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In a fantasy worldé

Governing equations for viscous flow  are hyperbolic :

1. Methods for hyperbolic systems apply to the whole system.

2. O(1/h) faster than our Navier-Stokes codes: 

3. Accurate viscous/heat fluxes.

Intrinsic Features of their CFD codes:

Ut + A Ux = 0

If you have an Euler code, you almost have an NS code.



In our worldé
Navier-Stokes Equations

Of course, not hyperbolicé

Two systems are equivalent in the steady state.

First-Order Navier-Stokes System

[Nishikawa, JCP2007, 2010]



Preconditioned Conservative Form

The inviscid and viscous Jacobians:



Is it hyperbolic?

Viscous Jacobian has real eigenvalues:

Yes, the viscous term is a hyperbolic system. 

First-Order NS = Inviscid term + Viscous term

Viscous and heating waves
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Hyperbolic Navier-Stokes System

1. Methods for hyperbolic systems apply to the whole system.

2. O(1/h) faster than ótraditionalô  Navier-Stokes codes: 

3. Accurate viscous/heat fluxes, of course.

Intrinsic Features:

This is a REAL STORY. 

If you have an Euler code, you almost have an NS code.



Hyperbolic Navier-Stokes Scheme

Upwind Navier-Stokes Flux:

Finite-Volume Method:

where

Thatôs it. You can now start writing a Navier-Stokes code.



Explicit Time Step

Hyperbolic Navier-Stokes Scheme:  

Traditional Navier-Stokes Scheme:

O(1/h) speed-up to reach the steady state (1/2/3D).

times faster for 1 million nodes.

times faster for 1 billion nodes.



Viscous Shock Structure Problem

Program can be downloaded at http://www.cfdbooks.com 



2D Numerical Results 

Node-centered edge-based FV method

Irregular triangular grids: 231, 861, 1891, 3321 nodes. 

1.  Hyperbolicscheme (Upwind Navier-Stokes flux)

2.  Traditional scheme (Roe flux, Ave-LSQ flux) 

Viscous shock structure problem in 2D domain



Convergence Results

Traditional

Hyperbolic

Traditional

Hyperbolic

Hyperbolic scheme is O(1/h) faster in CPU time.

Cost of solving extra equations is overwhelmed by O(1/h) speed-up.



Error Convergence in Main Variables 

Traditional

Hyperbolic



Errors in Viscous/Heat Fluxes

Hyperbolic

Traditional

1.  Hyperbolic Scheme:

Simultaneously computed.

2.  Traditional Scheme:  

LSQ reconstruction



Conclusions

Finite-Volume Upwind Navier-Stokes scheme generated.

O(1/h) Speed-Up demonstrated by explicit scheme.

Accurate viscous/heat fluxes on irregular grids demonstrated.

Hyperbolic Navier-Stokes System constructed.

Intrinsic features: 



Lots of Lots of Future Work

Non-Oscillatory Hyperbolic-NS Schemes ïHigh-Reynolds, shock waves.

Implicit Scheme ïFast iterative linear solvers.

Time-Accurate Scheme ïDual-time stepping with fast inner iterations.

Other Discretization Methods ïFV, FE, CESE, RD, DG, SV, SD,é..

Other Governing Equations ïIncomp. NS, Turbulence, Resistive MHDé

Higher-Order PDEs ïConstruct a hyperbolic system and solve it (like ODE).

And so on and on and on and oné

Download papers, slides, and codes at http://www.hiroakinishikawa.com


