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Abstract

:

Radial inlet chambers are widely used in various multistage centrifugal compressors, although they induce extra flow loss and inlet distortions. In this paper, the detailed flow characteristics inside the radial inlet chamber of an industrial centrifugal compressor have been numerically investigated for flow control and performance improvement. First, the numerical results are validated against the experimental data, and flow conditions inside the inlet chambers with different structures are compared. They indicate that, in the non-guide vane scheme, sudden expansions, tangential flows and flow separations in the spiral and annular convergent channels are the major causes of flow loss and distortions, while using guide vanes could introduce additional flow impacts, separations and wakes. Based on the flow analysis, structure improvements have been carried out on the radial inlet chamber, and an average increase of 4.97% has been achieved in the inlet chamber efficiencies over different operating conditions. However, the results further reveal that the increases in the performance and overall flow uniformity just in the radial inlet chamber do not necessarily mean a performance improvement in the downstream components, and the distribution of the positive tangential velocity at the impeller inlet might be a more essential factor for the efficiency of the whole compressor.






Keywords:


centrifugal compressor; radial inlet chamber; guide vanes; flow control; performance improvement; downstream effect












1. Introduction


Centrifugal compressors, as important general purpose equipment, are widely used in the aerospace, chemical, power and energy industries, but they are also highly energy-consuming machinery in industrial systems [1,2]. The devices that transport working fluids from the pipelines or the atmosphere to the impeller inlet are called inlet chambers, and radial inlet chambers are the key upstream component widely used in large-scale multistage centrifugal compressors due to the layout constraints of compact industrial systems [3,4]. However, compared with axial inlet ducts, the radial inlet chamber will introduce extra flow loss and distortions, which negatively influence the compressor’s performance [5,6]. Therefore, it requires an improved design to avoid flow separations in the chamber, reduce flow loss and achieve uniform flow distribution at the outlet of the radial inlet chamber [7,8].



There are a lot of studies that have been carried out on the impacts of upstream components, including the intake ducts [9], upstream bends [10] and guide vanes [11]. Galindo et al. [12,13] experimentally measured the steady compressor map from a turbocharger and studied the effect of a swirl generator device on the surge margin of the turbocharger compressor with a radial inlet bend. The results indicated that the surge limits were improved when the flow pre-whirl was opposite to the rotational direction of the impeller. MacManus et al. [14] and Yamada et al. [15] conducted research on the S-duct and 90 degree bent pipes in the upstream of single-stage centrifugal compressors and investigated the influences of corresponding swirling distortions on the impeller and diffuser, respectively. Zhang et al. [16] further analyzed the effect of inlet tortional pipes with two elbows on the performance and pressure distribution of the compressor with a volute. However, compared with these upstream curved pipes used in single-stage centrifugal compressors for turbochargers, the radial inlet chambers used in large-scale multistage centrifugal compressors for industrial systems have a more complex structure with more complicated flow distortions, and the flow loss is more significant. In general, using a radial inlet chamber will lead to a decrease of 2–4% in the performance of the compressor stage while the corresponding design and optimization methods still stay, in theory [17,18].



As the basis for the improvement research, the flow characteristics inside the radial inlet chambers were analyzed. Flow measurements were carried out by Flathers et al. [19] at the outlet of the inlet chamber from an industrial centrifugal compressor, which experimentally proved the flow loss and distortions generated in the chamber. With the aid of the computational fluid dynamics (CFD) method, Koch et al. [20] found that the flow loss in the inlet chamber was positively related to the inlet Mach number, but the flow characteristics inside the chamber almost remained unchanged under different Mach numbers. Michelassi et al. [21] and Pazzi et al. [22] used a combination of experiments and numerical simulations to study the scale models of radial inlet chambers without the influence of downstream impellers, and the distributions of the velocity magnitude, flow angle and loss coefficient at the outlet of the inlet chamber were obtained and analyzed. Han et al. [23,24] conducted a large-scale flow measurement on the main sections in a radial inlet chamber, including the inlet and outlet of the chamber, the intake channel’s outlet and the spiral channel’s outlet. The measurement was composed of more than 900 testing points on the four cross-sections, and the detailed distributions of the flow parameters inside the radial inlet chamber were first published in the open literature.



Then, studies on the improvement of the radial inlet chambers were performed. Kim et al. [25] arranged a converging structure and adopted two rows of guide vanes to improve the flow condition at the outlet of the inlet chamber. An indicator function related to the geometric parameters was developed by Saladino et al. [26] and used to minimize the flow loss of the radial inlet chamber. Yagi et al. [27] obtained the distribution of the flow loss in the inlet chamber and the distortions of its outlet flow, based on which the cross-sectional area was selected as the key parameter for structure optimization. Kozhukhov et al. [28] compared the local loss coefficient at the exits of different inlet chambers and analyzed the main geometric parameters related to the flow loss. Sezal et al. [29] found that the circumferentially nonuniform variable inlet guide vanes in the radial inlet chamber were more adaptable to the incoming flow angle, which could reduce the flow loss by 40%. In addition to the optimization of the radial inlet chamber itself, its impact on the downstream components is also a key issue to the performance of the entire compressor. Tan et al. [30] studied the effects of radial inlet chambers on the performance of a centrifugal compressor stage with inlet guide vanes. The results indicated that, compared with the uniform axial intake, the efficiency and total pressure ratio of the compressor stage with a radial inlet chamber decreased by an average of 2.5% and 1%, respectively, over the entire operating range, and the regulation performance of the inlet guide vanes was also adversely affected. Han et al. [31] carried out experimental and numerical studies on the radial inlet stages of two different industrial centrifugal compressors and analyzed the effects of the internal flow loss and the outlet distortion of the inlet chambers on the performance of the downstream components.



According to the literature review, it was found that flow loss and distortions were the two main factors that affected the performances of the inlet chamber itself and the downstream components in the compressor. However, the influence mechanism of the radial inlet chamber on the entire centrifugal compressor has still not been completely revealed, and the following problems remain unsolved. First, in the previous research, the optimization objects of the radial inlet chambers were either to reduce the flow loss or increase the uniformity of the outlet flow without considering these two factors together. This approach has limited a more comprehensive improvement of the radial inlet chamber. Second, although it is known that the flow uniformity at the impeller inlet is essential for the compressor stage, the complex flow distortions induced by the radial inlet chamber involve many parameters (e.g., the uneven distributions of pressures, velocity magnitudes and distortions of different velocity components), and which is the most important to the performance of the entire compressor is still unknown. This hinders further improvement in the performances of centrifugal compressors with radial inlet chambers. Meanwhile, the inlet guide vanes analyzed in the previous studies are generally arranged downstream or without the inlet chamber, while there is less research related to the guide vanes inside the radial inlet chambers.



With the development of numerical theory and computational technology, CFD methods are widely used for flow analysis and structure improvement in various engineering applications [32,33,34]. Therefore, in this paper, numerical simulations are performed on the radial inlet chamber with and without guide vanes to figure out the mechanism of flow loss and distortions generated in the inlet chamber. Then, in order to solve the first problem, the flow loss and distortions are considered together to obtain an improved design of the radial inlet chamber. Finally, for the second problem, the major parameters related to the flow uniformity are investigated at the impeller inlet, expecting to develop an in-depth understanding of the influence mechanism and provide guidance for further improvement of centrifugal compressors with radial inlet chambers.




2. Methodology


2.1. Flow Configuration


The research object of this paper is the radial inlet chamber coming from the inlet stage of a multistage centrifugal compressor, which is an industrial product of SBW (Shenyang Blower Works Group Co., Ltd., Shenyang, China). The working fluid of the compressor is air, and its mass flow rate at the design condition is 4.29 kg/s. Figure 1 shows the schematic diagram of the radial inlet chamber (from in to 0) and the first stage of the centrifugal compressor (from 0 to out). As a typical structure for a radial inlet, this chamber mainly consists of an intake channel, a spiral channel and an annular convergent channel, where be and rc are the width and radius of the spiral channel, respectively, we is the intersecting width of the intake channel and the spiral channel and bI is the inlet width of the annular convergent channel. The major geometric parameters of the original radial inlet chamber and the first stage of the compressor are listed in Table 1.




2.2. Numerical Method


2.2.1. CFD Code


The governing equations used to model the internal flow of the radial inlet chamber and the centrifugal compressor are the three-dimensional steady and compressible Reynolds-averaged Navier–Stokes equations. The general expression of the governing equations in a Cartesian frame can be written as


   ∂  ∂ t      ∫ Ω   U d Ω    +    ∫ S     F →  I     ⋅ d  S →  +    ∫ S     F →  V     ⋅ d  S →  =    ∫ Ω    S T     d Ω  



(1)




where  Ω  and  S  represent the volume and the surface, respectively,  U  is the vector of the conservative variables and     F →  I    and     F →  V    are the inviscid and viscous flux vectors, respectively. Assuming that the flow inside the centrifugal compressor is adiabatic, the source term vector    S T    contains the contributions of the Coriolis and centrifugal forces, which is expressed as [30]


   S T  =  [    0      (  −  ρ ¯   )   [  2  ω →  ×  w →  +  (   ω →  ×  (   ω →  ×  r →   )   )   ]       ρ ¯   w →  ⋅  ∇ →   (  0.5  ω 2   r 2   )     ]   



(2)







The flow solver EURANUS [35] of the commercial software NUMECA FINE/Turbo, Brussels, Belgium was employed for the numerical simulations in the present study; it performs a finite volume scheme for the spatial discretization and adopts a multistage Runge–Kutta scheme for the temporal discretization. In addition, a multi-grid strategy, local time stepping and implicit residual smoothing technology were applied in the CFD code to accelerate the calculation convergence. In order to make the equation system closed, it was necessary to adopt the corresponding fluid model and choose a proper turbulence model to specify the relationship between the pulsation value and the time-averaged value of the turbulent flow. In this paper, the working fluid was air, which was treated as a perfect gas. The Spalart–Allmaras model was chosen for the turbulence closure, which has been proven to ensure sufficient accuracy in predicting the flow conditions inside compressors with radial inlet chambers [30,31].




2.2.2. Computational Models


In order to investigate the flow characteristics inside the radial inlet chamber and its effects on the first stage of the compressor in the downstream, two sets of computational models were employed in the present study. For the flow analysis of the inlet chamber itself, the computational model included a radial inlet chamber (with or without guide vanes), a straight inlet pipe and an outlet pipe, as shown in Figure 2a. All the patches were modeled with data from the previous experimental research [36,37]. Meanwhile, as shown in Figure 2b, a computational model of the radial inlet compressor stage was built for the study on the performance improvement and downstream effects of the radial inlet chamber.



The boundary conditions for the CFD models were imposed according to the actual operating data. For the flow analysis model, the uniformly distributed total pressure and total temperature were adopted as the inlet boundary conditions at the entrance of the inlet pipe with a flow direction along the pipe axis, and the mass flow rate as the outlet boundary condition was set at the end of the outlet pipe using the velocity scaling method. For the downstream effect model, specific profiles extracted from the fully developed flow were provided at the entrance of the radial inlet chamber (i.e., in in Figure 1), and the mass flow rate was imposed at the outlet of the first compressor stage (i.e., out in Figure 1). All the solid walls were set as adiabatic and non-slip boundaries with hydraulically smooth surfaces.



In order to achieve the final convergent solutions for the flow analysis, both the residual convergence and the mass flow convergence were taken into consideration. When the global residuals stayed lower than 10−6 and the deviation between the inlet and outlet mass flow rates was less than 0.5%, the numerical solutions were considered to be converged.





2.3. Verification and Validation


2.3.1. Grid Convergence Study


Structured multi-block grids were generated for all the components using NUMECA IGG, and particular attention was paid to the grid refinements close to the solid walls. A grid convergence study was performed for all the CFD models to verify the grid independence of the numerical results in the present research. Here, the flow analysis model of the radial inlet chamber with eight guide vanes was provided as an instance for the comparison of the numerical results obtained with different grid resolutions. In order to verify grid independence, seven groups of computational grids were generated for this numerical model, and the changes in grid elements in each component followed the grid convergence method (GCI) provided by ASME (American Society of Mechanical Engineers) [38,39]. Detailed grid distributions of the computational components in different schemes are listed in Table 2.



As the grid number changed, the variations of the major flow parameters (e.g., the pressure, temperature and velocity) on the main sections were monitored and compared. The performance parameters were also analyzed for the CFD model. As a stationary component, the flow efficiency    η  i c     and total pressure loss coefficient    ξ  i c     of the radial inlet chamber are expressed as


   η  i c   =  κ  κ − 1   ⋅   ln (  T  s , 0   /  T  s , i n   )   ln (  p  s , 0   /  p  s , i n   )    



(3)






   ξ  i c   = (  p  t , i n   −  p  t , 0   ) / (  1 2   ρ  i n    V  i n  2  )  



(4)







Figure 3 shows the trends of the outlet static pressure and inlet chamber efficiency under the seven grid resolutions, where the flow parameters were extracted from the mass-averaged values in the corresponding sections. It can be clearly seen that when the grid number was less than a certain limit (e.g., 7.5 × 106 for this particular case), both the static pressure at the model’s exit and the efficiency of the radial inlet chamber significantly changed with the variation of the grid number. However, when the number of grids increased to Mesh 5 = 7.7 × 106 elements, the flow and performance parameters almost remained unchanged, and the maximum deviations of the static pressures and efficiencies obtained by Mesh 5, Mesh 6 and Mesh 7 were only 0.006% and 0.019%, respectively. The results of the other flow parameters also indicate that, when the grid elements increased to the number marked with a red line in the figure, there was little difference in the numerical results obtained with different grid resolutions. Therefore, Mesh 5 was considered to ensure sufficient accuracy for the numerical simulation of this radial inlet model. For the first stage of the compressor downstream from the radial inlet chamber, the grid convergence study also proved that the probable uncertainties caused by the computational grids were less than 0.03% [31]. The final computational grids for different components of the CFD models are shown in Figure 4.



Considering that different turbulence models have specific requirements for the distance from the first node of the grid to the solid wall, the    y +    values obtained with the above computational grids were checked in Figure 5. It can be found that the    y +    values of over 90% for the solid surfaces were in the range of 1–8, and the maximum    y +    value was less than 10, which met the requirement of the Spalart–Allmaras turbulence model employed in this paper. In addition, the qualities of the computational grids are provided in Table 3, proving that good grid quality was achieved for the present numerical solutions.




2.3.2. Validation of the Numerical Method


In order to validate the reliability of the numerical results in the present study, the calculated flow parameters on the main sections in the radial inlet chamber and the predicted performance of the compressor stage were extracted and compared against the experimental results of the previously published literature [36,37].



Figure 6 shows the detailed flow distributions for the inlet and internal sections of the radial inlet chamber in the form of dimensionless Mach numbers. Compared with the experimental data, the ranges of the mainstreams for the sections were larger in the numerical results with a higher velocity gradient close to the wall, which was mainly caused by the smooth wall assumption of the CFD model. Since the machining chamfers and fillets were simplified in the numerical models to facilitate the grid meshing, small deviations would also be introduced to the flow simulation. Except for these slight differences, the flow characteristics predicted by the numerical method agreed well with the experimental data. This revealed that the CFD results obtained in this paper performed well in capturing the major characteristics and key details of the flow conditions inside the radial inlet chambers, which ensured an acceptable accuracy for the numerical flow analysis.



For the CFD results of the compressor stage, a performance comparison between the numerical simulation and the model test was made under different operating conditions at the design’s rotational speed. The predicted and measured performance parameters of the compressor stage (from 0 to out) are shown in Figure 7. The mass flow was dimensionless by the design’s flow rate, and the total pressure ratio  ε  and polytropic efficiency  η  are calculated as follows [42]:


   ε  0 − o u t   =  p  t , o u t   /  p  t , 0    



(5)






   η  0 − o u t   =  κ  κ − 1   ⋅   ln (  p  t , o u t   /  p  t , 0   )   ln (  T  t , o u t   /  T  t , 0   )    



(6)







It can be clearly seen that the trend of the compressor performance curves obtained by the numerical simulation agreed well with the experimental data. For the whole compressor stage, the differences between the numerical and experimental results were less than 3% under most of the operating conditions. This further validates the reliability of the numerical method and computational results in the present research.






3. Flow Analysis


The flow characteristics inside the radial inlet chamber were analyzed at the design conditions. The exit of the radial inlet chamber (i.e., 0 in Figure 1) was a key section analyzed in this paper, since the flow condition here is an important factor affecting the performance of the downstream components. Figure 8 shows the flow distributions of this section of the radial inlet chambers with and without guide vanes, including the Mach numbers, velocity vectors and total pressure contours. This revealed that a pair of vortices opposite to each other were captured on the left side of this section, and the distributions of the Mach numbers and total pressure in the two schemes had the same trends from the left to the right.



The numerical results of the scheme without guide vanes in Figure 8a reveal a low-pressure and low-speed separation area on the side, close to the intake channel of the radial inlet chamber. When the guide vanes were arranged in the annular convergent channel, this flow separation disappeared, as shown in in Figure 8b, and instead, two vortices of a larger size were clearly observed in this area. This was mainly because when the high-speed airflow from the intake channel turned 90° in the axial direction, it impacted the guide vanes and slowed down, which greatly weakened the flow separation caused by the 90 degree turning. Meanwhile, the flow impacting on the leading edges of the guide vanes induced extra separations and wake flows, resulting in more obvious vortices downstream of the 90 degree turning at the exit.



The three-dimensional streamlines of the radial inlet chambers are shown in Figure 9. It can be found that, when the impeller was absent, the flow field was symmetric with respect to the X-Z plane. According to the streamlines, the fully developed incoming flow from the intake channel entered the spiral channel and was divided into different paths. Part of the airflow kept the direction almost unchanged and flowed into the annular convergent channel along the shortest path, while the rest of the fluid expanded at the spiral channel inlet and generated two pairs of sudden expansion vortices on both sides, which continued to develop toward the downstream. When the airflow turned 90° to the convergent channel, flow separations were easier to form at the inner radius due to the large curvature. As the fluid flowed along the tangential direction in the spiral channel, it was guided by the convergent structure of the bottom walls in the radial inlet chamber and was gradually redirected into the annular convergent channel without generating more separations. It can be found that the flow separations and vortices were mainly formed in the spiral channel and the convergent channel, which were the major causes of the flow loss in the radial inlet chambers.



In order to further analyze the flow mechanism, detailed distributions of the vorticity and entropy in the middle section of the spiral and annular convergent channels are provided in Figure 10. In the inlet chamber without guide vanes, it was observed that the entropy productions mainly occurred on both sides of the spiral channel and the 90 degree turning of the convergent channel where a high vorticity magnitude appeared, while the entropy was quite low on the upper side close to the intake channel due to the low vorticity magnitude in this area. This resulted in uneven flow distributions along the circumferential direction, which would deteriorate the flow condition in the downstream compressor. Therefore, guide vanes were employed to reduce the unevenness at the exit of the radial inlet chamber. However, as shown in Figure 10b, severe flow impacts, separations and wakes were induced by the blunt leading edge and thickness of the guide vanes, and the vorticities greatly increased in the annular convergent channel, leading to a higher entropy production. This implies that these wake flows had significantly enhanced the aerodynamic loss downstream of the guide vanes, especially on the side close to the entrance, and the uniformity of the flow parameters at the exit of the chamber was also greatly affected.



In summation, in the scheme without guide vanes, the performance of the radial inlet chamber was mainly influenced by the sudden expansion and tangential flows in the spiral channel, as well as the flow separation at the 90° turning in the annular convergent channel. On the other hand, using the guide vanes would introduce additional flow impacts, separations and wakes, which further increased the flow loss in the radial inlet chamber.




4. Performance Improvement and Downstream Effects


According to the flow analysis, the flow loss and unevenness of the radial inlet chamber were mainly generated in the spiral channel and annular convergent channel. Therefore, the major geometric parameters of the relevant structures were selected and optimized in this section, including the radius rc and width be of the spiral channel, the intersecting width we of the intake and spiral channels and the inlet width bI of the annular convergent channel. Besides that, the structure of the intake channel was modified accordingly to make the flow passage from the entrance to the spiral channel smoothly connected. The purpose of the improvement in design was to reduce the flow loss, improve the internal flow conditions and achieve better performance from the radial inlet chamber by rearranging the flow area and the local flow rate at the key sections. The detailed geometric parameters of the improved geometry are listed in Table 4.



4.1. Performance of the Radial Inlet Chamber


Figure 11 shows a comparison of the flow conditions in the original and improved radial inlet chambers under the design conditions. It can be clearly seen that as the geometric parameters rc, be and we increased, entropy production inside the entire inlet chamber was significantly reduced. Owing to the modifications on the intersection of the intake and spiral channels, the sudden expansion vortices were effectively suppressed at the inlet of the spiral channel, the size and strength of which were significantly reduced together with their influence on the downstream flow. In addition, on the other side of the spiral channel away from the intake, the bottom vortices generated by the improved inlet chamber were also weakened with a lower entropy. Therefore, the flow condition inside the optimized radial inlet chamber was improved, and the flow loss was significantly reduced.



Detailed distributions of the Mach numbers and entropy at the exit of the spiral channel in the original and improved radial inlet chambers are shown in Figure 12. Compared with the flow pattern in the original one, the average flow speed in the improved structure greatly decreased, and the circumferential flow uniformity of this section increased. Meanwhile, entropy production in the improved spiral channel was much smaller, especially on the right side of this section. This indicates that the modification of the inlet chamber had significantly reduced the flow loss in the spiral channel—especially at the bottom of the radial inlet chamber away from the intake—and improved the performance of the inlet chamber accordingly. The performance parameters of the original and improved radial inlet chambers have been compared in Table 5.



In addition, comparisons of the performance parameters under different operating conditions were also performed, as is shown in Figure 13. According to the performance curves of each radial inlet chamber, the total pressure loss coefficient decreased with the increase of the flow rate, and the efficiency of the inlet chamber increased accordingly. Furthermore, it can be clearly observed that the total pressure loss in the improved inlet chamber was significantly reduced under different operating conditions, and the corresponding efficiency was improved as well. By means of the improvement in this paper, the efficiency of the radial inlet chamber increased by 4.97% on average in the entire operating range, and the flow loss decreased by an average of more than 60%, achieving the purpose of improving the performance of the radial inlet chamber itself.




4.2. Effects on Downstream Components


In order to investigate the influence of structure modification on the downstream components, all the compressor stages with the improved and original inlet chambers were numerically analyzed and compared under the design conditions, as shown in Table 6. It was found that, although the efficiency of the inlet chamber itself increased by 5% after the modification, the performance of the entire compressor stage almost remained unchanged, even being slightly lower than that of the original stage. According to the comparison, the decrease in the impeller’s efficiency was the main reason for the performance decrease of the stage with the improved inlet chamber. As is well known, impellers are the only working component in the compressors, and the impeller in the first stage generally operates with a medium or high-pressure ratio, which is crucial for the working capacity and performance of the whole machine. Therefore, besides the performance of the inlet chamber, the flow condition at the impeller inlet is also important for the performance of downstream components and the entire compressor.



Figure 14 shows the distributions of the major flow parameters at the impeller inlet, which is also the exit of the inlet chamber, including the total pressure, velocity magnitude and the tangential component of the velocity. It was found that, according to the improvement in the present study, not only the performance of the radial inlet chamber but also the uniformity of the flow condition at the impeller inlet was improved. In the original structure, a high pressure and high speed appeared in the region close to the intake channel, while a low total pressure with low speed occurred on the side away from the intake. In the results of the improved structure, high total pressures were evenly distributed at the impeller inlet, the unevenness of the velocity distribution almost disappeared in the circumferential direction, and the regions with greater tangential velocities were also stretched and weakened in this section. This indicates that part of the airflow which directly turned 90° to the annular convergent channel in the original structure was turned to the other side along the tangential direction of the spiral channel, realizing the redistribution of the flow rate inside the radial inlet chamber.



Generally, it was considered that an important reason for the performance decrease of the compressor stage with the radial inlet chamber was the non-uniformity of the flow distributions, since it was deviated from the ideal design condition of the impeller, which required an axial and uniform incoming flow. Although the structure modification in the present study improved the performance of the radial inlet chamber and increased the flow uniformity at the impeller inlet, the impeller efficiency was not improved. According to the flow distributions in Figure 14, it can be observed that the distributions of the total pressure and velocity magnitude in the improved scheme were closer to the axial inlet condition, and the distribution of the tangential velocity at the impeller inlet might be an essential factor for the whole compressor’s efficiency. The values of the positive and negative tangential velocities at the exit of the original inlet chamber were greater, but the circumferential range influenced by the positive tangential velocity was relatively concentrated, accounting for around 25% of the area. However, although the absolute values of the tangential velocities were reduced by more than 50% in the improved scheme, the area influenced by the positive tangential velocity accounted for over 60% of the area. This implies that more flow passages of the impeller were affected by the positive tangential velocities. When the tangential component of the velocity vector was consistent with the rotation direction of impeller (i.e., Vθ > 0), flow separations were prone to occur on the pressure side of the blades, leading to a decrease in the working capacity of the impeller. The most probable reason for the increased circumferential range influenced by the positive tangential velocities is that the reduction of sudden expansions at the inlet of the spiral channel resulted in an increase of the tangential flow in the improved structure. Besides that, the airflow with a decreased velocity was more likely to be affected by the rotation of the downstream impeller, which further promoted the generation of positive tangential velocities. Therefore, it can be concluded that, for the improvement of a compressor stage with a radial inlet chamber, not only the performance of inlet chamber itself but also the uniformity of the flow condition at the impeller inlet should be considered, especially the positive tangential velocity, which is essential for the impeller’s efficiency.





5. Conclusions


In this paper, the flow conditions inside the radial inlet chamber of an industrial centrifugal compressor stage were numerically investigated and improved by a new design. The purpose of the improved design is to reduce the flow loss and entropy production, improve the internal flow conditions and achieve better performance of the radial inlet chamber. The main measure was to rearrange the circumferential flow area and reduce the local flow rate at the key parts by modifying the major geometric parameters related to the spiral and annular convergent channels. In addition, increasing the intersection area and modifying the connection of the intake and spiral channels successfully suppressed the sudden expansion in the inlet chamber and its influence on the downstream flow. The results indicate that the improvement discussed in the present study can significantly reduce the total pressure loss and entropy production, increase the efficiency of the radial inlet chamber by an average of 4.97% over different operating conditions and enhance the uniformity of the flow distributions at the impeller inlet.



However, the improvement study also revealed that the increases in the performance and overall flow uniformity of the radial inlet chamber itself did not necessarily mean a performance improvement in the downstream components, and the distribution of the positive tangential velocity at the impeller inlet might be a more essential factor for the whole compressor’s efficiency. For further improvement of the compressor stage with a radial inlet chamber, partial guide vanes with an optimized profile are recommended to control the positive tangential velocity at certain positions without greatly increasing the flow loss.
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Nomenclature








	D
	Diameter (m)



	Ma
	Mach number



	Q
	Volume flow rate (m3·s−1)



	T
	Temperature (K)



	p
	Pressure (Pa)



	U
	Peripheral speed/m·s−1



	V
	Velocity (m·s−1)



	ε
	Total pressure ratio



	η
	Efficiency



	κ
	Isentropic exponent



	ξ
	Total pressure loss coefficient



	ρ
	Density (kg·m−3)



	Subscript
	



	in
	Stage inlet



	ic
	Inlet chamber



	out
	Stage outlet



	s
	Static condition



	t
	Total condition



	θ
	Tangential component



	0
	Impeller inlet



	2
	Impeller outlet
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Figure 1. Schematic diagram of the radial inlet chamber and the compressor stage. 
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Figure 2. Computational models for flow analysis and the downstream effects of the radial inlet chamber. 
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Figure 3. Variations of the flow and performance parameters with the grid number. 
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Figure 4. Computational grids for different components of the computational fluid dynamics (CFD) models. 
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Figure 5. y+ distributions of the computational grids. 
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Figure 6. Comparison of the measured and simulated Mach numbers in the radial inlet chamber. (a) Results for the inlet section. (b) Results for the interface of the intake and spiral channels. 
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Figure 7. Comparison of the numerical and experimental performances for the compressor stage. 
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Figure 8. Flow distributions at the exit of the radial inlet chamber (a) without guide vanes and (b) with guide vanes. 
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Figure 9. Three-dimensional streamlines inside the radial inlet chambers. 
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Figure 10. Flow conditions inside the spiral and annular convergence channels (a) without guide vanes and (b) with guide vanes. 
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Figure 11. 3D flow conditions in the original and improved radial inlet chambers. 
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Figure 12. Flow conditions at the exit of the spiral channel. (a) Comparison of Mach numbers. (b) Comparison of entropy. 
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Figure 13. Performance comparison of the radial inlet chambers under different conditions. 






Figure 13. Performance comparison of the radial inlet chambers under different conditions.



[image: Applsci 11 02168 g013]







[image: Applsci 11 02168 g014 550] 





Figure 14. Flow contours at the impeller inlet. (a) Comparison of total pressures. (b) Comparison of velocity magnitudes. (c) Comparison of tangential velocities. 
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Table 1. Major geometric parameters of the radial inlet chamber and the compressor stage.
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	Radial Inlet Chamber
	Size
	Compressor Stage
	Size





	Inlet diameter Din
	460 mm
	Inlet diameter of impeller D0
	298 mm



	Intersecting width we
	590 mm
	Outlet diameter of impeller D2
	400 mm



	Width of spiral channel be
	220 mm
	Outlet width of impeller b2
	40 mm



	Radius of spiral channel rc
	480 mm
	Number of impeller blades Z
	17



	Inlet width of annular channel bI
	110 mm
	Outlet diameter of diffuser D4
	641 mm



	Inlet diameter of annular channel DI
	440 mm
	Outlet width of diffuse b4
	37.3 mm
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Table 2. Verification schemes for the convergence study.






Table 2. Verification schemes for the convergence study.





	No.
	Inlet Pipe
	Radial Inlet Chamber
	Guide Vanes
	Outlet Pipe
	Total Grid Number





	1
	1.4 × 105
	5.8 × 105
	6.0 × 105
	5.1 × 105
	1.8 × 106



	2
	2.2 × 105
	8.9 × 105
	9.0 × 105
	8.1 × 105
	2.8 × 106



	3
	3.1 × 105
	1.2 × 106
	1.2 × 106
	1.1 × 106
	3.8 × 106



	4
	4.5 × 105
	1.8 × 106
	1.7 × 106
	1.6 × 106
	5.6 × 106



	5
	6.2 × 105
	2.5 × 106
	2.4 × 106
	2.2 × 106
	7.7 × 106



	6
	9.1 × 105
	3.5 × 106
	3.4 × 106
	3.3 × 106
	1.1 × 107



	7
	1.2 × 106
	4.7 × 106
	4.6 × 106
	4.3 × 106
	1.5 × 107
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Table 3. Grid quality of the computational models.
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	Item
	Radial Inlet Chamber
	Guide Vanes
	Compressor Stage
	Recommended Value [40,41]





	Minimum orthogonality
	34.3°
	33.2°
	21.3°
	>10°



	Maximum aspect ratio
	750
	408.9
	839
	<5000



	Maximum expansion ratio
	1.51
	1.91
	3.84
	<5
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Table 4. Geometric parameters of the improved radial inlet chamber.
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	Item
	Size





	Inlet diameter of intake channel Din
	460 mm



	Intersecting width of intake and spiral channels we
	996 mm



	Width of spiral channel be
	330 mm



	Radius of spiral channel rc
	576 mm



	Inlet width of annular convergent channel bI
	220 mm



	Inlet diameter of annular convergent channel DI
	440 mm










[image: Table] 





Table 5. Performance comparison of the original and improved radial inlet chambers.
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	Performance of the Inlet Chamber
	Original
	Improved





	Efficiency    η  i c    
	89.83%
	94.86%



	Total pressure loss coefficient    ξ  i c    
	1.1681
	0.4472
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Table 6. Performance comparison of the compressor stages with different inlet chambers.
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	Performance Parameter
	Original
	Improved





	Stage efficiency    η  i n − o u t    
	80.38%
	79.79%



	Impeller efficiency    η  0 − 2    
	95.27%
	93.36%



	Total pressure ratio    ε  i n − o u t    
	1.2578
	1.2561
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