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The implementation of a fixed-point iteration discrete adjoint algorithm for SIM-
PLE type incompressible solvers1 in OpenFOAM is presented. The algorithm reuses
the operators and matrices of the linearised flow (primal) to build the adjoint solver
that can be be “hot-started” within one-shot optimisation algorithms.

I. Introduction

The open source OpenFOAM (Open Source Field Operation and Manipulation) software is a CFD
package that was first released in 2004.2 The C++ language with object oriented programming is used
to create all applications including solvers and utilities. The open source nature of package gives this
flexibility to the users to develop and write their own applications. However, a solid understanding of
OpenFOAM data structures in addition to the physics of problem is necessary. The package comes with
preset solvers for a wide range of applications including SIMPLE type incompressible solvers.

The well-known SIMPLE (Semi-Implicit Method for Pressure-Linked Equations)3 algorithm has proved
itself as an efficient incompressible solver in many applications and is used today in all major CFD codes
like OpenFOAM. Using Picard iterations, the algorithm as a fixed-point iteration method, linearises and
decouples the velocity and pressure in steady incompressible Navier-Stokes equations,

Wn+1 = Wn + P · (b−AWn), (1)

where W is the vector of state variables (velocity and pressure), A is coefficient matrix and P is the
pre-conditioner for the system arising from the SIMPLE scheme.

A discrete adjoint version of open-source fluid-dynamics package OpenFOAM has been presented by
Towara et.al.4 through application of dco/c++5 operator overloading (o-o) AD tool. Moreover, the use
of reverse accumulation for fixed point iteration resulted in performance improvement of the adjoint in
steady-state problems.

II. Fixed-Point Discrete Adjoint of SIMPLE

Consider a scalar cost function, J , arising from determining a set of design variables, α, on boundary
nodes of a CFD mesh. Any boundary deformation results in a change in flow state W which modifies the
functional J . If a SIMPLE-type solver is used to compute the primal flow field, the brute-force reverse
algorithmic differentiation (AD) results in
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The adjoint accumulation can be identified as6

v =
∑

PT W̄ . (3)

Using AD through o-o, the tape required for the building of the matrices can become prohibitive for
larger meshes, even with linear solver treatment and checkpointing.7

When a steady-state primal is fully converged some savings can be achieved using reverse accumulation
techniques8 where only the last outer iteration of SIMPLE loop and its intermediate variables are needed
for the derivative calculation. Moreover, computation of ∂J

∂X , including ∂b
∂X and ∂A

∂X , only coule be done
once and do not need to be included in the fixed-point loop.

In one-shot optimisation9 the state, adjoint and design problem converge concurrently. One of the
main ingredients of this method is to have a fixed-point adjoint solver that can start from the solution
obtained in the previous design step. Although, the reverse accumulation method is a fixed-point iteration
but it always starts from scratch. The current author has derived a hand assembled fixed-point discrete
adjoint formulation of SIMPLE,1 based on the work of Stück et.al.,10 which reuses the transpose of
matrices and operators from converged primal SIMPLE loop,

vn+1 = vn + PT · (g −AT vn) (4)

where the right hand side g includes a number of terms: a) the derivative of the objective function J with
respect to state variables; b) the adjoint advection (ADV) term and c) any explicit deferred corrections
for higher order schemes. The terms need to be updated continuously during the adjoint iteration.

III. Implementation in OpenFOAM

In SIMPLE algorithm, the matrix coefficient, A, includes the convection-diffusion operator, F, and its
Schur-Complement approximation for momentum and pressure equations, respectively. When the primal
converges, these operators are linearised and in the fixed-point discrete adjoint, we reuse their transpose
on the left hand side of system. On the other hand, the ADV term on the right hand side requires the
derivative of F and boundary terms, b, with respect to state variables ( ∂F

∂W , ∂b
∂W ). But due to the nature

of reverse AD by o-o tools, in large cases the memory footprint needed to compute these derivatives is
pretty huge. The aim of this work is to implement a fixed-point discrete adjoint of simpleFoam solver for
first order upwind scheme and hand differentiate the internal ADV term whilst the boundary terms are
differentiated by AD.

This study is designed as a proof-of-concept to check: a) whether this implementation is feasi-
ble by dco/c++ for SimpleFoam, and/or b) potential of other possibilities like ’light-weight’ source-
transformation of C++ embedded in o-o code.
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