

  energies-17-01883




energies-17-01883







Energies 2024, 17(8), 1883; doi:10.3390/en17081883




Article



Improving Aeromechanical Performance of Compressor Rotor Blisk with Topology Optimization



Alberto Bandini, Alessio Cascino, Enrico Meli, Lorenzo Pinelli and Michele Marconcini *





Department of Industrial Engineering, University of Florence, Via S. Marta 3, 50139 Florence, Italy









*



Correspondence: michele.marconcini@unifi.it







Citation: Bandini, A.; Cascino, A.; Meli, E.; Pinelli, L.; Marconcini, M. Improving Aeromechanical Performance of Compressor Rotor Blisk with Topology Optimization. Energies 2024, 17, 1883. https://doi.org/10.3390/en17081883



Academic Editor: Andrey A. Kurkin



Received: 7 March 2024 / Revised: 10 April 2024 / Accepted: 11 April 2024 / Published: 15 April 2024



Abstract

:

When it comes to modern design of turbomachinery, one of the most critical objectives is to achieve higher efficiency and performance by reducing weight, fuel consumption, and noise emissions. This implies the need for reducing the mass and number of the components, by designing thinner, lighter, and more loaded blades. These choices may lead to mechanical issues caused by the fluid–structure interaction, such as flutter and forced response. Due to the periodic aerodynamic loading in rotating components, preventing or predicting resonances is essential to avoid or limit the dangerous vibration of the blades; thus, simulation methods are crucial to study such conditions during the machine design. The purpose of this paper is to assess a numerical approach based on a topology optimization method for the innovative design of a compressor rotor. A fluid-structural optimization process has been applied to a rotor blisk which belongs to a one-and-a-half-stage aeronautical compressor including static and dynamic loads coming from blade rotation and fluid flow interaction. The fluid forcing is computed by some CFD TRAF code, and it is processed via time and space discrete Fourier transform to extract the pressure fluctuation components in a cyclic-symmetry environment. Finally, a topological optimization of the disk is performed, and the encouraging results are presented and discussed. The remarkable mass reduction in the component (≈32%), the mode-shape frequency shift from a fluid forcing frequency, and an overall relevant reduction in the dynamic response around Campbell’s crossing confirm the efficacy of the presented methodology.
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1. Introduction


Nowadays, oil and gas and aerospace companies are facing great technological challenges to improve their performance and increase their overall competitiveness. Advanced design techniques and dedicated manufacturing tools have a crucial role for the development of more effective and fast approaches for the production of high-performance components. Turbomachinery systems need to be highly efficient in order to meet the increasing demand for energy [1]. In this context, additive manufacturing (AM) [2,3,4] today represents a flexible and powerful alternative with respect to traditional subtractive manufacturing process.



The utilization of AM technologies in the production of turbomachinery components could enhance single-piece manufacturing, minimizing the requirement for extensive milling. This not only streamlines the milling process, but also diminishes the necessity for welding or brazing joints [5]. Currently, Computer Numerically Controlled (CNC) milling is able to reliably fabricate complex shapes for the manufacturing of single-piece impellers, representing the main standard for the sector. On the other hand, severe costs cannot be negligible. The production process of these pieces is generally slow and requires large amounts of energy. In addition, due to the complexity of the geometrical shapes that need to be manufactured (i.e., hollow shapes), high quality material is wasted and high-end machines and cutting tools are needed. No less important, the process must be carefully studied and designed [6]. Electrical Discharge Machining (EDM) is another method that ensures a high surface quality and that is well suited for the fabrication of very low flow coefficient impellers. However, some limits must be considered for the machining of complex shapes and the process is time-consuming. The evolution of high-efficiency rotors requires lighter structures, which need to sustain higher speeds. Slender structures could represent a problem for traditional subtractive techniques, due to the big volumes of material that must be removed. Recent design software tools propose several techniques for shape optimization, with less time-consuming approaches. In this context, topology optimization (TO) methods represent the most adopted design tool. They allow one to obtain the best material distribution within a given design space, fixing the problem conditions (loads and constraints), to meet a predefined set of performance objectives [7,8,9,10,11,12,13,14]. The possibility of combining AM techniques with topology optimization represents a convenient choice because of the great geometrical freedom, combined with minimum attention to fabrication constraints, that can be provided by this manufacturing process [15,16]. Metal-based processes are involved in the fabrication of impellers. In the last five years, metal AM has shown great improvement in terms of mechanical performance of the printed components, reliability, and predictability, up to the point that, nowadays, it represents an established alternative to traditional subtractive processes. Consequently, topology optimization is increasingly being utilized by designers, especially for turbomachinery components, as confirmed in the literature. As an important preliminary design tool, TO is extensively applied in mechanical and aerospace engineering fields [17]. An aero-engine centrifugal impeller was optimized topologically and reconstructed considering AM manufacturing constraints in conjunction with size optimization [18]. An innovative design for turbine blades using topology optimization was presented in [19,20,21,22], and the internal cooling ducts of a gas turbine blades were optimized with a fluid-thermal topology optimization approach in [23]. Finally, lattice or “string art” structures were combined with topology optimization to obtain an innovative design of mechanical components [24]. All these FEM tools can be coupled with classical CFD programs [25,26,27] to integrate in the topology optimization process the effect of fluid interaction.



In this context, the paper presents a multi-disciplinary approach based on Finite Element Method (FEM) and Computational Fluid Dynamics (CFD) tools for the topological optimization of turbomachinery blade rows, with the primary objective to enhance their aeromechanical performance through the application of additive manufacturing techniques. The methodology has been implemented on a conventionally designed aeronautical compressor rotor, illustrating the innovative possibilities offered by these modern design approaches.




2. Methodology


Figure 1 summarizes the proposed optimization process, based on the integration of FEM and CFD tools. Starting from a preliminary design of the component, CFD analyses are used to evaluate steady and unsteady aerodynamic forcings on the rotor blade surface. At the same time, FEM analyses are employed for static, modal, and dynamic characterization of the mechanical part. Following the delineation of the design space, the topology optimization of the component is thus performed, taking into account both static and dynamic loads, with the aim of achieving a reduction in mass and an overall stress mitigation in the structure. Next, a verification of the forced response is conducted, both before and after the optimization process, to validate the methodology and accentuate enhancements in dynamic performance.




3. Test Case


The numerical methodology was applied to a transonic aeronautical compressor rotor blisk designed and tested at the TUD (Technische Universität Darmstadt) during the EU FUTURE project dedicated to aerodynamically induced blade vibrations. The rotor is included within a 1 and ½ axial stage, composed by a variable IGV, a rotor, and a stator row consisting of 15, 21, and 29 blades, respectively [28,29,30]. The meridional cut of the test case is reported in Figure 2 where the rotor blisk is highlighted in red.




4. FEM Framework


All operations related to finite element modeling were carried out with commercial FE software HyperMesh v.2017 (educational). The model was composed of a sector of the entire rotoric blade row as shown in Figure 3. Using a single sector significantly reduces the model dimension, improving calculation times and performance. Before moving to the proper description of elements and constraints modeling, in Table 1 are reported the mechanical properties of the titanium alloy of the rotor blisk.



In the presented work, these properties were assumed to remain constant with temperature, as the analyzed flow in the compressor stage exhibited minimal temperature variation across the blade rows, such that it did not significantly affect the material properties, which is well known to be widely used even in critical high-temperature applications such as within turbine blade rows and in the aerospace environment. As a matter of fact, the Ti-6Al-4V alloy (also referred to as Ti64) is extensively used in the aerospace industry because of its properties such as a good corrosion resistance, low density, and high strength, which make Ti64 one of the materials with the highest strength-to-weight ratio [31].



To perform the modal analysis of the sector under a tuned-blade-row assumption, a cyclic symmetry condition was imposed at the sectioned surfaces, predicting vibrating modes in terms of magnitude and phase of the modal displacement. Dealing with a complex assembly, the accurate modeling of the constraints deriving from the assembled fixture (Figure 2) is essential to obtain the correct mode shapes and natural frequencies of the physical model. The rotor was mounted on the shaft with axial and tangential constraints, which are now described with reference to Table 2 and Figure 3, showing the front and back of the blisk sector base. All constraints refer to the cylindrical reference system also shown in Figure 3, defined so that the z axis coincides with the rotational axis. Those indicated with letters b, d, f, and g are axial constraints, while in c, tangential displacements are fixed. Those in e represent interlocking with interference on the shaft, where all degrees of freedom are fixed. In Figure 3 is also shown the presence of connection screws; although screw holes were not included in the CAD model, their presence was taken into account by constraining all axial, tangential, and radial degrees of freedom of the nodes indicated with a, on the front and back side of the blisk sector. Given that the number of screws was a prime number in relation to the blade count, an approximation was introduced that could still effectively match the correct behavior from the modal analysis.



First, a linear static analysis was performed, with the blade only subjected to centrifugal force. The static analysis was carried out by loading the model with a centrifugal load due to a rotation equal to 16,000 rpm (≈266.6 revs/s) applied to the z axis of the cylindrical reference system. In Figure 4, the resulting contours of displacement and von Mises stress are reported. The static subcase was then used as a preload in the modal analysis, to take into account the effect of the centrifugal stiffening of the component. Performing a modal analysis with cyclic symmetry normally leads to a natural frequency value for each nodal diameter under investigation; in this case, however, the analysis was limited to real modes, as the vibration modes of the rotor were mainly blade modes (i.e., the disk had little influence on the deformations and relative frequencies). Indeed, the disk affected the analysis with the so-called frequency saturation trend: an upper limit in frequency trend could be identified for each mode shape with increasing ND values. For higher nodal diameters, a significant phase shift was present between two adjacent blades, so blades were almost in counter-phase, which led to a small disk deformation (blade-dominated mode shape). On the contrary, for lower nodal diameter values, the blades were almost in phase, so the disk participated more in the deformation (disk-dominated mode shape). The natural frequencies values calculated are summarized in Table 3, and shown in the ZZENF diagram, where they reached a maximum value of 10,000 Hz, which was taken as an upper limit for the analysis. Figure 5 shows the maps of the first three mode shapes (deformation maps are reported alone in terms of displacement magnitude, while color legends have been omitted for simplicity; mode shapes are normalized to unit modal mass).



The completion of the ZZENF diagram with the resulting natural frequencies of the model allowed the evaluation of any crossing occurrence between these and each pressure forcing. On this basis, the pressure perturbation order to be used for the topology optimization procedure and forced response assessment was selected. This was applied to the FEM model, interpolating the unsteady load from the pressure field in terms of real and imaginary pressure components, on the nodes of the blade surface region (letter h in Figure 3).




5. CFD Framework


Regarding the CFD computations, which provided the inputs for the following optimization process, a time-accurate solver was used to predict the pressure fluctuations due to the rotor/stator interactions on the rotor surface. An URANS approach was preferred, given that high-fidelity large eddy simulations (LES) are still too computationally expensive and not yet compatible with industrial design timing. In this regard, the URANS TRAF code, developed at the University of Florence, was used to solve the classical Reynolds averaged Navier–Stokes equations in order to extract the aerodynamic forcing.



The compact form of fluid motion equations can be written for a fixed blade in the following conservative form


    ∂ U   ∂ t    +    ∂  F x    ∂ x    +    ∂  F y    ∂ y    +    ∂  F z    ∂ z    =  Q  



(1)




where U includes the conservative variables for mass, momentum, energy, and for turbulence quantities, when needed, Q is the source term column, while   F w   describes the three flux functions. These vectors are given by


  U  =      ϱ      ϱ  c x        ϱ  c y        ϱ  c z        ϱ  u t        Q  =      0      ϱ  f x        ϱ  f y        ϱ  f z        ϱ  f x   c x  + ϱ  f y   c y  + ϱ  f z   c z        



(2)






   F w   =       ϱ  c w        ϱ  c x   c w  + p  δ  x w   −  σ  v x w         ϱ  c y   c w  + p  δ  y w   −  σ  v y w         ϱ  c z   c w  + p  δ  z w   −  σ  v z w         ϱ  h t   c w  −  β w        where  w  =  x , y , z  



(3)




In the previous expressions, turbulence quantities have been omitted for brevity. x, y, and z are the orthogonal Cartesian coordinates, while   c x  ,   c y  , and   c z   are the velocity components. Moreover, t is the time,  ϱ  the density, and p the pressure. The specific enthalpy is defined as    h = u + p / ϱ   and u is the internal energy. Quantity   β w   is defined as


   β w   =   σ  v w x    c x  +  σ  v w y    c y  +  σ  v w z    c z  −  φ w   



(4)




According to the Stokes hypothesis the viscous stress tensor and the thermal flux density are defined by


      σ →  →      =  −  2 3  μ  (  ∇ →  ·  c →  )    i →  →  + 2 μ sym  ∇ →   c →        φ →      =  − k  ∇ →  T     



(5)




To mathematically close the problem, the state equation and the expressions of  μ  and k are needed. The ideal gas state equation can be added:


  p  =  ϱ  R g  T  



(6)




where T is the temperature, and   R g   represents the gas constant. Regarding the expressions of  μ  and k, the turbulence phenomenon must be considered:


    μ     =   μ t  +  μ l       k     =   c p     μ l   N  P r    +   μ t   N  P r  t        



(7)




where   μ l   is the dynamic viscosity,   μ t   is the turbulent viscosity and   c p   is the constant-pressure specific heat.   N  P r    and   N  P r  t   are the Prandtl and the turbulent Prandtl numbers, respectively. Dynamic viscosity is a function of the thermodynamic state, whereas turbulent viscosity depends on the chosen turbulence model. The TRAF code solves the unsteady, three-dimensional, Reynolds averaged Navier–Stokes equations for internal flow, with a finite volume formulation, on H-type and O-type structured grids. The discretization of convective fluxes is based on a 2nd order TVD-MUSCL strategy built on Roe’s upwind scheme [32], while viscous fluxes are computed with a central difference scheme. The turbulence closure is based on different models ranging from one to four equations. Regarding the unsteady simulations, these are performed by means of a dual time-stepping technique with sliding interfaces between adjacent rows, using linear interpolations to couple flow variables on the block interfaces. An important feature of the code is the high level of parallelization, achieved by means of a hybrid openMP/MPI code architecture and GPU acceleration [25]. A key feature for aeromechanical evaluations is the possibility to activate a runtime time discrete Fourier decomposition when the unsteady solution has reached the periodicity in order to extract the complex forcing only at the engine orders (EOs) of interest.



5.1. Numerical Setup


Starting from the same CAD models used for the FEM analyses, the CFD domain was easily defined and consisted of a full annulus, multi-row environment with IGV, rotor, and stator rows. An in-house mesh generator, suitable for both H-grids and O-grids, was used to build a viscous grid with wall refinement to better capture viscous effects in the boundary layer, ensuring values of   y + ≤ 2  , adopted following the industrial practice for this kind of computation. In this case, an O-grid type was selected to obtain the overall multi-block grid shown in Figure 6. First, steady-state CFD simulations were performed to match the compressor operating point and evaluate mean flow quantities. This type of analysis requires only a single tangential sector for each blade row, taking advantage of the mixing plane approach to reduce computational cost. All the simulations used the   k − ω   turbulence model in Wilcox’s formulation for the Navier–Stokes equation closure.



Inlet, outlet, walls, and periodicity boundary conditions for internal flows were imposed at the computational domain boundaries: at the inlet, span-wise distributions of total pressure, total temperature, blade-to-blade flow angle, and meridian flow angle were imposed, while at the outlet a span-wise distribution of static pressure was assigned. In steady analyses, the mixing plane approach was used to average the flow quantities passing from static to rotating blocks and vice versa, allowing the evaluation of the overall increase in static (and dynamic) pressure. Because of the averaging process, in this case, blades could not experience the wakes of upstream rows and other unsteady effects; thus, an unsteady multi-row analysis was performed to investigate stator–rotor interactions.



Unsteady multi-row analyses can be performed with both reduced-sector or full-annulus approaches, with the main aim to obtain a converged solution at each physical time step and an overall periodicity in time. For that case, the blade rows had a prime number of blades with respect to each other (15, 21, and 29), so a reduced-sector approach could not be adopted, and a full-annulus domain consisting of a 159-block domain was used (Figure 6). This allowed the evaluation of the unsteady pressure field experienced by the rotor, caused by the potential effect of downstream rows, together with the wakes generated by upstream rows. It must be noted that while other different mechanisms of unsteady excitation can occur, in this paper, only the interactions between IGV and stator with the rotor were considered. These unsteady phenomena resulted in a pressure field fluctuation experienced by the rotor blades through a periodic change in the blade loading. These perturbations were then processed by a DFT algorithm of the unsteady pressure field over the blade surface, extracting the pressure harmonics linked to the most relevant engine orders, and stored in terms of real and imaginary parts of the main pressure harmonics.




5.2. Unsteady Forcing Decomposition


As previously stated, the TRAF code already performs at runtime a first discrete Fourier decomposition in time of the unsteady pressure history on selected blades, given the desired engine orders (EOs), as follows:


   P  ( EO )   =  1  N  d i v     ∑   n t  = 0    N  d i v   − 1     p t    e  − i   ( EO )    2 π   N  d i v     n t      



(8)




where EO is the engine order,   p t   is the discrete, equally spaced pressure signal in time, and   N  d i v    is the total number of samples that discretize a single rotor revolution. The unsteady forcing resulting at the end of each unsteady run was then further Fourier decomposed in space, in the circumferential direction, to obtain a single traveling wave exciting a corresponding mode shape in a cyclic environment, as predicted by the interference diagram (Figure 7). To do so, the Fourier coefficients in time on the blade surface were circumferentially decomposed on homologous points on adjacent blades (one on each blade, for a row pitch) by means of the in-house tool named OutDFT [33] with the following formula:


    P ^    nd    EO   =  1 N   ∑  k = 1  N    P k  ( EO )     e  − i   ( nd )    2 π  N  k     



(9)




where nd is the circumferential order,   P k  ( EO )    is the discrete-time Fourier coefficient of the tangential distribution on corresponding surface points of the blade, and N is the blade count. The method also takes into account the aliasing phenomenon, as the resulting rotating forcing function is characterized by a nodal diameter ranging from   − N / 2   to   + N / 2  , or from   − ( N − 1 ) / 2   to   + ( N − 1 ) / 2   in the case of an odd blade count, as suggested by Nyquist’s theorem. The sign of nd defines the spinning direction: if positive, it defines a forward-rotating wave; if negative, a backward-rotating wave. The final outputs of the tool are complex pressure maps on the blade surface related to single rotating forcings. Such distributions account for the static (average pressure) and dynamic parts and can be directly loaded into the commercial FE software for the next topology optimization setup or used for a forced-response assessment inside the same environment.





6. Optimization Procedure


6.1. Optimization Algorithm


The topology optimization solution relies on gradient-based optimization techniques [34]. Several algorithms are available in OptiStruct: Method of Feasible Directions (MFD) [35], Sequential Quadratic Programming (SQP) [36], dual optimizer based on separable convex approximation (DUAL) [37] and large-scale optimization algorithm (BIGOPT). Delving into specifics, BIGOPT is a gradient-based method which offers a high computational efficiency with moderate memory requirements in comparison to MFD and SQP. The solver employs an iterative procedure, known as local approximation method, to determine the solution of the optimization problem. This process involves the following steps:




	
Analysis of the physical problem using finite elements;



	
Convergence test to determine whether or not the convergence is achieved;



	
Response screening to retain potentially active responses for the current iteration;



	
Design sensitivity analysis for retained responses;



	
Optimization of an explicit approximate problem based on the sensitivity information.








To ensure stable convergence, the solver restricts design variables changes within predefined move limits during each iteration, which confine the design updates to a narrow range within their specified bounds. These design updates are computed by solving an explicit approximate optimization problem based on the sensitivity information.



The algorithm is implemented as follows. A generic optimization problem, which involves minimizing   f ( x )   based on a set of constraints, is described as:


      min  f ( x )         g i   ( x )  = 0 ,      i = 1 , … ,  m e         g i   ( x )  ≤ 0 ,      i = (  m e  + 1 ) , … , m        x L  ≤ x ≤  x U       



(10)




where   f ( x )   is the objective function,    g i   ( x )    is the ith constraint function,   m e   is the number of equality constraints, m is the total number of constraints, x is the design variable vector, and   x L   and   x U   are the lower- and upper-bound vectors of design variables, respectively.



If the BIGOPT algorithm is selected, OptiStruct converts this problem to an equivalent problem using the penalty method:


      min Φ  ( x )  = f  ( x )  + r   ∑  i = 1   m e    q i     g i   ( x )   2  +  ∑  i =  m e  + 1  m   q i    max  0 ,  g i   ( x )    2          x L  ≤ x ≤  x U       



(11)




In OptiStruct, two convergence tests are employed. Regular convergence (design is feasible) is reached when convergence criteria are met for two consecutive iterations. This entails the change in the objective function is less than the objective tolerance over two consecutive iterations, and constraint violations are below 1%. At least three analyses are required for regular convergence, as the convergence is based on the comparison of true objective values (values obtained from an analysis at the latest design point). Soft convergence occurs when minimal or no change in design variables is observed for two consecutive iterations. Therefore, soft convergence requires one less iteration than regular convergence. Optimization runs based on a BIGOPT algorithm will be terminated if one of the following conditions is met:


   ∇ Φ  ≤ ϵ  and  the  design  is   feasible .   



(12)






    2  Φ   x  k + 1    − Φ   x k       Φ   x  k + 1     +  Φ   x k      ≤ ϵ  and  the  design  is   feasible .   



(13)






  The  number  of  iteration  steps  exceeds   N  m a x    



(14)




where   ∇ Φ   is the gradient of   Φ ( x )  , k is the kth iteration step,  ϵ  is the convergence parameter, and    N max    is the allowed maximum iterations.




6.2. Interference Diagram and Crossing Selection


In order to perform a forced-response analysis, the results from a previous modal analysis are required. Indeed, the order of the pressure perturbation to consider was chosen so that it acted on the blade inducing a resonance condition, in our case, identifying the closest crossing of a natural frequency with the forcing on the ZZENF diagram, as shown in Figure 7. Pressure loads extracted from unsteady CFD simulation need to be imported and applied to the FE model, maintaining all constraint conditions of the modal analysis. The dynamic-pressure load field was transferred to the blade surface on the FEM mesh by rotating and translating CFD nodes, therefore computing the transformation matrix from the CFD to the solid domain with CloudCompare, an open-source tool.



In the depicted diagram (Figure 7), two distinct intersections emerge, providing viable points for the evaluation of the forced response and therefore for carrying out the optimization. These are, respectively, the intersection of the forcing of order 15 (nodal diameter 6) with frequency 8, and above, the one between the forcing of order 29 (at nodal diameter 8) and natural frequency 14. In this case, the first (indicated with an arrow) with a lower frequency was chosen. Lower frequencies are generally more critical; moreover, the forcing derives from the IGV and therefore, it is a wake effect, which results in a stronger flow perturbation than that due to potential effect deriving from the stator of order 29. For each element of the blade profile belonging to FE model, the magnitude and direction of the pressure were then linearly interpolated (Figure 3), given the wider spacing of CFD nodes compared to those in the solid mesh. The output of the analysis consisted of the displacement values for preselected nodes as a function of frequency, enabling the identification of resonance conditions and vibratory stress.




6.3. Forced-Response Results (Benchmark)


The primary objective of this analysis was to assess the rotor blade displacement induced by unsteady pressure harmonics. The forced response can be identified in the ZZENF diagram (or in Campbell’s diagram) as a resonance condition for the fluid and blade system. After the transfer of the unsteady pressure harmonic to the FEM model, a damping value was assigned, in terms of critical damping ratio, with reference to data from previous studies [38]. The total damping, which is the sum of mechanical and aerodynamic damping, was approximately taken equal to the aerodynamic damping alone, as it is more relevant, as expressed in Equation (15):


  ξ =   ξ m  +  ξ a  ≈  ξ a  =  ζ  ζ c   = 0.001  



(15)




where, for a damped harmonic oscillator,  ξ  is the damping ratio,  ζ  is the damping, and   ζ c   is the critical damping of a single degree of freedom. A forced-response analysis was then performed, with the selected order of perturbation, by employing both direct and modal methods to mutually validate each approach. The modal method was subsequently adopted as the primary outcome and was once again utilized for the final post-optimization steps, given its significantly more efficient calculation time. The displacements extracted as the output referred to the node with the maximum displacement amplitude on the blade’s external surface calculated with respect to mode shape 8 (Figure 8). Figure 9 illustrates the resulting displacement amplitude and phase versus frequency; it must be noted that the displacement in the z direction is much greater than the others. Additionally, the graph highlights two other natural frequencies (mode 7 at 3447 Hz and mode 9 at 4628 Hz), in which, however, the response remains relatively low. As previously observed, the forcing primarily excites the mode shape corresponding to the natural frequency in the middle. The higher response in the central natural frequency further validates the effective resonance condition of the forcing and the correct definition of the previous steps. The maximum values of displacement are summarized in Table 4, together with the resulting calculated total displacement.




6.4. Topology Optimization Settings


To initiate the optimization process, it is imperative to delineate both the design and non-design spaces. The former delineates areas where model elements can be removed from the original geometry, while the elements within the non-design space are kept unaltered and not considered by the solver. In this case, the blade region not to be modified was assigned to the non-design space. Additionally, a section of the blade base was also kept unchanged, considering that it formed the hub wall of the meridional channel and was therefore essential for guiding the flow inside the compressor. The rest of the blisk sector was included into the design space. The resulting classification is shown in Figure 10.



In the present work, the optimization constraints were imposed on the nodal displacement magnitude derived from the forced-response analysis, maximum stress value, and volume fraction. The first constraint was defined in the commercial FE software with the optimization response type “FRF displacement” (frequency response function displacement), referring to the same node with maximum displacement from the 8th natural frequency of the original geometry (which corresponded, approximately, to the forcing frequency). This constraint was set to the benchmark value calculated from the forced-response analysis, to ensure that the response of the blade to dynamic loads at that specific frequency did not increase despite the removal of material in the base of the blisk sector. The maximum value of the von Mises stress induced by a centrifugal load was also assigned as a design variable, even though this value did not pose a concern with the original geometry. This inclusion was made to ensure that stress levels did not surpass acceptable values. Notably, in this case, no significant impact of this parameter on the results was observed. Finally, the volume fraction   v f   was defined as the ratio of designable volume at current iteration   v i  d e s i g n    and the initial designable volume   v 0  d e s i g n    (Equation (16)). This constraint was implemented to ensure the permanence of a minimum or maximum volume fraction in a specific part: in this case, it was assigned to the lower part of the blisk sector because of the tendency of the solver to delete the whole design space’s associated volume.


   v f  =    v i  d e s i g n    v 0  d e s i g n     



(16)







The most effective strategy for defining the optimization objective was identified as minimizing the total compliance. Compliance, being the strain energy of the structure, serves as a reciprocal measure of the structure’s stiffness. The compliance is defined for the entire component, as the objective functions need to be related to a global parameter. However, it can also be assigned to individual properties and materials. The objective of the minimum compliance problem is then to determine the optimal material density distribution that minimizes the structure deformation under the specific boundary and loading condition. Additionally, two other parameters were assigned to the design variable, not considered as strict constraints: the minimum member size control, set to 3 mm, and the cyclic feature repetition. The first one was used to achieve a solution with a clearly defined structure, avoiding thin or isolated pieces and checkerboarding. The second was set to obtain a solution which followed a repetitive circular pattern according to the starting angular sector, equal to    360 ∘  / 21 ≈ 17 .  14 ∘    (resulting in a continuous solution at cut surfaces). The ultimate definition of imposed constraints and objectives is reported in Table 5.





7. Optimization Results


The output of the topology optimization of the compressor blisk is depicted in Figure 11. The red regions denote the solid state in the optimized configuration, whereas the blue areas represent the void state that can be eliminated to achieve the optimized geometry. Additionally, a threshold can be defined between these two states to guide the intermediate density elements towards either the void or solid state. The smoothness and regularity of the optimized geometry of the blisk computed by the solver is taken as a confirmation of the good convergence of the optimization process. However, to achieve an acceptable final design, the use of a CAD tool for geometry reconstruction would be recommended. The new component exhibits a mass reduction of approximately 32% compared to the original geometry (with a similar reduction in volume, given the homogeneity of the material). It is important to note that the mass reduction does not account for seals, which are necessary to reduce leakage losses during compressor operation, which should be reintroduced during CAD re-modeling. The irregular cavities resulting from the optimization on the rotor could also potentially lead to losses due to secondary air vortices and other phenomena. Therefore, it may be advisable to provide a closed hollow design with a flat surface to mitigate these effects. At this point, the geometry resulting from the optimization process (Figure 11 and Figure 12) was re-imported into the commercial FE software using a dedicated tool, for the definition of an FE model (Figure 13) which was employed for the final validation of the proposed methodology. The primary focus of this phase was to verify the actual forced-response displacement magnitude after the optimization, in conjunction with the updated stress resulting from the centrifugal load and natural frequencies of the new geometry. As depicted in Figure 13, the constraints remained consistent with those established previously, where still applicable.



Displacement and von Mises stress contours from the linear static analysis are shown in Figure 14. It is noteworthy that the values remained fundamentally similar in both cases; the peak value in the stress map where the constraints of the screw head were introduced was correctly addressed by the optimization, by preserving an area suitable for locking the component that allowed an effective distribution of the stress.



The comparison between the original and optimized geometry of the blisk was conducted under the same aerodynamic perturbation, determined by the same wake frequency (as indicated in the ZZENF diagram, Figure 7). By definition, as both the meridional channel of the compressor and the blade rows were kept unchanged, the aerodynamic forcing under consideration remained consistent throughout the optimization process of the rotor disk geometry. Under this hypothesis, the new geometry experienced a significant reduction in the forced-response displacement magnitude (Figure 15) compared to the original one for this forcing (Figure 9), due to both the shift in the natural frequencies of the system away from the forcing frequency (4000 Hz) and to an increase in the relative stiffness of the blade and disk system. In Figure 15, the peak of the forced response from the original geometry is indicated with a dotted line. Both of these aspects are evident from the frequency response graphs, which illustrate the shifting of peaks (i.e., natural frequencies of the model) away from the aerodynamic excitation frequency, as well as the decrease in the absolute displacement value, discernible from the scale of the graph. In Table 6, the comparison between original and optimized components in terms of volume and mass is summarized.




8. Conclusions


In the current study, a comprehensive design optimization procedure based on topological concepts for rotating components in turbomachinery was described. More specifically, the proposed topological optimization approach allowed a reduction in the mass of the rotor, taking into account the forced-response effect resulting from the unsteady aerodynamic interactions of the rotor blades with both upstream and downstream blade rows. A one-and-a-half-stage aeronautical axial compressor was selected as a test case to validate the procedure, which was based on two solvers: the TRAF code for the CFD analyses, and a commercial FE software for the FEM simulations. The newly optimized component showcased a mass reduction of around 32% compared to the original geometry. In terms of dynamic performance, the displacement values resulting from the forced response exhibited a substantial reduction in magnitude, under the same pressure perturbation. The presented results confirmed the effectiveness of the proposed methodology, suggesting its potential applicability in both experimental and industrial settings.




9. Future Developments


Potential future developments for this work could include additional considerations. For instance, the forced-response assessment could be expanded by utilizing a different set of points than those explored in this paper. Furthermore, the definition of the objective function in the optimization process could involve alternative formulations that simultaneously incorporate cases of static and frequency analyses. In a more comprehensive approach, various perturbations from different engine orders might also be incorporated. Finally, an interesting possibility lies in the use of the topological lattice optimization (Figure 16). Lattice structure optimization is a method employed in the generation of components that integrate both solid and lattice structures, which are characterized by an extremely high stiffness-to-density ratio. The resulting component is a structure blended with solid parts and lattice zones of varying material volume. With an approach similar to the one used for topological optimization, this technology was particularly developed to support design innovation through additive layer manufacturing.
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The following abbreviations are used in this manuscript:





	AM
	Additive manufacturing



	BIGOPT
	Large-scale optimization algorithm



	CAD
	Computer aided design



	CFD
	Computational Fluid Dynamics



	CNC
	Computer Numerically Controlled



	DFT
	Discrete Fourier transform



	EDM
	Electrical Discharge Machining



	EO
	Engine order



	FEM
	Finite Element Method



	IGV
	Inlet guide vane



	TO
	Topology optimization



	ZZENF
	Zig-zag-shaped excitation line in the nodal diameter versus Frequency
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Figure 1. Overall workflow chart showing FEM and CFD interaction. 
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Figure 2. CAD model of the 1 ½ stage aeronautical compressor. Rotor blisk highlighted in red. 
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Figure 3. Definition of FEM sector, constraints, and surface loading. 
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Figure 4. Displacement and von Mises stress map from the linear static analysis. 
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Figure 5. First three mode shapes resulting from the modal analysis. 






Figure 5. First three mode shapes resulting from the modal analysis.



[image: Energies 17 01883 g005]







[image: Energies 17 01883 g006] 





Figure 6. CFD grid of the whole annulus for unsteady simulation with a flow field described by entropy contours. 
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Figure 7. ZZENF diagram showing the nodal diameter and frequency of the extracted pressure perturbations and blade natural frequencies. In dashed red lines are the natural frequencies of the optimized geometry close to forcing excitation. The arrow indicates the selected aerodynamic forcing. 
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Figure 8. Eighth mode shape, the arrow pinpoints the node with maximum displacement. 
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Figure 9. Displacement amplitude and phase vs. frequency of the selected node, from the forced-response analysis with the original blisk geometry. 
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Figure 10. Definition of design (white) and non-design space (red) for the topology optimization. 
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Figure 11. Optimization results for the blisk sector. 
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Figure 12. Optimized geometry (a) and render (b) of the entire rotor blisk. 
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Figure 13. FE model with optimized geometry. 
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Figure 14. Displacement and von Mises stress map for optimized geometry. 
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Figure 15. Displacement amplitude and phase vs. frequency of the selected node, from the forced response analysis with optimized blisk geometry. Vertical dotted line reports the Campbell crossing of the original rotor blisk. 
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Figure 16. Example of lattice optimization applied to the same case. 
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Table 1. Mechanical properties of the titanium alloy Ti-6Al-4V.
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Titanium Ti-6Al-4V






	
Young’s modulus

	
116,500 [MPa]




	
Poisson ratio

	
3.225 × 10−1 [-]




	
Density

	
4.43 × 103 [kg/m3]




	
Ultimate tensile strength

	
900 [MPa]




	
Stress amplitude (1010 cycles)

	
450 [MPa]











 





Table 2. Description of FEM constraints.
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	FEM Constraints
	Constrained Direction





	a
	Axial, radial, tangential



	b
	Axial



	c
	Tangential



	d
	Axial



	e
	Axial, radial, tangential



	f
	Axial



	g
	Axial



	h
	Applied dynamic pressure load










 





Table 3. First ten calculated natural frequencies of the rotor blisk.
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	Mode Number
	Frequency [Hz]





	Mode 1
	557.79



	Mode 2
	1415.20



	Mode 3
	1560.74



	Mode 4
	1772.81



	Mode 5
	2529.63



	Mode 6
	2910.06



	Mode 7
	3377.36



	Mode 8
	4073.29



	Mode 9
	4611.52



	Mode 10
	5150.58










 





Table 4. Resulting forced-response displacement values.






Table 4. Resulting forced-response displacement values.





	Displacement x [mm]
	0.0015



	Displacement y [mm]
	0.0386



	Displacement z [mm]
	0.0594



	Resulting total displacement [mm]
	0.0708










 





Table 5. Applied constraints and objectives.
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Constraints




	
Volume fraction (design)

	
   v f  ⩽   0.5




	
FRF displacement

	
  u ⩽   0.07 mm




	
Stress value

	
  σ ⩽   450 MPa




	
Objective




	
Total compliance

	
minimize











 





Table 6. Mass and volume comparison between original and optimized components.
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Volume [mm3]

	
Mass [kg]






	
Original sector

	
43,055.73

	
0.1907




	
Optimized sector

	
29,267.36

	
0.1297




	
Reduction

	
32%
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