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Turbocharging technology is today considered as a promising way for internal combustion engine energy saving and CO2 re-
duction. Turbocharger design is a major challenge for turbocharged engine performance improvement. The turbocharger de-
signer must draw upon the information of engine operation conditions, and an appropriate link between the engine require-
ments and design features must be carefully developed to generate the most suitable design recommendation. The objective of 
this research is to develop a turbocharger design approach for better turbocharger matching to an internal combustion engine. 
The development of the approach is based on the concept of turbocharger design and interaction links between engine cycle 
requirements and design parameter values. A turbocharger through flow model is then used to generate the design alternatives. 
This integrated method has been applied with success to a gasoline engine turbocharger assembly. 
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1  Introduction 

Transportation system represents 20% to 25% of the CO2 in 
the atmosphere and this share tends to increase [1]. Im-
proving the efficiency of vehicle internal combustion engine 
power systems plays a critical role in the implementation of 
global energy conservation and environment protection 
strategies. 

Turbocharging technology is today considered as a 
promising way for engine energy saving and CO2 reduction 
[2, 3]. Much greater emphasis of turbocharging technology 
is being placed on downsizing the engines to increasing fuel 
economy and reducing CO2 emissions. Advanced turbo-
charging technology may reduce the engine displacement 
volume while keeping the same performance in terms of  

torque and power compared to the initial larger engine, and 
simultaneously ensure an improvement in engine efficiency. 
During the last few years, several car makers have presented 
1.8–2.0 L turbocharged engines. The performances of these 
turbocharged engines are typically similar to those of natu-
rally-aspirated engines with 2.5 L displacement. The reduc-
tion of fuel consumption is typically more than 10%, with 
running conditions closer to the best efficiency area [4–6]. 
The turbocharging for the downsized engine could also 
lessen the friction loss. 

Engine turbocharging is the combination of an internal 
combustion engine and a turbocharger. A turbocharger de-
sign is a major challenge for engine performance im-
provement [7, 8]. During the traditional engine develop-
ment process, the turbocharger is selected from available 
product lists based on the characteristic maps. The chosen 
turbocharger is one of the series products by the component 
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supplier, which is designed and developed by the turbo-
machinery experts, and there is a lack of consideration of 
engine operation conditions, especially at the off-design 
conditions. 

Turbocharger design should be an integrated procedure 
involving transforming the turbocharger characteristics into 
specification of the engine performance to satisfy the engine 
operation requirements. The operation of a turbocharger is 
fundamentally different from that of a reciprocating engine, 
so a turbocharged engine has many complex characteristics. 
The turbocharged engine performance is determined in 
large part by the processes interaction during operation of 
the turbocharger and the engine, especially at off-design 
operations. It may well be necessary to improve the per-
formance of the combination by turbocharger design and 
engine cycle optimizations at the same time, to encompass 
new considerations, streamlining turbocharger design and 
engine system integration, with the consideration of overall 
operation performance. 

To help the turbocharger designer to efficiently generate 
the most suitable design, the purpose of this research is to 
establish a new integrated design method taking into ac-
count engine cycle requirements in the turbocharger devel-
opment process as soon as possible. The turbocharger is 
coordinately designed on the basis of engine cycle optimi-
zation and this design will improve engine over perform-
ance. A 1.8 L gasoline engine turbocharger was used as a 
case to illustrate the development of this approach. 

2  Integrated design method 

2.1  Fundamentals of the design method 

It is clear that a turbocharger is not ideally suited to operate 
in conjunction with an internal combustion engine. Match-
ing of the suitable turbocharger to an engine is of great im-
portance and is vital for successful operation of an engine 
with a turbocharger. For traditional cycle optimization of 
engine turbocharging, the turbocharger is pre-designed and 
manufactured, and defined as performance maps within the 
internal combustion engine thermodynamic models. It is 
difficult for the turbocharger designer to draw upon the in-
formation of engine operation conditions and engine turbo-
charger matching optimizations. 

A rational turbocharger design process should assist the 
designer in assuring that the design fits the engine cycle 
requirements and brings the engine concerns into the turbo-
charger design process. The proposed turbocharger design 
approach concept is used to develop an engine-oriented 
turbocharger design procedure based on the engine charac-
teristics. A diagram of the method is shown in Figure 1. 

In turbocharger design approach, the first step is to iden-
tify the turbocharger design input and output parameters 
and their relationships. This identification will be based on 
turbocharger through flow model. On the basis of the  

 

Figure 1  Integrated turbocharger design method. 

turbocharger through flow model, the geometry and the 
performance data will be transferred into the engine model 
for cycle performance simulation. Based on a specific set of 
engine requirements, the approach will identify possible 
turbocharger design output parameter values that can meet 
these requirements.  

An optimizing assignment procedure is then employed to 
generate feasible design alternatives, and then the targeted 
engine-oriented turbocharger will be obtained. 

2.2  Model integration and calibration 

The turbocharger through flow model determines the inter-
action links between engine cycle requirements and design 
parameter values, and is used to generate the design alterna-
tives. The turbocharger through flow model is a meanline 
turbomachinery model, based on mass, momentum, and 
energy conservation equations. The model identifies some 
key geometry data, such as wheel inlet, wheel exit, hub and 
tip diameter, blade angles, etc. as the turbocharger design 
input parameters. Semi- empirical correlations are used so 
that the three-dimen- sional flow effects such as total pres-
sure losses are taken into account [9–11]. 

One way to use the turbocharger through flow model is 
to generate the turbocharger maps by using the geometrical 
data instead of the test rig measurements and input them 
into the engine cycle modeling codes to predict the engine 
performance. In the integrated turbocharger design ap-
proach, the turbocharger through flow model is integrated to 
the engine cycle model. The links between the engine re-
quirements and turbocharger design features are established. 
The influence of the turbocharger geometry parameters on 
the engine performance can be investigated, and then the 
most suitable turbocharger design can be obtained by the 
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integrated optimizing procedure. 
As mentioned before, the turbocharger through flow 

model is based on semi-empirical models and the compo-
nent geometry parameters. To predict aerodynamic losses 
several coefficients must be given and calibrated against the 
experimental data. Figures 2 and 3 give out the turbocharger 
compressor and turbine performance data at different rotat-
ing speeds, calculated by the turbocharger through flow 
model separately. The solid curves represent the prediction 
results and the symbols represent the experimental data 
points. In Figure 2, the results show that the compressor 
pressure ratio and efficiency prediction error are less than 
5% at most points except at high flow (near chocking) 

points. Since the compressor is rarely operated at near 
chocking conditions, the prediction inaccuracy at near 
chocking points is less important. For the turbine, the results 
in Figure 3 indicate that the pressure ratio prediction error is 
less than 3%. The maximum error of the efficiency predic-
tion is less than 5% at most points except for one point at 
the lowest operating speed, the value for which is 6.2%. So 
the turbocharger through flow model is accurate enough for 
predicting turbocharger characteristics in engine cycle simu-
lations. 

Figure 4 shows the torque and break specific fuel con-
sumption (BSFC) curves of the turbocharged gasoline en-
gine calculated by the engine model. Good agreements 

 
Figure 2  Compressor through flow model calibration. (a) Pressure ratio curves; (b) efficiency curves. 

 

Figure 3  Turbine through flow model calibration. (a) Pressure ratio curves; (b) efficiency curves. ηis, Turbine isentropic efficiency, ηmech, mechanical effi-
ciency of the rotating axis. 

 

Figure 4  Engine thermodynamic model calibration. (a) Torque; (b) break specific fuel consumption (BSFC). 
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can be seen from the torque curve by the comparison with 
the test data. The torque prediction error is less than 3% and 
the fuel consumption prediction error is less than 5% be-
cause of the output fluctuation of the fuel flowmeter when 
the engine was running. For the comparison of different 
turbocharger designs, the simulation results of the same 
engine model will be used. 

3  Engine-oriented turbocharger design 

3.1  Turbocharger design parameters 

The research is present in conjunction with a turbocharger 
redesign of an automotive engine to demonstrate the feasi-
bility and advantages of the integrated design approach. 
This 1.8 L engine is an in-line four-cylinder turbocharged, 
intercooled, four-stroke gasoline engine which operates 
from 880 to 6000 r/min. Table 1 shows the main parameters 
of the gasoline engine. 

For gasoline engines that operate at a wide range of 
speeds and loads, the turbocharger design should be an in-
tegrated procedure involving transforming the turbocharger 
characteristics into specification of the engine performance 
to satisfy the engine operation requirements. 

However, the turbocharger of this 1.8 L engine is se-
lected from available product lists by the turbocharger sup-
plier, and there is a lack of consideration of engine opera-
tion conditions. To improve the engine performance, a new 
turbocharger has been redesigned by the integrated turbo-
charger design method presented above to replace the pro-
totype turbocharger by the product supplier. 

In most of the time, and especially when the vehicle is 
driven at a constant speed, the engine is run under low load 
conditions. This leads to a poor engine efficiency especially 
for gasoline engine for which load is controlled by a throttle 
[12–14]. According to the engine cycle simulations, the 
impeller, diffuser and volute of a turbocharger compressor 
should be carefully designed for sufficient surge margin, 
which is of great importance to improve low speed torque 
and transient response of the gasoline engine. In order to 
improve the overall efficiency of the engine, the compressor 
efficiency needs to be increased near the surge line at the 
low mass flow region. 

Table 2 shows the main design data of the new turbo-
charger centrifugal compressor by the integrated design ap-
proach. The new compressor impeller has 12 blades and 6 of 
them are cut back at the inlet (splitter blades). The impeller 
has an outlet diameter of 54.6 mm and width of 4.2 mm. A 
left overhung volute connects to the vaneless diffuser. 

From the engine cycle optimizations, the effective sec-
tion of the turbocharger turbine exhaust gas passage needs 
to be carefully chosen to meet the gasoline engine torque 
requirements at low engine speed operating points and the 
efficiency and reliability at high engine speed conditions. 
Table 3 presents the main design parameters of the new 

Table 1  Gasoline engine specifications 

Parameters Value 

Number of cylinders 4 
Displaced volume 1.793 L 

Bore 81 mm 

Stroke 87 mm 

Maximum power 125 kW@5500 r/min 

Maximum torque 235Nm@3000 r/min 

Compression ratio 9:1 

Table 2  Compressor design parameters 

Parameters Value 

Inlet tip radius 19.7 mm 

Inlet hub radius 6.6 mm 

Inlet blade angle (tip, hub) −69°, −40° 

Leading edge thickness at shroud 0.46 

Number of vanes at the inlet 6 

Exit tip depth 4.2 mm 

Exit tip radius 27.3 mm 

Impeller backsweep angle −50° 

Blade thickness 0.6 mm 

Number of vanes at exit 12 

Diffuser exit radius 45 mm 

Table 3  Turbine design parameters 

Parameters Value 

Inlet tip radius 23.5 mm 

Inlet hub radius 23.5 mm 

Inlet blade height 6.5 mm 

Exit tip radius 19.25 mm 

Exit hub radius 7.5 mm 

Exit blade angle 57° 

Number of blades 12 

Volute radius 50 mm 

Throat area 584.2 mm2 

 
turbocharger radial turbine by the integrated design ap-
proach. 

3.2  Turbocharger and engine performance 

Figure 5 gives out the compressor performance of the pro-
totype turbocharger and the compressor performance of the 
new turbocharger. The new turbocharger is coordinately 
designed on the basis of engine cycle optimization, and will 
be more suitable to the engine operations. It can be seen that 
the new turbocharger design compressor has a high effi-
ciency area at the low mass flow region, and will result in a 
better matching of the turbocharger to the gasoline engine. 

The torque and fuel consumption curves of the gasoline 
engine matched with the prototype turbocharger and new 
designed one are illustrated in Figure 6. 
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Figure 5  Compressor maps and engine full load operating lines. (a) Prototype compressor; (b) new designed compressor. 

 

Figure 6  New engine performance curves compared with the prototype engine. (a) Torque curves; (b) BSFC curves. 

The high efficiency of turbocharger compressor at the 
low-mass flow region will induce more fresh air into the 
cylinder, which will be very helpful to improve engine per-
formance at low speed operation conditions. From Figure 6, 
the torque of the gasoline engine at low rotating speed has 
been increased by about 16% by the new design turbo-
charger. 

The new engine-oriented turbocharger design process is 
an integrated procedure involving transforming the turbo-
charger characteristics into specification of the engine per-
formance to satisfy the engine operation requirements. This 
efficient turbocharger design has improved engine power 
and fuel consumption performance greatly. The notable 
reduction of the brake specific fuel consumption is seen at 
the medium and high engine speeds, for example, by about 
4% at 5500 r/min (rated point). 

4  Conclusion 

Turbocharger design is a complicated task, and is a major 
challenge for a turbocharged engine performance improve-

ment. The information of engine operation conditions and 
an appropriate link between the engine requirements and 
design features must be considered in generating the most 
suitable turbocharger design. 

The research presented in this paper describes an inte-
grated turbocharger design approach for better turbocharger 
matching to an internal combustion engine. The turbo-
charger through flow model determines the interaction 
links between engine cycle requirements and design pa-
rameter values, and is used to generate the design alterna-
tives. The integrated method has been applied with success 
to an automotive engine turbocharger assembly. 

Note that the proposed design procedure can be extended 
and made applicable to many other areas, such as engine 
cooling pump and fans, turbo generators, etc. The proposed 
design procedure will provide turbocharger designers with a 
useful way to generate feasible design alternatives and as-
sess the quality of the turbocharger design recommenda-
tions while still in the process of solving the design problem. 
Furthermore, this procedure allows the turbocharger de-
signers to connect engine requirements with design output 
parameter values, leading to the development of not only a 
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turbocharger design information system but also a turbo-
charger design expert system. 
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