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Abstract

:

In modern aircraft engines, the low-pressure compressor (LPC) is subjected to a flow characterized by strong wakes and secondary flows from the upstream fan. This concerns ultra-high bypass ratio (UHBR) turbofan engines, in particular. This paper presents the aerodynamic and aeroelastic sensitivities of parametric variations on the LPC, driven by the design considerations in the upstream fan. The goal of this investigation was to determine the influence of design-based geometry parameter variations on the LPC performance under realistic inlet flow distributions and the presence of an s-duct. Aerodynamic simulations are conducted at the design and off-design operating points with the fan outflow as the inlet boundary conditions. Based on the aerodynamic results, time-linearized unsteady simulations are conducted to evaluate the vibration amplitude at the resonance operating points. First, the bypass ratio is varied by reducing the channel height of the LPC. The LPC efficiency decreases by up to   1.7 %   due to the increase in blockage of the core flow. The forced response amplitude of the rotor decreases with increasing bypass ratio due to increased aerodynamic damping. Secondly, the fan cavity leakage flow is considered as it directly affects the near hub fan flow and thus the inflow of the LPC. This results in an increased total-pressure loss for the s-duct due to mixing losses. The additional mixing redistributes the flow at the s-duct exit leading to a total-pressure loss reduction of   4.3 %   in the first rotor at design point. This effect is altered at off-design conditions. The vibration amplitude at low speed resonance points is increased by   19 %   for the first torsion and   26 %   for second bending. Thirdly, sweep and lean are applied to the inlet guide vane (IGV) upstream of the LPC. Despite the s-duct and the variable inlet guide vane (VIGV) affecting the flow, the three-dimensional blade design achieves aerodynamic and aeroelastic improvements of rotor 1 at off-design. The total-pressure loss reduces by up to   18 %   and the resonance amplitude more than   10 %  . Only negligible improvements for rotor 1 are present at the design point. In a fourth step, the influence of axial gap size between the stator and the rotor rows in the LPC is examined in the range of small variations which shows no distinct aerodynamic and aeroelastic sensitivities. This finding not only supports previous studies, but it also suggests a correlation between mode shapes and locally increased excitaion with increasing axial gap size. As a result, potential design improvements in future fan-compressor design are suggested.
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1. Introduction


1.1. Engine Performance and Aerodynamics


Current aircraft engine design trends pursue the concept of geared turbofan engines with an ultra-high bypass ratio (UHBR). The increasing bypass ratio is beneficial for propulsion efficiency, leading to a reduction of specific fuel consumption. In order to provide the power for driving the increased bypass mass flow, the low-pressure compressor (LPC) must generate a higher overall total-pressure ratio, while the necessary increase in fan cross-section requires a low hub-to-tip ratio of the fan stage. However, lowering the fan hub radius changes the near-hub flow and thus also the inlet flow of the LPC. The lowered hub radius leads to a decreasing hub circumferential speed and an increase in required flow turning. Due to the compromise between high pressure ratio and reasonable flow turning, the near-hub region is more aerodynamically and structurally loaded. This high loading results in dominant secondary flows, a strong fan wake, and increasing total-pressure losses at the inlet of the core engine [1]. The resulting inhomogeneous inflow has proven to be a significant factor for the aerodynamic and aeroelastic loading of the first LPC stages. Due to the increased loading at the near-hub region of the fan stage, the inhomogeneous inflow and, thus the loading of the downstream LPC, will be altered.



A cycle analysis by Zamboni and Xu [2] showed that near-hub stagnation pressure losses will have a greater impact on the core performance with increasing bypass ratio. The increasing bypass ratio causes the fan wake interaction with the downstream splitter and the core inlet guide vane (IGV) to change. Thereby, boundary layer thickness at hub and splitter might increase due to incidence changes, resulting in higher blockage [3]. As shown by Eggers and Friedrichs [4], with a higher hub-to-tip ratio of the core section, the relative proportion of boundary layer and corner vortex along the span is increased. This causes increased total-pressure losses within the core flow. These effects are likely to become more significant at off-design [5]. The influence of the 3D secondary flow phenomena and the increased blockage on the LPC performance due to increasing bypass ratio (BPR) has not yet been studied.



Additionally, the unavoidable flow through the rotor cavity behind the fan trailing edge generates a radial momentum, which interacts with the fan wake near the hub. As a result, a new boundary layer with an additional circumferential component is formed by the cavity flow below the large secondary flow structures at the stator hub [6]. This results in a spatially complex, non-circumferentially symmetrical flow structure near the hub, characterized by secondary flows, overturning, and cavity leakage flows. Zamboni and Xu [2] have conducted extensive research on fan root aerodynamics and have shown that the leakage flow causes large corner separations at the IGV and an increasing stagnation pressure loss at the core inlet. The effect of the changed core inlet on the downstream LPC is yet to be investigated.



Many design options have been studied to control secondary flow effects, as well as to deal with inhomogeneous inflow and the related total-pressure losses. The aerodynamic potential of sweep and lean to influence the secondary flow was shown in literature before [7,8,9,10]. Thus, positive angles of sweep and lean lead to an advantageous control of the secondary flows. Motivated by that benefit, improvements in the radial loading distribution and in the three-dimensional development of the boundary layer near the wall were investigated [11]. The sweep effect induces an additional counter rotating passage vortex forcing an axial load redistribution. The cross-flow and corner vortex can be controlled, reducing the total-pressure losses over a wide operating range [12]. The lean effect leads to a radial load redistribution with reduced suction side diffusion. This lowers the intensity of the corner vortex and the total-pressure losses decrease [13]. It has not been studied yet, to what extent the three-dimensional blade design of an IGV affects the downstream LPC of an UHBR engine.



The size of the rotor–stator axial gap is another way of influencing the aerodynamic and aeroelastic loading of the LPC. While small gaps lead to stronger rotor–stator interactions, larger axial gaps result in significant endwall losses. Van Zante et al. [14] showed that viscous mixing losses are reduced due to wake stretching, which indicates a reduction in loss when axial gaps are reduced. This effect was confirmed by several studies [15,16,17]. However, shorter axial gaps will tend to increase the extent of turbulence and near wall losses due to earlier transition [18,19,20]. A decreased axial gap also excites forced response [21]. A coupled sensitivity study of aerodynamic and aeroelastic effects due to axial gap variations is not present in open literature.




1.2. Forced Response Analysis


Forced response of turbomachinery blades must be addressed for the stable and long-life operation of aircraft engines. The acceptability of resonance operation is highly based on previous experimental data. Therefore, a quantitative evaluation of forced response is necessary when a design of aircraft engines or a shift in operating points are expected. Due to the constant demand for higher efficiencies, the internal aerodynamics of the engine changes and thus also the aeroelastic load on the blades. This unsteady loading on blades can be influenced by far upstream and downstream flow field as well as adjacent blade rows. The front stages of LPC are under the influence of distorted fan outlet flow, fan cavity flow, and the s-duct. This makes them more susceptible to vibrations due to their large height-to-area ratio.



Kielb and Chiang [22] presented the summary of previous forced response research, and addressed the needs for further improvements. Since the 1980s, forced response analysis tools are being developed. Due to an increase in computational power, full 3D unsteady Navier–Stokes solvers are commonly used in the recent design process of compressors and turbines. In addition to those efforts to develop fast and accurate tools to predict forced response, many studies have been conducted to validate the prediction tools. Aschenbruck and Seume [23] presented the experimental verification of regeneration-induced forced response in a turbine. Bittner et al. [24] showed experimental validation of the forced response analysis using a time-linearized method in a high speed compressor. In addition, the efforts have been made to evaluate the sensitivity of modal parameters on the behavior of the forced response. Jöcker and Franson [25] presented the mode shape sensitivity to forced response of a turbine. The influence of reduced frequency and mass ratio on compressor flutter was presented by May [26]. These investigations mainly focus on the influence of the modal characteristics of the rotor blade itself or the variations of the direct upstream of the investigated rotor row. Forced response of front LPC considering the upstream inhomogeneous fan flow and variations in indirect flow field has not yet been investigated.



Many numerical and experimental studies assess the influence of axial distance between blade rows on forced response. The majority of previous research shows that forced response decreases exponentially with increasing axial gap. However, Chen et al. [27] numerically varied axial distance and found that there is an optimal distance at which the excitation force in the turbine is minimized. This supports the earlier explanation from Korakianitis [28] that the unsteady force does not always decrease with increasing axial gap because of the complex combined effect of wakes and potential fields of the upstream blades. With larger gap variation, Marn et al. [29] could experimentally show that forced response vibration is suppressed with increasing axial gap in a turbine. However, the mechanism of locally increased excitation with increasing axial gap has not yet been clearly explained.




1.3. Main Objectives


In this paper, the authors introduce a new approach to investigate the coupled aerodynamic and aeroelastic effects based on specifically selected parameter variations. It concerns the three-stage LPC, designed for a UHBR fan of a bypass ratio of 17. In order to evaluate the main mechanisms by which the incoming fan wake and the secondary flow impact the LPC, parameters are varied. The investigated parameters are (1) the bypass ratio of the fan, (2) leakage flows from the fan rotor cavity, (3) the three-dimensional blade design of the inlet guide vane (IGV) of the LPC, and (4) the axial blade spacing between the stators and rotors of the LPC. The numerical investigations are carried out with a model of a UHBR fan stage and an accordingly designed LPC. The results are analyzed to provide a guideline on how to account for the coupled aerodynamic and aeroelastic effects in future compressor designs of UHBR aircraft engines.





2. Fan Configuration and Low-Pressure Compressor


The reference configuration for an UHBR geared turbofan and the corresponding three-stage LPC were designed at top of climb (TOC) operating conditions with a bypass ratio of 17. Figure 1 shows the two reference configurations in the meridional view.



Separate configurations are available to reduce the model size for parameter variations of the LPC and thus reduce the numerical computational effort. The configurations are coupled via thermodynamic relations and the selected gear ratio of 3. The overall UHBR turbofan engine design was evaluated according to the current state of the art [30]. The preliminary LPC design is based on the fan design developed by Giesecke [30] with the usage of in-house software tools. The analytical calculation of the design values at each row interface is based on an isentropic radial equilibrium. The contours of the hub and the shroud, as well as the splitter geometry are defined via B-splines in order to be able to realize a flexible geometry variation. In total, the LPC configuration consists of 58 variable inlet guide vanes (VIGV) followed by three stages with 31, 40, and 44 rotor blades and 52, 59, and 81 stator vanes. At design point, the LPC is operated with a flow coefficient of   Φ = 0.4279   and a work coefficient of   Ψ = 0.7953   resulting in a mass flow of 11.52 kg/s. To obtain a preliminary assessment of the near-hub flow at different bypass ratios without redesigning the fan and LPC configuration, a simplified approach was used. For that purpose, the splitter in the UHBR fan configuration and the shroud in the LPC was lowered at radial height according to Equations (1) and (2).


   r  S h r o u d , B P R   =      m ˙   B P R     ρ  B P R   ·  v  B P R   · π   +  r  H u b  2     



(1)






  Δ r =  r  r e f   −  r  S h r o u d , B P R    



(2)







Due to the compressibility of the fluid, the correct radial offset   Δ r   for the desired bypass ratio requires an iterative process. The overall thermodynamic engine and LPC design were retained. Therefore, the rotational speed remains constant for all bypass ratios. As the radial offset was observed to have no significant impact on the flow field in [4], the blades have not been redesigned. In total, three different bypass ratios (17, 20, and 25) for the LPC are studied in this paper using the respective IGV wake flow from Eggers and Friedrichs [4] as inflow condition. Figure 2 depicts the method used and the three bypass ratios for the LPC in meridional view.



The influence of the fan rotor cavity leakage is investigated for commonly encountered leakage mass flows of 1%, 1.5%, and 2% relative to the core mass flow according to [2]. A simplified cavity geometry is used to add the leakage flow as depicted in Figure 1.The leakage mass flow is defined by a mass flow value and a static temperature. The static temperature was chosen to be 280 K for every leakage mass flow based on preliminary studies and literature [2]. The model implementation is realized as an additional volume source term. A circumferential momentum is enforced on the flow by defining the fan facing cavity wall as a rotating wall, while the IGV facing wall is stationary. The resulting flow field is used as an inlet condition for the LPC. The effects of the leakage mass flow are examined for the reference bypass ratio. All blade profiles are defined by a parabolic camber line according to Schlichting [31] with superimposed cubic thickness distribution according to Wennerstrom [32]. Variations of sweep and lean are applied to the IGV to study the extent on flow control for the UHBR configurations. Thereby, positive sweep and lean are imprinted on both the hub and the tip of the blade. The reference IGV and a bowed IGV are displayed side by side in Figure 3 with the additional definitions for positive sweep and lean according to Denton and Xu [33].



By specifying an angle at hub and tip, a circular curve is defined, on the basis of which a corresponding translation in axial direction of the profile section is performed. Different combinations of sweep and lean are simulated to assess the potential of 3D blade design in UHBR configurations. After a preliminary study of the effect of different sweep and lean combinations on the IGV, the blade designs with the most beneficial aerodynamic impact were chosen (Table 1).



The axial gap size is varied within the LPC and is defined as a percentage of the chord length of the upstream blade. In case of the reference configuration, the axial gap between stator and rotor is   30 %   and between rotor and stator   20 %  , leading to a similar axial gap between each LPC row. For the parameter study, the respective percentage was varied by   ± 10 %  . The length of the LPC is adjusted accordingly, keeping the s-duct geometry fixed, as shown in Figure 4.



As the fan configuration was solely used to generate the specific inflow for the LPC parameter studies, the fan will not further be investigated in this paper. Detailed information can be found in the work of Giesecke et al. [34] as well as Eggers and Friedrichs [4].




3. Numerical Setup


The computational mesh was generated with the mesh generator AutoGrid 5 by NUMECA (Brussels, Belgium) for both the fan configuration and the LPC. The blade-to-blade mesh is formed by an O-mesh around the blade surface and four surrounding H-meshes. The average wall distance is in the range of    y +  = 1  –5. With a grid convergence index (GCI) of about   0.01 %   the aerodynamic simulations are considered mesh independent according to Celik et al. [35]. The total LPC model comprised of   6.9   million cells in a single pitch periodic domain as shown in Figure 5.



3.1. Aerodynamic Simulations


All aerodynamic simulations were conducted using the 3D Reynolds-averaged Navier-Stokes (RANS) solver TRACE Version 9.1.519 by the German Aerospace Center (DLR) (Cologne, Germany). TRACE was developed to simulate turbomachinery flows and was validated for several cases [36,37]. For all CFD calculations, the Wilcox   k − ω   model was used [38]. A mixing plane was employed at each row interface. In addition to the parameter study of various axial gap sizes, the simulations were performed at steady state. In order to resolve the rotor–stator interaction for various axial gaps, the harmonic balance method was used [39]. The first three harmonics were calculated two blade rows downstream and one harmonic was calculated one blade row upstream for each row, respectively. It was found that the wall function approach is leading to the same results as the Low-Reynolds wall treatment and the former configuration was therefore used in all simulations of the LPC. Since an aerodynamic evaluation is usually carried out at the design point (DP), the low-pressure compressor is simulated under TOC conditions at a corresponding speed of 9222 rpm. For the inlet boundary condition the flow values (   p t  ,  T t  , α , β  ) of the fan-wake profile were circumferentially mass-flow averaged, while the outlet boundary condition was set as a circumferential mass-flow averaged static pressure at midspan. Convergence was assumed when the root mean square (RMS) residuals for mass flow and pressure reached a stable level of less than   10  − 5    and the RMS of the polytropic efficiency was less than   10  − 4    over the last 2000 iterations.




3.2. Aeroelastic Simulations


The forced response toolchain is depicted in Figure 6. The RANS input data are extracted from the aerodynamic simulations and modal analysis; therefore, unsteady RANS simulations have been subsequently conducted as described below.



3.2.1. Modal Analysis and Campbell Diagram


A modal analysis is conducted as the first step of a forced response simulation with ANSYS Mechanical. The eigenmodes and eigenfrequencies of the blade are obtained, and the Campbell diagram (Figure 7a) is created to identify the corresponding rotational speed where the forced responses are expected. Engine order (EO) 58, which is the number of VIGV located upstream of the rotor row, is selected as the excitation number. The two lowest possible modes are examined because of the most severe vibration. Although the interesting excitation modes in real engine conditions are allocated in higher rotational speed, a physical mechanism of parameter variations can be addressed from the analysis in low modes. This provides a better understanding on forced response at higher modes. As shown in Figure 7a, rotational speeds of 1738 rpm (OP1) and 2804 rpm (OP2) are selected as corresponding to Mode 2 (first torsion) and Mode 3 (second bending), respectively. Mode 1 (first bending) is excluded because of unstable numerical solution. The Campbell diagram is identical for all parametric studies except for the variation of bypass ratio. Due to the shortened blade span for higher bypass ratio, different Campbell diagrams are used. Particularly the Campbell diagram of a bypass ratio of 25 is shown in Figure 7b.




3.2.2. Time-Linearized Aeroelastic Simulation


Kersken et al. [40] introduced the time-linearized TRACE (linTRACE) equipped with a special mapping algorithm of the structural eigenmodes in the flow domain. Blocher and Fernández [41] described a forced response analysis implementing the energy method to estimate vibration amplitude. The linTRACE can be used to simulate modal force and aerodynamic damping (flutter) separately, while the forced response vibration amplitude is calculated later using the energy method (Equation (3)). As the inlet boundary condition of the forced response setup, the Fourier decomposed flow is required to simulate the overall influence of upstream excitation sources including wakes, secondary flows, potential fields, and shocks. Since it only accounts for the external disturbances as the source of the unsteady pressure loading, the blade deflection is not included when the unsteady flow field is calculated in the rotor domain. Later, the forcing work is calculated by multiplying the amplitude of unsteady pressure fluctuation with the eigenvector of the blade and integrated over the blade surface. This is different for the damping evaluation. Since the unsteady flow directly interacts with the blade motion, the flow domain deformation due to the blade vibration is no longer negligible. This deformation is calculated for each time step, and the damping work is simultaneously evaluated with the unsteady pressure and the blade deflection. Schoenenborn and Ashcroft [42] compared time-linearized and time-accurate solvers to investigate compressor forced response with a large variation of mode shapes. The result shows that the time-linearized method only agreed well with the time-accurate method at   50 %   of the design rotational speed. Here, the authors adapt the same method as described in previous research [40,41,42] for the parametric study.


   X  F R   =   m o d a l  f o r c e   a e r o  d a m p i n g    



(3)










4. Results and Discussion


In this section, results from both aerodynamic and aeroelastic simulations are presented. The results are compared within each parameter variation.



4.1. General


4.1.1. Aerodynamics


To get a first impression of the potential of the individual parameter variations, the configurations are only analyzed at one specific operation point on the respective speed line. For design speed, the chosen operating point is the aerodynamic design point, while for the rotational speeds of the eigenmodes, the operating point was chosen to be close to the surge line with the last numerically converging point on the speed line. That is because the strongest aeroelastic excitation for flutter is expected at these off-design operational points. The aerodynamic evaluation of the flow variables for rotor 1 is carried out on the corresponding evaluation planes 1 and 2, marked as dashed lines in Figure 1b. When the axial gap size is varied, the distance of the evaluation plane to the leading or trailing edge of the associated blade remains constant at 5% of the chord length. The focus will be on the aerodynamic performance and the aeroelastic excitation behavior of the first rotor row, since this is where the highest sensitivities are expected.




4.1.2. Aeroelasticity


The vibration amplitude of forced response is calculated as the ratio between the modal force and the aero damping. Since the aero damping does not considerably change within parametric studies, only the modal force is compared for the analysis—except in the bypass ratio study. With different bypass ratios, the damping behavior significantly differs since the blade shape is modified. The detailed explanation is provided in the next section.



The reference result is shown in Figure 8 both for Modes 2 and 3. From the left, the unsteady pressure amplitude, the blade deformation, and the resulting forcing work on the surface of the blade are shown. Regardless of the rotational speed, the pressure fluctuation is highest near the leading edge of the suction side and decreasing rapidly as it approaches the trailing edge on both suction and pressure side. This is due to the potential effect and wakes from the upstream VIGV are the strongest at the leading edge of the suction side. The strong unsteady loading is concentrated near the tip and hub. These areas experience a higher incidence angle because of the twisted blade. Additionally, near-wall secondary flows induce pressure fluctuations. Modes 2 and 3 show similar distributions of unsteady pressure, only the magnitude is higher for Mode 3 due to the higher rotational speed than Mode 2. When the eigenmode is mapped, the forcing work distribution is obtained. The leading edge of the blade contributes the most to the overall forcing work of the blade as the strong unsteady pressure stimulates this area. Mode 2 shows a similar distribution of the forcing work with the unsteady pressure amplitude except for a few areas of negative forcing work as depicted by green areas in Figure 8 on the right. This negative excitation is caused by the phase difference of the unsteady pressure and the blade deformation. However, the work distribution is different with the unsteady pressure distribution for Mode 3. For the torsion mode (Mode 2), the leading edge always moves in the same direction over the entire span at the same chordwise position. However, in the case of the second bending mode (Mode 3), the midspan and the tip of the blade move in the opposite direction. As a result, the tip area shows negative work when the rest of the area is excited at the same chordwise position. This difference can be clearly seen on the pressure side.





4.2. Results of Parametric Variations


4.2.1. Increased Bypass Ratio


Aerodynamic Results


The increasing bypass ratio leads to a contraction of the annulus cross section. As shown by Eggers and Friedrichs [4], this increases the blockage of the passage as the percentage of boundary layer affected area grows and the secondary flow phenomena becomes more significant. For the three investigated bypass ratio configurations of the low-pressure compressor, the inlet boundary conditions changed in accordance to the flow field extracted from the fan configuration. The LPC was designed for the reference bypass ratio of 17. When the shroud is lowered in radial height, the blades are simply cut at the corresponding span, thus reducing the aspect ratio of rotor 1 from   A R = 1.32   for a bypass ratio of 17 to   A R = 1.23   for a bypass ratio of 20 and to   A R = 1.15   for a bypass ratio of 25. To allow for a better comparison of the configurations, the LPC total-pressure ratio has been kept constant for all three bypass ratios. Nevertheless, the variation in the bypass ratio leads to a change of the LPC operating point. Thus, a changed LPC inflow and a changed s-duct impact result in locally changed flow conditions at the LPC airfoils. In Figure 9, the total-pressure loss coefficient of rotor 1 and the corresponding relative total-pressure wake of the rotor for all three bypass ratios at design speed are depicted. It can be seen that the relative blockage due to gap vortices and corner separations increases in the area close to the wall and thus the total-pressure loss coefficient distribution is radially compressed.



Since the absolute extension of the blocking flow phenomena remains constant, visualized by the total pressure contours, the blockage effect increases with increasing bypass ratio relative to the channel height. The downstream stages of the LPC show the same influence. Overall, the efficiency of the LPC decreases by up to   1.7 %   with increasing bypass ratio. This is in accordance to the findings of Zamboni and Xu [2]. If the LPC is operated in off-design at lower speeds, the behavior remains the same and is therefore not depicted here.




Aeroelastic Results


Aerodynamic damping increases with increasing bypass ratio due to the shortened blade as the channel height is reduced. Consequently, the forced response amplitude (  X  F R   ) decreases with increasing bypass ratio (Table 2). Since the resonant rotational speed is higher for a higher bypass ratio, the excitation force also increases (Figure 10). However, the damping increment is higher and overcomes the increment of the forcing work. This results in a reduced vibration amplitude. This can be seen for both Modes 2 and 3 except for bypass ratio 25 for Mode 3. In this latter case, the forced response amplitude is 2.83 times higher compared to the case of bypass ratio 17. The forced response is expected at the rotational speed of 4592 rpm, which is significantly higher than the other cases. Furthermore, the mode shape is completely different from other bypass ratios as it is shown in Figure 7b. The mode shape is not a spanwise bending mode, but it becomes a chordwise bending mode. The negative forcing near the tip which reduces the overall blade deformation for the spanwise bending does not exist anymore. The leading edge over the whole span is strongly excited since the deflection is aligned with the area of high pressure fluctuation.



To eliminate the effect of increased rotational speeds for higher bypass ratio cases, another set of simulations has been conducted. The rotational speed is now set to 1738 rpm for bypass ratios 17, 20, and 25. In these cases, only unsteady pressures on the blade are compared as is shown in Figure 10. If an arbitrary vibration mode can be identically applied for all bypass ratios, this can be considered to be proportional to the modal force and the resulting vibration amplitude. It shows that the overall unsteady pressure fluctuation decreases with increasing bypass ratio. Especially, the unsteady loading near the tip is decreased since the incidence angle is decreased with the shortened blade. The effect of increased blockage is not significant in forced response compared to the incidence angle variation.





4.2.2. Effect of the Fan Rotor Cavity Flow


Aerodynamic Results


The leakage mass flow from the fan rotor cavity interacts with the near hub flow and induces a separation, which grows with increasing leakage mass flow rate (Figure 11a). As a result, a redistribution of the flow profile in the area close to the hub occurs, keeping the same required core mass flow. Within the IGV passage, a large vortex forms which leads to an increased corner vortex at the trailing edge of the blade (Figure 11b). The total-pressure loss coefficient of the IGV thus increases at design speed by up to   6 %   with a leakage mass flow of   2 %   in relation to the core mass flow. The bypass is not influenced by the investigated rotor cavity leakage mass flows.



The downstream LPC is subjected to a changed inflow with a significant low momentum flow in the near-hub region. In the simulations, the total-pressure ratio has been kept constant for a better comparison of the configurations. For the sake of simplicity, only the comparison with the   2 %   leakage mass flow case will be shown, as it will indicate the largest effect on the LPC. In accordance to the findings of Walker et al. [43], the hub boundary layer at the duct exit is reduced due to the additional mixing of the larger IGV wake, which re-energizes the hub boundary layer. This effect is visualized by the circumstantially mass-flow averaged relative meridional velocity in Figure 12a. The flow redistribution results in an increased spanwise mass-flow averaged total-pressure loss for the s-duct by up to   1.3 %   at design speed. Together with a shift in the operating point of the LPC, this results in a reduction of the total-pressure loss of rotor 1 by up to   4.3 %  . The flow redistribution provides a less loaded blade tip region and a more highly loaded area below   30 %   relative channel height as shown in Figure 12b. The leakage mass-flow effect dissipates downstream and is already negligible after the first rotor blade. However, this flow redistribution is swapped at off-design, so that the blade tip is subjected to higher loads and the total-pressure loss coefficient increases by up to   10 %   for Mode 2 rotational speed (Figure 13).




Aeroelastic Results


As it can be expected from the aerodynamic results, the consideration of the leakage mass flow downstream of the fan amplifies the strength of VIGV wake at the upstream of the first rotor. It leads to the increase in forced response amplitude by   19 %   for Mode 2 and by   26 %   for Mode 3 compared to the reference case. Figure 14 shows (a) the unsteady pressure amplitude, and (b) the forcing work per area on the suction side. The unsteady pressure fluctuation increases with a   2 %   leakage mass flow for both modes. As a result, the excitation and vibration amplitude increase.



In particular, the area between the hub and   75 %   of the span is highly affected by the fan leakage flow regardless of the rotational speed. This is not limited to the area near the leading edge but can be found over the full chord of the blade. Near the tip, the unsteady pressure is influenced less than throughout the rest of the area. This area of influence is the reason why Mode 3 is more sensitive to the fan cavity flow. Mode 3 has the highest deflection near the midspan while Mode 2 has that at the tip where the unsteady flow is less influenced by the fan cavity flow.





4.2.3. Sweep and Lean of the IGV


Aerodynamic Results


In Figure 15a, the effect of sweep and lean on the spanwise total-pressure loss of the IGV at design speed is shown for the case Bowed 1 from Table 1. The 3D blade design of the IGV contributes to a reduction of aerodynamic losses and increases the flow rate. The successful control of the corner vortex at the IGV trailing edge also allows the operating range to be extended to lower mass flow rates by about       m ˙   D P   − Δ   m ˙   S L      m ˙   D P    = 16.4 %  . The other bowed designs show a similar effect and meet the expectations of the literature [7,44,45], which is why the further analysis will be focused on Bowed 1. The influence of sweep and lean of the IGV on the LPC is relatively small at the design point. At the first rotor there is only a total-pressure loss coefficient improvement of 1% relative to the reference as shown by the circumferentially averaged spanwise total-pressure loss distribution and their corresponding contour plots in Figure 15b. The effect of a reduced boundary layer dissipates downstream, and is already negligible after the first rotor blade. The efficiency potentials due to sweep and lean of the IGV on the LPC performance with an increase of   0.07 %   are rather small for all cases. The true potential of a swept and leaned IGV on the downstream LPC is shown at off-design, at which the near hub corner vortices become more prominent. Thus, the total-pressure loss coefficient of rotor 1 in Figure 16 decreases by up to 18%. The benefit can be observed in the lower half of rotor 1 span. The reason for this is the relatively high-energy hub flow and the resulting reduced corner separation, as the contour plots in Figure 16 illustrate. The investigations show that the aerodynamic effects of sweep and lean of a blade can be fully transferred to the IGV of a UHBR turbofan. The influence of these effects continues downstream through the s-duct and a second guide vane, leading to a reduction of the total-pressure loss of rotor 1 in an LPC configuration at off-design.




Aeroelastic Results


The aerodynamic improvement of the IGV design in the form of the sweep and lean has a positive effect on the aeroelastic behavior of the first rotor blade of the LPC. More specifically, this leads to a reduction of the vibration amplitude of   13 %   and   11 %   for Modes 2 and 3, respectively. By weakening the corner vortex at the IGV downstream of the fan, the reduction of the unsteady pressure on the rotor blade can be achieved. Near hub and tip areas are greatly influenced by the sweep and lean of the IGV as is shown in Figure 17. As generally described in Section 4.1, Mode 3 has a negative force near the tip. The stabilized pressure loading decreases not only the positive force, but also the negative force in one blade. This leads to the lower sensitivity on the vibration amplitude in Mode 3 than Mode 2, even the unsteady pressure fluctuation is suppressed more for Mode 3 than for Mode 2 with the 3D blading of the IGV. Previous studies concern parametric variations in adjacent blade rows [23,28]. This study shows that forced response of a target row can be considerably affected by varying aerodynamic design of blades remote from it. This emphasizes the importance of accurate boundary conditions in a forced response simulation of the LPC.





4.2.4. Impact of the Axial Gap Size


Aerodynamic Results


By reducing the axial gap size, two opposing mechanisms occur according to the literature. On one hand, there are reduced viscous effects due to shortened length of the LPC, which leads to reduced mixing losses [16]. On the other hand, negative interaction effects occur which increase the extent of turbulence and near-wall losses due to earlier transition [19].



Figure 18 depicts the radial distribution of total-pressure loss of rotor 1 and the circumferential entropy contour plots of the first three rows at 97% relative channel height at design speed. In Figure 18a, the curves of the three configurations are almost the same. Only in the blade tip area, an increase of the total-pressure loss can be identified with decreasing axial blade spacing. With a change in axial gap size, the wake mixing length gets changed accordingly, leading to a minor impact on the inflow of each row. This effect adds up for each row and in addition to the upstream interaction, the operating point and the radial flow distribution are changed slightly. As the tip region is the most sensitive towards changes of incidence angles due to the high relative velocities and the presence of tip gap vortices, the effect of different axial gap sizes is only evident here. The entropy contour plot in Figure 18b shows this with a higher entropy in the wake of rotor 1, which is carried downstream into the stator. In contrast to that, a reduction of the axial blade distance leads to an increase in the overall polytropic efficiency of the LPC of 0.4% as the mixing loss decreases. The same behavior can also be observed at off-design and is therefore not shown here. This allows a first assessment of the influence of changed axial gap sizes on the LPC of an UHBR turbofan. For a more accurate estimation of the magnitude of the axial gap size influence, additional, highly resolved simulations must be performed.




Aeroelastic Results


The calculated forced response amplitude is not changed when the axial distance between VIGV and the rotor is reduced by   10 %   from the reference distance for both modes. This negligible aeroelastic effect of the reduced axial distance is promising for the design improvements of the LPC. With an increase of axial distance by   10 %  , however, the effect on the vibration amplitude is not only visible, but it is also different between Modes 2 and 3. The vibration amplitude decreases by   5 %   with Mode 2 and increases by   5 %   with Mode 3. A great part of previous investigations supports that increasing axial distance is beneficial for aeroelasticity. However, the influence of the axial distance between rotor and stator can vary depending on the operating point and eigenmode of the blade according to [28]. The reason that few previous experimental research could show the suppression of pressure fluctuation by increasing the axial gap is that those studies were conducted with large variations of the gap size to show the clear difference depending on the gap size. When it comes to the small variation as presented here, the influence can be negligible and slightly different compared to the trend in large variations.



The unsteady pressure distribution along the relative chord length is shown in Figure 19. The unsteady pressure distribution is similar between different axial gaps as expected. However the decreasing amplitude with increasing axial gap is still visible. For Mode 2 (first torsion), the unsteady pressure decreases with increasing axial gap both in   50 %   and   90 %   of the span. Therefore, the overall excitation is expected to be lower with increasing axial gap. The unsteady pressure also decreases with increasing axial gap for Mode 3 (second bending). Since the blade midspan and the tip deflect in the opposite direction, the vibration amplitude can increase or decrease depending on the pressure distribution and the imposed deflection distribution of the eigenmode. Korakianitis [28] calculates unsteady forces on 2D rotor blades. He explains that the locally increased stimulus with increasing axial gap is caused by a combined effect of wakes and potential fields. This investigation shows that the local increase in excitation depends on the mode shape, not the changes in unsteady flow field. Further investigations on higher modes are necessary to confirm this correlation between mode shapes and the increase in vibration amplitude.







5. Conclusions


A series of UHBR-related design modifications of an LPC were studied and their influence on its aerodynamic and aeroelastic behavior are presented in this paper. Even though the general sensitivities to the investigated parameters have been studied in the past, the present application specifically addresses the fan outlet flow and the s-duct influence as they are exacerbated in UHBR engines. The studies comprise aerodynamic simulations of a three stage LPC including the inlet s-duct. They were conducted using a 3D RANS solver and the harmonic balance method to study the rotor–stator interaction. The inlet boundary conditions were extracted from simulations of the fan and provide a realistic inflow. The efficiency and pressure loss of the duct and the LPC were evaluated for the design point and off-design points. The aeroelastic simulations of the first rotor of the LPC were conducted using the time-linearized solver. The forcing work from the upstream VIGV and the damping from the rotor blade itself were calculated. The energy method was adapted to evaluate the vibration amplitude of the blade at two resonant operation points.



The forced response analysis shows that the leading edge of the suction side contributes the most to the overall forcing work on the rotor blade since the strong unsteady pressure induced from upstream VIGV excites this area. The vibration amplitude is especially sensitive to the unsteady pressure amplitude near the blade tip because this area experiences the strongest unsteadiness and a large deflection of the blade. The sensitivity of parameter variations differs depending on the operating points and the mode shape of the blade. The findings from individual parametric studies and corresponding design suggestions are as follows.



	
The increase in the bypass ratio by lowering the compressor channel height increases the blockage of the flow and leads to a decrease in the overall efficiency of up to   1.7 %   for the LPC. However, the forced response amplitude is mainly sensitive to the change of the incidence angle while the increased blockage effect is negligible.



	
The flow from the fan rotor cavity increases the mixing loss in the s-duct (  + 1.3 %  ) and redistributes the flow, eventually decreases total-pressure loss of rotor 1 by   4.3 %  . This should be taken into account during the design process, because it causes a shift in the operating point. However, the fan leakage flow degrades the aerodynamic performance at off-design, and leads to an increase in vibration amplitude of   19 %   for Mode 2 and   26 %   for Mode 3. The implementation of an optimized cavity geometry is necessary to minimize the influence of the leakage flow on the core engine flow.



	
The sweep and lean of the IGV downstream of the fan has a negligible effect on the aerodynamic performance of the LPC at the design point but leads to significant improvement of the off-design performance by reducing near hub corner vortices. The total-pressure loss of rotor 1 is reduced by up to   18 %   at OP1 compared to the reference case. This achieves a   13 %   and   11 %   reduction of vibration amplitude for Modes 2 and 3, respectively.



	
Varying the axial gap between blade rows in the LPC within +/−  10 %   shows no visible aerodynamic and aeroelastic sensitivity which is promising to reduce the length of the LPC. The vibration amplitude of Mode 3 increases slightly with increasing axial gap because of the bending mode shape. The general correlation should be addressed by further investigations on higher modes.



	
The bypass ratio variation and the fan cavity flow have the greatest importance on forced response within this study since these considerably alter the VIGV wake over the entire span. This also applies to the aerodynamic behavior, as the bypass ratio and the fan cavity leakage directly influence the fan design point. For off-design, the three-dimensional blade design has the greatest impact on the aerodynamic performance.







6. Suggestions of Future Works


The approaches in this paper serve as a first step of the parametric study considering the effects of realistic fan exit flow on the aerodynamic and aeroelastic characteristics of the LPC. Here, further studies are suggested.



	
Whereas RANS simulations have been used for the aerodynamic analysis in the present paper, URANS methods should be applied in the future. The sensitivities might be more accurately evaluated using URANS.



	
For the forced response evaluation, the harmonic balance method could be adapted instead of time-linearized RANS to determine the influence of other harmonics.



	
The range of parameter variations could be extended for a more comprehensive sensitivity study.



	
To adjust for the changing blade loading at higher bypass ratios, the LPC blades should be redesigned.



	
The forced response of higher eigenmodes, especially those expected near the design speed of the LPC, should be investigated in order to further improve the design validation.
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The following symbols and abbreviations are used in this manuscript:








	1
	inlet
	



	2
	outlet
	



	  A R  
	aspect ratio
	  A =  H ¯  /  l  a x , h u b    



	  C  a x   
	axial velocity
	



	H
	channel height
	



	  H  e f f   
	specific stagnation enthalpy
	



	  l  a x   
	axial chord length from meridional view
	



	  m ˙  
	mass flow
	



	  M a  
	Mach number
	



	p
	static pressure
	



	  p t  
	total pressure
	



	r
	radius
	



	r
	reference radius
	



	  T t  
	total temperature
	



	U
	circumferential velocity
	



	v
	absolute velocity
	



	  X  F R   
	vibration amplitude of forced response
	



	  x , y , z  
	coordinate system
	



	  Δ r  
	radius offset
	



	 α 
	flow angle
	



	 β 
	relative flow angle
	



	  η  p o l y   
	polytropic efficiency
	



	 κ 
	isentropic exponent
	



	 ρ 
	density
	



	 Φ 
	flow coefficient
	  Φ =  C  a x   / U  



	 Ψ 
	work coefficient
	  Ψ = 2  H  e f f   / ∑  U 2   



	 Θ 
	circumferential direction
	



	  ζ t  
	total-pressure loss coefficient
	



	BPR
	bypass ratio
	



	CFD
	computational fluid dynamics
	



	DP
	design point
	



	EO
	engine order
	



	GCI
	grid convergence index
	



	IGV
	inlet guide vane
	



	LE
	leading edge
	



	LPC
	low-pressure compressor
	



	OGV
	outlet guide vane
	



	PS
	puction side
	



	SS
	suction side
	



	TE
	trailing edge
	



	TOC
	top of climb
	



	UHBR
	ultra-high bypass ratio
	



	VIGV
	variable inlet guide vane
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Figure 1. Reference configurations in the meridional view. 
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Figure 2. Low-pressure compressor (LPC) for three different BPRs (17, 20, 25). 
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Figure 3. Sweep and lean of the inlet guide vane (IGV). 
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Figure 4. LPC with different axial gap sizes. 
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Figure 5. Mesh LPC configuration. 
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Figure 6. Forced response toolchain [24]. 
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Figure 7. Campbell diagram of rotor 1 with eigenmodes—Modes 2 and 3. 
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Figure 8. Distribution of unsteady pressure amplitude, eigenmode, and forcing work per area. 
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Figure 9. Effect of bypass variations on rotor 1 at design point (DP). 
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Figure 10. Unsteady pressure amplitude on the suction side with different bypass ratios. 
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Figure 11. Effect of leakage mass flow on the IGV. 
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Figure 12. Effect of fan rotor cavity flows. 
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Figure 13. Effect of fan rotor cavity flows on rotor 1 at off-design. 
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Figure 14. Distribution of the unsteady pressure and the forcing work on the suction side, comparison between the reference and the leakage case. 
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Figure 15. Effect of sweep and lean. 
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Figure 16. Effect of sweep and lean on rotor 1 at off-design. 
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Figure 17. Distribution of pressure and work on the suction side. Comparison between the reference and the 3D blading of IGV. 
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Figure 18. Effect of axial blade distance. 






Figure 18. Effect of axial blade distance.



[image: Ijtpp 05 00026 g018]







[image: Ijtpp 05 00026 g019 550] 





Figure 19. Distribution of the unsteady pressure in relative chord length with different axial gap variation. 
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Table 1. IGV designs.
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Design

	
Sweep Angle [    ∘   ]

	
Lean Angle [    ∘   ]




	
Hub

	
Tip

	
Hub

	
Tip






	
Reference

	
0

	
0

	
0

	
0




	
Bowed 1

	
30

	
10

	
10

	
10




	
Bowed 2

	
30

	
10

	
15

	
15




	
Bowed 3

	
30

	
10

	
20

	
20




	
Bowed 4

	
40

	
15

	
15

	
15




	
Bowed 5

	
50

	
20

	
15

	
15
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Table 2. Comparison of forced response amplitude with modal force and aero damping.
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	Mode 2
	Modal Force [N]
	Aero Damping [N/m]
	   X FR    [m]
	Relative    X FR   





	Bypass ratio 17
	   0.1088   
	803
	   1.354 ×  10  − 4     
	1



	Bypass ratio 20
	   0.1359   
	1061
	   1.281 ×  10  − 4     
	   0.95   



	Bypass ratio 25
	   0.1941   
	1907
	   1.018 ×  10  − 4     
	   0.75   



	Mode 3
	Modal Force [N]
	Aero Damping [N/m]
	   X FR   [m]
	Relative   X F   



	Bypass ratio 17
	   0.1335   
	2041
	   6.629 ×  10  − 5     
	1



	Bypass ratio 20
	   0.1331   
	2816
	   4.727 ×  10  − 5     
	   0.71   



	Bypass ratio 25
	   0.4775   
	2583
	   1.849 ×  10  − 4     
	   2.83   
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