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ABSTRACT 
Despite its numerous advantages, fuel cell technology has not yet gained widespread acceptance due to its high cost, 

obstacles in establishing a fuel infrastructure, and low system efficiency. The latter motivates this paper, which aims at 

finding energy recovery possibilities in the air supply system of polymer electrolyte membrane (PEM) fuel cells.  

Efficiency can be improved by recovering the residual enthalpy of the fuel cell exhaust with a turbine. The turbine should 

i) recover the maximum possible energy over the entire operating range of the fuel cell, ii) be robust against droplet impact, 

and iii) control the operating pressure of the cathode. To meet these requirements, a novel variable partial admission concept 

for radial turbines is developed which allows admission ratios in the range of 0.5-1, resulting in effective energy recovery 

both in the partial-load and full-load operating ranges of the fuel cell.  

In this paper, the aerodynamic losses of the turbine are first analysed using computational fluid dynamic (CFD) simulations. 

The turbine design is then compared with conventional turbine geometries regarding energy recuperation for fuel cells.  

INTRODUCTION  

Fuel cell vehicles 
Given the rising population and increasing mobility in society, a massive increase in emissions in the automotive sector is 

expected if no suitable countermeasures are taken. In view of this global threat, politics and industry are focused on finding 

technical solutions that contribute to a safe limitation of CO2 emissions. Current EU climate targets therefore call for 

emission-neutral mobility by 2050 and a 37.5% reduction in CO2 emissions in passenger cars by 2030 (compared to 2021 

– EU Commission 2021). In order to meet these ambitious goals, competitive alternative drive systems must be developed 

and established on the market. A report by the institute for climate, energy and society (LIFE) compares different types of 

drive systems with each other (Kroher et al. 2019), (Jungmeier et al. 2019).  

 

Figure 1: Investigation on the 𝑪𝑶𝟐 emissions of different types of drive. (Kroher et al. 
2019), (Jungmeier et al. 2019) 
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Fig. 1 shows that the lowest emission values can be achieved through the use of battery electric and fuel cell electric cars. 

In both cases, the authors emphasize that the electricity used must be generated from renewable energy sources. If the 

electricity comes from an energy mix consisting of CO2-neutral and coal-fired electricity, the emissions will be higher than 

the study’s findings. However, they would still be lower than those of conventional combustion engines. 

For the application of fuel cell vehicles, no battery is actually necessary to power the electric motor. The electricity is 

produced by the oxidation of hydrogen, which is fed into the fuel cell together with oxygen. At the outlet, the end product 

H2O is discharged together with air (Carrette et al. 2001). PEM fuel cells have become established in the automotive sector 

in particular due to their high power densities, good cold-start properties and favourable dynamic operating characteristics, 

which are important requirements for passenger car applications (Behling 2013). Despite these advantages, PEM fuel cell 

propulsion systems have not become established on the market due to their expensive materials, infrastructure obstacles 

and low system efficiency (Pollet et al. 2019).  

Energy recovery in fuel cells 
System efficiency can be increased by improving the air supply system, which is responsible for a large part of the energy 

losses in the fuel cell system due to the high parasitic power demand of the compressor (Boettner et al. 2002). Studies have 

shown that using a turbine to drive the compressor can increase the system efficiency by 4% and the fuel cell output by up 

to 14% for the same stack size (e.g., Cunningham et al. 2000; Schmidt et al. 2008; Ahsan et al. 2021). Alternatively, the 

fuel cell output can be kept the same, and the stack size can be reduced by 13%, thus reducing weight and space required.  

However, it should be noted that the total cost of a system with a turbine is higher due to the manufacturing cost of the 

turbine and its associated auxiliary components, such as bearings and seals. There is a number of different types of turbines 

that can be used in fuel cell systems. The variable nozzle turbine (VNT) is often used in passenger car turbochargers and 

has already been investigated in numerous studies. By varying the guide vanes’ orientation, the inflow angle at the rotor 

can be adjusted in order to extend the usable operating range of the turbine and accelerate the transient response (Berenyi 

et al. 1979). Zhang et al. (2020) developed a design method for turbines in fuel cell applications and investigated various 

turbine configurations. They found that a VNT allows full energy recovery over the entire operating range of the fuel cell, 

enabling improvements in system efficiency from 4.85% to 7.32%. However, a VNT results in a significant increase in 

cost and complexity in the air supply system due to complex actuation (Zhang et al. 2020), and VNTs are particularly 

sensitive to droplet erosion caused by the multiphase flow in the fuel cell exhaust (Fischer et al. 2018). In order to find a 

competitive alternative to VNTs, a number of different variable turbine concepts have been developed, such as the split 

sliding guide vane and tandem variable geometry. These and further concepts can be found in the studies by Erdmenger et 

al. (2019), Zhang et al. (2016), Shao et al. (1996), Chebli (2011), Holset (2007) and Yang et al. (2019).  

Contrary to conventional turbines only part of the rotor is exposed to exhaust gas in partial admission turbines (PATs). The 

admission ratio (AR) represents the percentage of the partial rotor inlet area in relation to the total rotor inlet area.  

𝐴𝑅 =
𝐴𝑝𝑎𝑟𝑡𝑖𝑎𝑙

𝐴𝑡𝑜𝑡𝑎𝑙
                                                (1) 

The turbine diameter is usually larger than that of a fully admitted turbine with the same mass flow, which leads to smaller 

relative gap dimensions and, consequently, lower turbine leakage losses. The flow behaviour in PATs is more complex 

than in conventional turbines. Due to the principle of partial admission, only part of the rotor is exposed to high-energy 

exhaust gas. The remaining part of the rotor is surrounded by inactive zones. During each revolution of the rotor, the rotor 

passage is filled with fresh gas, and the inactive gas is pumped out. In addition, mixing occurs at the interface between 

active and inactive zones, which leads to loss of available energy (Wang et al. 2022). Due to this additional loss phenomena, 

PATs are less efficient than conventional turbines, which is their main disadvantage, especially at low AR values. Wang 

et al. (2022) compiled a comprehensive list of several known PATs from the literature as well as their modelling approaches 

to describe the loss behaviour.  

In addition to the classical constant PATs, variable PATs (VPATs) also exist. In VPATs, variable geometric elements are 

used to actively adjust the cross-section available for inflow to the turbine rotor. In this way, desired ARs can be realised. 

By adjusting the AR, the turbine’s characteristics can be actively affected, which – similar to VNTs – offers advantages in 

terms of the usable operating range of the turbine. Fischer et al. (2018) demonstrated the potential of a novel VPAT for 

fuel cells. By adjusting a variable guide vane box, they achieved ARs in the range of 0 to 0.5. Full admission could therefore 

not be realised with this concept, which is the reason why the maximum efficiency of this turbine design was limited to 

60%.  

Kunte et al. (2017) developed a single-stage partial admission impulse turbine for organic Rankine cycle (ORC) 

applications. Due to the high expansion ratio, supersonic blade profiles are designed to achieve the best possible turbine 

efficiency. For the ORC turbine, a new mechanism for adjusting the guide vanes was also developed for variable partial 

admission. The achievable AR of this turbine was in the range of 0.2 to 0.8. 
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The objective of the present work is to develop a novel VPAT for fuel cells that will be able to compete with conventional 

turbines on the market. The AR of the VPAT is in the range of 0.5 to 1, which makes full rotor admission possible at the 

full load operating point of the fuel cell and consequently yields a high efficiency. In addition, the geometric variability is 

achieved with a comparatively simple actuator mechanism, which offers a potential for saving cost and complexity. The 

turbine design in this study takes into account the most important aspects of fuel cell applications. Subsequently, the 

aerodynamic behaviour of the turbine is investigated by means of RANS and URANS simulations in order to reveal the 

underlying loss mechanisms. Finally, the turbine performance at characteristic fuel cell operating points is compared 

against other turbine designs, in order to evaluate the potential of the new VPAT. 

METHODOLOGY  
In the context of this study, the PEM fuel cell system of the 100 kW power class described in Fig. 2 is considered. It consists 

of the subsystems for air supply, hydrogen supply, heat and water management. The core component of the air supply 

system is the electric turbocharger, which consists of the compressor, electric motor and turbine subcomponents. These are 

connected by a common shaft, which is beard on both the compressor and turbine sides. Air bearings are used to avoid 

contamination with oil particles. The air is driven by the compressor at a defined pressure into the cathode side of the fuel 

cell. Before entering, the optimum inlet temperature and humidity are set by the intercooler and humidifier, respectively, 

which are connected to the water and heat management systems. Inside the fuel cell, the oxygen of the incoming air reacts 

with hydrogen to form the end product water, which is transferred out of the fuel cell together with excess air, so that 

saturated air is present at the outlet. Before the exhaust air enters the turbine, the moisture is reduced by means of a water 

separator. The separated water is transferred into the water management system. At turbocharger outlet, a VPAT with a 

pneumatic actuator is used to recuperate the remaining energy of the exhaust air. The air required for the turbine actuator 

and air bearings is supplied by the compressor.  

  

 

 
 

Figure 2: PEM fuel cell system 

For the development of the VPAT, first, the most important system requirements and turbine boundary conditions are 

determined from several company surveys in order to define a practical operating range for the turbine design. The 

following three system requirements are the most highly prioritised for the turbine design:  

A. The turbine should provide the highest possible energy recovery over the entire operating range of a PEM fuel cell 

with an electrical output power of 100 kW. Therefore, for the full-load operating point, the value of the cathode mass 

flow is set at �̇�𝑐𝑎𝑡ℎ. = 120 g⁄s and of the cathode pressure at 𝑝𝑐𝑎𝑡ℎ. = 2.2 bar, while the turbine speed is 100.000 rpm. 

B. The turbine should offer an option to control the cathode pressure. Overall, the design should be simple and cost 

effective, combining several functions into one component. 

C. The turbine concept should be robust against droplet erosion caused by the high water concentration in the exhaust 

gas. 

Because of the low mass flow, Requirement A can be fulfilled by using a radial turbine. The existing boundary conditions 
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correspond to a flow coefficient φ of 0.22 and a loading coefficient ψ of 0.8 for the main operating point of the fuel cell. 

According to the investigations of Chen et al. (1994) on the aerodynamic loading of radial turbines, an achievable turbine 

efficiency 𝜂𝑖𝑠𝑒𝑛. of 85% is estimated. Requirement B can be met either by variable geometries or by using a valve system 

downstream of the fuel cell for pressure control. Since variable geometries allow for fast response times without the 

occurrence of bypass or throttling losses, this approach is chosen for the presented turbine design. Regarding Requirement 

C, the fuel cell system in Fig. 2 uses a water separator upstream of the turbine. However, due to pressure losses and space 

limitations, this does not allow for complete water separation, resulting in some water concentration remaining at the 

turbine inlet. Due to this, erosion mechanisms already observed in steam turbine applications are to be expected (Martinez 

et al. 2011). Condensation already takes place at the guide vanes of the turbine at reaction degrees less than 1, which leads 

to a strong droplet load on the rotor’s leading edge due to trailing edge separation of the guide vanes. Therefore, in order 

to protect the rotor from strong erosion loads, a turbine design without guide vanes is chosen. In this case, the required 

rotor inflow condition is determined mainly by the geometry of the volute, which sets challenging requirements for the 

volute design.  

For the preliminary design of the volute, the design method proposed by Whitfield et al. (1994) is used, who developed a 

non-dimensional design procedure for vaneless radial turbines. For this purpose, the radial and cross-sectional ratios at the 

inlet and outlet of the volute are determined based on the required rotor inflow conditions. Using momentum and energy 

conservation, the angular dependence of these quantities is then determined in order to define the final shape of the centroid.  

The rotor design is based on Zhang et al.’s (2020) preliminary design method, which is developed specifically for turbines 

in fuel cell applications. The objective of the design method is to minimise the relative velocity at the rotor exit for given 

boundary conditions, since this quantity influences the passage losses of the turbine and thus represents an important design 

parameter. For this purpose, the analytical relationship of the shape factor 𝑘 =  𝐷2,ℎ/𝐷2,𝑆ℎ𝑟. with the relative velocity and 

the turbine outlet diameter is derived. This relationship showed that a suitable choice of k resulted in a minimum relative 

velocity. The design of the hub body is carried out using RANS simulations, with the aim of minimising the flow separation 

at the rotor outlet by finding a suitable hub profile.  

VCR Mechanism 

The preliminary turbine design is extended with a variable control ring (VCR) in front of the rotor inlet, in order to perform 

partial admission during the turbine operation (Fig. 3). 

 

Figure 3: Turbine concept for partial admission in Fuel Cell applications 

By axially shifting the VCR, up to half of the turbine inlet area can be blocked, resulting in partial admission. This allows 

the turbine pressure ratio to be adjusted in order to set the cathode pressure of the fuel cell. The axial position of the VCR 

is described by the relative axial position 𝑥∗ =
𝑥

𝑏1
, where 𝑏1 represents the width of the volute outlet and x the absolute 

value of the axial VCR position (see Fig. 3). 𝑥∗ = 0 corresponds to the flow condition of full turbine admission and 𝑥∗ = 1 

to a partial admission with AR = 0.5. The VPAT concept thus allows AR values in the range of 0.5-1. For the translational 

displacement of the ring, a pneumatic actuator is used. The extracted compressor air is applied onto a piston, which axially 

drives the VCR by means of a piston shaft. Additional bearing and sealing elements must be used between the volute wall 

and the VCR to ensure reliable control without leakage losses.  
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Numerical setup 
The aerodynamic performance of the preliminary design is evaluated using RANS and URANS simulations with ANSYS 

CFX. The RANS model contains the computational domains of the volute, the full-annulus rotor and an exit duct. For the 

interfaces between stationary and rotating computational domains, the frozen rotor model is used to capture the non-

uniform rotor inflow due to partial admission. The exit domain consists of the exit tube and the rotating hub body of the 

rotor. In order to correctly represent the mixing losses downstream of the turbine, a sufficiently long exit pipe is used. In 

the present model, the ratio between the axial rotor chord length and exit length is 7. The converged RANS solution is then 

used as a starting solution for the URANS model, which includes a second order backward Euler calculation scheme for 

the time discretisation. For modelling the turbulence, Menter’s (1994) shear stress transport model is used. Because the k-

ω and k-ε models are combined using a blending function, high accuracy is achieved in both the near wall and the far field. 

For the time discretisation, the blade passing period is discretised with 60 time steps. The total duration of the simulation 

is 2 rotor revolutions, to ensure that a fluid particle could flow through the entire computational domain of the simulation. 

For the entire computational mesh, 13 million elements are used. In order to predict the boundary layer behaviour correctly, 

the initial layer thickness is selected so that y+ values are below 1. 

 

Figure 4: Numerical model of the VPAT 

A mesh independence study is conducted and evaluated on the basis of the grid convergence index (GCI) (Roache et al. 

1998). The mass flow and turbine power output are selected for the evaluation of grid independence. An asymptotic 

distribution occurs when the following condition is fulfilled: 

𝐺𝐶𝐼𝐺2

𝐺𝐶𝐼𝐺1𝑟𝐺1,𝐺2
𝑝 ≈ 1                                                (2) 

Tab. 1 shows both the GCI values for the two calculated quantities and the condition from; Eq. (2). With regard to the mass 

flow, the convergence condition of the medium mesh (G2: 13 million elements) is 1.0015, and with regard to the turbine 

output, 1.0011. For this mesh an asymptotic behaviour is therefore expected (as also shown in Fig. 5), and thus this mesh 

was used for all further simulations. 
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     Figure 5: Mesh independence study  Table 1: GCI values 

RESULTS AND DISCUSSION 
First, the steady-state simulation is evaluated to assess the steady-state flow behaviour of the turbine during partial 

admission. Fig. 7 shows the rotor passages divided into high-energy active and low-energy inactive gas zones. For an 𝑥∗ 

value between 0 and 1, active gas enters the turbine both from the active sector and through the gap between the control 

ring and the volute wall. In the inactive sector, depending on 𝑥∗, part of the blade span is impinged by active gas, while the 

remaining blade section is surrounded by detached flow. With increasing 𝑥∗, the amount of inactive gas increases until 𝑥∗ 

is equal to 1, when, the entire rotor passage in the inactive sector completely consists of inactive gas, which circulates 

within the rotor passage due to centrifugal forces and then mixes with the exit gas of the active sector at the rotor exit. Fig. 

8 shows the cross-sectional planes through the rotor passages. A blade tip area at 90% span is plotted. Due to the strong 

flow contraction in the gap between the volute wall and the control ring, an inflow Mach number of 1 occurs  at the rotor 

inlet when 𝑥∗ is greater than 0.5, which leads to the formation of dissipative shock phenomena within the turbine. The 

Mach number of the entering gas is reduced by the shock system inside the rotor passage until a subsonic flow condition 

occurs. Strong compression shocks above 𝑥∗ = 0.75 lead to flow separation in the individual rotor blades. At 𝑥∗ = 1, the 

surge losses disappear, and the partial admission losses increases, resulting in a slight drop in efficiency. Additionally, rotor 

passages that pass from the inactive sector into the active sector experience an instantaneous filling of the passage volume, 

since the transient process of refilling the rotor passages cannot be correctly predicted by the steady-state simulation. The 

turbine characteristics at different 𝑥∗ values are shown in Fig. 9. With increasing 𝑥∗, the turbine mass flow decreases as 

the rotor inlet area is reduced. At 𝑥∗ = 1, active gas passes by only half of the rotor inlet area, which leads to a mass flow 

decrease of up to 50% compared to full admission.  

  

Figure 7: Rotor passage flow field             Figure 8: Mach number distribution                  
for different 𝒙∗ values              for const. span=90% 

In Fig. 10, the VCR position 𝑥∗ is varied at a constant pressure ratio. The turbine efficiency decreases with increasing 𝑥∗ 

due to increasing aerodynamic losses within the turbine. At 𝑥∗ = 1, an efficiency of 63% is reached with the RANS 

simulation and of 55% with the URANS. For a reliable assessment of the turbine efficiency, however, transient loss effects 

also need to be taken into account.  
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  Figure 9: Turbine characteristics of the VPAT   Figure 10: Efficiency profiles for const. pressure 
ratio 

URANS simulations are performed to investigate the unsteady flow behaviour. First, cross-sectional planes at constant 

spans are considered (Fig. 12). Clear differences are seen compared to the steady-state simulation (recall Fig. 8). Active 

and inactive gas zones are less distinguishable from each other due to the filling and emptying of the individual rotor 

passages. By observing the rotor passage filling in the interface between active and inactive sectors, it becomes apparent 

that the mixing behaviour near the rotor hub takes longer than in the blade tip area, due to different chord lengths. This 

leads to higher mixing losses along the hub, which is also confirmed by Cho’s (2006) model. According to this model, the 

axial chord length 𝑐𝑥 has a linear effect on the mixing loss: 

        𝜂𝑚𝑖𝑥,𝑙𝑜𝑠𝑠 =
𝐶𝑚𝑖𝑥

𝜋
(

𝑐𝑥

𝑅𝑚
)

1

𝐴𝑅 𝐾𝑠𝑐𝑜𝑠(𝑎1)
(

𝑈1

𝐶𝑖𝑠𝑒𝑛.
)

3
      (3) 

The windage vortices and other separation zones that are produced in the inactive sector are removed through re-

energisation by the active gas, so that the nominal flow behaviour is re-established after approximately a 48° rotor rotation 

(2 rotor passages). In the inactive sector, a residual active gas can be observed, which then mixes with inactive gas. Due to 

the abrupt pressure decrease in the passage when entering the inactive sector, a reverse flow into the rotor passage is 

observed, which results in reverse flow losses (see Fig. 11).  

 

 

Figure 11: Unsteady flow characteristics             Figure 12: Mach number distribution at             
of the VPAT (x*=1)                            different span values (x*=1) 

Overall, an efficiency drop of up to approximately 8% can be observed for 𝑥∗ = 1, compared to the steady-state simulation. 

This value is in agreement with other investigations on PATs (Wang et al. 2022), which have observed differences of 0–

20% for the considered 𝐴𝑅 = 0.5. Based on the data from the unsteady simulation, the efficiency curve of the steady-state 

simulation is corrected. With increasing 𝑥∗, the difference between steady-state and unsteady simulation is greater, which 

is also in-line with the relevant literature. Due to the alternating loading and unloading by the partial admission, torque 

oscillation amplitudes of 20% occur for 𝑥∗ = 1. This could lead to aeroacoustic effects, which are not taken into account 



8 

in this paper. The fluctuating load has to be taken into account in the system design so that a reliable compressor drive can 

be ensured. Reducing the inactive sector is one way to reduce the load fluctuation. However, this will lead to a reduction 

in the usable turbine map, so an optimisation process is needed to find an optimal split between active and inactive sectors 

for a particular fuel cell design. 

Next, the assessed VPAT is compared with other turbine types in terms of performance. The turbine power outputs for 

different operating points during the operation of a fuel cell are considered. The operating conditions of the fuel cell are 

taken from the operating line by Zhao (2017). In order to take into account the pressure losses in the system and the mass 

flow increase due to water absorption in the cathode, the correction approach proposed by Zhang (2020) is applied. The 

following three turbine concepts are compared with each other: 1) preliminary designed VPAT, 2) constant turbine with 

valve control and 3) VNT for fuel cells. For Turbine 2, the turbine characteristic from Fig. 9 with x∗ = 0 is selected to 

describe the behaviour of a fully admitted turbine. Using pressure throttling, the appropriate turbine inlet pressure is set for 

a given mass flow. For Turbine 3, the efficiency profiles were taken from the study conducted by Menze (2019), in which 

a VNT was designed for fuel cells. It is also assumed that all three turbines are designed for a full-load operating point of 

100% fuel cell power, and thus the same turbine power output as in the case of VPAT should be provided at this operating 

point. This value corresponds to 6090 kW which is approx. 50% of the compressor power (Zhang (2020)). From the 

calculated power outputs in Tab. 2, it can be seen that only turbines 1 and 3 allow energy recovery at 20% fuel cell power. 

Furthermore, the study shows that Turbine 2 provides the lowest energy recovery in partial load operation at 45%-70% 

fuel cell power, due to pressure losses occurring through the control valve. In this range, the VPAT offers higher 

performance than Turbine 2, as full coverage of the cathode pressure is possible. The VNT offers the highest performance 

in the part-load range, as it offers both complete coverage of the cathode pressure and a higher turbine power output than 

the VPAT. The difference in performance between VNT and VPAT in the partial load range is 9-20%. This difference can 

be decreased by reducing the inactive sector of the VPAT in order to increase the turbine efficiency. Since this leads to a 

reduction of the usable operating range, a trade-off analysis of these aspects must be carried out within the scope of the 

preliminary design with the aim of maximising the turbine performance. For a comprehensive assessment of the potential, 

the actuator concept of both turbines must also be considered, as it represents an important cost factor. The presented 

pneumatic actuator concept of the VPAT (see Fig. 3) contains less moving parts than in a VNT and is compatible with the 

considered air supply system of the fuel cell, as it extracts the required control air from the compressor. The investigation 

and evaluation of these aspects will be the subject of future studies, in which an experimental investigation of the VPAT 

will be carried out. 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2: Investigation of different turbine power outputs 

 

CONCLUSIONS 
A novel concept for variable partial admission in radial turbines is developed for use in fuel cell systems. The approach 

chosen for control of partial admission is based on the translational movement of a 180°-ring segment, blocking the inflow 

to the rotor for Admission-Ratios (ARs) of 0.5 to 1. The design is robust under conditions of high humidity by avoiding 

guide vanes upstream of the rotor in order to reduce the erosion at the rotor’s leading edges.  

Both, RANS and URANS simulations were conducted to assess the aerodynamics of the new concept. The loading and 

unloading of the rotor passage is accurately predicted only with the URANS simulation due to the transient nature of this 

phenomenon. In addition to already known partial admission effects, such as passage pumping, windage losses, and 

backflow losses, a transonic flow condition occurs in the blade tip region of the rotor when half of the rotor inflow area is 

closed. This requires the design of the blades to avoid the formation of strong shock losses. For the evaluated turbine 

geometry of the variable partial admission turbine (VPAT) URANS simulations showed that the turbine efficiency 

FUEL CELL POWER: 20% 45% 70% 100% 

1) VARIABLE PARTIAL 

ADMISSION TURBINE 

247.09 W 1375 W 3458 W 6090 W 

2) CONSTANT TURBINE 0 921 W 2974 W 6090 W 

3) VARIABLE NOZZLE 

TURBINE 

250 W 1650 W 3772 W 6090 W 
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decreases due to partial admission. A minimum efficiency of 55% is reached at AR=0.5. This corresponds to an efficiency 

drop of 27% compared to the case with full admission (AR=1).  

A final comparison with alternative turbine concepts shows that a valve-controlled turbine delivers the lowest performance 

in the partial load range of the fuel cell, whereas the highest performance is possible by using a variable nozzle turbine 

(VNT). The results of the analysis showed that the performance of the VPAT lies between these two turbine concepts. A 

potential advantage of the VPAT compared to a conventional VNT is the simpler actuator principle of the VPAT, which 

involves translational movement of a variable control ring (VCR). The assessment of this aspect will be the subject of 

future research work, in which the practical realisation and experimental evaluation of the VPAT will be addressed. A cost 

analysis will also show how much cost reduction can be achieved through the simpler actuator design for a comprehensive 

evaluation of the proposed turbine. 
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NOMENCLATURE 

 

AR  Admission Ratio 

𝐴            Rotor inflow area 

𝑝𝑐𝑎𝑡ℎ.          Cathode outlet pressure 

�̇�          Massflow 

𝜂       Turbine efficiency  

𝑥∗        Relative VCR position 

𝑥        Absolute VCR position 

𝑦+       Non-dimensional wall spacing  

𝜓        Turbine loading coefficient 

𝜑       Turbine flow coefficient  

𝑏1       Volute outlet width 

𝐷       Diameter  

𝑅𝑇       Radius 

𝑙𝑣         Volute inlet length 

𝑙𝑁       Volute nozzle length 

𝑏𝑁       Volute nozzle Diameter 

𝐷𝑣,𝑜𝑢𝑡       Max. volute Diameter  

𝐺𝐶𝐼       Grid convergence index 

𝑟       Grid refinement rate 

𝑓𝑐        Physical parameter  

𝑝       Order of the numerical scheme  

𝑃𝑇𝑢𝑟𝑏.        Turbine output 

𝜋𝑇       Turbine pressure ratio  

𝜂𝑚𝑖𝑥,𝑙𝑜𝑠𝑠       Efficiency drop  

𝐶𝑚𝑖𝑥         Empirical coefficient 

𝑐𝑥        Axial chord length 

𝑅       Radius 

𝑈       Circumferential velocity 

𝐶       Absolute velocity 

𝑎        Width of admission sector 

𝐾𝑠       Velocity ratio 

 

Subscripts 
1  Rotor inlet 

2  Rotor outlet 

partial Partial inflow 

total  Total inflow  

cath. Cathode 

isen.  Isentropic 

T  Turbine 

t  Total 

s  Static 

v  Volute 

N  Nozzle 

In  Inlet 

Out  Outlet 

Tip  Rotor Tip 

Hub  Rotor Hub 

G1  Fine grid 

G2  Medium grid  

G3  Corse grid  

m  Mean 
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