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Abstract

This paper deals with conjugate heat transfer problems for the time-dependent com-
pressible Navier-Stokes equations. One way to model conjugate heat transfer is to
couple the Navier-Stokes equations in the fluid with the heat equation in the solid.
This requires two different physics solvers. Another way is to let the Navier-Stokes
equations govern the heat transfer in both the solid and in the fluid. This simplifies
calculations since the same physics solver can be used everywhere.

We show by energy estimates that the continuous problem is well-posed when
imposing continuity of temperature and heat fluxes by using a modified L2-equivalent
norm. The equations are discretized using finite difference on summation-by-parts
form with boundary- and interface conditions imposed weakly by the simultaneous
approximation term. It is proven that the scheme is energy stable in the modified
norm for any order of accuracy.

We also show what is required for obtaining the same solution as when the un-
steady compressible Navier-Stokes equations are coupled to the heat equation. The
differences between the two coupling techniques are discussed theoretically as well
as studied numerically, and it is shown that they are indeed small.
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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
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=cypT + ép(u2 +v?), (2)

where ¢y is the specific heat capacity under constant volume and T is the tempera-
ture. Furthermore, we have F' = F! — 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 + €)]”,

(3)

T
0, Tows Tay, UTzg + Uy + T3],

FI =]
G =
FV =]
GV =10, Tays Tyys UTyz + UTyy + IiTy]T,

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

SPVCEDY () PP LY () DR ——
Tar = Moy or Oy T = 'u(?y or Oy Toy = Tys = H oy Oox)’
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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. (5)

Here R = cp — cy 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 =20

Pz = 0

py =0 (6)
1

T=_ ((wz)z + (mTy)y) .

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):

w* v* p* T*

_ - v - T=——\ (1

e e T e
p* e* A* ”*

b= * * ) €= * * ’ A= x ) K= x ) <8)
Pio(Ch)? P (C5)? 115 8
* * R* *

Cp = SP ) Cy = iV ’ R = PR k= /{* ) (9)
Cpso Cpo Cpo Koo

” Yy Coo 4
x Lzo’ y L;Q? L:o Y ( )

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

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

1
e = % + §p(u2 +v?). (12)

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

T = o (6T, + T, ) (13)




where ‘s .

c K
Pe.= ===, al = —> (14)
aoo 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

N 1 1 N N
T, — ( STI> ( ST) 15
t Pe. csps ( r x+ Pty y ( )

where Pe,. is defined in (14) and ¢, 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 8 = Pe.pcy, s = Pecpscs and
rewrite (13) and (15) as

AT = (v13), + (kTy), (16)
BT, = Bﬁ ((n%) + (ﬁjy)y) . (17)

Note that f; is constant for the solid. Furthermore, since § > 0 and (6) yields

%—f = 0, we can estimate the difference T'— T in the S-norm defined by
. A\ 2
||T—T||§:/(T—T> BdS) (18)
Q

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



with 7' — T and integrating over  we obtain

1d . o
——||T—T||§:—/(WT-VT+2—5VT-VT)

2dt
+ 7{ (T - T) (WT — %wf) -nds (19)

o0

B (1 - T) VB VTdQ ( @5> VT - VTdQ.
+Q/Bs< > —|—Q/ /<;—|—6S

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 T, in which
case the boundary integral is zero. By further assuming that V5 = 0 we can rewrite
(19) as the quadratic form

Q

Ks
dt & vT —<n+@6) 2fe g vT |
Bs Bs
By computing the eigenvalues of the matrix in (20) and requiring that they be non-
negative, we can conclude that we need k — % £ = 0. Thus, if the relations

K K
S - =0 VB= 21
57 B, (21)
hold, then
d N
—||IT=T||3<0 22
dtll 5 < (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 = P~ 'Qu, (23)

where v is the discrete grid function approximating u. The matrix P is symmetric,
positive definite and defines a discrete norm by ||[v]|? = v 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.

Ugy = D*v = (P71Q)%. (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*?, the
Kronecker product is defined as

alle e CLLmB
A® B = P : (25)
an1B ... am,B

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)"VT = ALT @ p1T (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, ,, @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:

Po=P.®I, Q.,=Q,®]I,

Py:[I®Py> Qy:Ia:®Qy> (29)
D,=D,®1I, D,=I,®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||2 = u' Pu (30)

where P = Pzpy =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 Q9 = [0,1] x [—1,0] with an interface at y = 0. Denote the solution in €; by
q = [p, pu, pv,e] and in Qs by ¢ = [p, pu, pv, €].

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

u=0, v=20,
0

. 5 =0. (31)

=g
I

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, T, = kT, (32)

9



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

wy + (Ayw), + (Aw), =€ ((Allwm + A12wy)y + (Ayyw, + A22wy)y> ; (33)
33
’U~]t + (Bﬂf])x + (Bgﬁ})y =& ((Bnﬁ)x + Blgwy)y + (Bglﬁ)x + BQQ?IJy)y> y

where € = %, Re is the Reynolds number and Ma is the Mach number. The
coeflicient matrices can be found in [20, 27]. The symmetrized variables are

T

e 1
_—p7 u, v, -
VP 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 u = v = 0,
and hence u = 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

T| | (34)

w =

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 @ will be derived in the L?-equivalent norms

lully, = [ w” Hwde, |l = [ o Hido )
91 Qo
where
Hyp = diag[1,1,1,012], 612>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 ~ 12 /( 011 0o fia - ~)
— (|lw + ||w < —2¢ — T, — — TT, | dx,
dt (|| ||H1 || ||H2) / p]_c%<f)/]_ o 1)P7“1 ) p20§(72 _ 1)PT2 )

(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 €2y or 5. By requiring

10



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

1
d1R1 P

d 2 =112 =
— <2 [T T, — T, ) dx.
a (el 111,) < 6/ (ﬁléﬁ(% —ep " paci(y2 — Lep, y) !
0
(38)
In order to obtain an energy estimate by using continuity of the heat fluxes, we need
to choose the weights

o = e (m — L)ep, 02 = p2i3(y2 — 1)cp, (39)
since then
d 1
& Wiy, + l1alf,) < 2 [ 7 ()T, — ) de <o (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 L?-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

Wt—i-ﬁxF—i—DyG = S,

A e A~ s (41)
w,+ D, F+D,G =S,
where the discrete fluxes are given by
F = fllw — & (AHDJ;W + AlgbyW) s
G = AQW — & <A21wa + AQQ[DyW> N
. . L (42)
F—Bw—e (BHDvar n BlgDyW) ,
G = _BQW — & (EglﬁxVNV + BQQDyV~V> .

The hat notation denotes that the matrix has been extended to the entire system as

D,=D,®I,®1, D,=1,®D,® I, 43)
Ac=1, 01,0 A, Be=1,91,® 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 = Py—lEx,yNill (w — gf) + 50213@,_1Ex,y1\, (f:IQW B g1>
L ! p—1f - T Jga
+e03 P, Fryy (ng — gg> +eP,; Eyyy 61 (Hngw _ %)
+eoy P E, (flTw — fgw) (44)
+ 2050 DV E, <f1TW — IQT\TV)

2008y By (Ridf Dyw — l] D)

12



and

S= P, B,y S (W—§") +262P, B,y (szv - g1>
~ p-1f T ~ p—17 A T G ag?
-+ 80’3Py E:E,yo (ng — g2> + €Py Efl?,y062 HngW — a—a:

+ 640, By (fg’vv - ffw) (45)
+ 6507 DI E, <.f2T\7V - f1TW>
+ 2668, By (Rl DyW — Ry BT Dyw)

Here P = PRIy, Eyyy = Fpy @1y, H; = [, I, @ H; and H; is a 4 x4 matrix with the
only non-zero element 1 at the (7, j)th position on the diagonal and the operators
_fl,g selects the interface elements. The penalty matrices 2172 =1, ® 1, ® X,
(:)172 = [,®1,®0, 5, and the penalty coefficients 09 ¢ and 75 ¢ 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

IR, = wTPdiw, (|, = WP, (46)
where,
h=LoI,oH, Jy=1,&Il,®H,, (47)

and the matrices H, 5 are defined in (36) with the weights given in (39). Note that
PJLQ - JLQP.
By applying the energy method to (41) and adding up we get

d d, .
%HWH% +£|]w|]§2 + DI =1IT (48)

13



where the dissipation term, DI, is given by

DI = 2¢ ZA)IW g pjl 0 All 12112 ZA):EW
B D,w 0 PJy || Ay Ay || Dw (19)
o D,w 1] [Pl 0 By B ][ Dow
D,w 0 PJ By By Dw |’

The interface terms can be split into three parts as [T = [Ty + IT5 + I'T3 where I'T}
are the inviscid terms, I'T; the velocity terms and IT5 the coupling terms related to
the temperature.

In [26] it is shown how to choose X1 5, O1 2, 02 3 and 79 3, with small modifications,
such that the inviscid and velocity terms are bounded. Here we focus on the coupling
terms. With appropriate choices of 319, ©12, 023 and G253 as described in [26] we

get

d d, .
Wil + Iwllh, + DI < 1T, (50)

where I'T5 can be written as the quadratic form
ITy = —e(RE)T (P, ® M) RE. (51)

To obtain (51), we have used the permutation similarity property of the Kronecker
product, R is a permutation matrix and £ = [Ti,’i‘i, (D,T),, (Dy'i‘)i]T where the
subscript ¢ 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

Pz = dlag[(ﬂPx, (Sgpm, 61Px7 (SQPI], (52)
with 075 from (39), and
—20'4 0'4+5'4 Fdl"}/l — 05 _Rlo-ﬁ /?620'64‘5'5
_ (o) + 5'4 —25'4 05 + Fﬁ&ﬁ —I_ig’yl — 5’5 — l_i25'6
K171 — 05 — K10 05 + K106 0 0
/%20’64‘5'5 —Rg’yl —55 —R256 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

14



Theorem 1. The coupling terms ITs in (50) are bounded using
6,=04<0, 05=—Fir, 06=7+1, 05=—Fo(n+r), de=1, 7€R (54)

and hence the scheme (1) is stable.

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

-1 1 00
1 -1 00
M=204| 0 o oo (55)
0O 0 00
with eigenvalues A\ 93 = 0 and \y = —404. Hence if 04 < 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

p(x,y,t) =1+ nsin(On(x —y) —t)?
u(z,y,t) = ncos(Om(x +y) —t)
v(z,y,t) = nsin(0r(x —y) —t)
pla,y,t) =1 +ncos(Or(x +y) — 1),

(56)

with different values of n, 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

()
QY = ! log =2 (57)
og (5] \ B,
N; v

15




for each of the conserved varables ¢\, j = 1,2, 3,4. We have used the same number
of grid points, N, in both coordinate directions for both the fluid and solid domain.
N}, denotes the number of gridpoints at refinement level &£ and E,gj ) 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
e | 1.8174 | 1.9065 | 1.9963 || 2.4639 | 2.7749 | 3.0523
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
e | 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 | 4.0918 | 4.0284 || 4.9824 | 4.9257 | 4.7839
e | 3.9757 | 4.1723 | 4.0957 | 4.3760 | 4.6227 | 4.7207
p | 3.9935 | 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
e | 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 €2 = Q7 Uy where
Q; =[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 x-direction.

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

p_ ko 3k
T 2k+ 0 T2k 1) 58)
| 3k + 2

T=-—

TCES ATk

where k = ky/k1 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 ¢ = 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 <1atx=0.5together with the time-evolution of the /.- and ls-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

1»

0.8}
0.6f
0.4F
t-500.00, N=64
0.2F r11.3 1.8
——NS-NS
S 1.25 17 —NS-H
1.6}
-0.27 1.2
f;_’ 1.51
—0.4} g
qé 1.4
-0.6 lq—J 1.3}
-0.8} 1.2}
1t 1.1¢
‘ ‘ ‘ 1 | | |
0 0.5 1 -1 ~05 0 05 1
X y

(a) Temperature distribution from NS-NS  (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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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 [-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
f(z,t) =14 0.25 % sin(t) * sin(7x) (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 [- and ly-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.

| L | Max
| . _
by ' :‘ oy Mean |
| i ! o I I
g [T b }& noh b I by
0.015F ! )" o b | nogon I |
B | " [ I I |
[ T T I L
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0_01,‘1"”‘\ \ IR ot ety

oo
' v
N o T

0.005} |

0 20 40 60 80 100
Figure 3: [~ and [s-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 7 = 1.5 and at the north boundary, y = 1, in
the fluid domain, there is a Mach 0.5 free-stream boundary condition with 7" = 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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(a) Temperature distribution and velocity profile (b) Intersection of the temperature distri-
bution along x = 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, kT, = RSTy (A.1)

for the temperature, and the no-slip' conditions

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

il = [ i, 1712, = [ 10 (A3)
Ql QZ

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

1

¢ T
—F P, UV, ———F——
Valz ey —1)

w =

(A.4)

1See [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 —-~—. To apply the
e/ (-1

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

Pr-Re Pr
Pe, = = — A5
¢ Ma € ( )

where Pr is the Prandtl number. Then (15) becomes

T; _ EKs
/(v —1)  Prey/v(y — 1)pscs

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

(Toe + Ty (A.6)

1

p , 1 - —2¢ / VYR Vals o
d 1 5 < TT, — 1T, | dx.
o (HUJ”JI + 62'}/('}/ - 1) || ||l/2) — 62")/(")/ _ 1)P7a ( ﬁ Y PsCs Y i

’ (A7)

If we choose 5
v = —p, Vg = PsCs (A8)
T

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

1
1 2¢e

d ) . - ~
— — 7?2 )| < =————— | T(RT, — kT, )dx =0 (A9
7 (W, + o= I8 ) < o / (1, — w0 dr =0 (A9)

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

wi+ (D, ® L)F+ (D, ® 1) G =S,

= - (A.10)
T, — (DT + DIT) =S.
The penalty terms are given by
S= (B, Eeyy ® 1) (W—g')
+ €09 (nylEx’yN ® 14) (P_IQW — gl)
+e03 (B ' Eryy ® Is) (Hsw — g2)
+€(Py_1E$,yN ®]4) él <H3 (D ®I4)W— %) (A 11)

Py By @ %0) (ITw = (T @ eq))

+e
+e (Py—ng ey @ 25) (f;fw — [_QT(T ® e4)>
(

Te szlEfv’yN ® 26) (’_JlT (Dy ® [4) W= “sjg(DyT ® e4)> ’

where X456 = 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 =eniB, Buyy (T = T) +ersP, ' DY By, (T - T)
o o B (A.12)
+ e By <I{SDyT - RDyT>

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 eR,
—1+rPr R(=1+7Pr)

0-4:7_4§07 05 = —RsT, O = y Tp = — Pr )

T6 = T.
Pr

(A.13)
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Proof. We apply the energy method, using the modified discrete norms,
lw]|2, = wT(P® Ji)w, ||T|? =wnT?PT, (A.14)

where J; = diag[l,1,1,14] 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 CRLATE TIE
SlwlB, + SITIZ, <0 (A15)
when using the penalty coefficients given in (A.13). O
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