided coupled in the sense that the left domain receives a solution value from
the right domain and gives the value of its gradient to the right domain. For r = —1 the situation is reversed and for other
values of r, the scheme is fully coupled. Note that the scheme is stable for all choices of r. We shall investigate the influence
of the interface parameter in later sections. More details can also be found in [12].

3.2.2. Eigenspectrum
The scheme (33) with a second order accurate difference operator makes eight grid points (two at each boundary and
four at the interface) stray from a standard central finite difference scheme. This is a significant modification and we
can expect that there will be a global impact depending on these modifications. A direct way of investigating this is by
considering the change on the spectrum due to the modifications.
We take the Laplace transform of (33) and consider the difference equations at the modified boundary and interface
points. We get after substituting (37) and (38) into (33) that
(5+42)tip =0,
=20+ 5+ 2)ily — 2 =0,
—lUN_2+ B +2ilin1 — Q2+1)iN+ A+ =0,
2riiN_1 + G+ 2)liy — 2(1 4+ 2r) Vo + 2r¥1 =0,
—2(1+1r)iy_1+2(1 420y +E+2)V9—2(1 +1)¥1 =0,
—rin — (1 =1)Vo+ G +2)V; — V2 =0,
—In2+ B+ 2)Un_1 — 20y =0,
S+2)y=0. (39)

From the internal schemes we have similarly as before that

iy =ciil + oot
Vj=cak] +cal (40)

where k4 _ are the same as in (20) and i,j=1,..., N — 1. By substituting (40) into (39) we get the matrix equation
E(r,s,k)w =0 for the unknowns

o As 5 T
w = [flo, €1, €2, Ui, Vo, €3, C4, VN] (41)
where

rs+2 0 0 0 0 0 0 0

-2 1 1 0 0 0 0 0

e32 e33 e34 e3s5 ez ez O

E(r.s.k) = €42 €43 €44 €45 €46 €47 O (42)

T esy es3 es4 ess5 esg es7 O

€62 €63 €64 €65 €56 €7 O
0 0 0 0 «N KN -2
0 0 0 0 0 0 5+2

[=NeNe NNl

with coefficients e; j given by
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Eigenvalues of M for both single and multiple domains
25 T T T T T T
> Single
O Multiple|
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Fig. 1. Eigenvalues of the single domain operator with 9 grid points and the multi domain operator with 9 + 9 grid points scaled with Ax2. The single
domain operator spectrum is always contained in the multi domain operator spectrum independent of the interface parameter r. There is a triple root at
§=-2.

N
€32 =Kj,
e3s=1+4r,
€42 = ZI’Kf_l N

e45=-2(1+2r),
esa=—2(1+nKh 1,

€33 = &N,
e36=0,
ea3=2rkN71,
€46 =2rk4,

es3=—2(1+nKNT,

e3q=—02+r),
e37=0,
eqq4=35+2,
€47 =2rk_,

es.q=2(1+2r),

es5=35+2, es6=—2(1+n)ky, es7=—-2(14+r)k_,
es2 =0, es3=0, e¢4=—T,
eg5=—(1-r1), es6=1, eg7=1. (43)

As before we obtain the spectrum by computing all values of § such that det(E(r, s, k)) = 0. It is easy to see by expanding
the determinant by the first and last row that

det(E(r,s.x)) = —( +2)* det(E(r, 5, x)) (44)

where E"(r, s, k) is the inner 6 x 6 matrix. The determinant of fZ(r, s, k) is somewhat more complicated but by expanding it
further and factorizing we get

det(E(r,s,6)) = G+2)(kN — &) f(r,5,10). (45)

We can see that the two first factors in (45) are exactly (24). Thus the spectrum from the single domain operator is
contained in the multi domain operator spectrum. This is visualized in Fig. 1. The last factor f(r,s, k) is given explicitly by

f@r,s,K)= (16r2 +16r +5% + 45+ 8) (kN — 1)
+2(8r% +12r2 +2r5 + 8r + 5+ 2) (kN i— — k1Y)
+2(2r%5 —4r? + 4r5 —4r +3 - 2) (k¥ — kN, (46)

A closed form for the zeros of (46) have not been found. However, we can numerically compute the zeros.
3.3. Influence of the type of coupling

The type of coupling depends on the interface parameter r in (38) and by varying it, the spectral properties are modified.
The interface parameter can be considered as a weight between Dirichlet and Neumann conditions. When r =0 or r = —1,
some of the terms in (38) are canceled and renders the scheme one-sided coupled in the sense that one domain gives its
value to the other domain and receives the value of the gradient. Since the extremal values are r = —1, 0 one might expect
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that something interesting happens when r = 7%, that is when the two equations are coupled symmetrically. The case
r= 7% will be denoted as the symmetric coupling and all other cases as unsymmetric coupling.
By considering the equations that are modified at the interface,
¢l UN—2 —2uN—1+ @2 +1uy — (1+T1)vg
SFUN-1= 5 ,
at AX
d Uy — —2runy—1 — 2uny +2(1 + 2r)vg — 2rvy
Fra AX2 ’
9 Vo= 20 4+runy—1 =20 +2rnuny —2ve+2(1 +1)vq
at 0= AX2 ’
) ru 1—r)vo—2v v
9= N+ (1 —-1)vo 1+ 2 (47)
ot Ax?

we can easily see how the difference scheme is modified due to the choice of r.
By taking an exact solution w(x,t) to (30) we can by Taylor expanding (47) determine the accuracy. To simplify the
notation we drop the indices and expand all equations around x; = x,. We get

d 2

30 WX 0 = Wi (X, D) + 0(ax%),

9

o W (e ) = =2rWa(x,, ) + 0(A%%),

3
3¢ (e 0 =201+ WX, ) + 0(ax?),

%w(x*, £) = Wy (X, £) + O (AX?) (48)

for the corresponding equations in (47). We can now easily see that we obtain the second order accurate second deriva-
tive only for r = —%. Even though some of the above equations correspond to inconsistent approximations of the second

derivative, the global accuracy of the operator remain unchanged [14,13,23].

3.3.1. Stiffness and convergence to steady-state

To see how the stiffness is affected by the interface treatment we plot the largest absolute value of the eigenvalues of the
discretization matrix as a function of r in Fig. 2. We can see that with increasing magnitude of r, the discretization become
more stiff as expected. More unexpected is that the stiffness is slightly reduced below that of the uncoupled equations by
choosing an unsymmetric coupling. This is contrary to the result in [12]. However in that paper a wide operator was used
which have a different set of eigenvalues.

It is beneficial for the rate of convergence to steady-state with a discretization which have its real parts of the spectrum
bounded away from zero as far as possible [22,4,16,3]. In Fig. 3 we show the real part of the spectrum closest to zero as a
function of r.

We have used 33 grid points for the single domain in both Fig. 2 and Fig. 3, hence the coupled domains have 17 + 17
grid points in total. The computation of the rightmost lying eigenvalue in Fig. 3 is resolved and the variation with r is small.
For a coarse mesh the convergence to steady-state can be slightly improved by having an unsymmetric coupling. This is
again contrary to the result in [12].

3.3.2. Error and convergence analysis
We will use the method of manufactured solutions to study the error as a function of the interface parameter r. Any

function v € C? is a solution to

Ur=ux+ F(x,t), —-1<x<1,

u(x,0) =v(x,0),

u(=1,t) =v(-1,t),

u(l,t)=v(1,t) (49)
where the forcing function F(x,t) has been chosen appropriately. In this particular case we choose

sin(2m x — t) + sin(t)

v(x,t) = — (50)

which satisfies (49) with homogeneous boundary conditions and

_ cos(t) — cos(2mx —t) + 7 sinRux — t)

F(x,t) 2

(51)
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Fig. 2. max(abs(%)) as a function of r. The single domain operator is using 33 grid points and the multi domain operator is using 17 + 17 grid points.
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Fig. 3. max(R(1)) as a function of r. The single domain operator is using 33 grid points and the multi domain operator is using 17 + 17 grid points.

The spatial discretization and stability conditions are the same as before and we use the classical 4th-order Runge-Kutta
time integration scheme to solve a system of the form

oY

—=M F.
at v

(52)

All spatial discretization, including boundary and interface conditions, is included in M and F is the above forcing function
in discrete vector form. Thus we have an analytical solution which we can use to study the errors. In [10] it is stated that
the errors can be reduced depending on the interface coupling for a hyperbolic problem and we will investigate if a similar
effect exist for a parabolic problem.
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Table 1
Error and convergence results using N grid points in each subdomain.
N r=-1 r=0 r=-1/2
I I q2 lo b a2 loo I q2
8 0.1932 0.1301 0.1938 0.1302 0.1457 0.1270
16 0.0504 0.0331 1.9742 0.0505 0.0331 1.9745 0.0377 0.0318 1.9979
32 0.0128 0.0083 1.9902 0.0128 0.0083 1.9903 0.0096 0.0079 2.0022
64 0.0032 0.0021 1.9953 0.0032 0.0021 1.9953 0.0024 0.0020 2.0013
128 0.0008 0.0005 1.9978 0.0008 0.0005 1.9978 0.0006 0.0005 2.0008
256 0.0002 0.0001 1.9989 0.0002 0.0001 1.9989 0.0002 0.0001 2.0004

In Table 1 we summarize the result. The solution is taken at time t = % We show the errors in the I, and [ norms for
different resolutions together with the rate of convergence q; in the I;-norm for the interesting values of r. We can see that
the errors and order of convergence are only slightly better when using the symmetric coupling.

4. Single domain spectral analysis of the advection equation

We shall perform an analogous analysis for the advection equation to see if similar results hold for the advection opera-
tor.

4.1. Continuous case
Consider the advection equation in one domain,
ur+uy=0, —-1<x<1,
u(—=1,t) =g,
u(x,0) = f(x). (53)

Eq. (53) is significantly different from (1) due to the directionality of the spatial operator. In this case there is one signal
traveling from left to right and hence only one boundary condition is needed at x = —1. To obtain the spectrum we take
the Laplace transform of (53) and proceed as before. We get

sil + 1y =0 (54)
which has the characteristic equation

K+s5=0 (55)
and thus the general solution of (54) is

i1 =ce % (56)

If we apply the boundary condition with g =0 we get ¢ =0 and thus & = 0. Hence there is no continuous spectrum of (53)
since there are no values of s such that ce® =0 for ¢ #0.

4.2. Discrete case

We discretize (53) using the SBP and SAT technique on a uniform mesh of N + 1 grid points

u+P'Qv=0P""(vo - geo (57)
where P and eq are as before and
-1 1 0 O 0 -2 2 0 O 0
-1 0 1 0 0 -1 0 1 0 0
1 1
= ., PlQ=— 58
Q 5 Q AR (58)
o -~ 0 -1 0 1 o --- 0 1 0 -1
o -~ 0 0 -11 o - 0 0 -2 2

Note that Q + QT =diag(—1,0,...,0,1) which is used to select the boundary terms in the energy estimate. By applying
the energy method to (57) with g =0 we get
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IvIZ = (1 +20)vE - v} (59)

which is bounded for o < —% and hence the scheme is stable.
To determine the spectrum we Laplace transform (57) (with g = 0) and rewrite as

(sI+P7'Q —o P 'Eg)¥ =0. (60)

From the internal scheme we have
A 1 . N
SVi+ —Viy1 — Vi—1) =0 61
l+2AX( i+1 i-1) (61)

or equivalently

Vig1 + 28V — Vi1 =0 (62)
with § = sAx. The characteristic equation is x2 + 25k — 1 =0 which has solutions

Ky =—S++5+1. (63)
Thus the general solution of (62) is

\A/i=C1K£r+C2Ki. (64)

The first and last equation in (60) are modified and we can use them to write a matrix equation for the unknowns cq 2. The
equations are

S—1-20)vg+ V1 =0,
—VN—1+ B+ 1DIn=0 (65)

and by inserting the general solution (64) into (65) we get the matrix equation E(s, x)c =0 where

S—1—-so0+ky S—1—s0+«k_
E(s, k) = ) (66)

G+ DN 71 G+ 1N — N1

The spectrum consists as before of the singular points of E(s, k). A direct computation of the determinant of E(s, k) gives
that

det(E(s, k) =«N (V32 +1-1-20)(1+ V32 +1)
+if (V2 +141+420)(1 V32 +1). (67)

A closed form expression for the zeros of (67) have not been found. We can however compute the eigenvalues numerically.
We will return to (67) when we consider the spectrum of the coupled problem.

5. Multi domain spectral analysis of the advection equation

We introduce again an artificial interface at x =0 for the advection equation to study how the spectral properties of the
continuous and discrete operators are modified.

5.1. Continuous case

Consider now

U +uy=0, —-1<x<0,

Ve4+vy=0, 0<x<1,

u(=1,0 =g,

v(0,t) =u(0,t). (68)

The spectrum is again obtained by Laplace transforming (68) and applying the boundary and interface conditions. The
general solutions to the Laplace transformed equations are &t = cie~%* and v = cye%*. The boundary and interface conditions
imply that c; =0 and ¢, = ¢1, and hence there is no spectrum as expected.
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5.2. Discrete case
One form of the SBP and SAT discretization of (68) is

ur+ P 'Qu=0P '(ug — g)eo,
vi+PlQv=1P 1(vg —un)eg (69)

where u, v now denote the discrete grid functions. Both domains have equidistant grid spacing and equal number of grid
points to allow for the same difference operators in both domains.

5.2.1. Conservation and stability

When constructing an interface for equations with advection it is important that the scheme is not only stable, but also
conservative [18,1,2]. Let ®(x) be a smooth testfunction and let ¢ = [®(xg), ..., @ (xn)]T. We multiply both equations in
(69) with ¢ P respectively. By using the SBP property of Q and adding the two equations we can shift the differentiation
onto ¢ and get

¢ Puc + ¢ Pve — dotio + vy — ()t — QD) v — 0o (uo — 8) = ¢i(7 + 1) (vo — un) (70)
where we have used ¢o = @(—1), ¢y = ®(1) and ¢; = ®(0) to denote the boundary and interface points. Conservation
requires that the right-hand side of (70) is zero, and hence we need to put T = —1 to cancel the remaining terms. With

this choice we thus have a conservative interface treatment.
To determine the stability condition we proceed with the energy method as before and multiply both equations in (69)
with u” P and vT P respectively. By assuming that g =0 we get

lull2 4+ vI2 =1 +20)ud + (1 +1)v3 — v — (un + Tvo)? (71)

and we can see that the scheme is stable if we chose o < —% and 7 < —1. Thus the interface treatment is both stable and
conservative with 7 = —1.

5.2.2. Eigenspectrum
We Laplace transform (69) and get the general solution from the internal schemes as before,

i =c1xl + okl
Vi=c3cl +caxl, (72)

where k. _ = —5++/52 + 1. The scheme at the boundaries and interfaces are different from the internal scheme and their
corresponding equations are

(§—1—20)ﬁ0+ﬁ1:0,
S+ iy —tin-1 =0,

2TUN+ (3 —1=2T)V9+ V1 =0,

S+ 1Dy —VUn_1=0. (73)
By inserting the general solutions into (73) we get again the matrix equation E(s, k)c = 0 for the unknowns ¢ = [cy, ..., c4]"
where
S—1-20+ky S$—1-20+«k_ 0 0
EGs.10) — G+l — kN1 G+ rN -« ) 0 ) 0 . (74
2tiy 2tkN §5—1-2t+4+ky §—1-21+k_
0 0 G+Dxl =71 G+ DN — N

The spectrum is obtained for the singular values of E(s, k). By expanding the determinant of E(s, x) and factorizing we get

det(E(s, k)) = f(0,5)g(t,s) (75)

where

fo.)=kNV2+1-1-20)(1+ V2 +1) +kN (V2 +1+14+20)(1- V52 +1) (76)

is exactly (67). The second factor is
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Fig. 4. Spectrum of both the single and multi domain operator, scaled with Ax, using 17 grid points for the single domain operator and 17 4 17 for the
multi domain operator.

g(t,s) = (§2 —1—-215—-27 +5k; + chr)/c’_V

— (3 —1-215 27 + 3k +x_ )l

—G=1=2t 4k )N T G—1-27 +x )N L (77)

We can see that the single domain operator spectrum is again contained in the multi domain operator spectrum, which
is visualized in Fig. 4(a) and Fig. 4(b) for o = —% and o = —1 respectively. In the second case, which is fully upwinded, we
can see that the spectrum is identical for the single and multi domain operators since all eigenvalues of the multi domain

operator are double eigenvalues.
5.3. Extending the interface treatment

In the previous section we discussed one of many different schemes for the advection equation coupled over an interface.
The scheme was based on the boundary and interface conditions for the continuous PDE. The interface condition v =u is of
course identical to u = v in the continuous sense, but this is not true in the discrete setting with weak interface conditions.
We can hence modify the interface treatment by adding one additional term corresponding to u = v in the discrete setting.

Consider the scheme (69) again but without the outer boundary term and with one additional term added,

ur+P'Qu=yP (uy — vo)en.
vi+P71Qv=1P 1(vg —un)eo. (78)

The stability and conservation criteria can be found in e.g. [5] so we just state the result here as a proposition,

Proposition 5.1. The interface scheme (78) is stable and conservative for

1-06 1+6
_1=0 __1r 79
y=—. T=-— (79)

where 6 > 0 is a free parameter.
The energy estimate of (78) is

lullf + v = -6 (uf — v) (80)

when ignoring the outer boundary terms. Note that 6 =1 gives (69) which is fully upwinded while § =0 gives minimal
dissipation. By Taylor expanding (78) it can easily be seen that the formal accuracy is independent of the choice of 6. We
did a convergence study and verified that the solution converges with second order accuracy independently of the choice of
parameters.
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5.3.1. Errors, stiffness and convergence

In the case of advection there are two free parameters compared to the diffusion case where there is only one. One
parameter for the outer boundary —oco < o < 7% and one parameter for the interface 0 < 6 < co. Since we are interested
only in the interface treatment we let ¢ = —1 be fixed and consider the stiffness, rate of convergence and error as a function
of 6.

In [10] the quasi-one-dimensional Euler equations were used with an interface treatment corresponding to 6 =1 to study
the errors. Their convergence study showed that the errors were small and do not increase with the number of subdomains.
We continue with a more detailed investigation by posing the errors as functions of the interface treatment.

We use the manufactured solution u(x, t) = sin(2w (x — t)) to study the errors as a function of 0. Using this solution
we construct initial and boundary data to use in the error analysis. The maximum error is shown in Fig. 5. For 6 > 1, the
maximum errors are indistinguishable to machine precision. Compared to the minimal dissipative case, the maximum error
is approximately 20 percent smaller.

The stiffness and rate of convergence are shown in Fig. 6 where 33 grid points are used for the single domain and
17 + 17 for the multi domain. We can see from Figs. 6(a) and 6(b) that it is possible to maintain and even improve the
stiffness and rate of convergence when 6 =1 which is the fully upwinded scheme.

From Fig. 6(b) we can see that the maximum real part of the spectrum is reduced by approximately a factor seven when
0 =1, which is when the interface is fully upwinded. We can visualize this effect by performing a steady-state computation
and measure the errors in the steady-state solution.

We consider the initial data given by

f(x) = e 10000" (81)
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Table 2
Error and convergence results for 1, 2, 4 and 8 domains.
# domains 1 2 4 8
2/Ax I Q@ I q2 Iy q2 I q2
32 1.32e—-01 1.25e—01 1.09e—01 9.76e—02
64 3.90e—02 1.7556 3.80e—02 1.7194 3.58e—02 1.6015 3.26e—02 1.5819
128 2.77e—-03 3.8131 2.76e—03 3.7850 2.66e—03 3.7493 1.06e—-03 4.9386
256 6.65e—04 2.0596 6.64e—04 2.0558 5.75e—04 2.2107 4.55e—05 4.5470
512 1.66e—04 2.0055 1.65e—04 2.0041 1.26e—04 2.1852 5.12e—06 3.1510
1024 4.14e—05 2.0014 4.13e—05 2.0007 3.00e—-05 2.0748 8.50e—07 2.5900
2048 1.03e—05 2.0003 1.03e—05 2.0000 7.37e—06 2.0237 1.58e—07 2.4291
Table 3
The time at which the I;-norm of the solution is less than 10~'6 for 1, 2, 4 and 8 domains with upwinded
interfaces.
# domains 1 2 4 8
t 6021.6 912.0 146.5 28.8
br ¥
* 1 domain - : *¥
0.81 * 2domains * .y
* 4 domains L
0.6 + 8domains * *
* * *
0.4 * *
< * * . ’
g_ 0.2 * *
> *
© or Sk * * *
£ *
1= *
c *
e -0.2r " *
£ * .
—0.4}F * *
* * *
*
-0.61 * %
* *
L * *
-0.8 - * K
1 | | | | | | Y
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0
Real part

Fig. 7. Spectra of the 1-, 2-, 4- and 8-domain operator scaled with Ax for & = 1. Note that the eigenvalues of the 8-domain operator are clustered.

where xg = 7%. The disturbance is transported out of the right boundary and the exact steady-state solution is identically

zero. At time t = 2 when the initial disturbance have left the computational domain we measure the errors and rate of
convergence for 1, 2, 4 and 8 domains with # = 1. The number of grid points in each subdomain is chosen such that the
resolution is the same for all number of subdomains. The results are seen in Table 2. As we can see from Table 2, when
using 8 subdomains, the steady-state errors are significantly smaller compared to the single or two domain case. For high
resolutions the error is two orders of magnitude smaller and the rate of convergence is still higher.

In Table 3 it is shown how long it is needed to compute in time until the I-norm of the solution is less than 10716
which is considered to be the steady-state solution. We can see that there is a huge increase in gain to reach steady-state
when more upwinded interfaces are introduced. Note that the time to reach steady-state for one and two domains differ by
almost a factor seven which is what we can expect from Fig. 6(b).

The spectra of all cases is seen in Fig. 7. We can see that the real part of the eigenvalues are shifted further to the left
when more upwinded interfaces are added. Hence the accelerated convergence rate to steady-state [22]. Note that as more
upwinded interfaces are added, the multiplicity of the eigenvalues increase and hence there will be less distinct eigenvalues.

Remark 5.1. Independently of the number of interfaces we can pose the complete scheme as Pw; = Qw + F where [’

is the norm and all differentiation is collected in Q. The minimally dissipative interface treatment with 6 = 0 renders Q
completely skew-symmetric except at the boundary points.



1636 J. Berg, J. Nordstrém / Applied Numerical Mathematics 62 (2012) 16201638

1 . . . : :
% Single % Single
() Multiple () Multiple
0.5r 1 0.5r
i< T
[ ©
Q. Q
> _ . . o fd _ . . o
E or B O ® O & O & O%) _g ok O & O & O 8® OFd
[o)} (=)
© @
£ E
—0.5¢ -0.5r
1 . . . . _q . . . .
-1 -0.8 -0.6 -0.4 -0.2 0 -1 -0.8 -0.6 -0.4 -0.2 0
Real part Real part
(a) 3rd-order (b) 4rd-order
Fig. 8. Spectra of the 3rd- and 4th-order accurate diffusion operators with r = —%.
1.5 2 T T -
1.5F
1 ® @ | ®
® 1t @
- - ®
c 05 & - ®
8 & g 051 ®
z 0 %)@ % Single || 2 0%’@ % Single ||
£ ® (O Multiple < 2 (O Multiple
& ® 2 &®
£ £ -0.5¢ 8%}
= -05 ® ] = ®
® l
® &
-1 & _ | -1.5f ®
. | | % | | &
T 204 -0.3 -0.2 -0.1 0 0.4 -0.3 -0.2 -0.1 0
Real part Real part
(a) 3rd-order (b) 4th-order

Fig. 9. Spectra of the 3rd- and 4th-order accurate advection operators with o = —1.

6. Higher order accurate approximations

The previous analysis was performed on the second order accurate operators since it was possible to derive analytical
results. In this section we briefly show numerical results for the 3rd- and 4th-order accurate SBP operators. Details on the
operators can be found in [14,20].

The stability and conservation criteria is independent of the order of accuracy. The schemes and stability conditions for
the heat and advection equation are thus identical except that the difference operators have been replaced by 3rd- and
4th-order accurate operators.

The corresponding determinants of (42) and (74) for the higher order operators are not possible to compute and factor
analytically. We can however compute the spectrum numerically. In Fig. 8 (diffusion) and Fig. 9 (advection) we show the
analogues of Figs. 1 and 4(b) which shows that a similar factorization appears to exist even in the higher order cases. In
Fig. 8, only a part of the spectrum is shown but the trend is continued throughout the spectrum. In Fig. 9 all eigenvalues of
the multi domain operator are double eigenvalues. In both figures we have used 17 grid points for the single domain and
17 + 17 for the multi domain operators.
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7. Conclusions
7.1. Diffusion

In the single domain case, a closed form expression for all eigenvalues of the discretization matrix, including the bound-
ary conditions, was found. We showed how the eigenvalues of the discretization matrix converged to the eigenvalues of the
continuous equation. For the multiple domain case we showed how the spectrum of the single domain operator is contained
in the multi domain operator spectrum independent of the interface treatment. Numerical experiments indicate that this
inclusion generalizes to higher order accurate operators.

The stiffness and rate of convergence were not significantly effected by the choice of interface treatment. We used
a manufactured solution to study the errors. When the symmetric coupling was used, the maximum error of the multi
domain case reduced to the level of the single domain case. Compared to the unsymmetric coupling, the maximum errors
were reduced by almost 35 percent when the symmetric coupling was used.

7.2. Advection

For the advection equation we showed that the spectrum of the single domain operator is contained in the multi domain
operator spectrum independent of the interface treatment similarly to the diffusion case. A numerical computation of the
spectrum indicated that the result carries over to higher order accurate operators.

The stiffness showed only minor differences depending on the interface treatment. The rate of convergence to steady-
state was significantly improved when adding one upwinded interface. By adding more upwinded interfaces we could
dramatically decrease the error in the steady-state calculation.

We used an exact solution to study the errors as a function of the interface treatment. We showed that it is possible
to bring down the maximum errors to the level of the single domain case by using the upwinded coupling. The maximum
error was about 20 percent smaller when using a fully upwinded coupling compared to the minimal dissipative coupling.

Appendix A. Double roots

When determining the solutions to the recurrence relation from the Laplace transformed scheme in the interior, one has
to be careful with double roots of the characteristic equation. Due to the ansatz, false roots might be introduced and it is
necessary to confirm whether or not these roots belong to the spectrum.

The characteristic equation (19) has double roots for = —4 and 5= 0. The solutions are

Kk=-1, k=1 (A1)
respectively. The general solution to the recurrence relation is then
Vi = (c1 + i)k’ (A2)

We assume that the general solution (A.2) is valid for i=1,...,N — 1 and insert into the modified boundary equations to
get the matrix equation E(s, k)c = 0 for the unknowns ¢ = [Vg, 1, C2, n1" where

$42 0 0 0
-2 (5+2)—K)k (+2)—21)k 0
EGs. )= 0 (G+2k—DkN"2 (G+2)(N—Dk —(N=2)N2 -2 (A3)
0 0 0 542

By inserting s = —4 and k = —1 into (A.3) we get det(E(s, x)) = 4N(—1)N + 0. By inserting $=0 and « =1 into (A.3) we
get det(E(s, k)) = 4N # 0. Hence neither S= —4 nor $ =0 is a part of the spectrum.
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prescribed temperature or temperature gradient and the first order slip-flow boundary
conditions. The formulation is uniform and the transitions between different boundary
conditions are done by a change of parameters. We give different sharp energy estimates
depending on the choice of parameters.

The discretization is done using finite differences on Summation-By-Parts form with
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1. Introduction

There has recently been a development of stable boundary [1,2] and interface [3] conditions of a specific form for the
compressible Navier-Stokes equations. This paper extends the result in [2] to more general solid wall boundary conditions
and includes sharp energy estimates. While [2] deals only with the no-slip boundary conditions, we will provide a uniform
formulation which includes the no-slip boundary conditions with prescribed temperature or temperature gradient and slip-
flow boundary conditions or any combination thereof.

The tools that we will use to obtain a uniform formulation together with proof of stability are finite difference approx-
imations on Summation-By-Parts (SBP) form together with the Simultaneous Approximation term. This method has the ben-
efit of being stable by construction for any linear well-posed Cauchy problem [4,5] and the robustness has been shown in a
wide range of applications [5-9].

The first derivative is approximated by u, ~ Dv =P~ 'Qv, where v is the discrete grid function, D is the differentiation
matrix, P=P" > 0 defines a norm by ||v||? = »'Pv and Q has the SBP property Q + Q" =B =[-1,0,...,0,1], see [10,11] for details
about these operators.

There exist operators accurate of order 2, 4, 6 and 8 and the stability analysis does not depend on the order of accuracy of
the operators. We will pose our equations on conservative form and hence we do not need an operator approximating the
second derivative. Operators approximating the second derivative with constant coefficients are derived in [11] and have
recently been developed for variable coefficients problems in [12].
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The boundary conditions will be imposed weakly using the Simultaneous Approximation Term (SAT). The SAT term is
added to the right-hand-side of the discretized equations as a penalty term which forces the equation towards the boundary
conditions. Together the SBP and SAT technique provide a tool for creating stable approximations for well-posed initial-
boundary value problems. The relation between weak and strong boundary conditions in terms of accuracy is discussed
in [13].

2. The Navier-Stokes equations
2.1. Continuous case
We consider the two-dimensional Navier-Stokes equations on conservative form
q;+Fy+ Gy =0, (1)

where
F=F —¢F', G=C—¢G". (2)
The superscript I denotes the inviscid part of the fluxes and V the viscous part. The components of the solution vector are

q=[p,pu,pv,e]” which are the density, x- and y-directional momentum, respectively and energy. The components of the
fluxes are given by

F'=[pu,p+ pu?, puv,u(p +e)",
G =[pv,puv,p+pv*, v(p +e)',
FV = [0‘ Txmfxy-,u'rxx + vfxy - Qx]Ta

v T
G =10, Tay, Tyy, UTyx + 0Ty — Q, ],

3)

where p is the pressure, Pr the Prandtl number, y the ratio of specific heat and Q = —«T is the thermal conductivity times the
temperature according to Fourier’s law. The stress tensors are given by

T =2 @+i %+% Ty =2 @+J @Jr@ Ty = Tyx = @Jr@ (4)
w=cloy ox ay) VT “ay \ox " ay) Xy*y"fuay ox)’

where p and 2 are the dynamic and second viscosity, respectively.

All the equations above have been non-dimensionalized as

u* y* p» T* px e*
=, v=—o, =L T=— p=

o (29 P P T, P

A u
u , e= ;A , = , 5
pi(cn)’ pi(en)’ T ®

where the x-superscript denotes a dimensional variable and the co-subscript the freestream value. In (2) we have ¢ = %

where Ma is the Mach-number and Re = 2x%:= js the Reynolds-number with L’ being a characteristic length scale.

Hingey

The equations as stated in (1) is a highly non-linear system of equations. The well-posedness and stability conditions that
will be derived in this paper will be based on a linear symmetric formulation.

We freeze the coefficients at some constant state W = [p, @I, 7, p]” and linearize as W = W +w where w' = [p,u,2,p]" is a
perturbation around the constant state w. This yields an equation with constant matrix coefficients. Next we transform to
primitive variables and use the parabolic symmetrizer derived in [14] to get the linear, constant coefficient and symmetric
system

Wi + Aw, + Bw, = 8((anx + CiaWy), + (Cor Wy + szwy)y) (6)

where the symmetrized variables are

T
c 1
= |— —T| . 7
v {ﬂpp’u’yf yr-1) } 7

All matrix coefficients can be found in [14] but we restate them in Appendix A for convenience.
We will use the energy method to determine the well-posedness of (6). The energy norm in which we will derive our
estimates is defined by

Iw|? = / wwd@. (8)
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By multiplying (6) with w”, integrating over © and using the Gauss—Green theorem for higher-dimensional integration by

parts we obtain
T
‘ - Cn C
WP = — f W (AW — 26(Ciwy + Ciawy),  Bw — 26(Caiwy + Coowy)) - nds — 2¢ / [W] [ " ”] {W*]ds)‘ )

Joa Jalwy] [C G Wy

where the last term in (9) can be seen to be dissipative by computing the eigenvalues of the matrix in the quadratic form
[1,2.4].

To simplify we let the domain of interest be the unit square 0 < X,y < 1 and we consider only the south boundary aty = 0.
Eq. (9) is then simplified to

1 w,1'1Ch Cial[w
HWHf:/U wT(Bw—Zg(can+c22wy))\y:0dx—23/ {Wﬂ [c; CZHW;]dQ. (10)

The east, west and north boundaries are omitted and we consider the south boundary as a solid wall.
A solid wall requires 3 boundary conditions [2,4]. Since we do not want any penetration through the wall we require that

v(x,0,t) = 0. (11)

A Robin boundary condition does not apply to the z-velocity since it is not a well-posed boundary condition for the Euler
equations. When inserting (11) into (10) and considering only the south boundary at y =0 we get

1
2 . s TH
Iw|; < —26./0 <5uuy +,1352“/(y— 1)Pr”3'>dx‘ (12)

Note that the dissipative term has been omitted and the equality has been replaced by an inequality.
We are allowed to use 2 more boundary conditions. The boundary conditions we consider are the Robin conditions
ou— puy =gy, ¢T—yT, =gy, (13)

where any combination of o, f, ¢ and s are allowed as long as no boundary condition is removed. This allows us to study all
physically relevant boundary conditions in one uniform formulation. In particular we can include the standard no-slip
boundary conditions with prescribed temperature or temperature gradient and the first order slip-flow boundary conditions.

Remark 2.1. Note that if u(x,0,t) # 0 then we need to use that ¢(x,0,t) = 0 imply #,(x,0,t) = 0 to obtain (12). As we shall see
later, the relation #,(x,0,t) = 0 must be explicitly included in the discrete case in order to obtain stability.

Depending on how we chose o, f, ¢ and i in (13) we obtain different energy estimates. Assume that g; , = 0. If we restrict
ourselves to the case where f, 1/ # 0 and insert (13) into (12) we obtain the energy estimate

r1
2 oo TH ¢
w g—Zs/ <T-u R I >dx. 14
il o \P B pey(y —T)Pry 1
We can see that the energy is bounded if
of >0, ¢y >0. (15)

We can now let «, ¢ — 0 and obtain the Neumann boundary conditions which have the energy estimate Hwa < 0. By
restricting ourselves to the case where o, ¢ # 0 we get the energy estimate
1
2 np 5 TH Yoo

wl; < —2¢ Soul——C TT¢ |dx, 16

Il /0 <pa v e - TP g ) 1o
which gives an energy estimate if (15) hold. If we let 8, y — 0 we recover the standard no-slip boundary conditions which
have the energy estimate Hwa < 0. Compared to the Robin boundary conditions (13), the no-slip boundary conditions are
less damping than if we keep o, f, ¢ and \/ non-zero.

2.2. Discrete case

To extend the SBP and SAT technique to systems in higher dimensions it is convenient to introduce the Kronecker prod-
uct, which is defined for arbitrary matrices A € R™" and B € R"*? by

a“B a1nB
A®B=| : . | (17)
amB - am.B

As a special case of a tensor product, the Kronecker product is bilinear and associative, and one can prove the mixed product
property (A ® B)(C ® D) = (AC ® BD) if the usual matrix products are defined. For inversion and transposing we have

(A2B) T =@ATeB™), (18)
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if the usual inverse exist. The mixed product property is particularly useful since it allows the operators to operate in each
coordinate direction independently of each other.

Let the domain 0 < x,y < 1 be discretized by M + 1 and N + 1 equidistant grid points respectively. We define the following
operators:

D,=P;'Q,, Dy=P,'Q,, Qi +QJ, =By, =diag(-1,0,...,0,1), (19)

where Py, is symmetric and positive definite. In this paper a diagonal P, is used but there are more general forms available
[10,11]. The details for the second order case are found in Appendix B.
The extension to the two-dimensional domain is done using the Kronecker product. The following matrices will be used:

Di=(Dx®ly®l) Dy=(Lh®Dy®l) Pi= (Pl ®l),

Py=(li®Py@ls) P=(P@Py®ls) B.=(B,®l,®l), (20)
By=(b®Byol) Cn=(LeleCn) Co=LoleCy),

Cr=(6Lolety) Co=(Lely®Cyn) E=(LoEal),

where Eg=diag(1,0,...,0). The solution vector is aligned as w=[wy,... ,waN]T= [po,(pu)o,(pV)o,€0,- - -, PMxNs
(PN (PVIMixNs enxn]’-
With the definitions given in (20) we can discretize (1) as
w, + D,F +D,G =0, (21)

where w, F and G are the discrete grid function and fluxes. In order to analyze (21) we need to use the linear, symmetric
formulation (6). After linearizing, freezing the coefficients and transforming to symmetric variables, we apply the energy
method to (21) by multiplying with w'P and using the SBP properties of the operators. For a thorough derivation, see

[1,4]. The result is
— Tr— — — —
S — Dw| |P 0||Cy C Dyw
2 T | %4 T I \4 X 11 12 X
wl|; +w'B,P, (F, — 2¢F. ) + W'B Py (G, — 2eG/ ) +2¢| _ 1=z = _ =0, 22
H H[ X }’( s s) y X( S s) DyW:| |:0 P:| |:C21 C22:| |:DyW:| ’ ( )

where the norm is defined by |w||> = w'Pw and
Fi = EW, F;/ = E]]WX + E]zWy, <23)
GL = EW G;/ = Ez] Wy + EzzWy

withA = (I, ® I, ®A) and B = (I, ® I, ® B). The last term in (22) is dissipative and we need to construct a SAT which bounds
the indefinite boundary terms.
To simplify we consider only the terms related to the south boundary at y = 0. Eq. (22) becomes

— Tr— — — —_
[wi? — wIP.Eo (G, — 266} ) +2¢ Dawi PO G G [ Daw ) (24)
Dw| [0 P||Cy Cpn||Dw
Denote the last term in (24) by DI and expand the fluxes according to the definitions in (23). Eq. (24) then simplifies to
W||? = W'PEoBw + 26w PEq (CayWy + Coowy) + DI = 0. (25)

BT

Based on (25) we will construct a SAT which we add to the right-hand-side of (21) that will bound the indefinite terms and
implement the correct boundary conditions.
Remember that the boundary conditions being imposed are

ou—puy =gy, ¢T—yT,=g,, v=gs, (26)
where g3 will be set to zero at a solid wall. In order to obtain stability we also need to include the discrete version of
083
=22 27
Vo= (27)

which does not automatically follow from (26) as it does in the continuous case.
Due to the different forms of the boundary conditions we split the SAT into 5 different terms. One term for the inviscid
part and one additional term for each condition in (26) and (27). The SAT we will use is

S =P,"EcZ(w — g') + £02P, "Eo(aHow — fD,How — g4) + e03P, 'Eo (Hsw — g5) + &P, 'Eo© <5xW - %)

+ £04P;'Eo (pHaw — yD,Hyw — g5), (28)
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where H; = heol,® Hi) and H; are 4 x 4 matrices that have the only non-zero element 1 at the (i,i) position on the diagonal.
We have X = (I, ® I, ® X) where X is an undetermined 4 x 4 matrix that will be determined for stability. © = (I, ® I, ® )
where @ is a 4 x 4 penalty matrix that acts on » only and hence has the structure
0 0
0
93 0

00 04 0
Both X and @ will be determined for stability.

The first row in (28) is used to bound the inviscid part and the three last rows are scaled with ¢ and enforces each of the
boundary conditions in (26) and (27). This construction will ensure that the solution converges to that of the Euler equations
as ¢ — 0. The Robin boundary conditions does not apply to the Euler equations. Hence as ¢ — 0, the viscous terms mush van-
ish and leave v =0 as the only boundary condition for the Euler equations at a solid wall.

By considering zero boundary data and carrying (28) through the derivations in the energy estimate it will appear on the
right-hand-side of (24) as

2w'PS = 2w P,EoSw + 260,W PEo (aHow — D, How) + 2e03w' PyEoHsw + 26P,EoDOwW
+2604W'PEo (pHaw — YDy Hsw). (30)

o

(29)

o o

o O o
o=}
N

By moving all terms to the right hand side we get
[w|? = BT + SAT — DI (31)
and we have to choose the coefficients in (28) such that [|w||? < 0. In order to proceed we split the BT and SAT into inviscid
and viscous parts respectively.
By considering only the inviscid terms we have
[w(? = w'P,EoBw + 2w'P,EsZw (32)
=w'PEy(B+2%)w (33)
and we have to choose ¥ such that B + 2¥ < 0. Since the Kronecker product preserves positive semi-definiteness it is suffi-
cient to determine the 4 x 4 matrix ~ such that
B+2X<0. (34)

This is easily accomplished by diagonalizing B = XAX" and rewriting (34) as
AT+ A4 +22: L0, (35)

where A"~ holds the positive and non-positive eigenvalues of B respectively and > = X">X. We have 4" = diag(0,0,¢,0) and
hence we construct X = diag(0,0,0,0) with ¢ < —£. By transforming back we get

1 0 V7 VI -1)
soxzx =2 0 0 0 0 ) 36
2) V7 0 Y SICEEY) (36)
V=1 0 VHiy-1) y-1

With X given by (36) the inviscid boundary terms are bounded and implements the wall normal velocity boundary condition
for the Euler equations.

~

Remark 2.2. The transformation from conservative to primitive to symmetric to characteristic variables and back is used
only for the purpose of analysis. In a code the transformation from conservative to characteristic variables and back can be
done directly by following the transformations given in [15].

By considering only the viscous terms we have

HWH? = 728WTI_3XEO (EXEZIW + ByEZZW) + ZSUZWTI_)XEU (O(ﬁzW - /fﬁyﬁzw) + 280’3WTI_)XE0 (H3W) + ZSPXFUB,(@W
+ 2604w PyEo (pHaw — yDyHaw) — DI, (37)

which can be written as a quadratic form

[w(? = —eW PsMoW — DI, (38)
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where
w PE, O 0 my mp; ms
W= |Dw|, Po=| 0 PE, 0 |, Me=|m} 0 0], (39)
D,w 0 0 P m; 0 O

where m3; and M, are symmetric and

my = 72(1,( ®Iy ® 020Hy + 03H3 + U4(/)H4).
my = (L®l,®Cy — 0), (40)
ms = (Iy ®1, ® Co2 + 02 H, + 04YHy).

In order to stabilize the viscous terms we need to choose our coefficients ¢, 34 and @ such that My > 0. Note that only the
positive semi-definiteness of My is required since Py is positive semi-definite and commutes with My. Hence if My is positive
semi-definite, so is the product PoMo.

Unfortunately though, there is no choice of 6,34 and @ such that m; = m, = M3 = 0 which would give M, = 0. Hence in
the current form we will always end up with an indefinite M.

To remedy this fact we can use a part of the dissipation term DI in (38),

— Tr— — — _
I = 26| DV | [P O G G Daw (41)
Dw| |0 P||Cy Cxn||Dw
The matrix P can be rewritten as
P=(P P al)= (PX®I~’y+rEO®I4) = (Px®ﬁy®14) +1P.E, (42)
_——

P

where r is small enough such that P,(1,1) — r > 0[16,17]. If we choose r such that strict inequality holds, the remainder Pis
still a full norm. Note that r is proportional to Ay. The dissipation term can thus be rewritten as

. qTp~ _ _ AT - _ _
DI = 2¢ bw 1P 0 G Co Dw 4+ 2er Dw | Pko 0 G G bw . (43)
Dw| [0 P||Cyu Cyp||Dw D,w 0 Po||Ca Cxn||Dyw
The second term in (43) can be used to fill in the empty 2 x 2 bottom block in M, to obtain
(M my ms
M= |ml 2Cy 2rCp|. (44)

L ﬁl; 2r621 2r622

To determine positive semi-definiteness of M it is sufficient to only consider the reduced matrix

[ —2(020H; + 03H3 + 04¢Hs) Co1 — @ Cyp + 02 Hy + 04yH,

M= Cy— 0" 2rCyy 2rCyy , (45)
Cyy + 02pH; + 04yHy 2rCy 2rCyy

where we have removed the Kronecker products. This can be done since the Kronecker product is permutation similar, i.e.
there exist a permutation matrix Y such that for arbitrary square matrices A and B we have A ® B=Y'(B @ A)Y. Hence we can
rewrite (38) as

IWIIf = —&(YW)" (M & Po)YW — DI, (46)

where Py = Py ® E is positive semi-definite.
In order to proceed we chose

00 0 0
00 540

°=100 0 o 47
00 0 0

The matrix M in (45) is of size 12 x 12 but with the 1st, 5th and 9th row and column being zero. We can hence remove these
rows and columns and condense (45) into the 9 x 9 matrix

—2(0'20(1?12+O'3FI3+O'4¢F14> 621 —@ Ezz+02ﬂﬁ2+04l[/ﬁ4

M= Cor — 07 2rCyy 2rCra : (48)
Cy + 0200Hy + O'4l//H4 2rCy 2rCy
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By defining the matrices

A= azaﬁz + a;ﬁg + 04¢H4,

B=Cyp + 62pH, + 0uyHa,

e Fn @} (49)
Cn Cxn

J=[¢i-& B]

we can rewrite (48) as

M- |24 | (50)
Jro2rc
which can be rotated into block-diagonal form. The rotation matrix is defined by
. _1jc
5:[ Lo —3IC } (51)
06,3 Is

where 0,..4 is a zero matrix of size indicated by the subscript. Note that C-! is well-defined since we have removed the zero
rows and columns. Using (51) we can rotate (50) by

A LI 0y
05><3 ZTE

and it is clear that a sufficient condition for positive semi-definiteness is that the Schur complement of 2rC in M satisfies

SMST = [ (52)
L5z
Q=-2A-oJCJ >0 (53)
Eq. (53) leads to the main result of this paper which is
Theorem 2.3. The scheme for the compressible Navier-Stokes equations

w,+D,F+D,G=5 (54)

with Robin boundary conditions given in (26) and (27), where S is given by (28), can be made stable for all choices of o, 8, ¢ and
using (36) and (47) and appropriate choices of 643 4.

Proof. The inviscid part that implements the wall normal velocity boundary condition for the Euler equations is bounded
using (36). Using (47), the matrix Q in (53) is a 3 x 3 diagonal matrix

A (0'2) 0 0
Q=| 0 /Jo3) 0 |, (35)
0 0 /13(0'4)

where the diagonal entries are given by

241+ 02pp)°
2(02) = =20,00 — ———— |
102) = =202 = S - p
12+2
al5) = =203 —5 K (56)
o 1 (yu+ aayPrp)
23(0'4) = 20'4¢ EW

For any choice of o, f8, ¢ and i such that no boundary condition is removed and (15) holds, it is possible to determine ¢34
such that 7,3 > 0. The actual values of ;34 are determined once the choices of «, 5, ¢ and s has been made. O
The standard no-slip boundary conditions with prescribed temperature
u=0, v=0, T=T,, (57)

where T, is the wall temperature follows as a corollary.
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Corollary 2.4. The standard no-slip boundary conditions with prescribed temperature given by

u=0, v=0, T=T, (58)
are stable using (36) and (47) and
w0
Oy —— -
PR3- 2p
11+2
o< -4 jp“‘ (59)
1y
04 < — E ﬁ

Proof. The no-slip boundary conditions with prescribed temperature, which are thoroughly discussed in [2], are obtained by
putting

a=1, p=0 ¢=1y=0, (60)
in which case (56) reduces to

, _ 213

B =R G NG p

) 1242

Az(0'3)=—20'3—i J;p‘u) (61)

N 1y

A3(O’4) = —20'4 — i %

By demanding
k=0, i=1,23, (62)
we obtain (59). O

Note that the estimates (59) are sharp since there are no approximations or embeddings involved in the derivation of (53)
as in contrast to the result in [2]. The results in [2] are obtained in this setting by having

O =044 (63)
and taking
1
0123 =0 < _Elmam (64)

where /max is the maximum eigenvalue of JC~'J7. Since the system becomes stiffer with increasing magnitude of the coef-
ficients it is desirable with sharp estimates to minimize the magnitudes. If we compare (59) and (64) we get

(o)) _ 4ﬂ2PT

o yA+3W(pH-4)’

a3 _ ()~+2,u)PrA (65)
o e

%: 1.

With some reasonable numerical values, p=1, y=14, Pr=0.72, u=1 and 1 = — £, the ratios become

%069, -1, (66)

%2 . 053,
g g g

which is an improvement for the velocity components.
The proof of stability using (63) and (64) does not extend to the case where 8 # 0 in which case ® # 04,4 is required.
For the adiabatic solid wall boundary conditions we have
Corollary 2.5. The adiabatic boundary conditions
u=0, v=0, T,=0, (67)
are stable using (36) and (47) and
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w2
I3 (- Ap’
1i+2u
O'3<—Z o

_TH

Prp’

02 <

(68)

04 =

Proof. The adiabatic boundary conditions are obtained by having
=1, p=0, ¢$=0, y=1, (69)
in which case (56) reduces to

2.3
r(2+3W0—wp’

}vz(ag) = 720’3 - = —, (70)

(02) = =207 —

By demanding
k=0, i=123, (71)
we obtain (68). O
Remember that r is proportional to Ay. As the mesh is refined, the penalty coefficients will increase in magnitude and

make the discretization stiffer. If 3, {/ # 0 we can cancel the 1/r dependence in 0,4 by choosing

Tu 1 yu
Oy =——=, O4=——2—, 72
? Bp’ 4 Y Prp (72)

in which case (56) reduces to

2u o
M =—-,
T
1742
1a(03) = 205 — 5 % (73)
Lo lid
T Ppy

It is easy to see from (73) that the continuous well-posedness conditions (15) are required in order for /;3 > 0. The 1/r
dependence in g3 is not possible to remove unless a different form of the SAT is used.

Remark 2.6. For the north boundary at y = 1, the conditions in Theorem 2.3 and its corollaries apply without modifications.
However, the Robin boundary conditions (26) are replaced by

ou+puy =g, ¢T+yTy,=g,, v=gs. (74)

3. Numerical results

The stability theory developed in the previous section does not depend on the order of accuracy of the numerical scheme.
In order to verify that the scheme attains its design order we will use the method of manufactured solutions.
Any sufficiently smooth function H(x,y,t) is a solution to the modified Navier-Stokes equations

q; +F+ Gy =R(x,y.1), (75)

where the forcing function R(x,y,t) has to be appropriately chosen depending on H(x,y,t). By the principle of Duhamel [18],
the inhomogeneous Eq. (75) is well-posed if the homogeneous Eq. (1) is [18]. The boundary conditions remain unchanged
and we can use the manufactured solution H(x,y, t) to create the initial and boundary data. Thus we have an analytic solution
to (75) which can be used to test the order of accuracy of the computational scheme.
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Table 1

Order of accuracy.
# Grid points 32 x32 64 x 64 128 x 128 256 x 256
2nd-order
p 1.5034 1.7651 1.9666 1.9752
pu 1.8596 2.0101 2.0594 2.0402
pv 1.8540 2.0216 2.0643 2.0163
e 1.4702 1.8064 2.0253 1.9725
4th-order
P 21722 2.3449 2.7873 2.7933
pu 2.5558 2.6331 2.7796 2.6916
pv 2.5409 2.5925 2.8033 2.7474
e 2.1944 2.4076 2.7627 2.7141
6th-order
P 3.4865 3.6814 3.8377 3.8038
pu 3.7509 3.7349 3.9500 3.9811
pv 3.6202 3.8639 4.0055 4.0174
e 3.4023 4.0812 4.1063 3.9139

In this particular case we specify
p(x‘y‘ f) — e—v(sin(gm—t))z—\ﬂ(cos(;ny—t))z.
ux,y,t) = cos(én(x +y) — t),
v(x,y,t) =sin(¢n(x +y) — ),
p(x,y,t) = e vsinCaxy)-n7

(76)

where v and ¢ can be used to tune the amplitude and frequency of the solution. In this case we have chosen v = £ = 0.1. Using
(76) we specify H(x,y,t) as

p
_ | pU __P 1 2. 2
H(x,y,t) = ov |’ efy_]+2p(u + ), (77)
e

where y =1.4.

The scheme for (75) is

w; +D,F+D,G=R(x,y,t) + S (78)

and in order to obtain a higher order accurate scheme, the difference operators Dy, are simply replaced with operators of the
desired order of accuracy. The penalty coefficients in Theorem 2.3 remain unchanged. The forcing function R(x,y,t) is too te-
dious to write in text but can be computed using a symbolic software such as Maple®.

The scheme (78) was implemented using SBP operators of order 2, 4 and 6 which gives a global accuracy of 2, 3 and 4
[10,19]. The result can be seen in Table 1. The order of accuracy is independent of the choices of o, f, ¢ and ¥ and in Table 1
the no-slip with prescribed temperature, using =1, =0, ¢ =1 and = 0, is seen.

4. Applications

An application of the Robin boundary condition is the slip-flow boundary conditions used for moderate Knudsen numbers
(Kn) in micro fluid flows. The slip-flow boundary conditions extends the use of the Navier-Stokes equations to the slip-flow
regime where 1073 < Kn < 107! [20].

Computations in the slip-flow regime corresponds to having o« =1, ¢ =1, ¥ = 0 and f = Kn which gives a first order slip-
flow boundary condition. Stability is shown in

Corollary 4.1. The first order slip-flow boundary conditions

u=(Knju,, v=0, T=T, (79)
are stable using (36), (47) and
K
77 Knyp
1742
o< gt (80)
04 < — 1w

4r Prp
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Proof. The slip-flow boundary conditions are obtained by

a=1, p=Kn, ¢=1, =0,

in which case (56) reduces to

oo 2+ 05(Km)p)
Ao =20 G G- e
1242
alo3) = 20 5~ F
1
ﬂ3(0’4)=—20’4—§%.

By demanding
A =0, i=1,23,
we obtain (80). O
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oo8¢F - S [ _—
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0.04 - B B B
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0
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(b) Close-up of momentum field at the center of the south boundary
Fig. 1. $=0.0, corresponding to no-slip.
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(b) Close-up of momentum field at the center of the south boundary

Fig. 2. $=0.01, corresponding to moderate slip.
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(b) Close-up of momentum field at the center of the south boundary

Fig. 3. =0.1, corresponding to large slip.
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(b) Close-up of momentum field at the center of the south boundary

Fig. 4. = 1.0, corresponding to almost full slip.

Figs. 1-4 shows the flow field from no-slip (= 0) to almost full slip (8 = 1). In the computations we have used the domain
0<x<5,0<y<1with512 x 128 grid points. The Mach number is 0.5 and the Reynolds number is 100. All scales are nor-
malized with respect to the no-slip case.

The inflow and outflow boundary conditions are implemented as described in [1] which means that there is a severe mis-
match between the boundary conditions and the boundary data at the corners. However because of the weak boundary
treatment the computations remain stable.

5. Summary and conclusions

We have proved stability for Robin solid wall boundary conditions for the compressible Navier-Stokes equations using a
finite difference method on Summation-By-Parts (SBP) form with weak boundary conditions using the Simultaneous
Approximation Term (SAT).

The formulation of the SAT allows for easy change between common boundary conditions such as the no-slip with pre-
scribed temperature or temperature gradient and slip-flow or any combination thereof.

The energy estimates were derived without using approximations or embeddings which yields sharp estimates in con-
trast to previous results.
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The accuracy of the numerical scheme was tested using a manufactured solution. The computational scheme was verified
to attain 2nd-, 3rd- and 4th-order of accuracy which are the design orders of the SBP scheme.

We did computations of flows in a rectangular domain when the solid wall boundary conditions were changed from no-
slip to substantial slip by a simple variation of one parameter.
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Appendix A. Matrix coefficients

The matrix coefficients in (6) are given by

u 0 0 v 0 \Lﬁ 0
c = 0 2 0 0
< 0 -1
A= |7 V7l B=lc o 3 ¢
0 u 0 Vi v
0 u 0 0 ¢/t
0 0 00 0 O
I
Ci = 2 0 , Cn= 0 ;+02# ° , (A1)
£ 0 00 - 0
0 00 O %
0O 0 O
0 ’2*—“ 0
Cio=Cu = v 2
é—if‘ 0 0
0 0 O
Appendix B. SBP operators
In the second order case the SBP operators are explicitly given by
D, =P.'Q. (B.1)
where ¢ is either x or y and
-1 1 0 ©0 0 0]
;7 00 0 -1 0 1 0 0 o0
0 0 0 0 -1 0 1 0O 0
Pe=li i o i Q= :
0 0 0 0 0o -1 0 1 0
0 0 0 ] 0 0 0 -1 0 1
0 0 0 0 -1 1
- g - (B.2)
-2 2 0 O 0 0
-1 1 0 0 0
0 -1 0 1 0O 0
DcfleA : . . . . .
0o ... 0 -1 0 1 0
o ... 0 0 -1 0 1
10 ... 0 0 0 -2 2]

For SBP operators of higher order accuracy we refer the reader to [10,11].
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1. Introduction

Heat transfer is an important factor in many fluid dynamics applications. Flows
are often confined within some material with heat transfer properties. Whenever
there is a temperature difference between the fluid and the confining solid, heat will
be transferred and change the flow properties in a non-trivial way. This interaction
and heat exchange is referred to as the conjugate heat transfer problem [1, 2, 3, 4].
Examples of application areas include cooling of turbine blades and nuclear reactors,
atmospheric reentry of spacecrafts and gas propulsion micro thrusters for precise
satellite navigation.

Conjugate heat transfer problems have been computed using a variety of methods.
For stationary problems, methods include the finite volume method [5], the finite
element method [6, 7] and the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) [8]. For unsteady problems, overlapping grids [3] and finite difference
methods [1] have been used. The interface conditions have been imposed either
strongly, weakly or by a mixture of both.

There are many ways in which conjugate heat transfer problems can be analyzed
and computed. Giles [1] considered the simplified case of two coupled heat equations
and performed a stability analysis which put restrictions on how to chose the interface
conditions. Henshaw and Chand [3] performed numerical simulations of incompress-
ible, temperature dependent fluids with the Boussinesq approximation coupled with
the heat equation. The stability analysis was restricted to the case of two coupled
heat equations. Stability and second order accuracy for the coupled model problem
was proven, together with a numerical accuracy study of the full coupled problem
showing second order accuracy, as expected. In [7] a steady, compressible fluid with
heat transfer properties is considered and it is stated that accuracy is a key element
in computational heat transfer. The authors develop an adaptive strategy with error
estimators, showing at most second order accuracy.

When reviewing the literature on conjugate heat transfer problems, one can con-
clude that for incompressible problems, the heat transfer part is either modeled by
the heat equation, or by using the incompressible Navier-Stokes equations also in
the solid region. The latter strategy is possible since the energy equation in the in-
compressible Navier-Stokes equations decouples from the continuity- and momentum
equations. In the compressible flow case, the situation is different and more compli-
cated. Two major differences exist. Firstly, the energy equation does not decouple
from the continuity- and momentum equations. Secondly, for compressible fluids,
steady problems are mostly considered since the stability of the coupling becomes
an issue.



The numerical methodology presented in this paper is based on a finite differ-
ence on Summation-By-Parts (SBP) form with the Simultaneous Approximation
Term (SAT) for imposing the boundary and interface conditions weakly. The SBP-
SAT method has been used for a variety of problems and has proven to be robust
[9, 10, 11, 12, 13, 14, 15]. The SBP finite difference operators were originally con-
structed by Kreiss and Schearer [16] with the purpose of constructing an energy
stable finite difference method [17]. Together with the weak imposition of boundary
[18] and interface [19] conditions, the SBP-SAT provides a method for constructing
energy stable schemes for well-posed initial-boundary value problems [20]. There
are SBP operators based on diagonal norms for the first [21] and second [22, 23]
derivative accurate of order 2, 3, 4 and 5, and the stability analysis we will present
is independent of the order of accuracy.

From an implementational point of view, coupling the compressible Navier-Stokes
equations to the heat equation is complicated as different solvers are required in the
fluid and solid domains. With two different solvers, two different codes, are required
and data has to be transferred between them by using possibly a third code [24].

A less complicated method would be to only use the Navier-Stokes equations
everywhere and modify an already existing multi-block coupling [12] such that heat
is transferred between the fluid and solid domains. In the blocks marked as solids,
it is possible to construct initial and boundary conditions such that the velocities
and density gradients are small. The difference between the energy component of
the compressible Navier-Stokes equations and the heat equation should then also be
small.

We will show how to scale and choose the coefficients of the energy part of the
Navier-Stokes equations, such that it is as similar to the heat equation as possible.
Numerical simulations of heat transfer in solids are performed to show the similari-
ties, and differences, of the temperature distributions obtained by the Navier-Stokes
equations and the heat equation. We will not overwrite, or strongly force, the veloc-
ities in the Navier-Stokes equations to zero in each time integration stage since that
would ruin the stability of the numerical method that we use. Instead, the velocities
will be enforced weakly at the boundaries and interfaces only.

In the previous literature, a mathematical investigation of the interface conditions
in terms of well-posedness of the continuous equations, stability of the resulting
numerical scheme and high order accuracy has not been performed to our knowledge.
We shall in this paper hence focus on the mathematical treatment of the fluid-solid
interface rather than computing physically relevant scenarios.



2. The compressible Navier-Stokes equations

The two-dimensional compressible Navier-Stokes equations in dimensional, con-
servative form are
@+ F+G,=0 (1)

where the conserved variables, ¢ = [p, pu, pv, e]”, are the density, x- and y-directional
momentum and energy, respectively. The energy is given by

1
e=cvpT +5p(u® +07), (2)

where cy is the specific heat capacity under constant volume and T is the tempera-
ture. Furthermore, we have F = FI — FV and G = G — GV, where the superscript
I denotes the inviscid part of the flux and V' the viscous part. The components of
the flux vectors are given by

pu,p + pu’, puv, u(p + €)]”,
pv, puv,p + pv*, v(p +e)]”,

T
07 Taas Tayy UTzx + VUTgy + HTz] )

FI =]
G- 3)
FV =
GV =

T
0, Tay, Tyys UTyz + VTyy + KT,

where we have the pressure p and the thermal conductivity coefficient k. The stress
tensor is given by

T, —Q%Jr)\ @+@ Tyy = 2 @Jr)\ @4’@ Tay = Tyw = @Jr@

= = o or  oy) " 'ut?y oxr  oy) vz = H oy Ox)’
(4)

where p and A are the dynamic and second viscosity, respectively. To close the

system we need to include an equation of state, for example the ideal gas law
p=pRT. ()

Here R = cp — ¢y is the specific gas constant and cp the specific heat capacity under
constant pressure. Both cp and ¢y are considered constants in this paper.

Since the aim is to model heat transfer in a solid using the Navier-Stokes equa-
tions, we study the equations with vanishing velocities. If we let u = v = 0, all the
convective terms and viscous stresses are zero and by using (2) and (5), equation (1)



reduces to

pr=0

Po=0

Py = 0 (6)
1

Ti= (WL + (6T),).

The last equation is similar, but not identical, to the variable coefficient heat equa-
tion.

For ease of comparison with the heat equation we transform to non-dimensional
form as follows (note the slight abuse of notation since we let the dimensional and
non-dimensional variables have the same notation. Hereafter, all quantities are non-
dimensional):

u* ,U* p* T*
u = v=— = , T= , 7
= =3 P 7
p* e* )\* ‘Lt*
p= * * ) €= " * ) )‘ = % n= % (8)
P (cs)? Pio(c5)? 145 0
,* ,* R* *
cp = (;P 5 Cy = iV 5 R= PR R = H* s (9)
CPoo CPoo CPoo Koo
" Y Coo
= y = t= ¢ 10
':C LZ;O7 y L;O7 Lz;o b ( )

where the x-superscript denotes a dimensional variable and the oco-subscript the
reference value. L7 is a characteristic length scale and ¢ is the reference speed of
sound. The equation of state (5) becomes in non-dimensional form

vp = pT. (11)
and the energy equation can be written as

p

e:ﬁ

4 %p(u2 +o?). (12)

By using (7)-(10), the last equation in (6) becomes

11
t_PecCVP

(T2, + (vT,),) (13)



where . T )
[ (14)
oS PooCPoo
are the Péclet number based on the reference speed of sound and the thermal diffu-
sivity, respectively.

3. Similarity conditions

Since the fluid is compressible, the density in (6) is non-constant and the energy
component in the Navier-Stokes equations will differ from the constant coefficient
heat equation. We can however quantify in which way the equations differ and which
terms that have to be minimized in order for the two equations to be as similar as
possible. The heat equation, non-dimensionalized using (7)-(10), can be written as

fi= o ((wd2) + (w) ) (19

where Pe, is defined in (14) and c¢s, ps, ks are the specific heat capacity, density
and thermal conductivity of the solid, respectively. In this case, all coefficients are
constant but rewritten in a form which resembles (13).

In order to compare (13) and (15), we define 5 = Pe.pcy, s = Pe.pscs and
rewrite (13) and (15) as

BT, = (RT.), + (KT, (16)
97, = Bﬁ ((%@)I + (ij)y) . (17)

Note that fs is constant for the solid. Furthermore, since 8 > 0 and (6) yields
% = 0, we can estimate the difference T'— T in the S-norm defined by

|\T—T\|§:/(T—T)2ﬂdﬂ (18)

Q

where (2 is the computational domain. By subtracting (17) from (16), multiplying



with 7' — T and integrating over  we obtain

1d —_— ' K o o
st =15 = /(WT VT+ﬁSﬁVT VT>
Q
~ o }
+BZ2{ (r-17) (WT— E[ﬁVT) nds (19)
Rs ~ ~ K -
+ E(T—T)VB-VTdQ—F/(fH-Eﬁ) VT . VTda.
Q Q

In order to obtain as similar temperature distributions from the heat equation and
Navier-Stokes equation as possible, the right-hand-side of (19) has to be less than or
equal to zero. Note that we specify the same boundary data for 7" and 7', in which
case the boundary integral is zero. By further assuming that V3 = 0 we can rewrite
(19) as the quadratic form

Q

Rs
d y vr 17 2K — (f-e—i—Eﬂ) VT
%HT—T\I%:_/[VT} ,<,@+%ﬂ> 2%[)’ [Vf] 20)

By computing the eigenvalues of the matrix in (20) and requiring that they be non-
negative, we can conclude that we need s — ’;—/3 = 0. Thus, if the relations

K K,
——==0, VB=0
7B B (21)

hold, then
d .
ST~ T <0 (22)

and the Navier-Stokes equations and the heat equation produces the exact same
solution for the temperature if given identical initial data.

Remark 1. The heat equation and energy component in the Navier-Stokes equations
produces exactly the same results only if the relations in (21) hold. In a numerical
simulation, the initial, and boundary, data are chosen such that (21) holds exactly to
begin with. Because of the weak imposition of the boundary and interface conditions,
the relations will no longer hold as time passes. Small variations in the velocities
at the boundaries and interfaces will produce small variations in the density which



propagate into the domain. These deviations are however very small and the effects
are studied in later sections.

4. SBP-SAT discretization

In the basic formulation, the first derivative is approximated by an operator on
SBP form
Uy & Dv = P7'Qu, (23)
where v is the discrete grid function approximating . The matrix P is symmetric,
positive definite and defines a discrete norm by ||v||> = vT Pv. In this paper, we
consider diagonal norms only. The matrix @ is almost skew-symmetric and satisfies
the SBP property Q + QT = diag[—1,0,...,0,1]. There are SBP operators based on
diagonal norms with 2nd, 3rd, 4th and 5th order accuracy, and the stability analysis
does not depend on the order of the operators [21, 25]. The second derivative is
approximated either using the first derivative twice, i.e.

Uye = D*v = (P7'Q)v. (24)

or a compact formulation with minimal bandwidth [22, 23]. In the conservative
formulation of the Navier-Stokes equations, the second derivative operator is not
used.

In order to extend the operators to higher dimensions, it is convenient to intro-
duce the Kronecker product. For arbitrary matrices A € R™*" and B € RP*4, the
Kronecker product is defined as

(IlﬂlB e alﬂmB
A®B= Lo . (25)
an,lB LR am,nB

The Kronecker product is bilinear, associative and obeys the mixed product property
(A B)(C® D)= (AC® BD) (26)

if the usual matrix products are defined. For inversion and transposing we have
(A B)y " =A"TeB 1T (27)

if the usual matrix inverse is defined. The Kronecker product is not commutative in



general, but for square matrices A and B there is a permutation matrix R such that
A®B=R"(B® A)R. (28)

Let P, 4, @z, and D, , denote the difference operators in the coordinate direction
indicated by the subscript. The extension to multiple dimensions is done by using
the Kronecker product as follows:

pz:Pz®Iy QI:QI®[y7

Py=1,®P, Q,=1,8Q,, (29)
D,=D,®1I, D,=1,®D,.

Due to the mixed product property (26), the operators commute in different co-
ordinate directions and hence differentiation can be performed in each coordinate
direction independently. The norm is defined by

|[u|)? = T Pu (30)
where P = Pﬁpy =P, ®P,.

5. Temperature coupling of the Navier-Stokes equations

The compressible Navier-Stokes equations in two space dimensions requires three
boundary conditions at a solid wall [20]. Since we are aiming for modelling heat
transfer in a solid using (1), both the tangential and normal velocities are zero. The
third condition is used to couple the temperature in the fluid and solid domain.

We consider the Navier-Stokes equations in the two domains ; = [0,1] x [0,1]
and Qy = [0,1] x [—1,0] with an interface at y = 0. Denote the solution in €; by
q = [p, pu, pv,e] and in Qy by ¢ = [p, pt, po, €].

The interface will be considered as a solid wall and hence we impose no-slip
interface conditions for the velocities

(31)

More general interface conditions can be imposed by considering Robin conditions
as described in [26].

To couple the temperature of the two equations we will use continuity of temper-
ature and heat fluxes,

T=T, wT,= kT, (32)

9



For the purpose of analysis, we consider the linearized, frozen coefficient and sym-
metric Navier-Stokes equations

w, + (Aw), + (Aw), =¢ ((Anwz + Alzwy)y + (Ayyw, + Aggwy)y) , (33)
33
ﬁlt + (Bllz))z + (BQ’!I))y = £ ((BH’LDE + Blg’lz)y)y + (Bgllz)m + BQZwy)y) ,
where € = %7 Re is the Reynolds number and Ma is the Mach number. The
coefficient matrices can be found in [20, 27]. The symmetrized variables are

T

T| | (34)

prvuvvv —
el ey —1)

where an overbar denotes the constant state which we have linearized around. More
details can be found in [28, 20, 27]. This procedure is motivated by the principle of
linearization and localization [29]. Note that the linerarization around v = v = 0,
and hence & = v = 0, is exact at the interface due to the interface conditions. The
well-posedness of (33) with the conditions (31) and (32) are shown in

Proposition 1. The coupled compressible Navier-Stokes equations are well-posed
using the interface conditions (31) and (32).

Proof. The energy estimates of w and 1 will be derived in the L%-equivalent norms

[|wl||}, = /wTledQ, @]}, = /1I)TH2u7dQ (35)
(95} Q2
where
HLQ = dlag[l, 17 17 (51,2}, (51,2 >0 (36)

are to be determined. We apply the energy method and consider only the terms at
the interface y = 0. We get by using the conditions (31) that

1

d 2 <112 0141 Oajio -

— < -2 T, — TT, | dz,

o (4 i) < <22 [ (S P, - P, Y

0
(37)

where the bar denotes the state around which we have linearized and the subscript
1 or 2 refer to values from the corresponding subdomain €2; or 2;. By requiring

10



continuity of temperature (7' = T') equation (37) reduces to

1

d 2 ~112 61R1 52R2 ~

- + <=2 T T, — T, ) dx.

dt (Iell, + Ill,) < / <f315%(% ~Der, ' B0 Den, V)

0
(38)

In order to obtain an energy estimate by using continuity of the heat fluxes, we need
to choose the weights

o = mei(n — e, 02 = mcs(12 — Dep, (39)
since then
d 1
G Ul +1101,) < 22 [ 7 (07, - ) do =0, (40)
0

Hence the interface conditions (32) gives an energy estimate and no unbounded
energy growth can occur. O

Remark 2. The physical interface conditions (32) requires an estimate in a different
norm than the standard L?norm. The norm defined by the (positive) weights in
(39) is, however, only a scaling of the L2-norm and they are hence equivalent. From
a mathematical point of view, any interface condition which give positive weights
will result in a well-posed coupling.

5.1. The discrete problem and stability

In [12], a stable and conservative multi-block coupling of the Navier-Stokes equa-
tions was developed. The coupling was done by considering continuity of all quanti-
ties and of the fluxes with the purpose of being able to handle different coordinate
transforms in different blocks. In our case, the velocities are uncoupled and the equa-
tions are coupled only by continuity of temperature and heat fluxes. This enable us
to compute conjugate heat problems by modifying the interface conditions for the
multi-block coupling.

We consider again the formulation (33) and discretize using SBP-SAT for impos-
ing the interface conditions (31) and (32) weakly. We let for simplicity the subdo-
mains be discretized by equally many uniformly distributed gridpoints which allow
us to use the same difference operators in both subdomains. We stress that the sub-
domains can have different discretizations [12, 30], this assumption merely simplifies
the notation and avoids the use of too many subscripts.

11



We discretize (33) using the SBP-SAT technique as

w, + D,F + D,G =,

W~ A~ o (41)
w,+ D, F + D,G =5,
where the discrete fluxes are given by
F = A1W — & (AHDJCW + AnDyW) s
G= AQW — €& (AmeW + Aggﬁyw> 5
o L . (42)
F=Bw-—¢ (BHDzw n BmDyvv) ,

G = BQW — & (B21ﬁz\il + BQQDZ’/W) .
The hat notation denotes that the matrix has been extended to the entire system as

D,=D,®1,®1;, D,=1,&D,®I,

A . (43)
A=L oI, ® A, Be=1,0I,® B,

where ¢ is a generic index ranging over the indicies which occur in (42).
The SATs imposing the interface conditions (31) and (32) can be written as

S = PilEA‘zijzl (W — gl) =+ EUQPJlEI,yN (ﬁgw — 91)
o1p (f T N
e <H3w - g2) 2By By 1 ( HDow — 22
+ 60415J1EA‘N/N (flTW - szv?/) (44)
+eas By DY By (1w — 17W)

+ EUGPy_lEIayN (Eli]TlA)yW — RQigbyW)
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and

g = P,ilEA 2 (\i/ f] ) + €0'2P EI,yo (Hz\i’ — g1>

LA 0
3W g2) + €Py_1E;L~?yU®2 (HgD W — %)

B (A
1B, By, (139~ 1) (45)

+e65P DY E,y, (12 W ITw)

+ 503P

+ 668, By, (RgszDyvv - lelTDyw) .
Here P = PRIy, B, yy = Eypyy®I, Hy = [,@I,@ H; and H; is a 4x 4 matrix with the
only non-zero element 1 at the (7, j)th position on the diagonal and the operators
jlg selects the interface elements. The penalty matrices 21,2 =1, ® I, ® Xy,
@1 2 = 1,®1,®0 2, and the penalty coefficients oy, 6 has to be determined
such that the scheme is stable.

.....

.....

Remark 3. The terms which involve (':)1‘2 originate from the fact that the boundary
condition v = 0 implies that v, = 0, which is used to obtain an energy estimate
in the continuous case. The terms hence represent the artificial boundary condition
v, = 0 which is needed to obtain an energy estimate in the discrete case.

Remember that in the energy estimates for the continuous coupling, a non-
standard L2-equivalent norm was used. The same modification to the norms has
to be done in the discrete case. Thus, the discrete energy estimates will be derived
in the norms

|2 = wTPoiw, [[W|7% = &P, (46)
where,
h=LelL,oH, Jh=ILI, H, (47)
and the matrices H; o are defined in (36) with the weights given in (39). Note that
P = P
By applying the energy method to (41) and adding up we get

H 115, HWII2 +DI=IT (48)
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where the dissipation term, DI, is given by

~ T A N ~
Dzw Jl 0 All Alg DIW
DI =2 . R N . N
6[Dyw] { }{Am AZJ{DyW}

A T ~ ~ ~
(32T T A0 EI5

D,w 0 PJ By; B D,w |

The interface terms can be split into three parts as IT = IT, + ITy + I'T3 where 1T}

are the inviscid terms, I'T; the velocity terms and 73 the coupling terms related to
the temperature.

In [26] it is shown how to choose 31 9, ©12, 09,3 and &9 3, with small modifications,

such that the inviscid and velocity terms are bounded. Here we focus on the coupling

terms. With appropriate choices of ¥4, ©19, 023 and o3 as described in [26] we
get

(49)

d d .
Gl + S IWllZ, + DI < ITs, (50)

where IT3 can be written as the quadratic form
ITy = —e(RET (P, @ M) RE. (51)

To obtain (51), we have used the permutation similarity property of the Kronecker
product, R is a permutation matrix and ¢ = [T;, Ty, (D,T);, (D,T);]" where the
subscript i denotes the values at the interface. Note that we do not need the specific
form of R, it is sufficient to know that such a matrix exists. Furthermore, we have

P, = diag[d; Py, 02 Py, 01 Py, 02 Py ], (52)
with d; o from (39), and
—20y 04+ 04 K171 — 05 — R10¢ K06 + 05
04+ 04 —204 05 + K106 —FRoY1 — 05 — Ka0g
M= _ _ L
K171 — 05 — R10¢ 05 + K10¢ 0 0
I_€20'6+6'5 —:‘_62"/1 —5'5—l_'i25'6 0 0
(53)

Since P, is positive definite and the Kronecker product preserves positive definite-
ness, the necessary requirement for (50) to be bounded is that the penalty coefficients
are chosen such that M > 0. The penalty coefficients are given in
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Theorem 1. The coupling terms IT3 in (50) are bounded using
5’4 =04 S 07 05 = 7/7{17', O = ’)/+7”7 5’5 = 7/7{2('}/1 Jr’l“), &6 =r, r S R (54)

and hence the scheme (41) is stable.

Proof. With the choices of penalty coefficients given in Proposition 1, the matrix M
n (53) reduces to

-1 1 00
1 -1 00
M = 20y 0 0 00 (55)
0 0 00
with eigenvalues A1 23 = 0 and Ay = —404. Hence if o4 < 0 we have M > 0. O

6. Numerical results

To verify the numerical scheme we use what is often called the method of man-
ufactured solutions [4, 31]. We chose the solution and use that to compute a right-
hand-side forcing function, initial- and boundary data. According to the principle of
Duhamel [32], the number or form of the boundary conditions does not change due
to the addition of the forcing function. We can hence test the convergence of the
scheme towards this analytical solution. The interface conditions (32) are of course
not satisfied in general by this solution and we need to modify them by adding a
right-hand-side.

We use the manufactured solution

z,y,t) = 1 +nsin(@n(z — y) — t)?

p(@,y,t)
,t) =mncos(@m(z +y) —t)
t)
t)

u

x,

v

p

(z,y
(2,y
(z,y,t) =nsin(0n(z —y) — t)
(z,y,t) = 1 +ncos(On(z +y) —t)%

with different values of 7,6 in the fluid and solid domains, to generate the solution.
The energy and temperature can be computed using (11) and (12). Since the stability
of the scheme is independent of the order of accuracy, the difference operators is the
only thing which have to be changed in order to achieve higher, or lower, accuracy.
The rate of convergence, @), is computed as

(9)
,. 1 E!
Q(J) = lTlog (E'(J)) (57)
og (T) i+

i
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for each of the conserved varables ¢, j = 1,2, 3,4. We have used the same number
of grid points, IV, in both coordinate directions for both the fluid and solid domain.
N}, denotes the number of gridpoints at refinement level & and E,(j ) is the Lo-error
between the computed and exact solution for each conserved variable. The time
integration is done with the classical 4th-order Runge-Kutta method until time ¢ =
0.1 using 1000 time steps.

In Table 1 we list the convergence results for the conserved variables for both
the fluid and solid domains. As we can see from Table 1 we can achieve 5th-order
accuracy by simply replacing the difference operators. No other modifications to the
scheme is necessary.

Table 1: Convergence results for the conjugate heat transfer problem

2nd-order 3rd-order

N | 32/64 | 64/96 | 96/128 || 32/64 | 64/96 | 96/128
p | 1.8367 | 1.8931 | 2.0133 || 2.6222 | 3.0699 | 3.4795

pu | 2.0824 | 2.0803 | 2.1187 | 2.9846 | 3.0748 | 3.1927

pv | 2.0503 | 2.0549 | 2.0922 || 3.4222 | 3.7512 | 3.4199
> | 1.8174 | 1.9065 | 1.9963 || 2.4639 | 2.7749 | 3.0523

e
p | 1.8933 | 1.8533 | 1.9628 || 2.5761 | 2.9791 | 3.5767
pu | 2.0544 | 2.0803 | 2.0992 || 3.1094 | 3.0374 | 3.2732
pv | 1.9411 | 2.0190 | 2.0894 | 3.3928 | 3.7465 | 3.3628
€ | 1.9483 | 1.9151 | 1.9409 || 2.9451 | 2.8399 | 3.2560

4th-order 5th-order
N | 32/64 | 64/96 | 96/128 || 32/64 | 64/96 | 96/128
p | 3.9662 | 4.1381 | 4.1138 || 4.4824 | 5.2584 | 5.5131
pu | 4.4531 | 4.3640 | 4.2799 || 4.6819 | 4.7521 | 4.6733
pv | 4.3175 | 4.0018 | 4.0284 | 4.9824 | 4.9257 | 4.7839
e | 3.9757 | 4.1723 | 4.0957 || 4.3760 | 4.6227 | 4.7207
P 13.9935 | 4.3902 | 4.5538 || 4.4421 | 5.1497 | 5.5388
pu | 4.2072 | 4.3159 | 4.4366 || 4.9665 | 4.9739 | 4.9512
po | 4.3672 | 4.3331 | 4.3212 || 5.1007 | 5.1370 | 4.9087
€ | 3.9025 | 4.3178 | 4.4091 || 4.8746 | 4.8573 | 4.9518

6.1. Comparison of the different approaches to the conjugate heat transfer problem

When the heat transfer in the solid is governed by the compressible Navier-Stokes
equations, one does not solve the same conjugate heat transfer problem as when the
heat transfer is governed by the heat equation. This is because the relations in (21)
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holds only approximately as time passes. The exchange of heat between the fluid and
solid domains will affect the temperature and hence also the density, because of the
equation of state, and introduce small density variations in the solid domain. We can
numerically solve the conjugate heat transfer problem in both ways and determine
the difference between the two methods. Note that we do not overwrite, or enforce,
the velocities to zero inside the solid domain. The velocities are weakly enforced to
zero at the boundaries and interfaces only.

Let NS-NS denote the case when the heat transfer is governed by the compressible
Navier-Stokes equations and NS-HT the case where the heat transfer is governed by
the heat equation. The well-posedness and stability of NS-HT coupling is proven in
the appendix. The initial and boundary data are chosen such that NS-NS and NS-
HT have identical solutions initially, and we study the differences of the two methods
over time.

To quantify the difference between the two methods, NS-NS and NS-HT, we
compute two representative cases. The computational domain is Q = ; U Q5 where
Q1 =[0,1]x[0,1] and Q9 = [0, 1] x[—1,0]. All computations are done using 3rd-order
accurate SBP operators and the time integration is done using the classical 4th-order
Runge-Kutta method.

In the first case, the computations are initialized with zero velocities everywhere
and temperature 7" = 1 in both subdomains. In the z-direction we have chosen
periodic boundary conditions. At y = —1 we specify T'= 1.5 and at y = 1 we have
T = 1. For the Navier-Stokes equations we have no-slip solid walls as described in
[26] for the velocities. These choices of boundary conditions renders the solution to
be homogeneous in the z-direction.

Under the assumption of identically zero velocities and periodicity in the -
direction, the exact steady-state solution can be obtained as

p__ Kk . 3h+2
Tk Y T ok 1) (58)
P 1 3k +2

0! Tam )

where k = ky/k; is the ratio of the steady-state thermal conductivities. We can
see from (58) that the only occurring material parameter is the ratio between the
thermal conductivity coefficients. Neither the density nor the thermal diffusivity
has any effect on the steady-state solution. The larger the ratio of the thermal
conductivities is, the stiffer the problem becomes. In the calculations below, we have
chosen the parameters such that k = 5.
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The temperature distribution at time ¢t = 500, which is the steady-state solution,
is seen in Figure 1 when using 65 grid points in each coordinate direction and sub-
domain. In Figure 2 we show an intersection of the absolute difference along the line
—1 <y <1atxz=0.5together with the time-evolution of the /.- and lo-differences.
In Figure 2(b) we can see that the large initial discontinuity gives differences in the
beginning of the computation. As the velocities are damped over time, the difference

decreases rapidly towards zero.

NS-NS, time t = 500.00, Nx=64, Ny=64

1k
0.8r
0.6r
0.4

0.2r

(a) Temperature distribution from NS-NS

1.5
1.45
1.4
1.35
1=500.00, N=64
1.3 1.8
——NS-NS]
125 17 ——NS-H
1.6
1.2
S 15
@
1.15 ?31 4
£
1 F#13
1.2
1.05
1.1
1
-1 -0.5 0 0.5 1
y

(b) Intersection along y at = 0.5 of the tem-

perature distribution for NS-NS and NS-HT

Figure 1: Temperatures at time ¢ = 500 from NS-NS and NS-HT using 65 grid points in each

coordinate direction and subdomain
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-4 t=500.00, N=64
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Difference
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(a) Intersection along y at = 0.5 of the abso- (b) loo- and lp-difference in time

lute difference in temperature distribution be-
tween NS-NS and NS-HT

Figure 2: Temperature intersection and time differences for NS-NS and NS-HT using 65 grid points
in each coordinate direction and subdomain

In Table 2 we list the results for different number of grid points.

Table 2: Difference between NS-NS and NS-HT at time ¢ = 500

Difference
N loo Iy Interface
32 | 1.1514e-03 | 6.8992¢-04 | 1.1514e-03
64 | 2.4612e-04 | 1.4491e-04 | 2.4612e-04
128 | 4.3440e-05 | 2.5329¢-05 | 4.3440e-05

As we can see from Table 2, the differences are very small. Even for the coarsest
mesh, the relative maximum and interface differences are less than 0.1% while the
relative lo-difference is approximately 0.05%. Note that the differences are decreasing
with the resolution. The steady-state solutions will become identical as the mesh is
further refined.

Next, we consider an unsteady problem. The boundary data at the south bound-
ary is perturbed by the time-dependent perturbation

flz,t) =1+ 0.25  sin(¢) * sin(mx) (59)

and hence there will be no steady-state solution. In the z-direction in the solid
domain, we have changed from periodic boundary conditions to solid wall boundary
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conditions with prescribed temperature 7" = 1. This is a more realistic way to enclose
the solid domain, and it has the additional benefit of damping the induced velocities
in the Navier-Stokes equations.

The results can be seen in Figure (3). We plot the l.- and lo-difference as a
function of time. As we can see, the difference does not approach zero but remains
bounded and small. The relative mean difference is less than 0.5% while the max-
imum difference is less than 1.5%. Thus, despite the rather large variation in the
boundary data, NS-NS and NS-HT produces very similar solutions.

0.02
0.015
0.01

0.005} |

0 20 40 60 80 100

Figure 3: - and [>-difference in time between NS-HS and NS-HT for an unsteady problem

In a CFD computation, the part of the domain which is solid is in general small
compared to the fluid domain, for example when computing the flow field around
an airfoil or aircraft. Despite the Navier-Stokes equations being significantly more
expensive to solve, the overall additional cost of solving the Navier-Stokes equations
also in the solid is in general limited.

6.2. A numerical example of conjugate heat transfer

As a final computational example, we consider the coupling of a flow over a slab
of material for which the ratio of the thermal conductivities is 100. The initial
temperature condition is 7 = 1 in the fluid domain and 7' = 1.5 in the solid domain.
The boundary conditions are periodic in the z-direction. At the south boundary,
y = —1, in the solid domain we let T = 1.5 and at the north boundary, y = 1, in
the fluid domain, there is a Mach 0.5 free-stream boundary condition with T = 1,
as described in [28]. Figure 4 shows a snapshot of the solution at time ¢ = 2.5. The
velocity components in the solid domain are zero to machine precision and the heat
transfer in the solid is exclusively driven by diffusion.
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Temperature and velocity field
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0.6 14 Temperature intersection
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(a) Temperature distribution and velocity profile (b) Intersection of the temperature distri-
bution along z = 0.5.

Figure 4: Temperature and velocity profiles for a flow past a slab of material using 65x65 grid
points in both domains

7. Conclusions

We have proven that a conjugate heat transfer coupling of the compressible
Navier-Stokes equations is well-posed when a modified norm is used. The equa-
tions were discretized using a finite difference method on summation-by-parts form
with boundary- and interface conditions imposed weakly by the simultaneous ap-
proximation term. It was shown that a modified discrete norm was needed in order
to prove energy stability of the scheme. The stability is independent of the order
of accuracy, and it was shown that we can achieve all orders of accuracy by simply
using higher order accurate SBP operators.

We showed that the difference when the heat transfer is governed by the heat
equation, compared to the compressible Navier-Stokes equations, is small. The
steady-state solutions differed by less than 0.005% as the mesh was refined while
a perturbed, unsteady solution differed by less than 0.5% on average.

There are many multi-block codes for the compressible Navier-Stokes equations
available. To implement conjugate heat transfer is significantly easier with the
method of modifying the interface conditions, rather than coupling to a different
physics solver for the heat transfer part. While the Navier-Stokes equations are
more expensive to solve, usually only a small part of the computational domain is
solid and the heat transfer is computed at a low additional cost.
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Appendix A. Coupling of the compressible Navier-Stokes equations with
the heat equation

In [4], a model problem for conjugate heat transfer was considered. The equations
were one-dimensional, linear and symmetric. In this appendix we extend the work to
the two-dimensional compressible, non-linear Navier-Stokes equations coupled with
the heat equation in two space dimensions. The well-posedness of the coupling is
shown in

Proposition 2. The compressible Navier-Stokes equations coupled with the heat
equation, is well-posed with the interface conditions

T=T, KTy = nsfy (A1)
for the temperature, and the no-slip' conditions

u=0, v=0 (A.2)

for the velocities.

Proof. Consider the heat equation (15) and the Navier-Stokes equations in the con-
stant, linear, symmetric formulation. The estimates of w and T will be derived in
the L2-equivalent norms

[[w]|3, :/wTleth HT‘BZ :/T2V2d92 (A.3)

1951 Q9

where J; = diag[1,1,1,14] and vy 5 > 0 are to be determined.
Remember that the symmetrized variables for the Navier-Stokes equations are

T

w = T

(A.4)

€ e
VP /Ay = 1)

See [26] for more general conditions.
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and note that there is a scaling coefficient in the temperature component. To simplify
the analysis, we rescale (15) by multiplying the equation with L To apply the

e/t

energy method, we rewrite the speed of sound based Péclet number Pe, in (14) as

Pr-Re Pr
Pe, = = — A.
“~ " Ma e (A.5)
where Pr is the Prandtl number. Then (15) becomes
ﬁ ERs ( 7 7
_ - T+ 1T, ) . (A.6)
e/A(y=1)  Prey/y(y — Dpsc "

By applying the energy method to each equation and adding the results we obtain

1
d ) 1 . —2¢e / Viyp VaRs 75
d s < TT, — TT, | dx.
p (HwHJl + 2y — 1) | Hl/g) = 2y(y—1)Pr / b Vo pecs Y T
(A7)
If we choose ED
v = ﬁ7 Vg = PsCs (A-8)

and apply the interface conditions (A.1) we get

1 2e

d( - - ) )

= ———— T < —————— | T(RT, — KT, ) dx = A.

& (1B, + = I, ) < e [ (61— de =0 (49)
0

and hence the conditions (A.1) does not contribute to unbounded energy growth. [

Note again that the application of the physical interface conditions (A.1) requires
the use of a non-standard norm in the energy estimates. All quantities involved in
the weights 14 o are, however, always positive and they will hence always define a
norm.

The discretization of the coupled system is analogous to that which is presented in
[4], and extended to multiple dimensions as described before. We hence only present
the numerical scheme and the choice of interface penalty coefficients such that the
scheme is stable.

An SBP-SAT discretization of the Navier-Stokes equations coupled with the heat

23



equation is given by, when only considering the interface terms,

wi+ (D, ® L) F+ (D, ® 1) G =S, R
. .10
T, - ( T + DT ):S. (4.10)

The penalty terms are given by

5= (5, 55 (0
+ €02 ( zy,\ ®]4) (H2W7.gl)
+ o ( Eqeyy ®I4) (ﬁ3W—92)

I 0
+¢(P'E, yN®I4)91< 3 (D, @[4)w—£>

Ox (A.11)

(
e
e (B DBy %) (ITw = (T @ ew)
t+e (P;le,yN ® 26) (R (Dy@ L) w = k(DT @ey)),

where X, 56 = diag[0, 0,0, 0456] and the term involving O is explained in Remark 3.
The SAT for the heat equation is given by

S_ET4P 1E,yN(T_T)+ET5P lD EzyN(T—T)
P-1E DT = (A.12)
+ 576Py*1Ex,yN (HsDyT — ,T;Dy']_‘)

and the choices of penalty parameters such that the coupled scheme is stable is given
in
Theorem 2. The scheme (A.10) for coupling the Navier-Stokes equations with the

heat equation is stable with the SATs given by (A.11), (A.12) where the penalty
coefficients for the coupling terms are given by

r €R,
—1+rP R(=1+7P
04 =74 <0, 05=—KT, Jszﬁj TS:_M,
Pr Pr

24



Proof. We apply the energy method, using the modified discrete norms,
Iwll%, = w" (P& J)w, |IT||?, =wnT"PT, (A.14)

where J; = diag[l,1,1,v] and vy are given in (A.8). Using appropriate penalty
terms for the inviscid part and the velocity components of the Navier-Stokes equation,
see [33, 26], we obtain the energy estimate

d 9 d, ~

— —|ITI%.. <0 A.15

SlwlR, + SR, < (A.15)
when using the penalty coefficients given in (A.13). O
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equations, when the boundary conditions are imposed weakly by the simultaneous
approximation term (SAT).

In general, an SBP-SAT discretization is accurate of order p + 1 with an internal accuracy
of 2p and a boundary accuracy of p. Despite this, it is shown in this paper that any linear
functional computed from the time-dependent solution, will be accurate of order 2p when
the boundary terms are imposed in a stable and dual consistent way.
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Superconvergence The method does not involve the solution of the dual equations, and superconvergent
Time-dependent functional output functionals are obtained at no extra computational cost. Four representative model prob-
Dual consistency lems are analyzed in terms of convergence and errors, and it is shown in a systematic
Stability way how to derive schemes which gives superconvergent functional outputs.
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1. Introduction

When numerically computing solutions to equations in computational fluid dynamics (CFD), accurate solutions to the
equations themselves might not be the primary target. Typically, functionals computed from the solution, such as the lift
and drag coefficients, are of equal or even larger interest.

Already in the late 1990s, Giles et al. realized the importance of duality to enhance the computation of functionals in CFD
applications [1-6]. Since then, duality and adjoint equations have been vastly studied in the context of finite element meth-
ods (FEM) [2] and more recently using discontinuous Galerkin (DG) methods [7-10], finite volume methods (FVM) [11] and
spectral difference methods [12].

One can separate three distinct uses of the adjoint equations; adaptive mesh refinement [13], error analysis [14] and opti-
mal design problems [15,16]. The success of duality based approaches to, in particular, adaptive mesh refinement and error
estimation, has made the study of duality somewhat restricted to unstructured methods such as FEM, DG and FVM.

Recently, however, it was shown by Hicken and Zingg [17,18] that the adjoint equations can be used for finite difference
(FD) methods to raise the order of accuracy of linear functionals computed from the FD solution. The technique was based on
using FD operators on summation-by-parts (SBP) form [19,20] together with the simultaneous approximation term (SAT) for
imposing boundary conditions weakly [21]. It was shown that when discretizing the equations in a dual consistent [9,17]
way, the order of accuracy of the output functional was higher than the FD solution itself. This superconvergent behaviour
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Uppsala, Sweden. Tel.: +46 18 471 6253; fax: +46 18 523049/511925.
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0021-9991/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
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was seen already in [3] for FEM and in [7] for DG, but it had not been previously proven for finite difference schemes. Some
work on solution superconvergence for FD-based methods, using mimetic operators, can be seen in i.e. [22].

So far, most applications of the adjoint equations deal with steady-state problems, including the recent results presented
in [17]. The reason is that the adjoint equation has limited use for realistic (non-linear) time-dependent problems since it
runs backwards in time [23]. Hence to actually solve the adjoint time-dependent equation, the full time history of the primal
equation has to be stored [24]. For large scale problems, this quickly becomes unfeasible [25,26]. Some work has been done
in the time-dependent setting [25,23], in particular for adaptive error control [24,11,27] and optimization [26,12].

What is to be presented in this paper is the extension of [17] to unsteady problems for computing superconvergent time-
dependent linear functionals. By superconvergence, we mean that the order of convergence of the output functional is higher
than the design order of accuracy of the scheme. We will address two problems which usually occurs when attempting to
use duality for time-dependent functional computations;

o The discrete adjoint equations does not approximate the continuous adjoint equations, i.e. the scheme is dual inconsistent
o If the scheme is dual consistent, it is unstable

The SBP discretization together with the SAT technique is highly suitable for addressing the above issues since the scheme
allows for a multitude of parameters which can be chosen such that the scheme is both dual consistent and stable. These two
features will result in a superconvergent time-dependent functional output.

2. SBP-SAT discretizations

Summation-by-parts finite difference operators were originally constructed by Kreiss and Scherer [28] in the 70’s as a
means for constructing energy stable [29] finite difference approximations. The operators are constructed such that they
are automatically stable for linearly well-posed Cauchy problems. Together with the SAT procedure introduced by Carpenter
et al. [21], the SBP-SAT technique provides a method of constructing energy stable and high order accurate finite difference
schemes for any linearly well-posed initial-boundary value problem. Since then, the technique has been widely used and
proven robust for a variety of problem. See for example [30-37] and references therein.

The SBP operators can be defined as follows.

Definition 1. A matrix D is called a first derivative SBP operator if D can be written as

D=P'Q M
where P defines a norm by |[u||> = uPu and Q satisfies
Q+Q = diag[-1,0,...,0,1, @)

In this paper, only diagonal matrices P will be used. In that case, D consist of a 2p-order accurate central difference
approximation in the interior while at the boundaries, the accuracy reduces to a p-order one-sided difference. The global
accuracy can then be shown to be p +1 [32].

By using non-diagonal matrices P as norms in the SBP definition, it is possible to raise both the boundary and global order
of accuracy. For a block-diagonal P, the boundary stencil can be chosen to be 2p — 1 order accurate which increases the global
accuracy to 2p [19,32,38,39]. There are, however, drawbacks with a non-diagonal matrix P. In many cases, the equations are
non-linear or have variable coefficients and energy stability can only be proven if P commutes with diagonal matrices. Unless
P is carefully constructed to fit each problem under consideration, a diagonal P is the only alternative.

For many realistic problems, the boundary of the domain is non-smooth and the domain has to be split into blocks, where
a curvilinear coordinate transformation is applied in each block. If the matrix P is not diagonal, energy stability cannot be
shown in general since P is required to commute with the (diagonal) Jacobian matrix of the coordinate transformation
[35,40-42].

When computing linear functionals, however, we can recover the loss compared to the accuracy from a non-diagonal P,
while keeping the simplicity and flexibility of a diagonal P. It is hence always possible to prove energy stability, and keeping
the full order of accuracy.

Currently there exist diagonal norm SBP operators for the first derivative accurate of order 2, 3, 4 and 5. The second deriv-
ative can be approximated using either the first derivative twice which results in a wide finite difference stencil, or a com-
pact operator as described in [20,43]. In this paper, we will rewrite the equations in a form which does not require the
application of a second derivative operator.

A first order hyperbolic PDE, for example the advection equationon 0 <x < 1,

u; +auy =0,
u(0,t) = di(t), 3)
u(x,0) = dy(x),

with a > 0, can be approximated on an equidistant grid with N + 1 gridpoints as
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d
Euh +aDu, =0, (4)
where u, is the discrete gridfunction approximating u. However, since the continuous PDE (3) needs to be supplied with a
boundary condition at the inflow boundary, the scheme (4) has to be modified. The imposition of the boundary condition is
done weakly using SAT as

d
gpin aDuy = oP ' (ebuy, — di)eo, (5)
where eg = [1,0,...,0] and d; = d;(t) is the time-dependent boundary data. The coefficient ¢ is a parameter which has to be
determined such that the scheme is stable in the P-norm.

2.1. The energy method

To prove well-posedness of the continuous Eq. (3) and stability of the numerical scheme (5), the energy metod in contin-
uous and discrete form is used. We multiply (3) with u and integrate by parts over the spatial domain to obtain (when
assuming d; = 0)

llull? = —au?(1,1). (6)

It is clear that the growth rate of energy is bounded and hence we say that (3) is well-posed.!
In the discrete case we multiply (5) with u}P and use the SBP properties of the operator to obtain

l[unll? = (a+20)uj (x0) — auj (xn)- ™)

It is clear that an energy estimate is obtained for

a
o< — 5 (8)
and for 0 = —% we have exactly (6).

We can see that the parameter ¢ is allowed to vary in a semi-infinite range for which the scheme is stable. Any additional
requirement we place on the scheme, for example dual consistency, has to be within a subset of values allowed by the energy
estimate. This flexibility together with the ability to mimic integration by parts is what makes the SBP-SAT method suitable
for treating adjoint problems.

Remark 2.1. Note that the assumption d; = 0 merely simplifies the analysis. Boundary and initial data can be included, in
which case the problem is called strongly well-posed. If the boundary and initial data is included in the discrete case, and an
energy estimate is obtained, the problem is called strongly stable [45].

3. Adjoint problems and dual consistency

There are various ways of obtaining the adjoint equations. Most common is to consider a PDE subject to a set of control
parameters and a functional output of interest, and in various ways taking derivatives of the functional with respect to the
control parameters [1,27]. The adjoint equation can then be seen as a sensitivity equation for the primal PDE, and is some-
times referred to as the sensitivity equation. In this work we will adopt the notation in [17] and derive the adjoint equation
by posing the SBP-SAT method in a variational framework similar to the one used in FEM.

The order of convergence is measured in space, not in time. To obtain a superconvergent time-dependent linear functional
output, it is sufficient to consider the steady equations and discretize them in a dual consistent way which does not violate
any stability conditions for the unsteady equations.

We shall use the following notations regarding the inner products. The continuous inner product is defined as

(.8) = /Q fed® )

and the corresponding discrete inner product is defined as

(- &) = fi P&h. (10)

where f,, g, are projections of f, g onto a grid, and P is the matrix (and integration operator) used to define a norm in the
definition of the SBP operator. The subscript h will be omitted for known functions if the meaning is clear from the context.

Before we begin, we need to define what is meant by the continuous dual problem, discrete dual problem and dual con-
sistency. Let L be a linear differential operator and consider the (steady) equation

1 Existence of solutions is not formally considered in this context. Existence is motivated by the fact that a minimal number of boundary conditions is used to
obtain an energy estimate [44].
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lu-f=0, VxeQ, (11)
subject to homogeneous boundary conditions. Let
Jw) =(g,u) (12)

be a linear functional output of interest. We obtain the adjoint equation by seeking ¢ in some appropriate function space,
such that

Jw) = (¢.f). (13)
A formal computation gives

Jw) = (g,u) - (¢, Lu—f) = (¢.f) = (L'p — g,u) (14)
and hence the adjoint equation is given by

I'¢—g=0, (15)

where L* is the formal adjoint of L. Note that L* is abstractly defined, and finding an exact expression for the dual operator is
in general a non-trivial task. In the case of linear differential operators, the adjoint operator is obtained by integration by
parts.

Remark 3.1. In this paper, we consider homogeneous boundary and initial conditions. This is only for the purpose of
analysis. The dual problem depends only on the form of the boundary conditions, but not on the particular boundary or
initial data. In computations, the boundary and initial data can be non-zero.

The boundary conditions for the adjoint equation are obtained by considering the boundary terms resulting from the inte-
gration by parts procedure. After applying the homogeneous boundary conditions for the primal PDE, the dual boundary con-
ditions are defined as the minimal set of homogeneous conditions such that all boundary terms vanish.

Definition 2. The continuous dual problem is given by

L=¢g (16)
subject to the dual boundary conditions.
The same reasoning can be applied in the discrete setting. Let

Ly, —f=0 (17)
be a discretization of (11), including the homogeneous boundary conditions. Then

Jn(un) = (g n), (18)
is an approximation of (12). We obtain the discrete dual problem by seeking ¢, such that

Jn(tn) = (&) (19)
The same formal computation as before gives

J(ttn) = (&.un)y — (. Litty — Fy = (S )y — (P LIPSy — 8,10, (20)

and we have

Definition 3. The discrete dual problem is given by

P'L}Pp, —g =0. (21)

Remark 3.2. In an SBP-SAT setting, the difference operator L, can be written as

Ly =P'L, (22)
and the discrete dual problem reduces to
P'Llp, =g (23)

Finally, by using (16) and (21) we make the definition of dual consistency.

Definition 4. A discretization is called dual consistent if (21) is a consistent approximation of (16).

So far, we have been concerned with steady problems only. Since we are interested in unsteady problems, we need to
define what is meant by dual consistency in this context. Consider an unsteady problem
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u+Llu—f=0, t>0, VxeQ, (24)
subject to homogeneous boundary and initial conditions. By seeking ¢ such that
T T
[ gawde= [ 0.0t (25)
we obtain

T T T
[ e = [ g = [ e u e
[6-rorgudes [ o
0 0

The time-dependent dual problem thus becomes
—-p+Llp=g (27)

subject to the dual boundary conditions. A homogeneous initial condition for the dual problem is placed at time t = T which
removes the boundary term from the partial time integration.
The discrete procedure can be formulated analogously. Let

d
it Lyup —f =0 (28)

be a semi-discretization of (24), including the boundary conditions. We then have the following definition regarding dual
consistency of time-dependent problems,

Definition 5. The semi-discretization (28) is called spatially dual consistent if the corresponding steady problem is dual
consistent.

Note that a stable and consistent discretization of the primal PDE does not imply spatial dual consistency.

To prove the main result of this paper, we need Corollary 1 from [46], which states that P is a 2p-order accurate quadra-
ture. For our purpose, we can restate the result as.

Lemma 3.1. Let P be the norm-matrix of an SBP discretization with 2p-order internal accuracy. Then for u € C* we have

Jn(w) =J() + O(h™). (29)
Using Lemma 3.1 we can prove the main result of this paper which is.

Theorem 3.2. Let

%uh + Lyup =f (30)
be a stable and spatial dual consistent SBP-SAT discretization of the continuous problem

ue+Lu=f. (31)
Then the linear functional

Jn(un) = g"Puy, (32)

is a 2p-order accurate approximation of

Jw= | gTudQ. (33)

Proof. By using the results in [46] together with the definition of the discrete dual problem, we can add and subtract terms
to relate the the continuous functional to the discrete as
J(w) =Jy(u) + O(h™) = g"Puy + g"P(u — uy) + O(h*) = g"Puy + g"P(u — un) — $P(Latin — ) + O(h™)
= Ju(un) +g"P(u — up) — Gy PLy(t — up) — §"Pf + $PLyu + O(h*)
= Jn(un) = (u—up) ' P(P"'LiPey — ) + ¢"P(Lytt — f) + O(h™) = Jy(un) + ¢ P(Lyu — f) + O(h*), (34)
where the last error term is of order h* [46]. We can hence conclude that

J) =Jy(up) +O(h*?). O (35)
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4. Derivation of stable and spatially dual consistent schemes

Based on Theorem 3.2, we will derive stable and spatially dual consistent schemes for four time-depedent model prob-
lems in a systematic way. The equations we consider are the advection equation, the heat equation, the viscous Burgers’
equation and an incompletely parabolic system of equations. We will see that a stable and spatial dual consistent discreti-
zation produces superconvergent time-dependent linear functionals.

4.1. The advection equation
Consider (3) again together with a linear functional output of interest. We let the boundary condition be homogeneous,
add a forcing function and ignore the initial condition,
U+ auy = f,
u(0,t) =0, (36)
J) = (g,u).
Note that J(u) is a time-dependent functional. The adjoint equation is obtained by letting u, = 0 and finding ¢ such that
J(W) = (¢,f). We get

1 1
sy =J) = [ otau e = ap(1.0u(1.0) - [ (& +audx+ (0.f) 37)
and hence the steady adjoint problem is given by
- a(/)x =8
$(1,t) =0. (38)

Note that the sign has changed and the adjoint boundary condition is located at the opposite boundary compared to the pri-
mal problem.
Eq. (36) is discretized as before,

d . _
glin AP~ Quy = f + oP! (egu — O)e, (39)
where 0 is the boundary data. We know from the preceding energy estimate (7) that the scheme is stable if ¢ < — 4. The addi-
tion of the forcing function does not change the number or form of the boundary conditions and can be assumed to be zero in
an energy estimate according to the principle of Duhamel [45]. To determine spatial dual consistency, we let $u;, = 0 and
rewrite (39) as

Lyuy = Pf, (40)
where

Ly =aQ — ok (41)
and E, = ele, = diag[1,0,...,0]. According to the definition of dual consistency,

Lygy = Pg (42)
has to be a consistent approximation of the adjoint Eq. (38). By using the SBP property of Q, we expand (42) as

—aP "' Q¢ = g — aP'Engy + (0 + a)P ' Eogyy (43)
which is a consistent approximation of (38) only if

0=-a. (44)

For any other value of g, the numerical scheme would impose a boundary condition at x = 0 which does not exist in the ad-
joint equation. We can also see that ¢ = —a does not violate the stability condition given by the energy estimate. Thus the
scheme is both stable and spatially dual consistent.

Remark 4.1. Note that the parameter ¢ is allowed to vary in a semi-infinite range from the stability requirements, while
spatial dual consistency requires a unique value.

4.2. The heat equation

The heat equation on 0 < x < 1 with homogeneous Dirichlet boundary conditions is given by
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(45)

The initial condition is omitted since the derivation of the dual problem depends only on the equation and the form of the
boundary conditions. In the computations, however, an initial condition has to be supplied. In order to derive a stable and
spatially dual consistent scheme, (45) has to be rewritten as a first order system in the same way as in the local discontin-
uous Galerkin (LDG) method [47]. It has been shown that the LDG method has interesting superconvergent features not only
for functionals, but also for the solution itself [7,30,48]. We hence adapt the LDG formulation and rewrite (45) as

U = \/&Vx +f7

0,t) =0, (46)

To obtain the dual problem, we let u; = 0 and write (46) as

Aw +Bw, =F, (47)
where w = [u, 2], F = [f,0]" and

00 0 —Vu

A:[O J. B:{,ﬂ Bf} (48)
Let now G = [g,0]", 0 = [$,%]" and find 0 such that

J(w) = (0,F). (49)
Note that

Jw) = (Gw) = (g,u) (50)
and we are still computing the functional of interest from the primal problem. This gives us the adjoint problem by
computing

Jw) =J(w) — ./01 0" (Aw + Bw, — F)dx = ./ol wT (G — A0 + Boy)dx — [eTBw}; +(0,F). (51)

The adjoint equation is thus given by
A0—BOy, =G (52)

and the adjoint boundary conditions are the minimal number of conditions such that [()TBW}; = 0. After applying the homo-
geneous boundary conditions for the primal problem, we get the adjoint problem on component form

\/?il//x =8

$(0,6) =0,
6(1,6) = 0.

The primal PDE on LDG form (46) is discretized as

d
—uy = VaP'Quy, +f + 1P (ehun — 0)eo + oxP ' (efun — O)ey,

dt (54)
vn = VoP ' Quy, + TP (ehuy — 0)eg + TP (efun — O)en.
By multiplying the first equation by u}P, the second by [P and adding the results we get
1d
5 gl + 112nl* = (71 = VouREo v + (Th + Vo)uREn vn + 1 Eottn + 0wty Entiy (55)
and the scheme is clearly stable if
T =Va, r=—-va, 0,<0, 0r<O0. (56)

To determine spatial dual consistency we again let u, = 0 and rewrite (54), using (56), as
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Lywy, = F, (57)
where w, = [uy, ,]", F = [Pf,0]" and

—01Eo — orEn —/oQ

L, = 58
"7 | -vEQ - VOE +VEEy P 8

The discrete dual problem is given by
Lo, =G, (59)

where 0, = [¢p, ys]" G= [Pg,0]", and it has to be a consistent approximation of (53) without violating the stability conditions
(56). By using the SBP properties of the operators we expand (59) and write it in component form as

VoP'Qyy, = g + 01P 'Eopy, + GrP'Endy,
¥ + VoP Qe = —VaP 'Eopy, + VOP Engy,

which exactly approximates (53), including the dual boundary conditions. Note that there are no restrictions on ¢ for dual
consistency.

(60)

Remark 4.2. Note that the stability requirements are sufficient for spatial dual consistency, in contrast to the pure advection
case.

Remark 4.3. The LDG form can be transformed back to second order form, see also [30], in which case the scheme becomes

%uh = a(P'Q)*uy +f + (ol + aP~' Q)P (eluy, — 0)eg + (arl — P~ Q)P (efuy — O)ey, (61)

where [ is the identity matrix of size N + 1. Note that we get back the wide second derivative operator, possibly suggesting
that dual consistency requires a second derivative operator which can be factorized into the product of two first derivative
operators.

4.3. The viscous Burgers’ equation

The viscous Burgers’ equation, together with a linear functional of interest, with homogeneous Dirichlet boundary con-
ditions on 0 < x < 1 is given on conservative form by

le
ug + (—) =&y +f,
2 X

u(0,1) = 0, (62)
u(1,6) =0,
J) = (g,u).

Since (62) is a non-linear equation, the present theory cannot directly be applied. The viscous Burger’s equation have regular
solutions due to the viscosity term, and the behavior of the solution is not far from that of a linear problem. In the absence of
a general method for non-linear analysis, a linear analysis is used. In the presence of shocks, for more complicated equations,
it is not clear what meaning a linear analysis have.

We linearize (62) around a constant state u = a to obtain the linear equation,

Up + AUy = Elyy +f,

u(0,t) =0,
u(1,t) =0, (83)
J() = (g.u),

which is usually referred to as the advection-diffusion equation.
Since (62) contains second derivatives, we introduce the auxiliary variable v = v/eu, and rewrite the steady (linear) prob-
lem as

Aw + Bwy =F, (64)

where w = [u, 2]", F = [f,0]" and

A:[g ?] B:L(\J/E "/1. (65)
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To find the adjoint equation, we define G = [g,0]” and seek 0 = [¢,y]" such that
Jw) = (0.F) (66)

as before. Integration by parts leads to

1 1
Jw) =J(w) — / 0" (Aw + Bw, — F)dx = / w'(G — A0 + BOy)dx — [oTBw}; + (0,F) (67)
0 0
and hence the adjoint equation is given on component form as
- ad’x + \/wa =8,
+ Ve, =0,
¢ bx (68)
$(0.6) =0,
¢(1,t) =0.

The stability analysis will also be performed on the linearized equations. The time-dependent equation on LDG form is dis-
cretized as

%uh +aP'Quy = VP 'Quy, + a1P ' (ehuy — 0)eo + orP ' (ekun — O)ey + f, (69)

vy = VP! Quy + TP (efu — 0)ep + TP (efuy — 0)ey
and the coefficients oz and 7,z has to be determined such that the scheme is stable. By multiplying the first equation in (69)
by ulP and the second by #}P, we obtain by adding the results

d

it unl® + 2||24]* = (201 + a)ubEouy, + (20k — @)ulEnty + 2(t — &) oty + 2(Tx + v/€) v} Entiy. (70)

We can see that (70) is stable if we chose

ULQ—; O'Rgg, T =Ve, TR=—Ve (71)
To determine if the scheme is spatially dual consistent, we let u; = 0 and rewrite (69), using (71), as

Liwy =F, (72)
where w, = [uy, v4]", F = [Pf,0]" and

aQ + 01Ep + orEy —Ve

Ly, = 73
" | -VEQ - VEEs + VEEy P =

The discrete dual problem is then given by
L', =G, (74)

where 0, = ¢y, ¥,]" and G= [Pg,0]", which has to be a consistent approximation of (68) without violating the stability con-
ditions (71). By expanding (74), we can write it in component form as

—aP ' Qe + VEP ' QY = — (01 — )P 'Eopy, — (07 + @)P'Enchy + 8
Un + VEP'Qdy = —VeP 'Eody + VEP ' Engy

which can be seen to be a consistent approximation of (74) without violating any of the stability conditions in (71). Hence
the scheme (69) is both a stable and spatially dual consistent approximation of the linearized equation.
When performing the computations, however, we use the nonlinear LDG formulation

(75)

d 2
S+ P’1Q<%> = VeP ' Quy + 0P (efuy — 0)eo + arP ™' (€fu — O)ey +f,
(76)

vy = VeP ' Quy + TP (ehuy — 0)eo + TP (ks — O)ew,
where every occurence of the mean flow coefficient, a, in the SAT is replaced by u to obtain a nonlinear SAT. This procedure is

motivated by the linearization and localization principle, see [49] for details.

Remark 4.4. Note again that stability is sufficient for spatial dual consistency and no extra conditions have to be placed on
the SAT coefficients. The coefficients o are still allowed to vary in a semi-infinite range.
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4.4. An incompletely parabolic system

In this section we consider the incompletely parabolic system

U; + AUy = BUyy + F,

JU) = (G.U), "
where U = [p,u],F = [;,fo]',G = [g;,&,]" and
o ¢ 00
)

Eq. (77) can be thought of as the symmetrized [50] Navier-Stokes equations linearized around the mean velocity &t > 0 and
speed of sound ¢. We shall assume a linearization around a subsonic flow field, that is & < c. In this case, (77) requires two
boundary conditions at the inflow boundary and one at the outflow. For the purpose of analysis, we will use the homoge-
neous Dirichlet conditions

u(0,t)=0, p(0,t)=0, u(l,t)=0. (79)
To obtain the adjoint equations, we let u; = p, = 0 and rewrite (77) in LDG form as

Aw +Bw, =F, (80)
where w = [p,u, 2]',F = [fy,f»,0]", v = Veu, and

000 it 0
A=|0 0 0| B=|c a -ve|. (81)
00 1 0 —vE 0

The adjoint equations are now found by seeking 0 = [¢,y, v]" such that
Jw) = (0,F). (82)

Integration by parts gives

Jw) =Jw) /0 07w + B, — Fydx— | /0 " WI(G — A0 + Boydx — [0'Bw]" + (0,F). (83)

where G = [g,,g,,0]". The adjoint problem is hence given on component form as

— Uy — Yy = &1,

— Cy — WPy + VeV, = gy,

v+Vey, =0, (84)
¥(0,1) =0,

#(1,t) =0,

(1,6 = 0.

Note that the dual problem has one boundary condition at x = 0 and two at x = 1, in contrast to the primal problem for
which the situation is reversed.
The time-dependent problem (80) is discretized as

gph +uP™'Qp, + P Quy = 1P (e]p, — 0)eg + 2P (elun — 0)eg + 3P (efuy — O)ey,

dt
%uh +¢P'Qp, + P 'Quy, — VP 'Quy = TP (el p, — 0)eo + T2P ' (e — 0)eg + T3P (ehuy — O)ey,
Up — VEP ' Quy =, P (ehpy — 0)eo + 7, (ehun — 0)eq + 7P (euy — O)ey (85)

and the coefficients 123, 7123 and y, , ; has to be determined such that the scheme is stable. By applying the energy method
to each of the equations and adding them, we can write the result as

d d
g 1Pall” + g llunl* + 21 2l [* = WiMow + wyMyw, (86)
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where wy, = [py,, upn, vp) and

(u+201)Eh  (C+02+T1)E 1, Eo
Mo = | (C+02+T1)Ey (u+212)E (Y, = Ve)Eo |,

71Eo (72 = Ve)Eo 0
—uEy (=C+ 03)En 0
My = | (-=C+03)Ev (-0 +2T3)Exy  (y3 +VE)En |.
0 (73 +Ve)En 0
To simplify (86), we introduce the Kronecker product, which is defined for arbitrary matrices X and Y by
x11Y x12Y ... xpY
X21Y  XnY ... XY
XeY=| |
XmY Xm2Y ... XmaY

The Kronecker product is bilinear, associative and satisfies the mixed product property
X19Y1)X2®@Y2) = (XiXa®@Y1Y2)

if the usual matrix products are defined. For inversion and transposing we have
XeY)M=x"Tey '

if the usual matrix inverses are defined.

Using the Kronecker product, we can factorize (86) as

d 2 d 2 2 T T
i !1Pnll” + 7 l1unll”™ + 2l wall™ = wi (mo @ Eo)wh + w, (My @ Ex)wh,

where mgy are the smaller submatrices

u+ 20 C+0y+ 1T "

My=|C+o+T1  U+2T  P,—VE|,

L T 72— Ve 0
r —u —C+ 03 0
Mmy=|-C+03 —U+2T3 J;3++E|.

L O V3 +VE 0

(87)

(91

(92)

(93)

Since Eg, Ey > 0, we obtain a stable scheme is the coefficients are chosen such that my, my < 0. The coefficients are given in

Proposition 4.1. The scheme (85) is stable using
u u
O1<—5, C+0:+T=0, B<-3, =0, V= Ve

for the coefficients in (92) and

N =

03=C p3=—v8 T3<

for the coefficients in (93).

Proof. By inserting the coefficients (94) and (95) into the scheme (85), the energy estimate (91) reduces to

d d
g/ 1Pell” + g sl + 2[[ 2] * < 0. O

To determine the spatial dual consistency of (85), we let p, = u, = 0 and rewrite as

Lywy = F,
where F = [Pf;, Pf,,0]" and
uQ — 01Eg ¢cQ — 0,Ey — CEy 0

Ly=|cQ—-1E uQ — 12E — 13Ey —VeQ |.
0 —veQ — VeEy + VeEy P

(94)

(95)

(96)

(97)

(98)
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The discrete dual problem is then given by
L', =G, (99)

where 0, = [¢p, Yy, Vi)' G= [Pg,,Pg,,0]", and it has to be a consistent approximation of (84) without violating the stability
conditions. By expanding (99), using (94) and (95), we get

—iP'Q¢y — EP'QYy, = (01 + U)P 'Eoy + (T1 + E)P ' Eoypy, — P 'Enpy, — CP ' Enyy + &1,
— P 'Q¢py — uP' QY + VEP ' QVh = (02 + OP ' Eoy + (T2 + 1)P ' Eoipy + (T3 — )P Enipy + 25,
VEP'Qyy + v = —VeP ' Eqi, + VeP Exy,. (100)

Remember that the boundary conditions in the dual Eq. (84) are different from those of the primal equation. This puts
restrictions on the coefficients in order to obtain a consistent approximation of the dual problem. The coefficients are given
in

Proposition 4.2. The scheme (85) is stable and spatially dual consistent with (94), (95) and the choices

o, =-U, 0,=—C. (101)

Proof. The choice (101) cancels the terms in (100) for which additional erroneous boundary conditions would be imposed
for the dual problem. Note that ¢, = —¢ implies

71 =0. (102)
The choice of coefficients given in (101) and (102) does not violate the stability conditions given in (94) and (95). O

Remark 4.5. Note that only the coefficients at the inflow boundary are uniquely determined by the spatial dual consistency
requirements. For the outflow boundary, the conditions for stability are sufficient.

Remark 4.6. The requirements for spatial dual consistency has always constituted a subset of the stability requirements. We
have hence been able to construct schemes which are both energy stable and spatially dual consistent. The energy analysis
for stability typically renders some coefficients in the SAT to be semi-bounded, while the additional requirement of spatial
dual consistency fixes some coefficients to unique values in the semi-bounded region.

5. Numerical results

A forcing function have been chosen in all cases such that an analytical solution is known, and the rate of convergence and
errors are computed with respect to the analytical solution. The analytical solution is smooth for all times, even for the vis-
cous Burger’s equation. This is known as the method of manufactured solutions [51]. Note that the boundary and initial data
are constructed from the analytical solution and are hence the conditions are no longer homogeneous.

The time integration is performed until time t = 10 using the classical 4th-order Runge-Kutta method with timestep
At =2 x 107°, to ensure that the time integration errors are negligible. In each time step we perform a mesh refinement from
32 to 160 gridpoints, in steps of 16, and compute the rate of convergence for both the solution and the functional. In this way,
the rate of convergence can be computed as a function of time.

We compare the new schemes with standard SBP-SAT schemes which impose the Dirichlet boundary conditions tradi-
tionally without respect to the dual problem. The solutions to all problems were verified to converge with the design order
of accuracy. In Tables 1 and 2 we summarize the time-average rates of functional convergence for the dual consistent and
dual inconsistent cases, respectively.

The advection equation, heat equation, viscours Burger’s equation and the incompletely parabolic system of equations are
representatives for the hyperbolic, parabolic, nonlinear and mixed type of partial differential equations. Despite them being
different in nature, the results regarding the functional convergence are consistent. A spatially dual consistent SBP-SAT dis-
cretization gives rise to time-dependent superconvergent linear functional output.

Table 1

Time-average rates of the functional convergence for the dual consistent discretization.
Accuracy Advection Heat Burger’s System (J(p).J(u))
3rd 4.14808 4.0073 4.19861 4.27252, 4.18926
4th 6.9023 6.86841 6.36518 6.61803, 6.53875

5th 6.99999 8.83809 8.61754 8.76432, 8.67103
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Table 2
Time-average rates of the functional convergence for the dual inconsistent discretization.
Accuracy Advection Heat Burger's System (J(p).J(u))
3rd 3.06438 4.17441 3.93663 2.71162, 3.68422
4th 4.13107 5.22073 5.08856 3.41406, 3.72249
5th 4.64093 5.42542 5.60646 4.53447, 4.25429
Table 3
Average errors using N = 32 grid points.
Accuracy Solution for p Functional for p
Consistent Wide Compact Consistent Wide Compact
3rd 2.0446e—-03 2.0571e-03 1.6012e—03 5.0140e-05 2.8720e-04 5.6833e-04
4th 1.8328e-03 1.3131e-03 1.2423e-03 2.3244e-05 4.0409e—04 8.4830e—04
5th 1.1855e-02 6.9236e—-03 6.9241e-03 1.2150e-05 1.2854e-03 3.1519e-03
Solution for u Functional for u
3rd 5.0395e-03 1.0337e-03 4.2541e—04 1.0125e—04 5.1268e-04 4.6830e—04
4th 2.1250e—03 1.0265e—03 4.1681e—04 1.6691e—05 3.1254e-04 3.6392e-04
5th 1.5030e—-02 1.1059e-02 3.9369e—-03 9.7499e-06 6.1595e—-04 5.2289e-03

We stress that the method presented does not require any knowledge about the solution of the adjoint equations. Spatial
dual consistency is a property of the discretization based upon knowledge of the form of the adjoint equation and its bound-
ary conditions. Superconvergent functionals are thus obtained at no extra computational cost.

The superconvergence of the functional ensures that for sufficiently high resolutions, the dual consistent discretization
will outperform a spatially dual inconsistent discretization. Most realistic simulations are, however, marginally or under-re-
solved and it is desirable that the higher order accuracy does not come at the cost of large error constants which ruin com-
putations on a coarse mesh.

The errors in the solution and in the linear functionals were computed for a coarse mesh. The solution and functional er-
rors were computed as a function of time for the coarsest grid level, N = 32 grid points. We consider only the incompletely
parabolic case to reduce the number of tables. The results were verified to be analogous for the other cases. We have also
included an inconsistent scheme with a more accurate compact discretization of the second derivative as described in
[20,52]. The errors are summarized in Table 3, where we present the average error over time for both the solutions and
the functionals. From Table 3, we can see that the dual consistent discretization is somewhat less accurate in computing
the solution, but much more accurate in computing the functionals. The 5th-order accurate spatially dual consistent discret-
ization is already at 32 gridpoints 2 orders of magnitude more accurate than the spatially dual inconsistent discretization.

6. Summary and conclusions

We have defined and derived spatially dual consistent discretizations based on finite difference operators satisfying the
summation-by-parts properties. The boundary conditions were imposed weakly using the simultaneous approximation
term. We have presented derivations of spatial dual consistency in a general way and applied the technique to four repre-
sentative equations; the advection equation, the heat equation, the viscous Burgers’ equation and an incompletely parabolic
system of equations.

In the cases we considered, the requirements for spatial dual consistency conform with the stability requirements. It was
hence always possible to derive schemes which are both energy stable and spatially dual consistent for the cases we have
considered, despite all model problems being of different type.

It was shown for all considered cases that a spatial dual consistent discretization produced superconvergent linear func-
tionals computed from the solution. By superconvergece we mean that the solution is accurate of order p + 1 (or p + 2 under
certain conditions), while the linear functional is computed with 2p-order accuracy.

We have computed the errors in both the solution and in the linear functionals for a coarse mesh to ensure that the super-
convegence does not come at the cost of large error constants. It was seen that the solution computed from the spatially dual
consistent scheme was somewhat less accurate, while the functional could be two orders of magnitude more accurate al-
ready on a coarse grid.

The superconvergence does not require any knowledge about the solution of the adjoint equations. By considering only
the form of the adjoint equation and its boundary conditions, it is a matter of choosing the SAT such that the scheme be-
comes stable and spatial dual consistent. Superconvergent functional outputs can thus be computed at no extra computa-
tional cost compared to a standard discretization.
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Abstract

In this paper we derive well-posed boundary conditions for a linear incompletely
parabolic system of equations, which can be viewed as a model problem for the com-
pressible Navier—Stokes equations. We show a general procedure for the construction
of the boundary conditions such that both the primal and dual equations are well-
posed. The form of the boundary conditions is chosen such that reduction to first
order form with its complications can be avoided.

The primal equation is discretized using finite difference operators on summation-
by-parts form with weak boundary conditions. It is shown that the discretization
can be made energy stable, and that energy stability is sufficient for dual consistency.
Since reduction to first order form can be avoided, the discretization is significantly
simpler compared to a discretization using Dirichlet boundary conditions.

We compare the new boundary conditions with standard Dirichlet boundary con-
ditions in terms of rate of convergence, errors and discrete spectra. It is shown that
the scheme with the new boundary conditions is not only far simpler, but also has
smaller errors, error bounded properties, and highly optimizable eigenvalues, while
maintaining all desirable properties of a dual consistent discretization.
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1. Introduction

Functionals can represent the lift or drag on an aircraft, energy or any other
scalar quantity computed from the solution to a partial differential equation (PDE).
In many engineering applications, high order accurate functionals are often of greater
interest than accurate solutions of the equations themselves. Whenever there is a
functional involved, the concept of duality becomes important. The solution of a
PDE resides in some function space, and the set of all bounded linear functionals on
that space is called its dual space. Knowledge of the functional of interest can thus
be obtained by studying the dual space. This is the main topic in functional analysis
and references can be found in any standard textbook.

The dual equations need, as the primal equations, to be supplied with the correct
boundary conditions in order for a solution to exist and be unique. Like the dual
differential operator, the dual boundary conditions depend on the primal problem
and it is a non-trivial task to construct boundary conditions such that both the primal
and dual problems are well-posed. The most common choice is Dirichlet boundary
conditions since the analysis of the continuous equations is simplified. However, it
is well-known that Dirichlet boundary conditions cause large reflections and reduces
the accuracy and stability properties of a numerical scheme [18]. Other kinds of
boundary conditions are beneficial for a discretization, but complicate the analysis
of the dual equations. Here, we shall study boundary conditions of far-field type
which have been shown to be beneficial for discretizations [19, 23, 21].

In numerical analysis, and in particular for computational fluid dynamics prob-
lems, duality has been exploited for optimal control problems [27, 15, 8], error esti-
mation [26, 34, 35, 12, 7] and convergence acceleration [9, 25, 13, 4]. An extensive
summary of the use of adjoint problems can be found in [10], and more recently in
[6] with focus on error estimation and adaptive mesh refinement.

In this paper we will use a finite difference method on summation by parts (SBP)
form with boundary conditions weakly imposed by the simultaneous approximation
term (SAT). There has recently been a development of the quadrature properties of
SBP-SAT discretizations. The base for an SBP operator is a norm matrix, denoted
by P. The norm matrix is an integration operator for equidistant grid points. The
integration properties of P has been studied in [14] and it was shown that P is a
high-order accurate quadrature rule which extends the Gregory formulas. In [13],
the discretization of steady problems were considered. The authors showed that
certain SBP-SAT discretizations, so called dual consistent discretizations, led to



superconvergent functionals if the same P was used in the discretization as in the
functional evaluation. The theory of dual consistency and superconvergence was
extended to time-dependent problems in [4]. Several problems were analyzed and
it was shown that dual consistency and stability implies superconvergence of linear
functionals.

In order to avoid additional theoretical difficulties in [4], Dirichlet boundary con-
ditions for both the primal and dual problems were used. The Dirichlet boundary
conditions ensured that both problems were well-posed without additional efforts. In
an Euler or Navier—Stokes calculation, however, Dirichlet boundary conditions are
rarely used at far-field boundaries. Unless exact boundary data is known, Dirichlet
boundary conditions cause reflections which pollute the solution.

In this paper we will investigate the potential gain, or loss, when replacing the
Dirichlet boundary conditions with more sophisticated ones. The aim of the paper
is to derive well-posed boundary conditions for both the primal and dual problems
such that the complications of having Dirichlet boundary conditions are removed,
while maintaining all desirable properties of a dual consistent discretization and
sophisticated boundary conditions.

2. Preliminaries

In this paper, we will consider time-dependent partial differential equations of
the form

s+ L(u) = f,
J(u) = (g, u),

where J(u) is a linear functional output of interest with g = g(z,t) being an arbitrary
weight function. L can be either linear or non-linear and u can represent either a
scalar or vector valued function. Detailed descriptions can be found in [4] but for
convenience, we summarize the main preliminaries here.

The inner product is the standard L?-inner product

(u,v) = /uTde.
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In [4], the concept of spatial dual consistency was introduced to avoid treating the
full time-dependent dual equations when discretizing using a method of lines. The
concept is motivated by the following. To find the dual problem, we follow the



notation in [4, 13], and seek a function € in some appropriate function space, such

that
T

O/J /9f)

A formal computation (assume L linear and u, 6 to have compact support in space)

gives
T
/ J(u)dt
0

O\’ﬂ St~

T
J(u)dt — /(9, ug+ Lu — f)dt
0

T
(6, — L*0 + g, u)dt — /[equQ+/(9
0

where L* is the formal adjoint, or dual, operator associated with L under the inner
product such that (6, Lu) = (L*0,u). By having homogeneous initial conditions for
the primal problem, we obtain the time-dependent dual problem as

—0,+ L*0 = g, (2)

where we have to put an initial condition for the dual problem at time ¢ = 7. The
time transformation 7 = T — ¢ transforms (2) to

0, +L0=g

with an initial condition at 7 = 0. A discretization which simultaneously approx-
imates the spatial primal and dual operator consistently, is called spatially dual
consistent and produces superconvergent time-dependent linear functionals if the
scheme for the primal problem is stable [4].

A difference operator for the first derivative is said to be on SBP form if it can
be written as D; = P~1Q. P defines a norm by ||us||> = ul Puy, and @ satisfies the
SBP property Q + QT = Ey — Ey, where

Ey = diag[0,...,0,1], Ey = diag[1,0,...,0].

The second derivative operator can be constructed either by applying the first deriva-
tive twice, i.e. Dy = (P~1Q)? which results in a wide operator, or a compact operator
with minimal bandwidth of the form

Dy =P Y~H+ (Ey — Ey)S)
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as described in [5, 17, 16]. In this paper, we consider only diagonal [28] norms and
wide second derivative operators. The diagonal norm is flexible for realistic simula-
tions as the resulting schemes can be shown to be energy stable under curvilinear
coordinate transforms. This does not hold for non-diagonal norms [20, 22, 30, 32].

A first derivative SBP operator is essentially a 2s-order accurate central finite
difference operator which has been modified close to the boundaries such that it be-
comes one-sided. Together with the diagonal norm, the boundary closure is accurate
of order s making the SBP operator accurate of order s + 1 in general [28]. For
problems with second derivatives, the compact operator can be modified with higher
order accurate boundary closures to gain one extra order of accuracy [17, 33].

A discretization of the primal problem (1) can be written as

d
T + Lyuy, = f,

where wy, is the discrete approximation of u and Ly, is a discrete approximation of L,
including the boundary conditions. The discrete inner product in an SBP setting is
defined by

(Uh, vh)h = uvah

and hence the discrete adjoint operator can be computed, according to the definition
(On, Lun)n = (Lion, up)n,

as
»=P'LTP
The proof that a stable and spatially dual consistent SBP scheme produces super-
convergent linear functionals is presented in [4]. The proof is based on the fact that
the mass matrix, P, in the norm is a 2s-order accurate integration operator [14, 13].
The procedure for constructing stable schemes which produce superconvergent
linear functionals can now be summarized as follows;

1. Determine boundary conditions such that both the primal and dual problems
are well-posed

2. Discretize the primal problem and ensure stability

3. Compute L and choose the remaining parameters (if any) such that the contin-
uous adjoint L* is consistently approximated together with the dual boundary
conditions

Note that a stable and consistent discretization of the primal problem does not imply
that the dual problem is consistently approximated.



3. Linear incompletely parabolic system

We shall study the linear incompletely parabolic system of equationson 0 < z < 1
given by
Uy + AU, = BU,,, (3)

[e1] e [22)

together with a linear functional of interest,

where U = [p, u]T and

o
ol

J(U) = / GTUdz. (4)

Equation (3) can be viewed as the symmetrized [2], one-dimensional Navier—Stokes
equations, linearized around a flow field with constant velocity u > 0 and speed of
sound ¢ > 0. In this case, we assume @ < ¢ and it can be shown [24, 29] that (3)
requires two boundary conditions at the inflow boundary, x = 0, and one at the
outflow boundary at x = 1, in both the subsonic and supersonic case. Even though
this is a model problem, we denote the case @ < ¢ as subsonic, and supersonic if
U > C.

8.1. Dirichlet boundary conditions

In [4], equation (3) was supplied with the Dirichlet boundary conditions

p(0,t) =0, u(0,t) =0, wu(l,t)=0.
An energy estimate results in
WU + 1| BUL|P* < o, (5)

where we used the notation ||U||? = 4(||U|[?). Note that the boundary conditions
cancel all boundary terms completely, and does not give any additional damping of
the energy, ||U[)?.

The spatial dual operator was obtained by reducing (3) to a first order system by
introducing the auxiliary variable v = y/zu,. There are several drawbacks with this
technique. The most obvious one is that it results in a larger system of equations
which complicates the analysis. The drawbacks of the first order form also carries
over to the discretization. In the discretization of the first order form, there are nine
unknown penalty parameters in the SAT procedure which have to be determined for
stability and dual consistency [4]. This makes extensions to larger system in multiple
dimensions complicated.



3.2. Flux based boundary conditions
The new boundary conditions we consider are of the form

Hp rU ¥ BU, = G, (6)

where Hy, p will be determined for well-posedness of both the primal and dual prob-
lems.

There are many different forms of the matrices Hp g in (6) which give well-
posed inflow or outflow boundary conditions. The typical way to determine the
structure of Hy, g is to diagonalize the hyperbolic part of the equation and consider
the ingoing or outgoing characteristics. This method will provide an energy estimate
with optimal damping properties [19]. However, the dual problem associated with
the linear functional (4) will most likely be ill-posed. Well-posedness of the primal
problem does not imply well-posedness of the dual problem.

Since we are only interested in the spatial dual operator, it is sufficient to consider
the steady, inhomogeneous, problem

AU, — BU,, = F.
In this case, the differential operator L is given by

2
L=ad BT
and we seek § = [¢, 1]7 such that J(U) = (0, F'). Integration by parts gives
J(U)=(G,U)—(0,LU — F)
=(G—L*,U) - [0TAU — 6" BU, + 6T BU]} + (6, F),
where L*0 = — A6, — B,, and hence the dual operator is given by

0 02
L"=—-A— - B—. 7
ox ox? (™)
To determine the boundary conditions for the dual problem, we have to find a min-

imal set of conditions such that
[0 AU — 0" BU, + X BU]; = 0 (8)

after the homogeneous boundary conditions for the primal problem have been ap-
plied. This is what put restrictions on the matrices Hy g in (6). Not only does the
boundary terms have to vanish, they will also have to satisfy the correct number
and form for the dual equation. Wrong choice of boundary conditions for the primal
problem will cause the dual problem to be ill-posed [24, 29].
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8.2.1. Left boundary conditions
To simplify the analysis, we assume the left boundary condition to be homoge-
neous,
H,U — BU, = 0. (9)

By considering only the terms at x = 0, we can write (8) as
0T (AU — BU,) + 60" BU = UT((A — HL)0 + B9,)

after having applied the homogeneous boundary conditions (9) for the primal equa-
tion. The boundary conditions for the dual equation are thus given by

(A— H)0+ BO, = 0. (10)

The form of the matrix Hy can now be determined. Since the left boundary is an
inflow boundary for the primal equation, but an outflow boundary for the dual equa-
tion, only one boundary condition is allowed for the dual equation. The boundary
conditions (10) hence have to be of rank one and thus it is required that

0 0
A—Hf:{% m} (11)
or equivalently
_ U E—aL
HL_|:ETL—6L:|' (12)

Any other form of H; would impose too many boundary conditions for the dual
equation and it would not be well-posed. The coefficients o, B have to be chosen
such that we obtain an energy estimate for both the time-dependent primal and dual
problems.

We can now turn our attention back to the primal equation. The primal equation
needs two boundary conditions at z = 0, and hence Hj, is required to have a non-zero
top row. This requirement is automatically fulfilled since @ > 0 by assumption. To
determine the coefficients «,, 51, we apply the energy method to (3) and consider
only the left boundary terms. We get

U2 =UTAU - UTBU, — UFBU. (13)
By applying the homogeneous boundary conditions (9), we can write (13) as

|U|I? = -U"M,U,



where

U c—aqy,

_ T _
M,=-A+Hp+H oy -28,

(14)
and we have to choose the coefficients oy, 8, such that My > 0. There are several
strategies for how to choose the parameters a, and S such that My > 0. The most
general is to compute the eigenvalues of My, and determine the parameters such that
all eigenvalues are positive. In this simple 2 X 2 case, the eigenvalues can be directly
computed as

and it is required that
(6—ap)? —a(u—26,) <0.

For larger systems and more complicated equations, this approach might not be pos-
sible as the eigenvalues are not analytically available. A simpler strategy is proposed
in

Proposition 3.1. The primal equation (3) is well-posed with the left boundary con-
ditions giwen in (9), where Hy, is defined in (12) and the parameters ar, Br satisfy

ap=¢, PBr<—. (15)

N

Proof. The primal problem requires two boundary conditions at x = 0. Hence the
top row of Hy needs to be non-zero. We can see from (12) that this is always the
case since 7 > 0 by assumption. By inserting the values in (15) into (14), we get

U 0
ML*[O a—QﬁL]

which is diagonal with non-negative diagonal entries. O

Note that the strategy in proposition 3.1 is to i) cancel the off-diagonal terms
and ii) ensure that the remaining diagonal terms have the correct sign.

A third option is to determine oy and [Bp such that the boundary conditions
converge uniformly to a well-posed set of boundary conditions for the hyperbolic
system

Ut + AUT =0

as € — 0. The third option will be discussed later, and for now we consider the
choices in (15).



It is not only the primal equation which has to be well-posed. The time-dependent
dual equation with its dual boundary conditions need also be well-posed with the
conditions given in (15). By introducing the time transformation 7 = T' — ¢, we can
write the time-dependent dual equation as

0, — Ab, = BO,,. (16)
The well-posedness of the dual problem is proven in

Proposition 3.2. The time-dependent dual problem (16) is well-posed with the dual
boundary conditions (10) where Hy, is defined in (12) with the parameters given in

(15).

Proof. The dual problem is only allowed to have one boundary condition at z = 0.
It is thus required that the top row of A — HT is zero. By construction of Hp, this
is the case as can be seen in (11). By applying the energy method to (16), and only
considering the terms at = 0, we obtain

102 = 6T A0 — 0" B0, — 6~ B0
=—0"(—A+ H,+ H})o
=—0TM.6

after applying the boundary conditions (10). The semi-definiteness of My, with the
choices (15), were already proven in the energy estimate of the primal equation. [

To summarize, the left homogeneous boundary conditions for the primal problem
are given in (9) and for the dual problem in (10), where Hp, is defined in (12) with
the coefficients given in (15).

3.2.2. Right boundary conditions

The right boundary, z = 1, is an outflow boundary for the primal problem and
hence only one boundary condition can be used, while we have two variables in the
system. This immediately puts restrictions on the homogeneous primal boundary
condition

HpU+BU, =0 (17)
in such a way that Hp is required to have the form
0 0
Hy = . 18
" { ar PBr } ( )
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For any other form of Hg, too many boundary conditions are placed at the outflow
boundary and the primal problem is ill-posed. The coefficients ag, Sz have to be
determined such that both the time-dependent primal and dual problems are well-
posed.

Once the form of Hg in (18) has been determined, we must make sure that
the correct number of boundary conditions are imposed on the dual problem. To
determine the boundary conditions for the dual problem, we restrict (8) to the terms
at x = 1. After applying the homogeneous primal boundary conditions (17) we
obtain

0T (AU — BU,) + 0" BU = U (A + HL)0 + B6,)

and hence the boundary conditions for the dual problem are given by

(A+HEO+ Bo, =0, (19)
where
T U C+ Qg
A+HR7{E1]+[J’R] (20)

Since the dual problem requires two boundary conditions at z = 1, it is required that
the top row of A+ HF% is non-zero. We can see that this requirement is automatically
fulfilled since @ > 0 by assumption.

The coefficients ag and Sr can now be determined such that we obtain energy
estimates for both the primal and dual equations. The energy method applied to the
time-dependent dual problem (16), with the homogeneous dual boundary conditions
in (19), gives

16]17 = 607 M9,
where
U C + aR
C + aR U + QﬂR ’
As this is a 2 x 2 system, we can directly compute the eigenvalues of the symmetric
matrix Mp as

Mp=A+Hp+ HE = (21)

Y =+ Br £ /(@ + Br)? — u(i + 26) + (¢ + ap)?
and see that they are both non-negative if we choose ag and g such that
(¢+ ar)® —u(u+28g) <O0.

Again, in more realistic situations the eigenvalues might not be analytically com-
putable and we use the same strategy as before — to cancel the off-diagonal elements
and ensure that the remaining diagonal terms have the correct sign. The values of
ag and g with this strategy are given in
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Proposition 3.3. The time-dependent dual problem (16) is well-posed with the right
dual boundary conditions in (19) where the parameters in Hg satisfy

ar=—¢, fBr> —g- (22)
Proof. The dual problem requires two boundary conditions at © = 1 and hence the
top row of A+ HE must be non-zero. That this is always the case can be seen in
(20) since @ > 0 by assumption. By substituting the relations in (22) into (21), we

obtain
U 0
Mg = { 0 a+23 }

which is diagonal with non-negative diagonal entries. O
The well-posedness of the primal problem is given in

Proposition 3.4. The primal problem (3) is well-posed with the right boundary
conditions in (17), where the parameters in Hg are given in (22).

Proof. The primal problem requires one boundary condition at x = 1 which is fulfilled
by the construction of Hg in (18). As before, the energy method applied to the time-
dependent primal problem gives

U]} = —=UT(A+ Hg + H)U
= —UTMRU,

where semi-definiteness of Mp, is already proven from the energy estimate of the dual
equation. 0

To summarize, the right homogeneous boundary conditions for the primal prob-
lem are given in (17) and for the dual problem in (19), where Hp is defined in (18)
with the coefficients given in (22).

Remark 3.1. Note how it is the problem which requires the least number of boundary
conditions which sets restrictions on the form of the boundary conditions. When also
considering well-posedness of the dual problem, it can be used to reduce the number
of unknown parameters in the boundary conditions of the primal problem.

Remark 3.2. The energy estimate, when considering all terms, for the primal problem
is given by
U2 + || BU,||? = —~UT MU — UT MU,

12



and for the dual problem by
10117+ [1B6,||* = =67 M6 — 6" Mo.

Both matrices M and Mg have at least one positive eigenvalue and hence the
boundary conditions contribute to damping of the energy. In the energy estimate
(5) with Dirichlet boundary conditions, no additional damping is obtained.

3.3. Convergence to the hyperbolic system
As was discussed previously, the parameters oy g and (g can be chosen such
that they converge to well-posed boundary conditions of the hyperbolic system

U+ AU, =0 (23)
as € — 0. The energy method applied to (23) results in
WUl = —[UT AUJ;.

Since A is symmetric there is an orthonormal matrix X which diagonalizes A as
A= XAXT where A = diag[t + ¢, @ — ¢] contains the eigenvalues of A. The energy
estimate can hence be rewritten as

U1 = [(XTU)TAXTU)]g

and we can see that one boundary condition is required on each boundary, since by
assumption we have @ < ¢. Hence, as ¢ — 0 the number of boundary conditions
change from 2 to 1 on the left boundary for the primal problem. For the dual problem,
the number of boundary condition change from 2 to 1 on the right boundary. As a
consequence it is required that the matrices Hy, in (12) and A + H% in (20) both
have rank 1 and non-zero top rows, and that energy estimates can be obtained. The
choices which fulfills these requirements are given in

Proposition 3.5. Let
ap=¢—1u, Bp=u—¢ agp=u—=¢c, Pr=7C— . (24)
Then the boundary conditions

H,U — BU, =0,
HRU + BU, =0,

constitute a well-posed set of boundary conditions for the incompletely parabolic sys-
tem of equations (3) and its dual equations (16), and converge to a well-posed set of
boundary conditions for the hyperbolic system (23) and its dual as e — 0.
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Proof. On the left boundary it is required that H; has rank 1 and non-zero top
row. In this case, two boundary conditions will be imposed if € # 0 and one linearly
independent condition if ¢ = 0. On the right boundary it is required that A + H%
has rank 1 and non-zero top row. Thus the dual equations will have two conditions
if € # 0 and one linearly independent condition if ¢ = 0. Inserting the values of ay g
and 1 g in (24) gives

= |

Qg
[T

r [a a
R

and we can see that the requirements are fulfilled. The energy estimates of both the
primal and dual equations, independently of ¢, are of the form

€117 + 11 BE|* = —€" Mg — €7 Mg,

where M g are as before. The 2 x 2 matrices My, and My have the same eigenvalues
which are given by
Mo =ct/—-2u(c—a)>0,

since @ < ¢ by assumption. Hence energy estimates are obtained for all cases. O

Remark 3.3. The choices in (24) make the boundary conditions for both the primal
and dual equations relate to the characteristics of A by

Hp=A+ HE = XTAY X,
—Hp=A—-H] = X}A\™ Xg,
where X r are the normalized eigenvector matrices and
_A£A
2

contains the positive and negative eigenvalues of A, respectively. See for example
[18, 31].

A:t

3.4. Discretization, stability and spatial dual consistency

To discretize systems of equations, it is convenient to introduce the Kronecker
product which is defined for arbitrary matrices C, D as

C’HD ClZD e ClnD
C ® D _ O‘Z.ID Ci22D "' * C’ZTLD
CnlD Cn2D o CnnD
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For the matrix inverse and transpose we have
(CeD) =0t g DT

if the usual matrix inverses are defined. Furthermore, a useful property which will
be extensively used, is the mixed product property,

(C®D)C®D)=CC®DD,

if the usual matrix products are defined.
Using the Kronecker product, equation (3) with the boundary conditions (6) can
be discretized using the SBP-SAT technique as

d
—Up + (D1 ® A)Up, = (Dy ® B)U,,

dt
+ (P Ey @ 31)((In+1 ® H)U, — (D1 ® B)U, — Gy)
+ (P'Ex @ SR)((In+1 ® Hr)Uy + (D1 ® B)Uy, — GR),

(25)

where ¥, g are 2 x 2 matrices which have to be determined for stability. The second
derivative is approximated using the wide operator, Dy = D;D; = (P7'Q)% The
matrices ¥y, g are given in

Proposition 3.6. The scheme (25) is energy stable by choosing
Yp=%p=-1I. (26)

Proof. We let G, = Gr = 0 and apply the energy method to (25). By using the
SBP properties of the operators, we obtain
[UWl|Z 4 2||(Dy @ BYU||> = Ul (Ey ® (A+ S Hy, + HIYT)U,
~ UM Ey @ (A—SgHg — HEST)U,
— 22U (EyDy @ (B + £.B))U,
+ 20U (ExD; ® (B + £gB))Up,.

(27)

By choosing ¥ = X = —I, equation (27) simplifies to

UI? + 2[(Dy @ BYUM|* = = Uy (By @ (—A+ Hp, + HJ ))Un
— UM Ey ® (A+ Hg + HY)U,,

where, by construction in the continuous case,

—A+H,+HF>0, A+Hp+HE>0

15



according to propositions 3.1 and 3.3. Since the Kronecker product preserves positive
(semi) definiteness, we have

NUIE + 21Dy @ B)U* = = Uy (Eo ® (A + Hy + H[,))Un
— Ul (Ex® (A+ Hp+ HE)U, <0
and the scheme is energy stable. O

The choices of penalty matrices in (26) renders the scheme not only energy stable,
but also spatially dual consistent. To prove this we must show that the discrete
adjoint operator L} consistently approximates the continuous adjoint L*, including
the dual boundary conditions (10) and (19). This is done in

Proposition 3.7. The scheme (25) is spatially dual consistent with the choices of
Yr,r given in (26).

Proof. For Gy, g =0, we can write the scheme (25) as

d
7UL LLUL:07 28
a n+ LpUj (28)

where

Ly=(D1®A)— (D:® D)
+ (P By ® L)((In+1 ® H) — (D1 ® B))
+ (P En @ L)((In41 © Hg) + (D1 @ B)).

The discrete dual operator is defined by
Ly =(Po L) 'L (P® L) (29)
and a straight forward calculation shows that

Ly =—-(D1®A) - (D:® B)
— (P By © L) ((In+1 ® (A = HE)) + (D1 ® B))
+ (P En @ L)((Iny ® (A+ Hg)) + (D1 @ B))

which is a consistent approximation of (7) including the dual boundary conditions
(10) and (19). The scheme is hence spatially dual consistent. O

Not only is the scheme dual consistent, the discrete dual scheme is also stable
which is shown in
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Proposition 3.8. The discrete dual scheme

d
—0,+ L7360, =0, 30
77 0nt L (30)

is stable with L} given in (29).
Proof. The energy estimate of (30) is given by

164]|? + 2|[(Dy @ B)Oy||> = — 0L (Ey @ (~A + H + HL))6,
— 0l (Ex ® (A+ Hp+ HE))0, <0,

which is again stable by construction of the continuous boundary conditions. The
discretization of the primal problem (28) is hence simultaneously a stable discretiza-
tion of the dual problem (30). O

Remark 3.4. To obtain a stable and dual consistent scheme with the flux based
boundary conditions, only one penalty parameter at each boundary is required.
From the stability analysis both of them are determined uniquely as the identity
matrix, which is also sufficient for spatial dual consistency. For Dirichlet bound-
ary conditions, nine non-trivial penalty parameters were required, and the stability
requirements were not sufficient for dual consistency.

4. Convergence and errors

A forcing function has been chosen such that an analytical solution is known,
and the rates of convergence and errors are computed with respect to the analytical
solution. This is known as the method of manufactured solutions. The solution in
this case is given by

plx,t) = (arctan(z) — 0 cos(ax — t) + 1)e ™™,
2

u(z,t) = (arctan(x) + dsin(ax — ) + L)e ™,

and the functionals by

(p) =1+ % B 10g2(2) n d(sin(t — (z;) - sin(t))./
Ju) =1+ % B 10g2(2) n 0(cos(t) —SOS(t _ a))

Typical values of the parameters are

u=05 c¢=1, e=10"2, §=01, a=>5m.
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Flux 1 Dirichlet

N | 64 | 96 | 128 | 160 64 96 | 128 | 160
3rd-order
p [ 3.0530 [ 3.0426 | 3.0377 | 3.0345 || 3.5301 | 3.3552 | 3.2357 [ 3.1667
w | 2.8870 | 2.9740 | 2.9973 | 3.0061 || 3.6191 | 3.5355 | 3.4484 | 3.3812

) | 2.5584 | 3.9209 | 4.2617 | 4.4285 || 3.9162 | 4.1626 | 4.2958 | 4.3643
u) | 4.2536 | 4.2841 | 4.3698 | 4.4192 || 3.7781 | 3.5831 | 4.2249 | 4.5709
4th-order

p 3.9728 | 4.2644 | 4.3975 | 4.4581 || 3.6293 | 4.3273 | 4.4387 | 4.4715

u | 5.0736 | 4.6958 | 4.5338 | 4.4499 || 4.6610 | 5.0024 | 4.9220 | 4.7676
J(p) | 2.2407 | 4.5614 | 5.5758 | 5.9743 || 4.0073 | 5.1505 | 5.4943 | 5.6757
J(u) | 4.4065 | 5.6051 | 6.0071 | 6.2345 || 3.9695 | 4.3917 | 5.2755 | 5.5775
5th-order
2515 | 5.0597 | 4.9655 || 5.2057 | 5.7541 | 5.7028 | 5.5475

t

p | 5.4375
u | 4.1043 | 5.0985 | 5.2485 | 5.2911 || 5.7376 | 5.1068 | 4.8237 | 4.8244
J(p) | 4.9722 | 7.4842 | 7.8269 | 8.1507 | 6.0856 | 7.1729 | 7.7521 | 8.2018
J(u) | 6.4334 | 7.1878 | 7.7660 | 8.1503 || 5.9507 | 6.9309 | 7.7971 | 8.2529

b2

Table 1: Convergence rates for the variables and functionals using both flux based and Dirichlet
boundary conditions

In Table 1 we present the numerical results regarding the order of convergence of
the solution and functionals using both flux based and Dirichlet boundary conditions.
The time integration is performed until time ¢t = 0.2 with the classical 4th-order
Runge-Kutta method using 1000 time steps. The convergence rates for the flux based
boundary conditions (6) are not sensitive to the choice of the continuous parameters,
and in the numerical examples that follow, we have chosen the marginal values

o =, ﬁLzﬂ/Q, ap = —C, ﬁRZ*ﬂ/Q. (31)

The choices in (24) give very similar results and are excluded.

As can be seen from Table 1, both schemes results in superconvergent functionals
with similar rates of convergence. The error in the solutions and functionals as a
function of time for 3rd-order and N = 32 grid points can be seen in Figure 1 and 2,
respectively. We denote the values in (31) by "Flux 1”7 and the characteristic values
in (24) by ”Flux 2.

As we can see from Figure 1 and 2, in particular the characteristic flux based
scheme (Flux 2) has significantly smaller functional errors.

In [21, 1] it was shown that schemes based on characteristic boundary conditions
for hyperbolic problems, have non-growing errors in time — so called error bounded
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Solution 1, error for u

Solution 1, error for p -3
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(a) Solution Iy error for p (b) Solution 5 error for u

Figure 1: Solution I errors as a function of time using N = 32 grid points and 3rd-order for both
the Dirichlet and the flux based boundary conditions
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Figure 2: Functional errors as a function of time using N = 32 grid points and 3rd-order for both
the Dirichlet and the flux based boundary conditions
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Figure 3: Solution /5 errors as a function of time using N = 32 grid points and 3rd-order for both
the Dirichlet and the flux based boundary conditions using ¢ = 1076

schemes. We can hence expect the discretization with Dirichlet boundary condition
to have linearly growing errors in time for ¢ << 1, while the flux based boundary
conditions are error bounded. Indeed, in Figures 3 and 4 we plot the error as a func-
tion of time for large times using ¢ = 107%. The Dirichlet boundary conditions give
linearly growing errors while the flux based boundary conditions are error bounded.

With increasing ¢, the discretization using the Dirichlet boundary conditions also
becomes error bounded due to the parabolic effects. Since the characteristic choices
in (24) converges uniformly to well-posed and stable boundary conditions for the
hyperbolic system, we have an error bounded scheme for all values of ¢, including
e=0.

5. Spectral analysis

A consistent numerical scheme should have eigenvalues which converge to the
continuous eigenvalues as the mesh is refined [23, 3]. The continuous spectrum of a
PDE is obtained by Laplace transforms in time to reduce the PDE to an ordinary
differential equation, and solve the corresponding Sturm-Liouville problem. Let

U= / StUdt
0
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Figure 4: Functional errors as a function of time using N = 32 grid points and 3rd-order for both
the Dirichlet and the flux based boundary conditions using e = 10~6

denote the Laplace transform of U. By ignoring the initial condition, as usual, and
Laplace transforming (3), we obtain

sU — AU, = BU,, (32)
and the ansatz U = e¥* ¥ turns (32) into the eigenvalue problem
(sI + kA - K*B)¥ = 0.

The general solution to (32), assuming distinct roots, can be written as

3
. ks
U= g;e \I/,L',
i=1

where k; are the roots of the polynomial det(sI +kA—k?B) and ¥; = [¥,(1), ¥,(2)]7
are the corresponding eigenvectors. Once the k; and ¥; have been determined, the
system of equations for determining o; can be written as

E(s)o=0

after the homogeneous boundary conditions have been applied. The continuous
spectrum is then given by the values of s such that det(E(s)) = 0. See [11] for
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further details on the proceedure. For the Dirichlet boundary conditions we obtain
the 3 x 3 matrix

Wy (1) Uy (1) (1)
Ep(s)=] Wi(2)  Up(2)  Vs(2)
ekl\III(Q) ek2\1/2(2) ekB\I/g(Z)
The flux based boundary conditions yield the 4 x 3 matrix

Er(s) = (Hp — k1 B)T, (Hp — ks B) Wy (Hp — kgB)\I!g
(HR+le)€k1\I/1 (HR+ kgB)GkQ\Ilg (HR+kf;B)CkK\I/(; ’

where the 3rd row is zero and hence Fr(s) is condensed to a 3 X 3 matrix. Analytical
solutions to det(E(s)) = 0 can in general not be obtained due to the algebraic
complexity. For scalar equations, analytical results are available in [3], while for
more complicated equations, numerical methods have to be used. See [23] for more
details.

Once Ep r(s) has been computed, eigenvalues s from the discrete spectrum can
be inserted into the matrices to see whether or not a discrete eigenvalue actually
belongs to the spectrum of the PDE. This technique can be used to verify convergence
of discrete eigenvalues with certain properties. The semi-discretization of a linear
system of equations can be written as

%Uh = Kuy + f,

where the entire spatial discretization, including the boundary conditions, are in-
cluded in the matrix K. The discrete spectrum can be modified and tuned for
certain purposes depending on the boundary treatment.

The maximum real part and absolute value of the spectra are important since the
first determines the convergence rate to steady-state [18, 23] while the second is a
measure of the stiffness of the system. Both of these depend on the value of £, which
can be viewed as the viscosity. To see the effects, we show the maximum real part
and absolute value in Table 2. For small values of €, the characteristic flux based
conditions, Flux 2, has significantly smaller real part of the spectrum. The difference
is about a factor of 50-100 compared to Flux 1, and between 3 and 8 compared to
Dirichlet. The spectrum of Flux 1 can, however, easily be shifted to the left in the
complex plane by having strict inequalities in (24). The maximum absolute values
are similar for small values of €, while larger values forces the flux based conditions
towards a much stiffer discretization.
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Maximum real part Maximum absolute value
€ Dirichlet | Flux 1 | Flux 2 || Dirichlet | Flux 1 | Flux 2
107% | —0.412 | —0.029 | —1.515 34.4 344 32.1
107° | —0.412 | —0.029 | —1.517 344 344 32.1
107% | —0.412 | —0.029 | —1.539 344 344 32.1
1072 | —0.412 | —0.029 | —1.753 344 34.5 32.1
0.01 | —0.415 | —0.029 | —3.158 34.5 34.9 32.1
0.1 —0.463 | —0.030 | —1.492 35.7 85.0 121.0
1 —0.537 | —0.027 | —0.498 45.6 961.3 | 987.0

Table 2: Maximum real part and absolute values of the spectras using 3rd order and N = 16

Flux 2 Stiffness
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(a) Maximum real part, all orders of accuracy  (b) Maximum absolute value, 3rd-order

Figure 5: Convergence of maximum real part and absolute value for the Flux 2 boundary conditions

The continuous eigenvalue with real part closest to zero can be computed from the
determinants of Ep r(s). As an example, we show the convergence of Flux 2 towards
this eigenvalue in Figure 5(a). In Figure 5(b) we show the increase in stiffness for
different values of ¢ as the mesh is refined.

6. Conclusions

New flux based boundary conditions for a linear incompletely parabolic system
of equations have been derived. The boundary conditions are constructed such that
both the primal and dual problems are well-posed. Depending on parameter varia-
tions in the new boundary conditions, choices can be made to either provide well-
posedness independently of sub- or supersonic conditions, or such that convergence
to the hyperbolic system is ensured for the subsonic case.
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The numerical scheme based on the new boundary conditions can be constructed
to be both energy stable and dual consistent. Compared to a discretization using
standard Dirichlet boundary conditions, the new scheme is significantly simpler since
reduction to first order form, and additional penalty parameters, can be avoided.

The solutions and functionals computed using the flux based boundary conditions
are more accurate and have better damping properties. Long time computations
showed that the new scheme can provide error boundedness independently of the
amount of viscosity, even in the hyperbolic limit.

Eigenvalue computations showed that the maximum real part of the discrete
spectrum converges to the analytical value. The flux based boundary conditions can
provide smaller real parts than a discretization with Dirichlet boundary conditions
which is beneficial for steady-state computations. The stiffness is, however, increased
for large viscosity.

The analysis of this model problem will be applied to the more complicated
compressible Navier—Stokes equations in future work.
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