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Abstract

In this paper, we develop a combined Finite Volumes - Finite Elements method
based on a time splitting to simulate some low-Mach flows. The mass conserva-
tion equation is solved by a Vertex-Based Finite Volume scheme using a 7-limiter.
The momentum equation associated with the compressibility constraint is solved
by a Finite Element projection scheme. The originality of the approach is twofold.
First, the state equation linking the temperature, the density and the thermo-
dynamic pressure is imposed implicitly. Second, the proposed combined scheme
preserves the constant states, in the same way as a similar one previously de-
veloped for the variable density Navier-Stokes system. Some numerical tests are
performed to exhibit the efficiency of the scheme. On the one hand, academic
tests illustrate the ability of the scheme in term of convergence rates in time and
space. On the other hand, our results are compared to some of the literature
by simulating a transient injection flow as well as a natural convection flow in a
cavity.

Key Words: Low-Mach model, Finite Volume method, Finite Element method, Pro-
jection scheme.

1 Introduction

Variable density - low Mach numbers flows have been widely studied in the recent
literature because of their applicability in various phenomena such as flows in high-
temperature gas reactors, meteorological flows, flows with convective and /or conductive
heat transfert, combustion processes and many others. In such cases, the resolution of
the full compressible Navier-Stokes system is not adapted, because of the sound waves
speed which is much faster than the entropy or the vorticity ones. Consequently, this
choice would impose a too strong time-step limitation in the framework of explicit
solvers, leading to unreachable numerical simulations. The Boussinesq incompressible



model is not a better alternative for such low-speed phenomena. Indeed, the compress-
ibility effects can not be totally canceled because of large variations of temperature and
density, even if pressure ones are much smaller. Consequently, some models have been
formally derived, leading to the filtering of the acoustic waves by the use of some formal
asymptotic expansions [31, 28, 33, 38|.

We recall that there exists two families of methods to compute flows at low-Mach
number regime. On the one hand, there are the so-called density-based solvers, corre-
sponding to methods used for the simulation of supersonic and transonic flows, which
have been adapted to make them efficient and robust in the case of a low-Mach flow
(see e.g. [22, 35, 36, 12, 23]) and references therein, using for example some precon-
ditionning techniques [40, 30, 42, 41, 43]. On the other hand, there are the so-called
pressure-based solvers, coming from the incompressible case. The pressure variations
become independent from the state equation, and are coupled to the divergence condi-
tion on the velocity [10, 11]. In that case, considering the non-linearity of the coupled
system, a fixed-point iterations process is usually performed, see e.g. [2, 13, 1]. A
fractional step method, initially developed in [7, 8, 39] and progressively improved in
[17, 18, 16, 19, 20] is used most of the time for the momentum equation. The pres-
sure field comes from the resolution of a Poisson equation, for which the right-hand
side contains some derivatives of the density or the temperature. Concerning the space
discretization, lots of papers deal with Finite Element methods [24, 32], which can also
been stabilized in the case of convection dominated regimes [37, 29, 13, 14, 1]. Others
are also devoted to Finite Differences [34, 10, 27].

In this paper, we propose a combined Finite Volume - Finite Element method, which
was initially developed for the simulation of incompressible and variable density flows
[4]. This method is based on a time splitting allowing to solve the mass conservation
equation by a Finite Volume method, and the momentum equation associated with the
free divergence constraint on the velocity by a Finite Element one. It allows in particu-
lar to preserve the constant density states and to ensure the discrete maximum principle
[3]. It also has been used to simulate some mixture flows such as avalanches [5]. Fol-
lowing the same philosophy, we propose to adapt this method to the case of a low-Mach
model, providing a new pressure-based solver. The originality of our approach lies in
the fact that the density is computed from the mass equation with a Finite Volume
method, the other variables of the problem being approximated by a Finite Element
method. In our work, the equation of state in not explicitly imposed. Moreover, the
scheme recovers the properties of our previous proposed scheme at the incompressible
limit, namely the preservation of the constant states, as well as the discrete maximum
principle for the density.

The paper is organized as follows. In Section 2 the governing equations are recalled,
and the choice of the final system to be solved is justified among several equivalent sets
of equations. In Section 3, the combined Finite Volumes - Finite Elements is carefully



described. Section 4 is devoted to some numerical simulations to exhibit the ability of
the code. First, some analytical benchmarks are proposed and underline the accuracy of
the scheme. Then, a transient injection flow [2, 14, 1] as well as the natural convection
of a flow in a cavity [25, 24, 14, 1] are simulated.

2 Governing equations

2.1 Choice of the system

The equations modelling low Mach number flows are derived by inserting the asymptotic
expansions of the variables with respect to the Mach number M in the Navier-Stokes
compressible equations [31, 28, 10]. One of the characteristics of the process is that the
pressure splits into two terms. Denoting x € R the space variable and ¢t € R the time
one, we write:

p(x,t) = P(t) + m(x,t),

where P is called the thermodynamic pressure and 7 the dynamic pressure. P only
depends on t, and 7 is in the order of M?. The other variables considered are the
velocity u(x,t), the density p(x,t) and the temperature 7'(x,t). The non-dimensioned
characteristic numbers of the flow are given by:

e The Mach number
Uref

V Pref/pref’

with Uyef, Prey and p,.r some characteristic values for the velocity, the pressure
and the density of the flow,

e The Reynolds number
Re — Uref lref Pref
Href 7
with [,.; and p,.r some characteristic length and viscosity,

e The Froude number
uref

\/ glref’

with g the scalar-valued norm of the gravity field,

Fr =

e The Prandtl number
PI‘ _ Mref CPref

)\ref

Y

with Aoy and G, f characteristic values for the heat conductivity and the calorific
capacity at constant pressure.



Moreover, assuming that the state law of the fluid is close to the one of a perfect
case (see assumption 2.5. of [10]), a reference temperature of the flow is also deduced
by

T . — Pref
ref CYPref Pref

Finally, given a,.; a reference value for the compressibility coefficient at constant
pressure, a non-dimensioned number S,y is defined by:

Bref = Qyef Tref-

According to single time scale and single space scale asymptotics, the continuity,
momentum and temperature equations in the non-dimensioned formulation in an open
polygonal domain © C R? are given by (see [28, 11], see also [10] adapted in case of a
single-phase flow):

dp
ou 1 1
p(E—Fu'VU)ﬁ-Vﬂ'—gv'T = _ﬁpeya (2)
oT dP 1
pCp (E—'—UVT) —Bref@TE—EV(AVT) = O, (3)

where the density is obtained with the following equation of state:

p=p(T,P). (4)

Here, T is the viscosity stress tensor defined by
T 2
T=p|Vu+ Vu —gv-ul ,

where (T, P) is the fluid viscosity, A(T, P) the thermal conductivity and e, = (0,1)”.
The quantities «(T, P) and Cp(T, P) are respectively the compressibility coefficient
at constant pressure and the calorific capacity at constant pressure, in their non-
dimensioned formulation. They are given by:

1 0p

ao(T, P) = —ﬁmfpa—T(T, P), (5)
and 9
CP(Ta P) - ﬁ(Ta P)’ (6)

P
where h = e + — is the enthalpy of the fluid, and
p
e = &, P) (7)

5



is the internal energy. We assume that the equations of state (4) and (7) satisfy the
thermodynamic hypothesis 3.2. given in [10], namely that there exists a strictly convex
function s(%, e), defined as the entropy of the fluid, verifying :

—T'ds=de+ Pd (%) .

This last assumption allows us to derive the equation (3) from the energy equation.

0
Now, with the notation D; = g +u -V, using (4) in (1) and then (5), we obtain:

Now the equation (3) takes the formulation:

1 dP B
AP Bl

Vous g Trepp Y VT (®)
where I' is defined by
2
[(T,P) = 55 (T, P), (9)
-1
8,6 63@]‘ Oé2 T . . .
¢ =14/ == — —=— being the sound velocity ; and /3 is defined by :
oP Cp
aP
T,P)=——(T,P). 10
§(1.P) = S (1) (10)

Finally, the thermodynamic pressure time evolution is determined by integrating
(8) over the domain © C R%:

dP 1 / V-u 1 /
& —_p + AVT -n, 11
dt Jo T Bres B o Bres B RePr Jsq (1)

where n is the outer unit normal to €2 on 0f2.

In this work, we propose a new way to proceed, using the fact that the system
(1)-(2)-(3)-(4)-(11) is equivalent to the system (1)-(2)-(3)-(8) and (11). In particular,
we verify that the equation of state (4) is implicitly imposed. Indeed, starting from (1)
and using (8) to subsitute the term V - u, we get:

1 dpP Brefﬁ
Dip=—p(-——E
th p< TP dl  RePrP

V- (AVT )) .
Now, using (3) to substitute the diffusive term gives :

2 aT 2
Dm:(p +5T’efp6 )DtP—MDtT




Finally, thanks to the expression of a, I" and § respectively given in (5), (9) et (10), we
obtain

9 95

Consequently, supposing that the equation of state is initially fulfilled, we can deduce

(4).

Dtp DtP +

Perfect gases. In most of applications (see for exemple [24, 26, 10, 2, 1, 14]), calorif-
ically perfect gases are considered and we also restrict the rest of this work to the study
of such fluids. For these gases, the equation of state in the dimensionless form® is given
by

v P

p= L (12)
(y=1T
Consequently, o ef = is a natural choice, and we get 3,.; = 1. Thus we obtain:
ref
—1
Cp=1, 527—7 c=+(y-1)T, T =n.

For the sake of simplicity, we also assume that the viscosity p and the thermal
conductivity A are constant, namely A\ = pu = 1. We thus obtain the Navier-Stokes
equations at low Mach number regime for a calorifically perfect gas:

% + V- (pu) =0, (13)
p(g—?—i—u-Vu)—i—Vﬂ—éV-T:—%pey, (14)
P (%—fm-w) - % - RelprAT:O, (15)
Vou= —VLP%JU&;PI%PAT, (16)

%:—% 3Qu'n+|QPTR;e1Pr aﬂVT-n, (17)

with
2
T:Vu—i—VuT—gV-uI.

!Denoting with star superscripts the dimensioned variables, the equations of states are defined with
* *

p* = BT and e* = T where v = 1.4 and R = 287Jkg 'K ~! are the gas specific heat ratio and
N
R 1
the gas constant, respectively. Then, we obtain C} = i 1 and o*(T*) = T
o



2.2 Initial and boundary conditions
The initial conditions for the system (13)-(14)-(15)-(16) and (17) are given in € by:

v Py

u(x,0) = ug(x), 7T(x,0)=Ty(x), P(0)=DPF, px,0)= CEEAE)

The boundary conditions on the velocity are given by:
u=up on J9,

where up is a function to be specified. We set 9Q = 9Qp U 9Qy with 9Qp NNy = 0.
We define n as the outward unit normal of 2 and 0f2;, the part of 02 such that
up - n < 0. The boundary conditions on the temperature and density are respectively
given by:
T = TD on 0f) D>
{VTH = FN OH@QN

and
P = Pin O 8ana

with Tp, Fy and p;, some functions to be specified.

3 The combined Finite Volumes - Finite Elements
method

The combined Finite Volumes - Finite Elements scheme (C-FV-FE scheme) is based on
a time splitting, allowing in particular to solve equation (13) by a finite volumes solver,
and equations (14), (15), (16) by a finite elements one, using the same strategy as the
one developed in [4] for the variable density incompressible Navier-Stokes system. We
first describe the splitting used in time in order to reach the globally optimal accuracy
in time according to the accuracy in time of each part of the scheme.

3.1 The time splitting

Let At be the time step and t" = nAt. Functions approximated at time ¢ will be
identified with superscript n. We assume that 777, p"~! and u"! as well as T, p"
and u" are known approximated values.

1. Since we want at least the global mass conservation in the domain, the thermo-
dynamic pressure P! is computed by integrating the equation of state over €2,
using an extrapolation of the density and the temperature:

prit— 11 / 20" —p"! / SIS (18)
Y Q o20Im —Tn1 '

8



dpP n+1
2. The time derivative of the thermodynamic pressure (—) is obtained through

dt
the use of equation (17) and an extrapolation of the temperature:
dP)"“ Pl / . v—1 .
— + upfln = —— VET"—T""") n
( dt €2 oQ b ©2|Re Pr o0p
T 1 n+1
_— o, 19
TIQRePr /BQN N (19)

. In order to ensure a local mass conservation in the domain, the density p"*! at

time t"*! is computed by solving the continuity equation (13) using a second order
Runge-Kutta scheme in time:

nm+1 _ n

PE Lty =0 ()
prtt— pn 4 1 (V . (pnunJr%) +V- (ﬁnﬂuwé)) =0 (21)
At 2 |
with
B B (22)
9 2
and
erH—l - pn+1 = p?n+1 on ann (23)

. The temperature T"*! is computed by solving the temperature equation (15)
using a BDF2-scheme in time:

pn—i-l (3Tn+1 — 4T + Tnfl

+ (2u" —u" ) - VT"+1)

2 At
3prtl —4gpn 4 pr-l 1
— — AT = 24
2At RePr 0 (24)
and
T = T2 on 0Qp, (25)
VTt n = Fptoon 0Qy. (26)

n+1 +1

. The velocity u"*" and the pressure 7" are computed by solving the momentum
equation (14) associated with the compressibility constraint (16) using a BDF2-
scheme in time:

3 n+1 — 4u™ n—1
P < u QZt +u +(2u" —ul) vun+1> Lyant! (27)
1 n 1 (1
—%V‘T +1:_ﬁp +ley,
1 ap\" v —1
n+1 __ m n—1
V -u = —W (E) + WA(QT — ), (28)

9



with '
V- = Aut 4+ §V (V . u"“) (29)

and
u" =u}btt on 9Q.

Similarly to other references [15, 20] or to our previous contributions for incompress-
ible fluids [4, 5, 6], an extrapolation was used to approximate the convective velocity
at time ¢"*! by 2u™ — u"! in (24) and (27). Moreover, the velocity used in (20) and
(21) is extrapolated at time (" + t"1)/2 as indicated in (22), which is necessary to
reach the second order accuracy. Note that in [4], alternatively to this extrapolation
process, the second order in time was obtained thanks to a Strang splitting. Finally, an
extrapolation of the temperature (and eventually of the density) was done in (18), (19)
and (28). The choice 27™ — 7" ! in (19) and (28) has to be the same for compatibility
reasons, (19) being obtained by integrating (28) over 2. We underline that with these
choices, we did not observe any numerical instabilities. Following the same ideas as
in [2, 13, 1], we also implemented a fixed-point method for the C-FV-FE scheme (see
Appendix A for the description of the corresponding fixed-point algorithm), to evaluate
its impact on some configurations (see section 4).

Remark 3.1. As it will be explained in the next section, such a way to proceed allows
i particular to solve the mass equation by a FV method. Consequently, it ensures
a local mass conservation, while preserving the mazximum principle on the density at
the incompressible limit of the fluid. In that sense, the proposed numerical scheme
can be seen as a generalization of the one previously developed for the variable density
incompressible model [4].

Remark 3.2. Instead of solving equations (18) and (19), we could compute P™*1 by

solving the ordinary differential equation (17) using a BDF2-scheme in time, and ap-
n+1

proximate yry in (28) as made in (24). However, although this strategy can be

used for the simulation of evolutive smooth solutions, according to [25] we observe that
for steady states this scheme can prevent the algorithm from reaching any stationary
solution.

Remark 3.3. Instead of solving the temperature equation (24), we could have in mind
to use the state equation (12) to compute T . Nevertheless, this would lead to a lack
of reqularity of T", which is necessary in the constraint (28) in order to derive the
values of u™ ™t and 7"+,

3.2 Space discretization

The discretization in space is based on a triangulation of the domain Q C R? by a
set of triangles defining a regular mesh 7, in the Ciarlet sense [9]. Each component

10



of the velocity uy, is discretized by some Py-Lagrange finite elements, and the pressure
7, by some Pj-Lagrange finite elements, leading to H'(2) conforming approximations
fulfilling the usual discrete LBB condition and consequently ensuring the stability of
the discrete problem. The temperature 7}, is also discretized by some Po-Lagrange finite
elements, leading to a H'(2) conforming approximation. The density pj, is discretized
by piecewise constant values on a dual mesh 7; associated with 7,, allowing to consider a
vertex-based finite-volume schemes for the resolution of the mass equation. The density
field can also be interpreted as a IP;-Lagrange finite elements field, since a value of the
density is naturally associated with each node of any triangles. The degrees of freedom
of each variable corresponding to the associated space discretization are displayed in
Figure 1. For further details, we refer to [4].

S Primal mesh 7,
777777 Dual mesh 7/
e uy and T}, Dof

o  pp and 7, Dof

Figure 1: Space discretization: patch 4. Meshes and Degrees of Freedom (DoF) for each variable.

3.2.1 Solving the thermodynamic pressure

Assuming that the approximated values of T*, T;"~, pi and p} ' are known, the values

dP n+1
of P and E) are simply computed by using the discrete versions of (18) and

(19), namely:

—1 1 -
pri=1 (/ 2pp, — p”‘l) (/ —) 30)
g Q " " o 2T} — Ti?_l (

11



and

dP\"* 4 prtt . v —1
- n ) - = 2Tn_Tn—1 .
(dt) ) /BQ“D n = [QRePr g, ¥ O i) m
’7_1 n+1
- FrotL 31
+|Q‘RePr/aQN N (31)

3.2.2 Solving the temperature by a FE method

Assuming that pZ“, Ty, T,?_l, uy, ﬁz_l, Pl P and P* ! are known, the value of
T7 is computed by the resolution of equation (24), namely:

3T+ — ATy 4 T
o (R g - o)
3Pl _gpn prel ]
2 At RePr

It is performed considering its weak finite elements formulation, associated with the
boundary conditions specified in (25)-(26).

AT} = 0. (32)

3.2.3 Solving the velocity by a FE method

We detail here the projection method used to derive u}™ and 77", contrary to [4] in

which an Uzawa solver was considered. It constitutes a natural adaptation from the
section 4 of [19] to the low-Mach model case. We assume that pj !, 7, prti pr pn-t
and T,?H are known, as well as the auxiliary variables u}, ﬁ}:_l, v, and (bz_l specific
to the projection method (where (1Y), ¢9) and (u}, ¢;.) are initialized in the same way
as in [19]). First, the velocity field ™" which does not fulfill the constraint (16) is
computed by solving the weak finite elements formulation of the parabolic equation,

based on a BDF2 integration scheme, similarly to [16]:

~n+1 ~n ~n—1
1 <3uh —4uy +u,

; AL + (2ap - w7 vagt)
4 1. 1 . 1,
+ vV (WZ + 3%k — 3% 1) “R v Th = _ﬁph—i_l ey,
ﬁz—l-llaﬂ — u%—i-l7
(33)
with .
V-t =Aut + oV (V- (2a) —ap ) . (34)

3

Comparing (29) and (34), we notice that an extrapolation is used because of the pro-
jection method, since the two velocity components are computed successively. Then,
the pressure 7" is defined by:

n+l _ _n n+1
T =T et

12



Here, ¢7 is the solution of the weak finite elements formulation of the elliptic equation
given by:

( n+1
3 1 dP
v. vort! | — (V ! ar
(ﬁZ“ K ) 2A¢ T @
(35)
(v=1) —1
- —— AT} -1 )
~v Re Pr P! (275, o))
| Vot - nfaq =0,
where for any triangle K € 7, we define:
1 1 1
ph+1|K 3 Aze;( pthl(Az)

with A; the three vertices belonging to the triangle K.

Remark 3.4. Note that the choice of py™ |k given in (36) is not unique. Another
possible definition for ,ohJr |k s

1

—n-+1 1
Ph |K 5 Pn+ z

AeK

and leads to similar results. The essential point is to define a constant density per
triangle identically in (35), (37) and (40), see remark 3.6.

Finally u}™" can be defined by:

nil _ g1 2O
uh - 3 —n—+1
Ph

;. Vet (37)

even if there is no need to evaluate it from the practical point of view, as mentioned in
[16].

3.2.4 Solving the density with a FV method

n+1 :

Assuming that pf, pp~ ', a7, ) !, ¢ and ¢! are known, the value of p}'*! is computed

by the resolution of the discrete version of equations (20)-(21), namely:

ot — o *,n+1
% + V- (o, %) = 0, (38)
n+1 n
P Pro 1 n Al *t g
hTth—i_ﬁ(v'(phuh )+V ( +1uh 2)) = 0,
where )
“n 3 *,MN—
u +2‘ uh |K uh |K (39)

2
13



is defined by

S IACE O] o

The Finite-Volume method is carefully detailed in [4], and its generalization to
ensure the L*-stability in the case of incompressible flows with the use of the so-called
7-limiters is given in [3]. Here, we point out the fact that from the values of the velocity
obtained by tllle Finite Element scheme, we need to deduce the values of an auxiliary
velocity uZ’n+§ at the interfaces of the density control volumes surrounding each node
of the triangulation. These interfaces correspond to the dotted lines of the dual mesh
77 displayed in Figure 1. Following the same strategy as in the incompressible case [4],
this value has to be piecewise constant on each triangle K of the mesh 7.

Remark 3.5. Definition (39) of uZ’n+%|K allows to ensure that in the case of a con-
stant flow density in space (and consequently also constant in temperature), the scheme
preserves the constant states imposed in the continuous model by the incompressibility
constraint. In other words, the weak divergence property in the sense of the Finite FEle-
ment projection method is transferred to the Finite Volume method, as it was proved in
the context of a direct resolution by an Uzawa solver in [4).

Remark 3.6. In the incompressible case, let us note that the developed scheme allows
to preserve the constant states. Indeed, let assume the following properties:

(H1) P" = P! and (4)" =0,

(H2) Ti = T~ = T2 are constant in space,
(H3) p = p}~' = pi™? are constant in space,
(H}) [0 -n=0.

We want to prove that T;™ = T and p}™ = pit. First, (30) and (31) with assump-
dpP

tions (H2), (H3) and (H}) lead to P"** = P" and (dt

n+1
) = 0. Then, the weak

formulation of (35) at time t" writes:

1 3 ) 1 /dP\"
—/Qﬁwh-vm - (/QAV'UM#AJFVPn(E) [ v

7_1 n—1 n—2
— [ ver'-17?.v
+”yRePrP"/QA T3 i) W)’

where 4 is the Py basis function associated to an internal node A and €4 is the support
of Ya (see Figure 1). Assumptions (H1), (H2) and (H4) lead to:

2At
W' — 22V ) - Vb =0,
/Q( "3 ¢h> va

14



and definition (37) of u} gives:

/ uZ-V@/}A = 0.
Qa

It is the analogous of relation (23) in [4], which allows to obtain:

>((77’-" JR—
/ u, -n=0,
IC 4

where Ca is the F'V control volume associated to node A. Then, (H3) leads to py™' = pi.

Finally, equation (32), assumptions (H1) and (H2) associated to the previous results
. n+1l __ n

gqwe T, =17

Note that (32) and (33) are both implicit schemes in time for the resolution of
parabolic equations, so that they are not constrained by a CFL condition. The only
explicit scheme in time is applied to the continuity equation (38), so that the time step
is constrained by a CFL condition and proportional to h/||ul|r~, see [3]. In practice,
if At does not satisfy this CFL condition, a smaller time step Atpy satisfying the CFL
condition is defined and sub-steps are made in the finite volume scheme to compute the
density.

4 Numerical simulations

4.1 Analytical Benchmarks
4.1.1 Constant states

We first want to illustrate the fact that for incompressible flows, if the density and the
temperature are initially homogeneous, then they remain constant (see Remark 3.6).
It was already done for the density in the case of the variable density incompressible
system using an Uzawa solver (see [4]). To do this, we consider the following analytical

solution: ) ( J2( J2( \( )
—ylz—-1)(x+1)*(y -1 y—i—l)
Uex \T, = 4 )
= (e e
Pex — ]-7
T, = —_ (41)
v—1
Poo = 1,
oy
L ex FT’2’
in the square domain Q = [—1,1]%. A source term in the right-hand-side of equation

(14) is consequently added to the gravity term. Dirichlet boundary conditions are pre-
scribed for the temperature on the whole boundary (i.e. 9Q = 9Qp). Since 9y, = 0,
there is no need to specify the value of p at the boundary. Simulations are performed
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on unstructured meshes at Re = 1, Pr = v and 1/Fr2 =9.81 up to time t; =1 = NAt
with At = hyue, = 0.0625 and Ay, the maximum space step of the mesh. We give in
Table 1 the values of max ||p) — pex||ro() and max ||T}" — Tex||ro(q)-

0<n<N 0<n<N

o0ax [0k = pexllr) | max (|75 — Tex||Lo@)

2.91e-13 1.02e-13

Table 1: Constant density case, errors in density and temperature.

We observe on Table 1 that the density and the temperature remain constant nearly
to the machine error during the whole simulation time, as it can be seen at the final time
ts in Figure 2 on the mesh corresponding to Age, = 0.0625. The density local maximum
error is located in the vicinity of the boundaries. Consequently, the scheme ensures the
preservation of the constant values of density and temperature in the presence of a
gravity field, in the case where the velocity field is divergence free.

Density Temperature Pressure
Horizontal velocity Vertical velocity

Figure 2: Density, temperature, pressure and the two velocity components at t; = 1 for the mesh hmqo = 0.0625.

4.1.2 Analytical solution

Now, in order to investigate the accuracy of the scheme, convergence tests are performed
for a smooth solution and a non-solenoidal velocity field. The analytical solution is given
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( 1 2(y — 1)(2 + cos(27t)) x
ex(t, T, = - . 2mt )
wltrd) = e (e e (1)
(2 + sin(27t)) 5 . o
ex ty bl 1 ,
pex(ts ) (7—1)22+cos(27rt))( Tty
2 + cos(2mt)
T — ZTeoRem)
ex(t>$ay) 1 +£L’2 +y2 )
Py (t) = 2+ sin(2nt),
| Tex(t,,y) = sin(z)sin(y) sin(27t),
(42)
in the square Q@ = [—1,1]2. The Reynolds and Prandtl numbers are both equal to

1, the gravity term is not considered and appropriated source terms are added in the
right-hand-sides of equations (13), (14) and (15). Non-homogeneous Neumann bound-
ary conditions on the temperature are prescribed on the whole boundary of Q (i.e.
00 = 0Qy), so that Fy = VT,, -n on d8 ; and pj, = per on 08y, = 0N.

The simulations are performed on unstructured grids in the range 1/150 < Ay <
1/50, up to the final time ¢; = 0.2, using At = hyq,. In order to evaluate the per-
formances of the splitting proposed in section 3.1, the C-FV-FE scheme results are
compared with the ones obtained using some fixed-point iterations, see Appendix A. In
that case, the fixed-point iterations are performed until the L?-norm of two successive
iterates is smaller than 1071° for all variables. From the practical point of view, we
observe that the fixed point converges in 6 or 7 iterations for the worst cases. Finally,
these results are also compared to those obtained with one of the schemes proposed in
[2] (pressure-based solver, asymptotic approach 1), for which some fixed-point iterations
are required.

We observe, whatever the considered scheme, that the thermodynamic pressure P
converges at order 2 in the L>(0,¢;) norm. We plot in Figure 3 the L>(0,s; L*(2))
norm of the errors on the density pj, the temperature 7}, the velocity u; and the dy-
namic pressure 7, as a function of h,,, in a log/log scale. On the one hand, all schemes
provide a convergence rate at order 2 for the density, the temperature and the velocity.
Concerning the dynamic pressure, a rate slightly larger than 1.5 is obtained. More
precisely, for the C-FV-FE scheme, a rate between 1.65 and 1.85 is observed, as we can
see in Table 2. These results are in good agreement with the incompressible constant
density case, for which it was proved in [21] that the errors in time in the L?(2)-norm
for the velocity and the pressure are of order 2 and 3/2 respectively. In fact, the nu-
merical convergence rate obtained for the dynamic pressure is slightly better than the
theorical expected one. On the other hand, we can see that the results obtained using
the C-FV-FE scheme with or without a fixed—point iterations procedure correspond to
the same orders of convergence. In particular, the errors are quite the same, except a
small difference in the density error. In conclusion, the fixed-point iterations are not
necessary for the C-FV-FE scheme on this analytical solution benchmark to obtain op-
timal convergence orders. We also point out that the fixed-point iterations are crucial
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hmaz Error P | Rate | Error p | Rate | Error T' | Rate | Error w | Rate | Error 7 | Rate
2.00e-2 | 5.12¢-3 - 2.84e-3 - 3.31e-3 - 8.49¢-4 - 6.44e-2 -
1.56e-2 | 3.31e-3 | 1.76 | 1.76e-3 | 1.94 | 2.13e-3 | 1.79 | 4.72e-4 | 2.38 | 4.29e-2 | 1.65
1.11e-2 | 1.74e-3 | 1.89 | 9.04e-4 | 1.95 | 1.06e-3 | 2.05 | 2.10e-4 | 2.38 | 2.38e-2 | 1.73
7.81e-3 | 895e-4 | 1.89 | 4.54e-4 | 1.96 | 5.48¢-4 | 1.87 | 1.03e-4 | 2.02 | 1.26e-2 | 1.80
6.67e-3 | 6.53e-4 | 1.99 | 3.32e-4 | 1.97 | 3.87e-4 | 2.19 | 7.48e-5 | 2.02 | 9.39¢e-3 | 1.85

Table 2: C-FV-FE scheme. Errors in L>(0,¢s; L?(€2)) norm and corresponding convergence rates.

for the scheme proposed in [2]. Indeed, without the fixed—point iterations, the scheme
does not converge for the dynamic pressure, and orders of convergence are smaller than
one for the velocity and the temperature.

In Figure 4, we plot the L>(0,t;; L*(2)) error on the discrete state equation, defined
by:
YR
(y—1)T¢
obtained with the C-FV-FE scheme. As explained in section 2.1, the state equation is
imposed implicitly. As we can see, err, converges towards zero at order 2, which corre-
sponds to the expected behaviour because of the previous convergence rates obtained
in pp, Ty and P.

err, = max ‘ P —

0<n<N

L2(),
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Figure 3: Errors in L>(0,¢s; L?(Q)) norm versus Amaq, log/log scale.

10—3 L

0.005 0.01
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Figure 4: Error in L>°(0,ty; L2(Q)) norm on the discrete state equation versus hmqz, C-FV-FE scheme, log/log scale.



4.2 The transient injection flow

+ | DN

Po

N

e
e

L

P N

Figure 5: (a) : The cavity Q. (b) : The grid mesh 4 x 4.

This benchmark was initially proposed in [2] and also considered in [14] and [1].
Considering the non-dimensioned equations, the domain is defined by a rectangle €2 =
[—1.5; 1.5] x [0; 7] (see Figure 5(a)), defining a cavity in which a calorifically perfect
gas is initially at rest. The inital temperature and thermodynamic pressure values are
given by:

T() =300 and PO =1. (43)

The Reynolds, the Prandtl and the Froude numbers of the fluid are respectively equal
to Re = 40, Pr = 0.71 and Fr = 0.042. Zero Dirichlet boundary conditions for the
velocity and zero Neumann ones for the temperature are specified on all boundaries,

except for a small hole in the bottom wall defined by 9Qp = 0€;, = [— %; %] x {0},
with [ = 0.2:

u(t7x7y)|aQN = 07
VT~H|QQN = 0.

On 0€Qp, the fluid is injected at the temperature Tp = 600, subject to a parabolic
inflow profile. The momentum is imposed on 9€;, from ¢ = 0 up to t; = 6 by:

2.87-1073 yriyn (12 4
(pu)m(w)z(O; 0x 27(781)7"“” (l——ﬁ)) for0<t<6, (44)

4
where r;n = 1 is the average momentum. Because of this kind of boundary condition,
after the computation of P"*! we update the velocity as follows:
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_ . T T
L _ (0 2.87 - 1073 Tp G 1ivgn (ﬁ_xQ)) _ (0 258.3 (ﬁ_ﬁ))
D ’ pn+l [2 4 ? pntl \ 4 ’
Note that in [14] and [1], different boundary conditions are considered. Conse-
quently, the time evolution of the temperature is relatively similar but not exactly
comparable with the results presented in [2]. If the boundary conditions given in [14]

are enforced in the C-FV-FE scheme, we can observe analogous temperature distribu-
tion and velocity field as those presented in [14].

First of all, we check the grid convergence property. We use some structured meshes
like the one displayed in Figure 5(b). We plot in Figure 6 the isovalues of the temper-
ature at t; = 6. Results are obtained on three meshes corresponding respectively to
grids 60 x 60, 120 x 120 and 180 x 180, and using At = h,... Even if the jet obtained
with the 60 x 60 grid seems to be a little delayed, we can see by comparing the solutions
obtained for grids 120 x 120 and 180 x 180 that they are close to each other.

Also, we plot in Figure 7 the evolution of the velocity components u, and u, and
of the temperature T' along the vertical lines x = 0, + = —L/4 and horizontal ones
y=H/4, y = H/2 and y = 3H/4 at t = 6. The temperature distribution and the
velocity field are nearly the same in both cases, so that the grid convergence can be
considered as achieved. Let us note that although the shape of the cross-sections showed
in Figure 7 are comparable to the profiles plotted in Figures 8 and 9 in [2], their am-
plitudes are slightly greater. These differences can be explained by the ability of our
scheme to preserve locally the density of the fluid.

IS
T

Figure 6: C-FV-FE scheme, temperature at t = 6. From the left to the right: Grids 60 x 60, 120 x 120 and 180 x 180.
40 isovalues from 330 to 600, uniform distribution.
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Figure 7: Evolution of ug, uy and T along the lines x =0,z = —L/4, y = H/4, y = H/2 and y = 3H/4 at t = 6, for the
grids 120 x 120 and 180 x 180.

In order to confirm the observations made in section 4.1.2, we compare in Figure 8
the temperature distributions obtained with the C-FV-FE scheme and with the scheme
from [2] (pressure-based solver, asymptotic approach 1) at time ¢; = 6 on a 120 x 120
grid, without and with the fixed-point process. In that second case, we require the
relative error to be smaller than 10719 for all variables, leading to about 15 iterations.
We can first observe that with some fixed-point iterations, the propagation speed of
the jet is very similar for the two schemes (compare (b) and (d)). Nevertheless, without
the fixed-point iterations, this propagation speed is nearly the same for the C-FV-FE
scheme (compare (a) and (b)), whereas the phenomenon is delayed for the other scheme
(compare (c) and (d)), like observed in Figure 10 in [2].

Since the law state is imposed implicitly in the C-FV-FE scheme, we check in
Figure 9(a) the convergence towards zero of the discrete state equation error in the
L*(0,ts; L*(2)) norm. In any case (with or without fixed-point iterations), it goes to-
wards zero, even if the convergence is faster with some fixed-point iterations.
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Figure 8: Temperature at t = 6. Comparison between C-FV-FE scheme and scheme in [2]. (a) : C-FV-FE scheme. (b) :
C-FV-FE scheme with fixed-point iterations. (c) : scheme in [2] without fixed-point iterations. (d) : scheme in [2].
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Figure 9: (a) : Error in L%(0,ts; L%(2)) norm on the discrete state equation versus Rmaa, log/log scale. (b) : Evolution
of the thermodynamic pressure.

Finally, we want to investigate the thermodynamic pressure evolution. Similarly to
[2], neglecting the diffusive term in (17), we get:

dP ~P

+ — un ~ 0. 45
at 100 Jon )

Using the value of (pu);n given in (44), and the state equation (12) to evaluate p;n, we
can explicitly solve (45) to obtain an approximation of the thermodynamic pressure:

258.3y

P(t) ~ Py + =2
(®) " 75010

t. (46)
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Figure 9(b) displays the evolution of the approximate thermodynamic pressure given
by (46), the one computed with the C-FV-FE scheme and also by the scheme from [2]
on a 120 x 120 grid. Once again, results are close to each other.

Remark 4.1. In order to give a justification to the approximation used in the derivation

P -1
of (45), we computed the average values in time ofL/ wn and - VT - n
_ ‘ 1€ oo Q2 Re Pr Joq
with the C-FV-FE scheme, and obtained the values of 2.26e — 02 and 4.62e — 04 respec-
tively. Consequently, as the second term is two orders of magnitude below the first one,
here it can be neglected. This fact can also explain that the pressure given by (46) in
slightly lower that the one computed using the C-FV-FE scheme, since the second term

15 not only very small, but also positive.

4.3 The natural convection in a cavity
4.3.1 The original benchmark

This flow example has been proposed in [26] as a benchmark problem for natural con-
vection flows with large temperature gradients. It was also considered in e.g. [24, 1, 14].
We consider a square cavity 2 = [0, 1]? containing a calorifically perfect gas, see Figure

///////////////////////////////////////

To

Ty, T

///////////////////////////////////////

(a) (b)

Figure 10: (a) : The differentially heated cavity. (b) : The refined mesh.

10(a). The gas is initially at rest with uniform temperature and pressure :
u=0m.s ', T,=600K and P,=101325 Pa.
On all walls, the no-slip condition is imposed for the velocity, namely :
u)gq = 0, so that 9Q;, = 0.
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A temperature of T, = Ty(1 + €) (respectively T, = To(1 — €)) is imposed on the left
(respectively right) wall with e = 0.6. The horizontal walls are insulated. Denoting by
00y =1[0,1] x {0,1}, we thus have :

VT - Il| NN — 0.
The Prandtl and Rayleigh numbers of the flow are respectively given by Pr = 0.71 and

2¢Prgl?
_ 28 ey 106,

Ra 2
similarly to [24]. We are interested in the solution when the steady-state is reached.
A quantity of interest for this benchmark is the Nusselt number, which represents the
heat transfer from the hot to the cold wall. It is defined as:

bre
Nu(x,y) = T, _fT VT([E, y) -, V(C(],y) € o

An average Nusselt number is computed on both hot and cold walls, and is respectively
denoted by Nu, and Nu,. We also define

Nuc -+ Nuh

Nav:
h 2

Finally, we are interested in the value of the ratio of thermodynamic pressure P over
the initial pressure F,, and in the difference between its value and the reference one.

Like in [24], meshes are defined by the number of segment N on each of the four
boundaries of the domain. Moreover, they are refined in the vicinity of the boundaries
using a geometrical progression and ensuring an aspect ratio (defined as the ratio of
the length of the largest segment in the mesh over the length of the smallest one) equal
to 15.1, see Figure 10(b) for an example in the case N = 8. At each time step, few
fixed-point iterations are performed: we require the relative error on all the variables to
decrease of four order of magnitude or, except in a very short interval of time [0, 4] (for
instance t, = 10At), we enforce at most two fixed-point iterations. Time iterations are
performed until the relative residual on all the variables is less that 107°, leading to the
numerical steady state. Let us note that the fixed-point iterations are here necessary
to reach this steady state and to avoid some small oscillations on the velocity field.

The grid convergence study is given in Table 3, and the temperature and velocity
fields are displayed for the mesh N = 256 in Figure 11. We can observe that each of the
Nusselts numbers Nu, and Nuy, goes towards its reference value when the mesh is being
refined. The value of Nu,, goes towards zero and is divided by a factor four when the
value of N is twice, as well as the value of P/Py — (P/Fy),e;. We also check in Figure
12 the convergence towards zero of the discrete state equation in the L?*(0,t;; L*(2))
norm, and observe a convergence rate around 0.5 when the mesh is being refined.
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NU,C Nuh Nuav P/Po P/PO_(P/PO)ref
Ref. values [24] | 8.85978 | -8.85978 0 0.85633 0
N =64 8.87358 | -8.98999 | -0.1164 | 0.84769 -0.00864
N =96 8.83670 | -8.93469 | -0.0980 | 0.84819 -0.00814
N =128 8.83551 | -8.86779 | -0.0323 | 0.85375 -0.00258
N =192 8.84402 | -8.85730 | -0.0133 | 0.85512 -0.00121
N = 256 8.85452 | -8.86184 | -0.0073 | 0.85564 -0.00069
Table 3: Heated cavity, € = 0.6 and Ra = 106.
] e
ol | o ;
04 04 i ; : j
03 ” 03 { \ i
. R T 2
Temperature Velocity field
Figure 11: Temperature and velocity field for the mesh N = 256.
107
-O- err state law
— = Slope 1/2
102 o
102
Figure 12: Error on the state equation as a function of hAmaz-
4.3.2 The case without gravity
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Finally, we investigate a similar case to the one developped in section 4.3.1, but without
any gravity field (Ra = 0). In such a simple configuration, the exact solution is known
and given by:

Uex(2,y) =0, Tox =T + (T, — T.) , Pox = P, pex = RL; and e = 0. (47)
ex
We aim to investigate the behaviour of the scheme from a small perturbation around
this steady state. As expected, we observe that if the computation is initialized using
the exact solution (47), the fluid remains at rest and the exact solution is preserved,
as it was the case for the constant states test in subsection 4.1.1. Then, we start the
computation by using p! . and T}, instead of pe and Te, respectively given by:

P
P = pex + 1 sin(2kmx)sin(2k7y)  and T, = R—g’
Pinit

with n = 0.01 and k£ = 3. Time iterations are performed until the relative residual on all

the variables is less than 107!, leading to the numerical steady state ugf), T}ES), P, pﬁf)

and w,(Ls) . If we compare the solution obtained with the unperturbed steady state (47),
we observe that the L?(Q2) norms of the difference between the unperturbed state (47)
and the numerical steady one for the velocity, the temperature and the dynamic pressure
are less than 107!% whatever the mesh used, concluding that the state (47) is reached
for these variables. Since the finite volume method ensures the mass preservation, the
quadrature error made at initial time to evaluate the mass implies the mesh to be refined
in order to ensure the convergence of pgf) and P®) towards pex and Py respectively.
We display in Figure 13 the relative errors on the density, the thermodynamic pressure
and the state equation. It can be observed that all these quantities tend towards zero
as expected, and that the convergence is faster for P() than for p(®).

-~ Error on density

100¢ —¥— Error on thermodynamic pressure |=
Error on state equation

- = Slope 1.5

—-=- Slope 4.0

102 107

105 — pexllL2()  [P) — Pey|
lpexllzy ~ |[Pex]

(s) _ P

Figure 13:
" RT

and‘p

versus Amaz.
L2(Q)
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5 Conclusion

In this paper, a combined Finite Volume - Finite Element method based on a time
splitting has been developed. The main ingredients are:

e to solve the mass conservation equation by a FV method instead of exploiting the
equation of state;

e to solve the temperature and the momentum equations by a FE method, using a
projection method in order to fulfill the constraint (16);

e to keep a particular definition of the velocity (see (39)) in order to verify the
divergence constraint also in the FV scheme.

We compared the numerical results of the proposed method with those obtained im-
plementing one of the schemes proposed in [2]. We checked that the C-FV-FE scheme
allows to preserve the constant states as well as the maximum principle on the density
at the incompressible limit of the fluid, and gives the optimal rates of convergence on
a smooth benchmark using an analytical solution. We then investigated a problem of
injection of hot gas into a cavity filled with the same gas, obtaining results very similar
to those reported in the literature, and observing that a fixed-point iterations procedure
is not necessary, even if it can increase the convergence process. Finally, we simulated
a fluid subject to the natural convection in a cavity, for which high temperature gradi-
ents are involved in the vicinity of the boundaries. Once again, the developped scheme
provided satisfactory qualitative results as well as convergence rates.
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A Appendix
In this section, we will detail the fixed-point iterations algorithm. We perform a loop

of index [. Knowing P Tl ynthl and 771 we show how to compute P+
TrAbil gL+l apd 77 tLiH Note that for a generic variable a, a0 = a”.

1. The thermodynamic pressure P"*1*+1 is computed by the global mass conserva-

tion:
—1
n 7_1 n 1
prtLi+l /p +1,0 / — _
Y Q o IT™th
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dP n+1,14+1
2. The time derivative of the thermodynamic pressure <E> is computed by

solving (17):

- T un—i—l.n — —/ VTn+1’l .n
(dt) [9] o [QRePr Joq, ( )
7—1 n+1
B Fm.
T QRePr /aQN N

3. The new density p"*%*! is computed by solving:

V22

n+1,14+1

e O
n+1,l+1 _ n 1
P N P + 5 <V . <pnun+%,l) +V- (pAn—&-l,l-i-lun—f—%,l)) = 0,
with: L
e 2 W

4. The temperature 7711 is computed by solving:

3Tn+1,l+l — AT Tn—l
n+1,1+1 ntLl |yt
P < 2 At u )
3Pn+1’l+1 _ 4 pn + Pn—l 1

. ATn-l—l,H—l _
2 At RePr 0

5. The velocity u"™5*! and the pressure 7"+ are computed by solving:

3un+l,l+1 — 4un® + un—l
pn+1,l+1 < 4 un+1,l . Vun+1,l+1 4 V7Tn+1’l+1

2 At
1 n 1 T

—ﬂv LI _ﬁp 1,141 e,

V.ognthi 1 d_P L i y—1 AT
- y Pl i+l dt v Re Pr Prtli+1 ’

with
V- Tn+1,l+1 _ Aun+1,l+1 + %V (V . un+1,l) .
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