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Abstract

:

The design features of a centrifugal compressor must guarantee high performance and a wide operating range. The ported shroud was developed specifically to extend the operating limit. It is a passive flow control device based on a cavity for flow recirculation to avoid blade passage blocking in near surge conditions. A CFD simulation campaign using a simplified model identified the differences in the performance of the centrifugal compressor with ported shroud, compared to the baseline case. The use of a stability criterion to determine the limit mass flow rate, developed in a previous study by the authors, highlighted and quantified the extension of the surge margin in the case with ported shroud for different rotational speeds. An increase in the surge margin of 11% was detected at design speed, but with a lower trend at higher speeds. An in-depth flow analysis showed the main physical mechanisms in the compressor that occur for different operating conditions: at near surge conditions the cavity recirculates the low momentum flow located in the inducer region; it re-energizes the mainstream decreasing the circumferential velocity component; an improvement of up to 7% of the pressure ratio was obtained. Instead, at best efficiency conditions the flow recirculation worsens the performance by reducing the flow incidence at the rotor leading edge. Finally, using unsteady simulations with a complete 3D model and with the application of the stability criterion it was possible to confirm that the ported shroud can effectively extend the operating range.
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1. Introduction


Centrifugal compressors are increasingly used due to their intrinsic ability of achieving high-pressure ratios, despite their small size. They are widely used in various applications, from industrial (to supply compressed air, cooling systems, natural gas, or process fluid) to automotive. In this latter sector, centrifugal compressors have become an important technology not only to increase the engine performance, but also for the downsizing strategies, to reduce carbon emissions [1,2]. Radial compressors for turbocharging require a wide operating range, which is limited by two distinct phenomena: the choking at high mass flow rate and the surge at low mass flow rate. The surge phenomenon induces strong mass flow oscillations and pressure fluctuations that can cause severe damage to the compressor and to the entire system. These unstable conditions must be absolutely avoided, and a large surge margin is a design strategy with increasing importance.



There are two main approaches to increase the operating range of a centrifugal compressor: active or passive flow control devices. The former method uses add-ons or actuation devices; among them are the variable inlet guide vanes [3,4,5]. The latter method induces changes in the flow structure. The passive control system includes casing treatment (such as ported shroud [6,7,8]), inducer casing bleed system [9], and internal recirculation or ring groove arrangements [10]. In modern automotive turbochargers, it is common practice to install the ported shroud due to its low production cost and simplicity of the design; this device was initially proposed by Fisher in 1988 [11]. It consists of an axisymmetric cavity that connects a portion of the impeller with the adduction duct. The cavity of the ported shroud is usually designed with a U- or L-like shape. Its operating principle consists of forcing the low momentum flow, in the inducer region at low mass flow rate, to be ingested and recirculated into the cavity. This flow is re-injected into an upstream section, where it mixes with the main flow. In this way, the incoming stream to the rotor inducer is re-energized with a reduction in the low momentum flow, that otherwise would partially obstruct the inducer area [12]. With the above strategy, the surge condition can be shifted to a lower mass flow. On the other hand, the performance can decrease for certain conditions far from surge due to the cavity flow. Numerous scientific works have been focused on the study and optimization of the ported shroud strategy. Several researchers confirmed that the benefit of this device, in terms of extension of the surge margin, is due to the considerable amount of swirl in the same direction of the rotor produced by the recirculated flow at the impeller inducer [13]. Other authors believed that it is more effective to introduce a counter swirl through the installation of vanes into the cavity, to control the recirculating flow, extending the surge margin without excessive efficiency penalty [14]. Tamaki [15,16] installed a guide vane inside the recirculation cavity on a high-pressure turbocharger and achieved a significant improvement in the surge margin. Nikpour [17] worked on optimizing the ported shroud geometry, in particular by analyzing the slot positions, the passage area, and the cavity length. Xiao et al. [18] studied different slot positions and found that moving the cavity opening further upstream to the impeller can reduce the worsening of the compressor efficiency, but it reduces the surge margin extension due to a lower mass flow rate into the cavity. Sivagnanasundaram et al. [9] studied the effect of the cavity width on the shroud of the impeller, demonstrating that a width increase extends the surge margin, with a worsening of the compressor stage efficiency. Kanzaka et al. [19] analyzed the number of struts and verified a more uniform axial velocity distribution along the span. Intensive experimental campaigns to investigate surge phenomena, on a specific circuit, have been also undertaken both without [20,21] and with ported shroud [22,23]. Moreover, the ported shroud has been analyzed to understand its acoustic characteristics near surge [24] and at design conditions [25].



CFD techniques are currently used for the design and flow analysis of turbomachinery, even with fully 3D stage configuration. Complete, fully 3D unsteady analysis can be performed to study the component coupling near surge conditions [26] or to simulate a complete surge cycle [27]. The same authors performed unsteady simulations at near surge conditions in centrifugal compressors with vaned diffusers [28]. In previous works, the authors have developed different criteria to predict the limit mass flow rate at surge conditions by using a simple and efficient CFD 3D approach during the design and development phase of a compressor stage. Both vaned [27] and vaneless diffusers [29,30] have been considered.



In this paper, with the use of a specific CFD model, the differences in the performance of a centrifugal compressor with ported shroud compared to a baseline case are investigated. The model was validated by comparing the numerical characteristic curve with available experimental data. Then, a simulation campaign carried out for different rotational speed showed the strengths and the weaknesses of the ported shroud solution [31]. Through the application of the critical angle stability criterion, to determine the limit mass flow rate (previously developed by the authors in centrifugal compressors with a vaneless diffuser [30]) it was possible to detect the extension of the surge margin in the ported shroud case. In addition, the main differences in performance were explained by analyzing the flow structure in the stage for the two configurations at best efficiency and at near surge operating points. The cavity behavior and the characteristics of the recirculated flow are also discussed. Fully 3D unsteady CFD simulation was carried out in order to confirm the effective extension of the operating range predicted by the previous stability criterion coupled to a simple CFD model.




2. Materials and Methods


2.1. Reference Centrifugal Compressor with Ported Shroud Geometry


The machine studied in this paper is a small size centrifugal compressor with ported shroud for turbocharging automotive applications. Since the compressor is proprietary and covered by a non-disclosure agreement, the geometric data are provided in non-dimensional form with respect to the inlet diffuser radius and some numerical data are expressed in corrected form (referred to the corresponding design value) or omitted. The compressor with vaneless diffuser is equipped with six main blades and six splitter blades; both are backswept. Table 1 reports the main non-dimensional geometric ratios of the configuration while Figure 1 shows a sketch of the compressor including all components, i.e., adduction, impeller, diffuser, volute, and ported shroud (the labels define the geometrical data of Table 1).




2.2. CFD Model


The CFD simulations was carried out using mainly two numerical models: the Simple + Volute and the Fully 3D unsteady. The commercial Ansys CFX software was used to solve the Reynolds Averaged Navier–Stokes equations.



2.2.1. Simple + Volute Model


This model was designed to be efficient from a computational point of view to be routinely used in the design phase or to simulate the performance maps in a large dataset of operating conditions. It was tuned and validated from previous research activities [27,28] to simulate the compressor stage performance. It consists of a sector of the adduction channel, a single impeller channel (with a main blade and splitter blade), a single diffuser channel, and the volute with an outlet duct. The ported shroud was added with an angular portion equal to that of the stage (60° from the number of main blades). Figure 2 shows the mesh of the single stage.



The stage was meshed with Ansys Turbogrid software using a structured mesh with hexahedral elements using the ATM optimized topology. The ported shroud (Figure 3) and the volute (Figure 4) were discretized with an unstructured grid using ICEM CFD from the Ansys CFD platform. Special attention was given to the grid clustering at the walls of each component, in order to ensure a Y+ value lower than unity. At least 48 cells in the blade spanwise direction were used to model the blade with a tip clearance gap. Ten prismatic layers were created in the unstructured grids to solve the boundary layer; a cell size range between 2.0 and 0.1 mm in high curvature regions was used for the tetrahedral elements. The global mesh of the model consists of about 7.1 million cells: 2.16 Mcells for the stage, 1.05 Mcells for the ported shroud portion, and 4.7 Mcells for the volute.



The mesh sensitivity analysis was carried out to select the mesh that predicts a performance variation less than 1% with respect to finer meshes. This sensitivity analysis was performed using the mesh parameters used in previous works for the compressor stage [27,28,29,30]. Here, only a specific grid sensitivity was performed for the additional component, i.e., the ported shroud, where three different grids with different global mesh sizes were tested. In Table 2, the total pressure difference between section A–B and the mass flow rate into the cavity (MRF), for a near surge condition (OP2), are reported for the different grids. The configuration M2 with 1.05 million cells is the most adequate to be used as the reference (negligible variations with finer meshes).



The turbulence model adopted was the k-ω SST, which is a combination of the k-ε and k-ω turbulence models; the former model is used for the free stream flow and the latter is used for modeling near wall turbulence. A local Y+ value lower than one was always obtained using the abovementioned meshes. Mathematical blending functions were employed to switch between models without user interaction [32]. The SST has been frequently applied to model centrifugal compressor flows recently as it provides good predictions of the flow field and compressor performance over a broad range of operating conditions [33]. The total energy model was activated to solve the energy equation written in terms of enthalpy. The following boundary conditions were imposed: at the inlet the total pressure, the total temperature and a turbulence intensity of 5% were set; at the volute outlet the mass flow rate condition was set, except for the near choking conditions where the static pressure was used. The adduction–impeller and impeller–diffuser interfaces were modeled with the mixing plane, as well as the interface between the diffuser and the volute (with a specified pitch angle of 60°–360°). The ported shroud was coupled to the rotating domain (downstream interface) with a frozen rotor interface and a specified pitch angle of 60° on both sides, by using the “not-overlap option” to specify the counter-rotating condition for the impeller shroud. Here, the meshes of the two domains do not face each other; the upstream interface between the adduction duct and the cavity was set up as a simple GGI fluid–fluid interface. Finally, the periodicity condition was set on the side surfaces of the stage and of the ported shroud portion, while the remaining walls were modeled as adiabatic no-slip, with the exception of the upstream hub, which was set as an inviscid wall. All the equations were solved with second order numerical schemes and steady simulations were performed using this model. The experience gained using the proposed simple CFD model is that the numerical instabilities arise at a mass flow rate value lower than the one of the actual stability limit (frequently with a large margin) [27]. This unique aspect is essential for the application of the stability criteria.




2.2.2. Fully 3D Unsteady Model


This model is representative of the complete geometry of the centrifugal compressor. In addition to the volute, in this case both the stage (adduction, impeller, and diffuser) and the ported shroud have an angular extension of 360°. For this reason, the grids of these components were replicated with a global mesh of 24 million cells. This model clearly requires higher computational resources, but it can simulate the actual flow interaction between the stage components. The same boundary conditions were adopted as in the previous model, with the exception of the interfaces between the rotor and stator domains that were set as frozen rotor (in the steady run for the initialization) and stator-rotor for the unsteady runs. In this case, the interface between the diffuser and the volute was modeled as a GGI fluid–fluid interface because the diffuser extension was also 360°. A timestep of 9.5 × 10−6 s was set that gives an angular resolution of the blade passage equal to 7.5 degrees. The unsteady simulations satisfy the CFL condition and they were stopped only after reaching a periodic behavior in the main monitored quantities.





2.3. Validation


A validation activity of the CFD model adopted for the main analysis, i.e., the Simple + Volute model, was performed. The performance curves from the CFD results of the compressor with ported shroud were compared to the available experimental data from the supplier test rig. This comparison is reported in Figure 5, for the design rotational speed. The total-to-total pressure ratio was plotted versus a corrected mass flow rate (mass flow rate divided by a reference mass flow).



The CFD model perfectly captures the trend with the slope change in the pressure ratio measured experimentally. The numerical curve slightly overestimates the performance and a maximum deviation of 3.5% was detected. The simplified model was considered reliable for the analysis of the performance and flow structure inside the compressor.





3. Results


In this section, the performance comparison with and without the ported shroud is discussed and then a detailed flow analysis shows the main differences in the two configurations, by starting from the flow inside the cavity and then the main effect on the mainstream at the rotor leading edge. The advantage of a wider operating range in the ported shroud was determined through the use of a stability criterion, previously developed by the authors, initially applied to the simplified model and then to the unsteady model, in order to confirm the effectiveness of the additional device and to validate the approach.



3.1. Performance Comparison between the Compressor with Ported Shroud and Baseline


In this section, the performance maps of the centrifugal compressor with ported shroud are compared to those of the baseline case, at different rotational speeds. In Figure 6 and Figure 7, the curves of the pressure ratio and the isentropic total to total efficiency are, respectively, shown. In Figure 6, the main operating points used for the following detailed flow analysis are highlighted. The curves were calculated according to Equations (1) and (2), using the inlet adduction duct (section 0) and the volute outlet (section 6) reference sections [34]:
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It can be noted that, for each speed line, there is a lower pressure ratio in the ported shroud case for the operating points with higher mass flow rate (from best efficiency to the choking). On the contrary, for lower mass flow rate (from best efficiency to surge), the behavior is opposite; the pressure ratio is higher in the ported shroud case. This advantage tends to grow by increasing the rotational speed, as reported in Figure 6, where the two curves at Ncor = 1.34 deviate by 7%. A reduction for the isentropic efficiency is observed with ported shroud with respect to the baseline for all operating conditions and for all rotational speeds. This efficiency loss tends to increase as the rotational speed increases (especially at best efficiency, where a reduction of over 5% has been observed). The main advantage from the ported shroud is the extension of the operating range. In fact, the ported shroud allows the compressor to be stable for lower mass flow rates with respect to baseline. To evaluate the extent of the operating range, the following equation was adopted, which measures the surge margin increase for the ported shroud case [34]:
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An increase in the surge margin of about 11% at Ncor = 1.0, and 9% at Ncor = 1.17 for the PS configuration is predicted while no extension at Ncor = 1.34 is evident. However, regarding near surge, for the highest regime, the pressure ratio has increased while the efficiency has slightly worsened. In the previous performance maps, the minimum mass flow rate for each speed line was determined using the stability criterion of the critical angle at the diffuser inlet, developed for the baseline case [29]. The application of the criterion is discussed in the following parts.




3.2. Flow Dynamic Analysis


To understand the differences identified in the performance of the ported shroud configuration compared to the baseline, an in-depth flow dynamic analysis was carried out. The physical mechanism for the ported shroud effects to extend the operating range can be discussed. This analysis was performed at the design rotational speed, for different operating conditions, using the simplified CFD model (Section 2.2.1).



3.2.1. The Cavity


The flow analysis was primarily focused on the cavity, in order to understand its flow characteristics, for different operating conditions. Figure 8 shows the streamlines in the meridional plane for the configurations with and without ported shroud at different operating conditions.



For the operating conditions towards choking, the streamlines in the main channel are perfectly parallel, without recirculation zones; on the contrary, when mass flow rate is reduced, there is a recirculation zone near the leading edge of the impeller towards the shroud, which increases especially in the baseline case. This low momentum region is smaller with ported shroud and this ensures a larger clean flow zone in the main channel. The function of the ported shroud is, therefore, to suck the low momentum zone from downstream to upstream. The mass flow rate inside the cavity increases by decreasing the operating mass flow conditions due to the increase in the swirling area that can be recirculated. Figure 9 shows that the mass flow rate trend though the cavity (expressed in terms of ratio) supports this aspect at different operating conditions.



The positive values represent the recirculation of the flow from downstream into the cavity (which increases towards the surge) and the negative values represent the by-pass condition of the fluid, which flows though the cavity from upstream to downstream (toward choking). The recirculation or by-pass condition in the cavity is controlled by the total pressure difference between the cavity sections A and B. Figure 10 reports the trend of the total pressure in those sections, as the compressor mass flow rate changes.



It can be noted that the total pressure values in the section A are almost always above the respective values in section B. Only for the highest mass flow rate the curves cross and the trend is opposite; in this condition (choking) there is the by-pass of the flow, while for all the other conditions there is flow recirculation from downstream to upstream through the cavity. Towards surge, the difference between the two curves and the total pressure difference between the two sections tends to increase; this difference is the main cause for the increase in the recirculating flow into the cavity, as the operating mass flow decreases. Figure 11 shows the total pressure contours with superimposed velocity vectors inside the cavity at the best efficiency condition OP1 (under) and at near surge OP2 (above).



The cavity tends to be effective near surge with a more organized flow, which better exploits the entire passage area. On the other hand, at best efficiency, the cavity has various recirculating zones inside. It is evident how, near surge, the flow collects in the upper part of the cavity and tends to continue its reverse path even to the upstream section A; this flow has a strong tangential component. On the contrary, at best efficiency, the flow quantity decreases, by reaching section A with a lower momentum and a lower tangential component; it leaves section A with the same tangential direction as the main stream in the compressor. Table 3 reports the main flow characteristics at section A for the two operating conditions (OP1 and OP2).



The structure of the flow that exits the cavity is responsible for the main fluid dynamics changes into the mainstream flow as discussed in the following section.




3.2.2. Flow Analysis at the Impeller Leading Edge


In this part, the main differences in the flow structure of the main channel, focusing on the impeller leading edge area, are discussed. The analysis was completed at best efficiency (OP1) and near surge (OP2). The hub-to-shroud distributions of the meridional velocity at the leading edge (Figure 12) and the contours of the relative Mach number in the impeller meridional plane (Figure 13) for the operating condition OP2 are reported for both baseline and with ported shroud.



It is clear that, in comparison to the baseline case, the recirculation zone (negative velocity) at the leading edge is eliminated in the PS case. The low momentum flow (blue color) recirculates into the cavity and it is reintroduced into the main channel in an upstream area (see Table 3). In this zone, the two streams mix causing a re-energization of the stream in the main channel and a higher relative Mach near the blade tip. This mixing also causes a variation in the tangential velocity, with a decrease in its absolute value. To confirm this, Figure 14 shows the hub-to-shroud distributions of the relative circumferential velocity at the leading edge for the ported shroud and baseline configurations, at near surge conditions.



The variation in the relative circumferential velocity affects the relative flow angle and consequently the flow incidence on the impeller. For this reason, Figure 15 reports the comparison between the two configurations (with and without ported shroud) of the hub-to-shroud distribution of the relative flow angle at the leading edge, at near surge.



It is clear that with ported shroud a larger span portion of the blade can work efficiently with respect to the baseline case; there is a reduced portion of incoming flow stalled. This is the main mechanism that leads to the stability limit extension in the ported shroud case, allowing the compressor to operate in a stable condition at or a lower mass flow rate. For the best efficiency condition, a recirculating flow from the cavity is also observed, even if smaller. This flow has a certain tangential component (see Table 3), which mixes in a similar way to the near surge condition, causing a variation in the flow direction. Figure 16 shows the comparison between the configuration with and without ported shroud of the hub-to-shroud distributions of the relative circumferential velocity at the leading edge, at the best efficiency condition.



Additionally, for this condition, the flow incidence is reduced with the ported shroud. This reduction, that occurs in the channel area at higher span, is evident in Figure 17, where the hub-to-shroud distributions of the relative flow angle at the leading edge for the two configurations at best efficiency are reported.



This causes a performance decrease, as previously observed in Figure 6 and Figure 7. Therefore, if towards surge the flow incidence variation is responsible for the extension of the stable operation of the compressor, at best efficiency this variation in the tip region is an undesirable effect.





3.3. Stability Criteria


The operating point at minimum mass flow rate can be predicted using the criterion of the critical angle at the diffuser inlet. To identify the stability limit in configurations with and without ported shroud, the hub-to-shroud distribution of the absolute flow angle at the diffuser inlet was analyzed. It is necessary to quantify the percentage of span (defined with the S parameter) that exceeds the critical value of the angle defined by the Senoo–Kobayashi equation [35]. As long as this parameter is lower than the critical value Scritic = 20, a stable operating condition corresponds to that mass flow rate, while a mass flow rate above this critical value corresponds an unstable operating point [30]. Using this procedure, the minimum mass flow rate of each iso-speed in the performance map of Figure 6 and Figure 7 can be identified, and it is the last with S < 20. Figure 18 shows the trend of parameter S (with or without ported shroud) as the mass flow rate varies, for different rotational speeds; the reference critical condition is marked in green.



From these trends is clear that for Ncor = 1.0 and 1.17, the ported shroud curves are always below the baseline ones; therefore, the critical value Scritic = 20 is reached at a lower mass flow rate. This confirms that the ported shroud is effective in the operating range extension for the compressor. On the other hand, at the highest rotational speed (Ncor = 1.34), the two configurations have a similar trend for S with no evident effect of the ported shroud. It is confirmed that the ported shroud is less effective at higher speeds; for these regimes, other factors come into play to trigger instability in the compressor, such as the volute peripheral counter pressure [29].



Other criteria were also developed to identify the stable operating points in centrifugal compressors [30]. The diffusion ratio DRi, focused on the impeller, considers the trend for the ratio of the relative velocity between the trailing edge and the impeller inlet versus the mass flow rate. The limit condition is reached when the ratio is lower than 0.80. Figure 19 shows the trend of the diffusion ratio with the mass flow rate, at the design rotational speed Ncor = 1.0, with and without ported shroud.



The stabilizing effect of the ported shroud on the entire compressor is evident: the values for the ported shroud case are higher than for the baseline at the lowest mass flow rate. The critical value DRi = 0.80 (in green) is reached in the baseline case and not with ported shroud.




3.4. Unsteady Analysis


The aim was to verify if the operating point OP3 (condition of minimum mass flow rate for the design iso-speed) is actually stable with ported shroud, as predicted by the critical angle criterion with steady analysis and simplified CFD model. The baseline case, on the other hand, is not stable at this operating condition. To do this, an unsteady simulation was carried out with the fully 3D model according to the settings discussed in Section 2.2.2. The critical angle criterion was then applied to the unsteady data with post-processing operation. Being far from the best efficiency condition, the periodicity of the monitors in the simulation was obtained after about 20 complete revolutions of the impeller. Figure 20 shows the hub-to-shroud distribution of the absolute flow angle at the diffuser inlet; only four different time instants were considered (corresponding to different rotor blade positions) for brevity.



It can be observed that the flow angle exceeds the critical Senoo value only in one instant (time instant t3) and with a very limited span extension; the distributions for the other instants are below the critical value.



The same unsteady analysis for the operating condition OP3 was carried out for the baseline case. In Figure 21, the hub-to-shroud distribution of the absolute flow angle at the diffuser inlet at different instants is reported for the same OP3.



It is evident that the critical angle criterion is violated for the entire set of instants considered, giving clear indications of the unstable conditions inside the centrifugal stage. In fact, the steady simulations for this baseline configuration (both Simple + Volute and Fully 3D) at the operating point OP3 did not converge. To be able to perform the unsteady run at OP3, a steady (frozen rotor) simulation at the steady point with mass flow ṁcor = 0.5 (lowest steady condition for the baseline case) was used to initialize the unsteady run; the mass flow boundary condition OP3 was changed during the unsteady simulation from the previous value.



The flow periodicity was reached after about 40 complete rotor revolutions. In Figure 22, the pressure coefficient (Cp) signals at the rotor outlet show the different stability of the flow inside the compressor with or without (baseline) the ported shroud for the operating point OP3. The timesteps reported correspond to about the last 35 rotor revolutions; in the baseline configuration, there are significantly higher oscillations and a low frequency perturbation compared to the ported shroud case with an oscillation from a steady reference value (close to 7.4) having smaller amplitudes.



The above analysis confirms the capability of the ported shroud solution to extend the operating range of the compressor stage at lower mass flow rates.





4. Conclusions


The use of a simplified CFD model demonstrated its capabilities to support the understanding of the main differences in the performance of a centrifugal compressor with ported shroud compared to a baseline case. It was verified that, near surge, the performance (total pressure ratio) was improved with the ported shroud addition; the above beneficial effect is more evident at high rotational speed. There is a physiological reduction at the best efficiency condition with the ported shroud. The main drawback is the efficiency reduction for all operating ranges with this device. However, the main beneficial effect of the ported shroud consists of surge margin extension; an extension of 11% in the operating range was obtained at design speed. This extension, generally difficult to find in the literature, was quantified using the proposed CFD model coupled to the use of the critical angle stability criterion, developed in a previous work by the authors. An in-depth flow analysis in the cavity and in the main channel of the compressor explained, in some detail, the main fluid dynamic differences that occur with or without ported shroud. It was shown how the cavity recirculates the low momentum flow located in the inducer, present at the near surge conditions. This recirculation re-energizes the main channel and decreases the circumferential velocity component. At the best efficiency condition, the worsening of performance is due to the variation in the circumferential component (in absolute values) caused by the recirculation that, albeit to a lesser extent, still occurs in the cavity; this reduces the flow incidence at the leading edge at higher span. Unsteady fully 3D simulations confirmed the stability conditions of the configurations with or without ported shroud at operating point OP3 with a direct validation of the stability criterion based on the critical flow angle at the diffuser inlet. An interesting outcome of the research activity is the setting of an appropriate methodology to predict the performance of the centrifugal stage equipped with ported shroud based on affordable simulations required during the design and development phases.
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Nomenclature




	
A

	
Area, [mm2]




	
b

	
Span height, [mm]




	
Cp

	
Pressure coefficient: (pout-p1)/(ptrel,1-pout)




	
DRi

	
Diffusion ratio




	
k

	
Specific heat coefficient




	
l

	
Length, [mm]




	
ṁ

	
Mass flow rate, [kg/s]




	
Ma

	
Mach number




	
N

	
Rotational speed, [rpm]




	
p

	
Pressure, [Pa]




	
R

	
Radius, [mm]




	
S

	
Span percentage over critical flow angle




	
SM

	
Surge margin




	
tc

	
Tip clearance, [mm]




	
T

	
Temperature, [K]




	
V

	
Absolute velocity, [m/s]




	
W

	
Relative velocity, [m/s]




	
Y+

	
Non dimensional boundary layer distance from wall




	
z

	
Axial coordinate, [mm]




	
Zb

	
Blades number




	
α

	
Absolute flow angle: arctg(Vth/Va)




	
β

	
Pressure ratio




	
γ

	
Flow angle: arctg(Vr/Va)




	
η

	
Efficiency




	
Subscripts




	
0

	
Model inlet (adduction duct inlet)




	
1

	
Impeller inlet




	
4

	
Diffuser inlet




	
5

	
Diffuser outlet




	
6

	
Volute outlet




	
a

	
Axial




	
A

	
Upstream interface of the ported shroud




	
B

	
Downstream interface of the ported shroud




	
c

	
Critic




	
cor

	
Corrected




	
eff

	
Effective




	
EXP

	
Experimental




	
LE

	
Leading edge




	
m

	
Meridional




	
max

	
Maximum




	
min

	
Minimum




	
out

	
Rotor outlet




	
PS

	
Ported shroud




	
r

	
Radial




	
rel

	
In relative frame




	
rot

	
Rotor




	
t

	
Total




	
TE

	
Trailing edge




	
TIP

	
Tip blade




	
th

	
Circumferential




	
vol

	
Volute




	
Acronyms




	
CFD

	
Computer fluid dynamic
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Figure 1. Sketch of the reference centrifugal compressor with ported shroud, with the main geometrical parameters. 
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Figure 2. Mesh of a portion of the stage. 
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Figure 3. Mesh of a sector of the ported shroud with a cut-plane. 
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Figure 4. Mesh of the volute with the prism layer detail on the volute inlet. 
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Figure 5. Comparison of the pressure ratio curve of the centrifugal compressor with ported shroud obtained from the CFD Simple + Volute model with respect to the experimental data, at the design rotational speed of Ncor = 1.0. 
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Figure 6. Comparison of the characteristic curve of the pressure ratio between the ported shroud case and the baseline case, at different rotational speeds. 
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Figure 7. Comparison of the characteristic curve of the isentropic total to total efficiency between the ported shroud case and the baseline case, at different rotational speeds. 
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Figure 8. Streamlines on the meridional plane for different operating points in the configuration with ported shroud (left) and baseline (right), at Ncor = 1.0. 
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Figure 9. Distribution of the mass flow rate passing in the cavity, by varying the operating condition, at Ncor = 1.0. 
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Figure 10. Distribution of the total pressure at sections A and B by varying the operating condition—nominal rotational speed. 
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Figure 11. Contours of total pressure with superimposed the velocity vectors inside the cavity at the near surge condition OP2 (upper) and best efficiency OP1 (lower). 
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Figure 12. Comparison of the hub-to-shroud distribution of the meridional velocity at the leading edge between the configurations with ported shroud and baseline, at near surge condition OP2. 
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Figure 13. Contour of the relative Mach number in the meridional plane at near surge condition OP2—configurations with ported shroud (a) and baseline (b). 
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Figure 14. Comparison of the hub-to-shroud distribution of the relative circumferential velocity at the leading edge between the configurations with ported shroud and baseline, at near surge condition OP2. 
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Figure 15. Comparison of the hub-to-shroud distribution of the relative flow angle at the leading edge between the configurations with ported shroud and baseline, at near surge condition OP2. 
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Figure 16. Comparison of the hub-to-shroud distribution of the relative circumferential velocity at the leading edge between the configurations with ported shroud and baseline, at the best efficiency condition OP1. 
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Figure 17. Comparison of the hub-to-shroud distribution of the relative flow angle at the leading edge between the configurations with ported shroud and baseline, at the best efficiency condition OP1. 
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Figure 18. Variation in the parameter S with the mass flow rate, for different rotational speeds, for the configurations with ported shroud and baseline. 
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Figure 19. Variation in the diffusion ratio DRi with mass flow rate in the configurations with ported shroud and baseline, at Ncor = 1.0. 
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Figure 20. Hub-to-shroud distributions of the absolute flow angle at the diffuser inlet obtained with the fully 3D unsteady model with ported shroud at the condition OP3, for several instants. 
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Figure 21. Hub-to-shroud distributions of the absolute flow angle at the diffuser inlet obtained with the fully 3D unsteady model baseline at the condition OP3, for several instants. 
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Figure 22. Instantaneous Cp data at the rotor outlet for the configurations with ported shroud and baseline (last 35 rotor revolutions for operating point OP3). 
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Table 1. Geometrical non-dimensional data of the reference compressor.
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	Geometric Parameter
	Value





	Impeller blade number: Zb
	6 + 6



	Span at diffuser inlet: b4/R4
	0.0706



	Radius at rotor leading edge hub: RLE,hub/R4
	0.1755



	Radius at rotor leading edge tip: RLE,tip/R4
	0.7166



	Radius at diffuser outlet: R5/R4
	1.5323



	Ported Shroud length: lPS/R4
	0.8201



	Vertical position of the downstream interface of the ported shroud: zPS-impeller/R4
	0.5141



	Maximum radius of the volute: Rmax,vol/R4
	2.3519
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Table 2. Mesh configurations used for the mesh sensitivity with the total pressure difference and the mass flow rate through the cavity.
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	Mesh
	Cell Number

(Mcells)
	ptA–ptB

(Pa)
	MRF





	M1
	0.6
	31,400
	26.59



	M2
	1.05
	25,000
	25.91



	M3
	1.7
	24,900
	25.88
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Table 3. Main flow characteristics exiting from section A of the cavity at the conditions OP1 (best efficiency) and OP2 (near surge).
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	Variable
	Best Efficiency

OP1
	Near Surge

OP2





	MRF (%)
	7.0
	25.91



	Va (m/s)
	43.8
	−8.9



	Vth (m/s)
	91.6
	198.9



	Vr (m/s)
	−20.9
	−58.3



	α (°)
	63.7
	−48.6



	γ (°)
	−26.5
	46.6
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