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ABSTRACT 

A turbocharger is an exhaust driven machine which 

increases intake air density for internal combustion engine, 

consequently enabling power enhancement, downsizing and 

overall efficiency improvements. A turbocharger turbine is 

characterized by its geometry, either fixed or variable. In a 

Variable Geometry Turbocharger (VGT), the turbine 

geometry can be changed by using two parameters that rule its 

flow conditions – inlet flow angle and inlet flow area. 

However, almost all the commercially available VGTs only 

have the ability to control either one of these parameters, thus 

their independent effects on a turbocharger performance could 

not be investigated. Precisely for this reason a new VGT has 

been designed with mechanism that enables independent 

control of both the inlet flow angle (through pivoting) and inlet 

flow area (through sliding ring positioning). This paper 

presents an experimental investigation with a turbocharger 

turbine with different inlet flow angles and inlet flow areas, 

with the aim to enhance exhaust energy extraction. The results 

will be compared to the ones obtained using a Pivoting Vane 

VGT for the same turbine, which is considered as the baseline. 

The investigation focusses on how the two main turbine inlet 

parameters, independent to each other, affect the efficiency 

and swallowing capacity. This will provide information to 

design a better variable geometry turbocharger that could 

maintain high performance throughout its entire operational 

regime. The newly designed variable geometry turbine was 

tested under steady flow conditions for 3 rotor speeds – 18000 

rpm, 36000 rpm and 54000 rpm – covering a wide range of 

loadings. More than 30 different set-points were tested 

covering a wide range combination of Vane Angles and 

Sliding Ring Positions. Experimental results show that very 

similar efficiencies can be achieved for different 

configurations with the same swallowing capacity. These 

configurations showed the importance of misalignment angle 

(defined as the difference between the volute exit angle and 

the vane angle) and the incidence angle for turbine efficiency. 

On every set of testing where the configuration produces the 

same swallowing capacity, the peak efficiency is achieved 

where the misalignment angle is closer to zero, practically 

independently of the vane angle (ranging from 40° up to 75°). 

This effectively indicates that turbine operational governing 

based on area changes, by ignoring the inlet flow angle, as in 

the practice of conventional pivoting vane turbine, is 

penalizing the performance of a turbocharger. 

1. INTRODUCTION 

 

The use of turbochargers to increase engine power output 

is well established for the automotive, marine, locomotive and 

industrial sectors [1]. Furthermore, turbocharging is a key 

enabler for downsizing modern internal combustion engines 

with the aim to reduce carbon emission.  

VGTs have been widely used mainly for automotive 

application. VGT is considered as an efficient approach for 

engine-turbocharger matching. A VGT can match for wider 

engine speed range by varying the turbine inlet geometry, 

which in essence is similar to having finite range of turbine 

size in one unit. At lower engine speed and load, the turbine 

inlet area is reduced (similar to a small turbine) to increase 

momentum impact on the rotor, while at high engine speed the 

turbine inlet area is increased to avoid over-boosting of the 

turbocharger. With this flexibility, the exhaust gas can be fully 

utilized for energy extraction in the turbine, which otherwise 
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would be wasted through a waste-gate as in conventional 

turbochargers. Two of the most widely used variable geometry 

methods in a turbocharger are pivoting nozzle vane (Figure 1) 

and sliding nozzle ring (Figure 2) mechanisms. 

 

 
Figure 1. Pivoting Nozzle Vane VGT: The vanes are almost 

closed at low exhaust flow and vice-versa at high exhaust 

flow [14] 

 

 
Figure 2. Sliding Nozzle Ring VGT: The nozzle ring is least 

exposed at low exhaust flow, thus reducing the effective area 

and vice versa at high exhaust flow [14] 

 

On the pivoting nozzle vane method shown in Figure 1, 

the nozzle ring is connected to a unison ring and pivoted to 

regulate the nozzle area as well as the vane angle. Meanwhile 

in the sliding nozzle ring mechanism as shown in Figure 2, the 

vane angle is fixed and the axial movement of the sliding wall 

regulates the nozzle area. Both mechanisms are governed by 

control strategy as an integral component of modern engines, 

which largely requires multi-parameters coding to achieve 

optimum compromise between fast torque response, fuel 

economy, low emissions and engine safety [2]. Both the 

existing VGT methods have some limitations; the pivoting 

nozzle vane VGT controls the inlet area to the rotor, but 

inevitable changes the inlet angle as well, given by the 

position of the nozzles. The sliding nozzle VGT on the other 

hand controls the inlet area to the rotor by keeping the same 

inlet angle for its entire operation (vanes are fixed), thus there 

is only one degree of freedom. 

The two geometric parameters that rule the flow 

conditions to the turbine are inlet flow angle (pivoting nozzle 

vane VGT) and inlet flow area (sliding nozzle ring VGT). 

However, there is a lack of information about the impact of 

these two geometric parameters on the same turbocharger 

when they could be controlled independently. This research 

aims to investigate the independent impact of these two 

parameters on turbine efficiency and swallowing capacity for 

a wide range of loads and speeds (18.000, 36.000 and 54.000 

rpm), under steady operation. This will provide information to 

design a better geometry for the variable geometry 

turbocharger type, keeping a higher performance throughout 

its entire operation curve. A new VGT mechanism able to 

change both these parameters independently has been 

designed and tested. 

2. EXPERIMENTAL SETUP 

 

2.1 TEST FACILITY 

 

All the experimental data shown in this paper have been 

taken from the turbocharger turbine test facility at Imperial 

College London. It is a cold flow test facility where the turbine 

is fed with compressed air, heated sufficiently to avoid 

condensation at the turbine exit. The test facility uses a high 

speed permanent magnet eddy-current dynamometer as a 

loading device for the turbine [3]. The facility has been 

described extensively in reference [4].  

Figure 3 shows the schematic of the turbocharger test-rig 

used in this study. Compressed air is supplied to the facility by 

three centrally housed screw compressors, able to deliver an 

overall maximum of 1.2 kg/s air flow at a gauge pressure of 6 

bars. Prior to the test section, the compressed air is heated 

through a 72kW electrical heater, raising its temperature to 

avoid condensation at the turbine exit. The flow then goes 

through a 4′′ electrically actuated main control valve and a 1′′ 

electrically actuated bypass valve (for finer control of the 

flow). From here the pipe work splits into two limbs, which 

allows testing of dual entry turbine housings and partial 

admission. Each limb is controlled separately via a 3′′ 

electrically actuated ball valves. The mass flow rate is 

measured in each limb using a v-cone differential pressure 

flow meter.  

Following the v-cone flow meters, the air enters the first 

pulse generator; consisting of two rotating chopper plates used 

to create pulsation in the flow simulating a diesel engine 

exhaust stream in frequency and amplitude.  Past the first 

pulse generator, the air enters the second pulse generator. The 

second pulse generator consists of a rotating cylinder in each 

limb [5]. It is important to note that only one of the pulse 

generators is used at any time; and in this investigation none 

of them was used so they were fixed in the “open” position.  

Some of the important measuring instruments in the test 

facility are also shown in Figure 3. 
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Figure 3. Schematic of the turbocharger test facility and the 

measuring instruments 

 
The instantaneous actual condition of the turbine is 

measured at the dynamometer end. An optical sensor is used 

to measure the instantaneous speed of the turbine and a load 

cell is used to measure the torque. During steady testing, the 

flow isentropic conditions are measured at the measurement 

plane (Fig. 3), flow static pressure in each limb is measured 

through a Scanivalve system, and the temperature is measured 

via a T-type thermocouple in each limb. The stagnation 

conditions into the turbine were derived knowing the mass 

flow rate, and the cross sectional area of the measuring plane. 

A detailed discussion of all the instantaneous measurement 

and analysis is given in Ref. [3]. 

Testing is usually carried out for flow temperature 

between 330K and 350K, measured at the turbine inlet. The 

heat loss to the atmosphere is considered to be negligible, thus 

the flow through the turbine can be assumed to be adiabatic. 

The facility is protected by a spring loaded shut-off valve, 

which is triggered when the operating parameters exceeds the 

safety limit, these include turbine vibrations, turbine speed, 

bearing temperature and dynamometer temperature. All of the 

data acquisition and control of the test facility is carried out 

through a National Instruments cRIO system. 

 

2.2 MECHANISM OF THE NEW VGT 

 

The new VGT consists of mechanism which is able to 

produce an inlet area with multitude values of rotor inlet 

angles and vice versa. The mechanism is shown in Figure 4 

and can be seen that the vanes (4) are housed into a shell (3) 

where every vane has its own shell; the number of vanes for 

the design is 15. At the same time, the shells are housed into 

the sliding nozzle ring (1), which at the same time is housed 

into the volute (2). The rotor is housed in the exhaust pipe (5). 

Figure 5 shows how each of the vanes is housed. 

Each vane (4) has one degree of freedom, being able to 

rotate over the axis’ shell, as it is shown on Figure 6. 

Independent to this degree of freedom, the ring (1) has its own 

degree of freedom, being able to slide in and out of the volute, 

as also shown in Figure 6. As can be seen, both degrees of 

freedom are independent of each other, giving a wide range of 

possibilities for the turbine operation.  

 

 
Figure 4. Different views of the mechanism 

 

 
Figure 5. Housing of the components 

 
The details of the mechanism are shown in Figure 7. As 

for the angle parameter, the vanes (4) are controlled by an 

external ring (6) which can slide over the exhaust gas pipe (5). 

From the exterior, with the use of a small lever linked to the 

external sliding ring (6) and the vanes, the inlet angle to the 

rotor can be changed as function of the relative position 

between the external slide ring (6) and the exhaust pipe (5).  

As for the mechanism that changes the position of the nozzle 

ring (1) to control the turbine inlet area, a third ring (8) with 8 

small pins pointing towards its center and concentric with the 

exhaust pipe (5) can slide. Each of the pins fit inside 8 worm 

type grooves machined on part 7, which moves in or out, 

pushing or pulling the nozzle ring respectively and adjusting 

its position. The mechanism can be seen in figure 7. 

 

Figure 6. Degrees of freedom of the vanes and the sliding 

nozzle ring 

 

 
Figure 7. Detail of the mechanism 
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2.3 LIMITATIONS OF THE NEW VARIABLE 

VGT 

 

The new VGT allows the turbocharger to be operated on 

a wider range compared to the current VGTs. This enables 

ability to match a wider engine speed and load range by 

varying the rotor inlet angle and area, controlling both these 

parameters independently. This in essence is multiplying the 

geometry options for the different operation points of the 

engine. The mechanism described on the previous section 

allows many different rotor inlet condition settings by 

changing the geometry.  

Nevertheless, the proposed new turbocharger has some 

geometrical limitations due to its design. Figure 8 shows the 

range of operation which could be achieved with the New 

VGT compared with a Pivoting Vane VGT for the same rotor 

and a Sliding Nozzle Ring VGT with 55° angle fixed vane. 

 

 
Figure 8. Comparison between the geometry ranges for 

different VGTs 

 

As can be seen in Figure 8, the existing methods only 

operate along the red and orange lines. Meanwhile the new 
VGT is able to operate within an area of different nozzle area 
and vane angle. Figure 8 only shows the cases for 10%, 40%, 
70% and 100%, but any intermediate percentage can also be 
set, being able to get any point below the “100% Ring Open” 
curve for an angle between 10° to 80°. Nevertheless, the 
maximum vane angle achievable by the new VGT is 82° due 
to the mechanical constrains, but the flow guidance condition 
can only be assured for a maximum of 60°, imposed by the 
geometry of the vanes (this will be discussed later). 

The rotor used for the tests is an in-house designed mixed 

flow rotor, noted as “Rotor A” [6, 7]. The size of the rotor 

determined the stator geometry for the VGT design. The ratio 

A/r for the new turbocharger was set at 28.2 mm at Azimuth 0 

degrees, and the volute cross-section shape was changed in 

order to optimize the new ring configuration. An analysis was 

carried out to determine the optimum geometry and to 

establish its limitations.  

The number of vanes for this design is 15, which has been 

determined by the geometrical limitations given by the rotor 

and the space available in the volute. Due to the mechanism, 

the vanes cannot be overlapped. Figure 9 shows the geometric 

position of the leading and trailing edge of two adjacent vanes 

in red and blue lines when pivoting from 0° to 360°. The 

resultant curves are circles because the vanes are housed in a 

cylindrical shape shell and their rotation center is located in 

the middle of the cord. The size of the cord is 19 mm due to 

space limitations. The vanes use a NACA 0015 airfoil.  

 

 
Figure 9. Geometric place of the LE (leading edge) and TE 

(trading edge) for one complete revolution of two adjacent 

vanes in red (left circle) and blue (right circle) 

 

The consequence of the vanes not being able to overlap 

impacts the guidance of the flow. The outlet angle given by 

the vanes α2, is as in Eq. (1) [8]. Figure 10 shows the 

geometrical meaning of the parameters involved in Eq. (1). 

 

         α2 = cos-1(o/s)                                (1) 
 

 

 
Figure 10. Airfoil nozzle parameters  

 

The green curve showed in Figure 9 represents the 
position of the point H, defined as the perpendicular 
intersection between a line which starts from the trailing 
edge of an adjacent vane and the vane itself. Point H defined 
once the parameter “o” in Figure 10 is physically determined. 
All vane positions that locate the H point inside the red curve 
will ensure flow guidance. In this particular case, “o” as 
shown in Figure 10 is only physically defined for a range of 



5 

the vane pivoting angle. A study was carried out to determine 
the range where the flow angle is guided by the vanes. The 
pivoting angle, where “o” is physically defined goes from 0° 
to 60°, being 0° a vertical blade. Once the pivoting angle goes 
higher than 60°, flow guidance by the vanes cannot be 
guaranteed.  

It is important to notice that before the flow goes into 
the turbine it has to go through the vanes, and before going 
through the vanes it has to go through the volute. Figure 11 
and 12 shows the flow direction through the nozzle and 
volute. The flow leaves the volute at a defined angle, α1, 
given by the Eq. (2). 
 

𝑡𝑎𝑛𝛼1 =
𝜌1

𝜌0

(𝐴1 𝑟1⁄ )

(𝐴0 𝑟0⁄ )
        (2) 

 

 
Figure 11. Parameters which defines the turbine inlet flow 

angle 

 

 
Figure 12. Radial turbine volute (extract from  Japikse, D. 

and Baines, N.C., 1994, Introduction to Turbomachinery, 

Concept ETI Inc., USA and Oxford University Press, 

Oxford) 

 

On a Vane Pivoting VGT, as A1 (area of the nozzle throat) 
and r1 are the inlet dimensions to the rotor and they are 
fixed, α1 is constant. However, for the new VGT due to the 
fact that the nozzle ring has the capability to change the 
width, A1 changes will alter the value of α1. Figure 13 shows 
how the inlet angle changes while the ring is sliding out. It can 

be seen that as the ring slides out, the inlet angle to the vane 
decreases. The volute has an inlet angle of 72° when the 
sliding ring is fully in. 

 

 
Figure 13. Width against 𝛼1 and its graphical representation 

 

3. RESULTS AND DISCUSSION 

 

The mixed-flow turbine is tested under steady flow 
conditions over a range of points with rotor speeds of 18000, 
36000 and 54000 rpm and a wide range of loads. As it has 
been explained on the previous section, the new VGT has 2 
degrees of freedom – vane angle and position of the sliding 
ring. For clearer identification of the geometry combinations 
for testing, every point has been named with the following 
nomenclature “Xd-Yb”, X being the vane angle in degrees (θ 
in Figure 11) and Y being the % of the position of the sliding 
ring, with 100 as completely retracted (maximum area). 

 
 
3.1 STEADY-STATE TUBINE PERFORMANCE 

AS PIVOTING NOZZLE VANE VGT 

 

This section shows the performance of the new VGT 
operating as Pivoting Nozzle Vane (PNV) mode, which means 
only the vane angle has been changed with the sliding ring 
fully in (100% width). Figure 14 shows the Mass Flow 
Parameter against the Pressure Ratio for a range of vane 
angles: 50°, 60°, 65°, 70° and 75°, for a rotor speed of 54000 
rpm. It can be seen in PNV mode, at a PR of 2.4, the new VGT 
can achieve a MFP variation slightly higher than 25% with 75° 
compared with a vane angle of 50°. 

 

 
Figure 14. MFP vs PR at 54000 rpm operating as a PNV 

VGT 
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Figure 15 shows turbine efficiency against the velocity 
ratio. The maximum efficiency achieved is 79.6% for 75° at a 
velocity ratio of 0.7. The worst performance is with 50° vane 
angle, where the maximum efficiency is only 60.8% at a 
velocity ratio under 0.7.  

 

 

Figure 15. Efficiency vs U/Cis at 54000 rpm operating as a 

PNV VGT 

 

3.2 STEADY-STATE TUBINE PERFORMANCE 

AS PIVOTING NOZZLE VANE VGT 

 

This section shows the performance for the new VGT 
operating as Sliding Nozzle Ring (SNR) mode, which means 
only the sliding ring has been changed with the vane angle 
fixed on the same position. The data shown here will be for a 
vane angle position of 50°, so the maximum swallowing 
capacity will be the same as the new VGT operating as 
Pivoting Nozzle Vane mode.  

Figure 16 shows the Mass Flow Parameter against the 
Pressure Ratio for a range of width: 40%, 50%, 62%, 75%, 90% 
and 100%, for a rotor speed of 54000 rpm. It can be seen that 
the effect of the sliding ring on the swallowing capacity is 
more pronounced as the area is reduced, the same for the 
new VGT operating as PNV. A small change has a major 
impact on the swallowing capacity as the area becomes more 
restricted. 

 

 
Figure 16. MFP vs PR at 54000 rpm operating as a SNR 

VGT 

 
Figure 17 shows the turbine efficiency against the 

velocity ratio. Maximum efficiency achieved is 78.5% for 40% 
opening of the sliding ring at a velocity ratio of 0.65. The 
worst performance is with 50° vane angle, where a maximum 
efficiency of only 60.8% at a velocity ratio under 0.7. As the 
points approach the inlet angle of the volute the efficiency 

gets higher due to lower losses produced by the 
misalignment between the vanes and the flow from the 
volute. 

 

 
Figure 17. Efficiency vs U/Cis at 54000 rpm operating as a 

SNR VGT 

 

3.3 STEADY-STATE TUBINE PERFORMANCE 

FOR SAME SWALLOWING CAPACITY 

 

The previous two sections only showed 10 different 
operational points, changing only one of the two degrees of 
freedom that the new design offers (lines on Figure 18). In 
fact a total of 30 settings were tested, as shown in Figure 18, 
with a range of combinations for vane angle and sliding ring 
position. The vertical axis in Figure 18 represents the 
percentage of sliding ring opening, while the horizontal axis 
represents the vane angle position in degrees. 

 
Figure 18. Testing points, each is a different setup 

 

The 30 testing points shown in Figure 18 were selected 
after calculating their inlet area for different settings, 
covering a wide range of combinations. The same inlet area 
does not guarantee the same swallowing capacity, but it gives 
a good first approach to find different settings with the same 
swallowing capacity so they can be compared as if they were 
the same turbocharger. 12 of the 30 testing points, 
categorized into groups of 4, were found to have very similar 
swallowing capacity. Figure 19 shows the group of points with 
similar swallowing capacity. The following section will show 
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the results obtained when comparing 3 different sets that 
contain different points with similar swallowing capacity, 
with reference to Figure 19. 

 
Figure 19. Testing points with similar swallowing capacity 

 
Swallowing Capacity: Set 1 (Figure 19) 
Out of all the testing points, configurations 65d-100b, 

60d-93b, 50d-75b and 40d-65b have similar swallowing 
capacity. Figure 20 shows the MFP vs PR and Efficiency vs 
U/Cis comparison for the 4 points. 

 

 
Figure 20. MFP vs PR and Efficiency vs U/Cis for a set of 
points with the same swallowing capacity at 54000 rpm 

 
Figure 20 shows that the best performance is by 65d-

100d with a peak efficiency of 73.6% at 0.68 velocity ratio. 
The worst performance occurs for the 40d-65d configuration 
with a peak of 60.1% at 0.64 velocity ratio. 

Incidence angle and misalignment are calculated for 
each of the configuration. The incidence angle, i is calculated 
assuming free vortex relationship CθR=constant, meanwhile 

the misalignment is difference between the vane angle and 
the angle at which the flow is exiting the volute. Figure 21 
shows the incidence angle and misalignment at peak 
efficiency (to be read on the right vertical axis). The peak 
efficiency is represented by the points in the figure (to be 
read on the left vertical axis). The horizontal axis represents 
the actual position of the sliding nozzle ring in percentage, 
100% being the maximum width and 0% is completely closed. 
The bars and points are located on the actual position of the 
point that they represent. 

 

 
Figure 21. Efficiency, Angle of Incidence, Efficiency and 
Angle of Misalignment for a set of points with the same 

swallowing capacity at 54.000 rpm 
 

As can be seen in Figure 21, as the sliding ring moves 
toward smaller width (towards smaller percentage), the 
misalignment angle increases (bar with positive angle). The 
incidence angle also increases as the width gets smaller close 
to -80° for 40d-65b configuration. As the misalignment 
increases, the efficiency drops, probably due to the losses 
produced by the misalignment between the vane angle and 
the flow exiting the volute. The peak efficiency is produced at 
an incidence angle of -55°. The same behavior is found at the 
other rotor speed (18000 and 36000 rpm) for the same 
configurations. 

 
Swallowing Capacity: Set 2 (Figure 19) 
For this second set of points, configurations 70d-100b, 

65d-75b, 60d-65b and 55d-60b have similar swallowing 
capacity. Figure 22 shows the MFP vs PR and Efficiency vs 
U/Cis for the points selected at a 36000 rpm rotor speed. 

 



8 

 
Figure 22. MFP vs PR and Efficiency vs U/Cis for a set of 
points with the same swallowing capacity at 36000 rpm 

 
Figure 22 shows that despite the difference on the 

configurations, ranging from 55° to 70°, and 100% to 60% 
position of the sliding nozzle ring, the performance is very 
similar, the peak efficiency for all curves is between 72.2% 
(55d-60b) and 76.4% (70d-100b). 

Figure 23 shows the calculated incidence angle and 
misalignment for the Set 2. As the sliding ring moves towards 
smaller width (towards smaller percentage), the 
misalignment angle increases (bar with positive angle) – 
bigger the misalignment means higher the losses at the 
stator. The incidence angle increases as the width gets 
smaller close to -80° for 55d-60b configuration. For 60d-62b 
and 65d-75b configurations the efficiency is similar. Despite 
having a bigger misalignment, 60d-62b has a slightly better 
performance for this speed, probably because the incidence 
angle is more optimal. The peak efficiency is produced at the 
better alignment between the vane angle and the volute exit 
flow angle. Figure 24 shows that the similar behavior was 
found at 54000 rpm rotor speed. 

 

 
Figure 23. Efficiency, Angle of Incidence, Efficiency and 
Angle of Misalignment for a set of points with the same 

swallowing capacity at 36000 rpm 

 
As expected, the bigger the misalignment, the worse is 

the efficiency due to the losses on the stator. However, 
another factor to take into account is how the sliding ring 
position impacts on the tip losses. The sliding ring may have 
an important role on the shroud losses by deviating the flow 
away from the tip of the turbine. As the sliding nozzle ring 
closes, the shroud and the tip losses could be smaller by 
making the flow to avoid the shroud area, due to the fact that 
at the minimum incidence the maximum losses occur in the 
pressure surface shroud region [9]. 

 

 
Figure 24. Efficiency, Angle of Incidence, Efficiency and 
Angle of Misalignment for set 2 of points with the same 

swallowing capacity at 36.000 rpm 
 
Swallowing Capacity: Set 3 (Figure 19) 
For the third set of points, configurations 75d-100b, 70d-

70b, 65d-55b and 50d-40b have very similar swallowing 
capacity. Figure 25 shows the MFP vs PR and Efficiency vs 
U/Cis for the points selected at 54000 rpm rotor speed. 
Figure 25 shows that despite the difference on the 
configurations, ranging from 50° to 70° vane angle, and 100% 
to 40% position of the sliding nozzle ring, the performance is 
very similar, the peak efficiency for all curves is between 
78.1% (65d-55b) and 79.4% (75d-100b). 
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Figure 25. MFP vs PR and Efficiency vs U/Cis for the third set 
of points with the same swallowing capacity at 54000 rpm 

 
Figure 26 shows the calculated incidence angle and 

misalignment for the Set 3. As the sliding ring moves to the 
smallest percentage (40%), the misalignment angle goes 
close to zero. The incidence angle increases as the width gets 
smaller surpassing -80° for the 50d-40b configuration. For the 
75d-100b configuration, the incidence angle is within the 
optimum value between -20° and -40° [10], thus its efficiency 
is slightly higher despite having a bigger misalignment 
compared to 50d-40b – this could be due to the losses 
produced by the sliding nozzle ring. Similar behavior was 
found for rotor speeds of 18000 and 36000 rpm – as the 
misalignment angle reduces, the efficiency is higher. 

 

 
Figure 26. Efficiency, Angle of Incidence, Efficiency and 
Angle of Misalignment for a set of points with the same 

swallowing capacity at 54000 rpm 
 
Based on the evaluated set of testing points, it can be 

said that the losses produced by the misalignment are more 
significant that the effect produced by the incidence angle. 
Also, as the sliding ring makes the inlet area smaller, the 
optimum incidence angle increases from -20° to -40°, up to 
close to -100°. The ideal range has been quoted as -20° to -
30° [10] or even as high as -40° [12], although Spence and Artt 

[13] conducted an experimental assessment of incidence 
losses in a radial flow turbine and found that for a small stator 
area and mass flow rate the turbine was reasonably 
insensitive to incidence angles between -40° and +40°. From 
the data, it appears that the optimum incidence angle is 
sensible to the A/r value of the volute. 

4. CONCLUSIONS 

 

This paper presents an experimental investigation with a 
turbocharger turbine with different inlet flow angles and inlet 
flow areas, with the aim to enhance exhaust energy 
extraction. Investigation focuses on the steady behavior of a 
new variable geometry mixed flow turbocharger turbine for 
different comparable configurations of vane angle and sliding 
ring position that offer the same swallowing capacity at three 
different rotor speeds (18000, 36000 and 54000 rpm). 

When the new VGT operates as Pivoting Nozzle Vane 
mode (sliding ring nozzle is fixed, fully open), at 54000 rpm 
rotor speed, it can achieve a Mass Flow Parameter variation 
close to 25% from 50° to 75° vane angle and efficiency of 
60.8% and 79.6% respectively – all the intermediate settings 
fall in between them. When the new VGT operates as Sliding 
Nozzle Ring mode (vane angle is fixed at 50°), at 54000 rpm 
rotor speed, it can achieve a Mass Flow Parameter variation 
close to 27% from 40% to 100% sliding ring position and 
efficiency of 60.8% and 78.5% respectively. The effect of the 
sliding ring on the swallowing capacity is more pronounced 
as the area is reduced. Similar can be observed for the new 
VGT operating as PNV, small changes have a major impact of 
the swallowing capacity as the area becomes more restricted. 

On every set of testing where the configuration produces 
similar swallowing capacity, the peak efficiency is achieved by 
the configuration where the misalignment angle is closer to 
zero, practically independently of the vane angle (ranging 
from 40° to 75°). The misalignment angle is the difference 
between the volute exit flow angle and the vane angle. The 
volute exit angle is given by the A/r ratio, affected by the 
position of the sliding ring. As the sliding ring closes making 
the inlet area smaller, in order to reduce the losses in the 
stator the vane angle has to open to produce a smaller 
misalignment angle increasing the inlet area, thereby 
increasing the swallowing capacity. A pattern that also was 
observed is that as the sliding ring closes, the incidence angle 
is bigger (in absolute terms, it is more negative) for the peak 
efficiency.  

From this observation, it can be said that the optimum 
incidence angle maybe linked to the A/r of the volute, and it 
is well known how the A/r impacts on the efficiency [11]. 
Based on the testing data, the losses produced by the 
misalignment angle are more significant than the effect 
produced by the incidence angle. As the sliding ring makes 
the inlet area smaller, the optimum incidence angle, 
calculated from the experimental data, increases from -20° to 
-40°, up close to -100°.  

The presented data and analyses in this paper effectively 
indicate that turbine operational governing based on area 
changes, by ignoring the inlet flow angle, as in the practice of 
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conventional pivoting vane turbine, is penalizing the 
performance of a turbocharger. 

 

NOMENCLATURE 

  

CFD Computational fluid dynamics 

Mass flow parameter ṁ(T01)0.5/p01 

MFP Mass flow parameter 

PR Pressure ratio, p1/p2 

U rotor tip speed,  m s-1 

Cis Isentropic expansion velocity, m s-1 

rpm Revolution per minute 
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