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1. Introduction

With the increasing need for high performance gas turbines to
reduce the emission and the engine weight, the emerging trend

Abstract A first study on the continuous adjoint formulation for acrodynamic optimization design
of high pressure turbines based on S, surface governed by the Euler equations with source terms is
presented. The objective function is defined as an integral function along the boundaries, and the
adjoint equations and the boundary conditions are derived by introducing the adjoint variable vec-
tors. The gradient expression of the objective function then includes only the terms related to phys-
ical shape variations. The numerical solution of the adjoint equation is conducted by a finite-
difference method with the Jameson spatial scheme employing the first and the third order dissipa-
tive fluxes. A gradient-based aerodynamic optimization system is established by integrating the
blade stagger angles, the stacking lines and the passage perturbation parameterization with the
quasi-Newton method of Broyden—Fletcher—Goldfarb—Shanno (BFGS). The application of the
continuous adjoint method is validated through a single stage high pressure turbine optimization
case. The adiabatic efficiency increases from 0.8875 to 0.8931, whilst the mass flow rate and the
pressure ratio remain almost unchanged. The optimization design is shown to reduce the passage
vortex loss as well as the mixing loss due to the cooling air injection.
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is to use mathematical optimization techniques as an integral
part of the aerodynamic design toolkit. Stochastic and
gradient-based methods are the normal mathematical opti-
mization algorithms. The stochastic method searches for a glo-
bal optimal solution by monitoring the magnitude of the
objective function, while the gradient-based method searches
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the objective function to the changes in the design variables.
Both of the stochastic and the gradient-based methods tend
to consume considerably computational resources for the cases

& AG

with a large number of design variables.
The adjoint method is another gradient-based approach
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In this method, the adjoint system is conducted in a similar
way as that in the optimal control problems. By introducing
the adjoint variable vectors, the gradients of the objective func-
tion with respect to the design variables are calculated indi-
rectly by solving the adjoint equations. Therefore, the
sensitivity analysis is almost independent of the numbers of
the design variables, and solving two sets of flow equations
in one design cycle is nearly the total computing cost. When
the flow equations and the adjoint equations are fully con-
verged, the final gradients of the objective function with
respect to the design variables can be obtained efficiently.

Pironneau' was the first to use the adjoint method in fluid
mechanics, and then Jameson® applied adjonit method in the
aeronautical field. Combining the continuous adjoint method
with CFD technology, Jameson developed the optimization
design method which was applied to the transonic wing-body
combinations.® Moreover, the discrete adjoint method was
also developed.” “Continuous” and “discrete” methods sym-
bolize two alternative approaches to deriving adjoint equa-
tions. As there is no clear quantitative comparison between
the two approaches,” they seem to achieve the same optimal
goals. Both of the methods have performed well in the opti-
mization for airfoils,” wings,® wing-body configurations’ and
business jets. '’

The adjoint method has been utilized in the area of turbo-
machinery. Li et al.'"""'* used the continuous adjoint method
based on Navier—Stokes and Euler equation respectively to
conduct the aerodynamic optimization design for turbine
blades, and the optimization system was validated by several
numerical cases. Papadimitriou and Giannakoglou'® devel-
oped the continuous adjoint formulation to improve the aero-
dynamic performance of a 3D peripheral compressor blade
cascade. Wang and He'* first proposed the adjoint non-
reflective mixing-plane treatment method, and carried out
the aerodynamic blading shape optimization design in a
multi-stage turbomachinery environment. Luo et al.'” used
the adjoint optimization method to reduce the secondary flow
loss of turbine blades by redesigning the blade. Ji et al.'®
combined the continuous adjoint method with thin shear-
layer Navier—Stokes equations to construct an efficient
sensitivity analysis optimization system for multi-stage
turbomachinery blades, and the adjoint optimization code
was validated through two compressor blades design cases.
Zhang and Feng'’ used the automatic differentiation tool to
develop a discrete adjoint solver, and the optimization system
was validated via a turbine cascade under the viscous flow
environment.

For the aerodynamic design of gas turbines, S, surface
design plays a crucial role in the entire design system.'®
Blade design is based on the simulation results of S, surface
through flow calculation. This paper presents the results of
the first study on the adjoint method applied to the S,
surface through flow calculation including the cooling air
effect. The adjoint method is combined with the Euler
equation with the source term to develop an efficient
sensitivity analysis model for turbine blades (stagger angles
and stacking lines) and the passage in a specified objective
function. The validation of the optimization system is
carried out via the case of aerodynamic optimization of a
high pressure turbine.

2. Flow equations and solution methods

The steady Euler equations of the curvilinear coordinates sys-
tem are utilized to predict the aerodynamic performance of the
gas turbine on S, surface. The effects of the viscous losses, the
leakages and the cooling air on the flow are concerned as the
source terms in the right part of the Eq. (1).
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where U is the conservative flow variable vector; i‘, G are the

convective flux vectors in the curvilinear coordinate systems; Q
is the source term of the flow equations.
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the cylindrical coordinate system; 1 is the mass flow rate of the
cooling air; v.,v, and v, are the velocity components of the
cooling air, and the injection of the cooling air is classified into
nine types as shown in Fig. 1; H' is the total enthalpy of cool-
ing air; (f.,f,,f,) are for accounting of viscous losses effects,

; F, G and H are the convective flux vectors in
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Fig. 1 Injection types of the cooling air.
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