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Introduction
.

Motivation

Shock wave boundary layer interaction (SWBLI) is a phenomena
encountered in many industrial devices (external aero, engine intakes,
cascades, nozzles, etc.) and plays a critical role due to its importance for
both efficiency and structural integrity, often being the limiting factor to
the design envelope.
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Simulate a simplified, but
representative, intake geometry with
a high-order, unstructured
compressible solver (Nektar++).

SWBLI

[KT18]
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Nektar4-

High fidelity, scale resolving simulations (DNS, uDNS)

Framework

m Spectral h/p element
method

m Unstructured

m Compressible /
Incompressible

m High-Reynolds numbers

m Complex geometries

m Transient phenomena

www.nektar.info
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Discontinuous Spectral Element Methods (DSEM)

m Geometrical flexibility

Good dissipation/dispersion properties

‘Natural’ framework for iLES/uDNS

m Compact schemes
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Compressible Navier-Stokes equations
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Modeling
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Laplacian viscosity

The RHS of the Navier-Stokes equations is augmented by
Laplacian viscosity [PP06]
V- (eVa),

for consistency € ~ h/p, and from physical considerations
€~ Amax = |u|+ ¢
[BD10]

h
€= €OE>\max57 (7) ’

g0 = O(1), S sensor.
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Modeling
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Physical viscosity

Based on a shock sensor artificial shear viscosity and thermal
conductivity are added to the physical ones, i.e.

M:Mph+MaV7C:Cph‘}‘CaVa’f:’iph'i‘/iaVa (8)

Minimal physical viscosity model

h
Hav = NOP;)\maxsa (9)
Cp
av — Mav 5, 1
o = b2 (10)
Gy — (0 (11)

0 = O(1)
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Resolution based sensor

As Shock sensor, a modal resolution-based indicator can be used

_ (9—G,q—4)
Se = logio ((q, ) ) ; (12)

where (-, -) represents a L? inner product, g and § are the full and
truncated expansions of a state variable

N(P) N(P-1)
= > &g, §(x Z Gihi, (13)
i=1
constant element-wise sensor
0’ Se < Sk — ka
S, = % (1 + sinw(sgzsk)) , |se — sk| < k, (14)
]_7 Se > Sk + ka

sk ~ logio(p*) (from Fourier coefficients decaying as 1/p?). 11148
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Vorticity sensor

The aim is to avoid excessive dissipation in regions of high vorticity

Ducros’ sensor

(V-u)®

& _
Y (Veou)2+ |V xu2 e’

(15)

then the applied sensor becomes

S=S5.5., (16)
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Smoothing operators

m Ducros’ sensor should be 0 < S, <1
m AV should be strictly positive

m element-wise constant AV might induce oscillations

Strategy

m Average Ducros' sensor over an element
m Compute AV
m Approximate CO projection of AV
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Soft max function

log (eKa + eKb)

Smax(a, b) = % )

(17)

T T T T
1011 10-° 1077 105 1073 10-!

m Applied to pressure

m Allows for the Riemann solver to work through negative pressure

oscillations
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Test case
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Test case

SWBLI studied experimentally and numerically by Degrez et al.
[DBWST].

M = 2.15,

8 =308,

po = 1.07x10*Pa,
To = 293K,

Re,,, — 10,

Pr =0.72.
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Test case
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Setup

free stream
state 2

state 2

b
=

S

inlet
pressure outlet

state 1
state 3

Tsh
no-slip wall

=

The inflow boundary is located at x = 0.3xs, where the analytical compressible
boundary layer solution [WCO06] is imposed. Rankine-Hugoniot relations are

added to impose the shock. 17/46
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00®000000000

Mesh and Mach number field

++

m 120 x 40 elements

mp=4
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Cases considered

no AV

AV

AV + Ducros

AV + CO

AV + Ducros + C0O
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Test case
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Pressure and skin friction distribution (no AV)

0.004 4

0.003

0.002 4

P/Pmin

0.001 4

0.000 4

—0.001 -

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

m Blue line DIRK-2;
m Red line SSP RK-2;

m Circles [DBWS8T]; triangles [BRCDO6]; dotted line is empirical solution by
[Eck55] for Cr or the Rankine-Hugoniot relations for p.
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Test case
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Density at horizontal line (no AV)

y/zsn = 0.1

p/poo

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
x/xsh

m Blue line DIRK2; Red line SSP RK2;
m Simulation is stable

m Non-physical oscillations
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AV case

1.6
0.004 4
0.003 4
5 0.002
é 0.001 4
0.000 4
—0.001 4
0.9 T T T T T
2.0 0.0 0.5 1.0 1.5 2.0
y/ivsh =0.1 @/sn
3 = Black line no AV SSP RK2;
Blue line DIRK2; Red line SSP RK2
3 ]
\g 12 m Non-physical oscillations reduced
1 m Challenging to add dissipation only to the
’ shock
sk =0.25, k =0.75
1.0
0.8 1.0 1.2

z/Tsh
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Test case
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Effects of anti-vorticity sensor and smoothing

AvrfificialVisc
0.0e+00 0.0005 0.001 0.0015 2.0e-03
| | |

The Ducros’ sensor lowers the artificial viscosity in regions that have low
resolution and high vorticity (small effect in laminar case)
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Test case
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Ducros case (AV+Ducros)
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3 m Non-physical oscillations are almost
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z/Tsh
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Test case
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Smoothing only case (AV+CO0)
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m Non-physical oscillations are gone
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Ducros and smoothing case (AV+Ducros+CO0)

1.6
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1.5 1

ad 0.003
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L1 0.000
101 —0.001 4
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2.0 0.0 0.5 1.0 1.5 2.0
y/ivsh =0.1 @/sn
1.3 m Black line no AV SSP RK2
; m Blue line DIRK2; Red line SSP RK2
8 1.2 7
B m Non-physical oscillations are gone
L1 m Shock tube param for AV
104 m Ducros’ sensor has little effect
' ' ' (laminar flowfield)
08 1.0 1.2

z/Tsh
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Test case
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Flat plate summary

m Good quantitative agreement for 2D laminar SWBLI

C0 smoothing increases robustness and decrease influence of AV
parameters

m CO0 smoothing allows for a ‘sharper’ AV

m Ducros’ sensor helps less than CO smoothing (laminar flowfield)
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Intake case
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Inviscid case, Mach number distribution

Mach = 0.435, o = 23.15.
Total pressure is imposed at the inlet, static pressure at the outlet.
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Intake case
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Blockage

A sponge is applied in the lower channel to simulate the blockage, at
around 76% of the cord.

The sponge is applied only to the momentum equations and the reference
solution is u = v = 0.

_ EE X=X\ X — Xo
Cop = A2 ltanh( I ) tanh< 5 >] (18)

(6/L=1/3, x1/L =5.69, and x,/L = 6.04).
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Inviscid case

0.10 0.12 0.14 0.16 0.18

X/ C
Blue line: coarse mesh (T = 698, p = 4), nominal inlet conditions, no blockage, varying pout;
Other lines: fine mesh (T = 4158, p = 3), varying blockage and poyt;
Dots: experimental results [CB18].
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Intake case
Inviscid case, pressure distribution
S \
0 2 2 6 8

Black line: suction side; green line: pressure side; dots: experimental results [CB18]
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Intake case
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Viscous case, mesh-v2 and Mach number distribution

Mesh-v2: Q = 5048, T = 13768, p = 4, dof = 245'984

- -
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Intake case
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Viscous case, pressure and skin friction

Re;, = 4.0 x 10°, mesh-v2

Cp

m Averaged in time for 0.6 (¢/ux)

ds/c
0.0 0.2 0.4 0.6 0.8 10
. . . . . .

ds/L

Cs

ds/c
0.00 0.05 0.10 0.15 0.20 0.25
. . . L L L
ol N
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T T T T T
0.0 0.5 10 15 20
ds/L

Black line: suction side; green line: pressure side; dots: experimental results [CB18]

m Simulation is more stable with ‘Physical’ viscosity
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Intake case
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Viscous case, Ayt, Axt
Re, = 4.0 x 10°, mesh-v2

ds/c ds/c
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Black line: suction side; green line: pressure side; red line: wall resolved LES limit.

m Averaged in time for 0.6 (¢/ux)

m Simulation is more stable with ‘Physical’ viscosity
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Reynolds sensitivity, Mach field
Re, = 1.6 x 10°, mesh-v2
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Intake case
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Reynolds sensitivity, Mach field
Re;, = 3.2 x 10°, mesh-v2
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Intake case
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Reynolds sensitivity, Mach field
Re;, = 4.0 x 10°, mesh-v2
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Viscous case, mesh-v2a detail

Mesh-v2a: H = 5048 x 6, R = 13768 x 6, p = 4, dof =5'903'616.
Spanwise domain: L,/L=21% or L,/c = 0.26%
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Intake case

u ReL =4 x 105
m 0.5 (c/us)

m starting from 2D averaged field + pertubation for pw

== %0 40/46



Intake case
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Viscous case, flow field

for viz, domain x3

turbulence is self sustained

[
[
m separated shear layer is stable
m no large scale separation

[

2D structures are still persistent due to small spanwise width
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Viscous case, flow field, mesh stretched in z direction x 2

m turbulence is self sustained

m separated shear layer is stable
m no large scale separation

m 2D structures are much weaker
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Intake case
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Next steps

m Thorough validation of canonical SWBLI case

m h/p convergence
m sensitivity to AV parameters

m Testing other shock sensors

m Coupling AV with implicit solver
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Efficiency: Explicit vs Implicit

Cost to run 2.5 time units (Xsp/ Uinf)

AV
RK2 DIRK2
At 6.64e-5 1.13e-3 5.56e-3 1.13e-2
CFL 0.05 1 5 10
CPUh 10.7 12.4 4.14 3.19
speed-up 0.86 2.58 3.35
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