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Abstract

We propose in this paper a numerical strategy in order to compute a tur-
bulence model for compressible flows, including a dynamical estimation of
the jump of the turbulent kinetic energy across shock waves. The model is
taken from [11], and the Finite Volume scheme applies for a specific interface
Riemann solver. The whole procedure requires the detection of shock waves

in unsteady flows.
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Introduction

Many industrial applications require the computation of compressible tur-
bulence models in order to obtain a relevant representation of the mean den-
sity, mean velocity, mean pressure and turbulent kinetic energy ( for instance
in the framework of combustion and aerodynamics). These models classically
apply for Reynolds averaging technique and Favre decomposition [6, 7, §],
and closure laws for some correlations are mandatory. We refer for instance
to [23, 22, 2, 20, 3, 9] which recall some basic useful models and closures,

and also provide some properties and theoretical investigation of the latter.

This paper aims at defining a suitable algorithm for computing approxi-
mate solutions of a turbulence model for compressible flows, while retaining
the dynamic model first introduced in [11]. It is actually the sequel of a recent
work devoted to the analysis and the numerical approximation of solutions of
the three-equation conservative model [10] for mass, momentum and energy.
The latter model which is taken from [17], accounts for the turbulent kinetic

energy K in a simple way, while setting:
K= 50P5/ % (1)
with & > 0, together with the standard equation of state :
P = (y—1)pe. (2)

The associated one-dimensional Riemann problem is investigated in [10],
and it is shown that a Finite Volume scheme including approximate Rie-

mann solvers enables to provide convergent approximations of solutions of



the model, even when shocks occur in the flow. Nonetheless, it may be
argued that the closure law (1) does not account for turbulent entropy vari-
ations across a shock wave. This urges the introduction of a more relevant
turbulence model which would enable to represent turbulent compressible
flows with more accuracy. Moreover, even when restricting to smooth solu-
tions, it is known that classical turbulence models also account for turbulent

entropy variations in regular zones.

Thus we will present herein some way to account for K variations in the
whole computational domain. For that purpose, we will first recall in section
1.2 the basic dynamic model proposed in [11], and detail the full parametriza-
tion of shock waves. This model will then be inserted in a set of PDEs that
will govern the evolution of mass, momentum and total energy, together with
the turbulent entropy K p~>/3, hence providing the four unknowns p, P,U, K .
This will be achieved in section 1.3. Afterwards, a Finite Volume scheme will

be defined in section 2, that requires :

e the detection of the shock wave location in the unsteady flow at any

time,

e the definition of a suitable interface Riemann-type solver in order to
take turbulent entropy variations through shocks arising at an interface

separating two neighboring mesh cells,

e a stable and consistent way to handle Dirac source terms occurring

with shock patterns.

Eventually, some numerical results will be provided and discussed in section



3, and some conclusions will be drawn.



1. Governing equations

In this section, we present the steps used with the averaged Euler equa-
tions in order to derive a compressible model with dynamic estimation of
the turbulent energy across a shock wave. This presentation consists in two
different steps: (i) we start with the presentation of the global PDE formula-
tion, (ii) we then move on to the presentation of the strategy used to estimate

the jump of the turbulent entropy through a shock wave.

1.1. Global PDE formulation

The present model is an extension of the model presented in [17, 10] (
the counterpart two- phase framework is presented in [18]), which is based

on Euler equations for a compressible flow.

It includes three conservation laws corresponding to the mass, momentum
and total energy balance. The main unknowns are: the mean density p, the
mean pressure P (in the sense of Reynolds averaging) and the mean velocity
u (in the sense of Favre averaging). A fourth equation accounting for the
turbulent kinetic energy K describes the evolution of the turbulent entropy
&:

£=KpP,



The set of PDEs which determine the evolution of variables p, u, P and &

within the flow has the following form:

’

9i(p) + Oupu) =0

O(pu) + 0, <pu2 + P+ %) =0

O (pE) + 0, (u <pE—|—P+%)> =0

kat(pg) + al‘ (puf) + M(ZL‘, t>5(x—at:0) =0

by noting the mean total energy E:

2
U
pE:pe(P,p)+p7+K,

where e(P,p) is the mean specific internal energy given by user. We also note:

2
P'=P+ K, (4)

the modified pressure. The Dirac mass is 0(,—i=0) located in « = ot, M(z,t)
is the mass located at the shock position, and ¢ is the velocity of the shock

wave.

Remark 1 (The special case M (z,t) = 0)
In the specific case where M (x,t)=0, the model associated with system (3)
is conservative. We emphasize that (3) is hyperbolic (see Appendix A). Its

real eigenvalues are:

)\1:U—C, )\2’3:U, )\4:U+6,

where the turbulent speed of density waves ¢ is given by:

10K 10
F =4 — =+ &p?s
9p 9



When M(x,t) = 0, the Rankine-Hugoniot relations associated with model
(3) are:
—olp] + [pu] =0,

2K
—olpu] + [PUQ + P+ ?} =0,

—o[pE] + [u (pE+P+ %)} =0

—ol[p€] + [pué] =0

\

The first relation gives us:
[pv] =0, with v=u—o.
The fourth relation can be written in the following form:

[pvé] = 0= pv[{] =0

Through a shock wave (GNL field), we have pv # 0, thus [(]#=0 where L
(R) respectively denote the variables ahead (behind) the shock wave.

Besides, we note that ¢ is a Riemann invariant in GNL waves associated
with A\; and A\;. Hence, we deduce that £ remains constant in GNL waves

(shock or rarefraction). H

However, it is usually argued that the ’closure’ [€]F=0 through a shock wave
(or M(z,t) = 0) is not totally realistic. Focusing for instance on hydrogen
explosion, an accurate prediction of shock waves is mandatory, and thus a

relevant (non zero) definition of the mass M (z,t) is required.

This is discussed in the following section, while Appendix D gives some

7



possible reformulation of the governing set of PDE when a sole shock wave

occusion in the fluid flow.

1.2. Estimation of the turbulent entropy jump through a shock wave
We will consider in the sequel the model which has been proposed in
[11]. The latter reference proposes a methodology to evaluate the jump of

turbulent entropy through shock waves.

1.2.1. Estimating M (zx,t)

In the sequel, we will consider the following turbulent perfect gas EOS:

P = (y—1)pe.

with v > 1.

For a given shock wave propagating at speed o, we note the variables on
the right side of the shock with the index 'R’, and the variables of the left
side of the shock with index 2’ (thus focusing on the wave associated with
u + ¢). The following Rankine-Hugoniot relations for the conservation of

mass, momentum and energy can be easily obtained using (6)

[p(u—0)]5 =0
m?[r)5 + [P35 =0 (6)
[e + K7]+ ]51’2’2[7]5' =0

with m = pr(ur — o), and for any quantity ¢: ¢, = w, [0]F = P — Do

The fourth equation in (3) enables to get:
—olpgly’ + [puély + Mo = 0 == mlg]y' + Mo =0 (7)

8



In order to determine the intermediate state '2’ from the state 'R’, and there-

fore to find the value of My, one more relation is needed.

e The second and the third equation of (6) are written in the form:

Py — Py —m*(tp — 1) =0
X X —2/3 —2/3 (8)
PR(BTR—TQ)—PQ(ﬁTQ—TR)+2€R’TR 04—2527'2 a=20

where:
(v —=5/3)
(y-1°
and
_ (41
ey

System (8) admits 2 equations with 3 unknowns: Pj, 75 and &,.

The first relation in (8) determines the Rayleigh line, and we call the
function H (7, Py, &) the Hugoniot function of the turbulent gas flow
defined by second relation in (8) :

H(1, P}, &) = Pi(Bra—72)— P} (Bra—7r)+28rTs " Pa—260m o (9)

e The additional relation is given by following [11], the tangent of
the Rayleigh line to the curve H in the plane (7, Py) with & fixed,
gives us the additional relation. We rewrite this constraint by solving
the following equation:

OH OH )
E|<P*,s)d7|§ + ka)dp e =0, (10)

which gives us the following equation:

4 _
55272 3 = Py + Py + m2rr — m>mp. (11)



For a given value of (7,u, P,{)g and o, we have to find 5 unknowns

(1,u, P,&)2 and My solution of (6), (7) and (11).

1.2.2. Positivity conditions

We investigate now the positivity conditions pertaining to &, (or equiva-
lently K5). Actually, since £ must have a positive value, conditions pertain-
ing to the jump of 7 will appear when crossing the shock, depending on the

value of the parameter ~ .

We denote by:
A= P+ P; B+ mPtp — m*nf,
the right hand side of equation (11). Assuming that 75> 0 therefore &> 0,

then A will take the sign of (7-5/3) (linked to «).

e case 7 <5/3:
Since (7-5/3) has a negative sign, then .4 must be negative for & to
remain positive. Using the first relation of system (8) and the definition

of P* (4), we reformulate A in the following form :

B 2
A=cR?+ gKRTR(’}/ —5/3) —m? ((7 + D)motr — 77'}%) )

When A <0, it is necessary that:
2 2 ~o 2
m* ((v+ 1)7eThr — V71) > Cr° + gKRTR(v —5/3). (12)

Using Lax inequality:
g > )\4(WR), (13)

10



we deduce from (13) that:
2
C~R2 + gKRTR(’Y — 5/3) > 0.
Owing to m?>0, a condition involving the jump [7]¥ appears, which is:

(v + 1)m7r — 478 > 0,

and eventually (75>0):

TR- (14)

case vy > 5/3:
in the case where the shock is of low amplitude (i.e 7 &~ 73) and the

turbulence is weak (i.e Kr << 1), A writes:
A= Pr(1+8)+m*mr(1 — B) = (¢ — (ug — 0)*)—.
Thanks to the Lax inequality (13), which gives:
0 > Ugr+ Cr > Ugr + Cg,
we get that:
o —ur > cr >0,
Thus A must be negative. However this is in contradiction with (11)
4
3
when v > 5/3, that is: a > 0.

Remark 2 (case v > 5/3 with 7z # 7 and Kp >> 1)

In this case we will not explicitly give the positivity conditions, because
in an extension of this case (Tp & 7 and Kp << 1) we have found a
contradiction, therefore we do not take this case into account and we

just focus on the case where v < 5/3. B

11



1.2.3. Final form of M(x,t)
Using the additional relation (11) and system (8), simple calculations lead

to solve a second order polynomial equation in 79, G(72)=0, where:

5’7 * * 'y 1 —2/3
G(r) = 2m2ﬁ7'22 — m(m2TR+ Pr)1a+ PRTR7 7 + §m27'R+§RTR Ba.
(15)
Equation (15) admits a unique solution under the two constraints:
T <Tgp , To> T . (16)
(v+1)

Once 7 has been obtained by solving G(72)=0, the first equation in (6) gives
us, the second one gives Py, the third one gives:

P*r
(y=1)

which in turn provides &. Then the jump [¢]% is known, and we can calculate

[

+ag7 2P + Py plrly =0 (17)

My by equation (7):
My = —ml¢)5.

Of course a similar approach is used across the shock wave associated with

u — C.

Remark 3 The Lax criterion applied to our system states that for an ad-

missible shock wave with a velocity o we have for a (u + ¢)-shock:
)\4(W2) = Ug + C~2 >0 > )\4<WR) = UR + C}{ (18)
In fact, we have:

- " 2 _ 5
O — Uy — Cy = m27-22 — ’YPRTQ — YTRT2 + 7m27'22 -+ 5527'2 2/3(7 — ),

12



using the first and second equations of (6). By replacing & by its value given

by equation (11), we find that:
g — U — CNQ = 0,

which means that the first inequality in (18) is reached. B

2. Numerical method

In this part we will introduce a numerical method in order to cope with
the compressible turbulence model (3) described in the previous part. The
method consists in adapting a hybrid solver to compute approximate solu-
tions of the problem. This hybrid solver consists in two solvers: a classical
approximate interface Riemann solver when no shock wave is detected, and
a specific interface solver dedicated to the interface where a shock wave has

been detected. We will call it the modified approximate Riemann solver

'MARS'.

For this, we use a classical Finite Volume formulation in a 1D domain. The
computational domain on segment |a,b| is subdivided into cells I;, where
Tit1/2 represents the cell interface between cells I; and I;1;, and x; repre-
sents the cell center. We define At" the time step at time " and Ax; the
length of I; such that: ¢t"*!' = t"+ At" and Ax;— Tiy1/2 — Tiz1/2-

In the sequel, we will define the modified solver, more particularly the inter-
face solver applied when a shock wave is detected on an interface. Concerning

the classical approximate Riemann solver we will not detail it, because it is

13



already known in the literature, the reader is referred to [14, 13, 24| for more

details.
t
N
Linearized 1 — wave 2,3 —wave  Linearized 4 — wave
+ '. ’0
‘\ ] ,'
“ " '0
\ W1 B W2 o*
S ’ o*
. ’ .
‘s : 'o
$‘ 7 "
. N e
A 3 3
. ¥ .
“ " "
% R
’
W; “‘ :00' Wi+1
*
> T
Tiy1/2

Figure 1: Classical linearized interface solver at the interface (i + %) when no shock has

been detected.

Ezxact (u— ¢) — shock 2,3

Figure 2: Modified interface solver '"MARS’, if a (u-¢)-shock is detected at the interface

(io + %)
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Linearized 1 — wave 2,3— wave Ezact (u+ ¢) — shock

Figure 3: Modified interface solver 'MARS’, if a (u-¢)-shock is detected at the interface

(io + %)

2.1. Shock detector

In order to define properly the modified interface Riemann-type solver on
the interface where a shock wave has been detected, a practical technique
of detection of shock waves is needed. There are some methods proposed
in the literature to detect shock waves (see [19, 25| for instance for steady
patterns), however only few focus on the unsteady framework, as pointed out
in the conclusion of paper [25]. Thus, a different strategy will be introduced
in the sequel, which basically relies on properties of the solution of the one-
dimensional Riemann problem, on the entropy inequality and on associated

Lax inequalities (see [21]).

For an interface i + %/ separating the two cells 7 and ¢ + 1, we define the

quantity g;,+1 as follows:

Glivr = =01+ [ (19)

15



where (7, f,,) denotes the entropy-entropy flux pair, with n = —ps and f,, =
un. The estimation of the shock velocity is made on the basis of the mass
balance: 4
[(pu) )i
Oit1/2 = T w1 (20)
o ]i—H
Actually, for a discontinuity between the cells 'i” and ’i4-1’ travelling at speed

i1, We have the following inequality:
—oppe"liT + 1T <0 (21)

The use of jump relations (6)-(7) makes it possible to give a simple form of

the quantity g:

o
e [

We can deduce that if g;’;,; < 0 then we have detected a discontinuity zone.

Though redundant, we also enforce the test:
"l <0,

where [u"]i™! is expected to be o(1) through shock waves (unlike through

"discrete’ contact discontinuities where [u]i™! ~ o(h) ).

Finally the test will be in the following form:

4 1
if 91 <0 and [u"]itt < 0, then a shock wave is detected on the interface in i+ 3

Once we have detected the interfaces with occurence of a shock wave, it
remains to know whether it is a (u-¢)-shock or a (u+¢)-shock wave. The
definition of shock waves in the sense of Lax will be used to distinguish

them:

16



o if u;—C > 0,41/2 > Uir1—Ciq1, then a (u—c)-shock wave is detected on the interface

. . !
1n’z+%

o if u;4¢ > 054172 > Uip1+Ciy1, then a (u+-¢)-shock wave is detected on the interface

. . !
1n’z+%

Giiv1 <0, [UEH <0

shock zone one (u — ¢) — shock zone(u + MGZ{: zone
e

Figure 4: Two different steps of the shock detector. Step 1 (left) shock zone detection,
step 2 (right) (u-é)-shock or (u+¢é)-shock identification. Interface colors: shock zone (red),
1-shock (blue), 3-shock (yellow) and for other waves types (black)

In practice, most of the time the shock zone involves more than a sole

interface, as depicted in figure (4).

2.2. Modified Approximate Riemann Solver when a shock occurs "MARS’

This section describes the numerical resolution of the Riemann problem
associated with a shock detected on the interface. More precisely we want to

associated with the shock wave at inter-

evaluate the numerical flux ;! ARS

2

face ig + % For the detection step, we assume that shock speeds have been

estimated. Moreover the mass M, is given here.
In the following, we consider the general case M # 0. In order

to simplify the presentation of the modified solver, we focus on the case of

an effective shock in the 4-wave (i.e. when a (u-+¢)-shock appears).

17



First of all, we recall that (see [10], or Appendix A ) the eigenvalues of

system (3) are:
)\1(W) =Uu— é, )\273<W) = u, )\4(W) =u+c

The associated eigenvectors are respectively:

r(W) = (p,—¢pc,0) , ro(W)=(1,0,0,0)
T3(W) = (07 07 07 1) 9 T4(W) = (pv 67 p52, O)
where
W = (p,u, P*,§), (22)

is the set of variables considered here.

The double wave associated with Ay 3 is linearly degenerate (LD), and ro
and r3 are independent. The variables (u, P*) are the Riemann invariants in

this double wave.

The wave configuration retained for the simplified solver at the interface

is depicted in figure 5.

We note that:
Wi = Wi = i1, (23)

with 7 = (p, —¢, p &, 0)i41, where a = ot (kiy 1 will be given in step 3).

18



N
Linearized 1 — wave Double contact wave (u+¢) — shock
N &1
&=&
& h
Lit1/2

Figure 5: Partial solution of the Riemann problem in terms of £. Intermediate states noted

717’727

Concerning the wave associated with \;, we assume that it is a shock wave.

The jump relations associated with this wave are as follows :

(
pr(ur — ) = pa(uz — o) =m

m?[7]3 + [P*]3 =0
(24)
e + K75 + Ppylr)s =0

m[ﬂ? +My=0
where Wr=W,.;.

The shock speed 1/ is known numerically on the interface thanks to the
detection stage (20). We recall that & is known since M is known, according
to the formula proposed in section 1.2. We can then deduce from the jump

relations (24) the three unknowns (p, u, P), for the intermediate state '2’.

At this stage, we can propose a modified approximate Riemann solver 'MARS’

19



adapted to the specific configuration of a (u+¢)-shock wave. We calculate in

three steps which are::

1. Use of the jump relation through 4-wave.

2. Exact connection through the double contact wave Ay 3 = w.

3. Connection between state 'L’ and "1’ through linearized 1-wave.

Remark 4 The second and the third step of modified solver are the same

as for the classical solver VFRoe-ncv [4]. B

We recall that:
P = (y—)pe.

e Step 1( (u+¢)-shock): The jump relations (24) give us:
Py(my) = Py — m*(Tr — 72),

Us(T2) = 044172 + Mo,

with 4 '
loul7t it
cinis = [ = TP

(25)

(26)

(27)

(28)

Using relations (27) (26), and third relation of (24), we have to solve a

nonlinear scalar equation of unknown 7:

V(B3 (72) + Pr)(Tr = 72) + (Tr + 72) (Pg = P5 (12)) +2(7 — g)[KTE% =0. (29)

From a pratical point of view, the nonlinear equation (29) is solved using the

dichotomy method, thus p, = T—12 is known.

20



Using (27) (respectively (26) ), we get the intermediate speed uy (the interme-
diate pressure Pj). The calculation of the intermediate state 2’ guarantees
that :

P[P > 0 and - [ul3" <0. (30)

e Step 2 (double contact wave): Knowing that the Riemann invariants

associated with the contact wave are (u, P*), we set:

u; =up and P = Pj. (31)

e Step 3 (Linearized 1- wave ): u; and P are now known, thus us-

ing (23) we obtain:

P* 1
p1=prL+ | :]L. (32)
CL.R
This guarantees that:
[p]L[P7]L > 0. (33)

The modified interface solver is now fully defined.The intermediate states are

defined as follows:
WMARS — (o) ug, PYL &), k=1,2. (34)

and then the numerical flux ﬂﬁ{ﬁ%s is defined through (37), (38) and (40). W

Now we can move on to the presentation of the finite volume scheme that is

based on these two Riemann solvers.

21



Remark 5 Even if My= 0, the 'MARS’ solver is not strictly the VFRoe-ncv
solver [4, 10]. W

2.8. Global solver and numerical scheme

In this section, we present a finite volume scheme [5], for the numerical

resolution of the following system of equations:

(

Oi(p) + 0x(pu) =0

A (pu) + 0, (pu2 + P+ %) =0

9 (35)
Oh(pE)+ 0, | u pE—FP—FT =0
0(p€) + 0 (pué) + Mod(z—gt=0) = 0
where My = 0, or Mj given by section (1.2).
The numerical scheme reads :
Ai(ZP = Z7) + AUF . — F' 1) + AtBP =0, (36)

with Z = (p, pu, pE, p€), B; = (0,0,0, M;), and:

]—"fi‘; = F(Z(Wp (W W!,)) when no shock wave has been detected,

Ty =
‘7_—%?}25 = F(Z(Wiiars(W, W) if a shock wave has been detected,
(37)
where:
F(Z) = (pu, pu® + P*,u(pE + P*), pug). (38)

The solution W (W, Wg) of the approximate Riemann problem, is found

with the linearized solver VFRoe-ncv (see [4, 10]). When no shock wave is

22



detected on the interface, the solution of the Riemann problem is given by :

Wllnd if 5\1 < 0 and 5\2,3 > 0,
WiaWe, Wg) = (39)
Wid if X\y3 < 0 and A3 > 0;

\ Wg if 5\4<0;

For more details about the solution W} ;, the reader is referred to Appendix

B.

The solution W3, 4ps(Wr, Wg) of the approximate Riemann problem, is found
with the modified interface solver 'MARS’. If a shock wave has been detected

on the interface, the solution of the Riemann problem is given thus by :

(

WIJ\/IARS if /\1 < 0 and /\2’3 > 07
Wirars(Wr, Wg) = < (40)

WQJ\/[ARS if )\273 < 0and A3 > 0;

Wgr it A\ <O0;

\

MARS 17MARS
Wi , Wy

where are the 2 intermediate states, calculated in the sec-

tion 2.2.

23



M is a contribution in cell i to the global jump of turbulent entropy M.

(2

It appears when a shock wave has been detected locally. In order to guar-
antee that S M = M, (recall that N is the total number of cells in the
domain and M, is the global jump of turbulent entropy to be imposed on

shock wave), the calculation of M; is done as follows :

o We set M = 0,V 1ie N, at each time step time n .

e Loop 1 : if a shock is detected at interface i4-1/2 :

L. X?Jr% = |pi1 — P},

(41)
2. Sum™ = SN X1
2
e Loop 2 : if a shock is detected at interface i4-1/2:
X;:L;
on _ 2

si Ji+l/2 <0— Mln = MZn -+ X’?Jrl/Q * ]\fo

si Oit1/2 > 0— Mﬁrl = MZ}H + )Z?+1/2 x My

Moreover, At" and Ax; are linked by the Courant-Friedrichs-Levy (CFL)

following condition :
At™
Al‘i

m(m:(])\j ‘j:1727374) < 1,

in scheme (36).
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3. Numerical Results

We present now some numerical results obtained for the model and scheme
detailed in the previous sections. We focus here on test cases involving shock
waves. The test cases provide a comparison between the exact solution and
the approximate solution and make it possible to obtain a numerical conver-
gence curve, which gives the error in L1 norm. The profiles of the approxi-
mate solutions are presented at a given final time for the density p, velocity

u, pressure P, modified pressure P*, and the turbulent entropy &.

All the computations are performed for a given value of CFL = 0.5. More-

over, in all the tests below, we have considered the perfect gas EOS:

P = (’7 - 1)p67

where the constant v is equal to . The computational domain is [0, 1] and
the initial discontinuity separating states Wy and Wp is located at x= 0.5.
The domain [0, 1] is discretized using uniform cells, Az, = Az, and the

number of cells varies from 200 up to 2x 10° cells.

3.1. Test 1: Double shock wave (€= &)

The first test case is a double non-symmetrical shock with a mass M, =
0. This case is used to test the modified interface solver, on the basis of the
pure conservative system (turbulence entropy is constant), and to compare

the results with classical solver [10].

This case test is taken from [10]. The initial conditions of the Riemann
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problem to be solved are given below:

(pr,ur, Pr, &) = (1,650,10°, 10%)

(pr> ur, Pr, &r) = (1, —687.545913,98007.273140, 10*)
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Figure 6: Double-shock wave test case. Density (top left), velocity (top right), pressure

(bottom left) and P* (bottom right). Comparison between the modified interface solver
(green) and the VFRoe-ncv solution (purple) at ¢t = 144 x 1073 s, CFL = 0.5, 500 cells.

Figure 6 shows qualitative comparisons between the approximate solutions

calculated with the modified interface solver 'MARS’ and the linearized solver

VFRoe-ncv for a mesh containing 500 cells. Figure 7 shows the convergence
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Figure 7: Double-shock wave test case. Convergence curves, with modified interafce solver
(left), VFRoe-ncv (right): logarithm of the relative Ll-error versus the logarithm of the
mesh size with uniform meshes containing from 200 to 200000 cells. The error is plotted

for variables, p, u, P and P*.

curves, with the two solvers "MARS’ and VFRoe-ncv), for the set of vari-
ables {p, u, P, P*}, and for &, = &g = 10%, My=0.

First of all, the behavior of '"MARS’ near the 3-shock wave around = = 0.6
is steep but oscillating (see figure 6). The error curve for VFRoe-ncv and
'MARS’ on P and p is comparable but a little better for VFRoe-ncv on u
and P*. The error (for 'MARS’) varies as ~ h' for variables u and P* on
fine meshes, and as h'/2 for p and P (owing to the occurrence of the contact

discontinuity), see figure 7. This result of the convergence was expected.

3.2. Test 2: Simple 4-shock wave

We consider now a single 4-shock wave. We assume that M, # 0 is given
by the user. The exact solution is shown in figure 8. We propose here to

examine the approximate solution of a Riemann problem, with two different
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(u+ ¢) — shock

W \W

R
Zo

Figure 8: The exact solution of the Riemann problem for the test 2.

pressure ratios ﬁ—LR, and with a strictly negative value for My motivated from
a physical point of view (turbulent entropy decreases through the shock).

The initial condition of the Riemann problem is given by:

Case 1:
o = 580, and My = —50000,
(pr,ur, P, &) = (1.936,280.451, 261265.856, 1000)
(pr,ur, Pr,€r) = (1,650,107, 913.793)
Case 2:

o = 580, and My = —50000,
(pr,ur, Pr, &) = (4.487,461.047, 268669.876, 1000)

(pr,ur, Pr,&r) = (1,650,10% 913.793)

where Wg, o, My are given, and W, calculated with (24).

28



The pressure ratio in test case 2 is close to 26.8 while the ratio in test case

1 is close to 2.6.

In the following we will perform these two test cases, with the standard

scheme presented in 2.3, and with a modified scheme.

3.2.1. Standard scheme

In this part, we will illustrate the numerical results of test 2 (case 1, case

2) using the standard scheme 2.3.

Figure 9 (respectively 12) shows the behavior of the density p, velocity u,
modified pressure P* and turbulent entropy ¢ for case 1 (respectively case 2)
at a given time Ty = 3 x 1072, on different meshes with 100 cells, 1000 cells
and 10000 cells. Figure 10 (respectively 13) shows the convergence curve for
the case 1 (respectively case 2), for the set of variables {p, u, P, P*,£}. The
behavior of the shock detector is shown in figure 11 (respectively 14) for case

1 (respectively case 2) on a mesh with 200000 cells.

The profiles of density p, velocity u, modified pressure P*, in case 1 (rescp
case 2), represented in figure 9 (respc figure 12), show a good behavior of the
variable (p, u, P*) through the 4-shock wave. The profiles of these 3 variables
are disturbed and slightly oscillating on a coarse mesh, but by increasing the
number of mesh cells, these oscillations tend to disappear. The profiles of (p,
u, P*) on a fine mesh take the form of the exact solution (figure 8) with z

= 0.674 and Ty = 3 x 1073,
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On the other hand, with regard to the profile of the turbulent entropy &,
the latter converges towards the profile of the exact solution in case 2 and it

does not converge in case 1.

The convergence curve ensures the above results (see figure 10 for case 1,
and figure 13 for case 2). Figures 11, 14, show that the behavior of the shock

detector in case 2 is better than that of case 1.

Remark 6 The parameter coef;, 1 taken in the standard scheme is a choice

and not mandatory. We illustrate test 3.2 with another parameter:
coeflyy = | Py — P (43)

The reader is referred to Appendix C for more details. B
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Figure 9: Simple 4-shock wave test case 1, with standard scheme. Density (top left),
velocity (top right), P* (bottom left) and ¢ (bottom right). Profile of the approximate
solution for different meshes =100, 1000, 10000 cells at t =3 x 1073 s, CFL = 0.5.
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meshes containing from 200 to 200000 cells. The error is plotted for variables, p, u, P, P*
and &.
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Figure 11: Simple 4-shock wave test case 1, with standard scheme. Shock detector
behavior on all interfaces (left), behavior of the shock detector around the detected shock

(right): it indicates 0 if it does not detect a shock, and 3 if it detects
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Figure 12: Simple 4-shock wave test case 2, with standard scheme. Density (top left),

velocity (top right), P* (bottom left) and ¢ (bottom right). Profile of the approximate
solution for different meshes =100, 1000, 10000 cells at t =3 x 1073 s, CFL = 0.5.
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Figure 14: Simple 4-shock wave test case 2, with standard scheme.Shock detector be-
havior on all interfaces (left), behavior of the shock detector around the detected shock

(right): it indicates 0 if it does not detect a shock, and 3 if it detects
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3.2.2. Modified scheme
In this part, we assume that the shock is unique. We choose a single

shock interface, looking for the greatest value of the jump of u:

max? |uiy1 — ui| = |wiy11 — ;| => A single shock is assumed to be located

. . 1
at interface ig + 5

Consequently, we modify the numerical scheme presented in 2.3, by elimi-

nating the 2 loops (41,42), and replace it by the following one:

n _ 1
M} = 5 Mo,

My = 5 Mo,
In the following, we will simulate test 2 case 1 with the modified scheme.
The behavior of the density p, velocity u, modified pressure P* and turbulent
entropy &, are shown in figure 15. The results provided by the two methods
are almost similar for the three profiles (p, u, P*). The remarkable difference
between the two methods lies in the profile of the turbulent entropy, where
we notice that the oscillations around the (u+¢)-shock disappear on the fine
meshes, whereas this is not the case with the standard scheme. The error
varies as &~ h' for all variables (p, u, P*, ), hence the convergence of all the

variables with the modified scheme holds.
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Figure 15: Simple 4-shock wave test case 1, with modified scheme. Density (top left),

velocity (top right), P* (bottom left) and ¢ (bottom right). Profile of the approximate

solution for different meshes =100 cells, 1000 cells, 10000 cells at t = 3x1073 s, CFL = 0.5.
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Figure 17: Simple 4-shock wave test case 1, with modified scheme. Shock detector
behavior on all interfaces (left), behavior of the shock detector around the detected shock

(right): it indicates 0 if it does not detect a shock, and 3 if it detects
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4. Conclusion

This chapter was devoted to the analysis and numerical approximation
of the turbulent compressible model introduced in [11]. The latter model en-
ables to take the jump of turbulent entropy across shock waves into account,
and meanwhile provides some methodology in order to calculate the entropy
jump. The analysis of the model comfirms it is meaningful.

A numerical technique has been proposed in order to obtain approximate
solutions when a shock wave occurs in the fluid flow. This method requires a
shock detector, which has been grounded on Lax conditions and the entropy
inequality. Numerical results show that the present approach must be im-
proved in order to get consistant and stable approximations in an industrial

framework.
Acknowledgements The last author receives financial support by ANRT

through an EDF/CIFRE grant number 2019/1580. Computational facilities
were provided by EDF.
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A. Main properties of model 3 with M (x,t) =0

In this section, we detail the structure of system (3) (eigenvalues, eigen-

vectors, Riemann invariants) in a general framework with respect to the EOS.

A.1. Hyperbolicity

System (3) is written in the form:
oW + A(W)o,W =0, (44)
where the primitive variable W reads:
W = (p,u, P* &)

The jacobian matrix A(W) is:

u p 0 0

0O uw 7 O
A(W) = ~ )

0 pc u 0

0 0 0 u

where 7 = 1/p denotes the specific volume and & = ¢*(P, p) + 2&p*/2.

System (44) is hyperbolic, it admits four real eigenvalues:
MW)=u—¢  Xs(W)=u, MW)=u+g, (45)

and the associated eigenvectors rj, (W) span the whole space R?* provided that

c#0:

Tl(W) = (pv _67 péQaO)tv TQ(W) = (17070a0)t7
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T3(W) = (0,0,07 1)t7 7,.4(W) — (p7 67 pEQ,O)t .

Fields associated with A; (W) and A\y(W) are genuinely non linear (GNL),
and field associated with Ay 3(1V) is linearly degenerate (LD).

A.2. Riemann invariants
The two Riemann invariants associated with the LD field (Ay3 = u) are

the following whatever the EOS is:
EW)=u ., L(W)=P(Ppg).

The Riemann invariants associated with the two GNL waves read:

Pe(IE (W), pt, I3
1 — rarefaction wave : I} (W) =s(P,p) , I,(W)=u +/ el )’;)/’ :(W)) dpt,
0
1 — rarefaction wave : I3(W) = €.
Pl 1, 15
4 — rarefaction wave : I} (W) =s(P,p) , Iy(W)=u— / « I(W)"O/’ :(W)) dpt,
0 P

4 — rarefaction wave : Ij(W) = €.

B. The intermediate states for VFRoe-ncv

The VFRoe-ncv scheme is based on the computation of the exact solution
of a linearized version of the Riemann problem at the interface between two
cells. It thus relies on finding the two intermediate states Z; and Zs: the
state Z) (resp. Z») lies between the linearized waves \; and Ay 3 (resp. a3
and ;). We have:

Z1 =7+ aqi, (46)
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Zo = 71 + QaTy + aisT3, (47)

Zr = Zy + auTy, (48)

where the linearized right eigenvectors are:

~ ~ 2

7’/11 - (17 _67—7 5\7270)t7 ,f; - (]"07 07 O)tJ 7:5 = (07 07 07 ]‘)t7 ﬁ - (1767—’6 70)t7

and where the coefficients a; and oy associated with the eigenvalues A\; and

A\, read:

N _L[PE L[ulip
P 2 Z
CLPE 1[ufp

Oy = -—5 +3 =

2 3 2 2

It should be noted that thanks to (47), we have:
u; =ug, and P/ =PF;.

After simple calculus on equations (46) and (48), the following intermediate

values can be found:

*1R —~ *1R =
p L
p1=prL+ | A]QL — =[uli,  p2=pr— /:2L =[u]f,
2¢ 2c C 2¢
& =8, & =¢Er
Finally, the intermediate states are defined as follows:
Wlind: (pkaulmpl:?gk)v k= 172 (49)
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C. Additional numerical results: a simple 3-shock wave with dif-

ferent coefficients

The profiles of the approximate solutions along the x-domain are given in

figure 18 (respectively 21) for case 1 (respectively case 2), for several meshes

with 100, 1000 and 10000 cells. Figure 19 (respectively 22) represents the

error curve for case 1 (respectively case 2), and the shock detector behavior

is shown in figure 20 (respectively 23) for case 1 (respectively case 1).

Finally, by comparing these results (with coef!’ , = [P — P/"[) with the
2

results of part 3.2.1 (with coef!" , = |pj'; — p;’| ), we find that the solution
2

is roughly almost the same.

D. A tentative PDE formulation of model [11]

Model [11] provides the contents of M (see section 1.2). System of equa-

tions (3) presented

(

\

in section 1, can be rewritten as follows:

Oip + 00,0 = 0

A(p) + Oz(pu) =0
2K
A(pu) + 0, (pu2 + P+ ?) =0

3
9e(p€) + Ou(pul) + Mo0r = 0

O (pE) + 0, (u <pE—|—P+%>) =0

by noting the mean total energy E:

1 K
E=ec+ -u*+ —.
2 p
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Figure 18: Simple 3-shock wave test case 1, with standard scheme and coef; /5 = [P —

P;|. Density (top left), velocity (top right), P* (bottom left) and £ (bottom right). Profile

of the approximate solution for different meshes =100, 1000, 10000 cells at t = 3 x 1073
s, CFL = 0.5.

We define the modified pressure P*:

2
P'=P+ 3K,

where K = £p°/% <= ¢ = Kp~%/3.

The variable ¢ denotes a colour function (see [16, 15, 12, 1| such that:
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Figure 19: Simple 3-shock wave test case 1, with standard scheme and coef; /o = [P,
Pr|. Convergence curves: logarithm of the relative Ll-error versus the logarithm of the
mesh size with uniform meshes containing from 200 to 200000 cells. The error is plotted

for variables, p, u, P, P* and &.
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Figure 20: Simple 3-shock wave test case 1, with standard scheme and coef; /2 = [P —
P;|. Shock detector behavior on all interfaces (left), behavior of the shock detector around

the detected shock (right): it indicates 0 if it does not detect a shock, and 3 if it detects
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Figure 21: Simple 3-shock wave test case 2, with standard scheme and coef; /5 = [P —

P;|. Density (top left), velocity (top right), P* (bottom left) and £ (bottom right). Profile

of the approximate solution for different meshes =100, 1000, 10000 cells at t = 3 x 1073
s, CFL = 0.5.

0if <0
P(x,0) =
1 if z>0

and o is the shock speed. M, is given non zero.
System (50) is rewritten as follows:
oY +C(Y)o,Y =0, (51)
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Figure 22: Simple 3-shock wave test case 2, with standard scheme and coef; 1,2 =

|Pf.; — P;|. Convergence curves: logarithm of the relative L1l-error versus the logarithm

of the mesh size with uniform meshes containing from 200 to 200000 cells. The error is

plotted for variables, p, u, P, P* and &.
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Figure 23: Simple 3-shock wave test case 2, with standard scheme and coef; /2 =

|P1 — P;|. Shock detector behavior on all interfaces (left), behavior of the shock detector

around the detected shock (right): it indicates 0 if it does not detect a shock, and 3 if it

detects
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with Y the primitive variable:

Y:(¢7p7u7p*7£)7

C(Y) is the jacobian matrix:

c 0 0 00
0O w p 00
CY)=10 0 uw 7 0],
A0 pit u 0
B 0 0 0 u
with: ) 3
A=Mop™ (50 = (551071 ).
3 oP
y (52)
B==2
P

We assume that: My # 0, and v # % (in case of a perfect gas EOS) which implies that:
A #0and B #0.
System (51) admits five real eigenvalues:
MY)=0 MY)=u—-2¢ IJ3(Y)=u, MY)=u+c (53)
The associated eigenvectors r(Y) are:

ro(Y) = <A(u —0),—A, (u— 0)%, —Au —0)?, —BA)t ,

r(Y) = (0,p, =& p2,0)",  ra(Y) = (0,1,0,0,0)",
r3(Y) = (0,0,0,0,1)",  r4(Y) = (0,p, pé,0)",
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with A = (u — 0)? — &

In the sequel, we assume that:

o # u.

We must distinguish two cases which depend on the value of A:
(i) A # 0: system (50) is hyperbolic (eigenvectors span R®);
(ii)) A = 0: the associated eigenvector ro(Y) € Vect{ry,rs,r4} = system

(50) is degenerate.

The second case (ii) above corresponds to system (3) in section

1.1.

E. Positivity of the total pressure of the mixture P*

In this section, we are interested in studying the condition of the positivity
of the total pressure of the mixture P*. Let us first recall the system of
Rankine-Hugoniot relations associated with model (3). We assume that the
variable (p, u, P,§)r on the right side of the shock 'R’, the shock speed o and

My are given. The system of jump conditions is written as follows:

' plu—o) =0

w8+ [P =0
(54)
[e + K7} + 15;;2[7]5 =0

{ m[E]y + My =0
with P* = P + %K, T = %, K = £p°3 and m = pr(ug — o). The variable

(p,u, P,&)s on the left side of the shock noted 2’ is the main unknown.
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In the sequel, we will consider the following turbulent perfect gas EOS:

P = (y—1)pe.

The third equation of system (54) can be written in the following form:

(

Py = Pry(z)
9(z) = h(_z)
CED -
he) = 2= 1+20 2 TR - 22
L
\ PR

To study the positivity of P*, we will examine the variation of the function
h(z) in the interval [1, 5[. The derivative of the function h(z) is:
(v —5/3) Kr

(v=1) Pq

We distinguish 2 cases which depend on the value of :

W(z)=p+2

e for v>5/3: h'(z) is positive in the interval [1,5] = h(z) is increasing
over [1,5[; then for h(z) to be positive (P; > 0), it suffices that h(1)>0,

which imposes a condition on the jump of [K]¥ such that:

Py+(y—5/3)[K]} >0 < h(1) >0 (56)

e for v < 5/3: we distinguish 2 sub-cases:

Loif (y+1)+2(y— 5/3)% > 0: I/(z) is positive in the interval [1,5]

= h(z) is increasing in [1,4[; condition (56) appears to keep the

positivity of Px.
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2. if (y+1)+2(y—5/3)52 < 0: B'(2)<0in [1,8] = h(z) is decreasing
R
in [1,4]; then for h(z)>0 (Py > 0), it suffices that h(5)>0, which

imposes a condition on the jump of [K]% such that:

)
VPR+§(7—1)KR+

Py

F. Study of the ratio P
R

in (u-+¢)-shock

First of all, let us define P;:

P, = -K,

so that the pressure P* reads:
P=P+P,.

The modified pressure P* is then composed of a 'laminar’ thermodynamical

*

pressure P and a ’turbulent’ contribution Py. In the following, the ratio ]Izi
R

is studied for the model considering a turbulent perfect gas EOS:

P = (v —1)pe.

We assume that the right state (p, u, P, §) g and o are known, and that P, p >

0 and Pr > 0. The jump relations associated with (u+¢)-shock are:

.

[p(u—0)]3 =0
m?[r]5 + [P]5 =0
[e + K7]+ ]51’22[7]5 =0 (57)

m[§]§ +My=0

4 _
| 5 a = Py Py + mir — i
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7 (v=5/3) B = (w+1

NCEO , o is the speed of the shock and

with m = pr(ug —0), a =

P* =P+ 2£p°/3 is the total pressure.

We set:
P2
Z9 — —.
PR
Across a (u+¢)-shock wave we have necessarily zo > 1 and z, < ¢l jl) (see

section 1.2). Using the third and fifth equations of (57), we get the following

formula for the pressure P; with respect to 22 and to the right state:
P2* = Pgh2<22; gRa PE? pR)a (58>

with:

2822 — 529 + 4z§§§§a - 3m2;’; (20 — B)

522 (ﬁ — 322)
We note that the jump relations (57) can only be defined if ho(22; R, Pfi, pr) >

hQ(ZQ; é.Ra PE? PR) = (59>

1 ( thanks to the second equation of relations of jump). For this, we examine
below the conditions to keep (ha(22;&r, Pr, pr) — 1) > 0 with respect to 2y

(v4+1)
€ [1,==.

First of all:
92(227 £R7 R: pR)
522(ﬁ — 522) ’

h (227€Ra R’pR) 1=

with:

. K
gz(zz;fR,PR,PR):223(54‘2]3—?044‘1)4‘22( 5—58— 32—
R

) 3 o

(60)

P*

Since 5z5(f — 222) > 0 (becausezy < Ghs )) is positive. The positivity study

of gy is equivalent to (ha(29; &R, Pgy pr) — 1) > 0.

o1



The first and second order derivatives of gy are:

K
ga(20) = d20(8 + 22 + 1) — 5 — 58 — 3m2 L2, (61)
Pp Pp
Kr
glha(z9) =4(B+2—a +1). (62)

P*
We distinguish 2 cases for g//(z;) depending on the sign of « (7v):

L. if @« >0 (v > 5/3): we have g//y(zy) positive for z5 € |1, erl)[

2. if @« < 0 (y < 5/3): We distinguish 2 cases depending on ratio value

Pk R,
PE :
(a) if 252 < o we have gi1s(2) positive for 2 € [1,220]

(b) if Pf.f; > ;- we have g/3(22) negative for 2z € 1,00

2y
3(5/3— Y

The case v > 5/3 is not relevant (see section 1.2), we are interested in the

case v < 5/3 in the following.

For v < 5 / 3: we have distinguished 2 sub-cases, which depend on the value

PKR

. The limiting ratio is bounded by § = >1(y <3,

3(5/3 7)

(b) is impossible. For that purpose, we will

then case(b) PP*
consider that case 2(a) in the study of the positivity of go(22).

Case 2(a): v < g and Kf < (5/; yiowe have g115(zy) positive V zo €
1, WH)[ which implies that g/(z2) is increasing V 22 € [1, VH) [

Sign of g/y: thanks to condition 2(a), we find that glg((7+1)) < 0, but since
g2 is an increasing function, then g/5(z2) is negative V 2y € [1,@[. This

implies that the function go(29) is decreasing V z5 € |1, 7+1) [.
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Finally for v < 2 and e m: g2(29) is decreasing in [1,@[; then for
R

getting go(2z2) > 0 (Py> Pj), it suffices that gﬂ%ﬂ) > 0, which imposes

the following condition:

(v+1) Kg (v+1) TR TR
2( )? (6 +142 P a) + > (—5 — 58— 3m2p—]§> +3m? p§5(> ;).
63
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