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  Every company in the automotive industry has been researching methods to enhance the 

thermal efficiency of gasoline engines such as Miller cycle technology, EGR technology, and lean 
burn technology. To apply these technologies, further improvement in supercharging efficiency is 
required and the adoption of a variable geometry turbocharger is being considered. Because the 
exhaust gas temperature of a gasoline engine is higher than that of a diesel engine, however, it is 
necessary to significantly enhance the durability of high-temperature components including the 
variable mechanism. Mitsubishi Heavy Industries Engine & Turbocharger, Ltd. developed a 
variable geometry turbocharger for gasoline engines that has sufficient durability at an exhaust 
gas temperature of 950°C and started supplying prototypes to automobile manufacturers. 

  
|1. Introduction 

The trend of using supercharged smaller gasoline engines to improve the fuel economy of 
passenger cars that originated with European automobile manufacturers has also expanded widely 
to other areas such as the United States and China, and such supercharged smaller engines are the 
prevailing technology. Also in Japan, where hybrid vehicles are widely popular for their fuel 
efficiency, automobile manufacturers have begun to pay attention to cost-efficient supercharged 
smaller gasoline engines in recent years. Because further improvement in fuel efficiency is 
required for compliance with environmental regulations that are becoming stricter year after year in 
various countries around the world, however, the combination of a variable geometry turbocharger 
(hereinafter referred to as a VG turbocharger) with technologies such as a Miller cycle system 
and/or an EGR system are being researched as one of the methods to improve the thermal 
efficiency of gasoline engines. 

|2. Technologies for improvement in the fuel efficiency of gasoline
engines 
The technology of supercharged smaller gasoline engines is a method to improve fuel 

efficiency by reducing mechanical loss with smaller engine displacement that is realized by 
supercharging. In various countries around the world, CO2 emissions controls (fuel consumption 
regulations) are planned to be further tightened in the future, and therefore it is noted that 
supercharged smaller gasoline engine technology may not be sufficient to satisfy such controls. 
Generally, the highest thermal efficiency of automotive engines is 40% for diesel engines, the low 
30% level for gasoline engines, and the high 30% level for hybrid engines. Automobile 
manufacturers in various countries around the world are proceeding with development for the 
enhancement of the thermal efficiency of gasoline engines in order to satisfy fuel consumption 
regulations in the future. Technologies that have been applied in recent years for such enhancement 
include an EGR (Exhaust Gas Recirculation) system and a Miller cycle system using a variable 
valve mechanism. The EGR system is a technology that recirculates engine exhaust gas into the 
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intake air to reduce throttle loss at the air intake side and avoid abnormal combustion such as 
pre-ignition and knocking phenomena, and therefore is effective for improvement in the thermal 
efficiency of gasoline engines. Figure 1 shows a system diagram of a supercharged engine with an 
EGR (low-pressure type) system. A Miller cycle system is a technology that makes the engine 
expansion ratio larger than the compression ratio to utilize energy in combustion gas effectively, 
and therefore is also effective for improvement in thermal efficiency. In addition, automobile 
manufacturers are considering future applications of advanced technologies such as a lean burn 
system and an HCCI (Homogeneous Charge Compression Ignition) system in order to further 
improve fuel efficiency. It is known, however, that all of these technologies for improvement in the 
thermal efficiency of gasoline engines cause reduced torque in principle. For improving fuel 
efficiency without reducing torque, it is necessary to allow the engine with unchanged 
displacement to suck in an increased amount of air and combust a larger amount of fuel. This 
requires the enhancement of the supercharging pressure using a turbocharger, etc. Figure 2 is a 
schematic view of the relationship between torque, thermal efficiency and supercharging pressure 
for a gasoline engine to which EGR and Miller cycle systems are applied. As such, an increase in 
supercharging pressure is necessary for improving thermal efficiency while maintaining torque and 
therefore the further enhancement of turbocharger efficiency is required. 

 

 

Figure 1  System diagram of supercharged engine with EGR (low-pressure type) system 
 

 

 

Figure 2  Relation between torque, supercharging pressure and thermal efficiency for
gasoline engine using EGR and Miller cycle 
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|3. Issues with variable geometry turbochargers for gasoline engines
A VG turbocharger is equipped with a variable nozzle area control mechanism positioned 

upstream of the turbine wheel. This enables the optimum control of the turbine characteristics in 
response to engine rotation speed, resulting in the enhancement of supercharging efficiency. Figure 3
shows the structure and features of a VG turbocharger.1 

 

Figure 3  Structure and functions of VG turbocharger 
 

VG turbochargers are becoming widespread as a method for diesel engines to clean exhaust 
gas, increase output and improve fuel economy. Although there are some examples of the adoption 
of a VG turbocharger on gasoline engines for some sport cars, on the other hand, the market for 
VG turbochargers used on gasoline engines was sparse, unlike the one for diesel engines. There are 
some conceivable causes for this, and the following are the most significant: 
(1) Turbochargers for supercharged smaller gasoline engines that place importance on fuel 

efficiency focus on the enhancement of low-end torque and have components that don’t 
excessively pursue an increase in the maximum output. Therefore, a non-variable small 
waste gate turbocharger can satisfy most requirements. 

(2) In the case of gasoline engines, the control of the variable nozzle is difficult because the 
exhaust gas pressure significantly affects abnormal combustion such as pre-ignition and 
knocking phenomena. 

(3) In the case of gasoline engines, the exhaust gas temperature is higher than that of diesel 
engines, and therefore the cost is higher because the high-temperature resistance of the 
variable nozzle needs to be secured. 
With regard to causes (1) and (2), VG turbochargers with a high supercharging efficiency 

will be needed in the future for the application of technologies for improvement in thermal 
efficiency such as an EGR system and a Miller cycle system, as described in chapter 2. 
Furthermore, countermeasures against abnormal combustion have been provided such as direct fuel 
injection, variable valve systems, EGR, etc. A countermeasure against cause (3) is explained in 
chapter 5. 

|4. Study of thermal efficiency improvement effect due to VG 
turbocharger 
To verify how a VG turbocharger is effective for improvement in the thermal efficiency of 

gasoline engines, a study was carried out using one-dimensional engine performance simulation.2, 3

The model engine was a 1.6-liter supercharged direct injection engine. Using this model engine, a 
comparison between a wastegate turbocharger with a wastegate valve (exhaust bypass valve), 
hereinafter referred to as W/G turbocharger and a VG turbocharger was performed. To ensure the 
same drivability conditions of the vehicle in this comparison and verification, the compared W/G 
turbocharger and VG turbocharger used turbines and compressors with the same diameter to 
provide a uniform rotor inertia moment. In this study, a low pressure method (low pressure loop 
method), which is effective for the enhancement of the EGR ratio, was used as the recirculation 
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method of the EGR system. The low pressure method recirculates engine EGR gas (exhaust gas) to 
the inlet of the compressor (Figure 1). 

In this calculation, how much EGR could be introduced into the W/G turbocharger and the 
VG turbocharger was checked by setting a same target torque output for the two turbochargers and 
then adjusting each torque output by changing the EGR ratio. As a result, the VG turbocharger 
could enhance the EGR ratio higher than the W/G turbocharger over the entire engine speed range, 
as shown in Figure 4. This is because the VG turbocharger has a supercharging efficiency higher 
than that of the W/G turbocharger over the entire load range, and can generate a higher 
supercharging pressure from a same exhaust pressure. Next, a comparison of the thermal efficiency 
between the engines using the EGR system was performed in order to verify the fuel efficiency 
improvement effect. For this purpose, a knocking prediction model was introduced to optimize the 
ignition timing, the W/G valve and the VG nozzle opening, and calculate the highest thermal 
efficiency when the target torque output is attained and the EGR ratio at that time. Figure 5 shows 
the simulation results. 

As a result of this comparison, the thermal efficiency of the VG turbocharger was found to 
be higher than that of the W/G turbocharger over the entire engine speed range. Although this 
study was implemented under a full load condition, EGR is actually more common under a partial 
load condition. Therefore, the study of the fuel efficiency improvement effect was performed under 
a partial load condition and a mode-driving condition using a similar engine performance 
simulation. As a result, the VG turbocharger could enhance the EGR ratio even under a partial load 
condition, and showed the possibility to improve the fuel efficiency by around 2% to 3% under a 
JC08 mode*1 driving condition. 

(*1: A driving mode used for fuel efficiency measurement in Japan) 
 

 

Figure 4  Maximum EGR ratio under full load condition 
  

 

 

Figure 5  Engine thermal efficiency and EGR ratio under 
highest thermal efficiency condition 

 

|5. Study of high-temperature durability of variable nozzle 
mechanism 
Conventionally, a VG turbocharger with a variable nozzle mechanism was used for diesel 

engines, which have exhaust temperatures of 700°C to 850°C. In the case of gasoline engines, the 
exhaust temperature ranges from 880°C to 1050°C and the operating condition is more severe than 
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that of diesel engines because of the higher temperature. For the application of a variable nozzle 
mechanism, which must operate accurately for a long period of time without lubrication and
cooling, to gasoline engines, there was the issue of the enhancement of reliability under 
high-temperature conditions. 

Automotive VG turbochargers are used in a driving mode where rapid acceleration and 
deceleration is conducted repeatedly. Therefore, it is important for the enhancement of reliability to 
design clearance and thermal stress resistance finely for transient driving modes. For this purpose, 
a VG turbocharger was entirely modeled as a large-scale 3D-FEM thermal analysis model that can 
take into consideration the heat exchange between exhaust gas and the metals and contact/radiation 
heat transfer between components. Figure 6 shows examples of the analysis model and the 
temperature distribution in transient driving. 

Figure 6  Example of large-scale 3D analysis model and metal temperature distribution 
 

To verify the validity of the analysis model, a temperature measurement test of a VG 
turbocharger was performed as shown in Figure 7. The analysis results agreed well with the 
temperature measurement test results, and this shows that the analysis model can accurately 
estimate the metal temperature distribution under a transient condition. Due to the accurate 
estimation of temperature distribution, the estimation accuracy of response to thermal load, such as 
deformation and stress, is also enhanced. This enables the prediction of a minute clearance change 
on the order of tens micrometers and the evaluation of thermal stress that is generated locally 
because of rapid heating or cooling.  

 

 

 

Figure 7  Verification of temperature estimation accuracy using temperature 
measurement test 

 
Using this analysis technology, we developed a variable nozzle for gasoline engines. The 

assumed exhaust gas temperature was set to 950°C in consideration of customer requests and 
product cost. Table 1 shows the strength evaluation results and durability test results of the 
variable nozzle system. Results of the evaluation and the test for a diesel VG system operated 
under gasoline engine conditions are also shown together for the purpose of comparison between 
before and after this development.2 
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 Table 1  Strength evaluation results and durability test results of variable nozzle mechanism

  Before development Gasoline VG 

 
Sectional 

view 

 

  Analysis evaluation Durability test Analysis evaluation Durability test 

 Clearance 

NG 

 

OK 

 
Thermal 
fatigue 

NG 

(Fatigue safety ratio: 0.9) 

 

OK 

(Fatigue safety ratio: 3.5)

     

Before development, failure in operation and thermal fatigue cracking at the mounting 
internal circumference occurred in the durability test because the clearance change was significant 
and the thermal fatigue strength was insufficient. On the other hand, the newly-developed gasoline 
VG system reduced clearance change due to improvement in the shape of components and 
optimized the initial clearance set value to solve the problem of failure in operation. In addition, a 
thermal stress reduction structure where an inner mounting is added to the mounting internal 
circumference was adopted to prevent thermal fatigue cracking. The variable nozzle is made of 
stainless steel material and does not use an expensive heat resistant material such as a nickel-based 
alloy. 

As described above, high reliability is secured by using large-scale 3D-FEM thermal analysis 
technology to optimize the structure and shape of the variable nozzle mechanism even under the 
higher temperature conditions of gasoline engines without using an expensive heat resistant 
material. 

|6. Development of large capacity turbine exclusively for gasoline
engine VG turbochargers 
In the case of a gasoline engine, the maximum engine rotation speed is higher than that of 

diesel engines, and therefore the turbine needs to cover a wide exhaust gas flow range from low 
engine speed to high engine speed. For this reason, turbochargers not equipped with a variable 
turbine nozzle use a waste gate valve to control the flow of the exhaust gas to the turbine, and 
adjust the supercharging pressure and the turbine inlet pressure by opening the waste gate to 
release part of the exhaust gas to the downstream of the turbine when the engine rotation speed is 
high. Gasoline engines, even using a VG turbocharger, are faced with the issue of a higher turbine 
inlet pressure at a higher engine rotation speed resulting in an increase in pumping loss and the 
deterioration of fuel economy. In addition, there are other problems including an increase in the 
tendency of abnormal combustion caused by an obstruction of the scavenging of the remaining gas 
in the cylinder. The turbine inlet pressure can be reduced by enlarging the turbine diameter, but the 
use of the smallest turbine possible is desired to prevent the deterioration of the transient response 
of the turbocharger. Therefore, as is the case for gasoline engines using VG turbochargers, the 
addition of a W/G mechanism and the bypassing of exhaust gas at a high engine rotation speed is 
also under consideration. However, the installation of a W/G mechanism in a VG turbocharger 
requires the addition of components related to the W/G mechanism such as an actuator and a waste
gate valve, in addition to components related to the VG mechanism, which results in a significant 
increase in the cost. Accordingly, we developed a large capacity turbine exclusively for gasoline 
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engine VG turbochargers. Figure 8 is a turbine performance characteristic map on which the 
required operating points of gasoline engines have been plotted. Conventional turbines for diesel 
engine VG turbochargers cannot cover the flow range required for gasoline engines, and need to 
open the W/G valve to release exhaust gas when the engine rotation speed is high and the exhaust 
gas flow increases. To the contrary, the newly-developed large capacity turbine allows a higher 
flow even without enlarging the turbine diameter, and can cover the flow range required for 
gasoline engines. It is expected that this new large capacity turbine will enable gasoline engine VG 
turbochargers to attain the enhancement of torque output at a low engine speed and transient 
response, and improvement in fuel efficiency at a high speed simultaneously without a W/G 
mechanism. 

 

Figure 8  Performance characteristics of new large capacity 
turbine exclusively for gasoline engine VG turbocharger 
and full-load operating line of gasoline engine 

|7. Conclusion 
In terms of global environment protection, automotive environmental regulations are 

becoming increasingly strict year after year. For automobile manufacturers, the enhancement of 
environmental performance is one of the significant development themes that highlight product 
value and is comparable to technologies related to safety such as self-driving systems. Electric 
drive technologies such as Hybrid Vehicles (HV), Plug-in Hybrid Vehicles (PHV) and Electric 
Vehicles (EV) are effective for the enhancement of the fuel economy performance of vehicles, and 
will certainly become more popular in the future. However, internal combustion engines are 
thought to remain the mainstream automotive power sources for some time. Internal combustion 
engines have much room for technological development aiming at efficiency improvement. 
Supercharging technology is one of the effective methods to enhance the efficiency of engines, and 
the same is true of engines for HV and PHV. The functions and characteristics needed for 
supercharging devices are expected to change significantly in the future depending on the 
relationship with other environmental technologies. It may be said that the VG turbochargers for 
gasoline engines presented above are also products that respond to such changing needs. 
Mitsubishi Heavy Industries Engine & Turbocharger, Ltd. is willing to continue to contribute to the 
development of the automobile society and global environmental protection by proceeding with the 
development of products that meet changing customer needs. 

To conclude this article, we would like to express our appreciation to Professor Moriyoshi 
and Associate Professor Kuboyama of Chiba University for their cooperation in one-dimensional 
engine performance simulation. 
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