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In this paper we present the aerodynamic shape optimization of the TurboLab Sta-
tor test case proposed for the present conference. A metamodel assisted Differential
Evolution algorithm is applied coupled to a GPU-accelerated Computational Fluid Dy-
namics code for the aerodynamic performance evaluation of the annular stator geometry.
The stator is parameterized utilizing common turbomachinery blade parameters such
as chord length, chordwise blade metal angle distributions and thickness distributions
on several spanwise blade sections. Lean and sweep are applied as three dimensional
design features. A loss reduction was obtained with the optimized geometry along with
an improvement of the axial outflow.

I. Introduction

The optimization system used in present work is the result of more than one and a half decades of
research and development at the von Karman Institute1 . Its core components are a multi-objective
Differential Evolution algorithm2 , a database, several metamodels and a high-fidelity evaluation chain.
The evaluation chain comprises a fully automatic geometry and CAD generation, an automatic meshing
and a high-fidelity performance evaluations by Computational Fluid Dynamics (CFD). We present a new
feature for the optimization system consisting concerning the acceleration of the CFD evaluation. For
this purpose we deploy Graphical Processing Unis (GPUs), known for their high computational power,
to accelerate an in-house RANS solver with implicit time stepping. The GPU-accelerated solver as part
of the established solver has been used to optimize the TurboLab Stator test case.

II. Metamodel assisted Optimization

The TurboLab is a low Mach number compressor stator from Technical University of Berlin. Its
main task is to turn the inlet swirling flow into an axial outflow with a minimal total pressure loss. The
stator geometry has been parameterized by a set of parametric Bézier curves. Two curves describe the
thickness and the chord length distributions at 0 and 100% span. The camberline based on the metal
angle distribution of the blade is defined at 0, 50 and 100% span giving the inlet and outlet angle in
addition to the angle at 2% of the axial chord. Lean and sweep are defined as 3D effects and a set of
Bézier curves describes the casing endwall and the hub. While the casing endwall has a constant radius,
the hub presents a contouring defined by a Bézier spline with 4 control points: at the inlet, leading
edge, trailing edge and at the outlet. The chord length is kept constant as required in the testcase
and the thickness distribution is not changing spanwise. 21 design variables (DV) have been selected
for the optimization namely the metal angle distribution of the camberline accounting for 9 DV, the
thickness distribution accounting for 2 DV, lean and sweep contributing with 6 extra DV and finally a
hub contouring accounting for 4 DV.

The CFD evaluation has been carried out by two solvers first FINETM a commercial RANS solver from
Numeca on CPU with explicit time stepping and second an in-house CFD solver with GPU acceleration
and implicit time stepping. The two CFD solvers are not cooperating during the optimization and their
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redundant use is related to a benchmark of the GPU technology in design optimization, which is part
of this work. The GPU accelerated steady RANS solver follows a spacial discretization based on finite
volume approach. Convective fluxes are calculated using Roe upwind approximation while second order
accuracy is achieved through the MUSCL approach. Viscous fluxes are approximated following a central
discretization scheme and the source term contains contribution from Spalart-Allmaras (SA) one-equation
turbulence model. The time integration is performed using an 3 stages implicit Runge-Kutta first order
scheme. The commercial solver has a similar space discretization with a low Mach number preconditioning
of the right hand side. The time integration differs also since FINETM uses the explicit time stepping
multistage Runge-Kutta scheme. For both solvers total quantities are imposed at the inlet along with
the flow direction and the mass flow is imposed at the outlet. Every evaluation provides a mass flow
averaged total and static pressures at inlet and outlet. These are used to compute the total pressure loss
defined as Loss = (p01 − p02)/(p01 − p1). The area averaged axial deviation is also provided.

The first objective of the optimization is to reduce the total pressure loss and the second objective is to
reduce the deviation of the outflow as the integral of the whirl angle squared. The optimization takes into
account 3 operating points with different inlet whirl angles: -47, -42 and -37 degree. The first operating
point with the nominal whirl angle has a weight of 0.5 for the optimization objectives while both other
operating points have a weight of 0.25 each. The constraints are of two types: CFD and manufacturing
constraints. The CFD constraint concerns the mass flow of the full annuls, which has to be 9 kg/s with a
tolerance of 0.1 kg/s. We impose the prescribed mass flow as an outlet boundary condition which ensures
that every converged CFD meets this requirement. For the manufacturing constraints a geometry check
has been implemented and integrated in the automatic tool chain. These constraints fix the number of
blades, the axial chord length and impose some requirements for the blade thickness. The blade should
be thick enough to have a place for 2 cylinders of material for the fixture on hub and shroud with a radius
of 5 mm and 20 mm of depth. The distance between the two holes is fixed to 60 mm. An other constraint
concerns the hub contouring for which the radius change is limited by -5 mm and +10 mm. This limit
has been introduced in the hub parameterization restricting the vertical translation of the control points.

III. Results

Figure 1 shows a plot of the objective space after 7 iterations (198 CFD evaluations). All plotted
designs satisfied both the aerodynamic and the manufacturing constraints. Different points from the
Pareto front dominates the baseline designs, which is nevertheless already highly optimal since it is very
close to the Pareto front. As usual a trade-off has to be met for the selection of a design from the Pareto
front but the design that is non-dominated by any other design achieved an improvements of 0.07% in
total pressure loss and 6% in outflow angle.
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Figure 1. Plot of the objective space showing the baseline design compared to a non-dominated design and other
designs generated during the optimization
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