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Example of a low Mach flow configuration:
from an aeronautical combustor to a baseline lab configuration
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Example of a low Mach flow configuration

Parois multiperforées

~ 3 R

Parois multiperf

Entrée d 'air /
G ]
\ Injection
= y carburant
// : A1\
Compresseur Turbine
(Distributeur)
m=p (Gaz brilés == Air compresseur

—  Air de combustion wess  Carburant

Aeronautical combustion chamber
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Example of a low Mach flow configuration

Multiperforated
plate

2 Acoustic sources p
= Combustion noise (up to 80dB) ‘f
= Thermoacoustic instabilities (up to 140dB) “H—

= Mechanical vibrations B e I'
|

= Acoustic modes:
= Longitudinal
= Radial

= Azimuthal

> Wave types:
= Steady (all modes)
= Propagating (azimuthal modes essentially)
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Example of a low Mach flow configuration

Different wall cooling approaches

Film cooling
Q AP © Easy to manufacture
[ 1] Al

\:zzzzzzzgtzm ®  Short protection length
ﬁ

Double wall © No local perturbation of the flow

AP ® Modest cooling efficiency
Multiperforations © High cooling efficiency over the perforated
plate
® Important flow rate (~30% of total air supplied

to the chamber)

——  Hot gases (~ 2200K)

Cooling air (= 600K)
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Example of a low Mach flow configuration

2 Combustion chamber cooling through multiperforated surfaces « effusion

cooling » Effusion cooling

= Canonic;

ot -

Grazmg waves N . Normal waves

P
< ( \ Hot gases

e = =
Crossﬂow (hot gases) £ Flame e wp

N

Secondary flow (cold gases)

Fuel -
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Example of a low Mach flow configuration

From a real combustor to a baseline lab configuration: the
test bench MAVERIC

(A Multi-purpose rig for Accurate Validation by Experiments of Research on Innovative
Cooling)

Cross-flow (excited or not) Perforated plate

- * =
//Z//]”_*
- N

Secondary flow Pressure loss plate

" Two parallel turbulent channel flows
" Multiperforated Plate = porosity 13,9%

" Pressure Loss Plate > maximum porosity 25%
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Example of a low Mach flow configuration

Centrifugal Speaker Acoustic Outlet section.
fans location insertion tube Upper channel.
Microphone

insertior port

Inlet section. Upper
channel.
Microphone
insertion ports

Test section Multiperforated Plate

Pressure drop between lower and upper channel [10 — 140] Pa

" Main stream Reynolds number [2000 — 35000] - Jet Reynolds
number [1200 — 9000]
Typical Mach number values 10-3 — 10-2
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Example of a low Mach flow configuration

" With an acoustic excitation of the crossflow

Speaker

\‘_/

< Multiperforated

Analysis of test

= ee - bench acoustic
- Crossflow / : res po nse
| | / / '/ / ! i l

Secondary flow >
> %\

Pressure loss
plate

2 Development of data acquisition
system and forcing system
(LABVIEW)

> Laser Doppler Velocimetry (LDV) & Phase-Locked Particle image
Velocimetry (PIV) measurements
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Example of a low Mach flow configuration

DP' Amplitude spectrum DP' Amplitude spectrum
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Velocity count

m2/s

Example of a low Mach flow configuration
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Example of a low Mach flow configuration

[llustration of the interaction between acoustics and

hydrodynamics: visualization of a single jet in an excited
crossflow @146 Hz
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Example of a low Mach flow configuration

Examples of extraction of the jets’ coherent motlon 2- component velocity
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MAVERIC database - AF-CV-12R-60-146-24 , central jet of row 5: phase average time
variation of velocity incorporating four phase locked averages (0°, 90 °, 180° and 270°,
(P1V, statistics over 600 images per phase angle).
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Example of a low Mach flow configuration

Examples of extraction of the jets’ coherent motion: normal vorticity component

MAVERIC database - AF-CV-12R-60-146-24 , central jet of rows 3 and 5:

phase average time variation of vorticity incorporating four phase locked

averages (0°, 90 °, 180° and 270°, (statistics over 600 images per phase
angle).
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Example of a low Mach flow configuration

If the relative intensity of the forcing is inscreased by reducing
the mean pressure drop from 60 Pa to 15 Pa

Vorticity Il N | s~

5 4 -3 -2 -0 0 I 2 F 4 5

xildy

MAVERIC database - AF-CV-12R-15-146-24 , central jet of rows 3 and 5:
examples of extraction of the jet coherent motion: phase average time variation
incorporating four phase locked averages (0°, 90 °, 180° and 270°, (statistics
over 600 images per phase angle).

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina



LES computations with the explicit density based solver
AVBP (Cerfacs & IFPEN): cumbersome and request large
computing ressources

No crossflow excitation With crossflow excitation
Isosurface de température adimensionnée Isosurface de température adimensionnée
BT [ T T T T BT (7] TR

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 0.05 0.15 6.25 0.35 0.45 0.55 0.65 0.75 0.85

PhD thesis of Florenciano Motivation for developing a low
(2013, Pau University) B)  Mach pressure-based approach
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Low Mach flows: a better insight about the major players with an
asymptotic expansion of the governing equations
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Compressible Euler equations for a polytropic ideal gas: dimensionless form
(Miiller, VKI lectures, 1999):

conv 5p +V (p u ) O

ref a
| R
convapu ‘|‘V (pu®u)_ :
ref al‘ M
cone 0P E V(P U H ) =0
tref Ot
with :

*

P :p/pref.p :p/pref;u :u/uref;v*:l‘refv

t _t/trefﬂ conv :Lref /uref;E’>l< :E/(pref /pref);e :e/(pref /pref);H :H/(pref /pref)

*

2 * * P * * __ %k * *
H =E +—;p =pT T =(y-1e

x 9

*

E =e*+l]\22 u
2 p

M - 7/Mre
\/_\/7/pref/pref \/7 !

Remark: u,,, is the reference convective velocity

Crof = \/ Y Drer | Prep 18 the reference speed of sound
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One-scale expansion

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina

21



The reference Mach number is chosen as the small parameter

From now on, we shall drop the superscript * for denoting the dimensionless
variables and it 1s assumed that the low Mach number asymptotic analysis
can be considered as a regular perturbation.

So each independent variables 1s expanded in terms of a series o (1) (M )
where M is the small parameter, for instance:
p(x,t; M) = 5O M) p D (x,8) + 5V (M) pP (x,6) + 5P (M) p® (x,8) + ...
u(x,t; M) =8O MO (x,0)+ O MUV (x,0) + 5P Mu'® (x,8) +.....
o(x,t; M) =S5O M) p O (x,0) + sV M) pV (x,6) + 5P (M) pP (x,0) +......
the scaling functions are chosen such that:
s (M)=M'
Methodology : inject these expansions into the governing equations
and order the power of M.
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One-scale asymptotics of the Euler equations:
the hydrodynamic limit

Choose 7,0 = (L,or / Ur )

1S the convective time scale, the dimensionless

conyv

S0 1, =1

system reads now as:

PV (pu)=0

ot
p u +V (pu Qu )=- Al Vp
Ot M?
5,05E +V (pu H)=0
[

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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One-scale asymptotics of the Euler equations:
the hydrodynamic limit

By injecting the AD of each variable into the momentum equation —
aﬁ [( 0+ pOM + 0O MY ® + u" M+ u® Mz)] N
{

V.[( o® 4 p0 M+ o2 M )u® + u® M+ u® Mz) ® u® +u® M+ u® Mz)] _
1

_Fv(pa» + pOM + p@A?)
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One-scale asymptotics of the Euler equations:

the hydrodynamic limit
Then, the momentum equation reads as (keeping only the leading terms):

% [ p<0>u<0>} V00U @u®) = —Vp® — MV — M 2vp©

to be satisfied for all M when M — 0

SO.
Term M2 > Vp® =0 p(x,1) = p(¢)
Term M~ — V' =0 pV(x,0) = p (¥)

Term M° — %[ p(o)u(o)] +V.(00u0 @ u®) = —yp?
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One-scale asymptotics of the Euler equations:
the hydrodynamic limit

Doing the same for the continuity and the energy equation leads to

the final system for O(1) variables which reads as:

O p(O)
Ot

/4 5O or” R (UX v 7 o (O dp"
y—1 ot dt

P (e, )T (x,0) =5 7 ()

+V.(pOu®)=0

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina



One-scale asymptotics of the Euler equations:
the hydrodynamic limit

With periodic boundary conditions, the kinetic energy defined
by:

1
Ban=[ 50"

advect

remains constant in time

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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One-scale asymptotics of the Euler equations:
the acoustic limit

Choose now #,,» = (L, / (Cpor / \/; )
So t,.,=1,. 1s now an acoustic time scale, the dimensionless

system reads now as:
1 op

———+V.(pou)=0

M ot

lA apu+V.(pu®u):— Al Vp
M Ot M?

L 9PE v (pub) =0

M ot

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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One-scale asymptotics of the Euler equations:
the acoustic limit

By injecting the AD of each variable into the momentum equation —
10
M ot
V.[( 2+ pOM + oMY ® +u" M +u®M)® u® + u" M + u® Mz)] _
R
Mz

[( 0 + pOM + PO M) u® + 1" M + u® MZ)]

© 4 0N+ p@A1?)
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One-scale asymptotics of the Euler equations:
the acoustic limit

Then, the momentum equation reads as (keeping only the three leading terms):

or w, o7, 97 (0),,(0) & 70 —
5[,0 u ]+5[p u }+V.(p u' Qu’)=

_Vp(2) _M—l(Vp(l) + %p(o)u(())) _M—2Vp(0)

to be satisfied for all M when M — 0

SO.

Term M7 > Vp¥ =0 p(x,0) = p(¢)

Term M~ — vp' + g pu” =0
{

Term MO N %(pu)(l) + V.(p(O)u(O) ® u(O)) _ _Vp(z)
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One-scale asymptotics of the Euler equations:
the acoustic limit

Then, the continuity equation reads as (keeping only the leading terms):

J (0)..(0) 10

—p V(o u )+ M —p T =0
%" (p ) & "

to be satisfied for all M when M — 0
SO:

Term M~ —>§p(°) =0
{

Term M° =2 o0 4 V.(p@u®) =0

ot
combined with the energy equation it yields after some algebra the linear acoustic equations:
— 0
(0) (0) (1)
—U + V = O
" p
— a |

8_19(1) T P(O)Cgvou(o) = () with ¢, = yp” /| p©

t

31
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One-scale asymptotics of the Euler equations:
the acoustic limit

With periodic boundary conditions, the acoustic energy

defined by:
o )12 -
Eacoust — EQ(U)HU(O}HQ + lg ) :
' Tacaust 2 2 Q(G)(C(D))Q

remains constant in time. Here, the tilde denotes an averaged
value over a region of characteritic scale of 1/M
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How to get a flavor of the interaction between acoustics and
hydrodynamics ? == Two-scale expansion

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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Low Mach flows: asymptotic expansion of the governing
equations

Using a single space scale and two time scales ¢/¢,,,,

any field variable, for instance for the pressure, is expanded as:
pe.;M) = p O (x,t,0)+ M pU(x,1,0)+ M7 p'? (x,1,0) + O(M?)
with¢/t, =tandt/t, =7

cony

and t/¢,,.,

The time derivative at constant x and M yields (chain rule):
0 o 1 0
_I_

oy o Mot
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Low Mach flows: asymptotic expansion of the governing
equations (Navier-Stokes)
After substitution, the zeroth, first and second order equations yield:

Continuity
0 p(O)

=0=p” = p(x,1)

(1 (0)
PPV (pu)® =0

or ot

ap(Z) ap(l)
+ +V.(pu)" =0
or o TVPY)

Momentum

Vp(o) —0= p(O) — p(O) (I)

o(pu )" ou"” 1
% — vy = === _va(l)
6] (0)
d(pu ) N O(pu ) L V.(pu®u)” =—Vp® 4 LV.Z_(O)
ot ot Re

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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Low Mach flows: asymptotic expansion of the governing
equations (Here, the Navier-Stokes system with reaction)

Energy equation

O(pE)"” _ 0
ot
0PE)?  OPEYT LG (puty® =L (V)™ +(pg)®
ok ot N y—1PrRe -
O(pE)” d(pE)” o_ v 1 (1 (1
+ +V.(puH)"’ = V.(AVT)" +
- > (puH) 1 PrRe (AVT)" +(pq)

State equations
P, )T (t,x)= p (1)
p" (O = -D(pE)” ()
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Low Mach flows: a better insight about the major players with an
asymptotic expansion of the governing equations (Navier-Stokes)

The first order energy equation can be also expressed as:

op"” dp©
Tty POV =y o VYT 4 (7 = Dpg)” -
T PrRe dt

Differentiating the above equation with respect to 7 and substracting ¥ p'” times

the divergence of the first order momentum equation yields:

2 ) © 2 (0)
0 p _V (V) = (5 — )5(,061) with ¢ _ 1(90) (t)
ot’ 0 (x,1)

This 1s a wave equation and its source 1s the change over acoustic time of

the leading order of the heat release rate.
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Low Mach flows: 1llustration of a reacting flows featuring
turbulence and coherent motion related with thermoacoustic
coupling

Turbulent premixed reaction zone stabilized
by a dump (from Nguyen et al., FTC 2003)
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Important features of low Mach flows

A priori, the low Mach flow solution results from the
superimposition/interaction of a slow component
(with a quasi-like Mach zero behavior) and a fast
component (acoustic waves).

The density may vary significantly in relation with
the exact nature of the flow at hand (reacting flow).

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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Low Mach flows simulations: what are the choices ?

Density-based approach: preconditioning techniques,
modification of the diffusion matrix of the flux scheme.

Pressure-based approach: this approach originally
developed to cope with Mach zero flow must be adapted:
the energy equation plays a key role (Klein, JCP 1995)
and so will be used for establishing the pressure
correction equation.
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A pressure-based approach proposed for low Mach flow
simulations

In close collaboration with Prof. E. Dick and Dr. Y. Moguen

Moguen, Y., Bruel, P.,, Dick, E. (2018) “4 parameter-free pressure-correction algorithm for simulation of
convective and acoustic transport at all levels of Mach number”. Journal of Computational Physics,
submitted, under revision.

Moguen, Y., Bruel, P., Dick, E. (2015) ”Solving low Mach number Riemann problems by a momentum
interpolation method”, Journal of Computational Physics, 298:741-746.

Moguen, Y, Delmas, S., Perrier, V., Bruel, P., Dick, E. (2015) “Godunov-type schemes with inertia terms
for unsteady full Mach number range flow calculations”, Journal of Computational Physics, 281:556-590.
Moguen, Y., Bruel, P., Perrier, V., Dick, E. (2014) “Non-reflective inlet conditions for the calculation of
unsteady turbulent compressible flows at low Mach number”, Mechanics and Industry, 15(3):179-189.
Moguen, Y., Bruel, P., Dick, E., (2013) “Semi-implicit characteristic-based boundary treatment for
acoustics in low Mach number flows”, Journal of Computational Physics, 255:339-361.

Moguen, Y., Dick, E., Vierendeels, J., Bruel, P. (2013) “Pressure-velocity coupling for unsteady low Mach
number flow simulations: an improvement of the AUSM++-up scheme”, Journal of Computational and
Applied Mathematics, 246:136-143.

Moguen, Y., Kousksou, T., Bruel, P., Vierendeels, J. and Dick, E. (2012) “Pressure-velocity coupling
allowing acoustic calculation in low Mach number flow”, Journal of Computational Physics, 231:5522-
5541.
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The continuous system of PDE’s at hand: the Euler
equations with a co-located formulation

ap
+V.(ou)=0
Py (pu) =

opu
+V.(pu®u)=-V
Py (p )

OpE

+V.(ouH)=0
Py (puH) =

*H=E+L

E=et—|uff =c,T+
2
p=(—Dpe

Together with proper initial and boundary conditions

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina

42



Our proposition for the pressure-based algorithm: a
predictor-corrector loop

Predictor step (pressure frozen): solving the
continuity and the momentum equations.

Corrector step (density frozen): solving the energy
equation to get the pressure correction with mput from
the momentum equation.

In both steps, the face values on the primal mesh are
derived by the MIAU flux scheme
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Main ingredients of a pressure-based algorithm
within a co-located finite volume framework

1. Expressions of the face velocity and the
face pressure.

2. Equation(s) at the source of the derivation
of the pressure correction.

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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Expression of the face velocity

The transporting velocity 1s given a dynamical meaning and
so 1t 1s assumed that 1t satisfies an evolution equation obtained

by discretizing the continuous momentum equation on the dual

mesh -2 this is the starting point of the momentum

interpolation method,

Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina
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The momentum interpolation method in brief for the face
velocity

Consider a first order Euler implicit time discretization of the momentum

equation. Thus, the discrete equation at time ¢, = (n +1)Afreads as:

n+l At n+l n+l n+l n+l
+
('Ou)z‘ o (x X ) (puu)m/z (puu)i—l/Z (p)i+1/2 (p)i—l/Z
i+1/2 i—1/2
i-3/2 i-1/2 i+1/2 i+3/2
i—1 i eirl N
R 1; ........ PR SRR B S - >
L\
v
Primary mesh cell ﬁfb o B,
V:‘+1f2
Dual mesh cell :E:ll(ﬁ :l B, .,
! 46
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The momentum interpolation method in brief for the face
velocity

For the flux of momentum, let's re-write it formally as :
n+l n+l +1 n+1 n+l +1
(pu),yy = (pu),,, %2 and conversely (puu), | ) =(pu), ) uiti
. L, .
Then, consider that (,ou)l,:l/2 is the sought transported quantity

and that ul’”fl}zm the transporting velocity. On the ground of the sole

discretization on the primal cell, u;”;ﬁ/z can be thought of as

an interpolated quantity based on the cell based values.
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The momentum interpolation method in brief for the face
velocity

Then, the following choices are made:

1) The transporting velocity is treated explicitly in

. . . n+l . n
time (or in the predictor-corrector loop) so u; |, = ;15

2) An upwind first order expression in space is retained

for the transported quantity.

So one gets the following expressions (positive velocities):

notation

(Pu“ )?_21/2 ~ (pu )?jll Uiy, = B
notation
(P””)?:ll/z ~(pu), Ul = (ou); " 4=8B,
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The momentum interpolation method in brief for the face
velocity

So, the B;'s stand for the momentum flux at the interfaces of the primal
mesh and the 4, 's stand for the transporting velocities therein, so with
these notations, the discretized momentum equation on a primal mesh

cell reads now as:

n+ n At n+ n+ n+
(pu);" = (pu) =] (o)™ 4, =B +(p)0, ~(P)1 |
or equivalently:
n+1 n+l n+l Ax n+l n
B,=(pu) " 4+ (p)0, ~(p) s+ (o) = ()] [ or

n+ n+ Ax n+ n
b, =B, "'(p)ml/z _(p)i—11/2 + A_t[(pu)z | _(pu)i J
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Momentum interpolation method: dual mesh equation

Dual mesh cell

i-3/2 i-1 i-1/2 [ i+1/2  i+1 i+3/2

I/;+1/2
Bip| . o WBuap = A x(pu),,,
_——
The same type of discretized momentum equation
1s postulated on the dual mesh, namely:
n+l n+l n+l AX n+l n
B = (pu)m/z Ai+1/2 T (p)m B (p)i T E[(pu )i+1/2 - (pu )i+1/2]

50
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Momentum interpolation method:
relating primal and dual cells quantities

Where 4.,,,, and B, ,,, are for instance supposed to be such that
(Rhie and Chow, 1993, other alternatives possible):

AA
A'+1/2 =2 ——=

1
Ai T Ai+1

B _1[ B +B"+1 which leads to:
Ai+1/2 2 Ai Ai+1

n+l 5, n+l 5,

(,O )"+1 l (pu)i—l U 1o n (pu)i U1 1 (p)n+1 _(p)n+l:|

i+1/2 n n i+1 i
2 U; 12 U; 5, A,

1 Al‘ n+ n
A Ax |:('0u )i+11/2 B ('Ou )i+1/2:|

i+1/2
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Momentum interpolation method: the final expression of the
primal cell face velocity

ntl n+l n+l n+l 1 n+l n+l
(u)m/z = (pu)m/z [ Prn Where pr ) = 5':101' T O ]

and the p*' are calculated through the continuity equation discretized
as the momentum on the primal mesh.
We are done with the interface velocity on the primal mesh but not with the

pressure interface !
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The MIAU flux scheme
(Momentum Interpolation with Advection Upwind Splitting)

It 1s our latest proposal of a momentum interpolation
specifically adapted to a pressure-based predictor-corrector
approach for compressible flows with up to second-order
accuracy.
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The MIAU flux scheme
(Momentum Interpolation with Advection Upwind Splitting)

1. The face velocity (continued) v = (m;)@-wz

Qit1/2

(The kth iteration of the predictor-corrector step is designated by
superscript k)

ASE Lt mn
B—z—l—l/? — Az+1/2(QU)1+1/2 + Pa+1 pi'c + 7 At [(Qv)i—{—lf2 (Qv)i+1/2]

with

A1+1/2 — (Ak + A1+1) B@+1/2 — % (B—f T B;:—l) :

k AU SN[+
Ai, — Uit1/2 )

BE = { (o)t + i1 [(e0)] bl = S [(o0)¥] A"
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The MIAU flux scheme (continued)
(Momentum Interpolation with Advection Upwind Splitting)

1. The face velocity (end)
AUSM+ scheme (Liou, 1996)

Uﬁjﬁgﬁ — Ci+1/2Mi—|—1,/2: Cit+1/2 = miH{EL, ER},
~ [ %\2 * ~ o %)\2 * * 2_2(’7_1)H
¢ = (¢f)"/ max{cy,|vi]}, cr = (cg)"/ max{cy,|vr[}, (] r)" = 1 s
Miy12 = frf(My) + for(Mg) ,
2(m & |m|) im| > 1
with fi(m) = { 2 ’ ’
fig(m) {:I:%(m:l: 1)2+1(m?—1)2 |m| <1,

ML,R — UL,R/CiH/z:
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The MIAU flux scheme
(Momentum Interpolation with Advection Upwind Splitting)

2. The face pressure

1 1
Pi+1/2 — §(pL + pr) + §fp9i+1/26i+1/2(UL — UR).

This 1s a characteristic-like expression with a
scaling function t, (Kitamura and Shima, 2011)
for ensuring a correct behavior at low Mach.

Tes— Moar M ndp |
for=2 Mis12 — M;11/2, Mig12=minq 1, R
\ 2Ci11)2
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The predictor step

°p; =p;
e or from
1 " 1 L, 1
)+ —— |:Q*i + 5%‘(Qk)] V12

E(Qz- — 0; N

Ax

e (pv)r from

a7 (@007 = (@)1 + 5 { @0 + g [(@0) ] ot

Ax
k
* k h* — 2 p_i

k %12
Pi 1[(@“)?:] *
“REL  (oH): = (0E): + 1, R
(Q ) (Q) p ~ — 10

E‘%’:
o (oF); S-173 o
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1 > 1 *
[Qi—l + 5%_1(91%)] V12 = 0

1 * 1 k * 1 k k
{(Q’U)i—1 + 5%‘—1 [(Q’U) ]}%—1/2 + A_x(pi+1/2 — Pi_1/2) =0
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. The correction step

k+1

= p*t —p*F from

Ci—1p;_1 + Cip; + Cz‘+1]92+1 = =,
where, with the notation 7 = At/Ax,

8 * k

e N 3
Cia T,)f_l’Uz—l/z T&—1/2Mi-1,

1 gl x x
Ci= Tl ‘|‘T 1 z—{—1f2 ‘|‘T( '?—{—I/Zhi +af—1/2hi—1):
Ciy1 = Taz+1/2h*

. . L[(ov)i]* L (1[(00)* P\ .

Xi = [(eE); (QE)i]+T{§ or +§¢z’ 2 oF Vit1/2

L[(ov)ia]® | 1 L[(ev)* P\ .
"’{ETW“ )

ol o+ gualen) et = r{ s+ Gl ot
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Updates

(Q’U)Hl (ov); + (ov); = (ov)} — af(?éﬂ/z — P;—l/Q)a

k+1 x 1 /
(0B);™ = (eB); + —— p;
with
1 ) 1
p;,_|_1/2 = 5(732 +p;-|—1) and «; = % _I_Af;

A few k-iterations are sufficient to converge the loop.
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A few results
(From Moguen et al., 2018)
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Low Mach flow configuration: nozzle flow

0.001 . |

0.0008 T — LA Y. MIAU scheme o

Mach number

N = 400 cells 0 0.2 04 0.6 0.8 1
CFL(v+c) = 100 Nozzle axial coordinate x (m)
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Low Mach flow configuration: acoustic pulse (1D)

z — 0.2)? B
CFL(vy + cg) = 0.5 2 500 cells (6p)° = 200 exp [( 952 ) ] (Pa), 0 =2x10"?m,

» 0.5 | initial condiition ]
E MIAU scheme o
g 04+ | linear acoqstics
g o3l — fow |
2 — —
- 0.2 | ...................................... _____________________________________
=
2
i)
=
[«F]
>

0 1 2 3 4 5

x(m)

0" =00+ (00)°, v =wvy+ (0)?, P’ =po+ (9p)°, v = 3.0886 x 1072 m/s
5010 = (60)°/¢2. (850)° = (§51)° h _\/"7 po = 101 300 Pa
(d0)” = (0p)~/ch, (0v)” = (dp)”/(0oco), With co = \/vpo/00. 00 = 1.2046 kg /m?

62
Pascal Bruel - CAIA 2018 — 23 November 2018 — Cdrdoba - Argentina



P - Poy (P2)

Mach number

20x10*

15x 107

1.0x 107

5.0x10°

0.0 x 10°

Low Mach flow configuration: acoustic pulse (2D)

tf = 0.5 ms.

Pressure distribution (Pa)

. 'i}’. om&\“““\
i ",f,j' .',g.',u “&m \

m:.', .' W\

oo = 1.2046 kg/m3, U

5,

Linearized Euler Egs.
MIAU scheme o

7\

3.0x10™

25x 107
5
.g 20x% 107
= -4
2 sxw
E 4
= 1.0x10

f A
/

500 x 500 cells

0.8

0.9 1 1.1

1.2 1.3 14

Line y = x (m)
(0p)" = A exp {—a (@) + (v))*]} (Pa),

with A =200, a = 1/(0.05), 2’ =2 — 0.5, ¥ =y — 0.5,

(d0)°
CFL(’UO + Co) =395

= vy = 3.0886 x 10™° m/s, py = 101 300 Pa,

Linearized Euler Egs.
MIAU scheme

0.8

0.9 1 11
Line y=x (m)
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P - Pgyt (P2)
s

Pressure distribution (Pa)

m "'
il

v,,\.
1 mnnf‘l""
‘:"a'
'0,"0,;‘0 \‘\\

l"i,]""l{,-'lﬂm ” ’f! 7
| i """’&{ .
1.0. " !NH \“\‘\

) omm s\\\\\\\\\\\\

i mm,"'fg"t,

umn'n':""'n, i

il f","' I f','l "

= (JP)O/Cg and ¢ = \V YPo/ 00

tlems..
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Density (kg/m°)
1.4 s
1.3 |
1.2 |
1.1 |
1+ been e ca 2 o coned

Low Mach flow configuration: stationnary contact discontinuity

oL (kg/m?)

v, (m/s)

pL (Pa)

or (kg/m?)

vR (m/s)

pr (Pa)

tr (s)

1.4

0

1

1.0

0

1

100

N = 200 cells and CFL(cy) = 0.5

0.2 0.4 0.6
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1

0.1

0.05

-0.05

-0.1

Mach number

0

0.2

0.4

0.6 0.8 1
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1.1

0.9
0.8

0.7
0.6 |
05
04

0.3

Low Mach flow configuration: moving discontinuity

oL (kg/m®) | vr, (m/s) | p (Pa) || or (kg/m?) | vr (m/s) | pr (Pa) || t; (s)
1 0.5 0.5 0.5 0.5 0.5 0.3
N = 400 cells, CFL = 0.4
Density (kg/m3) Mach number
— ¥ E——
: 0.55 |
0.5 | :
— 0.45 | —
| - N
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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High Mach flow configurations also : very high Mach schock tube

oL (kg/m?) | v, (m/s) | pr (Pa) || or (kg/m?) | vr (m/s) | pr (Pa) ts (s)
10 2 000 500 20 0 500 1.75 x 104

N =800 cells and CFL(v,) = 0.5. -

120

2000
100
1500
80
60

40

1000

500
20

0

0 0.2 0.4 0.6 0.8 1

Mach number

1.8e+07 T T T 250 e —— T
1.6e+07 |- - . g
1.4e+07 | > | i 200 | |
1.2e+07 |- . \
1e+07 - K . 150 - I
8e+06 - . 100 L . ]
6e+06 - .
4e+06 - 1 50 | d -
2406 | . /
pe—_ L 0 L ' —_
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
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Conclusion

A parameter free pressure-based method has been presented
It has been developed for a colocated finite volume approach.
The maximum order of accuracy 1s two.

It proved to be versatile: low to high Mach flows, smooth or
not.
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