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Code coupling for unsteady multiphysics simulations

Fluid – thermal ([1] Letournel et al 2025)

Fluid – structure ([2] Fabbri et al)

dty1 = F1(y1, u1, t) dty2 = F2(y2, u2, t)

u1 = h1(y1, y2), u2 = h2(y1, y2)

Interface

Domain 1 (solver 1) Domain 2 (solver 2)
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The high-order time adaptive multistep coupling scheme

• Usually:
Integration of

dtyi = Fi (yi ; u
n
i ; t)

constant

⇒ Convergence
at order 1

yn1 yn+1
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Conventional Parallel Staggered
coupling scheme ([3] Farhat and
Lesoinne 2000)

• The high-order multistep coupling scheme (explicit) ([4]
François and Massot 2023, [5] Simon et al 2025):

Integration of
dtyi = Fi (yi ; û

n
i ; t)

polynomial
extrapolated from the past

un−k
i :::un

i

=⇒ Convergence
at order k+ 1

k = degree of the interpolation polynomial
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Implementations:

CWIPI

C++ HPC coupling library developed at ONERA
(https://w3.onera.fr/cwipi/)

RHAPSOPY
Python coupling library for prototype purposes
(https://github.com/hpc-maths/Rhapsopy)
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A representative conjugate heat transfer test case

Domain 1 Domain 2

• Non-uniform Cartesian meshes (finite volume scheme)
• Neumann – Dirichlet interface BCs
• Homogeneous Neumann BCs on the exterior
• Non uniform initial temperature field

Explicit: é stability issues
([6] Simon et al 2026)
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A representative conjugate heat transfer test case

Domain 1 Domain 2

Time steps size adaptive
order 3 explicit multistep

coupling scheme

• Non-uniform Cartesian meshes (finite volume scheme)
• Neumann – Dirichlet interface BCs
• Homogeneous Neumann BCs on the exterior
• Non uniform initial temperature field

Explicit: é stability issues
([6] Simon et al 2026)
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Towards the implicit multistep coupling scheme

The multistep scheme: yn+1
i = yni +

Z tn+1

tn

Fi (yi (”); û
n
i (”); ”)d” (1)

• Explicit ûni = Ψ(uni ; : : : ; u
n−k
i ; tn; : : : ; tn−k) ûni (t)  

interpolates
un−ki :::uni

• Implicit ûni = Ψ( un+1
i ; : : : ; un−k+1

i ; tn+1 ; : : : ; tn−k+1) ûni (t)  
interpolates
un−k+1i :::un+1i

Trade-off: computation cost vs stability and accuracy
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Implicit coupling as a fixed-point problem

yn+1
i = yni +

R tn+1

tn
Fi (yi (”); û

n
i (”); ”)d”??y

Implicit: ûni = Ψ( un+1
i ; : : : ; un−k+1

i ; tn+1 ; : : : ; tn−k+1)

• Un ≡ (un1 ; : : : ; u
n
M

present

; : : : ; un−k
1 ; : : : ; un−k

M
past

)t

• H ≡ state
vector →

coupling
variables

• Φ ≡ partitionned integration operator

• Ψ ≡ interpolation operator

=⇒ Un+1 = H ◦ Φ ◦Ψ(Un+1; tn+1; : : : ; tn−k+1) (2)

 In practice, assembling the jacobian of such system is not possible
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Fixed-point acceleration necessity
Back to the conjugated heat transfer test case

Time steps size implicit multistep coupling scheme (Picard iterations)
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Fixed-point acceleration necessity
Back to the conjugated heat transfer test case

Order 3 implicit multistep coupling scheme (tf = 0:2s)
Number of calls to the fixed-point function
[green: per time step ; blue: cumulated]

Picard iterations Inexact Newton

=⇒ Inexact Newton unusable in practice BUT useful for comparison on small test case

6CAUNM 2026Antoine Simon04/06/2026



Acceleration procedures for fixed-point problems

Ë
Low-order steady / unsteady code coupling + acceleration ([7] Ramière and Helfer
2015)

Ë
High-order implicit non-adaptive code coupling + quasi-Newton acceleration ([8]
Rodenberg and Uekermann 2025)

é High-order adaptive implicit multistep coupling scheme + acceleration
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Acceleration procedures for fixed-point problems

Ë
Low-order steady / unsteady code coupling + acceleration ([7] Ramière and Helfer
2015)

Ë
High-order implicit non-adaptive code coupling + quasi-Newton acceleration ([8]
Rodenberg and Uekermann 2025)

é High-order adaptive implicit multistep coupling scheme + acceleration

Broad range of techniques with many variants:
• Extrapolation methods: Anderson Acceleration ...
• Krylov methods: GCR, GMRES ...
• Jacobian approximation methods: Quasi-Newton, Interface Quasi-Newton ...
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Acceleration procedures for fixed-point problems

Ë
Low-order steady / unsteady code coupling + acceleration ([7] Ramière and Helfer
2015)

Ë
High-order implicit non-adaptive code coupling + quasi-Newton acceleration ([8]
Rodenberg and Uekermann 2025)

é High-order adaptive implicit multistep coupling scheme + acceleration

Broad range of techniques with many variants:
• Anderson Acceleration / GCR / Quasi-Newton methods

At what cost ?
• Storing a Jacobian / set of iterates
• What parameters for AA, nlTGCR etc ?
• Scaling of coupling variables ?
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Numerical results
Back to the CHT test case: the setup and the references

Constant time steps ∆t = 3× 10−3s, final time tf = 0:3s, order 3 implicit.
Number of calls to the fixed-point function
[green: per time step ; blue: cumulated]

• Reference: Picard iterations

é First step does not converge !

• Reference: Inexact Newton method
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Numerical results
Generic nlTGCR method ([9] He et al 2024)

nlTGCR(∞): ncalls  5
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Numerical results
Quasi-Newton: IQN-MVJ ([10] Lindner et al 2015)

Evaluated in the context of code coupling in ([10] Lindner et al 2015).

IQN-MVJ: ncalls  4
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Numerical results
Anderson Acceleration with reuse strategy

mkeep: number of vectors kept from last time step(s)

AA(m = mkeep = ∞): ncalls  2
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Numerical results
Anderson Acceleration with reuse strategy

mkeep: number of vectors kept from last time step(s)

Towards realistic choices for m and mkeep

AA(m = ∞; mkeep = 20): ncalls  5 AA(m = mkeep = 20): ncalls  6
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Adaptive multistep coupling order 3 accelerated
Adaptive tolerances : atol = rtol = 10−2 and atolWR = rtolWR = 10−4

Time steps ∆t for adaptive order 3 multistep coupling scheme (embedded 4th-order error estimate)

Picard Inexact Newton nlTGCR IQN-MVJ Anderson Anderson reuse

Total ncalls 8403 3341 472 682 388 594
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Conclusion and perspectives

Result:
• A first overview of acceleration methods with the present benchmark

Ongoing investigation:
• Understanding the effect of the partitionned approach on the convergence of the

different methods
• Information reuse when time step changes
• Domain of convergence of acceleration methods
• Effect of the scaling of the coupling variables

• Enhance benchmark with nonlinear solid – fluid coupling
• Precise characterization of “strong” / “stiff” couplings
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Questions ?
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