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Introduction
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Mach-uniform algorithm

Mach-uniform accuracy
Mach-uniform efficiency
For any level of Mach number

Segregated algorithm:
pressure-correction method
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Mach-uniform accuracy

Discretization

e Finite Volume Method (conservative)
e Flux: AUSM+
e OK for high speed flow

e Low speed flow:
scaling + pressure-velocity coupling
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Mach-uniform efficiency

convergence rate

e Low Mach: stiffness problem

e Highly disparate values of u and c

- Acoustic CFL-limit: (U+C)At
AX

<CFL™

wmp  preakdown of convergence
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Mach-uniform efficiency

Remedy stiffness problem:

Remove acoustic CFL-Iimit

e Treat acoustic information implicitly
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f?

Which terms contain

acoustic information
f?
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Mach-uniform efficiency

Acoustic terms ?

e Consider Euler equations (1D, conservative)

00 N dpu 0
ot  ox
0pou +a,ouu +ap -0
ot oxX  0OX
0pE+apHu:O
ot 0X
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Mach-uniform efficiency

Expand to variables p, u, T

Introduce fluid properties : 0=0(p,T)

e=e(T) or pe=pe(p,T)

0p ,,9p00, [IBT ,org, Jou_
Pobar "YaxH PrHat TV ax B Pox
u, u 3
Pt TP ox T ax
[op pD [6T T Qg ou _
(pe)pBat axH BT+uax (pe+ p)ax 0
.
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Mach-uniform efficiency

e Construct equation for pressure and for
temperature from equations 1 and 3:

ou, ,9u 10p_ quasi-linear system
6T+ 0T+ P 6u_0

—_ u j—
ot oX pe. 0X

Pr p% 1 ¢ speed of sound
Pe 0P,  (general fluid)
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Mach-uniform efficiency

e Ildentify acoustic terms:
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oap +u0p 4 pc2 Y , 0U -0
ot 0X 0X
au au 1 ap

at ax Yo, oxX

oT 0T p ou
—+u +
ot ox pe. 0X

=0
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Mach-uniform efficiency

e Go back to conservative equations to see
where these terms come from:

. au au 1ap_0
at ax 0 0X

momentum eq.

opu N 0, ouu N op -0
ot oX  0X
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Mach-uniform efficiency

E

[0p  op[] ou ou
I '
.. energy €ed.
continuity eq.
0pE JdpHuU _
9P 0P~ o ox D
ot ox

pHu=( e+ p)u +%pu2u
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Mach-uniform efficiency

e Special cases:

- constant density: p=cte
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(0e) p@-ﬂr(ﬁm p)@
T ox OX

— 0 energy eg. contains no
acoustic information

\4

continuity eg. (0w 0)
determines pressure
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Mach-uniform efficiency

- perfect gas: pe:i
y—1

(0e) p@-ﬂr(ﬁm p)@
T ox OX

0 «——

continuity equation
contains no acoustic

Information v

energy eg.
determines pressure
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Mach-uniform efficiency

- perfect gas, with heat conduction:

—> conductive terms in energy equation
- energy and continuity eg. together
determine pressure and temperature

—> treat conductive terms implicitly
to avoid diffusive time step limit
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Implementation

b

UNIVERSITEIT
GENT

Successive steps:

Predictor (convective step):
- continuity eq.: p*
- momentum eq.: pu*

Corrector (acoustic / thermodynamic step):

p™ =p"+p’
(u)™ =(pu)* +(ou)’
T =T 4T
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Implementation

. Momentum eq. :
(pu)'=1(p)

. Continuity eq. :
pin+1 — ,0* +10TT ' pppl
(pu)i2 = (pu)* +(pu)

- p’-T’ equation
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Implementation
=(pE)* +(pe), p'+(pe), T
(oY = (e p)* (u* +u) +2 prustus

2
- o(T*+T")
I+ 0X

- p’-T’ equation
coupled solution of the 2 p’-T’ equations

energy eq. : (IgE)i”+1

special case: perfect gas AND adiabatic
- energy eq. becomes p’-equation
-> no coupled solution needed
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Results

Test cases

(perfect gas)

Adiabatic flow
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- p’-eg. based on the energy eq.
(NOT continuity eq.)
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Results

Low speed:

e Subsonic converging-diverging nozzle
e Throat Mach number: 0.001

e Mach number and relative pressure:
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Results

i 10
e NO acoustic
CFL-limit
Cont, CFL=10 (+UR)
- Convergence g10° R
plot: % Cont, CFL=1 (+UR)
9_:, Energy, CFL=1
s . 10 Energy, CFL=10
=10 |
107" | | ,
0 100 200 300 400
Number of time steps
—= "% Essential to use the energy equation!
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Results

High speed:

e Transonic converging-diverging nozzle
e« Normal shock

e Mach number and pressure:
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Results

2. non-adiabatic flow

e |If p’-eq. based on the energy eq.

- explicit treatment of
conductive terms WAt 1
- diffusive time step limit: Ne= N SE
X

e |If coupled solution of p’ and T’ from
continuity and energy eq.

- no diffusive time step limit
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Results

1D nozzle flow

NOZZLE stable? timesteps cale time
K Ne | erp | coup | exp | coup | exp | coup
Subsonic 1072 L1072 | ves | ves | 220 | 208 | 19.6 | 23.5
M; = 0.01 0.01 1 ves | ves | 259 | 224 | 223 | 24.5
Ne = h% 0.1 10 | no | ves - 337 - 36.8
1 100 | no | wves - 646 70.4
10 | 1000 | no | yes - 222 - 24.5
Subsonic 107" [ 10°* | ves | ves | 1186 | 1180 | 101.2 | 128.8
M, = 0.1 0.1 | ves | oves | 1182 | 1176 | 101.1 | 128.4
Ne = h‘.% 1 10 | no | ves - 1211 - 132.2
10 | 100 | no | yes - 2019 - 228.7
Transsonic | 1077 | 107" | ves | ves | 3280 | 3309 | 290.0 | 372.9
Ne s gCELa | ] | yes | yes | 3169 | 3200 | 279.9 | 359.0
10 10 | no | wves - | 4850 - h49.7
o [O0 | 100 | no | ves - A6Y6 - 415.3
JIIIT]
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Results

Thermal driven cavity

e Ra=103

« £€=0.6

 very low speed: M,,,,.=O(10)
- no acoustic CFL-limit allowed

e diffusion >> convection
In wall vicinity: very high AT
- no diffusive Ne-limit allowed
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Results

ig -
B | p update |
| T update |
log .2 =

N CFL, =O(1)

| ] ] ] | ] ..I-. Pl .1 |
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Results

Streamlines:
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Temperature distribution:
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Conclusions

Conclusions:

e Pressure-correction algorithm with
- Mach-uniform accuracy
- Mach-uniform efficiency

e Essential:
convection (predictor) separated from
acoustics/thermodynamics (corrector)
- General case: coupled solution of
energy and continuity eq. for p’-T’
- Perfect gas, adiabatic: p’ from energy eq.

Results confirm the developed theory
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