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1. Introduction 

Engine performance has been a serious problem that happened towards the car users for the last decades. By some 

estimation, many cars have difficulties on getting the efficient combustion during the combustion process. Thus, 

improper combustion led to the much emission of Hydrocarbon (HC) and Carbon Monoxide (CO) [1-5]. Others, have 

proposed in order to combat this issue, a research on air motion and air induction has been made to increase the 

combustion efficiency to get the proper air-fuel mixing during the intake. In addition, the objective of this research is 

actually to investigate the in-cylinder swirl and tumble flow that affect the induction during the combustion process in 

internal combustion engine. Next, the other objective was to identify the right amount of air fuel ratio during 

combustion for producing emission efficient vehicles. The scope of this research was the fluid motion within 

combustion chamber and air and fuel induction in internal combustion engine [6-12]. Research parameter in this study 

was swirl and tumble that represents the fluid flow behavior occurred inside combustion chamber. Fuel injection and 

air mass also were the important parameters that have been discussed about in air induction process. The focus was on 

air mass in throttle valve and fuel injection in combustion chamber. Alternatively, the research methodology of this 
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study is using computer simulation (Computational Fluid Dynamic, CFD) which offer the opportunity to carry out 

repetitive parameter studies. An integration-type flowmeter (IFM) also has been used which consists of ultrasonic 

flowmeter, that integrates the flowrate during the intake process, gives accurate measurements regardless of sampling 

time and frequency [13-15]. 

 

2. Experimental Setup 

2.1 Computational Fluid Dynamics (CFD) 

Computer simulations (Computational Fluid Dynamics, CFD) offer the opportunity to carry out repetitive 

parameter studies with clearly defined boundary conditions in order to investigate various configurations. We 

investigate two important, common fluid flow patterns from computational fluid dynamics (CFD) simulations, namely, 

swirl and tumble motion typical of automotive engines. These two parameters represent the fluid flow behaviors 

occurred inside combustion chamber which influences the air streams to the cylinder during intake stroke and enhances 

greatly the mixing of air and fuel to give better mixing during compression stoke. In this study we are concerned on the 

swirl motion of inducted air during the suction stroke and during compression stroke. The results obtain from the 

numerical analysis can be employed to examine the homogeneity of air-fuel mixture structure for better combustion 

process and engine performance [16]. 

 

2.2 Measurement of Air Mass Through A Throttle Valve 

Reciprocating piston motion caused the pulsating and reversal flow and make the measurement of flowrate in the 

intake pipe inaccurate. To reduce this measurement error, an accurate flowmeter and sampling method are necessary in 

order to give the best results. An integration-type flowmeter (IFM) which consists of ultrasonic flowmeter, which 

integrates the flowrate during the intake process, gives accurate measurements regardless of sampling time and 

frequency [17]. 

The IFM is able respond with quickly to measure the pulsating flow. Besides, it can measure the flow direction 

although the engine operating creates a flow reversal in intake manifold. In this study, to measure the air mass flowrate 

through a throttle valve, an operational amplier based integration circuit was constructed. Fig. 1 shows a schematic 

diagram of the IFM system. A flow signal created by an ultrasonic flowmeter is sent to a hardware integrator. A trigger 

signal created by an ECU, once every stroke, resets the integrator immediately after the ECU examines the integrated 

signal.  

 

 
 

Fig. 1 - Schematic diagram of an IFM [17] 

 

2.3 Measurement of Injected Fuel Varied with Injection Pressure 

The injection pressure, which is the difference between the fuel rail pressure and the intake port pressure, varies 

with the engine operating conditions. Therefore, the amount of injected fuel fluctuates according to the injection 

pressure [18]. The dynamic quantity of injected fuel changes irregularly at the beginning of injection because of the 

injection dead time and is mainly affected by the injection pressure and battery voltage. The injection dead time 
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increases at high injection pressures and low driving voltages. In this study, it is assumed are described as that the 

dynamic quantity of injected fuel is proportional to the injection duration. The cross-sectional view of an injector is 

shown in Fig. 2. 

 

 
 

Fig. 2 - A cross-sectional view of an injector [18] 

 

2.4 Air Mass in Throttle Valve Together with The Injected Fuel Mass 

Fig. 3 shows an experimental set-up for a multipoint injection (MPI) engine equipped with an IFM. The throttle 

valve is controlled by a stepping motor to create transient conditions. Engine speeds are kept constant by an EC-type 

dynamometer connected directly to the crankshaft of the engine [19]. A sensor is placed at the junction of the manifold 

and the engine is controlled with an IBM PC-based PC-ECU controls. 

 

 
 

Fig. 3 - Experimental setup for AFR control [19] 

 

3. Result and Discussion 

3.1 A Preliminary Study on Air Motion 

A premier combustion process within an engine block is relevant to the overall performance of many motorized 

vehicles. The in-cylinder charge motion often plays a dominant role in processes of preparation and conveyance of fuel 

mixture in the engine. The production of high turbulence intensity is one of the maximum critical factors for stabilizing 

the ignition technique and rapid propagation of flame, particularly inside the case of lean-burn combustion. In the flow 

within a cylinder, we can distinguish between two types of motion: swirl flow commonly found in diesel engines and 

tumble flow commonly found in gas engines. In both cases, rotational motion occurs about an axis, though the position 

of the respective axis is different as shown in Fig. 4. Air motion in the combustion chamber is three-dimensional [20]. 
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Fig. 4 - Definition of in-cylinder: sideways tumble  

TRx, normal tumble TRy and swirl SRz [20] 

 

On a broader angle, it the in-cylinder movement can be characterized as a mixture of swirl, sideways-tumble and 

ordinary-tumble. They contribute to the improvement of engine performance with the aid of accelerating blending of 

fuel and induced air. As a result, it's miles necessary for development of an IC Engine with high compression ratio to 

recognize high turbulence depth and lean burn combustion.  Swirl and tumble flows are constantly generated during 

intake and compression stroke of the inner combustion engine because of the high turbulence inside the cylinder [20-

21]. 

 

3.1.1 Fluid Motion within Combustion Chamber: Swirl Motion 

Swirl is described as the massive scale vortex inside the in-cylinder fluid with the axis of rotation parallel to the 

piston axis. Swirl, taken into consideration as a -dimensional solid body rotation, persists via the compression and 

combustion methods. The decay of swirl in an engine cylinder in the course of the compression manner is noticeably 

small so that the overall angular momentum of the swirl vortex is sort of conserved. As an example, Liou and 

Santavicca (1983) located that turbulence become nearly homogenous and isotepric near TDC of their engine 

experiments. They also confirmed that turbulence depth near TDC at a given pace become 25-50% extra with swirl 

than without and then declined constantly with crank angle [21]. 

 

3.1.2 Fluid Motion within Combustion Chamber: Tumble Motion 

Another intake-generated large-scale vertical flow pattern is the tumbling motion. The rotation axis of vortex is 

normal to the cylinder axis, resembling the rotation of a barrel. It is formed about a circumferential axis near the edge 

of the clearance volume in the piston crown or in the cylinder head, which is caused by squishing of the in-cylinder 

volume as piston reaches near TDC. Thus, tumbling motion is also called as vertical swirl or barrel swirl. To generate a 

pure tumbling motion for single intake-valve cylinders, the directional vector of intake jet should be on the plane 

defined by the cylinder axis and the intake valve axis. A tumbling flow with both the radial and the axial motion is 

therefore expected in the cylindrical coordinate. If an intake jet has only the tangential and the axial components in the 

cylindrical coordinate, a pure swirl flow is produced [21]. 

 

3.1.3 A Test Run has been Performed 

The in-cylinder air motion before fuel injection process is very important to certify a proper air-fuel mixture. This 

is due to the fact that in-cylinder air motion plays a vital role on the complete combustion in the engine cylinder. A test 

run has been performed to obtain some details of in-cylinder air motion, at the motoring condition, for the suction and 

compression stroke of an engine. This was done to verify the velocity magnitude in the form of swirl and tumble flow. 

From Fig. 5, it can be seen that there are strong annular jet flows in the combustion chamber near the valve curtains. It 

because the flow and velocity field in this degree of crank angle reaches to the maximum value where the intake valves 

almost open at the maximum lift distance [22-23]. 
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Fig. 5 - CFD simulation of air flow in the IC Engine [24] 

 

This strong annular jet flows make a clockwise or counter-clockwise swirl on the intake valve. The piston speed is 

kept constant at 2500 rpm. A clockwise vortex is visible to be formed at the centre of the engine cylinder, under intake 

valves. This is a due to the jet motion of air which does not strike the cylinder walls but directly flows to the centre of 

the cylinder. The jet of air which strikes the walls of the cylinder creates an elongated vortex along the wall [24]. 

 

 
 

Fig. 6 - SR vs Crank Angle-curve [18] 

 

The swirl ratio is observed to begin with a negative tendency. Maximum swirl ratio is achieved around 500º, which 

is about 160º crank angle after TDC, as the piston reaches the maximum instantaneous speed and the valve opening is 

at its maximum distance as seen in Fig. 6. Beyond this point the swirl ratio gradually decreases towards the end of the 

suction stroke. The trend continues into the compression stroke as well due to the friction at the cylinder wall. During 

the compression stroke, swirl flow interacts with the tumble flow forming squish air flow motion. The nature and 
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variation of the in-cylinder tumble flow (normal) can be seen in Fig. 7. Tumble about the y-axis becomes negative at 

the beginning of the suction stroke and falls to minimum at around 10º after TDC. It can be then observed that there is 

rapid change in the curve and the ratio begins to increase [24]. 

 

 
 

Fig. 7 - Try vs Crank Angle-curve [24] 

 

A maximum tumble is achieved at about 120º after TDC. It may be due to the jet air flow during the valve opening 

that the normal tumble decreases in the beginning and increases into the early part of the compression stroke. 

Thereafter, the normal tumble ratio would decrease, with a small increase in between, during the further crank angles. 

 

 
 

Fig. 8 - Try vs Crank Angle-curve [24] 

 

The tumble ratio in the sideways direction can be seen in Figure 8. The graph shows the sideways tumble ratio and 

its variation inside engine cylinder. Tumble affect about the x-axis is very low in the beginning of the suction stroke. It 

then increases gradually and reaches a peak value in the compression stroke. A dominant tumbling motion has been 

developed at this. 

 

3.2 A Preliminary Study on Air and Fuel Induction 

3.2.1 Air Mass in Throttle Valve Together with The Injected Fuel Mass 

The air mass at the throttle valve overshoots during tip-in where the intake manifolds pressure increase. This 

pressure change in turn increases the in-cylinder air mass. The in-cylinder fuel mass is controlled so that the in-cylinder 

air fuel ratio (AFR) is kept at the desired value. As the injected fuel mass increases, the fuel mass in the puddle also 

increases. This modification in fuel mass in the puddle is provided via the injected fuel overshoot shown in Fig. 9 

which increases similarly while the engine coolant temperature is low [25-27].  

The air mass measured at the throttle valve together with the injected fuel mass during tip-in are shown in Fig. 9, 

as well as the fuel puddle mass and the fuel mass inducted into the cylinder. 
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Fig. 9 - Measured air mass at the throttle valve and fuel mass into  

cylinders, injected and in the fuel film during tip-in [25] 

 

4. Conclusion 

Air motions in the Internal Combustion Engines are motion in the form of rotating flow that occurred repeatedly 

during the combustion. In this study, two type of motions is been recognized which are swirl and tumble. Creating a 

swirling vortex in the cylinder has been identified as a way of improving turbulence stages during the compression 

stroke since the old Internal Combustion engines. Swirl build up turbulence during the compression stroke through 

following methods: Turbulence developed by the shear at the wall is transfer throughout the bulk of the flow by 

diffusion and generated secondary flow or any protruding objects not on the axis of rotation of the swirl vortex will 

create turbulence through shear and vortex shedding. The fundamental of tumble occurs during the intake stroke. This 

vortex is compressed during compression stroke and its increase its rate of rotation to conserve angular momentum.  

The increasing of the compression, the vortex turned into more non-circular patterns. The vortex reaches a critical point 

beyond with the vortex breaks down into smaller vortices. These vortices decay into smaller turbulent structures, 

thereby enhancing the turbulent stages. 

Air and fuel induction starts from the intake system which consist of an intake manifold, throttle, intake valves, 

and either their fuel injectors or a carburetor to add fuel. The mass of air flow and the injected fuel mass must enter the 

chamber in correct amount. Therefore, the AFR is important in order to have an efficient engine of vehicles. The 

method of using the IFM with ultrasonic flowmeter proved to be efficient to control the AFR. Besides, the in-cylinder 

air mass of the current time step can be calculated accurately using an IFM and manifold pressure sensor. Lastly, air 

masses in throttle valve together with the injected fuel mass are successfully be measured. 
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