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Abstract. The operating range extension of radial compressors is a crucial 

aspect in turbocharging the internal combustion engines in order to extend 

the operating range of the system at high efficiency for fuel and 

environmental impact reduction. The future scenario of automotive 

propulsion will have the fuel cells at the top of the ranking of possible 

reference systems in substitution of thermal reciprocating engines. Proton 

exchange membrane fuel cells for automotive or aerospace vehicles are 

frequently turbocharged because compressed air for the fuel cell stack is 

required in the cathode system. Therefore, like in turbocharged internal 

combustion engines, a radial compressor is combined and connected with a 

radial turbine to exploit the thermal energy of the exhaust gas from the fuel 

cell. The study and the development of this sort of radial turbomachinery is 

still strategic to guarantee high performance of the overall propulsion 

system. The operating range is an important issue and current turbocharger 

design must be adapted to the new requirements of the fuel cells systems 

with a need for extending it. Various techniques to extend the operating 

range of the centrifugal compressor have been investigated and a summary 

is reported in this work, with a focus on the casing treatment. Through a 

CFD simulation campaign with appropriate simplified models, the effects of 

installing the ported shroud, the shutter or the axial groove have been 

calculated with respect to a baseline configuration. These simulations have 

supported the identification of the main limits and advantages for each of 

these solutions at different operating regimes. The performance maps and 

some physical parameters of interest have been compared.   

1 Introduction  

In the next decade, a strong development in the automotive propulsion industry will be 

necessary to replace the traditional thermal reciprocating engines as required by the new 

European regulations [1]. One of the selected solutions concerns fuel cells, which can be 

close to “nearly” zero emissions vehicles, with a high efficiency and quick response. The 

performance of the fuel cell plant can be further increased through the use of pressurized air 

system to obtain a higher power density [2,3]. In a PEM fuel cell hydrogen and oxygen react 
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electro-chemically providing water as a waste product. At the cathode the installation of a 

compressor, an electric engine and a turbine connected on the same shaft by the turbocharger 

are required. The centrifugal compressor is the preferred solution because of its specific 

speed, small size, low weight, quick response, long life and high efficiency [4-6]. According 

to Venturi et al. [7] the turbocharger is the most expensive subsystem of the fuel cell cathode 

part requiring the highest power demand. Also an electric motor is necessary because the 

radial turbine can only provide about 1/3 of the required power by the compressor. For this 

reason, the centrifugal compressor must be designed to optimize performance in terms of 

pressure ratio and efficiency. A further design target consists in extending the operating range 

in order to guarantee a sufficient stability margin for all operating conditions [8]. In fact, the 

operating range is limited by two distinct phenomena: chocking at high flow rates and surge 

at low ones. The latter induces strong fluctuations in the flow structure that can cause 

vibrations with damage to the compressor and to the entire system; this condition must be 

avoided and design strategies to obtain a large surge margin are needed. 

Numerous studies have focused on the understanding of unsteady three-dimensional flow 

to develop strategies aimed at extending the surge margin, Flow phenomena like stall and 

rotating stall in the centrifugal stage subcomponents typically occur before the stability limit. 

Iwakiri et al [9] and Tomita [10] have investigated the impeller stall; they highlighted the 

vortical structure consisting of a tornado-type separation vortex caused by full blade 

separation at leading edge. Similar conditions for the vaned diffuser have been found by 

Everitt [11] and Liu [12]. In vaneless diffuser, the reverse flow from the casing is caused by 

the development of the boundary layer separation [13]. The matching of a correct volute plays 

a key role on the development of unstable phenomena especially at high speeds [14]. There 

are two main strategies to extend the surge limit in centrifugal compressors: active or passive 

flow control devices. Active methods use actuation devices including the variable inlet guide 

vanes [15,16]. Passive methods induce changes in the flow structure, like the casing treatment 

family: the ported shroud, the inducer casing bleed system, internal recirculation or ring 

groove arrangements and shutter. The ported shroud is an axisymmetric cavity that connects 

a portion of the impeller with the adduction duct; it reduces the low momentum flow, which 

in the inducer region at low mass flow rate would partially obstruct it, forcing it to be 

recirculated into the cavity. 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. 

Several researchers have analysed and optimized the geometry of this device [17-19]. Other 

authors believe it is more effective to install appropriate vanes into the cavity to control the 

recirculation flow in order to achieve significant surge margin improvement [20-22]. The 

axial groove consists of a similar solution to the previous but more compact: there is a single 

opening on the inducer shroud where grooves are designed to guide recirculating flow with 

minimum losses. The benefits of axial grooves has been studied is numerical works [23,24]. 

Finally, circumferential grooves can be installed at the diffuser to alleviate blockage in vaned 

diffusers [25,26]. Nowadays, CFD techniques are increasingly used for the design and fluid-

dynamic analysis of turbomachinery with three dimensional models which can be also 

integrated into design strategies [27] or used to understand the complex flow structures 

toward surge with unsteady analysis [28]. At the limiting operating condition a complete 

surge cycle [29] can be simulated for a centrifugal compressor stage. 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 [29] and vaneless diffusers [30,31] 

have been considered. The flow angle criterion at the diffuser exit has been also demonstrated 

on a compressor with the ported shroud [32]. Similar CFD models can be used also for more 

complex cases like a two-stage radial compressor for air conditioning [33] or for aero-

acoustical tonal noise prediction [34]. On the experimental side, the vibrational analysis can 
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be effectively used as surge precursor [35-37]. In this work, a centrifugal compressor stage, 

equipped with various device to extend the surge margin, is studied with a CFD model in 

order to be understand the effects on performance and on the extension of the operating range 

of the different casing treatment solutions. In addition to the baseline configuration, the 

ported shroud and the axial groove cases have been simulated. After having quantified the 

advantages or disadvantages of these solutions, the flow mechanism induced by these devices 

are described.  The effect of the shutter addition at the lowest rotational speed has been also 

evaluated. 

2 Case study 

A small size centrifugal compressor for turbocharging applications is the reference 

configuration for the study. The compressor data is proprietary and covered by a non-

disclosure agreement therefore the geometric data is provided in non-dimensional form with 

respect to the inlet diffuser radius and numerical data is expressed in corrected form (referred 

to the corresponding design value) or omitted. The rotor is equipped with six main blades 

and six splitter blades, which are backswept and the diffuser is vaneless. Table 1 reports the 

main geometric data of the configuration. 

Table 1. Geometrical non-dimensional data of the reference compressor. 

Geometrical parameter Value 

Impeller blade number 6+6 

Span at diffuser inlet 0.0706 

Radius at rotor leading edge hub 0.1755 

Radius at rotor leading edge tip 0.7166 

Radius at diffuser outlet 1.5323 

Maximum radius of the volute 2.3519 

 

The passive devices for the extension of the operating range have been integrated into the 

baseline case. In Figure 1 the compressor sketches with the different devices mounted for the 

casing treatment are shown. 

 

Fig. 1. 3D views of the compressor with the passive devices for the casing treatment. 

3 Methodology 

The commercial Ansys CFX software was used to solve the RANS equations. The CFD 

simulations were carried out using preferably the so-called “Simple model”. The simple 

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 
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conditions. It has been already validated in previous research activities [28,29] and 

extensively used for practical applications. It consists of a sector of the adduction channel, a 

single impeller channel (with a main blade and splitter blade) and a single diffuser channel 

with a convergent duct for stability reasons. The additional devices were added with an 

angular portion equal to that of the stage (60° from the number of main blades). 

The stage has been discretized with Ansys Turbogrid software using a structured mesh 

with hexahedral elements using the ATM optimized topology. The ported shroud and the 

axial grooves have been meshed with an unstructured grid using ICEM CFD from the Ansys 

CFD platform. If the shutter is present, also the intake domain has been discretized with an 

unstructured grid. 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 stage consists of about 2.3 million cells: 0.33 Mcells for the inlet duct, 1.4 

Mcells for impeller, and 0.6 Mcells for the diffuser. Concerning the unstructured grid blocks: 

1.05 Mcells for the ported shroud, 2.0 Mcells and 0.8 Mcells for the intake in the case with 

shutter. 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 

[28–32]. The turbulence model adopted is 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 modelling near wall turbulence. The total energy model was activated to solve the 

energy equation written in terms of enthalpy. The fluid (air) is treated as a perfect gas. 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 outlet the mass flow rate 

condition was set, except for the near choking conditions where the static pressure was used. 

The intake and the impeller have a uniform rotational speed with the interface between the 

two domains as a fluid-fluid GGI. The frozen rotor option with a specified pitch angle of 

60°–60° has been set for the interfaces impeller-diffuser and stage-ported shroud or stage-

axial groove. For the devices coupled with the rotating domain, the option “not-overlap” is 

set to specify the counter-rotating condition for the impeller shroud. The periodicity condition 

was set on the side surfaces of the stage and of the ported shroud or axial groove portion, 

while the remaining walls were set as adiabatic no-slip, with the exception of the upstream 

hub, which was set as an inviscid wall. The walls of the shutter have been set as counter 

rotating no-slip wall. All the equations were solved with second order numerical schemes 

and steady simulations were performed using this model. This numerical model has been 

previously validated by comparing experimental data [28-32]. 

The performance of the compressor is evaluated with the pressure ratio and isentropic 

total-to-total efficiency from the inlet adduction duct and the diffuser outlet according the 

(Eq. 1-2): 

 
𝛽𝑡𝑡 =

𝑃𝑡,𝑜𝑢
𝑃𝑡,𝑖𝑛

 

 

(1) 

 
𝜂𝑡𝑡 =

(𝑃𝑡,𝑜𝑢 𝑃𝑡,𝑖𝑛⁄ )(𝑘−1) 𝑘⁄ − 1

(𝑇𝑡,𝑜𝑢 𝑇𝑡,𝑖𝑛⁄ ) − 1
 

 

(2) 
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4 Results 

The performance of the baseline centrifugal compressor has been compared to those 

obtained with the additional passive devices. Figure 2 shows how the pressure ratio and 

efficiency curves are affected for the three passive strategies; two reference rotational (non-

dimensional) speed values, design and high speed, are considered. The limiting stable point 

in the operating range has been determined through the use of a stability criterion, previously 

developed by the authors [30,31]. 

 

Fig. 2. Comparison of the performance maps for the configurations baseline, with ported shroud and 

with axial groove: (at left) pressure ratio; (at right) isentropic total-to-total efficiency. 

It can be observed that both devices lead to an increase of the pressure ratio towards the 

lower massflow rate; this improvement is higher at the highest iso-speed. Furthermore, the 

axial groove brings greater benefits; the pressure curve is always higher than the one with the 

ported shroud. In terms of efficiency it can be observed that the baseline configuration has 

the best values, with the exception of near surge conditions at Ncor=1.14 and the lowest values 

are found with the axial groove. However, the main advantage of both casing treatment 

techniques is to increase the surge margin by 11% for the design iso-speed and 12% for the 

highest. On the other hand, a slight reduction in the maximum massflow rate is observed only 

in the case with the ported shroud. 

 

Fig. 3. Comparison of the hub-to-shroud distribution of the relative Mach number at the leading edge 

for the different compressor configurations, at near surge condition. 

 

To understand the underlying fluid dynamic mechanisms that make these techniques 

effective a deep post processing of the results has been performed. As an example, Figure 3 

shows the hub-to-shroud distributions of the (circumferentially averaged) relative Mach at 

the rotor leading edge, for a near surge condition, at the design iso-speed. When a compressor 

operates at the lowest flow rates, a low momentum zone is generated on the shroud, which 
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extends over an increasingly large portion of the channel reducing the effective blade section 

[30]. At the same operating condition, it can be observed that at the leading edge both devices 

reduce the entity of this low energy flow. The axial groove allows almost the entire blade to 

work properly. The operating principle of the ported shroud is to recirculate the low 

momentum flow from downstream by reintroducing it into an upstream area where it mixes 

with the main flow causing a re-energization that creates a higher relative Mach near the 

blade tip [32]. The axial groove works in a similar way, but there are a certain number of 

grooves with a single port on the shroud, it directly “cleans” the inducer region by dragging 

the low momentum flow and releasing it further upstream. The grooves are designed to force 

a tangential velocity component on the recirculating flow, so it mixes with the main flow, by 

generating a more suitable flow incidence at the rotor leading edge. However, these mixing 

with both devices leads to mixing losses which lower the efficiency. With the axial groove, 

the flow guided by the inclination of the grooves suffers greater losses. Both configurations 

are advantageous towards the surge, rather than at higher flow rates, because the recirculation 

into these devices is more effective, from design purposes, at low mass flow rates. This can 

be seen in Figure 4 where the absolute Mach contour has been reported in a middle plane for 

two operating conditions. It is evident that at lower massflow rate the flow is more organized 

with a better fill of the grooves without large stagnation zones (blue colours). On the other 

hand, at higher massflow rates, where there is no low momentum region in the main channel 

to be drawn, their function is lost, causing an undesired reduction in flow incidence with the 

reduced portion of the recirculating fluid in the two devices. 

 

Fig. 4. Comparison of the absolute Mach contours in a middle plane of axial grooves, for different 

operating conditions. 

For the lower iso-speed, where the phenomenon of the flow separations and the low 

momentum area have an more marked impact on the stage, due to the lower energy in the 

main stream, the adoption of the shutter has been evaluated. Figure 5 shows the pressure ratio 

and efficiency trends at low rotational speeds for the baseline configurations and with shutter. 
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Fig. 5. Comparison of performance maps for baseline and with shutter configurations at low 

rotational speed 

   It can be observed that the shutter leads to an improvement both for pressure ratio and for 

the efficiency. Its operating principle is to narrow the channel on the shroud before of the 

leading edge to accelerate the flow and to reorganize its structure to counteract the formation 

of the low momentum region on the blade tip. However, this solution is less effective by 

increasing the rotational speed, because the main flow normally gradually recovers a higher 

energy without the need for a reduced passage section. Moreover, the shutter anticipates the 

chocking phenomenon by lowering the maximum attainable massflow rate; the sonic 

conditions area reached before with a smaller flow passage at higher speeds. 

5 Conclusions 

A simplified CFD model of a centrifugal compressor has been used and integrated with 

ported shroud, axial groove or shutter in order to evaluate their effects on performance and 

on the extension of the operating range.  Wider operating range of about 10% for the ported 

shroud and axial grooves have been detected. The latter device offers a more compact 

solution (lighter and less expensive) and it leads to a more marked increase of the pressure 

ratio at lower massflow rates by increasing the rotational speed. A comparison of the flow 

structure at the leading edge has highlighted the reduction of the low momentum zone at the 

inducer in the various configurations. However, both devices give an efficiency reduction 

due to mixing losses. At low rotational speeds, the introduction of the shutter has been found 

beneficial but with high rotational speed, the performance benefits are reduced with a lower 

chocked mass flow. 
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