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EGR extraction from one side of the exhaust manifold creates imbalance of mass flow 
in a double entry turbine. To overcome this problem, the asymmetric double entry 
turbine was introduced. The performance maps of this turbine were obtained through 
extensive test configurations in both steady and unsteady flow conditions at Imperial 
College cold flow test rig. Two main configurations were investigated; nozzleless and 
nozzle vane setting. Nevertheless, no attempt has been made to compare the 
performance of asymmetric double entry turbine to that of the symmetric counterpart. 
One way to make comparison between these two double entry turbine volutes, is by 
using numerical simulation. This is achieved by using ANSYS CFX tool in this paper. A 
symmetric double entry volute CAD model is developed using the same A/R ratio as 
the asymmetric counterpart, adopting the same mixed flow rotor, inlet and exit ducts. 
The steady state numerical investigation was conducted at two turbine speeds, 30k 
RPM and 48k RPM, for the nozzleless configuration. Steady state experimental results 
of asymmetric double entry turbine are set as the boundary condition in the 
simulation. Validation of the simulation results with that of the experimental data, 
shows good agreements for both speed lines for the asymmetric double entry turbine. 
The symmetric double entry turbine recorded peak efficiencies; lower by 2.8% and 8%, 
at 30k RPM and 48k RPM respectively, compared to that of asymmetric double entry 
turbine. The results of steady state conditions of the asymmetric double entry turbine 
suggest that the distribution of the incidence angle is better than the symmetric double 
entry turbine as it is able to maintain the incidence angle at off-design and design point 
operating condition within the same range. 
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1. Introduction 
 

Diesel engines are widely in use worldwide as it provides high power with low fuel consumption 
and low CO2 emission. In diesel engines, the nitrogen oxides (NOx) emission which contributes 
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towards the major hazardous pollutants remain high [1]. The formation of NOx in diesel engines is 
such a complex mechanism as owing to heterogeneous and transient type of combustion nature in 
diesel engine [2]. One way of achieving reduction in NOx by introducing EGR in which it recirculates 
part of exhaust gas to the combustion chamber [3-5]. However, EGR extraction from one side of the 
exhaust manifold creates imbalance of mass flow entering a turbocharger [5]. Twin and double entry 
turbine was introduced to overcome this problem and various study under steady and unsteady 
condition were conducted in this configuration [5-14].  

Newton [10] experimented with a symmetric double entry turbine with a mixed flow turbine rotor 
‘A’ which was designed in Imperial College London [15], and has shown that peak efficiency can be 
achieved up to 79.7% with nozzle setting in steady state condition. A year later, Martinez-Botas and 
Sakai [16] designed an asymmetric double entry turbine which they claim can improve flow balance 
around turbine wheel during high EGR rate and subsequently improved energy extraction capability. 
Gurunathan [17] then used this asymmetric turbine with the same mixed flow rotor ‘A’ with 
nozzleless setting and recorded 77% peak efficiency at 0.68 velocity ratio in both experiment and 
simulations. It is thought that with a nozzled setting, the performance might match or higher than 
achieved by Newton [10]. However, a direct comparison between the volutes is not suitable due to 
different volute shape used in the study of Gurunathan [17] and Newton [10]. Therefore, a conclusion 
for which volute design is better- asymmetric or symmetric; cannot be made.  

In this paper, the asymmetric volute designed by Martinez-Botas [16] is modified to be symmetric 
while maintaining the shape and A/R ratio. The new symmetric design will be analyzed using CFD 
simulations and compared with the asymmetric CFD simulation results which has already been 
validated against experimental measurements. Due to similar geometric specifications, a direct and 
fair comparison can be made and finally a decision on which design is more suitable for EGR exhaust 
gas characteristics, can be made. 
 
2. Methodology  
 

The design of the symmetric double entry turbine volute and the setup of simulation is the result 
of modification of asymmetric double entry turbine geometry from Gurunathan [17], considering 
Rotor ‘A’ specification designed by Abidat [18] in Imperial College London.  
 
2.1 A/R Ratio of Turbine 
 

The design will consider same A/R ratio of the turbine with different azimuth angle for each scroll. 
The corresponding value of A/R ratio of each of the scroll for the asymmetric turbine volute is stated 
in the equation below [17] 

 

(
A2

r2
)

i
= 13.33 mm              (1) 

 

(
A2

r2
)

o
= 16.67 mm              (2)  

 
The relationship between A/R ratio with azimuth angle represented in the Figure 1.  
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Fig. 1. Relationship between A/R ratio with azimuth angle 
of asymmetric double entry turbine [17] 

 
2.2 Volute Cross Section Shape 
 

The flow of exhaust gas to the volute passage is influenced by the type of volute cross sectional 
shape. The right shape will contribute to the smooth flow of exhaust gas and there are a few volute 
shapes are used conventionally. Figure 2 shows the conventional volute design with different shapes. 
In this research, the volute shape (I) is used. 

 

 
Fig. 2. Conventional volute design with different 
shapes [16] 

 
The area of cross section from asymmetric volute is used in the Eqs. (1) and (2). In asymmetric 

turbine volute design, Sakai [19] used 𝑟𝜓=0 = 96.45 mm and and 𝐴𝜓=0 = 1322.02 mm2 for small 

scroll. For the large scroll, the values are 𝑟𝜓=0 = 101.32 mm and 𝐴𝜓=0 = 1749.27 mm2. The 

symmetric radius is determined by forecasting the value of A/R ratio with azimuth angle. Then, the 
values of radius are inserted back into the Eqs. (1) and (2) and the area of volute cross section are 
calculated with the values of A/R which correspond to the new azimuth angle. The difference in A/R 
between asymmetric and symmetric turbine volute are shown in Figure 3. For the inner scroll, at 
ψ=0°, both scrolls show same value of A/R ratio of 13.33 mm. As for the outer scroll, the value of A/R 
ratio are 16.67 mm at ψ=160° for asymmetric volute at ψ= 180° for symmetric volute. 
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Fig. 3. Graph of A/R ratio versus azimuth angle of asymmetric and 
symmetric volute 

 
2.3 3D Volute Model 
 

A new 3D volute model is developed by using the new symmetric volute dimension in SolidWorks. 
As shown in Figure 4, the sketch for the area and radius are divided with 9 sections from 0° to 360°. 
The difference between asymmetric and symmetric 3D model as shown in Figure 5. 
 

 
Fig. 4. Cross sections of symmetric volute 
in SolidWorks 

 

 
Fig. 5. Comparison of asymmetric and symmetric turbine 
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2.4 Computational Fluid Dynamics (CFD) Simulation for Symmetric Volute 
 

The simulation software used in this project is ANSYS CFX. There are 4 stages in this simulation 
which consist of preparation of CFD domains, Pre Processing, Solver and Post Processing. The 
domains consist of conversion inlet, symmetric turbine housing, rotor and outlet and the assembly 
of these domains are set same as the real assembly on the experimental rig. Figure 6 below show the 
3D CAD models of the simulation.  
 

 
Fig. 6. Assembly of 3D models following the experiment 
arrangement 

 
Every fluid domain is meshed using ANSYS Mesh Workbench except for the rotor. The rotor is 

meshed using the ANSYS Turbogrid in which the software is specific to mesh the rotor for 
turbomachinery case. The meshing and setup for the symmetric turbine is similar to that of 
asymmetric turbine. Table 1 shows the details of the meshing of the domains and Figure 7 shows the 
meshes of the fluid domains. 

 

 
Fig. 7. Mesh of the fluid domains 

 
The equation of k-epsilon (k-ε) turbulent model is used in this simulation. The prediction of 

turbulent flow to analyze turbocharger performance by using this turbulent model is accurate as 
mentioned by Palfreyman [20].  
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Table 1 
Domain meshing parameters 

Mesh preference 

Physics preference CFD 
Solver preference CFX 
Relevance center (mesh size) Fine 
Type of mesh Hexahedral, prism and pyramid 
Turbine mesh near wall spec. Y+ and Reynolds No 1.0e6 
  
Domain details 
Type of mesh Unstructured 
Domain Total nodes Total elements 
Conversion inlet 65135 190325 
Symmetric volute 185367 500829 
Vanesless 131192 30740 
Outlet 25323 70489 
Type of mesh Structured 
Turbine A 3072708 2817336 

 
2.5 Computational Fluid Dynamics (CFD) Validation Exercise for Asymmetric Volute 
 

The purpose of this process is to determine how good the simulation model predicts the 
experimental result. In other words, the process is to ensure the simulation model has high degrees 
of agreement with the experimental data. The validation is conducted by running the simulation of 
asymmetric volute and the results are compared with that of the experimental measurements. The 
parameters from the asymmetric test which are mass flow rate, total to static efficiency, pressure 
ratio and velocity ratio are compared directly with the experimental data and results. The setup in 
the preprocessing and post processing remains the same, as explained previous, except for the volute 
domains. Table 2 shows the mesh details for the asymmetric volute domain. 
 

Table 2 
Asymmetric volute meshing parameters 

Domain details 

Type of mesh Unstructured 
Domain Total nodes Total elements 
Asymmetric volute 274931 742788 

 
2.6 Performance Parameter 
 
Single entry turbine performance in steady state operations are defined by four standard 
dimensionless parameters, which are total to static isentropic efficiency, velocity ratio, mass flow 
parameter and pressure ratio. These parameters were adjusted to represent different flow 
conditions in each entry of a double entry turbine as in Eqs. (3) to (9). Subscript i and o have been 
defined for the inner and outer volute respectively.  
 

η𝑡𝑠 =
(

τ2πN

60
)

ṁiCp(T01)i[1−(
P5

P01
)

i

γ−1
γ

]+ṁoCp(T01)o[1−(
P5

P01
)

o

γ−1
γ

]

         (3) 

 

MFP =
(mi+̇ mȯ )√T01

P01
             (4) 
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VR =
U2

Cis
=

πD4(
N

60
)

√(
(Wiṡ )i+(Wiṡ )o

mi+̇ mȯ
)

            (5) 

 

PR =
PRi(Wiṡ )

i
+PRo(Wiṡ )

o

(Wiṡ )
i
+(Wiṡ )

o

            (6) 

 

T01 =
mi̇ (T01)i+mȯ (T01)o

mi+̇ mȯ
            (7) 

 

P01 =
(P01)i(Wiṡ )

i
+(P01)o(Wiṡ )

o

(Wiṡ )
i
+(Wiṡ )

o

            (8) 

 

Wis = ṁCpT01 [1 − (
P5

P01
)

γ−1

γ
]           (9) 

 
2.7 Boundary Conditions 
 

The data for inlet and outlet boundary condition are experimental points obtained from vaneless 
asymmetric volute testing in equal admission steady condition. Gurunathan [17] tested extensively 
the asymmetric double entry turbine in a cold flow condition at Imperial College test rig using an eddy 
current dynamometer. The equal admission steady flow testing was carried out at two different 
speeds; 30k RPM and 48k RPM. In this boundary condition setup, 30k RPM resembles of 50% of the 
turbine speed and 48k RPM speed resembles of 80% of the turbine speed. The experimental points 
are shown in Table 3 and 4.  
 

Table 3  
Boundary conditions at 30k RPM 

Point  (P01)i (Pa) (P01)o (Pa) (T01)i (K) (T01)o (K) Pexit (Pa) Rotor Speed (RPM) 

1 162733.40 162800.75 338.44 337.65 100009.08 30049.39 
2 133144.36 132947.61 332.74 332.47 100097.76 30420.15 
3 123634.21 123587.46 334.54 334.39 100069.40 29323.30 
4 116257.02 116373.73 332.89 332.59 99980.24 29901.19 
5 112004.49 111510.55 332.13 331.68 100078.11 29838.86 

 
Table 4 
Boundary conditions at 48k RPM 

Point  (P01)i (Pa) (P01)o (Pa) (T01)i (K) (T01)o (K) Pexit (Pa) Rotor Speed (RPM) 

1 185527.03 184903.18 334.79 334.49 100122.90 48615.65 
2 159079.33 158589.43 331.41 331.00 100074.01 46865.62 
3 144041.93 143795.04 331.75 331.18 100076.25 48411.42 
4 137844.65 138110.36 336.70 336.39 100047.64 47799.20 
5 127505.78 127444.23 333.68 333.38 100048.64 48027.87 
6 123801.42 123799.99 332.26 332.06 100068.33 47639.42 

 
3. Results  
 

The simulation results of symmetric turbine volute are compared directly with simulation results 
of asymmetric turbine volute. Prior to this comparison, the validation exercise was carried to ensure 
simulation model is reliable in predicting the performance of the symmetric turbine.  
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3.1 Validation Results 
 

The simulation results of asymmetric turbine volute are compared directly with that of the 
experimental results obtained at Imperial College test rig. The overall mass flow parameter at 30k 
RPM is shown in Figure 8. It can be observed that the simulation curve follow experiment curve with 
overall Root Mean Square of the deviation is 5%. The difference between experiment and simulation 
results at 30k RPM speed is shown in Table 5.  

Figure 9 shows the total to static efficiency at 30k RPM under the same axis. It can be seen that 
the simulation demonstrated lower efficiency curve compared to experimental curve. From Table 6, 
the average percentage difference between results is 5.25% and the lowest percentage difference 
recorded at 0.44 velocity ratio with 2.87% efficiency.  

Figure 10 shows the overall mass flow parameter at 48k RPM. The simulation curve shows the 
mass flow parameter follows experiment curve with lower value. The overall percentage difference 
recorded between curves are 4.61%. From Table 7, it can be concluded that experiment has higher 
mass flow parameter in overall compared to simulation result.  

Figure 11 shows the total to static efficiency at 48k RPM plotted at the same axis. From the figure, 
it can be observed that the simulation total to static efficiency are lower than experiment. In overall, 
the simulation curve demonstrated same trend with experiment curve but with average percentage 
difference of 8.92%. The difference between experiment and simulation results at 48k RPM speed is 
shown in Table 8.  
 

 
Fig. 8. Experiment vs Simulation Overall mass flow parameter 
at 30k RPM 

 
Table 5 
Overall Mass flow parameter comparison at 30k RPM 

Pressure ratio Overall Mass flow parameter MFP (× 10−5) % Difference 
Experiment Simulation 

1.12 2.30 2.12 1.12 
1.16 3.07 2.81 1.16 
1.24 3.80 3.55 1.24 
1.33 4.39 4.52 1.33 
1.63 5.51 5.78 1.63 
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Fig. 9. Experiment vs Simulation Total to static efficiency at 30k 
RPM 

 
Table 6 
Total to static efficiency comparison at 30k RPM 
Velocity ratio Overall Total to static efficiency (%) % Difference 

Experiment Simulation 
0.21 67.8 64.2 0.21 
0.28 76.2 72.8 0.28 
0.31 77.0 73.2 0.31 
0.38 70.1 64.5 0.38 
0.44 56.6 55.0 0.44 

 

 
Fig. 10. Experiment vs Simulation Overall mass flow parameter 
at 48k RPM 

 
Table 7  
Overall Mass flow parameter comparison at 48k RPM 
Pressure ratio Overall Mass flow parameter MFP (× 10−5) % Difference 

Experiment Simulation 

1.24 2.73 2.65 1.24 
1.27 3.06 2.95 1.27 
1.38 3.83 3.61 1.38 
1.44 4.22 3.92 1.44 
1.58 5.00 4.80 1.58 
1.85 5.57 5.37 3.66 
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Fig. 11. Experiment vs Simulation Total to static efficiency at 
48k RPM 

 
Table 8 
Total to static efficiency comparison at 48k RPM 
Velocity ratio Overall Total to static efficiency (%) % Difference 

Experiment Simulation 

0.31 76.2 72.1 0.31 
0.35 78.1 73.3 0.35 
0.40 66.7 58.0 0.40 
0.42 62.7 54.5 0.42 
0.48 48.1 47.5 0.48 
0.51 35.2 31.1 0.51 

 
Based on the validation results, the average percentage difference for mass flow parameter and 

total to static efficiency in overall are below than 10% and it is acceptable to run the symmetric 
turbine volute with the same boundary condition and simulation used in validation tests. 
 
3.2 Performance Comparison at 30K RPM 
 

Figure 12 shows overall mass flow parameter of asymmetric and symmetric volute at 30k RPM. 
At pressure ratio below 1.2, both volutes show negligible difference of mass flow parameter. As the 
pressure increases, the symmetric demonstrated lower trend of mass flow parameter. The highest 

mass flow parameter recorded is 5.78 × 10−5(kgs−1. √K)/Pa of asymmetric volute. The overall 
percentage difference between both volutes is 8.21%. Table 7 shows the overall mass flow parameter 
between asymmetric and symmetric at 30k RPM. In overall, the asymmetric has higher mass flow 
parameter compared symmetric with highest percentage difference of 18.09% at 1.33 pressure ratio. 

The total to static efficiency of asymmetric and symmetric turbine volute are compared at this 
operating speed. Figure 13 shows the plot of total to static efficiency of asymmetric and symmetric 
volute at 30k RPM operating speed. The efficiencies are observed in the range of 0.2 to 0.45. Both 
volutes have demonstrated the increase in efficiency from 0.2 to 0.35 velocity and the efficiency 
decreases as the velocity ratio increases. From the figure, the symmetric curve shows same trend of 
asymmetric curve. Below 0.3 velocity ratio, significant difference in efficiency recorded. The peak 
efficiencies of asymmetric and symmetric volute are 73.2% and 71.2%. The symmetric volute shows 
higher efficiency at 0.37 velocity ratio with 65.6% compared to asymmetric volute with 64.5%. The 
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lowest efficiency recorded is 53.6% for symmetric volute at 0.44 velocity ratio. The average 
percentage difference between volutes is 6%. 
 

 
Fig. 12. Overall mass flow parameter at 30k RPM 

 

 
Fig. 13. Total to static efficiency at 30k RPM 

 
3.3 Performance Comparison at 48K RPM 
 

Figure 14 presents the overall mass flow parameter at 48k RPM. It can be seen the symmetric 
curve has same trend of asymmetric. Based on observation, pressure ratio below 1.4 shows negligible 
difference of mass flow parameter between the volutes. At 1.43 pressure ratio, the symmetric mass 
flow parameter shows slightly higher than asymmetric. However, asymmetric volute overcomes 
symmetric at the pressure 1.59 pressure ratio value of mass flow parameter, 4.80 ×

10−5(kgs−1. √K)/Pa. The average percentage difference of overall mass flow parameter between 
asymmetric and symmetric is 3.06%. The highest percentage difference is 6.45% at 1.59 pressure 
ratio. 
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Fig. 14. Overall mass flow parameter at 30k RPM 

 
Figure 15 shows the graph total to static efficiency of asymmetric and symmetric volute at 48k 

RPM. The velocity ratio observed in between 0.3 to 0.55. It can be observed both volutes have the 
same trend but consistent difference in efficiency. Based on observation, the efficiency decreases as 
the velocity ratio increases for both volutes. From the plot, it can be seen the asymmetric volute has 
higher total to static efficiency compared to symmetric volute. The peak efficiency recorded from 
both volutes at 0.34 velocity ratio with 73.3% for asymmetric and 67.7% for symmetric. At the highest 
velocity of 0.51, both volutes show similar decrease in efficiency. The average percentage different 
for both volutes is 8.43%. Table 8 shows the total to static efficiency of asymmetric and symmetric 
volutes. The highest percentage difference recorded is 12.01% at 0.48 velocity and the lowest 
percentage difference recorded is 5.86% at 0.40 velocity ratio. 
 

 
Fig. 15. Total to static efficiency at 30k RPM 

 
3.4 Flow Performance Analysis 
 

The flow performance was analyzed by comparing the incidence angle between the volutes. The 
incidence angle is referring to the difference between rotor inlet flow angle and blade angle at the 
rotor leading edge. As mentioned by Japikse and Baines [21], the optimum incidence angle for radial 
turbine in range of -20° to -40°. The closer the incidence angle of the flow approaching to the 
optimum incidence angle range, the higher the turbine efficiency. 

Figure 16 shows the incidence angle of asymmetric and symmetric volute plotted on the azimuth 
angle. In asymmetric volute, the lowest magnitude of incidence angle approached to optimum 
incidence angle is -12.4°. It can be seen that in inner scroll asymmetric volute, the incidence angles 
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are lower below ψ=40° and slightly increase and maintained until ψ=160°. The incidence angles are 
observed and recorded lower as approach to ψ=200° and remained in constant magnitude. It also 
observed that the incidence angle increases as approached to tongue area from ψ=320°. For 
symmetric volute, -11.4° is the lowest magnitude of incidence angle to approach the optimum angle. 
The inner scroll from ψ=0°, the incidence angles are constant and slightly decreases at ψ=150°. The 
outer scroll shows lower incidence angle recorded and the lowest incidence angle are observed at 
ψ=330°. From the Figure 11, the incidence angle of asymmetric volute approached closer to optimum 
incidence angle of -20° with difference of 7.6° compared to symmetric volute with difference of 8.6°. 
 

 
Fig. 16. Incidence angle comparison at 30k RPM 

 
Figure 17 shows the incidence angle at 48k RPM. The lowest incidence angle recorded for 

asymmetric volute is -9.63°. As for the symmetric volute, the lowest incidence angle recorded is -
8.62°. The asymmetric volute shows constant low incidence angle at inner scroll correspond to ψ=0° 
to ψ=160°. The incidence angle started to slightly lower as approached to ψ=180° and remained at 
the same magnitude in which refer to the flow in outer scroll. As for symmetric volute, the incidence 
angles are higher than asymmetric in overall. At ψ=180°, the difference of incidence angle recorded 
between asymmetric and symmetric is 1°. For outer scroll, the magnitude of incidence angles are 
same at ψ=300° and 330°. From observation, clearly asymmetric volute also has higher efficiency as 
the incidence angle approaches closer to the optimum incidence angle of -20° with difference angle 
of 10.37°. The symmetric volute shows lower efficiency with difference in angle of 11.38°. 
 

 
Fig. 17. Incidence angle comparison at 48k RPM 
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4. Conclusions 
 

An asymmetric volute design is said to improve flow balance from high EGR rate around turbine 
wheel and improve overall turbine energy extraction capability. Both experimental tests and CFD 
simulations shows that a nozzleless asymmetric turbine (nozzleless) with mixed flow rotor ‘A’ 
designed in Imperial college London is able to reach 77% peak efficiency at 0.68 velocity ratio. A 
similar specification volute was designed but with symmetric configuration in order to compare the 
performance of turbines in asymmetric and symmetric configurations. The comparison was made 
using CFD simulations under steady conditions at 30K RPM and 48K RPM to reflect 50% and 80% 
turbine speed respectively.  

Comparison of CFD simulations shows that the symmetric volute design achieved lower total to 
static efficiency compared to asymmetric volute with 2.77% and 8% lower efficiencies at peak 
efficiency for 30K RPM and 48K RPM respectively. Further analysis on incidence angles shows that 
magnitude of incidence angle for asymmetric volute is closer to the optimum incidence angle of -20° 
and the incidence angle for symmetric volute is closer to the positive range. Therefore, asymmetric 
volute design is more optimum for EGR exhaust gas operations.  

This paper presents simulation results under steady condition. In a real engine application, the 
turbine will undergo unsteady flow condition of EGR exhaust gas. In future work, the comparison can 
be made for both asymmetric and symmetric turbines in unsteady conditions to match real 
applications. 
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