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ABSTRACT 

The study focuses on the improvement in overall performance of spark ignition engine. The cylinder 

pressure and temperature as a function of time is developed for all thermodynamic process inside the engine; based 

on first law of thermodynamics. With these relations and other thermodynamic and engine geometry parameters, a 

mathematical model close to the real Otto cycle is developed for the analysis of engine performance. Combustion 

process is modelled by considering the system as a two zone model. MATLAB program is created based on the 

mathematical model developed for the analysis of engine performance at various running conditions. The 

thermodynamics of supercharging and exhaust energy recovery using a double acting reciprocating compressor is 

used to analyze the performance enhancement achieved by incorporating it into the conventional SI engine. The 

results show that, thermal efficiency of supercharged SI engine increases by 3-23% than that of the conventional 

engine. Brake power of the cycle is also increased by 70-115%, due to the increase in volumetric efficiency.  

Keywords: Spark Ignition engine, Supercharging, Exhaust energy recovery, Combustion duration, Dissociation. 

INTRODUCTION  

  Internal combustion engines are heat engines in which chemically bound energy is converted into 

mechanical energy. This is done by means of a chemical reaction, the combustion process, in which the heat energy 

is released. However, only a part of this heat released is converted into mechanical energy by the crank shaft drive, 

and the remaining is carried away by the exhaust gas and coolant through the cylinder walls as well as directly to 

the environment through radiation. 

Combustion chamber is modelled based on thermodynamic relations developed from the unsteady flow 

energy equation as a function of time. During the suction and exhaust stroke, combustion chamber is considered to 

be an open system, while as closed system during rest of the stroke. Change in gas properties used in the 

thermodynamic relations was correlated by Ferguson and Gordon and McBride as polynomial equations in terms of 

temperature. They provide the results confining with that of the JANAF data for all product of combustion. The 

accuracy of the model developed depends on how accurately the combustion model fits with the actual combustion 

curve. 

The combustion model is assumed to be a two zone model separated by a flame front . Upper zone consists 

of burned mass and the lower zone with unburned mass. For finding the fraction of mass burned, Wiebe function is 

used. Additionally, as the flame front travels towards cylinder walls, combustion become slower due to the lower 

wall temperature. Which is commonly modelled with a multi zone approach. Yasar et al. ascertained that, wall 

effects could be accommodated, without introducing a separate wall zone, instead by using a double-Wiebe 

function in which a fraction of fuel burns at a reduced rate. Volume fraction burned was given by Beretta et al. by 

reckoning it as an ideal gas. These relations are used to solve the thermodynamic relations, for different mass 

fractions burned, during the combustion process. Apart from the combustion process, flow rate of the inlet charge 

and heat transfer from the system also need to be considered for modelling the entire system. 

Mass flow rate increases non-linearly with increasing valve lift, depending on the port design and flow 

separation conditions. The minimum area through which the flow takes place as the valve lifts is divided into three 

ranges in accordance with the valve lift. The instantaneous mass flow rate through the port in any direction 

(including back flows) was determined by Sher and Hacohen. 

The heat transfer from hot burnt gas in the combustion chamber is affected by convective and radiative heat 

transfer. The heat transfer coefficient depends on engine geometry such as exposed cylinder area and bore, and the 

piston speed. Due to the complex gas flow in the cylinder, it varies with location inside the cylinder and in time 

with changing piston position. The value of heat transfer coefficient is found from a Nusselt number - Reynolds 

number type correlation. For calculating the heat transfer, coefficient of viscosity and thermal conductivity of 

cylinder gases need to be determined. Relations for coefficient of viscosity and thermal conductivity is obtained 

from the simulation models developed by Chaudhari et al. With these information’s, the mathematical model of the 
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proposed system is developed, which will be explained in the following sections. Also, MATLAB program is 

created based on these to analyze the proposed system. 

MATHEMATICAL MODELLING 

We consider a four cylinder internal combustion engine with each cylinder performing four strokes. For 

developing the model, along with thermodynamic aspects, engine geometry is also considered. The details of 

mathematical model developed is classified as follows: 

Engine Thermodynamics: The control volume considered to apply the first principle of thermodynamics is 

delimited by the cylinder inner walls and small portion of the inlet and exhaust ports. During intake and exhaust 

strokes the thermodynamic system is open and, on the contrary, during compression and expansion it is a closed 

system. Various terms appearing in the mathematical expression for the first principle depend on the respective 

strokes. Fig. 1 shows the control volume considered for analysis and various modes of transfer energies. 

The thermodynamic evolution equation for either burned or unburned gas (subscripts u and b respectively) 

temperature inside the cylinder can be written, except for during the combustion period as,  

 
   (1) 

 and  denotes the heat loss from the unburnt and burnt gases respectively. The subscripts in and ex denotes 

the inlet and exit respectively. The gas properties like enthalpy, specific heat and characteristic gas constant is 

represented by h, Cp and R respectively. 

 
Figure.1. Control volume of the engine considered with various energy and mass transfers during various 

thermodynamic processes. 

 

 

For the pressure values following relation is used, 

            
    

The value of each terms in (1) and (2) depends upon the type of process that the engine is undergoing.  

During the combustion stroke the zone is divided into two, consisting of burned and unburned zones. The 

thermodynamic equations giving time evolution is obtained as, 

              (3) 

           (4) 

(5) 
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Initial values for Tu and P is obtained from equation (1) and (2), while the initial value for Tb is calculated 

from the adiabatic flame temperature for the given equivalence ratio.  

Heat transfer: The heat transfer coefficient reckons to the engine geometry, such as exposed cylinder area, bore 

and the piston speed. Due to the complex gas flow in the cylinder, it varies with position in the cylinder and in time 

with changing piston position. The heat transfer coefficient is found from a Nusselt number - Reynolds number 

type correlation. 

Taylor put forward a correlation for space and time averaged heat transfer coefficient (hg), in terms of engine 

bore (b), characteristic velocity (U), thermal conductivity (k) and kinematic viscosity of the gaseous species ( ) as,  

                    (6) 

Woschni developed another correlation to work out the space averaged instantaneous heat transfer coefficient as 

[10]: 

                                          (7) 

Gas flow rates: The mass flow rate of a gas through a poppet valve is usually described by the equation for a 

compressible flow derived from one dimensional isentropic flow analysis. For an ideal gas, flow rate depends upon 

the upstream pressure, P1 and temperature T1, the pressure just downstream the restriction P2, and the orifice area 

AT [1]. 
 

   (8) 

The discharge coefficient (CD) decreases slightly with lift since the jet fills less of the reference curtain area as it 

transforms from an attached jet to a separated free jet [6]. nv is the number of valves through which the flow takes 

place. 

When, , the flow is said to be choked and the flow rate is given by, 

            (9) 

Mass fraction burned: Wiebe function is used to find the mass fraction burned (xb) during the combustion 

process. There are two problems in using the standard Wiebe function. Firstly, the parameters that appear in the 

function alter with operating conditions [2]. Secondly a standard Wiebe function can only be made to adopt a 

limited range of combustion progress shapes. If there are large differences between the burn rates at different 

instances, it can be difficult to obtain an accurate match between any Wiebe shape and the actual combustion 

progress [2]. To overcome this difficulty, a double-Wiebe function combustion model in which a fraction of fuel 

( ) burning at a reduced rate in the wall region was introduced [2]. The double-Wiebe function is defined as, 

                                                    (10) 

The parameters ‘a’ and ‘m’ are the adjustable constants that determines combustion duration and shape of the 

combustion progress curve respectively. The variables,  correspond denotes 

the crank angle at which the combustion is initiated and The ratio of slow burn 

duration to the standard burn duration ( ) is chosen arbitrarily to fix the predicted combustion curve with that of 

the actual curve. 

Engine geometry: The volume of combustion chamber can be determined as a function of crank angle ( ) using 

compression ratio (r), displacement volume (Vd), crank radius (rc) and connecting rod length (l). At a given crank 

angle the volume is given by [8], 

        (11) 

The volumes crank angle derivative is obtained by differentiating equation (11) w.r.t  and is as follows, 

        (12) 

PROPOSED CYCLE  

           The proposed system comprises of a double acting reciprocating compressor and an intercooler along with 

conventional SI engine. Double acting compressor compresses the air in one cylinder while the other acts as an 

expander, thereby expanding the exhaust gas coming from the engine. The compressed air from the compressor is 
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sent to the intercooler, where it is cooled to lower temperature. After intercooling, the air is fed into the engine 

cylinder during suction stroke. Fuel is injected into the combustion chamber during this time. The charge inside the 

cylinder undergoes all four strokes of Otto cycle. Due to the higher compression pressure, the pressure rise during 

compression will be even higher. Correspondingly will be the exhaust pressure. Peak pressure of proposed system 

will be more than that of conventional engine; additionally will be the case of exhaust pressure. In fact, more 

amount of energy can be recovered from the exhaust gas of the proposed system. Hence, the expander is used, 

which in turn produces the work for compressing air on the other cylinder. At lower mass flow rates, the 

reciprocating compressor is more efficient than the centrifugal type. Ordinarily used turbocharging was replaced 

with reciprocating type, since the mass flow rate through the engine is low. Hence higher overall efficiency can be 

achieved. 

RESULTS AND DISCUSSION 

MATLAB program is created based on the mathematical model developed for both the conventional as 

well as the proposed system. Table I. shows the engine geometry and operating parameters considered for creating 

the program. The results show that, performance parameters of proposed system had improved when compared to 

that of conventional system. Detailed comparison of the important performance parameters are discussed in the 

following sections. 

Volumetric efficiency: The compressor was equipped with two inlet valves enabling easy entry of fresh air into it 

during the suction stroke. Even at higher speeds, there will be sufficient time for air to enter into it. However, as the 

speed increases further, the time available gets reduced; resulting in the lower volumetric efficiency. Since the air 

leaving the compressor is at higher pressure, almost all amount of air enters into the engine cylinder. Hence, the 

volumetric efficiency of the proposed system is increased.  Moreover, for enabling the compression at two stages, 

the cubic capacity of the compressor is to be more than that of the engine. This also adds to the cause of increase in 

volumetric efficiency. But in the case of conventional engine, the volumetric efficiency is lower when compared to 

that of the proposed system. Which is due to the lower cubic capacity of the engine cylinders when compared to 

that of the compressor.  Another cause is the presence of single inlet valve. Figure 2. shows the comparison of the 

volumetric efficiencies of both the systems. Eventhough the effects of speed on volumetric efficiency is same in 

both the cases, they follow a constant difference due to the above said reasons. From the fig 2. It is clear that the 

volumetric efficiency increases about 50% at lower speeds and up to 100% at very high speeds. 

Break mean effective pressure: The peak pressure created inside the engine cylinder during combustion depends 

upon the number of molecules of gaseous species and the in-cylinder temperature. Due to the increase in 

volumetric efficiency, number of molecules of gaseous species is increased in the proposed system. The in-cylinder 

temperature depends upon the equivalence ratio. As the fuel equivalence ratio increases, the temperature increases 

due to the combustion of more amount of fuel. However, at rich mixtures the temperature reduces due to the 

incomplete combustion and the dissociation of gaseous species at high temperatures. Generally speaking, the peak 

pressure increases with the in-cylinder temperature and volumetric efficiency at lean mixture. At rich mixtures the 

decrease in temperature tends to decrease the in-cylinder pressure. However, the effect of number of molecules 

tends to increase the peak pressure. When combined together, the peak pressure continue to increase to a certain 

extend of richness and then starts decreasing. Break mean effective pressure (BMEP) depends on the peak pressure 

created. The BMEP increases with the increase in peak pressure. Hence, BMEP also follows the same fashion as 

that of the peak pressure. Figure 3. shows the variation of BMEP with the fuel equivalence ratio at various engine 

speeds. The volumetric efficiency decreases with the increase in engine speed, so as the case of number of 

molecules also. Figure 3. shows that the BMEP for both the system decreases with the engine speed due to the 

above said reason. However, the BMEP of the proposed system is greater than that of the conventional engine at 

the same operating conditions. This is due to the increase in the volumetric efficiency obtained. From the results, 

we can ascertain that the BMEP of the proposed system is 80-120% more than that of the conventional engine. 

Brake power: The brake power also varies in the same manner as the BMEP since both are interrelated. Brake 

power increases with the BMEP and vice versa. It has been noted from the fig. 4 that the shape of the graphs 

plotted is same as that plotted in the fig. 3. But it is seen that, power produced by the proposed system first tends to 

increase with the engine speed and then starts to decrease. While the power produced by the conventional engine 

tends to decrease with the engine speed. This shows the effect of volumetric efficiency on the power produced. The 

number of power strokes per unit time continue to increase with the engine speeds. Hence, the power developed 

needs to be increased with the engine speed. However, the volumetric efficiency decreases with the engine speed 

resulting in the lower peak pressure and hence the work done per cycle. The net effect of above two outcomes in 

the power produced by the engine. The volumetric efficiency of the proposed system is seen to be decreasing at a 
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lower slope during low speed range (from fig. 2). During this period, the effect of engine speed is more than that of 

the volumetric efficiency. Hence, the power developed increases with the engine speed till 2500 rpm and then starts 

to decrease for the proposed system. The power developed by the proposed system is found to be about 70-115% 

more than that of the conventional engine. 

Table 1: Engine Geometry and Operating Parameters 
Item Content 

Bore 0.07 m 

Stroke length 0.09 m 

Connecting rod length 0.1973 m 

Compression ratio 1:8.5 

Ambient pressure 1 bar 

Ambient temperature 303 K 

Inlet valve opening time 10o CA BTDC 

Inlet valve closing time 50o CA ATDC for conventional and 20o CA ATDC for supercharged 

engine 

Exhaust valve opening time 40o CA BBDC 

Exhaust valve closing time 10o CA ATDC 

Ignition timing 10o CA BTDC 

Fuel Isooctane 

 

 
Fig. 2. Variation in volumetric efficiency with the engine speed for the conventional engine as well as for the 

proposed system 

 

 

 

  

Fig. 3. Variation of brake mean effective 

pressure (bar) with the fuel equivalence ratio at 

various engine speeds for both the conventional 

and proposed system (represented by dashed 

lines). 

Fig. 4. Variation of brake power 

with the fuel equivalence ratio at 

various engine speeds for both the 

conventional and proposed system 

(represented by dashed line 

Fig. 5. Variation in brake 

thermal efficiency with the fuel 

equivalence ratio at various 

engine speeds for both the 

conventional and proposed 

system (represented by dashed 

lines). 
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Brake thermal efficiency: Brake thermal efficiency of engine depends on volumetric efficiency, air-fuel ratio, 

peak pressure, in-cylinder temperature etc. The interdependencies of these are described in the above sections. The 

frictional power remains almost constant for both the system for a particular running condition. As mentioned in 

the previous section, we know that the power produced is more for the proposed system. Hence, the fraction of 

power lost due to friction is lower than that of the conventional type. Which in turn results in the higher brake 

thermal efficiency. However, the break thermal efficiency of the proposed system tends to decrease due to the 

increased dissociation and incomplete combustion at rich mixtures. Since, more amount of fuel enters into the 

engine due to its higher volumetric efficiency. Which in turn results in the higher in-cylinder temperature than 

conventional engine. However, the net effect is that the brake thermal efficiency of the proposed system increases. 

Figure. 5 shows the variation of brake thermal efficiency with equivalence ratio at different engine speeds. It has 

been noted that the brake thermal efficiency of proposed system increases by 3-23% than the conventional engine. 

This hike is due to the higher amount of power produced by the proposed system.  

CONCLUSION  

Thermodynamic analysis of the conventional engine and proposed system is done based on the 

thermodynamic relations developed. Based on these relations and other thermodynamic and geometric parameters, 

MATLAB code is created. The results obtained from the analysis shows that the performance of SI engine is 

improved with the addition of a compressor and an expander. The volumetric efficiency is increased in the 

proposed system due to the increased cubic capacity of compressor than the engine and its two inlet valves. This 

effect plays an important role in the improvement in its performance parameters. Another cause is due to the pre-

compression of air that is to be supplied into the engine cylinder of the proposed system. 

The brake thermal efficiency of the proposed system is increased by 3-23% than that of the conventional 

engine. Likewise, power produced by the proposed system also rises up to 70-115% than that of the conventional 

type. Even though the weight of compressor and expander adds to the total weight of the system. Due to the 

increased power, power to weight ratio of the proposed system can be reduced. For the proposed system, the 

optimum speed is found to be 2000 rpm and the maximum power is developed at 2500 rpm. From these, it can be 

inferred that the proposed system is more efficient and powerful at lower engine speeds. Further rise in engine 

speed reduces the power developed and increases the fuel consumption. 
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