A REVIEW ON THE IMPLEMENTATION ASPECTS OF COUPLED PROBLEMS IN CFD

Ramon Codina CIMNE

Contents:

1. Problem statement 2. Main coupling strategies 3. Data transfer 4. Numerical examples 5. Concluding remarks

Problem statement

There are two main types of coupled problems: Multiphysics in a single domain Model equations:

∂_tx = F_x(x, y) in Ω ∂_ty = F_y(x, y) in Ω B_x(x, y) = 0 on ∂Ω B_y(x, y) = 0 on ∂Ω

Examples:

• Thermally coupled flows: Navier-Stokes equations + heat equation • Magnetohydrodynamics: Navier-Stokes equations + Maxwell equations • Reactive flows: Navier-Stokes equations + reaction of chemical species

• Aeroacoustics: Navier-Stokes equations + (acoustic analogy) + Helmholtz equation Different physics in multiple domains Model equations:

∂_tx = F_x(x, y) in Ω_1 ∂_ty = F_y(x, y) in Ω_2 B^1_x(x) = 0 on ∂Ω_1 \ ∂Ω_1 ∩ ∂Ω_2 B^2_x(x, y) = 0 on ∂Ω_1 ∩ ∂Ω_2

B^1_y (y) = 0 on ∂Ω_2 \ ∂Ω_1 ∩ ∂Ω_2 B^2_y (x, y) = 0 on ∂Ω_1 ∩ ∂Ω_2 Examples:

• Fluid-structure interaction (including aeroelasticity): Navier-Stokes equations + Solid Mechanics equations • Coupling of different flow behaviors:

– Viscous–inviscid flows – Compressible–incompressible flows – 3D Navier-Stokes–shallow water equations

Main coupling strategies

We will concentrate on the case of multiphysics in a single domain.

D^n_t will be a finite difference approximation to the temporal derivative, n being the time step counter.

Full coupling After time discretization: D^n_t x = F_x(x^n, y^n) D^n_t y = F_y(x^n, y^n)

After linearization: D^n_t x y = J x^n y^n + R^n

Main properties:

− Large systems of equations − Difficult to implement

+ Fast convergence + Robust in time (stability) Block iterative strategies After time discretization: D^{n,i}_t x = F_x(x^{n,i}, y^{n,i−1}) D^{n,i}_t y = F_y(x^{n,i}, y^{n,i}) (Block Jacobi) Each subproblem has to be linearized independently. Main properties:

+ Small systems of equations + Easy to implement − Convergence is at most linear + Robust in time (stability)

Coupling in multi-stage time integration schemes After time discretization: D^{n+k/m} t x = F_x(x^{n+k/m}, y^{n+(k−1)/m}) D^{n+k/m} t y = F_y(x^{n+k/m}, y^{n+k/m}) Each subproblem has to be linearized independently. Main properties:

+ Small systems of equations + Easy to implement − The accuracy of the coupling depends on the time step size δt − Robustness in time may deteriorate

Fractional step methods After time discretization: D^n_t x = F_x(x^n, y^{n−1}) D^n_t y = F_y(x^n, y^n) Main properties:

+ Small systems of equations + Easy to implement − The accuracy of the coupling depends on the time step size δt − Robustness in time may deteriorate ∗ Very popular in CFD

Data transfer

Single code strategy + No duplication of information exists Mesh data Domain arrays + No transfer of data code-to-code or computer-to-computer required − Difficult to use when the discretization is different for the problems being coupled − Software re-utilization is not possible

Master-slave approach The idea is to write a master code that controls the transfer of information between slaves, which are the codes in charge of solving each subproblem.

Transfer of data code-to-code or computer-to-computer required (through MPI or PVM) Slaves point of view

for time steps do for linearization steps do • Import coupling variable from Master • Solve for the variable of the slave • Export new solution to Master End for End for

Master’s point of view

• Impose initial conditions for time steps do • Set iteration number i = 0 While convergence not reached do • Export coupling variables to the slaves • Order the slaves to run (possibly in parallel) • Import coupling variables from the slaves • Process coupling variables to be used by the slaves (interpolation may be needed) • i = i + 1 • Check convergence End while End for

Numerical examples

• Magma flow with ground deformation Equations: compressible flow for the magma, viscoelasticity for the ground Strategy: master-slave, block iterative coupling • Filling of a mould

Equations: incompressible flow (Navier-Stokes) and heat equation in the molten metal, free surface tracking, incompressible flow in the air Strategy: single code, block iterative coupling • Flow in a stirred tank

Equations: incompressible Navier-Stokes in a fixed reference system in a region surrounding the wall-welded baffles, incompressible Navier-Stokes in a rotating frame of reference in the interior of the tank Strategy: master-slave, block iterative coupling

Concluding remarks

Among the different coupling strategies, we favor the block-iterative coupling:

• Easy to code

• Robust in time (much more that coupling through time stepping)

• Adaptable to the master-slave approach

• Even though convergence is at most linear, obtaining quadratic convergence for fully coupled problems is extremely difficult

Concerning the data transfer, our approach is

• A single code for multiphysics in a single domain if the same mesh is used for all the coupled unknowns

• A master-slave algorithm otherwise (different meshes or different physics in different subdomains)