MODELLISTICA E CALCOLO SCIENTIFICO

MODELING AND SCIENTIFIC COMPUTING

MOX-Report No. 74/2021

An efficient IMEX-DG solver for the compressible
Navier-Stokes equations with a general equation of state

Orlando,G.; Barbante, P. F.; Bonaventura, L.

MOX, Dipartimento di Matematica
Politecnico di Milano, Via Bonardi 9 - 20133 Milano (Italy)

mox-dmat@polimi.it http://mox.polimi.it



An efficient IMEX-DG solver for the compressible
Navier-Stokes equations with a general equation
of state

Giuseppe Orlando™

Paolo Francesco Barbante™, Luca Bonaventura®

November 25, 2021

(1) MOX, Dipartimento di Matematica, Politecnico di Milano
Piazza Leonardo da Vinci 32, 20133 Milano, Italy

giuseppe.orlando@polimi.it, luca.bonaventura@polimi.it,
paolo.barbante@polimi.it

Keywords: Navier-Stokes equations, compressible flows, Discontinuous Galerkin
methods, implicit methods, ESDIRK methods.

AMS Subject Classification: 656M08, 656N08, 656N12, 65Z05, 76R50



Abstract

We propose an efficient, accurate and robust IMEX solver for the com-
pressible Navier-Stokes equation with general equation of state. The method,
which is based on an h—adaptive Discontinuos Galerkin spatial discretiza-
tion and on an Additive Runge Kutta IMEX method for time discretiza-
tion, is tailored for low Mach number applications and allows to simulate
low Mach regimes at a significantly reduced computational cost, while main-
taining full second order accuracy also for higher Mach number regimes. The
method has been implemented in the framework of the deal.II numerical li-
brary, whose adaptive mesh refinement capabilities are employed to enhance
efficiency. Refinement indicators appropriate for real gas phenomena have
been introduced. A number of numerical experiments on classical bench-
marks for compressible flows and their extension to real gases demonstrate
the properties of the proposed method.

1 Introduction

The efficient numerical solution of the compressible Navier-Stokes equa-
tions poses several major computational challenges. In particular, for flow
regimes characterized by low Mach number and moderate Reynolds number
values, severe time step restrictions may be required by standard explicit
time discretization methods. The use of implicit and semi-implicit methods
has a long tradition in low Mach number flows, see for example the seminal
papers [11, 12} [36], as well as many other contributions in the literature on
numerical weather prediction, see e.g. [0 [18, 201 21, 29, 35| 37, 43, [42] and
the reviews in [39, [§]. Other contributions have been proposed in the liter-
ature on more classical computational fluid dynamics, see e.g. [, 4, O, 10,
13, B1, [41]. Many of these contributions focus exclusively on the equations
of motion of an ideal gas and their extension to real gases is not necessarily
straightforward. Stability concerns are even more critical in these particular
regimes for spatial discretizations based on the Discontinuous Galerkin (DG)
method (see e.g. [19, 26] for a general presentation of this method), which
is the spatial discretization used in many of the above referenced papers.

In this work, we seek to combine an accurate and flexible discontinuous
DG space discretization with an implicit-explicit (IMEX) time discretiza-
tion, see e.g. [27, B3], to obtain an efficient method for compressible flow
of real gases at low to moderate Mach numbers. Our goal is to derive a
method that can then be easily extended to handle multiphase compressible
flows, where a number of coupling and forcing terms arise that cannot be
dealt with efficiently by straightforward application of conventional solvers.
In order to obtain a method that is robust in the low Mach number limit,
following [T}, 13], we couple implicitly the energy equation to the momen-
tum equation, while treating the continuity equation in an explicit fashion.



Notice that a conceptually similar approach has been used in [29] 37] for the
discretization employed in the IFS-FVM atmospheric model. In order to
obtain a formulation that is efficient also in presence of non negligible vis-
cous terms, we resort to an operator splitting approach, see e.g. [30]. More
specifically, as commonly done in numerical models for atmospheric physics,
we split the hyperbolic part of the problem, which is treated by an IMEX
extension of the method proposed in [13], from the diffusive terms, which
are treated implicitly. Second order accuracy can then be obtained by the
Strang splitting approach [30], [40]. Notice that, with respect to the IMEX
approach proposed for the Euler equations in [45], the technique presented
here does not require to introduce reference solutions, does not introduce
inconsistencies in the splitting with respect to a reference solution and only
requires the solution of linear system of a size equal to that of the number of
discrete degrees of freedom needed to describe a scalar variable, as in [13].

For the spatial discretization, we rely on the DG approach implemented
in the numerical library deal.Il [2], which is a very convenient environment
to develop a reliable and easily accessible tool for large scale industrial ap-
plications. This software also provides h—refinement capabilities that are
exploited by the proposed method. For the specific case of real gases, physi-
cally based refinement criteria have been developed and tested, which allow
to track accurately convection phenomena also for general equations of state.
The numerical experiments reported below show the ability of the proposed
scheme and of its adaptive implementation to perform accurate simulations
in different settings. The model equations and their non dimensional for-
mulation are reviewed in Section [2] The time discretization approach is
outlined and discussed in Section [3| The spatial discretization is presented
in Section |4} Some implementation issues are described in Section |5, while
the validation of the proposed method and its application to a number of
significant benchmarks is reported in Section [} Some conclusions and per-
spectives for future work are presented in Section [7]

2 The compressible Navier-Stokes equa-
tions

Let © ¢ R% 2 < d < 3 be a connected open bounded set with a suffi-
ciently smooth boundary 9€) and denote by x the spatial coordinates and by
t the temporal coordinate. We consider the classical unsteady compressible



Navier-Stokes equations, written in flux form as:

)
PV (pu) = 0

ot
8(5:)—1-V-(pu®u)+Vp = V.14 pf (1)
E
a<gt ) +V-[(pE+pu] = V(ru—q)+pf -u

for x € Q, t € [0, T¥], supplied with suitable initial and boundary conditions.
Here Ty is the final time, p is the density, u is the fluid velocity, p is the
pressure, q denotes the heat flux and f represents volumetric forces. Notice
that, at this stage, no more specific assumptions are made on the fluid.
Possible choices of thermal and caloric equations of state will be specified in
the following. pF is the total energy, which can be rewritten as pE = pe+pk,
where e is the internal energy and k = |lu|?/2 is the kinetic energy. We also
introduce the specific enthalpy h = e + p/p and remark that one can also
rewrite the energy flux as

(pE+pu=(e+k+ g)pu = (h+k)pu.

We assume that q = —xVT, where T' denotes the absolute temperature and
k the thermal conductivity. Furthermore, we assume that the linear stress
constitutive equation holds and we neglect the bulk viscosity, so that

7 =p(Vu+ Vu’) - %“(v ~u)L.

The equations can then be rewritten as

ap B
E + V- (pu) = 0
8((%11) +V-(pu@u)+Vp = uV- [(Vu +vul) - ;(V : u)I}
+ pf (2)
8(gtE) +V-[(h+k)pu] = pV- [(Vu +vul)u-— g(v . u)u]

+ KAT + pf - u.

We now introduce reference scaling values £, 7T,U for the length, time and
velocity, respectively, as well as reference values P, R, TT,E, T for pressure,
density, temperature, total energy and internal energy, respectively. We
assume unit Strouhal number St = L/UT = 1, that the enthalpy scales like

T+ P/R and that
2
-7+ 2 42
+ ot
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The model equations can then be written in non-dimensional form as

adp B
a + V. (pu) =0

%Otquv.(pu@u)Jerva = ﬁv [(VUJFVHT)_;(V.H)I]
et (3)
agtE-l—V-[(hW—{—kLg)pu} = %V. |:(vu+vuT)u_§(v_u)u]
+ %AT-}-?pf.u'

We then define the Reynolds, Prandtl and Mach numbers as

where ¢, denotes the specific heat at constant pressure, so that, for low and
moderate Mach numbers,

2
1
Z/L = ﬁ:O(MG2)
€ m+1+Ma2
I+P/R =+
= = A~ o). (@)
m_'—l—i_Ma2

This justifies, in the above mentioned regimes, methods in which an implicit
coupling between the pressure gradient and the energy flux is enforced. This
strategy has been proposed in the seminal paper [11] and in the more recent
works [13, B1]. We finally assume that the only acting volumetric force is
gravity, so that f = —gk, where g denotes the acceleration of gravity and k
the upward pointing unit vector in the standard Cartesian reference frame.
It follows that

upg - Z/[2 p_Z/l2p_Fr2 —g£

L gpL gpL 1 p )

r = = = O(Ma?). 5
e T ITEvw T W L1+, B (Ma?). (5)

As a result, we will consider the non dimensional model equations



ap B
N +V-(pu) = 0

%u+v.(pu®u)+]\;a2vp = év. [(W+WT)§(VM)I]
-k (6)
8§tE+v [(h+ kMa?) pu] = ]\]{322 v. [(VquvuT)u_?)(v.u)u}
+ PL%AT—pﬁﬁfkqh

where we have taken ¢, 77 /€ ~ 1, which can be justified at moderate values
of the Mach number. Notice that these non dimensional equations are very
similar to those derived in [31].

As previously remarked, the above equations must be complemented by
an equation of state (EOS) for the compressible fluid. A classical choice is
that of an ideal gas, whose EOS, in the non dimensional variables introduced
above, is given by

p=(y-1) <pE— ;Ma2pu-u>. (7)

An example of non ideal gas model is given instead by van der Waals EOS,
see e.g. [44]:
y—1 L9 l1—~ 2
=—— | pE—=-M : —(1+—= 8

p 1_pb<p 5 apuu) (+1_pb ap (8)
where a and b are known as the van der Waals’ constants. Notice that, for
a = b = 0 the ideal gas law is retrieved. The caloric EOS for the ideal and
van der Waals case reads

R
=T 9
e - ap (9)

where R is the specific gas constant. An important parameter to determine
the regime in which real gas effects are relevant is the so-called compress-
ibility factor z = pR#T’ When z = 1, the gas can be treated as an ideal one,
while the ideal gas law is no longer valid for values of z very different from
one. Another example is the Stiffened Gas equation of state (SG-EOS) [32],
which is interesting for its convexity property and is given by

1
p=(y—1) <pE—2Ma2pu-u—pq> - (10)

where ¢ and 7 parameters that determine the gas characteristics. The caloric
equation for the SG-EOS can be written as:

(p+m) RT

ROV RS 1

6



3 The time discretization strategy

In the low Mach number limit, terms proportional to 1/Ma? in equa-
tions @ yield stiff components of the resulting semidiscretized ODE system.
Therefore, following as remarked above [111 [13], it is appropriate to couple
implicitly the energy equation to the momentum equation, while the con-
tinuity equation can be discretized in a fully explicit fashion. While this
would be sufficient to yield an efficient time discretization approach for the
purely hyperbolic system associated to @ in absence of gravity, in regimes
for which

Pr=~0(1), Fr<<1

thermal diffusivity and gravity terms would also have to be treated implicitly
for the time discretization methods to be efficient. Straightforward applica-
tion of any monolithic solver would then yield large algebraic systems with
multiple couplings between discrete DOF associated to different physical
variables. To avoid this, we resort to an operator splitting approach, see
e.g. [30], as commonly done in numerical models for atmospheric physics,
see e.g. the reviews in [§], [39]. More specifically, after spatial discretization,
all diffusive terms on the right hand side of (6] are split from the hyperbolic
part on the left hand side. The hyperbolic part is treated in a similar fashion
to what outlined in [I3], while the diffusive terms are treated implicitly. For
simplicity, the gravity terms will be treated explictly in this first attempt
and only a basic, first order splitting will be described, which can be easily
improved to second order accuracy by the Strang splitting approach [30, 40)].

For the time discretization, an IMplicit EXplicit (IMEX) Additive Runge
Kutta method (ARK) [27] method will be used. These methods are useful
for time dependent problems that can be formulated as y' = fg(y,t) +
fns(y,t), where the S and NS subscripts denote the stiff and non-stiff
components of the system, to which the implicit and explicit companion
methods are applied, respectively. If v =~ y(t"), the generic s— stage
IMEX-ARK method can be defined as

s—1
vl =y 4 At > <almfN5(v(”7m),t—|—cmAt)
m=1

+ dlmfs(v("’m),t + CmAt)> + Atay fs(V(n’l),t + ClAt).

where [ = 1,...,s. After computation of the intermediate stages, v**! is
computed as

vl = v L At Z by [st(v(”’l),t +qAt) + f5(vD 4 ClAt)] :
=1

Coefficients ayp,, Gpm, ¢; and by are determined so that the method is con-
sistent of a given order. In particular, in addition to the order conditions
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specific to each sub-method, the coefficients should respect coupling condi-
tions. Here, we consider a variant of the IMEX method proposed in [20],
whose coefficients are presented in the Butcher tableaux reported in Tables
and [2| for the explicit and implicit method, respectively, where v = 2 —+/2.
The coefficients of the explicit method were proposed in [20], while the im-
plicit method, also employed in the same paper, coincides indeed for the
above choice of v with the TR-BDF2 method proposed in [3| 24] and ap-
plied to the Euler equations in [43]. Notice that, even though we focus here
on this specific second order method, the same strategy we outline is appli-
cable to a generic DIRK method. In particular, higher order methods could
be considered for coupling to high order spatial discretization, even though
the effective overall accuracy would be limited by the splitting procedure if
gravity and viscous terms are present.

0 0
0 o' 0
11—« o 0
‘1_1 T _ 7 7
2 4 2 4 2

Table 1: Butcher tableaux of the explicit ARK2 method
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Table 2: Butcher tableaux of the implicit ARK2 method

Notice that, as discussed in [20], the choice of the coefficients

7 —2y 2y —1
o= l—a=

6 6

in the third stage of the explicit part of the method is arbitrary. In [20], the
above value of o was chosen with the aim of maximizing the stability region
of the method. However, if a stability and absolute monotonicity analysis is
carried out, as discussed in detail in Appendix[A] it can be seen that different
choices might be more advantageous, in order to improve the monotonicity
of the method without compromising its stability. In particular, the value
of a = 1/2 appears to be a more appropriate choice, as also demonstrated
by the numerical experiments reported in Section [6]



We now describe the application of this IMEX method and of the split-
ting approach outlined above to equations @ Notice that, for simplicity,
we first present the time semi-discretization only, while maintaining the
continuous form of @ with respect to the spatial variables. The detailed
description of the algebraic problems resulting from the full space and time
discretization according to the method outlined here will be presented in
Section [l

For each time step, we first consider the discretization of the hyperbolic
and forcing terms. For the first stage of the method, one simply has

p(n,l) — pn u(n,l) —u” E(n,l) — ™.

For the second stage, we can write formally

p("’2) = p" —aaAtV-(p"u")
At
n,2 n,2 ~ n,2 n,2
p( u™? 4 Gy a2Vp( ) = m™?) (12)

pMAEM) L G ALY (h<n,2)p<n,2>u(n,2>) — o2,

where we have set

m(?) = pru’
- a1 At V- (p"u" @ u") — ag ]\?;2 Vp" — agl%pnk (13)
e = pPE" —ay AtV (W"p"Ma") — agi AtMa® V- (k" p"u™)
- aglAg\g "k -u”.

Notice that, substituting formally p(»2u(®2) into the energy equation and
taking into account the definitions pFE = pe + pk and h = e+ p/p, the above
system can be solved by computing the solution of

P2 e(pt™?), p2)) + k)] (14)
~ AtQ n n p(n,Z) n
- a%QW V- (6(]?( ’2)7P( ,2)) + p(mz) vp( 2)

+ a9 AtV-

2 (ma)y , P (n,2) (n,2)
e(p\™, p\™ )+p(n72) m\" | =e\™

in terms of p(™?) according to the fixed point procedure described in [I3].
More specifically, setting 0 = p2) p(n20) — (1) ope solves for | =
1,..., M the equation



2 l
P D(lirD) ym2)y _ g2 A V.Ke(gm’ p<n72))+5()> Vé(””]

922312 p(n.2)
_ e(n,Z) o p(n,Q)k(n,Zl) (15)
. o w2y, £\ o
— anAtV- || eV, p"™ ) + oy |
p ’

and updates the velocity as

(n,2,14+1) axnAt (+1) _ . (n.2)
u + D) M a2 \Y%3 =m'".
In case of a non-ideal gas equation of state, p(™2e (f(lﬂ), ,0(”’2)) contains a
term that only depends on the density, as evident from Equation and
from Equation . Therefore, it has to be considered on the right-hand
side. For the sake of clarity, we report the fixed point equation for the van

der Waals EOS:

o At? . Y
a%ZW <e(€(l)’ p( ’2)) + p(n,2) vﬁ(l+1)

— e(n72) — p(n72)k(n727l) _ <1 —+ M) a(p(n12))2

0)
(e@m, 2y 4 & 7 ) m(nm] _

The same considerations as in [I3] apply concerning the favourable proper-
ties of the weakly nonlinear system resulting from the discrete form of .

P2 (gD Hm2)y v.

— axnAtV-

Once the iterations have been completed, one sets u(™2) = u(2M+1) and
E(™2) accordingly. For the third stage, one can write formally
At
3) (1,3 ~ 3) _ 3
P a3 4 Gas o Vp(3) = m (™3 (16)

P EMS) L G ALY (h<n,3)p<n,3)u<n,3>):e<n,3>,
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where the right hand sides are defined as

m(3) = pla”
— a3 AtV-(p"u" @u") —as Mi;Vp” — as; FA—:?p”k (17)
N ( pn2y(n? g u(m)) _ &32%vp(m) _ m% H D
e(™?) = P"E"™ — a3 AtV- (h"p"a") — azi AtMa® V- (K" p"u™)
— a3 At Fr22 Pk - u”

— ag ALV (hm,z) p<n,2)u<n,2>) — agyAtMa> V- (k<n,2> p<n,z>u<n,2>>
Ma2 n,2 n,2
— a32AtF7r2p( ’ )k . u( ’ )

Again, the solution of this stage is computed by substituting formally p("3)u(™:3)

into the energy equation and computing the solution of

P e(p™?), p3)) 4 k9] (18)

B AtQ n n p(n,S) n

U330 q2 (.3)

n,3
(e(p(”’3),p(”’3)) o )> m(”’?’)] = e(m3),

+ as3At'V-

p(”:3)

More specifically, setting £ = p(3) f(3.0) — E(2) one solves for | =
1,..., M the equation

9 A2 0
(n3) (e(41) (n3)y _  G33A17 _ O (n3) 3 (1+1)
p"e(E8T, ptm) vz Y [(6(& p) A ey | VE

p
— 3 _ p(n’3)k(n73,l) (19)
; 0wy, €70\ Lo
— az3AtV- 6(5 P )+ (n,3) m*”
p 9
and updates the velocity as
At
(n,3,0+1) 4 =~ (I+1) — 1y (n:3)
u + as3 p(n’g)Ma2 V& =m .

Once again, in case of a non-ideal gas equation of state, the expression of
p3e (f(l“), p(”’?’)) is slightly different. For the sake of clarity, we report

11



also for this stage the fixed point equation for the van der Waals EOS:

0 A2 0
(n3) (1) (n3)yy _  G33A° _ ) (n.3) 3 (14+1)
prre(€, ) a2 Y <€(€ P | Ve
= e™d) — p(n3) (3.0 (20)

11—~ (n,3)\2
_ <1 + 1,09 p("’3)b> a(p )

0
(e@m, ) 4 fn 3)) m(n,3>]
p El

Let us consider now the diffusive part of the Navier-Stokes equations that,
as already mentioned in Section [I} will be treated with an operator splitting
technique. For the sake of clarity, we denote with ~ the quantities computed
in this part of the scheme; hence, we define

— as3AtV-

ﬁ(n’l) — u(n’?’) E(nrl) — E(n73)

and we proceed to the discretization of the viscous terms, which is carried
out by the implicit part of the IMEX method previously described:

At 2 2

. AtMa? 2 (n,2)
e 5, S G [(Vﬁ +val)a— (V- ﬁ)ﬁ}
Re 3
At ~
- a (n,2) — a(n,2)
a9y PT'R@ AT e s
where we have set
At 2 (1)
m2) = gl 4 a5 V- [(Vﬁ +vial) - 3V ﬁ)I}
é(n,Q) — pn—&—lE(ml)
_ AtMa? T 2 (n.1)
+ as1 T V- [(Vu+Vu )u—S(V'u)u}
At -
P (n71)
+ a21 Prie AT .

Notice that the momentum equation in is decoupled from the energy
equation and can be solved independently, so that in a subsequent step the
equation for E(™?) can be solved using temperature as an unknown. For the
third stage, one can write formally

12



At 2 (n,3)
pn+1ﬁ(n,3) _ &33§ AV |:(Vﬁ + vﬁT) _ g(v . ﬁ)I:| — rh(n,?))

~ 2 (n,3)
P EMS) Gl AtMa” o (Vi+val)a - 2(v Sa)a
Re 3
At
PrRe

where the right hand sides are defined as

~ s AT _ 5n3),

~ (n3 1x(n,1 At ~ _7y 2 ey
m™?) = il 4 C~l31§ V- [(Vu+ va') - g(V . u)I}

b Aol (Va4 val) - 2(v- o) " (22)
432 Re 3
é(n,3) — pn+1E(n,1) (23)

2
bty [(VﬁJrVﬁT) i

Re

AtMa? (n.2)
+ s Rea v [(Vﬁ+VﬁT)a— (V'ﬁ)ﬁ}

At “n1) - At
PrRe AT + 452 PrRe
Again, the momentum equation in is decoupled from the energy equa-
tion and can be solved independently, so that in a subsequent step the
equation for E(™3) can be solved using temperature as an unkown. Finally,
one sets

+ asi

un—i—l — ﬁ(n,S) En+1 — E(n,S)

and the computation of the n—th time step is completed.

4 The spatial discretization strategy

We consider a decomposition of the domain €2 into a family of hexahedra
Th (quadrilaterals in the two-dimensional case) and denote each element by
K. The skeleton &£ denotes the set of all element faces and & = &L U EB,
where €7 is the subset of interior faces and £ is the subset of boundary
faces. Suitable jump and average operators can then be defined as customary
for finite element discretizations. A face I' € ! shares two elements that
we denote by KT with outward unit normal n* and K~ with outward unit
normal n~, whereas for a face I' € £8 we denote by n the outward unit
normal. For a scalar function ¢ the jump is defined as

el =¢tnt +on™ ifT el [[p]]=¢n iflec&PB.
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The average is defined as

{e}} =3 (so +o7) ifreel  {{pll=¢ ife&l
Similar deﬁmtlons apply for a vector function ¢:

el =" nt+¢ n ifTe& [p]=¢-n ifCec&B
el =3 (et +e) iTee  ({p}h=p iTeE”,
For vector functions, it is also useful to define a tensor jump as:
(N =¢t@nt +o @n™ ifTe&  ((p)=¢pon ifl el
We also introduce the following finite element spaces
Qe={vel’(Q):vgeQ VKeT} Vi=[Q,

where Q is the space of polynomials of degree k in each coordinate direction.
We then denote by ¢;(x) the basis functions for the space Vi, and by ;(x)
the basis functions for the space (Qi, the finite element spaces chosen for the
discretization of the velocity and of the pressure (as well as the density),
respectively.

dim(Vp,) dim(Qp)
~ Y we;x) pr Y piY(x).
j=1 Jj=1

Given these definitions, the weak formulation for the momentum equation
of the second stage (12]) reads as follows:

Z / P12 (2) . a0
- Z/ CmM L2y de+Z/a22Ma2 p2 1) ()] ds

Fe£

= g p”u”-de—E /a —p"k-de
7 /K = /K 2UEr
..M n . ~ At n
+ E /a21At(p u" @u"): VvdQ + gK /Kalecﬂp V - vdQ

_ Z/aglAt{{p u" @u"t}:((v))d

ree¢

- 3 [ an g (0"

re&

— Z/aglAt

ree

A, 1)

u®)) s {(v))dx (24)
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where

+
u" -nt|,

A — max (

u” -n_D

In view of the implicit coupling between the momentum and the energy
equations, we need to derive the algebraic formulation of in order to
formally substitute the degrees of freedom of the velocity into the algebraic
formulation of the energy equation. We take v = ¢,, i = 1...dim(V},) and
we exploit the representation introduced above to obtain

dim(Vp) , dim(Qp) )
Z/ (n.2) Z U(n )90] St — Z/ a22M ;n 4V - pyd2
Jj= 1
dlm(Qh
w3 iy > D i i) d

ree j=1

At
K K r
K K
n..n ny . ~ At n
+ g / a1 At (p"u" @u") : V,dQ + EK /Ka21Ma2p V - ;dQ

S / as At {{p"u" @ u"}} : ((;)) d3)

Te&
- 3 [angr (0" el s
e
nl)
. / an At ) : () dE (25)
re&

which can be written in compact form as

A(n,Q)U(n,Q) + B(n,Q)P(nQ) _ F(n,2) (26)
where we have set
AG? = Z / p("’2)¢j-%d9 (27)
B =3 [ g e+ 3 [ () el
reg
(28)

with U(™2) denoting the vector of the degrees of freedom associated to the
velocity field and P(™2) denoting the vector of the degrees of freedom asso-
ciated to the pressure. Consider now the weak formulation for the energy
equation of the second stage

15



3 / D B0 - 3 / Gian A2 5124 (12) . 7 pd )
K K K 'K
+ > / aga At { § b2 pmD (2 UL 1) ds
5 famae{ )
2
= Z/ p”E"wdQ—Z/ a21At]\42a Pk - u"wd
% K I% K F'f'

+ Z/ ag1 AtMa® (K" p™u™) - VwdQ + Z/ a1 At (h"p™ua™) - Vwd)
/K

— Z/aglAtMa {{kn n}}[[w“ d

ree

- X [aat )y () a (20)

reel

Take w = 1); and consider the expansion for u(™? in to get

m(Vy)
Z/ (n,2) n2)1/} dQ — Z/ a22Ath(n2 (n,2) Z Vq/)zdﬂ
dim(Vy,) )

w3 [amar > u {{nrD 2 L - () ax

Teg
AtMa?
= Z/ p”E”widQ—Z/ an 2@ Pk - u";dQ
1% K I% K Fr

+ Z / as AtMa? (k"p"u”)-vwidﬂ+z / o1 At (K" p"u™) - Vap;dQ
K K

— Z/ aglAtMa {{kn n}} ) [[wl]] d

Teg&

- X [amacrsary - fw s (30)

Teg

which can be expressed in compact form as

C(n72)U(n72) — G(’I’L,Z) (31)

where we have set
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c@gﬂ?) =Y / — g Ath™? pl" 2 - VepdQ
K K
+ 3 [amar{ {n 220, ) o a2 (32)
Ieg

Formally we can then derive U2 = (A(2)~1 (F(2) — Bn2P(2)) and
obtain the following relation

C(mD (A(m2))-1 (F(mz) _ B(n,Q)P(n,Q)) — g2 (33)
Taking into account that

p(n,Z)E(n,Q) — p(n,2)e(n,2) (p(n,Q)) + Ma2p(n,2)k(n,2)’

we finally obtain

) (A (m2))-1 (F(n,2) _ B(ng)P(nz)) — _DEIPp™) L G2 (34)

where we have set

DG =3 [ e, (35)
K K

and G(™2) takes into account all the other terms (the one at previous stage
and the kinetic energy). The above system can be solved in terms of P2
according to the fixed point procedure described in [I3]. More specifically,
setting P20 — pl) (n20) — 1) for | = 1,..., M one solves the
equation

(D(m?,l) _ C(n,z,l)(A(n,z))—1B(n,z)> P2+ — G20 _ g2 (A m2))-1pr2)
and updates the velocity solving

A(n,?)U(n,Q,l—i-l) _ F(n,Q,l) - B(n,Z)P(n,Z,H—l).

For the third stage, we proceed in a similar manner. We start with the weak
formulation of the momentum equation in :
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/ 3 a3) L vd0

At (n,3) n3)
/ 33M7 v VdQ+Z/a33M P} }}[[VH dE
/Kp u” - vdQ) — Z/ a31F 2p"k vd{) — Z/ 8275 2p"Zk vd2

At (p"u" ™ dQ a "V - vdQ
/Ka31 (p"u" ®@u"): Vv —i—Z/ a31Ma2pV v
+ Z/ aggAt (n,2) (”2)®u(”2> Vde+Z/ a32M 2p 2V - vdQ

_ Z/aglm{{p u' @u"}}: ((v))dS

Teg

- % [angps (G (v)as

Teg

~ Z/agzm {pr D gL (v))as

Ireg

=

N

|
=] =04 =M =

(pmDumD)) s ((v)) ax (36)

)

A™2) — max (‘u(”’z)+ -n”

a™2” - D

Now, taking v = ¢, and exploiting the representation of u™3) and p(3),
we end up with the following relation
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dim(Vy) dim(Qp)

> [ o I Y [y Yo 09 g0

Jj= 1

dlm(Qh)

n,3
T Z/mM S oY {3} [l dx
Ieg j=1
At At
_ n..n _ nl, . _ M2 . .
= Z/Kp u” - ,d9 E:/KaglFer k - ,dS Ej/KagQFﬂp k - ,df
K K K
At
+ /a At (p"u" @ u™) : Vip,dQ + /a PV - ,dQ

. At
K

_ Z/aglAt{{p u’ @ u"}} : () dE

Ieg

- 3 [angr M el ds
I'eg

- Z/a32At (n2 (n2)®u("2)}} : {{)) dX
Te

- Z/ 32Ma2 nQ)}} [[p;]] dX
_ Z/aglAtA(n D

Teg

_;e:g/r

which can be written in compact form as

u®)) : ((pi) d%

2 (s D) oy s (37)

A(n,3)U(n,3) + B(n,B)P(n,B) _ F(n,3) (38)
where we have set
gD =3 [ A, g (39)
7 K
(n3) _ At
Bij = Z/ —aggmv : QOﬂﬂde
3 [ anggs (W (e a2 (10)
ree
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and U3 denotes the vector of the degrees of freedom associated to the
velocity field, whereas P(™3) denotes the vector of the degrees of freedom as-
sociated to the pressure. Consider now the weak formulation for the energy

equation in

> / p I B Dwd - / a3 Ath(™?) p(t3)u(3) - gydQ)
K VK K VK

+ > / assAt { 3 b3 pm3) g3 UL [ de
5 [ )

AtMa? AtM
= Z/ p"E"wdQ—Z/ asy FrQa Pk - u"wdQ — Z/ aso a 2k - u™wd0
K K K K

+ Z /K a1 AtMa? (k" p"u™) - VwdQ + Z /K as At (h"p"a™) - VwdQ)
K K

i Z/ sy AtMa? (k(n,Z)p(n,Q)u(mQ)) - VwdQ + Z/ G2 Al (h(n,2)p(n,2)u(n,2)>  Vwd9
 JK

= 3 [ en At (i) - ] 0

Teg

S [ - o) o

e

S / asptMa? { {50202 L ()] as

Teg

S / st { ”2>p<n’2>u<"72>}} [[w]] 4z (41)

Ireg

Take now w = ; and consider the expansion for u(™3)
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m(Vy,)
Z/ (n:8) B:3) ;A0 — Z/ ags Ath(™3) p(n-3) Z i - ViidQ2
dim(Vy,) )

£ 3 [ > a9 {n09pn96 M- ) ax

reel

Ma? Ma?
= Z/ P EMb;d) — Z/ aglAt a Pk - up;dS) — Z/ a32At a (n2)k u(n2¢dQ
+ Z / az1 AtMa? (k"p"u”)-vwid9+z / az1 At (h"p"u") - VbydQ

K K K K

+ Z / azaAtMa? (k(”’2)p(”’2)u(”’2)) VG2 + > / N (h(”’2)p(”’2)u("’2)> VabidS)
K K

= 3 [ ematha® (i) - [l 0

I'e€

- X [amarrwyy- () as

Teg

S / aspAtMa? {{K0 2, Dun2 L ()] a5

Ireg

= Y [anar{{prnr DY) () an @)
ree”’l

which can be expressed in compact form as

C(n73)U(n13) — G(n’g) (43)

where

e =% / —ags Ath™®) pl3) - VepdQ
K K

+ 3 [amar{ (ne 99} o)z (14)
ree’/T

Formally, one can derive U(™3) = (A(m3))~1 (F("’?’) - B(”’?’)P(”’?’)) and ob-
tain the following relation

C (3 (A(m3)) -1 (F(n,z) _ B(n,g)P(n,g)) — gmd) (45)
Taking into account that

p(n,S)E(n,?)) _ p(n,S)e(n,?)) + ]\4-a2p(n,3)]{:(71,3)7
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we obtain

C:3) (A (m3))~1 (F(n,S) _ B(n,S)P(n,?))) — _DEIPEI L GO (46)

where

DY =3 /K P ()0 (47)
K

and G(™?) takes into account all the other terms (the one at previous stage
and the kinetic energy). Again, the above system is solved by a fixed point
procedure. More specifically, setting P(:3.0) — pm3) [(n3.0) — p(n2) for
l=1,..., M one solves the equation

(D(n,?),l) _ C(n,3,l)(A(n,B))le(n,3)> pr3itl) — G _ s (Am3))-1pn2)
and then updates the velocity solving

A(n,3)U(n,3,l+1) _ F(n,3,l) o B(n,S)P(n,?),l—i—l)

(n,3) _ (n3.M+1)

Once the iterations have been completed, one sets u = ul and

E(3) accordingly. One sets then

pn+1 _ p(n,?)) gD — yn3)  ghl) — pn3)

and proceeds to the implicit discretization of the viscous terms, which is
carried out by the implicit part of the IMEX method described above. We
would like to stress that the method outlined above does not require to intro-
duce reference solutions, does not introduce inconsistencies in the splitting
and only requires the solution of linear systems of a size equal to that of the
number of discrete degrees of freedom needed to describe a scalar variable,
as in [I3]. This contrasts with other low Mach approaches based on IMEX
methods, such as e.g. the technique proposed for the Euler equations in
[45].

5 Implementation issues

As stated in Section [I, the proposed method has been implemented using
the numerical library deal.Il, which is based on a matrix-free approach.
As a consequence, no global sparse matrix is built and only the action of
the linear operators defined above on a vector is actually computed. The
implementation follows the operator splitting strategy previously described.
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Therefore, we have built two ad-hoc structures, one for the hyperbolic part
and one for the diffusive part. Another feature of the library employed
during the numerical simulations is the mesh adaptation capability, as we
will see in the presentation of the results. The preconditioned conjugate
gradient method implemented in the function SolverCG of the library was
employed to solve the linear systems for the density and for the update
of the velocity in the fixed point iterations, as well as to solve the linear
systems associated to the matrices A2 and A(™3) while the GMRES
solver implemented in the function SolverGMRES of the same library was
used for the remaining linear systems.

On the other hand, in the diffusive part, a Symmetric Interior Penalty
(SIP) approach has been adopted for the space discretization [1]. Moreover,
following [15], we set for each face I' of a cell K

o diam (I)

708 = D (K)

and we define the penalization constant of the SIP method as

C= (URK‘*‘ + UF,K—)

N

if I' € & and C = orkg if I' € EB. All the linear systems for this part
are solved using the preconditioned conjugated gradient mentioned above.
A geometric multigrid preconditioner has been employed for the solution of
the symmetric linear systems using the procedure described in [25], whereas
a Jacobi preconditioner has been used for the non symmetric ones.

6 Numerical tests

The numerical scheme outlined in the previous Sections has been validated
in a number of benchmarks. We set H = min{diam(K)|K € T} and we
define two Courant numbers, one based on the speed of sound denoted by
C and one based on the local velocity of the flow, the so-called advective
Courant number, denoted by C:

1
C= mkcAt/H, Cy = kulAt/H (48)
where c¢ is the magnitude of the speed of sound and u is the magnitude of
the flow velocity. In most of the tests, the ideal gas law with v = 1.4 as

the specific heat ratio is employed. In general, we consider k = 1 for all the
simulations, unless differently stated.
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6.1 Isentropic vortex

As a first benchmark, we consider for an ideal gas the two dimensional
inviscid isentropic vortex also studied in [41], 45]. For this test, an analytic
solution is available, that can be used to assess the convergence properties of
the scheme. The initial conditions are given as a perturbation of a reference
state

p(x,0) = poc +0p  u(x,0) =ux +ou  p(x,0) = poc + Op

and the exact solution is a propagation of the initial condition at the back-
ground velocity

p(x,t) = p(x—uut, 0) u(x,t) = u(x—uxt,0) p(x,t) = p(x—uut, 0)

The typical perturbation is defined as

o 1= 94,2
0T = —— T
877r2/86

with r = \/(CL‘ - x0)2 +(y— y0)2 denoting the radial coordinate and 3 being
the vortex strength. As explained in [45], however, in order to emphasize
the role of the Mach number Ma, we define

1—
0T = 77Ma2ﬂ2617r2
8ym?

and we set
p(x,0) = (1 +6T)7 T  p(x,0) = Ma? (1 + dT)71 . (49)
For what concerns the velocity the typical perturbation is defined as
1 1—7"2)
— . _y 62(
5u_5<x>27r (50)

and also in this case we rescale it using Ma

g\ 207
su=BMa < y) ¢
T 27
We apply the same reasoning also to the background velocity and therefore
we define Uy, = Matin with s, = [10,10]7. To avoid any kind of issue

from the boundary conditions, we choose a sufficiently large domain 2 =
(—10, 10)2 and periodic boundary conditions and, eventually, we set poo = 1,
Poo = 1, 29 = yo = 0, § = 10, the final time Ty = 1 and Ma = 0.1. Notice
that we refrain from investigating the properties of the method in the very
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low Mach number regime for this test, since this entails an almost constant
solution. The numerical experiments have been carried out on Cartesian
meshes of square elements with N,; elements in each coordinate direction,
choosing for each spatial resolution time steps so that the Courant numbers
remained constant (hyperbolic scaling).

We first consider the original IMEX-ARK scheme with o = % for
the explicit part. In Tables the L? errors for density, velocity and
pressure are reported at various resolutions for the k& = 1 case, while the
corresponding errors in the k£ = 2 case are given in Tables We observe
that, in general, convergence rates of at least k + % are observed for kK =1
while for & = 2 the convergence rate seem to degrade at the finest resolution
as soon as the Courant number grows.

N | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 1.99-1073 1.19-1072 2.79-1073

20 7.87-1074 1.34 3.87-1073 1.62 1.11-107° 1.33
40 2.56 - 10~ 1.62 1.08-107° 1.84 3.62-107% 1.62
80 7.22-107° 1.83 2.73-107% 1.98 1.01-10~* 1.84

Table 3: Convergence test for the inviscid isentropic vortex at C' =~ 0.01, C, ~ 0.01
with £ =1 and a = % for the explicit part. Relative errors for the density, the

velocity and the pressure in L? norm. N, denotes the number of elements along
each direction.

N, | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 1.99-1073 1.20 - 102 2.78 - 1073

20 7.92-107* 1.33 3.93-107° 1.61 1.11-1073 1.32
40 2.60-10~% 1.61 1.12-1073 1.81 3.64-107* 1.61
80 7.43-107° 1.81 2.91-107* 1.94 1.03-1074 1.82

Table 4: Convergence test for the inviscid isentropic vortex at C' = 0.05, C,, ~ 0.05
with £k =1 and a = % for the explicit part. Relative errors for the density, the
velocity and the pressure in L? norm. N, denotes the number of elements along
each direction.
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Ny | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 2.10-1073 1.20 - 102 2.73-1073
20 8.00-107% 1.39 4.07-1073 1.56 1.09-1073 1.32
40 2.67-1074 1.58 1.21-107° 1.75 3.64-1074 1.58
80 7.95-107° 1.75 3.44-1074 1.81 1.06-107* 1.78
Table 5: Convergence test for the inviscid isentropic vortex at C' ~ 0.15, C, ~ 0.14
with k=1 and a = % for the explicit part. Relative errors for the density, the
velocity and the pressure in L? norm. N, denotes the number of elements along
each direction.
N, | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 6.37 - 1074 2.61-1073 9.09 - 1074
20 1.18-107* 2.43 3.59-1074 2.86 1.64-107* 247
40 1.83-107° 2.69 4.39-107° 3.03 2.55-107° 2.69
80 3.08-107° 2.57 6.96 - 1076 2.66 4.21-107° 2.60
Table 6: Convergence test for the inviscid isentropic vortex at C' ~ 0.01, C, =~ 0.01
with £ =2 and a = % for the explicit part. Relative errors for the density, the
velocity and the pressure in L? norm. N,; denotes the number of elements along
each direction.
N, | L? rel. error p | L? rate p | L* rel. error u | L? rate u | L? rel. error p | L? rate p
10 | 6.34-107* 2.64-107° 9.08-10~*
20 1.19-10* 241 3.80-107* 2.80 1.65-10~* 2.46
40 1.95-107° 2.61 5.82-107° 2.71 2.63-107° 2.65
80 4.31-107° 2.18 1.81-107° 1.69 5.06 - 107° 2.38

Table 7: Convergence test for the inviscid isentropic vortex at C' =~ 0.05, C, =~ 0.05
with k =2 and a = % for the explicit part. Relative errors for the density, the

velocity and the pressure in L? norm. N,; denotes the number of elements along
each direction.
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Ny | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p

10 6.25-10~% 2.74-1073 8.94-107*

20 | 1.24-1071 2.33 4.63-10~* 2.57 1.65- 1071 2.44

40 2.55-107° 2.28 1.17-107* 1.98 3.03-107° 2.45

80 9.36 - 107 1.45 5.14-107° 1.19 9.14-107° 1.73
Table 8: Convergence test for the inviscid isentropic vortex at C' ~ 0.15, C, ~ 0.14

with £k =2 and a = % for the explicit part. Relative errors for the density, the

velocity and the pressure in L? norm. N, denotes the number of elements along
each direction.

Analogous results are shown in Tables [9{14] for the modified scheme with

a = 0.5, chosen, as discussed in Appendix [A] in order to increase the region
of absolute monotonicity without affecting too much stability. It can be seen
that, for k = 1, slightly lower errors are obtained, especially for the density,
while the behaviour for k£ = 2 is similar to that of the original scheme.

N, | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p

10 2.02-1073 1.19-1072 2.80- 1073

20 7.82-1074 1.37 3.81-1073 1.64 1.11-107° 1.33

40 2.51-1074 1.64 1.04-107° 1.87 3.58-107% 1.63

80 6.96 - 107° 1.85 2.50-10~% 2.06 9.89-107° 1.86
Table 9: Convergence test for the inviscid isentropic vortex at C' ~ 0.01, C, =~ 0.01

with £ = 1 and a = 0.5 for the explicit part. Relative errors for the density, the

velocity and the pressure in L? norm. N,; denotes the number of elements along
each direction.

Ny | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L* rel. error p | L? rate p
10 2.08-107° 1.19-1072 2.81-1073

20 | 7.70-10°" 1.43 3.66 - 1077 1.70 1.10- 1077 1.35
40 2.41-107* 1.68 9.44-107* 1.95 3.49-107* 1.66
80 6.52-107° 1.89 2.08 - 1074 2.18 9.45-107° 1.88

Table 10: Convergence test for the inviscid isentropic vortex at C' =~ 0.05, C, ~
0.05 with £ = 1 and a = 0.5 for the explicit part. Relative errors for the density,

the velocity and the pressure in L? norm. N, denotes the number of elements
along each direction.
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Ny | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 2.34-1073 1.17-1072 2.88 1073

20 7.49-1074 1.64 3.29-107° 1.83 1.09-1073 1.40
40 2.26 - 1074 1.73 7.68-1074 2.10 3.32-1074 1.72
80 6.76 - 107 1.74 2.18-1074 1.82 9.10-107° 1.87

Table 11: Convergence test for the inviscid isentropic vortex at C' ~ 0.15, C, ~
0.14 with £ = 1 and a = 0.5 for the explicit part. Relative errors for the density,

the velocity and the pressure in L? norm. N, denotes the number of elements
along each direction.

N, | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 6.41-107% 2.59-107° 9.07-10~*

20 1.18-107* 2.44 3.41-1071 2.93 1.65-10~* 2.43
40 1.84-107° 2.68 4.46-107° 2.94 2.54-107° 2.50
80 3.72-10°° 2.31 1.33-107° 1.75 4.61-107° 2.46

Table 12: Convergence test for the inviscid isentropic vortex at C' =~ 0.01, C, =~
0.01 with &£ = 2 and a = 0.5 for the explicit part. Relative errors for the density,

the velocity and the pressure in L? norm. N, denotes the number of elements
along each direction.

N, | L? rel. error p | L? rate p | L* rel. error u | L? rate u | L? rel. error p | L? rate p
10 6.53 - 1071 2.56-107° 9.05-1071

20 1.24-1074 2.40 3.49-107* 2.87 1.68 - 1074 2.43
40 2.53-107° 2.29 1.03-1074 1.76 2.96 - 107° 2.50
80 9.76 - 10~° 1.37 5.01-107° 1.00 9.51-107° 1.64

Table 13: Convergence test for the inviscid isentropic vortex at C' ~ 0.05, C,
0.05 with £ = 2 and a = 0.5 for the explicit part. Relative errors for the density,

the velocity and the pressure in L? norm. N, denotes the number of elements
along each direction.
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Ny | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 7.10-107% 2.60-1073 9.17-107*

20 [ 1.68-107* 2.08 6.10-107* 2.09 1.98-107* 2.21
40 5.91-107° 1.51 3.04-1074 1.00 5.76 - 107° 1.78
80 2.85-107° 1.05 1.52-107* 1.00 2.66 - 107° 1.11

Table 14: Convergence test for the inviscid isentropic vortex at C' ~ 0.15, C, ~
0.14 with k£ = 2 and a = 0.5 for the explicit part. Relative errors for the density,
the velocity and the pressure in L? norm. N, denotes the number of elements
along each direction.

In further numerical experiments, we have observed that the lack of
absolute monotonicity strongly effectively affects the computation of density
and, as a consequence, the stability of the whole numerical scheme. For
Courant number around C = 0.2 the original method becomes unstable,
while the modified scheme with o = 0.5 is still able to recover the expected
convergence rates at least in the k = 1 case, as evident from Table |15 while
again in the k = 2 reported in Table we observe a degradation of the
convergence rates. In order to be able to run at slightly longer time steps
we have then chosen to use the a = 0.5 value for the IMEX scheme for the
rest of the numerical simulations carried out in this paper. We notice also
that, for both schemes, the results compare well with the analogous results

presented in [41] and with those obtained in [45] with a higher order IMEX
method.

N, | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 2.71-107° 1.16 - 1072 2.96 - 1073

20 7.74-1071 1.81 2.95-1073 1.98 1.09-1073 1.44
40 2.34-107% 1.73 7.71-107% 1.94 3.28 -107* 1.73
80 8.91-107° 1.39 3.74-107* 1.04 1.01-1074 1.70

Table 15: Convergence test for the inviscid isentropic vortex at C' = 0.2, C, ~ 0.2
with £ = 1 and a = 0.5 for the explicit part. Relative errors for the density, the

velocity and the pressure in L? norm. N, denotes the number of elements along
each direction.
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Ny | L? rel. error p | L? rate p | L? rel. error u | L? rate u | L? rel. error p | L? rate p
10 8.18-107* 2.92-107° 9.58 -10~*

20 2.42-1074 1.76 1.02-1073 1.52 2.57-107% 1.90
40 9.88 -107° 1.29 5.20 - 1074 0.97 9.36-107° 1.46
80 4.79-107° 1.04 2.58 - 1074 1.01 4.47-107° 1.07

Table 16: Convergence test for the inviscid isentropic vortex at C' =~ 0.2, C, ~ 0.2
with £ = 2 and a = 0.5 for the explicit part. Relative errors for the density, the

velocity and the pressure in L? norm. N,; denotes the number of elements along
each direction.

Table 17: Adaptive simulations of the inviscid isentropic vortex at different res-
olutions with a maximum C = 0.1, C, =~ 0.1, relative errors for the density, the

We have also tested in this case the h—adaptive version of the method, in
order to validate the implementation also in case of non-conforming meshes.
The local refinement criterion is based on the gradient of the density. More
specifically, we define for each element K the quantity

N = [Vplloo 5

that acts as local refinement indicator, where [|-|| ,, 5 denotes the L>—norm
over the element K. Table 17| shows the relative errors for all the quanti-
ties on a sequence of adaptive simulations keeping the maximum Courant
numbers fixed. Figure [I| shows instead the density and the adapted mesh

at t = T, from which it can be seen that the refinement criterion is able to
track the vortex correctly.

N | L? rel. error p | L? rel. error u | L? rel. error p
271 2.19-1072 1.20 - 1072 2.97-1073
586 6.39-10~4 3.09-103 9.08 - 1074
1999 1.80 - 10~ 7.93-107% 2.56 - 1074
7678 5.16-107° 1.84-107* 7.42-107°

velocity and the pressure in L? norm with k = 1.
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Figure 1: Adaptive simulation of the inviscid isentropic vortex benchmark:
computational mesh at ¢ = T}, b) contour plot of the density at ¢t = T}.

6.2 Sod shock tube problem

Even though the proposed method is particularly well suited for low Mach
number flows, we have also tested its behaviour also in a situation in which
shock waves occur. For this purpose, we have first considered the classical
Sod shock tube problem for an ideal gas proposed in [38] and also discussed
in [I3]. It consists of a right-moving shock wave, an intermediate contact
discontinuity and a left-moving rarefaction fan. In this higher Mach number
regime it is more appropriate to use the Local Lax-Friedrichs flux (LLF),
defined by setting

1 - 1 -
AmD — ax <Hu(n,1)+ " mc(n,1)+’ a™b) H i mC(n@) >
1 - 1 -
A™2) = ax <Hu(n,2)+ " mc(n,2)+7 u™2) H 4 mc(n,Q) >
where ¢ = 'y% is the speed of sound.

The presence of different discontinuities requires the use of a monotonic
scheme to avoid undershoots and overshoots. It is well known that using
(o finite elements in combination with LLF and explicit time integration
that complies with the monotonicity constraints discussed in [16], 23] 22]
guarantees the monotonicity of the solution. Hence, a way to obtain mono-
tonic results is to project the numerical solution onto the @y subspace for
each element in which a suitable jump indicator exceeds a certain threshold.
Similar projections onto low order components of the solution are also used
in several monotonization approaches, see e.g. [14]. However, since in the
proposed scheme only the density is treated in a full explicit fashion, in order

31



to avoid an excessive complication in the structure of the resulting method
we choose to apply this Q)¢ projection strategy only for the density vari-
able, without introducing monotonization for the velocity and the pressure.
While we are aware that this is not sufficient to guarantee full monotonicity,
the derivation of a fully monotonic IMEX scheme goes beyond the scope of
this work and we do not investigate this issue further here. Therefore, the
results in this Section are to be interpreted merely as a first stress test of
the proposed scheme at higher Mach number values.

We use a smoothness indicator based on the jump of the density across
two faces. More in detail, we define for each element K the quantity

=Y ot =r|l3r
Tefx

where £ denotes the set of all faces belonging to cell K and ||-|| represents
the standard L? norm on I'. Table [1§ highlights the setting of the problem
in terms of initial conditions and position of the initial discontinuity. We
consider a 2D domain (—0.5,0.5) x (0,0.1) in order to test the ability of
the method to capture one-dimensional waves also on multi-dimensional
grids. The other component of the velocity is initialized to 0 and periodic
boundary conditions are imposed in the transverse direction y. The mesh
is composed by 500 x 50 elements and the time step is chosen in such a
way that the maximum Courant number C' ~ 0.07, while the maximum
advective Courant number C, is around 0.06. Figure [2| shows the results
for the density, the velocity and the pressure at ¢ = 0.2 compared with the
exact solution. One can easily notice that the discontinuities are located at
the right position and that the post-discontinuity values are correct.

PL | UL | PL PR UR | PR | Td
1 0 1 (0125 0 0.1 O

Table 18: Initial left and right states for Sod shock tube problem. x; denotes the
position of the initial discontinuity

Figure 2: Sod shock tube problem at ¢ = 0.2, comparison with exact solution, a)
density, b) velocity, ¢) pressure
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We have also considered the same problem in the case of the van der
Waals EOS, taking a = b = 0.5 as proposed in [13]. All the other parameters
are the same as in the previous case. Figure [3] shows the results for the
density, the velocity and the pressure at ¢ = 0.2. Again, a good agreement
between the numerical results and the exact solution is observed for all the

quantities, also in the case of a real gas equation of state.

c)

Figure 3: Sod shock tube problem at ¢ = 0.2, comparison with exact solution, a)
density, b) velocity, ¢) pressure

6.3 2D Lid-driven cavity

We consider now the classical 2D Lid-driven cavity test case. The computa-
tional domain is the box € = (0, 1) x (0, 1) which is initialized with a density
p = 1 and a velocity u = 0. The flow is driven by the upper boundary, whose
velocity is set to u = (1, O)T, while on the other three boundaries a no-slip
condition is imposed. We set Re = 100 and Ma? = 107°. The advantage of
the proposed scheme is that the allowed time step is more than 100 times
larger compared to that of a fully explicit scheme. Indeed, the time-step
chosen is such that the maximum advective Courant number C,, is around
0.12, while the maximum Courant number C is around 49. The streamlines
are shown in Figure [4 and highlight the formation of the main recirculation
pattern. A comparison of the horizontal component of the velocity along
the vertical middle line and of the vertical component of the velocity along
the horizontal middle line with the reference solutions in [I7, 41] is also
presented.
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Figure 4: Computational results for the 2D lid-driven cavity, a) streamlines, b)
comparison with the solutions in [I7] and in [41]. Blue dots denote the results in
[T7], red crosses the results in [41] and the black line our numerical results.

0 0.1 0.2 03 04 05 06 07 08 09 1 )
" b

Figure 5: Computational results for the 2D lid-driven cavity with k = 2, a) stream-
lines, b) comparison with the solutions in [I7] and in [4I]. Blue dots denote the
results in [I7], red crosses the results in [41] and black line our numerical results.

We note a reasonable agreement between the different solutions, even
though there is a still visible discrepancy between our results and the ref-
erence ones. Since the solution in [41I] is obtained using third degree poly-
nomials, in order to further improve the results, we consider also the case
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k = 2. For this higher order approximation we note that our results fit very
well both the reference solutions.

We have also tested the h—adaptive version of the same algorithm, using
a refinement criterion based on the vorticity. More specifically, we define

i = diam (K) [V x ully ¢

as local indicator. We start from a uniform Cartesian with 16 elements
along each direction. We allowed refinement for 5% of the elements with
largest indicator values and coarsening for 30% of the elements with the
smallest indicator values. The minimum element diameter allowed is H =
6%1, while the maximum element diameter is H = %. Figure |§| reports the
computational mesh at steady state and the computed streamlines. One
can easily notice that the local refinement criterion is able to detect and
to automatically enhance the resolution in the zones where vortices appear,
as well as along the top boundary of the domain. For a more quantitative
view, in Figure[7], we compare again the components of the velocity along the
middle lines and, moreover, the absolute difference between the velocities of
the fixed mesh and adaptive simulations is plotted over the whole domain,
showing that no substantial loss of accuracy has occurred with a reduction
of around 25% of the required computational time.
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Figure 6: Adaptive simulation for the 2D lid-driven cavity, a) mesh at steady state,
b) streamlines.
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Figure 7: Adaptive simulation for the 2D lid-driven cavity, a) comparison with the
solutions in [I7] and in [4I]. Blue dots denote the results in [I7], red crosses the
results in [41] and black line our numerical results, b) difference for velocity magni-
tude between the fixed grid simulation and the adaptive simulation (interpolated
to the fixed grid).

6.4 Cold bubble

In this Section, we consider a test case proposed in [34], in which gravity
effects are also taken into account. This problem will also serve as a first
benchmark for the application of the method to the case of real gases equa-
tion of state. The computational domain is the rectangle (0,1000) x (0,2000)
and the initial condition is represented by a thermal anomaly introduced in
an isentropic background atmosphere with constant potential temperature
0o = 303. We recall that the potential temperature is defined for an ideal

gas as
~y—1

o (3)’
b

where py is a reference pressure. The perturbation potential temperature 6’
defines the initial datum, given by

, A if r <wrg
0 =  (r=mp)? .
Aexp (—+—z—) ifr>ng

with 72 = (x — z0)® + (y — 50)* and 29 = 500, yo = 1250, 7o = 50, 0 =
100 and A = —15. Moreover, we set Re = 1000, Fr = 5 and Ma* =
10~°. Notice that we have employed a larger value of the Reynolds number
with respect to the original configuration in [34]. Concerning the boundary
conditions, wall boundary conditions are imposed at all the boundaries.
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Therefore, we set p~ = pT,u” =ut —2(ut -n")n" and p"ET = p~E~,
which reduces to

1 1 1
p— _ (’7 _ 1) <’7_1p+ + §Ma2p+u+ . u+ — QMG,QIO_U_ . u_) .

It is worth to notice that the computation of p~ necessary to impose the
wall boundary conditions clearly depends on the specific equation of state.
In order to enhance the computational efficiency, we employ again mesh
h—adaptivity tool, as refinement indicator the gradient of the potential
temperature, since this quantity allows to identify the cold bubble. More
specifically, we set

as local indicator and we allow to refine when nx exceeds a certain threshold
and to coarsen below another threshold. The initial computational grid is
composed by 50 x 100 elements and we allowed up to two local refinements
only, so as to keep under control the advective Courant number. The time
step is taken equal to 0.08, yielding to a maximum Courant number C' ~ 5.6
and a maximum advective Courant number C, = 0.24.
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Figure 8: Cold bubble in an isentropic atmosphere, deviation from the basic-state
of the potential temperature for adaptive simulation at: a) ¢t = 50, b) t = 100, ¢)
t =150, d) t = 200.
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Figure 9: Cold bubble in an isentropic atmosphere, computational grid for adaptive
simulation at: a) ¢t =50, b) ¢ = 100, ¢) ¢t = 150, d) ¢ = 200.
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Figure [§] shows the deviation of the potential temperature from 6 at
t =50, t =100, t = 150 and t = 200. The qualitative behaviour is the one
expected, since the bubble falls and deforms, gradually developing Kelvin-
Helmholtz type instabilities. Three fixed-point iterations on average for each
stage were required. It is worth to point out that a reduction in computa-
tional time of around 30% with respect to a full resolution grid has been
obtained. We also show in Figure [J] the evolution of the mesh during the
simulation; as one can easily notice, the refinement criterion is able to track
the bubble and the final mesh consists of 19181 elements instead of the 80000
elements of the full resolution mesh.

6.5 Non ideal gas

In this Section, we investigate the ability of the proposed scheme to deal
with different equations of state. We first consider the van der Waals equa-
tion with R = 287.05, a = 11000 and b = 0.0005, leading to an average
compressibility factor z =~ 0.83. We want to employ again the mesh adaptiv-
ity procedure in order to enhance the computational efficiency. However, for
non-ideal gas equations of state, the definition of a potential temperature is
not trivial. It can be proven, after some calculations reported in Appendix
that the quantity 8 = log(T) — 2 (v — 1) atanh (2pb — 1) is constant in
an isentropic process for the van der Waals EOS. Therefore, we consider
it as the counterpart of the potential temperature and the local refinement
indicator for each element is defined by

K = VBl x -

The same remeshing procedure described in the previous Section is then
employed also in this case. Figure shows the contour plots of the tem-
perature at t = 50, ¢ = 100 and ¢ = 150; the qualitative behaviour is in
agreement with the ideal gas case, even though the Kevin Helmholtz insta-
bility seems to appear earlier. We also report in Figure the evolution
of the computational grid: one can easily notice that, also in this case, the
criterion is able to automatically detect the bubble.
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Figure 10: Cold bubble test case, contour plot of the temperature for adaptive
simulation using van der Waals equation of state at: a) t = 50, b) t = 100, ¢
t = 150.
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Figure 11: Cold bubble test case, evolution of the mesh for adaptive simulation
using van der Waals equation of state at: a) t = 50, b) ¢t = 100, ¢) t = 150.

Finally, let us consider now the Stiffened Gas equation of state (SG-
EOS) (10) with ¢ = 0 and 7 = 18000 in order to obtain again an average
compressibility factor z & 0.83. In this case it can be shown (see Appendix
for further details) that the quantity which remains constant in an isentropic

process is § = ’% and again we use its gradient as local refinement indicator.
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6.6 Warm bubble

Up to now we have checked the method in absence of heat conduction. Let
us consider now the test case proposed in [I0] of a rising warm bubble.
The domain is the square box Q = (—0.5,1.5) x (—0.5,1.5) with periodic
boundary conditions on the lateral boundaries and wall boundary conditions
on the top and on the bottom of the domain. The initial temperature
corresponds to a Gaussian profile

386.48 ifr >y
T(x,0) = ———< ifr<mn
R<1—0.lec72>

where 7 = |x — x| is the distance from the center x, = (0.5,0.35)7, r, =
0.25 is the radius and o = 2. We set pg = 10° and R = 287. Moreover,
following [10], we consider:

Re =804.9 Pr=0.71 Fr ~0.004 Ma ~ 0.01.

The grid is composed by 120 elements along each direction and the time step
is such that the maximum Courant number C & 118 and the maximum value
of advective Courant number C,, is around 0.03. Figures and [16] show
the results at t € {10,15,20} both in terms of contours and plots along
the same specific cuts along x—axis chosen in [I0]. All the results are in
good agreement with the reference ones and, also in this case, we are able
to recover the Kelvin-Helmholtz instability.
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Figure 14: Warm bubble test case, results at ¢ = 10. From bottom to top: tem-
perature, horizontal velocity and vertical velocity.
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Figure 15: Warm bubble test case, results at ¢ = 15. From bottom to top: tem-
perature, horizontal velocity and vertical velocity.
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Figure 16: Warm bubble test case, results at ¢ = 20. From bottom to top: tem-
perature, horizontal velocity and vertical velocity.
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7 Conclusions and future perspectives

We have proposed an efficient, h—adaptive IMEX-DG solver for the com-
pressible Naiver-Stokes equations with general equation of state. The solver
combines ideas from the discretization approaches in [111 [13] 20, 29] and pro-
poses an improvement in the choice of the free parameter employed by the
explicit part of the IMEX scheme described in [20]. The resulting method
achieves full second order accuracy also including viscous terms and imple-
ments an h—adaptive approach in the framework of the numerical library
deal.Il. A number of physically based adaptation criteria have been pro-
posed, which allow to exploit the full efficiency of the adaptive technique
also for real gas simulations. A number of numerical experiments validate
the proposed method and show its potential for low Mach number problems.
In future work, we plan to extend the scheme to multiphase flows and to
demonstrate its potential for application to atmospheric flows.
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A Stability and monotonicity of the ex-
plicit time discretization

In this Appendix we study the stability and monotonicity of the explicit
part of the IMEX scheme applied in the paper. We recall that the Butcher
tableaux for the explicit part of the method is given by

0 0

Yo 0

11—« a 0
T 7 I -7 2
274 274 3

In [20], the choice a = % was made to maximize the stability region of
the resulting scheme, but this coefficient is indeed a free parameter and can
also be chosen in different ways, as long as stability is not compromised. In
order to identify possible alternative choices, we perform an analysis using
the concepts introduced in [28], [23], [16] (see also the review in [22]). A
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similar analysis for the implicit part of the IMEX scheme was carried out in
[7], to which we refer for a summary of the related theoretical results. We
then define

0 00
A=| v 00 ol = |
a 0

2

NI —
N[ —=
w2
M
P

with v = 2 — v/2. We define for ¢ € R the quantities
A =AI - pHO=b"(T-¢4)"
e©)=U~-€A)"e  p@=1+"I-A)e (51

where [ is the 3 x 3 identity matrix and e is a vector whose all components
are equal to 1. Therefore, for the specific scheme, we obtain

0 0 0
A() = v B
l+a(y§-1) a 0
T2+7(-1+6@d—y+2a (€ -1)))
BT (€) = 1[2+7 (208 —1)]
%
1
e(§) = 1+~¢
14+ ¢&+ayg®

2

gp(g):1+§+5+(3—2\/§)ag3

A method with tableaux (A, bT) is absolutely monotone at £ € Rif A(§) > 0,
bI(€) > 0, e(€) > 0 and p(§) > 0 elementwise; moreover the radius of
absolute monotonicity is defined for all £ in —r < £ <0 as

R(a,b) = sup [r|r >0, A(€) > 0,b"(€) > 0,e(€) > 0,(¢) > 0] .

Figure [17] shows the behaviour of the radius of absolute monotonicity as «
varies, along with the behaviour of the stability region along the imaginary

axis. As already mentioned before, a = % was chosen originally to max-
imize the stability region, but in this case R = 22‘15\;53 ~ 0.05, so that the

region of absolute monotonicity is quite small. After some manipulations,
it can be shown that the region of absolute stability is given by

S:{zeC:|1+z—i—a722‘<1}.
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The alternative value a = 0.5 maximizes the region of absolute monotonicity
without compromising too much the stability. The impact of this alternative
choice on numerical results is discussed in Section [G

,,,,,,,,,,,,,,,,,,,,,,,,,,

.........................

Ly b ey

Figure 17: Analysis of the explicit part of IMEX scheme: a) Radius of absolute
monotonicity as function of a, b) Size of stability region along the imaginary axis
as o varies.

B Isentropic processes for real gases

The potential temperature is an important thermodynamic quantity in den-
sity driven flows and can be easily derived for the ideal gas equation of
state. In case of real gases, however, the derivation of quantities with simi-
lar properties is less straightforward. In this Appendix we analyze isentropic
processes for the non-ideal equations of state considered in the work, for the
purpose of deriving analogous quantities that are conserved under isentropic
transformations. Let us recall the first law of thermodynamics

de = T'ds — pdv = Tds + %dp (52)

where s denotes the specific enthalpy. If we divide by T the previous rela-
tionship, we obtain

1 D
Tde =ds+ pQ—po (53)
which in an isentropic process reduces to
1 D
p— _—— pr— . 4
Tde pQpo 0 (54)
Thanks to @D we then obtain :
R ap? +p
dl’ — dp = 0. 55
(-7 P (58)
The EOS can be rewritten as [44]
+ap?®) (1 - pb
o (ptap?) (1-pb) (56)
pR
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If we substitute (56) into (55]), we obtain
R R
dl’ — dp
(=0T p(1— pb)

which can then be integrated to yield

1 log(T") — 2R atanh (2pb — 1) = const
N —

or, equivalently,

log(T) — 2 (v — 1) atanh (2pb — 1) = const.

(58)

(59)

The same computations can be repeated for the SG-EOS. Thanks to ,

we obtain for an isentropic process

R s P
dT — dp — dp = 0.
(v-1T 2T 2P
Since T = %, we obtain
R R
T ar—Zap—o,
(yv=1T p

which by integration yields

po— log(T") — Rlog(p) = const.

Thanks to the properties of the logarithm, we can rewrite

T
log (_1> = const
p’Y

and therefore

——7 = const
0
which is equivalent to
pt+m
— = const.
p
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