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Introduction
In the CFD research community, the adjoint method has become accepted as an efficient methodology for for the computation
of gradients for aerodynamic shape optimization. However, thus far, the use of adjoint methods has been limited primarily to
specialized research groups in applications where high computational efficiency is of the utmost importance. Some commercial
solvers are now starting to offer adjoint methods. However, these methods are still relatively limited in their use.With the
increasing adoption of OpenFOAM as an industrial flow solver, we are interested to study the implementation of adjoint
techniques in an OpenFOAM solver. In this work, we are developing a discrete adjoint solver for use with the simpleFoam
algorithm in OpenFOAM. We have also developed a simple python interface to the solver to allow external optimizers to be
used for optimization. The immediate goal of the work is to perform shape optimization for incompressible RANS flow cases.
However, the methods being used to implement the adjoint solver will allow for a straightforward extension to the other
solvers implemented in OpenFOAM. To demonstate the usefulness of the adjoint solver, we will perform shape optimization
on the stern portion of the KCS containership hullform, with the goal of minimizing the pressure recovery drag.

Methodology: For a single discipline adjoint, the adjoint equations can be written as:
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where I is the function of interest, x is a vector of design variables, R it the set of residual equations that represent the
system and ψ is the adjoint vector computed as:

∂R

∂U

ᵀ

ψ =
∂I

∂U
, (2)

where the additional variable, U , is the vector of state variables needed to represent the system. These equations are well
established and have been used by many authors to perform shape optimization.
When we apply these equations to the SIMPLE algorithm, there are some algorithm specific issues that arise. As identified
by Roth and Ulbrich (2013), because of the lagged nature of the solver, the face flux variables, φ, need to be added to the
state vector as artificial states in order to properly capture the change in the system. Therefore, we use the velocity (U),
pressure (p) and face fluxes (φ) as the inviscid states, with corresponding residual equations. Additional state variables and
residual equations are also required for the various turbulence models.

Implementation: The two main technical hurdles to overcome with a discrete adjoint implementation are the computation
of the partial derivatives and solving the linear system in Equation (2). There are several ways to compute the partial
derivatives including hand differentiation, automatic differentiation, the complex step method and finite difference methods.
All of these methods have been used successfully in the past. In this work, we have chosen to use finite difference methods,
as it has allowed us to complete the adjoint strictly using the standard release of OpenFOAM. However, we have used the
AD version of OpenFOAM developed by Towara and Naumann (2013) for verification purposes. To solve the linear system
we are using PETSc (Balay et al., 1997, 2014).

Preliminary Results: Currently, we are able to optimize simple streamlined bodies on a single processor. For the conference
we intend to optimize the KCS containership hullform. In order to accomplish this we will extend the current adjoint solver
to include turbulence models and parallelize the implementation.
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