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Abstract

This paper analyzes well-posedness and stability of a conjugate heat transfer prob-
lem in one space dimension. We study a model problem for heat transfer between a
fluid and a solid. The energy method is used to derive boundary and interface con-
ditions that make the continuous problem well-posed and the semi-discrete problem
stable. The numerical scheme is implemented using 2nd, 3rd and 4th order finite
difference operators on Summation-By-Parts (SBP) form. The boundary and inter-
face conditions are implemented weakly. We investigate the spectrum of the spatial
discretization to determine which type of coupling that gives attractive convergence
properties. The rate of convergence is verified using the method of manufactured
solutions.

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
components, 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 Figure 1.

Figure 1: A micro machined nozzle with three heater coils positioned just before the nozzle
throat. The nozzle throat is approximately 30um in a heat exchange chamber.



This paper is the first step of understanding the coupling procedure within our frame-
work. 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, 3, 4, 5, 6, 7] and used for many difficult problems where it has proven to be robust
[8, 9, 10, 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 operators are con-
structed 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 estimate, and hence stability,
can be obtained for a well-posed initial boundary value problem.

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 Figure 2.

Figure 2: By assuming an infinitely long channel with homogenicity in the tangential
direction y we get a one-dimensional problem in the normal direction x for the conjugate
heat transfer problem

The equations are an incompletely parabolic system of equations for the flow and the



scalar heat equation for the heat transfer,

wy + Awy = eBwg,, —-1<x<0, (1)
and
Ty = kT, 0<z<1, (2)
where
p a b 00 0
w= | u |, A=1|b a ¢ |, B=|0 a 0 (3)
T 0 c 0 0 O

We can view (1) as the Navier-Stokes equations linearized and symmetrized around a
constant state. In that case we would have
L, c=c¢ L_l, oz:)\—i__mb, ﬂ:lt_’ (4)
Vai g p Prp
where u, p and ¢ is the mean velocity, density and speed of sound. -~ is the ratio of
specific heats, Pr the Prandtl number and A and u are the second and dynamic viscosities,
[13, 8, 14]. At this point the only assumption on the coefficients is that a, 3 > 0.

Our 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.

The number of boundary conditions at each boundary for (1) can be obtained by the
Laplace transform technique [15]. Taking the Laplace transform in time of (1) gives us

a=1u, b=

SW + Ay = eByy (5)
and by the ansatz w = wegx we get

(8I3+ kA —k*B)y =0, 35=es (6)

(k)

where I3 is the 3 x 3 identity matrix. The polynomial degree in k of det(E(s, k)) gives the
total number of boundary conditions needed and the sign of the roots as (s) — oo gives
the number at each boundary [15]. By expanding det(E(s, k)) we get

det(E(s, k)) = aak®
+ (508 + b6 — a®3 — a’a)k?

+a(a® —b* — & — 258 — 25a)k? (7)
+ (=326 4 35a% — 3¢ — 2o — b?3)K?

+ 3a5%k

+ 3

which is a 5" degree polynomial in k and hence (1) requires a total of five boundary

conditions. To get the sign of the roots we let k = ¢y§" which is inserted into (7). By

letting R(s) — oo we can balance the expression and see that n = 1 and n = % are the

only possible choices. By inserting n =1 and n = % into (7) we can compute all leading

coefficients ¢y which are
1 n 1 " 1 (8)
co=——, CQ==LT—F—, Cp==T—.
a Va VB

This gives the number of boundary conditions at each boundary summarized in Table 1.

To simplify we assume for the rest of the paper that a > 0.



Total nr. of b.e. | Atz =—-1 | Atxz=0
a>0 5 3 2
a=20 4 2 2
a<0 5 2 3

Table 1: Number of boundary conditions at each boundary depending on a

2.1 Boundary conditions at x = —1

Table 1 show that we need 3 boundary conditions at x = —1. The Laplace transform
technique does however not say anything about the form of the boundary conditions
required for a well-posed problem. To get the correct form we use the energy method [15].

Define the norm of w as .

|Jw||* = /wde:c. 9)

-1

By multiplying (1) with w? and integrating over the domain we get

0
Julf = —u4ul?, + 260 Bu|”, -2 [ wl Buyda. (10)
-1
Since we are currently only interested in x = —1 we omit the right boundary terms and
get (at z = —1)
0
HwH? = w! Aw — 2ew” Bw, — 2€/w;‘chw$dm. (11)
-1

Let
1 —V2e

b b
X =— 0 d d |, d=\/b%+ 2, (12)
v2d V2b ¢ ¢

be the diagonalizing matrix of A. We have X! = X7 and A = XAXT where

a 0 0
A=1]0 a+d 0 (13)
0 0 a—d

contains the eigenvalues of A. Using these relations we can write (11) as

0
|w]|? = (XTw)TA(XTw) — 2ew” Bw, — 25/wawxd:U (14)
-1
where
—V2cp + V20T 1
XTw=—| bp+tdut+cT |=|c 15
ﬂd P N 2 ( )
bp — du + T cs

are the characteristic variables for the hyperbolic part. In order to bound the energy for
the hyperbolic 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

= \/gd(—\@cp+ V2bT) = f1(t), (16)
cy = L(bp+ du+cT) = fa(t) (17)

V2d

to bound the hyperbolic part.

According to Table 1 we are allowed to use one more boundary conditions that will
need to bound the parabolic term —2sw” Bw,. Assume f; = fo = 0. By taking linear
combinations of (16) and (17) we can eliminate p and obtain

cu+dT = 0. (18)

The parabolic term is expanded using relation (18) to obtain

—Tz). (19)

—2ew! Bw, = —2eu(ouy — ¥

If we put
aduy — BT, = f3(t) (20)

as the final boundary condition for (1) at = —1, then with f3 = 0 the parabolic term
(19) is zero and all the boundary terms are bounded.

2.2 Boundary conditions at z =1

At x = 1 we have the scalar heat equation. By applying the energy method we get
IT|? = KT, — 28|\ T, 1, (21)
from which it is easy to see that either
T = hy(t), T, =ho(t) or 1T+ BT, = hs(t) (22)

will result in an energy estimate (for suitable choices of the constants o and (7). In the
rest of the paper and in the numerical experiments we have used T = hy(t).

2.3 Interface conditions at z =0

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

0 1
d
%(Hsz +IT)1?) = —w’ Aw + 26w’ Bw, — 2kTT, — 25/w§wadm - Qk/Tﬁda:. (23)
“1 0

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, T =T. (24)

Using the interface conditions (24), equation (23) reduces to

0 1
d
@(HMHQ +|T|1?) = 2T (BT, — kTy) — 2a/w§wadx - 2k/T§dz (25)
—1 0



and we can easily see that if we impose
BT, — kT, =0 (26)

as the final interface condition we get an energy estimate. Without (26), the interface can
act as an unphysical heat source or sink.
Using all these boundary and interface conditions we can conclude the following.

Proposition 2.1. Equations (1) and (2) coupled at x = 0 are well-posed with boundary
conditions (16), (17), (20) and (22) and interface conditions (24) and (26).

Remark 2.1. 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 [15].

Remark 2.2. No data has been assumed to be zero in the interface treatment. Hence the
interface treatment can be called strongly well-posed.

3 The semi-discrete problem

Problem (1) is discretized on the single domain [—1,0] on a uniform grid of M + 1 grid
points. The vector w = [wg, w1, ..., war]? = [po, w0, To, p1,u1, T1, - . -, pars wnr, Tar) T is the
discrete approximation of w. The derivatives are approximated by the operators on SBP
form

w, ~ (DY @ I)w = (P;'QL © Is)w (27)
Wer & (D @ B)w = (P7'Qr @ I3)?*w (28)
where P, is a symmetric positive definite matrix and @ is an almost skew symmetric

matrix satisfying Qr + QT = By = diag(-1,0,...,0,1) [2, 3]. I3 is the 3 x 3 identity
matrix. Problem (2) is similarly discretized on a uniform grid of N + 1 grid points.

Remark 3.1. The approximation (28) has the drawback that the computational stencil is
wide. Compact formulations that uses minimal bandwidth does however exist [3].

In (27) and (28) we have introduced the Kronecker product, defined as

anB e alnB
A®B= Do (29)
amB - amnB

for the m x n and p x ¢ 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), (30)
(A®B)' = (A" g B7Y) (31)
if the usual matrix products and inverses are defined.

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



Dl @ Ayw + e(DY @ B)yw

P Ey @ 39)(XTwo — ¢7)

Pl Ef @ 38)(ad(Dfu)o — Be(DYT o — g3)

PY(DI) Ey @ 59)(cu + dTo — g3)

PrlEy © 21 (wy — g1") (32)
P ER @ 23wy — 1)

P Ef @ 231 (Tar — To)

P (DY) Efy @ 21 (T — To)

+ (P EY @ S51)(Be(DYT) i — k(DfT)o)

Wi = —

(
(
(
(
(
(
(
(

+ P ES(To — Twr)

+ 7Py (DT EF(Ty — Twn) (33)
+ 79 Pp g (k(D{'T)o — Be(DYT)m)

+7 Pp ER(Tn — ')

— DIg.

The matrices B} = diag(1,0,...,0), E¥, = diag(0,...,0,1) and E&N similarly defined, are
used to select boundary elements. The 3 x 3 matrices Z?’M and coefficients 70 are called
penalty matrices and penalty coefficients which have to be determined for stability [2, 3, 4].
The last term in (32) and (33) are artificial dissipation operators which reduces spurious
oscillations. An extensive study of these operators can be found in [12]. The details are
beyond the scope of this paper. They do not cause stability or accuracy problems and
will be assumed to be treated correctly in the rest of the paper, and hence omitted in the
stability derivations to keep the notation as simple as possible.

Remark 3.2. In (32) we have XTwy — ¢V = [c1 — f1,c2 — f2,c3 — f3]7 where ¢, co and
c3 are the characteristic variables. Moreover wp; — g{\/f = [pm — g1, unr — g2, Tar — g3]T.
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.

3.1 Stability conditions at r = —1

Consider the semi-discrete scheme (32) at the left boundary x = —1,

wW; = — (DlL ® A)w + 5(D2L ® B)w
+ (P EY @ 29)(XTwo — g7) (34)
+ (P By © £9)(ad(Diu)o — Be(D{T)o — g3)
+ (P, (DY) Ef @ 58)(cuo + dTo — g8).

The penalty terms related to the interface are omitted. We will use the discrete analogue
of the energy method to show that the scheme is stable. Define the discrete norm

Iwllf, = w'(Pr © Is)w, (35)

7



where I3 is the 3 x 3 identity matrix, and premultiply (34) with w’ (P ® I3). Since D¥
and D¥ are on SBP form we obtain after some algebra

d
Zwlf%, = wd Awg — 22§ B(DFw)o — 22(DEw)T (I @ B)(DEw)

+ 2w 29 (X T wo — g7) (36)
+ 2wg B(ad(Dfu)o — Be(DIT)o — g3)
+ 2(D{4w)g§]g(cuo +d7Ty — gg).

As in the continuous case we let g9 = gg = gg = 0 and consider the hyperbolic and
parabolic parts separately.
The hyperbolic part with the corresponding penalty term is

wi Awg + 2wl 29X Twy (37)

and we need to choose XY such that (37) is negative semi-definite. Since X! = X7 we
can rewrite (37) as

wi Awg + 2wl 29X Twe = (X Twe)T(A 4+ 2XT59) (X Twy) (38)

and by letting X7%0 = 39 = diag(c?, 69, 0) with

a+20) <0, a+d+209<0 (39)
we have
wi Awo + 2wl £IXTwy < 0. (40)
Thus the penalty matrix related to the hyperbolic part is
3 1 —V2ca) ba) 0
W=x3)= — 0 dod 0 |. (41)

vad V2ba)  cod 0

where o) and o9 are appropriately bounded in (39).
The parabolic part with the corresponding penalty terms is

—2ewd B(D¥w)o + 2wl 23(ad(DFu)o — Be(DET)o) + 2(DEw)E X2 (cup + dTy)  (42)

and again we have to choose ©J and Y2 such that (42) is negative semi-definite. Let

0 0 0 0 0 0
=10 e 0 |, Y2=10 e 0 |. (43)
0 0 eof 0 0 eof

We formulate (42) as a quadratic form evl Moy with vg = [ug, (D¥u)o, Zo, (DFT)e]T and

0 —a + ado§ + col 0 —Bcol + cof
M- | et ado§ + co? 0 ado? + do? 0
0 0 adol + do? 0 —B3 — Beod + dof)
—ﬁcag + cag 0 —B — Beol + dag 0

(44)
In order for (42) to be negative semi-definite we need to choose the coefficients ¥ such
that My < 0. Since all diagonal entries of My is zero, all other entries must also be zero.
This results in a system of equations with a one parameter family of solutions

1+ecr 0 o Bl+er)

reR, ng 7 o, =, ag:—ar, o = p

. (45)



With these choices My = 0 and we obtain an energy estimate where
d L
HWHPL < —2¢(Dfw)" (In+1 ® B)(Dfw) <0 (46)
and hence the left boundary is stable.

3.2 Stability conditions at x =1

Consider the semi-discrete scheme (33) at z =1
T, = kDYT + 7 P ER (T — hY). (47)

By assuming hY = 0 and premultiplying with TTPr we get (when ignoring interface
terms)

d
@HTH?DR = 2kTn(DET) y + 27N T3, — 2k(DFT)T Pr(DFT) (48)
and by choosing
—k
N
Tl S @ (49)

where pﬁ ~ 1/Axpr we have an energy estimate which implies stability for the right

boundary, see the derivation of (66). More details on how to obtain 7/ can be found in

5, 6.

3.3 Stability conditions at x =0

At 2 = 0 we have the two interface schemes

DL ® A)w + 5(D§ ® B)w
P Ef @ ) (wy — gi")
P Ef @ X3 (wy — gi") (50)
P Ef @ 3 (Tar — To)
PH(DY) Ef © 21")(Tv — To)
P~ Ef; @ X3 (8e(DYT )i — k(D{'T)o)
T, :kDfT
+ 7P B (To — Twr) (51)
+ P (DT EMTY — Tr)
+ 73 P EJ (K(D{'T)o — Be(DYT) ur).

+ o+ o+ o+

The penalty terms related to the outer boundares are omitted.



A formulation which clearly shows the coupled system can be written

LA L ][

T 0 0| T 0 kDI || T
L M L
_ RN evr ® f3 w
p-l| ¢m 3 M 2
o[ I R L
J1
L pt [ (PD)Teq @5 ] [BJLVI®f3 } [W}
| Aol [l e | [T
T2
- = T
4 pl eﬁ[ ® Eé\/[ ﬁe(DlL ®13)T(e§4 ® f3) w
—bef ~KDf) e T
T
where .
_ P~ T ~
pro | P @l 0 S 0 0,60MT, =001, (53)
0 Py

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

0 . 0
M M
PPN o —0: . e
_ 3 3
J]_ — 0 0 9 (54)
PR 77—1 Tl DY
- 0 -
- 0 -
. ofl” cr;]y
ALUL AZL
0 0
. 0 0
Jo = oM oM , (55)
c. A s
e
Azrp Az
D0 T
ALL‘R AiEL
0 0
" 0 0
o _Ué”ﬁe 0 Ué”,@e _aéw,@e O'éwﬁE .
A A A A
J3 = Tglg T§]€ T?(’ﬂ)?lg T?(L))Ulg : (56)
_AxR 0 Azxp _AJSR Axp
L0 cee 0

By letting ¢ = 0, applying the energy method to both equations and adding together

10



we get (when ignoring the outer boundary terms)

d
S UIWlIE, +ITI[E,) = —warAwn + 26wy B(Dyw)a — 26(Diw)" (Iy ® B)(Dy'w)
+ 2wk, S My 4 2wl S wyy
+ 20w M (T — To) + (DEFw) L2 (Thr — To)
+ 2wy X5 (Be(Dfw)ar — k(DI'T)o) (57)
— 2kTy(DfT)o — 2k(D'T)" Pr(D{'T)
+ 2T?T0(T0 — TM) + QTS(D{%T)O(TO — TM)
+ 273 To(k(D'T)o — Be(DYT ) ).
As in the continuous case we have the hyperbolic part with the corresponding penalty
term
—wh Awyr 4 20k 5wy = wl (- A + 25wy, (58)
N——
Mg

which we want to bound by making M negative semi-definite. Note that A is symmetric
by assumtion. By choosing
0 off 0
sM=10 off 0 (59)
0 off 0

we can explicitly compute the eigenvalues of My and see that with
(60)
we have Mg < 0. Note that Z{VI 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 (57)

2aeup (DEw) a4 2wl 5wy — 2ae(DEW)T Pp(DFu). (61)
We choose
0 0 0
=10 o} 0 (62)
0 0 0

and rewrite (61) as
2aeuy (DFu)r + 20003, — 2a6||D{’uH%gL. (63)
The last term in (63) can be written as
1D |3, = (Dfu)’ Pr(Dru)
T
(Dfwo 1T P (Dfu)o
= (D{u)" Pr(Diu) + (Diw)ipiy (D w)n

11



where pﬁ > 0 is such that PéM’M) — pﬁ/f > 0. This means that the remaining matrix Py
is positive semi-definite and is as such a semi-norm. Using (64) we can write (63) as

T M
[ UM } [ 205 e ] [ UM } (65)
(Dfu) ) ag  —2epy; | | (Dfu)n)
My,
where M, <0 if
—ae
< — 66
01 > 4]?%/[ ( )

which can be seen by computing the eigenvalues of M,,.
The remaining terms are used for coupling the two heat equations. Let the penalty
matrices have the form

00 0 00 0 00 0
s¥=1oo0o o |, 2¥=|00 0|, =¥=]00 0 |, (67)
00 of 00 oM 00 oM

and expand the remaining terms. This gives us
20T (DY T)n — 26(DIT)" PL(DYT)
+ 208" To (Tar — To) + 204" (DY T ) e (Tos — To)
+ 205" Tu(Be(DYT) s — k(DI'T)o) (68)
— 2kTy(D{'T)o — 2k(DY*T)" Pr(D{'T)
+ 2700 (To — Tar) + 279 (DET)o(To — Tar)
+ 21 To(k(DY'T)o — Be(DIT)m)

which we need to bound by choosing appropriate penalty coefficients. Expression (68) can
be written in matrix form as

vf Myvy — 28e||DET ||}, — 2k|| DT I3, (69)
where v = [T, (DET)a, To, (DET)0]T and
2g§” ﬁs—%asaéw—l-aiw —(Uéw—i-T?) —(ﬁkaé”+7§)
[y Be + aco + ot 0 —(o4" + agod’) 0
r= —(oM 4+ 7D) — (oM + aeodl) 27 —k + Bktd + 19
—(BkoM +79) 0 ~k + pkrd + 9 0
(70)

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

seR, oM =-Be(1+s), oM=s X =—ks, =1+s. (71)
Using relations (71), My reduces to

201 0 —(e¥+7) 0
0 0 0 0
My = —(eM+70) 0 27y 0 (72)
0 0 0 0
and by choosing
oM =1 <0 (73)

we have M7 < 0 and all coupling terms are bounded.
Using all the above we can thus conclude.

12



Proposition 3.1. The schemes (32) and (33) coupled at x = 0 are stable using the SAT
boundary and interface treatment with penalty coefficients given by (41), (45), (49), (60),
(66), (71) and (73).

Remark 3.3. As in the continuous case we have assumed the boundary data to be identi-
cally zero. If we would have obtained an energy estimate with non-zero data the coupled
schemes would have been strongly stable [15]. No assumptions on the data at the interface
have been made and hence the interface can be called strongly stable.

4 Order of convergence

The order of convergence is studied by the method of manufactured solutions. A small
enough time step has been chosen in order to minimize the errors from the time discretiza-
tion, which in this case is done by the classical 4th order explicit Runge-Kutta method.
We use the functions
. —kt 1. —kt L. —Kt

p=xe " w=sin(x)e ™, T = z sin(x)e ™, T = Z sin(z)e™™, k=0.1 (74)
which inserted into (1) and (2) gives a modified system of equations with additional forcing
functions. The functions (74) have been chosen since they satisfy the interface conditions
in a non-trivial way. Using (74) we create exact initial data and time dependent boundary
conditions while no data is created at the interface. The rate of convergence is obtained

as ‘ ‘
i [Juf_y — 054l h;
q; = logyg % /logy <h]> (75)
Hu_j - UjH j—1

where q;- denotes the convergence rate for either of the variables i = p,u,7,T at mesh
ZAA
J
refinement level j and v} is the discrete solution. The ratio hj/h;j_1 is the ratio between
the number of grid points at each refinement level. The coefficients in (1) and (2) have

been chosen as

refinement level j. u% is the exact analytic solution for either of the variables ¢ at mesh

1 v—1
a=05 b=—, c=4/—, y=14, a=0=1, ¢=0.1, k=1. (76)
val gl

and the results are seen in Table 2.
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M = N | 2nd order | 3rd order | 4th order
P P P
32 0.4057 3.0781 3.4417
64 1.9030 3.3046 3.7813
128 1.8379 2.5606 3.8508
256 2.0639 2.8343 3.8872
U U U
32 2.2408 4.5119 4.8983
64 2.7097 3.0055 4.8974
128 2.2170 2.9619 4.5113
256 2.1150 2.9809 4.0608
T T T
32 1.4329 2.5140 3.5125
64 2.1434 2.8241 3.6528
128 2.0992 2.9815 3.8013
256 2.0649 3.0065 3.8949
T T T
32 2.3842 3.1534 3.9390
64 2.1733 3.2604 3.8269
128 2.0874 3.1203 3.8717
256 2.0445 3.0500 3.9250

Table 2: Order of convergence

The rates of convergence in Table 2 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 to be pointwise
bounded and the penalty coefficients are chosen correctly) [16]. 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 (32) and (33) we can see that we can write the fully coupled scheme as

‘% —Hv+F (77)
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 (77) [17, 18, 19]. 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 (45) and the interface (71). Theoretically any choice of these
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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.

In Figure 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!.

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

2nd order. N = M = 128, epsilon = 0.10, k = 1.00

i

e
\\%‘III‘IIIIII{WIIIII{II[%Iﬂﬂmﬂlﬂmuuuu,‘yl‘“If.

s -5 -5 s -5 -5

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

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

s -5 -5

(c) 4th order

Figure 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.

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

!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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2nd order. N = M = 128, epsilon = 0.10, k = 1.00

3rd order. N = M = 128, epsilon = 0.10, k = 1.00

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

4th order. N = M = 128, epsilon = 0.10, k = 1.00
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(c) 4th order

Figure 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

To see the convergence of the spectrum we compute the minimum real part of the
eigenvalues of the spatial discretization for an increasing number of grid points. The
boundary and interface parameter have been chosen as r = —0.4 and s = 0 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 3 and
Figure 5 where we can see that the minimum real part of the spectrum of the discretization
converges for all orders as they should.

Minimum real part of the spectrum
M = N | 2nd order | 3rd order | 4th order
16 -0.51243 | -0.49439 -0.48368
32 -0.47414 | -0.46904 -0.46686
64 -0.46658 | -0.46545 -0.46510
128 -0.46524 | -0.46502 -0.46497
256 -0.46501 | -0.46497 -0.46496
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Table 3: Minimum real part of the spectrum of the spatial discretization
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Figure 5: Convergence of the minimum real part of the discrete spectrum for 2nd, 3rd and
4th order spatial discretization

The parameter s in (71) is of particular interest. In the figures and tables below
we have chosen ¢/ = 70 = 0 and hence the coupling depends only on s. By choosing
s = 0, Dirichlet conditions for continuity of temperature are given to the fluid domain and
Neumann conditions for continuity of heat flux to the solid domain. By choosing s = —1
we get the reversed order. By chosing s such that that no terms are canceled in (50) and
(51) we get a mixed type of interface conditions.

As can be seen from Figure 3 there are variations depending on the choice of r and s
for a coarse mesh. Since we are interested 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 4.

2nd order 3rd order 4th order

M=N| s | minR(\) s | min R(N) s | min R(X)
16 0.0 | -0.51243 | 0.0 | -0.49439 | 0.0 | -0.48368
32 0.0 | -0.47414 | 0.0 | -0.46904 | 0.0 | -0.46686
64 0.0 | -0.46658 | 0.0 | -0.46545 | 0.0 | -0.46510
128 0.0 | -0.46524 | 0.0 | -0.46502 | 0.0 | -0.46497

16 -1.0 | -0.50873 || -1.0 | -0.49253 || -1.0 | -0.48273
32 -1.0 | -0.47367 || -1.0 | -0.46888 || -1.0 | -0.46680
64 -1.0 | -0.46651 | -1.0 | -0.46544 | -1.0 | -0.46509
128 -1.0 | -0.46524 || -1.0 | -0.46502 || -1.0 | -0.46497

Table 4: 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.

Interface procedures for the heat equation have been considered before by eg. Giles
[20], Roe et al. [21] and recently by Henshaw and Chand [22]. Giles demonstrates a
method where giving Dirichlet conditions for continuity of temperature to the fluid do-
main 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 subdomains. 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
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and also preserve the accuracy of the scheme. Henshaw and Chand considers many differ-
ent interface procedures and prove both stability and second order accuracy independent
of the diffusive properties in contrast to the results in [20]. They also state that more
attractive convergence results might be obtained by considering a mixed type of interface
conditions.

As can be seen from Table 4 the choice s = 0, which correspond to the method in the
above papers, is preferable since it 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 as well and not much
difference in min R(\) was found.

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 Figure 6.
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Figure 6: Maximum absolute value 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

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 5
together with a comparison with the extremal cases s = 0 and s = —1.
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2nd order 3rd order 4th order

M=N/| s max || s max || s max ||
16 0.27 | 262.19599 0.26 | 499.82195 -0.47 831.16460
32 0.28 | 1048.61887 || 0.26 | 1956.94999 || -0.47 | 3321.53520
64 0.28 | 4130.98536 || 0.26 | 7730.09701 || -0.47 | 13286.14080
128 0.28 | 16385.83220 || 0.26 | 30875.13265 || -0.47 | 53144.56320

16 0.0 506.10401 0.0 946.87926 0.0 1461.33389
32 0.0 | 2023.97316 0.0 | 3787.78434 0.0 5845.48940
64 0.0 | 8095.61354 | 0.0 | 15151.67511 | 0.0 | 23382.27042
128 0.0 | 32382.50222 || 0.0 | 60607.77891 || 0.0 | 93529.71064

16 -1.0 | 736.43767 -1.0 | 1427.31703 | -1.0 1889.05321
32 -1.0 | 2941.31462 | -1.0 | 5703.41160 | -1.0 7548.91634
64 -1.0 | 11756.61529 | -1.0 | 22801.96629 | -1.0 | 30181.10326

128 -1.0 | 47009.40113 || -1.0 | 91184.53704 || -1.0 | 120695.31884

Table 5: 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 s = —1.

As can be seen in Table 5 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 [22] for the heat equation and we can now verify it for this more general
problem.

6 An application

An example of a solution, where the coefficients are given by (76) is given in Figure 7.
We start with zero initial data and at time ¢t = 0 we let p = 0, v = 0.5 and 7 = 1 at
the left boundary while 7" = 0 at the right boundary. The values at the left boundary is
transformed into data for the characteristic boundary conditions.

19



15 T T T 15

— —p
u u
—T7 —T7
T T
1 1
\
\
0.5¢ \ 1 0.5f
ON i 3
-0.5 : : : -05 . . .
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Time t=0.15 Time t=0.45
15 T T T 15
P P
u u
—T7 —T7
T T
-0.5 : - : -0.5 . . .
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Timet=1.25 Time t=5.00

Figure 7: A sequence of coupled solutions for different times using M = N = 32 grid
points and 3rd order operators. The last figure shows the steady state solution where
the ratio 7, /T, of the heat fluxes at the interface is exactly the ratio k/e of the diffusion
coefficients.

To see why the coupling is necessary we give a comparison where the interface con-
ditions have been replaced by attempting to give boundary conditions to the separate
equations. At the left and right boundaries we give the same boundary data. At the
interface we give 7 =T = 0 for continuity and u = 0. Since the left equation is the heat
equation with zero boundary data once has no reason to give anything else. The result is
seen in Figure 8.
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Figure 8: A sequence of uncoupled solutions for different times using M = N = 32 grid
points and 3rd order operators

We can clearly see that for £ = 0.15 and ¢ = 0.45 the solutions are similar, but as soon
as the influences from the left boundary reaches the interface the solutions start to deviate.
The steady-state solution is significantly different not only for the coupled variables.

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 Simul-
taneous Approximation Term. The penalty matrices and coefficients are determined such
that the boundaries are stable and the interface can be called strongly stable.

The interface conditions are derived such that we can study different interface condi-
tions as a function of one parameter. By looking at the spectrum of the spatial discretiza-
tion as a function of the interface parameter, it can be seen that there are only minor
differences between the minimun real part of the spectrum for different coupling tech-
niques. However when 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 accuracy is easily
obtained by using difference operators of higher orders. An example where the system is
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solved using 3rd order operators is shown and it can be seen that the correct interface
conditions are obtained.
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