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Abstract: Numerical investigation of naturally aspirated gasoline engine main operating parameters and engine upgrade with a 
turbocharger is presented in this paper. Analysis is performed by using numerical 0D (zero-dimensional) simulation model. Turbocharging 
process with a selected turbocharger increases engine maximum torque for 62.58 % and also increases maximum engine effective power for 
58.82 %. One of the main reasons of turbocharging process usage is reduction of engine brake specific fuel consumption. The highest 
decrease in brake specific fuel consumption for a turbocharged engine, in comparison with naturally aspirated one, is obtained at 4000 rpm 
and amounts 8.83 g/kWh (from 239.01 g/kWh for naturally aspirated engine to 230.18 g/kWh for a turbocharged engine). Turbocharging 
process brings several useful benefits to the analyzed gasoline engine, which is also a valid conclusion for internal combustion engines in 
general. 
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1. Introduction 
 

    Internal combustion gasoline engines with spark ignition were 
developed as a counterweight to diesel engines in which fuel and air 
mixture combust due to high in-cylinder pressures and 
temperatures. Both internal combustion engine types have many 
advantages and disadvantages [1] which are dependable on several 
elements and characteristics. 
    Researchers are currently investigating various phenomena 
related to gasoline engines. Kilicarslan and Qatu [2] performed an 
exhaust gas analysis of gasoline engine based on engine speed, 
while Elsemary et al. [3] investigated spark timing influence on 
performance of a gasoline engine fueled with a mixture of 
hydrogen-gasoline. Effect of spark timing on the performance of a 
hydrogen-gasoline rotary engine (Wankel engine) was also 
investigated by Su et al. [4]. 
    Alternative fuels for gasoline engines, or gasoline mixtures with 
an alternative fuel and its influences on engine performance and 
characteristics are analyzed by many authors. Alptekin and Canakci 
[5] analyzed performance and emission characteristics of solketal-
gasoline fuel blends in a vehicle with gasoline engine. Optimized 
ethanol-gasoline blends for turbocharged engines were investigated 
by Zhang and Sarathy [6]. 
    Turbocharging process which uses the energy of engine exhaust 
gases is one of the best methods for improving naturally aspirated 
engine operating parameters and characteristics, as well as to reduce 
engine brake specific fuel consumption [7]. Turbocharging system 
diagnosis for a large power engine presented and analyzed Barelli et 
al. [8]. Investigation of the influences of turbocharging process on 
the gasoline engine exhaust emission levels performed Mahmoudi 
et al. [9]. Modeling and control of the air system of a turbocharged 
gasoline engine investigated Moulin and Chauvin [10]. 
    In this paper were firstly investigated main operating parameters 
of naturally aspirated gasoline engine for automotive usage. 
Investigations were performed by numerical analysis with 0D (zero-
dimensional) simulation model. After obtaining the results of 
numerical simulation for a naturally aspirated engine, the same 
engine was upgraded with a turbocharger. During the engine 
upgrade, engine main operating and geometrical characteristics 
remain unchanged. Turbocharging process increases engine torque 
and engine effective power in each engine rotational speed, but the 
increases in those two parameters are significant for higher engine 
rotational speeds. Turbocharging increases maximum cylinder 
pressure, but maximum cylinder pressure limits were not reached in 
any observed engine operating point. Engine with turbocharger has 
significant lower brake specific fuel consumption in comparison 
with naturally aspirated. Turbocharging process increases pressures 
and temperatures at intake and exhaust manifolds, what is 
significantly noticeable at higher engine rotational speeds where the 
turbocharger reaches its optimal operating parameters. 
 

2. Basic equations of 0D numerical model for internal 
combustion engine simulations 
 

    Numerical model used for simulation in this study is 0D (zero-
dimensional) model presented by prof. Medica in [11]. Numerical 
model is basically developed for simulation of diesel engines and a 
few years later is upgraded on QD (quasi-dimensional) numerical 
model presented in [12] and [13]. 
    To be able to simulate the operating parameters of a gasoline 
engine with the mentioned 0D model, the model is modified in 
necessary elements which present main differences in operating 
characteristics between gasoline and diesel engines. Modified 0D 
model is tested on a few gasoline engines which measurements 
were obtained from the manufacturers. For all analyzed gasoline 
engines and its operating parameters were obtained deviations 
between measurements and numerical model results in the range of 
± 3 %. 
    The basic 0D model equations are related to the temperature and 
pressure change for each engine control volume (engine cylinder, 
intake and exhaust manifolds, turbine and compressor - if 
turbocharger applied, air cooler - if applied, etc.). Equation for 
temperature change in each engine control volume is: 
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    where the coefficients Ai, Bi and Ci are defined as: 
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    Pressure change in each engine control volume is calculated by 
using ideal gas state equation: 
 

i

iii
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TRmp =
          (2) 

 

    In the equations (1), (1a), (1b), (1c) and (2), used symbols are: 
 T = operating medium temperature, 
 φ = engine crankshaft angle, 
 m = operating medium mass, 
 Q = heat amount, 
 p = operating medium pressure, 
 V = operating area volume, 
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 u = operating medium specific internal energy, 
 λ = excess air ratio, 
 R = operating medium gas constant, 
 i = index for any engine control volume. 
 

    Calorific gas properties (u, ∂u/∂λ, ∂u/∂T, ∂u/∂p, ∂R/∂λ, ∂R/∂T, 
∂R/∂p) are modeled from the analytical expressions relating the 
temperature and gas composition [14].  
    To make the simulation as fast as possible, it is assumed that in 
each engine cylinder happens the same change of pressure and 
temperature (phase-shifted). Because of the simplicity of the 
numerical model, this assumption presents the inability of such 
numerical model to investigate the processes within each engine 
cylinder individually.  
 

3. Engine and turbocharger characteristics 
 

    Investigated engine is a four stroke, high speed gasoline engine 
with direct fuel injection. The engine is designed for application in 
passenger road vehicles. The first version of the analyzed engine 
was designed without any upgrades known from automotive 
industry (turbocharging, air cooling after turbocharging, usage of 
west-gate valve or usage of EGR - Exhaust Gas Recirculation 
valve). Main operating parameters and specifications of the basic, 
naturally aspirated engine are presented in Table 1. In Table 1 are 
also presented used cylinder materials and fuel specifications in 
order to provide a proper calculation of heat exchange for the in-
cylinder process. 
 

Table 1. Main operating parameters of investigated naturally 
aspirated engine 

Fuel Gasoline 
Fuel lower calorific value 43 MJ/kg 
Fuel density 0.75 kg/l 
Cylinder bore 84 mm 
Stroke 86 mm 
Number of cylinders 4 
Cylinder clearance volume 0.0477 l 
Connecting rod length 129.8 mm 
Compression ratio 11 
Ignition order 1-3-4-2 
Intake manifold volume 2.0 l 
Exhaust manifold volume 2.5 l 
Engine cooling With water 
Materials:  
Cylinder head Aluminum 
Piston Aluminum 
Cylinder liner Cast Iron 

 

    After obtaining the results of numerical simulation for a naturally 
aspirated engine, the same engine, which main operating parameters 
are presented in Table 1, is upgraded with a turbocharger. Usually, 
during the upgrade of naturally aspirated gasoline engine numerical 
model with a turbocharger, it is usual to change some engine 
geometric and operating parameters such as intake and exhaust 
manifold volumes or valves opening/closing periods. During the 
engine upgrade with turbocharger presented in this paper, engine 
main operating and geometrical characteristics remain unchanged. 
One of the author’s intentions was to investigate the possibility and 
quality of engine operation with selected turbocharger, without any 
engine modifications. The main geometrical characteristics of 
selected turbocharger KKK 30.60/13.21 are presented in Table 2 
and in Fig. 1: 
 

Table 2. Main geometrical parameters of selected turbocharger 
KKK 30.60/13.21 [15] 

Description Variable Dimension 
Charger intake diameter d 0.0457 m 
Charger outlet diameter D 0.0762 m 

Intake turbine flowing surface A 0.0013 m2 
 
 
 

 
 

Fig. 1. Geometrical characteristics of charger and turbine [15] 
 

    Much more information’s and features for similar turbochargers, 
used in automotive engines such as engine analyzed in this paper, 
can be found in [16].  
 

4. Numerical model results and discussion 
 

    Change in engine torque for the analyzed engine with and 
without turbocharger, at different engine rotational speeds is 
presented in Fig. 2. At each engine rotational speed engine torque 
obtained with turbocharger is higher. At a rotational speed of 1000 
rpm, engine torque obtained with turbocharger is slightly higher in 
comparison with a naturally aspirated engine. During the increase in 
the engine rotational speed, the difference in engine torque between 
turbocharged and naturally aspirated engine increases. The highest 
difference in engine torque was obtained at engine rotational speed 
of 5000 rpm where turbocharged engine obtains torque of 307.45 
Nm, while at the same engine rotational speed naturally aspirated 
engine obtained torque of 189.11 Nm.  
    A decrease in engine torque can be seen only in the rotational 
speeds from 5000 rpm to 6000 rpm. At the highest engine rotational 
speeds, there is no need for high torque, so it decreases. 
    The introduction of turbocharging on the analyzed gasoline 
naturally aspirated engine can increase engine torque up to 62.58 % 
(obtained at 5000 rpm).  
 

 
 

Fig. 2. Change in engine torque for the analyzed engine with and 
without turbocharger 

 

    Increase in engine torque of turbocharged engine when compared 
to naturally aspirate in any observed rotational speed, resulted also 
with an increase in engine power. During the increase in the engine 
rotational speed, engine power continuously increases for both 
naturally aspirated and turbocharged engine, Fig. 3.  
    In Fig. 3 can also be seen that increase in engine power of a 
turbocharged engine is low at lower rotational speeds (at 1000 rpm 
and 2000 rpm). As the engine rotational speed increase, engine 
power of turbocharged engine when compared to naturally aspirate 
significantly increases. At the highest engine rotational speed (6000 
rpm) naturally aspirated engine develops output power of 111.44 
kW, while at the same rotational speed turbocharged engine 
develops power of 176.99 kW, what is the highest difference in 
engine power for the entire field of engine rotational speeds. 
    The engine effective power is obtained by multiplication of 
engine torque and angular velocity. On Fig. 2 can be seen that 
between rotational speeds 5000 rpm and 6000 rpm engine torque 
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decrease for each observed engine. Simultaneously, engine power 
between the same rotational speed increases. It can be concluded 
that engine power is more influenced with an increase in the engine 
rotational speed from 5000 rpm to 6000 rpm than with decrease in 
engine torque at the highest rotational speeds. 
 

 
 

Fig. 3. Change in engine power for the analyzed engine with and 
without turbocharger 

 

    Upgrade of naturally aspirated gasoline engine with turbocharger 
resulted in a significant increase in maximum cylinder pressure, as 
presented in Fig. 4. Maximum cylinder pressure for both observed 
engines was obtained at the 5000 rpm and amounts 72.38 bars for a 
naturally aspirated engine and 121.7 bars for turbocharged engine. 
    Turbocharger usage is usually limited with maximum cylinder 
pressure. For similar automotive gasoline engines with 
turbocharger, it is common to set a maximum cylinder pressure 
limit between 150 bars and 170 bars in order to avoid any damage 
which can occur at very high maximum pressures. The selected 
turbocharging process of the analyzed engine did not reach common 
maximum cylinder pressure limits in any observed operating point. 
 

 
 

Fig. 4. Change in cylinder maximum pressure for the analyzed 
engine with and without turbocharger 

 

    One of the essential reasons for turbocharging process usage is 
reduction of engine brake specific fuel consumption (injected fuel 
mass per unit of produced power). As presented in Fig. 5, the 
analyzed gasoline engine with turbocharger has significant lower 
brake specific fuel consumption in comparison with a naturally 
aspirated engine, for the most engine rotational speeds. Only at the 
lowest and the highest engine rotational speeds (1000 rpm and 6000 
rpm) brake specific fuel consumption of an engine with 
turbocharger is lower in comparison with naturally aspirated one, 
but not significantly. 
    The highest differences in brake specific fuel consumption 
between two analyzed engines can be seen at engine rotational 
speeds of 3000 rpm, 4000 rpm and 5000 rpm. Turbocharged engine, 
in comparison with naturally aspirated one, saves 5.10 g/kWh of 
fuel at 3000 rpm, 8.83 g/kWh of fuel at 4000 rpm and 6.95 g/kWh 
of fuel at 5000 rpm. 
 
    Engine volumetric efficiency is defined as a ratio of air mass 
brought to engine cylinders and air mass which can be brought to 
engine cylinders at the environment state.  
    For naturally aspirated gasoline engine, volumetric efficiency is 
always lower than 100 % because of air pressure losses and 
temperature increase during the air supply to the cylinders, Fig. 6. 

    Turbocharging process resulted with volumetric efficiency 
significantly higher than 100 % at the higher engine rotational 
speeds, because in the engine cylinder, air charger compresses the 
higher air mass than those which can be brought at the environment 
state, Fig. 6. At lower engine rotational speeds (lower than 3000 
rpm) volumetric efficiency of a turbocharged engine is lower than 
100 % because at that engine rotational speeds turbocharger is 
unable to develop optimal operating parameters. The highest 
volumetric efficiency of a turbocharged engine is obtained at 5000 
rpm and amounts 154.2 %. 
 

 
 

Fig. 5. Brake specific fuel consumption change for the analyzed 
engine with and without turbocharger 

 

 
 

Fig. 6. Change in volumetric efficiency for the analyzed engine with 
and without turbocharger 

 

    At the lower engine rotational speeds of the naturally aspirated 
engine (1000 rpm and 2000 rpm) air pressure in the intake manifold 
is slightly lower than ambient pressure (ambient pressure is 1.01 
bars), Fig. 7. As naturally aspirated engine rotational speed 
increases, intake manifold pressure decreases to ensure smooth flow 
of air from the atmosphere to the engine cylinders. Decrease in air 
pressure is as higher as the rotational speed increases and lowest 
intake manifold pressure of 0.96 bar is obtained at 6000 rpm. 
    Intake manifold pressure of turbocharged gasoline engine is 
higher than ambient pressure and it continuously increases during 
the increase in the engine rotational speed, Fig. 7. The highest 
increase in intake manifold pressure of turbocharged engine can be 
seen at rotational speeds higher than 4000 rpm. The highest intake 
manifold pressure of turbocharged engine amounts 1.23 bars and is 
obtained at 6000 rpm. 
 

 
 

Fig. 7. Change in intake manifold pressure for the analyzed engine 
with and without turbocharger 
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    Exhaust manifold pressure of naturally aspirated engine increases 
very slightly during the increase in the engine rotational speed, Fig. 
8. The exhaust manifold pressure of turbocharged engine increases 
notably during the increase in the engine rotational speed. The 
highest increase in exhaust manifold pressure of turbocharged 
engine can be seen at rotational speeds higher than 4000 rpm, where 
the turbocharger reaches its satisfactory operating conditions. The 
highest exhaust manifold pressure of turbocharged engine amounts 
3.14 bars and is reached at the highest engine rotational speed of 
6000 rpm. 
 

 
 

Fig. 8. Change in exhaust manifold pressure for the analyzed 
engine with and without turbocharger 

 

    Exhaust manifold temperature continuously increases during the 
increase in the engine rotational speed for both naturally aspirated 
and turbocharged engine, Fig. 9. From the lowest to the highest 
engine rotational speed, exhaust manifold temperature increases 
from 761.2 °C to 951.9 °C for a naturally aspirated engine and from 
801.8 °C to 1051.1 °C for turbocharged engine.  
    At any observed rotational speed, turbocharged engine has a 
higher exhaust manifold temperature in comparison with a naturally 
aspirated engine. When compared analyzed two engines, the highest 
differences in exhaust manifold temperatures can be seen at 
rotational speeds of 5000 rpm and 6000 rpm and amounts 98.3 °C 
and 99.2 °C. 
 

 
 

Fig. 9. Change in exhaust manifold temperature for the analyzed 
engine with and without turbocharger 

 

5. Conclusions 
 

    The paper presents an investigation of main operating parameters 
of naturally aspirated gasoline engine for automotive usage and its 
upgrade with a turbocharger. Analysis is performed by numerical 
0D (zero-dimensional) simulation model. During the engine 
upgrade, engine main operating and geometrical characteristics 
remain unchanged. 
    Selected turbocharger inclusion into the gasoline engine 
operation resulted with an increase in engine maximum torque for 
62.58 % (from 189.11 Nm to 307.45 Nm) and with an increase in 
engine maximum effective power for 58.82 % (from 111.44 kW to 
176.99 kW). Turbocharging process also resulted with an increase 
in maximum cylinder pressure, but the limits were not reached with 
a usage of selected turbocharger. 
    One of the main reasons of turbocharging process usage is 
reduction of engine brake specific fuel consumption. The highest 
decrease in brake specific fuel consumption for a turbocharged 
engine, in comparison with naturally aspirated one, is obtained at 

4000 rpm and amounts 8.83 g/kWh (from 239.01 g/kWh for 
naturally aspirated engine to 230.18 g/kWh for a turbocharged 
engine). 
    Pressures and temperatures in intake and exhaust engine 
manifolds also increase when the turbocharger is used. Therefore, it 
would be advisable for the intake and exhaust manifolds to be 
dimensioned more robustly with better thermal insulation, in order 
to be able to withstand the introduction of turbocharger on the 
naturally aspirated engine without any modifications.  
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