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Abstract: - This study has highlighted how the needs of drastically reduces carbon, pollutant emissions and 
energy recovery in vehicle propulsion systems. The object of this research is to reduce emissions of gas 
pollutants by investigating the impact of speed and frequency towards the automotive turbocharger. This will 
definitely lead to a reduction in fuel consumption leading to a reduction in the amount of CO2 gas emissions. 
The present work is conducted with the view to push one step closer towards the full incorporation of the 
pulsating flow efficiency in the turbine design. In addition, the pulse frequency and the pulsating flow frequency 
effects the performances of the turbine are analyzed. The numerical results of the present study are compared 
with the experimental data. ANSYS-CFX software is used to solve the equations of a viscous, compressible, 
highly unsteady and three dimensional turbine inflows. The simulations are conducted at 29,500 rpm, 41,500 
rpm and 59,740 rpm and respectively at 50%,70% and 100% design speed for both 40 Hz, 56,8 Hz and 80 Hz 
pulsating flow inlet conditions. 
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1 Introduction 

The importance and availability of road vehicles 
which operate over wide range of speeds and under 
inlet pulsating flow conditions are fastly growing. 
The gas pollutants of this vehicle must be reduced; 
this could be achieved by investigating the influence 
of speed and frequency towards the automotive 
turbocharger, since if the CO2 content of the 
combustion products rises above 15% it would be 
harmful to the health. It should be emphasized that 
turbocharged internal combustion engines work for 
less toxic gas emissions with a higher air / fuel ratio 
(3-5% excess air) and result in a significant increase 
in the specific power output, both features are 
attractive achievements. 

US Environmental Protection Agency conducted a 
study of CO2 emissions of different end-use sectors 
in the United States in 2008 [1] showed 
approximately 32% of CO2 emissions are from the 
transportation sector, and almost entirely from fossil 

fuel combustion. Tolga and al [2] develop the 
Matching of Double Entry Turbines for the Next 
Generation of Highly Boosted Gasoline Engines 
Carla and al [3] focuses on exploiting ways to 
decrease  consumption of fuel and reduce emissions 
from gasoline road vehicles, with turbocharging 
mechanisms, and the combination of low-
complexity mechanisms (fuel cut, stop–start and 
downsizing with turbocharging), CO2 emissions and 
fuel consumption can be reduced by 15–49%.The 
influences of the engine exhaust system as well as 
turbocharging have been investigated extensively. 
Bencherif and al [4] et [5] analyzed the performance 
of a twin-entry turbine under pulsed flow 
conditions. The results of this study show that the 
twin-entry turbine exhibits greater filling and 
emptying characteristic. 

Klimstra J. [6] studied the performance of lean-burn 
stationary engines fueled by natural gas. It was 
found that limitations for the NOx emissions restrict 
the developments in cylinder load and shaft 
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efficiency. The range of prominent variable 
geometry technologies that are commercially 
available, for both turbines and compressors was 
detailed by Adam and al [7]. Ugur [8] investigated 
the influence of the turbocharging system on the 
performance of the gas engine family, which is used 
in combined power plants. The results show that the 
turbocharger efficiency has a great impact on the 
engine efficiency. An increase of 1% in the 
turbocharger efficiency brings an increase of around 
0.08% in the engine efficiency.  

The twin entry turbine is an important component in 
the centrifugal machines. Optimizing the 
performance of a twin entry volute leads to improve 
the total performance of the machine. For this 
purpose, it is of high interest to compare the effect 
and benefits of the pulse frequency as well as the 
speed rotation, maximum kinetic energy and 
appropriated incidence angle to the rotor and 
minimum losses. The twin-entry mixed inflow 
turbine is studied under highly pulsating 
unfavorable flow. It is fortunate that the turbine is 
able to accept these conditions without a complete 
deterioration of its performance. 

Several experimental investigations on the single 
entry mixed inflow turbine performance was 
performed. Three mixed flow turbines, with rotor A, 
B and C, have been designed to meet the above 
mentioned constrains and then tested at Imperial 
College by Abidat [9] and Abidat and al. [10], the 
two rotors A and C have a 20 degrees constant rotor 
inlet blade angle and differ only by the number of 
blades: Turbine C has only 10 blades while rotor A 
has 12 blades. Vincenzo and al [11] presented an 
experimental campaign developed on a turbocharger 
waste-gated turbine for gasoline engine application. 
The effect of pulse amplitude and frequency on the 
mixed flow turbine was investigated by Chen and al. 
[12]. The performance of mixed flow turbine with 
different rotors has been investigated by 
Arcoumanis et al. [13]. Hakeem and al. [14] 
presented a steady and unsteady performances of 
two mixed flow turbocharger turbine rotors, a 
detailed assessment of the effect of volute geometry 
on the turbine performance has been carried out, 
which confirmed that the geometry of volute plays a 
very important role in the overall performance of a 
turbine. A method to predict the performance of a 
mixed flow turbine under both steady and unsteady 
conditions was proposed by Abidat and al. [15]. 
Hamel and al. [16] analyzed the effect of the volute 
inlet flow conditions on its performance (efficiency, 
exit flow angle, etc.). Hamel and al. [17] conducted 

a steady and unsteady flow performance analyses 
and a numerical performance prediction of a mixed 
flow turbine under inlet pulsating flow conditions. 
Sakai and al. [18] proposed a novel turbine concept 
specifically designed for exhausts pulse flow energy 
conservation and EGR control. In order to combine 
both these features, an asymmetrically divided 
double-entry turbine was developed to respond to 
the imbalance of mass flow due to EGR extraction 
from one side. Mahfoudh and al. [19] performed a 
study of the unsteady performances related to the 
pulsating flows of a twin-entry radial turbine in 
engine-like conditions and the hysteresis-like 
behaviour during the pulses period. 

The numerical simulations were performed using 
ANSYS-CFX code. The steady and unsteady flow 
both are characterized by a pressure ratio range 
between 1.1 and 2.4 at  29,500 rpm, 41,500 rpm and 
59,740  rpm (50%,70% and 100% design speed 
respectively) for both 40 Hz, 56,8 Hz and 80 Hz 
pulsating flow inlet conditions and inlet total 
temperature of 342.2˚K.the numerical results of the 
turbine efficiency are compared with the 
experimental data reasonable agreement is obtained 
with a maximum discrepancy of 3.75 %, The 
influence of rotation speed and the pulsating flow on 
distribution of the pressure in the rotor are 
presented, the swallowing capacity under unsteady 
regime is obtained for the twin-entry volute, 
characterized by the Dale's loop at 50%, 70% and 
100% equivalent speed and 180ᵒ out of phase 
admission, for 56,8 Hz, 80 Hz and  the characteristic 
pulsating flow conditions Are studied and the 
instantaneous mass flow rate at different frequencies 
and stations of the twin entry mixed flow turbine 
stage. 
 

2 Methods and Materials 
 
2.1 Mixed Inflow Geometry 
The turbine wheel under investigations is a mixed 
inflow type. The blade angle is constant (named 
rotor A at the laboratory of Imperial College), a 
volute cross section area is shown in Fig. 1. The 
main geometrical parameters are given in Table 1. 
The twin-entry turbine geometries are presented in 
Fig. 1. The volutes of the twin -entry turbine are 
designed by Bencherif and al [4]. 
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Table 1.Turbine geometry 
Volute inlet area 2.12 ×10−3 m2 
Volute inlet radius 82.50 ×10−3 m 
Rotor inlet mean diameter 83.58 ×10−3 m 
Rotor inlet blade height 17.99 ×10−3 m 
Rotor inlet blade angle 20.0◦ degree 
Rotor inlet cone angle 40.0 degree 
Exducer hub diameter 27.07 ×10−3 m 
Exducer shroud diameter 78.65 ×10−3 m 
Rotor exit mean blade angle −52.0 degree 
Rotor axial length 40.00 ×10−3 m 
Number of blades 12 
Radial and axial tip clearance 0.40 ×10−3 m 

 

 
 

 

 

 
 
 

 

 

 

 

Fig.1Volute of the mixed flow turbine casing. 

2.2 Turbulent Flow Model 
The highly three-dimensional flow in the mixed 
flow turbine is obtained by solving numerically the 
compressible Reynolds Averaged Navies Stokse 
(RANS) equations. The turbulence is modeled by 
the standard k–ε model. This model is based on the 
eddy viscosity concept which assumes that the 
Reynolds stresses can be expressed in terms of the 
mean velocity gradients and the eddy or turbulent 
viscosity in a manner analogous to the viscous 
stresses  for laminar Newtonian flows. 
 
2.2.1 Continuity Equation 
𝜕𝜌

𝜕𝑡
+ 𝛻 • (𝜌�⃗⃗� ) = 0                                       

(1)Where ρ  and  �⃗⃗�  are the density and the mean 
velocity vector respectively. 
 
2.2.2 Momentum Equations 
𝜕(𝜌�⃗⃗� )

𝜕𝑡
+ 𝛻 • (𝜌�⃗⃗� ⨂�⃗⃗� ) = −𝛻𝑃 • [𝜇𝑒𝑓𝑓 (𝛻�⃗⃗� +

(𝛻�⃗⃗� )
𝛾
)] + 𝑆𝑀                                                        

(2) 

Where SMIsthe sum of the body forces, and 𝜇𝑒𝑓𝑓is 
the Effective Viscosity defined by: 
𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡                                                       (3) 

Where 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
                                                 (4) 

And𝑃′ is modified pressure, defined by: 

𝑃′ = 𝑃 +
2

3
𝜌𝑘 +

2

3
𝜇𝑒𝑓𝑓

𝜕𝑈𝑘

𝜕𝑥𝑘
 (5) 

Where �⃗� , 𝑃, 𝛿, 𝜏, −𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅, and𝑆𝑀are the fluctuating 
velocity vector, the pressure, the Kronecker delta 
symbol, the molecular stress tensor, the Reynolds 
stress tensor and a source term respectively. The 
Coriolis and centrifugal forces are included in the 
source term. 

2.2.3 Energy Equation 
𝜕𝜌𝐻

𝑡
+ 𝛻 • (𝜌�⃗⃗� 𝐻 − 𝜌�⃗� ℎ̅̅̅̅ − 𝜆∇𝑇) =

𝜕𝑃

𝑡
              (6) 

In this equation, H  is the mean total enthalpy given 
by: 
𝐻 = ℎ𝑠 +

1

2
�⃗⃗� 2 + 𝑘                                                (7) 

Whereℎ𝑠is the mean static enthalpy,λis the thermal 
conductivity, T is the mean static temperature and 
the additional term k in the total energy equation is 
the turbulent kinetic energy defined as follows: 
𝑘 =

1

2
�⃗⃗� 2            (8) 

Static temperature, static pressure 𝑃 and density𝜌are 
related by the equation of state: 
𝑃 = 𝜌𝑅𝑇, where R is the air gas constant.  
We define the reduced mass flow rate: 
�̇�𝑟 = 105�̇�√𝑇0∗ 𝑃0∗⁄                                             (9) 
The expansion ratio: 
𝑃𝑟 = 𝑃0∗ 𝑃4⁄                                                          
(10)And the total to static efficiency: 

𝜂𝑡𝑠 = (ℎ0∗ − ℎ4) 𝑐𝑝𝑇0∗ [1 − (
𝑃4

𝑃0
)]

(𝛾−1) 𝛾⁄

⁄     (11)  

The k–ε model assumes that the eddy viscosity𝜇𝑡is 
linked to the turbulent kinetic energy k and its 
dissipation rate ε through the following relation: 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
                                                          (12) 

where 𝐶𝜇= 0.09 and k, ε are defined through the 
following two equations: 

𝜕(𝜌𝐾)

𝜕𝑡
+ ∇(𝜌𝑈𝐾) = ∇ [(𝜇 +

𝜇𝑡

𝜎𝑘
)∇𝐾] + 𝑃𝑘 − 𝜌휀   (13) 
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𝜕(𝜌𝜀)

𝜕𝑡
+ ∇(𝜌𝑈휀) = ∇ [(𝜇 +

𝜇𝑡

𝜎𝜀
)∇휀] +

𝜀

𝐾
(𝐶𝜀1𝑃𝐾 −

𝐶𝜀2𝜌휀)                                                                  (14) 
In this model, 𝑃𝑘is the turbulence production and 
the flowing constants are determined experimentally 
from a wide range of turbulent flows (Patankar and 
Spalding[20]) 𝜎𝑘 = 1.00, 𝜎𝜀 = 1.30𝐶𝜀1 =
1.44𝐶𝜀2 = 1.920. 
 
3 Computational Analysis 

The ANSYS-CFX software uses a single cell, 
collocated grid to overcome the decoupling of 
velocity and pressure [21]. The method is similar to 
that used by Rhie and Chow [22], with a number of 
extensions to achieve numerical solutions that are 
independent of both the under relaxation factor and 
the time step size of the steady-state solution. The 
method improves the robustness of the discretization 
when the pressure varies rapidly or is affected by 
body forces. The pressure–velocity coupling is 
achieved using a coupled solver, which solves the 
hydrodynamic equations (for u, v, w, and p) as a 
single system. This solution approach uses a fully 
implicit of the equations at any given time step. At 
the domain inlet, the flow is assumed subsonic, and 
therefore the total pressure, the total temperature 
and a medium intensity of turbulence (5%) in the 
stationary frame of reference as well as the flow 
direction are imposed. For the analysis presented 
here, a k–ε turbulence model with scalable wall 
functions was used. The k–ε turbulence model is an 
eddy-viscosity, two-equation turbulence model. It is 
very widely used as a general purpose model and 
offers a good compromise between computational 
time and accuracy. Wall functions are used to relate 
the flow at the near wall node to the shear stress at 
the wall. 
3.1 Computational Geometry and Grids 
Computational grid of the mixed flow turbine, 
shown in Fig. 2, The ICEM CFD tool is used to 
build the turbine geometry and to generate the 
unstructured mesh. The flow domain is discredited 
into finite volumes method of tetrahedral elements 
and prism elements in the near wall layer. The Mesh 
Information of the twin mixed flow turbine is given 
in Table 2.  
During the mesh generation process, care has to be 
taken when choosing the first grid spacing near wall 
boundaries to obtain a proper resolution of the 
boundary layer. As a result of the use of the wall 
function approach to model the flow near the wall in 
the RNG k–ε turbulence model, and the y+ value is 
controlled between 20 and 100 in order to properly 

capture the high gradients inside the boundary layer 
by using the wall function. 
 

Table 2.  Mesh characteristics of the turbocharger 
domain 

Domain Nodes Elements 
Rotor Part 145173 548684 
Volute Part 317564 790872 

All Domains 462737 1339556 
 

 
Fig.2.Exploded view of the Surface mesh. 

 
 
4 Results and Discussion 
  In order to verify the reliability of any 
computational prediction it is necessary to compare 
the predicted results as much as possible with 
experimental findings. For the current analysis, the 
overall performance data from the turbine, as 
measured on the turbocharger test rig, were 
compared with that predicted by the CFD code. 
In the Fig. 3, the equal admission swallowing 
capacity data for the twin-entry turbine, steady 
simulation were performed at constant speed with a 
varying pressure ratio for a range between 1.9 and 3, 
3 at 100% of relative speed, which corresponded to 
a shaft speed of 59,740 rpm at full admission 
conditions. The demonstrates of the turbine 
efficiency characteristics by plotting total-to-static 
relative efficiency against pressure ratio, reasonable 
agreement is obtained with a maximum discrepancy 
of 3.75 % compared to the experimental results, 
thanks to the uniformity of the flow which in lateral 
entry improve the distribution of the fluid at the 
volute outlet [4]. 
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Fig.3. Equal admission efficiency predicted by the 

CFD in comparison with the experimental 
efficiency. 

 

The Fig. 4 shows the distribution of the pressure in 
the rotor for frequency of 56.8 HZ at different 50%, 
70% and 100% of equivalent speed, it should be 
noted that for all pressure ratios there is always a 
vacuum zone at the suction side. We observed that 
distribution of the pressure value equal to 1.5 bar 
towards a pressure lower than atmospheric pressure 
equal to 0.9 bar for a maximum speed of 100%, and 
for an equivalent speed of 50% and 70% Pressure is 
equal to 1.25 bar to a pressure equal to 1 bar. This 
expansion is due to the convergent cross-blade 
shape which causes a transformation of the potential 
energy from pressure to kinetic energy. Fig. 5 
depicts the distribution of pressure for 50 % speed, 
at 40 Hz, 56.8 Hz and 80 Hz frequency the 
distribution of the flow in an axisymmetric way at 
the entry of rotor by transforming the potential 
energy of gases into kinetic energy conformed to the 
free the twin entry volute design. And the 
distribution of the pressure is uniform despite the 
variation of the pulse frequency from 60Hz to 80Hz, 
Where a high pressure value is observed for a 
frequency of 56.8 Hz. 

 
 

56.8 Hz, 50 % 

 

 
 

56.8 Hz, 70 % 

 

 

 
56.8 Hz,100 % 

Fig.4. Plots for 56.8 Hz frequency of pressure in the 
rotor at 50 %, 70 % and 100 % speed. 
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40 Hz, 50 % 

 

 
56.8 Hz, 50 % 

 
80 Hz, 50 % 

Fig.5. Plots for 50 % speed of: pressure in the rotor 
at 40 Hz, 56.8 Hz and 80 Hz frequency. 

The Fig. 6 and 7 shows the swallowing capacity of 
single entry and twin-entry turbine at 50%, 70% and 
100% equivalent speed and 180ᵒ out of phase 
admission, for 40 Hz, 56,8 Hz and 80 pulsating flow 
conditions are shown,  where the unsteady 
performance characteristics are superimposed on the 
quasi-steady state constant speed curve. The 
turbine’s performance is characterized as a 
hysteresis loop which encapsulates the equivalent 
quasi-steady state values. The deviation from the 
quasi-stationary approach increases with increasing 
pulse frequency. When the mass flow rate at the 
inlet decreases, the pressure ratio becomes higher. 
The characteristic loop observed experimentally by 
Dale and Watson [22] is clearly reproduced by the 
present simulation for different pulse frequencies. 
The deviation from the quasi-stationary approach 
increases with increasing pulse frequency. In 
unequal flow conditions, calculating the total 
swallowing capacity of the twin-entry turbine is not 
straightforward. The pressure ratios of the two 
entries will decrease the range covered during a 
cycle, as well as the double looping in the overall 
swallowing capacity representing both entries, 
which means the twin-entry turbine exhibits more of 
a filling and emptying characteristic. 
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Fig.6. Velocity influence on the performance 
characteristics of the mixed-flow turbine. 
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Fig.7. Pulse frequency influence on the performance 
characteristics of the mixed- flow turbine. 

The instantaneous mass flow rate at different 
frequencies and stations of the twin entry mixed 
flow turbine stage is shown in Fig. 8. These 
stations correspond to the turbine inlet (volute 
twin entry inlet), the rotor inlet, the rotor outlet 
and the turbine exit (exhaust pipe) respectively. 
At the turbine inlet, the shape of the 
instantaneous mass flow rate, for one pulse, is 
more irregular than the pressure trace. 
Nevertheless the variation of the mass flow 
rates follow the main features of the inlet mass 
flow rate signal for one period pulse at 50% 
equivalent speed and 180ᵒ out of phase 
admission. The minimum inlet mass flow rate, 
for the three rotation speed, is approximately 
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0.22 kg/s, while the same remarks apply for the 
minimum outlet mass flow rates. But, the 
maximum mass flow rates at twin turbine inlet 
and outlet are proportional at 50% equivalent 
speed. Obviously the turbine does not have 
enoughto consume the air mass in the working 
pipe before the next rotation speed; hence, a 
higher air mass is accumulated in the volute at 
high frequency, leading to a decrease of the 
inlet mass flow rate. At the curve for (50% and 
70%), these two curves depart slightly from that 
of the turbine inlet and are clearly separated at 
rotation speed (100%). The turbine inlet 
instantaneous mass flow rate is however out of 
phase from those at the three other stations. 
There is a degree of time lag associated with the 
“filling and emptying” of the  twin entry volute 
domain as the turbine acts as a restriction 
nozzle [16], while the difference between rotor 
outlet and turbine outlet instantaneous mass 
flow rates becomes larger when the rotation 
speed increases. This is also an effect of the 
“filling and emptying” of the turbine exit pipe. 
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Fig.8. Instantaneous mass flow rate at different 
turbine stations at 40 Hz with, 50%, 70% and 100 % 

equivalent speed. 

4 Conclusion 

We retain from the present study that 
turbochargers are widely used as a mean of 
increasing the output power of the machine 
commonly to road transportation and arise as a 
case of particular interest suited for less fuel 
consumption and less pollutant gas emissions. 
Roughly 30 to 40 percent of the chemical 
energy released by the combustion is lost in the 
engine exhaust gas and saved partially in the 
internal combustion engine cycle with a 
significant lower outlet temperature to the 
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ambient atmosphere.The above focused echo- 
system considerations are very sensitive to the 
machine performances as a whole.  
Comparative performance estimation is 
proposed, keeping in mind the eco-system 
objectives. The steady and transient flow 
simulations through the components of this 
twin-entry radial turbine have produced a good 
insight into the complex flow structures are 
characterized by a pressure ratio range between 
1.1 and 2.4 at 29,500 rpm, 41,500 rpm and 
59,740 rpm (50%, 70% and 100% design speed 
respectively) for both 40 Hz, 56, 8 Hz and 80 
Hz pulsating flow inlet conditions and inlet total 
temperature of 342.2˚K. 
The numerical results of the turbine efficiency 
are compared with the experimental data 
reasonable agreement is obtained with a 
maximum discrepancy of 3.75 %. The influence 
of rotation speed and the pulsating flow on 
distribution of the pressure in the rotor are 
presented, where the distribution of the Flow in 
an axisymmetric way at the entry of rotor by 
transforming the potential energy of gases into 
kinetic energy conformed to the free the twin 
entry volute design. And the distribution of the 
pressure is uniform despite the variation of the 
pulse frequency.The deviation from the quasi-
stationary approach increases with increasing 
pulse frequency, as well as the double looping 
in the overall swallowing capacity representing 
both entries, which means the twin-entry 
turbine exhibits more of a filling and emptying 
characteristic. Finally, the minimum inlet mass 
flow rate, for the three rotation speed, is 
approximately 0.22 kg/s and the maximum 
mass flow rates at twin turbine inlet and outlet 
are proportional at 50% equivalent speed. 
Therefore, a higher air mass is accumulated in 
the volute at high frequency, leading to a 
reduction in the inlet mass flow rate, while the 
difference between rotor outlet and turbine 
outlet instantaneous mass flow rates becomes 
larger when the rotation speed increases. This is 
also an effect of the “filling and emptying” of 
the turbine exit pipe. 
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