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Essential Ingredients

Essential Ingredients to Good Ramen Soup: Broth, Sauce

Broth Sauce

Chicken Soy saucemmmm) Soy-sauce Ramel
Pork Miso mmm) Miso Ramen
Fish Salt mms) Salt Ramen

1. You cannot forget any of the two.
2. Sauce characterizes the type of ramen.



Essential Ingredients for Advection

Consistent TermndDissipation Term

Numerical Flux
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Consistent Dissipation
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Consistent Dissiﬁation

1. You cannot forget any of the two.
2. Dissipationcharacterizes the type of scheme.



Essential Ingredients for Diffusion

Consistent Termnd Damping Term

Numerical Flux

SN

Consistent Damping
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Fit12 = 5[Fr+Fr]-5[B[(Ur-Up)
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Consistent Darﬁping

1. You cannot forget any of the two.
2. Dampingcharacterizes the type of scheme.



Diffusion Scheme
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Diffusion Equation: “ R
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Diffusion Scheme (AIAA2010; Computers&Fluids2011):
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Consistent Damping

1. Centratdifference schemaJ= 2 (Good)
2. 4th-order schemdJ= 8/3 (Recommended)6 DG, 3 SV

Damping isessential for accuracy, robustness, consistency.

fit1/2 = % [v(uz)p + v(uz)R] + (up —ur)



Hyperbolic Recipe for Diffusion

Diffusion Equation (Parabolic) Hyperbolic Model for Diffusion
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Damping term comes directly from dissipation term.

NnNHow can we apply this to

There are two ways to do It.



Two Ways to Viscousiscretization

Gradient Formula Hyperbolic Recipe

|dentify the gradient formula in Discretizea hyperbolic viscous

the diffusion scheme, and directly| system and ignore the extra
evaluate the viscous flux. equations.

Good gradient Hyperbolic system
formula must be must be available for
available. the viscous term.

ViscousDiscretization

Damping mechanism must be incorporated.



Viscous Term in NS System

Viscous Part of the Navi€stokes Equations
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Viscous stress and heat flux:
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1. Extension by Gradient Formula

The diffusive flux,

fi+1/2 = [V(ua:)L + v(uz) Rl + 3 (uR —ur,)
can be written as:
fit1/2 =vualjp1)o
1
Uzljy1/0 = 5 [(uz) 1 + (uz)R] +5 (uR —ur,)

Interface Gradient Formula

Compute the physical viscous flux using torsnula.
Gradientbased viscous flux



2. Extension by Hyperbolic Recipe

Hyperbolic Viscous System [Nishikawa, AIAA2011]:
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Relaxation times are O(h”2), not O(1).



Hyperbolic Viscous System

Eigenvalue®f theviscoussystem:  Viscousandheatingwaves

pt
A= *tay, =*ap, O
Viscous and Heating Wave Speeds: > X
Vv Uy 47 Vn
Ay — — — 0/, ap — — — O—/.

The corresponding eigenvectors are linearly independent.

Construct an upwind flux, ignore extras to get viscous fl
Many choices are available: FVS, Riemann solvers, MuHD upwinding, etc.



Derived Viscous Flux

: 1 : . 1 .
Fi12 = - [F"*(UL, VUL) + F"*(Ug, VUp)| — CAF"

Damping term is given by
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Dissipation term turned into a damping term.

Looks similar tanviscid flux? Yes.



Full NavierStokes Flux

L 1, |
Fj+1/2 = 2 [F(Uz,VUr) +F(Upg,VUR)] - E(AF”W + AFY)

where

aArinv o Dissipationterm of the inviscid flux.

AFvis . Dampingterm of the viscous flux.

- Loop over the faces,
- Get the left/right state(U.,VUL), (Ug, VUg)
- Compute the numerical flux at quadrature pts.



Explicit Time Step

The CFL condition for HyperboliblavierStokes Scheme:

For the derived viscous flux:

The CFL condition is inherited from upwind scheme



