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Abstract

:

In nuclear-powered steam turbines, the aerodynamic performance of the inlet chamber tends to be contradictory to the compact design, which makes it difficult to achieve optimal efficiency and power in a nuclear-powered steam turbine. In this study, the quantitative correlation between compact design and aerodynamic performance was investigated to reveal the interaction mechanism between the aerodynamic performance of the inlet chamber of the steam turbine with its compactness. First, the effects of peripheral quantity and arrangement of inlets in the chamber inlet on its aerodynamic performance were studied. The results indicated that the proposed cross configuration exhibited optimized aerodynamic performance in multiple aspects. Then, the effects of two compactness indices (inlet/outlet area ratio and axial spacing at outlet) on the aerodynamic performance of the inlet chamber were investigated. The results indicated that the volume of the inlet chamber was proportional to the inlet/outlet area ratio, and an appropriate design of the inlet chamber can achieve compactness without significantly affecting its aerodynamic performance. In addition, the influencing mechanism of the compact optimization design on the aerodynamic performances of the inlet chamber was revealed. This study provides references for optimization designing an effective and compacted inlet chamber of steam turbines.
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1. Introduction


The development of nuclear-powered steam turbines with high power density is of great importance in the economic and military spheres. High-power-density steam turbines need to be equipped with a compact steam inlet mechanism to realize the operation control of the steam turbine. The steam intake mechanism determines the turbine power, efficiency, vibration, operational reliability, and other indicators. Radial intake is one of the features that distinguish nuclear-powered steam turbines from other power plants such as gas turbines. High-power steam turbines are usually designed with multiple cylinders and single shafts, and due to the axial thrust balance, the flow direction in different cylinders differs, so radial intake is a natural choice for steam turbines to reduce shaft length. The radial intake has special requirements for the design of the inlet chamber of steam turbines, i.e., the radial tube bundle intake is induced into an axially uniform axial intake, resulting in a low efficiency of the first (or regulating) stage of the steam turbine [1], and a large part is caused by the non-uniform intake. To improve the efficiency of the first stage, the inlet chamber usually adopts a large-diameter intake channel, and the axial spacing occupied by the inlet chamber is large, leading to a bulky and complex intake mechanism. The spacing of the inlet section of some nuclear steam turbines is larger than 10% of the rotor length (see Figure 1). However, for power steam turbines such as naval vessels, the limited cabin space requires a compacted intake mechanism, which is essential for various reasons, including safety, maneuverability, and operational efficiency, so an effective and compacted inlet chamber is crucial for such power turbines [2,3].



Normally, the compact design of power equipment, including power generation steam turbines [4] and gas turbines [5], can reduce manufacturing costs and increase structural intensity. However, a compact design may increase average velocity and flow loss inside the inlet chamber, cause uneven airflow steering, and increase pressure loss. Specifically, for the inlet chamber of steam turbines, compactness may reduce intake uniformity in the first stage, and non-uniform intake is harmful in at least the following aspects.



	(1)

	
Non-uniform intake imposes bending and radial moments on the rotor, which may result in rotor vibrations [6,7,8] and even faults [9], thus affecting bearing safety [10];




	(2)

	
Non-uniform intake causes mixed loss in the cascade channel [11,12,13,14] or blast loss [15,16], and a mismatch between the chamber outlet airflow angle and the geometric angle of the first stage static cascade causes shock loss [17];




	(3)

	
Non-uniform intake causes an increase in the amplitude of airflow excitation forces on the first-stage dynamic and static lobes [18] and complex excitation force frequencies [5,13,19,20,21,22].







In addition, non-uniform intake may cause cylinder deformation and an uneven belt gap, indirectly increasing air leakage loss [23], and the Thomas/Alford force produced by non-uniform intake may also result in rotor instability [24]. Obviously, the numerical calculation method is an effective method for the thermal and aerodynamic optimization design of thermal equipment [25,26].



Therefore, non-uniform intake not only leads to reduced steam turbine performance but also potentially threatens the intensity and reliability of the steam turbine, and enhancing the compactness of the inlet chamber of the steam turbine is not simply an issue of sacrificing efficiency. In the compact design of the inlet chamber, Siemens designed a high-speed compact steam turbine unit for small nuclear reactors, and its integrated design of steam inlet valves will directly affect its performance [27]. Although this arrangement sacrifices performance slightly, it can shorten the axial spacing of about one static cascade, which is a typical example of sacrificinga small amount of performance for the compactness of the whole machine. Another compactness indicator of the inlet chamber of steam turbines is the inlet/outlet area ratio, which is mainly determined by the number and diameter of the inlets. The single inlet, dual inlet, and quadruple inlet have been used to throttle governing steam turbines with peripheral inlets [23,28]. Quadruple inlets are usually selected for the high- and medium-pressure chambers of high-power steam turbines, while dual inlets are chosen for the low-pressure cylinder design, thereby reducing manufacturing costs and difficulty in installation and maintenance.



To reveal the mutually constraining acting mechanisms between aerodynamic performance and compactness of the steam turbine peripheral inlet chamber, the exchange ratio of compact design and aerodynamic performance is quantitatively given in this paper. First, the influencing mechanism of quantity and arrangement of inlets in the chamber inlet on the inlet chamber’s aerodynamic performance was investigated to find the optimized inlet chamber configuration. Then, the exchange ratio and interaction mechanism between the compact design and the inlet chamber aerodynamic performance were studied by reducing the inlet/outlet area ratio and outlet axial spacing to enhance the inlet chamber compactness. Additionally, the mechanism by which compact design affects the inlet chamber aerodynamic performance is demonstrated, thereby providing references for designing effective and compacted inlet chambers of steam turbines.




2. Numerical Method


2.1. Geometric Model


To explore the effect of the quantity and arrangement of inlets on the performance of the peripheral intake chamber, the six inlet chamber configurations generated by UG NX presented in Figure 2 were investigated, wherein the dual inlet and quadruple inlet have three configurations, respectively. The inlet chamber configurations included dual hedging (2InLine), dual ring (2InCicular), dual parallel (2InParallel), quadruple parallel (4InParalle) and hedging, quadruple ring (2InCircular), and quadruple cross (4InCross), where the quadruple cross configuration has not been reported publicly. Figure 3 illustrates the mid-section of the six inlet chambers, which adopts a compacted symmetric split dual exhaust design with oblique guide channels to reduce the flow loss. The outlet of the inlet chamber is connected with a porous damping ring, which is used to simulate the pressure drop caused by the subsequent cascade.




2.2. Performance Parameters


The aerodynamic performance is characterized by the velocity, pressure drop, outlet angle distribution, and bending moment at the outlet of the intake chamber. The pressure drop can be obtained by


  Δ P =  P  l o c a l   −  P  P o r . o u t    



(1)




where Plocal denotes the local pressure at the outlet of the inlet chamber, and PPor.out denotes the pressure at the porous outlet. The exhaust angle is the angle between the air velocity vector of the outlet of the inlet chamber and the local clockwise tangential direction.



Figure 4 illustrates the bending moment caused by the heterogeneous pressure on the vane wheel disc. The inlet pressure at any point (x,y) on the damping ring is denoted as Pin, the radius to the rotating shaft is denoted as r, and the circumferential angle is denoted as θ. The bending moment TP in the components in the x and y directions can be calculated by


     T  P i n x   =    ∫ 0  2 π       ∫   r  min      r  max       P  i n    r 2  sin θ d r d       θ      T  P i n y   =    ∫ 0  2 π       ∫   r  min      r  max       P  i n    r 2  cos θ d r d       θ    



(2)







Compactness was described by the inlet/outlet area ratio (A) and the axial spacing at the outlet (D) (see Figure 3). A is calculated by


  A =    A  i n      A  o u t      



(3)




where Ain and Aout represent the total inlet and outlet areas in the inlet chamber, respectively (see Figure 2a).




2.3. Numerical Model and Boundary Conditions


The numerical model of the inlet chamber is composed of one inlet chamber and two porous damping rings (Figure 5a). The inlet chamber uses an unstructured tetrahedral grid (Figure 5b) generated by Fluent meshing, and the wall surface uses a boundary layer grid (Figure 5c) with adaptive thickness. The damping ring adopts a structured grid. To avoid the flow oscillation caused by inlet pressure, the mass flow rate at the inlet and the static pressure at the outlet are taken as boundary conditions. Based on the experimental comparison in the literature [23], the k-w model is adopted as the turbulence model in this paper. The valve surface adopted ano-slip wall condition.




2.4. Grid Irrelevance Verification and Validation


Before conducting a detailed investigation, grid independence resolution validationwas performed in order to establish a grid-independent solution. Table 1 presents the relative range of outlet velocity for the quadruple crossover configurations with different grid configurations. It can be seen from this table that the relative range of velocity differs by only 2.9% between 11.34 and 22.27 million units. Figure 6 further shows the outlet velocity distribution clouds for different grid configurations. It can be observed that the velocity distribution of the outlet of the inlet chamber achieves grid irrelevance when 11.34 million units are reached. The validity of the numerical method for simulating the inlet chamber flow has been experimentally verified [23,29], and this paper refers to the verified numerical method.



The expansion rate of a Laval nozzle [30] is close to that of an actual steam turbine, so it has been used by many scholars to validate the numerical simulations of the flow in steam turbines. This work simulated the flow in a Laval A nozzle with a throat height of 63 mm and outlet height of 114 mm using the adopted numerical method. Its geometric model is shown in Figure 7a. Steam enters the nozzle with a total pressure of 0.25 bar and total temperature of 354.6 K. Figure 7b compared the pressure distribution on the center line of the numerical simulation and experimental test. As can be seen, the results of the numerical calculation are in good agreement with the experimental data, and the pressure changes near the throat can be well captured.





3. Results and Discussion


3.1. Effects of Quantity and Arrangement of Inlets


The pressure distribution of the outlet of the inlet chamber may affect the stability of the steam turbine operation, so this section first investigates the pressure difference distribution of different configurations of the outlet of the inlet chamber. The pressure difference distribution shown in Figure 8 can reflect the force distribution of the peripheral cascade. Among the three dual inlet configurations, the hedging inlet and parallel inlet both have high-pressure areas in the lower half of the outlet, and the high-pressure areas are highly concentrated. This pressure distribution may impose a bending moment on the rotor, as illustrated in Figure 4, which reflects the bending moment of the rotor due to the uneven air outflow from the inlet chamber. The calculated bending moments for the three configurations are 9.74 kN·m, 6.20 kN·m, and 0.34 kN·m, and the bending moment for the ring intake is an order of magnitude smaller than that of the hedging intake. The pressure range reflects the non-uniform intake’s impact on the amplitude of airflow excitation force, and the pressure ranges of the three dual inlet configurations are 286 kPa, 255 kPa, and 138 kPa, respectively. The pressure range of the dual ring intake is half of that of the hedging intake, and the dual ring intake is better in terms of reducing the bending moment and the airflow excitation force. The pressure distribution of the quadruple inlet is more uniform than that of the dual inlet, and the pressure difference distribution of the cross configuration is the most uniform among the six configurations.



The velocity uniformity of the outlet of the inlet chamber directly affects the efficiency of the first and subsequent stages; meanwhile, mixed loss, airing loss, shock loss, and part of the secondary flow loss are all directly related to the intake rate uniformity of the cascade. The velocity uniformity is reflected in two aspects: velocity value uniformity and angular uniformity. Figure 9 shows the velocity distribution clouds for different configuration outlets of the inlet chamber. It can be seen from this figure that the dual ring inlet configuration in the dual inlet configuration has the smallest velocity maximum and the smallest expected aerodynamic loss. Among the quadruple inlet configurations, the maximum velocities of the parallel and hedging configuration and the cross configuration are similar, while the maximum velocity of the tangential configuration is the largest, and the expected aerodynamic loss is the largest.



Figure 10 illustrates the distribution of different configuration deflection angles, which characterize the degree of airflow deviation from the normal direction. Since the inlet geometry angle of the first-stage static lobe is usually 90°, the larger the deflection angle, the larger the shock and flow loss in the first-stage cascade channel. Among the quadruple inlets, the ring configuration leads to a larger overall flow deflection angle than the cross and parallel configurations due to the formation of a cyclonic flow in the inlet chamber, with a non-zero average deflection angle (see Figure 11). Under the cross configuration and parallel configuration, the deflection angle shows four parallel white bands; the four white bands of the cross configuration appear evenly at 90° apart, and this is because each inlet corresponds to the intake of the 90° arc segment, and the airflow deflection angle at the junction of the arc segment is close to zero, indicating that there is almost no flow or airflow exchange between the arc segments.



For the radial means of pressure difference, velocity, and deflection angle of Figure 8 to Figure 10, the circumferential distribution curves of pressure difference, velocity, and deflection angle of different configurations are obtained and shown in Figure 11, which reflect the aerodynamic performance of different configurations more intuitively. It can be observed from Figure 11 that increasing the number of inlets, i.e., increasing the inlet/outlet area ratio, has the most significant effect on improving aerodynamic performance. Under the same number of inlets and areas, the placement of inlets also significantly affects aerodynamic performance, with dual inlet achieving the best performance for the dual ring inlet and quadruple inlet achieving the best performance for the cross inlet.



To quantify the aerodynamic performance of different inlet chamber configurations, the performance indicators were further parameterized. Table 2 presents the mean, range, and relative range of pressure difference, velocity, and deflection angle of different configurations, and the results are ranked in decreasing order of the relative range. The pressure difference of the parallel configuration with dual inlets has a relative range of 107.3%, which is 8 times higher than that of the cross configuration with quadruple inlets, and the velocity relative range even reaches 46.7 times higher. The average deflection angle of all configurations except the cross configuration is not 0. Although the parallel configuration and hedging configuration have geometric symmetry, the flow field does not have good symmetry. The cross configuration achieves the highest aerodynamic performance in terms of pressure difference and velocity uniformity. Based on the cross configuration, the cost of the compact design was quantitatively analyzed by reducing the inlet area and outlet center distance to improve the compactness of the inlet chamber.




3.2. Effect of Compact Design on Aerodynamic Performance


The cross configuration exhibits excellent aerodynamic performance in several aspects such as pressure difference distribution, bending moment, velocity distribution, and deflection angle distribution, and this section further investigates the effect of compactness on aerodynamic performance under this cross configuration. In this paper, the inlet area of the cross configuration is halved to enhance the compactness of the inlet chamber. Reducing the outlet spacing is another way to improve the overall compactness of a steam turbine. In this paper, the outlet spacing is halved to obtain the cross-section of the inlet chamber, as shown in Figure 12a. The outlet center distance is 120 mm, which is even shorter than the blade height in the first stage, and the inlet chamber has higher axial compactness.



As shown in Figure 13, the inhomogeneity caused by compactness is obvious in the circumferential curves of pressure difference, velocity, and deflection angle, and the variation pattern is almost the same for different curves, but the amplitude of fluctuation in the compacted inlet chamber is greatly increased. The decrease in area ratio leads to a 38.2% decrease in the volume of the inlet chamber, and the decrease in outlet spacing leads to a 7.7% decrease, so the former has a greater impact on the volume of the inlet chamber and therefore on the aerodynamic performance.



Table 3 compares the aerodynamic performance indices for different compacted cross configurations. A 50% reduction in area ratio leads to a 55%, 9.8%, and 21% increase in velocity, pressure difference relative range, and deflection angle range, respectively, and a 50% reduction in outlet spacing leads to a 45%, 0.5%, and 18.6% increase, respectively. The miniaturized cross configuration has slightly lower velocity uniformity than the parallel and hedging configuration, but it has better pressure difference uniformity, and deflection angle uniformity is comparable between them. Meanwhile, the aerodynamic performance of the compacted cross configuration is comparable to that of the parallel configuration, but it is significantly higher than that of the dual inlet configuration with the same area ratio. Thus, a certain aerodynamic performance can be sacrificed for compactness, and a reasonable and efficient inlet chamber can improve both aerodynamic performance and compactness. A smaller inlet diameter can reduce the manufacturing cost of the inlet chamber and channel while improving its rigidity and convenience of installation and maintenance. A smaller outlet spacing can reduce the manufacturing cost of the inlet chamber and rotor while improving its rigidity. Optimizing the inlet chamber and improving aerodynamic performance is significant for improving the performance of the steam turbine, enhancing the compactness of the inlet chamber and the whole steam turbine, and reducing its manufacturing and maintenance costs.



To reveal the mechanism by which compactness affects exhaust uniformity in terms of the flow, the travels of the airflow through the inlet chamber are counted in this section. Figure 14a shows the traces of the airflow from an inlet to the exhaust port under the cross configuration, and it can be seen that the traces are mainly concentrated in the 1/4 arc region of the inlet chamber, and the airflow has very little movement to the adjacent arc. The travel distance distribution can be obtained by counting the travel lengths of the traces in the figure, as shown in Figure 14b. Obviously, the airflow stroke is shorter in the middle, and it increases gradually on both sides and sharply near the edge of the arc, forming dark patches. These patches correspond to the low-velocity region in Figure 9 because a longer stroke leads to a larger flow loss, which is manifested in the low-velocity region of the outlet. There is a strong correlation between trace travel and outlet velocity, and the influence mechanism of the compactness on air outlet uniformity can be analyzed by trace travel.



Figure 14c further presents the longest and shortest traces, and together with Figure 15, which shows the variation of velocity along the traces, the mechanism by which the compact design leads to the expansion of the low-velocity zone of the outlet can be explained. The trajectory and velocity variation of the long-travel mass point indicate that the airflow in the low-speed region undergoes three stages from the inlet to the outlet. Specifically, in the first stage, the airflow mainly moves in the radial direction; in the second stage, it mainly moves in the circumferential direction; in the third stage, it moves in the helical radial direction. Meanwhile, the airflow undergoes two largeangle turns: the first is from radial to circumferential, which is relatively smooth; the second is from circumferential to radial, which is completed by vortices at the corner due to the large turning angle. The main difference between the velocities of different compactness traces in the third stage lies in the fluctuation of circumferential velocity and axial velocity (see Figure 15). Obviously, the larger the amplitude of the fluctuations, the larger the vortex diameter and intensity. The intensity of the vortex depends on two factors: the cut-in velocity, and the rotation space. The maximum cut-in velocities for a small inlet area and a small axial spacing are 24.8 m/s and 24.3 m/s, respectively, which are significantly larger than the comparison benchmark of 16.7 m/s. The inlet velocity for a small inlet area is almost twice as large as the reference, leading to a larger tangential velocity; the small axial spacing results in a smaller cross-sectional area for the circumferential flow, leading to a larger circumferential and tangential velocity. The small outlet spacing has a smaller rotation space, which limits the development of vortices. The overall performance is that the small inlet area vortex is the largest, the short axial spacing is the second largest, and the comparison reference is the smallest. A larger vortex leads to a larger range of low-velocity regions, which reduces exhaust uniformity.



Overall, a compact design leads to larger radial or circumferential flow velocities in the inlet chamber under the same flow rate, making it easier to form large-size and high-intensity vortices when the airflow is diverted, resulting in an uneven exhaust. Therefore, effective and compact inlet chambers should avoid a large angle turning of airflow; also, according to the trajectory of airflow in the low-speed region, the flow guide structure should be reasonably designed to guide the airflow to turn evenly and slowly, e.g., tightening the cross-sectional area at the junction of different curvatures and further increasing the transition angle from the radial to the circumferential direction.





4. Conclusions


In steam turbines, the aerodynamic performance of the inlet chamber tends to be contradictory to a compact design. In this study, the quantitative correlation of compact design with aerodynamic performance was investigated to reveal the interaction mechanism between the aerodynamic performance of the inlet chamber of the steam turbine and its compactness.



First, the effects of peripheral quantity and arrangement of inlets in the chamber inlet on its aerodynamic performance were investigated. The results indicated that each exhaust non-uniformity index of the dual-inlet configuration is an order of magnitude higher than that of the quadruple inlet. Herein, the pressure difference relative range for the dual-inlet parallel configuration is 107.3%, which is 8 times larger than that of the quadruple inlet cross configuration, and the relative range of velocity even reaches 46.7 times larger. The dual ring inlet achieves the best performance under the dual inlet configuration, and the cross inlet achieves the best performance under the quadruple inlet configuration. The cross configuration shows excellent aerodynamic performance in velocity, pressure difference, deflection angle distribution, and bending moment. The velocity relative range is only 13.4%, the average airflow deflection angle is 0°, the deflection angle range is 41.7°, the pressure difference relative range is only 1%, and the bending moment caused by the pressure difference is only 0.24 kN·m.



Based on the optimized inlet chamber configuration, the effects of different compactness indices on the aerodynamic performance of the intake chamber were investigated by reducing the inlet/outlet area ratio and the outlet spacing to improve the compactness. The results indicated that reducing the inlet/outlet area ratio is more effective in reducing the volume of the intake chamber, and it has a greater impact on the aerodynamic performance. The area ratio and outlet spacing were reduced by 50%; the former led to an increase of 55%, 9.8%, and 21% in the velocity, pressure difference relative range, and deflection angle range, respectively, while the latter led to an increase of 45%, 0.5%, and 18.6%, respectively. The aerodynamic performance of the compacted cross configuration remains comparable to that of the parallel and hedging configuration, which demonstrates that a proper intake chamber design can achieve compactness while maintaining aerodynamic performance. In addition, the mechanism by which the compact design affects the aerodynamic performance of the inlet chamber is revealed, and the compact design leads to higher radial or circumferential flow velocities in the inlet chamber under the same flow rate, making large and high-intensity vortices easier to form when the flow is diverted, manifesting as low-velocity areas at the outlet of the inlet chamber, resulting in uneven discharge. Our study sheds light on the intricate dance between compactness and efficiency in nuclear-powered steam turbine inlet chambers. A 50% reduction in area ratio leads to a 55%, 9.8%, and 21% increase in velocity, pressure difference relative range, and deflection angle range, respectively, and a 50% reduction in outlet spacing leads to a 45%, 0.5%, and 18.6% increase, respectively. As engineers strive for innovative designs, understanding these trade-offs becomes paramount. Achieving optimal performance while accommodating space constraints requires thoughtful consideration of aerodynamic parameters.
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Figure 1. The ratio of inlet section to axial spacing for nuclear turbines. 
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Figure 2. Different inlet configurations of the inlet chamber: (a) dual hedging; (b) quadruple parallel and hedging; (c) dual ring; (d) quadruple ring; (e) dual parallel; (f) quadruple cross. 
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Figure 3. The 2D cross-section of the numerical model. 
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Figure 4. The rotor bending moment induced by non-uniform intake. 
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Figure 5. The grid and boundary conditions of the numerical model for the intake chamber: (a) the numerical model; (b) the overall grid; (c) the section grid. 
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Figure 6. The velocity distribution at the outlet under different grid configurations: (a) 5.53 million units; (b) 11.35 million units; (c) 22.27 million units. 
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Figure 7. Validation of numerical method: (a) nozzle geometry; (b) comparison of pressure distribution between experimental test [30] and numerical simulation. 
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Figure 8. The pressure distribution at the outlet in different chambers: (a) dual hedging; (b) quadruple parallel and hedging; (c) dual ring; (d) quadruple ring; (e) dual parallel; (f) quadruple cross. 
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Figure 9. The velocity distribution at the outlet in different chambers: (a) dual hedging; (b) quadruple parallel and hedging; (c) dual ring; (d) quadruple ring; (e) dual parallel; (f) quadruple cross. 
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Figure 10. The distribution of the velocity deflection angle at the outlet in different chambers: (a) quadruple parallel and hedging; (b) quadruple ring; (c) quadruple cross; (d) dual hedging; (e) dual parallel; (f) dual ring. 
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Figure 11. The circumstantial distribution of radial-mean outlet differential pressure, velocity, and deflection angle for different chambers: (a) pressure difference; (b) velocity; (c) deflection angle. 
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Figure 12. The cross-sections with different axial outlet distances: (a) short outlet spacing; (b) comparison to the benchmark. 
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Figure 13. The circumstantial distribution of radial-mean outlet differential pressure, velocity, and deflection angle for different compactness: (a) pressure difference; (b) velocity; (c) deflection angle. 
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Figure 14. The trace lines and their stroke distributions in the chamber with different compactness: (a) trace distribution; (b) outlet trace travel distribution; (c) longest and shortest travel traces with different compactness. 
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Figure 15. The velocity variation along three directions of the longest trace with different compactness configurations. 
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Table 1. The grid configurations and their corresponding outlet-velocity relative ranges.
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Local Grid Size (mm)

	
Surface Grid Size (mm)

	
Maximum Body Unit Size (mm)

	
Boundary Layer Grid Size (mm)

	
Number of Units/10,000

	
(Umax − Umin)/U




	
Interface 1 and 2

	
Diversion Wall Surface

	
Minimum

	
Maximum

	
Layer Number

	
First Layer Width-to-Height Ratio






	
3

	
10

	
3

	
30

	
40

	
15

	
10

	
514

	
0.130




	
3

	
10

	
3

	
30

	
40

	
12

	
10

	
553

	
0.145




	
3

	
10

	
3

	
30

	
40

	
8

	
10

	
564

	
0.131




	
3

	
10

	
3

	
30

	
40

	
15

	
20

	
609

	
0.119




	
2

	
7

	
2

	
20

	
30

	
12

	
10

	
1135

	
0.134




	
1.5

	
5

	
1.5

	
20

	
23

	
12

	
10

	
2227

	
0.138











 





Table 2. Comparison of the aerodynamic performance indices of different chambers.
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Inlet Chamber Configuration

	
Dual Parallel

	
Dual Hedging

	
Dual Ring

	
Quadruple Ring

	
Quadruple Parallel and Hedging

	
Quadruple Cross






	
Aerodynamic

performance

	
Mean velocity (m/s)

	
71.8

	
66.0

	
58.8

	
38.1

	
35.8

	
35.4




	
Range of velocity (m/s)

	
77.1

	
67.2

	
52.8

	
7.5

	
6.3

	
4.8




	
Relative range of velocity (%)

	
107.3

	
101.9

	
89.9

	
19.7

	
17.7

	
13.4




	
Mean pressure difference (kPa)

	
614

	
608

	
605

	
593

	
591

	
591




	
Range of pressure difference (kPa)

	
286

	
255

	
138

	
34

	
11

	
6




	
Relative range of pressure difference (%)

	
46.7

	
42.0

	
22.8

	
5.7

	
1.8

	
1.0




	
Bending moment (kN·m)

	
6.20

	
9.74

	
0.34

	
0.55

	
0.22

	
0.24




	
Mean deflection angle (°)

	
4.8

	
−2.1

	
−28.9

	
−1.3

	
−19.9

	
0.0




	
Range of deflection angle (°)

	
155.4

	
153.4

	
118.0

	
55.6

	
49.5

	
41.7











 





Table 3. The aerodynamic performance and compactness indices of diff