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Abstract:

 This paper describes the introduction of three-dimension (3-D) blade designs into a 5-stage axial compressor with multi-stage computational fluid dynamic (CFD) methods. Prior to a redesign, a validation study is conducted for the overall performance and flow details based on full-scale test data, proving that the multi-stage CFD applied is a relatively reliable tool for the analysis of the follow-up redesign. Furthermore, at the near stall point, the aerodynamic analysis demonstrates that significant separation exists in the last stator, leading to the aerodynamic redesign, which is the focus of the last stator. Multi-stage CFD methods are applied throughout the three-dimensional redesign process for the last stator to explore their aerodynamic improvement potential. An unconventional asymmetric bow configuration incorporated with leading edge re-camber and re-solidity is employed to reduce the high loss region dominated by the mainstream. The final redesigned version produces a 13% increase in the stall margin while maintaining the efficiency at the design point.
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1. Introduction


High performance requirements and cost reduction were proposed for the development of modern aero engines and heavy-duty gas turbines, which improve the compressor design with higher loading, fewer stage counts and a shorter axial distance. Consequently, modern compressors have challenging aerodynamic designs because the larger adverse pressure gradient and stronger blade row interaction lead to internal turbulent flow with high three-dimensionality and nonlinearity. The highly three-dimensional flow in modern compressors also makes it difficult to evaluate the aerodynamic performance, resulting in the high cost and risk of compressor development.



Two main approaches are employed in the aerodynamic analysis and design of compressors. The first is the through-flow code, which is a traditional quasi-three-dimension (quasi-3D) method based on streamline curvature equations. The through-flow code was the main tool for compressor performance predictions two decades ago, with the advantage of quickly and effectively predicting performance [1,2,3]. However, the through-flow code typically requires the input of many empirical parameters, such as blockage, loss and deviation, which are dependent on the design history. The larger number of inputs limits the application of the code in compressor design beyond the state of the art and suppresses the improvement potential of modern design performance because proper correlation models and empirical data are unavailable. However, through-flow is very important for determining the general compressor design and assembly, especially for one-dimension (1-D) and two-dimension (2-D) designs.



With the recent rapid development of computer science and computational fluid dynamic (CFD) technology, a fully viscous, 3-D CFD method has played a key role in the development of modern compressors, especially for the advanced 3-D design, by providing detailed flow fields without an empirical parameter input. In particular, after the introduction of steady multi-stage CFD approaches in the early 1990s, a breakthrough was achieved for the aerodynamic analysis and design philosophy of turbomachinery. Two main blade row-coupling models exist for modeling and simulating turbomachinery in a multi-stage environment: the average-passage approach and the mixing plane approach. The average-passage approach was developed by Adamczyk [4,5] and accounts for the unsteady deterministic flow and blade-row interaction as the body force and source terms of the passage-averaged equations. The CFD code APNASA by National Aeronautics and Space Administration (NASA) is a typical representation of the average-passage approach, which was used in enormous multi-stage compressor analysis and design [6,7,8,9,10,11]. In the mixing plane approach, the flow variables of the interface planes between the stationary and rotating blade rows are averaged circumferentially and exchanged as the boundary between neighboring blade rows. This approach is used in the commercial CFD codes NUMECA-Fine/Turbo and ANSYS-CFX and has been widely employed in multi-stage compressor analyses in recent years [11,12,13,14,15].



Many researchers, including Adamczyk [7], Wellborn [10], Brilliant [16], Mansour [11], and Ikeguchi [15], successfully developed multi-stage CFD methods to reduce development costs and gain performance improvement. In the last two decades, with the extensive application of multi-stage CFD methods and the development of advanced high-fidelity CFD methods [17,18,19], CFD technologies have improved compressor aerodynamics and revolutionized the philosophy of compressor design. Indeed, the development of large novel 3-D blading design concepts, including bow [20,21], sweep [22,23], re-camber [23], and blended blade and endwall (BBEW) [24], can be mainly attributed to the application of CFD technology, which leads to improved and more highly three-dimensional design philosophies for compressor aerodynamics. In turn, this revolution produces many benefits for increasing the machine’s loading capacity beyond the current state-of-the-art technology.



Nevertheless, most of the 3-D blading techniques researched by CFD methods mainly only concentrated on the isolated or part-stage blade row environments and were relatively limited in the entire multi-stage environment. The effects of 3-D blading are significantly determined by 3-D internal flow structures on modern compressors with high three dimensionality and strong blade row interactions, which may be rather different between the isolated and multi-stage environment. Therefore, it is worth applying multi-stage CFD methods to capture the realistic physics and understand the mechanism of 3-D blading in the multi-stage environment. However, multi-stage CFD methods are not without limits. As noted by Denton [25], the main issues facing CFD users include uncertainties of the reliability of CFD due to the numerical errors, modeling errors, steady flow assumption, and so on. Therefore, it is essential to conduct validation research on multi-stage CFD methods based on test data to guarantee the validity and reliability of CFD methods applied in the design process.



Currently, CFD is frequently integrated into a state-of-the-art blade design system coupled with automatic multi-objective optimization. The optimization system typically includes geometry generation tools, optimization algorithms, CFD and finite element method (FEM) solvers, as well as artificial neural networks (ANNs) to speed up the optimization process, which involves mechanical, thermal, and aerodynamic analyses [26,27,28]. This paper focuses on the 3-D aerodynamic redesign of a 5-stage compressor with multi-stage CFD methods, with the purpose of developing the next upgrade version of this type of compressor.




2. Compressor Overview


The highly loaded 5-stage compressor is designed for developing a modern industrial gas turbine; the overall compressor configuration is illustrated in Figure 1. A high loading design strategy is applied in the design process. MCA airfoils are used for the transonic rotor of the first stage, whereas CDA profiles are employed in the design of the remainder of the subsonic blades. The inlet guided vane (IGV) and first two stators are variable for surge control at partial speed. However, other detailed compressor design specifications cannot be provided in this work because of the proprietary nature of the information. A full-scale rig test was conducted at the Shenyang Engine Design and Research Institute (SEDRI). The overall performance data, the measured casing static pressure and the flow profiles at the leading edge of the stators were obtained for both design and off-design conditions.


Figure 1. Overall configuration of the compressor.
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3. CFD Computational Method


3.1. Numerical Scheme


Multistage CFD methods are applied in the aerodynamic analysis and redesign process with the commercial CFD software “Fine/Turbo” [29], where the 3D Reynolds-Averaged Navier-Stokes (RANS) equations are solved using a cell-centered finite volume approach. After calibration of several turbulence models, single passage steady simulations are conducted using the Spalart-Allmaras turbulence model [30]. The second-order upwind scheme for spatial discretization and the four-stage Runge-Kutta scheme for time discretization are employed for the solver. Moreover, a multigrid approach is applied to accelerate the convergence. In particular, the mixing plane approach is used as the rotor-stator interface strategy. Air (perfect gas) is applied as the simulation fluid.




3.2. Computational Mesh


The rotor tip clearances and variable stator clearances are considered to be simple constant span gaps. The mesh is generated using structured hex elements, employing a HOH (inlet, O, and outlet blocks) mesh topology, with an O-grid covering the blade surface. The rotor tips and variable stator clearances are filled with butterfly mesh blocks (HO mesh topology) using a non-matching mesh interface with a mainstream domain, as demonstrated in Figure 2.


Figure 2. Typical mesh topology.
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A mesh-dependence test is carried on three mesh sizes of four million, six million and eight million. A total mesh size of six million for the 11 blade passage, including IGV and five stages (rotor and stator), is adopted. To guarantee the mesh quality, the minimum grid skewness is approximately 18 degrees. The distance between the first grid line and the solid wall is set to y+ < 10. An overview of the mesh for the 5-stage compressor is presented in Figure 3.


Figure 3. Mesh for the CFD computations.
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3.3. Boundary Conditions


A total pressure profile and inlet flow angle profile are specified at the inlet based on the test data, while a radial pressure gradient to match the radial equilibrium condition is specified at the outlet. Moreover, one-blade passage flows are simulated with the periodic conditions applied on the pitchwise boundaries of the flow domain. Nonslip and adiabatic conditions are adopted for all of the solid walls. In particular, rotors are calculated in the rotating frame of reference, while the hub surface is defined as a stationary wall; the casing surface is defined as a counter-rotating wall in the rotating frame of reference.





4. Aerodynamic Analysis


Multi-stage CFD methods are used for the detailed aerodynamic analysis of the baseline compressor to put forward recommendations for redesign efforts. The entire redesign process is conducted in the multi-stage environment, even for a single blade. Therefore, it is essential to carefully conduct validation research on the multi-stage CFD methods applied in this paper prior to aerodynamic redesign.



Test data from the full-scale rig are used for validation. The overall performance is compared with the experimental data, and details of the flow fields, such as the casing static pressure and total pressure profiles at the leading edge of stator 4 and stator 5, are presented for validation at the design and off-design operating points (near the stall). The experimental and computational performance data presented below are normalized using the same normalization factors taken from the rig conditions at the design point. The measured and predicted overall performances of the 5-stage compressor at design speed are presented in Figure 4. Compared with the test data, it is clear that the shape of the speed line predicted by the multi-stage CFD is similar to the experimental line, where the error bars were derived based on one standard deviation. The deviation of the peak adiabatic efficiency (total to total) between the CFD calculation and experiment is within 0.5%. The CFD slightly over-predicts the mass flow rate by approximately 0.4%. Above all, the overall performance of this 5-stage compressor is well predicted.


Figure 4. Measured and predicted overall performance. NS: Near Stall.
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The predicted static pressure on the casing is compared with test data at the design and near stall points as shown in Figure 5. The relative axial distance position 0 corresponds to the IGV inlet, while position 1 represents the position of the stator 5 outlet. The casing static pressure of the CFD model and experiment is non-dimensionalized by the outlet casing static pressure of the CFD model at the design point. The maximum difference between the predicted casing static pressure and the test data is approximately 5%.


Figure 5. Measured and predicted casing static pressure. (a) Design point; (b) Near stall point. Exp.: Experiment.
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Figure 6 shows the measured and predicted total pressure profiles at the leading edges of stator 4 and stator 5, where the total pressure is non-dimensionalized by the averaged outlet total pressure of the test rig at the design point. The agreement between the experimental and CFD results is satisfactory, except for a deviation at the tip region.


Figure 6. Measured and predicted total pressure profiles at the leading edges of stator 4 and stator 5. (a) Design point of stator 4 and stator 5; (b) Near stall point of stator 4 and stator 5.
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To summarize, the multistage CFD methods applied in the present research can predict the overall compressor performance well. Furthermore, the prediction of the casing static pressure and spanwise total pressure profiles is good. CFD methods are applied for further aerodynamic analysis and aerodynamic redesign below.



The calculation results are analyzed to further examine the flow fields of the baseline compressor to propose the aerodynamic redesign strategies in the next section. In Figure 7, the limiting streamlines on the suction side of the compressor near the stall point indicate that no remarkable flow separation occurs, except in stator 5. It is obvious that stator 5 suffers separations on the suction side across the span, which causes the machine to stall. Figure 8 shows the streamwise distributions of the diffusion factor at the 20%, 50% and 80% spans for the design and near stall points. It is clear that the diffusion factors of the last two stages are much higher than in the other stages, especially for the stators. Additionally, the operating condition of the last stator is the most serious, especially for the hub and middle span regions, where the diffusion factors exceed 0.6. Furthermore, Figure 9 shows the surface static pressure rise coefficient distribution at the 20%, 50% and 80% spans of stator 5 for the design point and near the stall point. These results indicate that stator 5 operates in a high positive incidence even at the design point, which is obviously not a satisfied operating condition. At the near stall point, the incidence of the middle span is larger than that of the hub and tip, which is in agreement with Figure 8. According to the above analysis, the aerodynamic redesign of a baseline compressor should be the focus of the last stator to improve the performance and operating stability of the compressor.


Figure 7. Limiting streamlines on the suction side of each blade at the near stall point.
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Figure 8. Streamwise diffusion factor distributions of each row.
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Figure 9. Surface static pressure rise coefficient distributions at the 20%, 50% and 80% spans of stator 5.
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5. Three-Dimensional Redesign


In this section, three-dimensional redesign strategies are introduced to gain aerodynamic performance improvements, which will be implemented in the next upgrade version of this type of compressor.



The previously shown results indicate that stator 5 is the main contradiction for aerodynamic improvement. The total pressure ratio of the last stage is approximately 1.25. The blade loading diffusion factor of stator 5 is approximately 0.46, with a typical subsonic inlet Mach number of 0.48. In this paper, upgrades are mainly made at the last stator. Various three-dimensional blading techniques, including bow, leading edge re-camber (LER) and re-solidity, are adopted in the aerodynamic redesign of stator 5.



To verify the effect of the redesign on the entire machine, the complete redesign process of stator 5 is incorporated with the multi-stage CFD methods, which is different from many redesigns of isolated or part-stage blade rows. Moreover, the newly developed in-house 3-D blade toolkit “NT-Blade” is employed to modify the redesigned blade geometry.



5.1. Bow


To explore the potential of the aerodynamic improvements of a radially stacked straight blade of the baseline, the 3-D blade bow design technique is first employed as the redesign strategy of stator 5. A positive bow is defined as a positive lean angle at the hub and a negative lean angle at the shroud in comparison with a normal, radially stacked straight blade [18]. It is well acknowledged that the bow is broadly adopted to eliminate corner stall in compressor vanes [17,18]. The bow induces radial forces on the fluids and results in shifting the fluids from the end walls to the midspan, which can reduce endwall loading and postpone the tendency towards corner stall. However, there are still no recognized, well-established bow criteria in the 3-D blade design of compressors that lead to performance benefits, mainly because different compressors are dominated by different flow controlling mechanisms between the endwall and mainstream regions [21].



It is found that the symmetric positive hub and tip bow type applied by many researchers to eliminate endwall corner stall does not lead to a performance improvement for the compressor in this research. This is mainly because the separation in stator 5 of this research is mainstream dominated instead of endwall dominated. The iso-surface of the axial velocity (−1 m/s) of stator 5 is shown in Figure 10, and the blue zones represent the low-momentum fluids, which demonstrate that the flow separation in stator 5 of the baseline is mainstream dominated. The symmetric bow types off-load the endwall region and also increase the secondary flow to the mainstream, which may migrate the low-momentum fluids to a larger region along the span, resulting in poorer flow conditions. Additionally, the results of Figure 10 correspond to the near stall point marked in Figure 4.


Figure 10. Iso-surface of the axial velocity (−1 m/s) for stator 5 of the baseline (near the stall points). TE.: trailing edge; LE.: leading edge.



[image: Energies 09 00296 g010 1024]






Considering that the loss mechanism is mainstream dominated, to suppress the migration of low-momentum fluids and improve the high loss region with high-momentum fluids, a compromise is applied as the redesign principle to implement the bow strategy. A dramatically asymmetric bow configuration is applied in this paper, as shown in Figure 11. In the 50%–100% span of the tip region, a circular arc stacking line is adopted. The parameters of bow height Hb and bow angle αb are applied to describe the bowed configuration. Providing enough radial force in the tip, a large circumferential displacement and 50% spanwise range of stacking (Hb = 0.5span, αb = 40°) are applied in the tip region. These are expected to improve the low-momentum fluid region (in the 15%–60% span) with the upper high-momentum fluids.


Figure 11. Stacking lines sketch and blade shapes of stator 5. SS: suction side; PS: pressure side.



[image: Energies 09 00296 g011 1024]






The flows shifting from the tip to the hub along the span is evident in Figure 12, where the pitch-averaged inlet axial velocity profile of the bowed stator 5 becomes much more uniform compared with the baseline.


Figure 12. Spanwise distributions of the inlet axial velocity (near the stall points).
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The iso-surface of the axial velocity (−1 m/s) of bowed stator 5 in Figure 13 shows that the low-momentum fluid zone near the trailing edge at the middle span disappeared compared to that of the baseline, as shown in Figure 10.


Figure 13. Iso-surface of the axial velocity (−1 m/s) for the bowed stator 5 (near the stall points).
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Figure 14 demonstrates the relative Mach number and streamlines at the 35% span of the baseline and bowed stator 5. Compared with the baseline, the separations on the suction side completely vanished. The previously shown results show that the bow configuration helped to effectively improve the mainstream dominated low-momentum region.


Figure 14. Relative Mach number contours and streamlines at the 35% span of stator 5 (near the stall points).
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5.2. LER & Re-Solidity


According to previous aerodynamic analyses, the last stator of the baseline compressor operates at much higher unsatisfied incidences along the full span. Moreover, a larger incidence at the tip region was introduced by the dramatically asymmetric tip bow, and the high loss region in the middle span could not be completely eliminated by only applying the bow, as shown in Figure 15. To gain more performance improvement, other 3-D design methods, including LER and re-solidity, were added to the final redesigned strategy incorporated with the bow configuration.


Figure 15. Spanwise distributions of the incidence at the design point.
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LER alters the inlet blade angle in the partial chordwise range while maintaining the outlet blade angle to align the leading edge towards the flow direction. An increased incidence is introduced by the strong tip bow and high loss middle region, so the middle span and tip span regions are provided with larger inlet blade angles to reduce the high incidence, as demonstrated in Figure 16. Simultaneously, the pressure rise capability depends on both the incidence and solidity, especially for the endwall regions. Re-solidity is defined in this research as altering the solidity by changing the chord length while maintaining the thickness distribution. To prevent the tip and hub region flows from separation, the solidities in the endwall regions are increased, as illustrated in Figure 16. Additionally, the spanwise distribution of the solidity and inlet metal angle are parameterized using cubic spline curves.


Figure 16. Inlet blade angle and solidity profiles of the baseline and redesigned stator 5.
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Multi-stage CFD computations were conducted to evaluate the redesigned version, which applied the strong tip bow incorporated with LER and re-solidity. Figure 17 compares the incidence profiles between the baseline and redesigned stator 5 at the near stall points. The high incidence at the middle span was reduced by approximately three degrees, and the large inlet blade angle that increased in the tip region and that was introduced by re-camber prevented the strong tip bow from developing high incidence. A more reasonable spanwise incidence distribution and uniform loading, as well as the solidity redistribution, led to a significant loss reduction and performance improvement, as depicted in Figure 18. The total pressure loss of each S1 stream surface is defined as:


[image: there is no content]



(1)




where Ptin and Psin respectively denote the pitch-average total pressure and static pressure of each S1 stream surface leading edge (a short distance upstream blade). Ptout denotes the pitch-average total pressure of each S1 stream surface trailing edge (a short distance downstream blade).


Figure 17. Spanwise distributions of the incidence for the baseline and redesigned stator 5 (near the stall points).
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Figure 18. Loss profiles of the baseline and redesigned stator 5 (near the stall points).
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To further substantiate the redesign effects, the total pressure contours downstream of the baseline and redesigned stator 5 at the near stall points are shown in Figure 19. Compared with the baseline, the high loss in the middle and lower spans are significantly reduced in the redesigned version. The iso-surface of the axial velocity (−1 m/s) of stator 5 in Figure 20 shows that the low-momentum fluid zone is reduced significantly compared with that of the baseline. The previously shown results illustrate that the bow configuration and the LER and re-solidity applied in the redesigned version help to effectively improve the low-momentum region.


Figure 19. Total pressure contours downstream of the baseline and redesigned stator 5 (near the stall points).
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Figure 20. Iso-surface of the axial velocity (−1 m/s) for the baseline and redesigned stator 5 (near the stall points).
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Finally, the overall performances are identified, as presented in Figure 21. Compared with the baseline, the three-dimensional redesign contributes an approximate 13% stall margin increase to the redesigned version. The stall margin is defined as follows:


[image: there is no content]



(2)




where [image: there is no content] and [image: there is no content] denote the total pressure ratio at the design point and at the near stall point, respectively, and [image: there is no content] and [image: there is no content] denote the corrected mass flow rate at the design point and at the near stall point, respectively.


Figure 21. Overall performances.
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Furthermore, the redesigned version also maintains the efficiency at the design point while providing a sufficient operating range, which proves that the redesign strategies are effective.





6. Conclusions


In this paper, the three-dimensional redesign of a stator blade is conducted in a 5-stage axial compressor with multi-stage CFD methods. The conclusions are as follows:

	
Validation with the full-scale test data is conducted for the multi-stage CFD methods prior to redesign. The multi-stage CFD methods applied in this research predict the overall performance quite well and also accurately capture the casing static pressure and stator leading edge total pressure profiles, both under design and off-design operating conditions.



	
The detailed aerodynamic analysis indicates that a large separation exists in the suction side of the last stator, resulting in stall. Thus, the follow-up redesign focuses on the last stator.



	
The mainstream flow separation dominates the loss, so a dramatically asymmetric positive bow incorporated with leading edge re-camber and re-solidity is applied for the redesigned version. The most significant achievement of the three-dimensional blade redesign in this research is the stall margin improvement, with a total 13% stall margin increase compared with the baseline, while maintaining efficiency at the design points.








This research explains the power of multi-stage CFD methods applied in the aerodynamic analysis and three-dimensional redesign of a modern highly loaded compressor in the multi-stage environment. The redesigning exploitation by bow, re-camber and re-solidity techniques provides various beneficial design philosophies of 3-D blading for the development of modern highly loaded compressors.
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Nomenclature




	ANNs
	Artificial Neural Networks



	ANSYS-CFX
	CFD Code by ANSYS



	APNASA
	CFD Code by NASA



	BBEW
	Blended blade and endwall



	CDA
	Controlled Diffusion Airfoil



	CFD
	Computational Fluid Dynamics



	FEM
	Finite Element Method



	IGV
	Inlet Guided Vane



	LE
	Leading Edge



	LER
	Leading Edge Re-camber



	MCA
	Multiple Circular Arc



	NASA
	National Aeronautics and Space Administration



	Numeca-Fine/Turbo
	CFD Code by Numeca



	PS
	Pressure Surface



	RANS
	Reynolds-Averaged Navier-Stokes



	SEDRI
	Shenyang Engine Design and Research Institute



	SS
	Suction Side



	TE
	Trailing Edge



	mD
	Corrected mass flow rate at the design point



	mNS
	Corrected mass flow rate at the near stall point



	Ptin
	Inlet pitch-average total pressure



	Ptout
	Outlet pitch-average total pressure



	Psin
	Inlet pitch-average static pressure



	y+
	Dimensionless distance of the first grid node off the wall, y+=ρuτywall/μ



	εD
	Total pressure ratio at the design point



	εNS
	Total pressure ratio at the near stall point
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