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The increasing computing power during the last decades enabled the detailed analysis
of complex physical problems using computational fluid dynamics (CFD). It is especially
valuable for the turbomachinery design process. However, it also becomes considerably
harder to further improve the efficiency by solely relying on the aerodynamicist’s ex-
perience and knowledge. At this stage gradient-based optimization methods apply as
they have the potential to aid the designers in the development of highly-efficient com-
pressors and turbines. This contribution presents the current state of the extension of
the open-source multi-physics framework SU2 to treat the analysis and optimization
of multi-stage turbomachines. In particular we rely on the Algorithmic Differentiation
features to develop an adjoint solver that is capable of automatically linearizing the
flow solver including the mixing-plane formulations, complex thermo-physical laws and
turbulence models. Hence we completely avoid the error-prone hand linearization.

I. Introduction

Modern CFD codes for the analysis of flows in turbomachines are typically quite complex, as they
have to include features like rotating frames, non-reflecting boundary conditions, periodic boundaries
and many more. The linearization of these analysis tools, be it on the continuous or discrete level, is
even more challenging and prone to errors. Recently Walther and Nadarajah1 showed the derivation and
application of a discrete adjoint method using an explicit lineariziation of the mixed-out flow variables,
the characteristic boundary conditions and the corresponding boundary fluxes at the mixing-plane. In
contrast to the present work, they were using the frozen turbulent viscosity assumption and validated the
gradients only for the inviscid case. Here we present the extension of the open-source framework SU2 for
the analysis and optimization of turbomachines using an exact linearization of all flow solver features.

II. Optimization of Turbomachines with SU2

SU2 is a suite of open-source software tools for the numerical solution of partial differential equations
(PDE) and performing PDE constrained optimization. Initially developed at Stanford University it now
exhibits collaborations from all over the world. Native support for Algorithmic Differentiation (AD) was
recently added (Albring et al.3) as well as the possibility to simulate turbomachines (Vitale et al.2). The
discrete adjoint solver is based on the fixed-point formulation of the underlying flow solver which results
in a method commonly denoted as Duality-Preserving Iteration or Reverse Accumulation:

Ūn+1 =
∂

∂U
JT (U∗, X) +

∂

∂U
GT (U∗, X)Ūn, (1)

where G is the iterator of the flow solver and J is the objective function. U∗ represents the (numerical)
solution of the RANS and turbulent equations and X are the mesh node coordinates. All occurring
derivatives are computed by applying AD on the top-level iteration, thus they include all features of the
flow solver including the transfer of information between the zones at the mixing-plane interface. Using
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local preaccumulation4 and expression templates5 the resulting solver yields comparable performance
with hand-linearized discrete adjoint codes.

III. Preliminary Results and Outlook

To get the first impression of the state of the development we applied the flow solver to a generic
centrifugal stator-rotor combination in viscous turbulent flow modeled by the SST turbulence model.
The two zones are coupled through a mixing-plane interface using mixed-out variables. Non-reflecting
boundary conditions are applied at the inflow and outflow boundaries in each zone. Figure 1 shows
the resulting relative Mach number contours as well as the mesh used for the computation. For the
optimization we will use the Free-Form deformation approach to maintain a smooth variation of the
surface of each blade. Exemplary definitions of these boxes are also shown in figure 1.

For this configuration we also computed the gradient on the surface of each blade with the total static
efficiency of the stage as objective function. The resulting surface sensitivity is shown in figure 2.

In the final contribution we will show a validation of the solver and the corresponding gradients as
well as the optimization of a real multi-stage configuration.

Figure 1. Relative Mach number contours (left) and computational mesh with exemplary FFD box definition
(right).

Figure 2. Relative surface sensitivity for the stator (left) and the rotor (right) with total static efficiency as objective
function.
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