MIXTURE FORMATION IN IC ENGINES
	SI Engine
	CI Engine

	1.
External mixture formation 

(in the carburetor)

2.
Homogeneous fuel-air mixture

3.
Controlled external ignition (direct)

4.
Quantity control (Load control or Throttling control of mixture)

5.
Range of ignitable mixtures: 0.7 < ( < 1.7 


(operating range  0.8 < ( < 1.3)
	1.
Internal mixture formation 

(by fuel injection)

2.
Heterogeneous fuel-air mixture

3.
Internal self ignition (no direct control)

4.
Quality control (Quality of mixture is changed by changing the air/fuel ratio)

5.
Range of ignitable mixtures 


(operating range  0.5 < ( < 0.8)


Compression-ignition engines are controlled by adjusting the amount of fuel supplied to the engine, and hence are quality governed. When adjusting the fuel supplied to a CI engine the limiting condition is given by the smoke limit, which is the appearance of black smoke in the exhaust. Engines should not be operated with mixtures rich enough to produce smoke, although such a mixture may give a greater power output. The efficiency under these conditions is low, and the engine soon becomes dirty. The smoke limit occurs at about ( = 0.9. Spark-ignition engines are quantity governed by the opening or closing of a throttle valve which regulates the mass flow of charge to the cylinders. Some gas engines are throttled by alteration of the lift of the admission valve, and this can be controlled from the engine governor. The governed speed can be adjusted to select any value in its range. The maximum power can be achieved with slightly rich mixture (( = 1.2) whereas, maximum economy with slightly lean mixture (( = 0.9). In principle, the optimum air/fuel ratio for a spark-ignition engine is that which gives the required power output with the lowest fuel consumption, consistent with smooth and reliable operation. In practice, the constraints of emissions control may dictate a different air/fuel ratio, and may also require the recycling of a fraction of the exhaust gases (EGR) into the intake system. The relative proportions of  fuel and air that provide the lowest fuel consumption, smooth reliable operation, and satisfy the emissions requirements, at the required power level, depend on engine speed and load. Mixture requirements are different for full-load (WOT) and for part-load operation. At the full-load operating condition, complete utilization of the inducted air to obtain maximum power for a given displaced volume is the critical issue. Where less than the maximum power at a given speed is required, efficient utilization of the fuel is the critical issue.
Simple Approach
Power developed by the engine at constant speed and wide open throttle:

· Maximum power is reached at each engine speed when all the air in the cylinder is most effectively consumed. Fuel flow is increased until all oxygen is consumed (with best spark timing). 

· Minimum specific fuel consumption is reached at each engine speed when all the fuel in the cylinder is most effectively consumed. Fuel flow is decreased for best sfc (with best spark timing).

Actual Approach
Actual air-fuel mixture requirements in an operating engine vary considerably from ideal conditions upon which simple hypothetical carburetors were based. The carburetor must modify the A/F ratio to satisfy these demands. 

Idling and Low Load Range

An engine is said to be idle when it is disconnected from external source with nearly closed throttle (0–20% of power). Rich mixture is required due to maximum exhaust gas dilution of fresh charge (( ( 1.3).

Cruising Range 

In the economy or cruising range the exhaust gas problem is relatively insignificant. The primary interest lies in obtaining the maximum fuel economy (20–75% of power, ( ( 0.8–0.9).

Power Range

When the throttle is fully opened, the mixture must be enriched to cater for the requirements of power range (75–100% of power, ( ( 1.2).

Transient conditions 

Transient conditions are those conditions under which speed, load, temperature or pressure changes rapidly. The principle transient conditions are: starting, warming up, acceleration and deceleration. Air-fuel ratios that the automobile carburetors have to deliver at transient engine operation is different due to different reasons.

Starting & Warm Up  (( up to 3)

While starting from cold an extra rich mixture is required due to maximum exhaust gas dilution and less ratio of evaporated fuel to air under cold conditions. 

Acceleration (( ( 1.8)

Under steady running conditions an equilibrium condition is set up as the same amount of fuel and air per minute enters the cylinder as leaves the carburetor. However when the throttle is suddenly opened the liquid fuel supplied to the carburetor throat lags behind so the cylinder temporarily receives lean mixture while the actual demand of the engine is rich mixture to get more instantaneous power, for acceleration. Therefore to compensate for the temporary leaning additional fuel must be supplied. 
	FLAMMABILITY LIMIT

Flammability limit may be interpreted as the range of mixture strength over which the fuel is combustible following localized ignition. Laboratory experiments show that a flame will propagate only within a range of air/fuel mixtures strength i.e. between the so called lower and upper limits of flammability. The lower limit is the leanest mixtures (( < 1), while the upper limit is the richest mixture ((  > 1). Table gives flammability limits and laminar flame velocity of various fuels.
	FUELS
	Flammability Limits
	Flame Velocity (m/s)

	
	
	Lower
	Upper
	

	
	Hydrogen
	0.1
	6.8
	3.50

	
	Methane
	0.5
	1.7
	0.43

	
	Propane
	0.5
	2.5
	0.47

	
	Butane
	0.6
	2.9
	0.45

	
	Gasoline
	0.7
	1.7
	0.50

	
	Methanol
	0.5
	4.0
	0.55

	
	Ethanol
	0.6
	3.3
	0.52


FUEL SYSTEMS
The purpose of an engine fuel system is to provide the cylinder with a mixture of fuel and air in the correct proportions for the engine requirements at any particular instant. There are basically two methods available, one is called carburetion and is used for SI engines and the other is a type of fuel injection which is a characteristic method for diesel engines. There are many different designs of each. There are two types of fuel metering systems in SI Engines: conventional fuel metering systems (mechanical fuel metering system: carburetor system); advanced fuel metering systems (electronic fuel metering: EFI system). The SI engines for automotive purposes has been developed on the basis of the carburettor although fuel injection is becoming more common, the latter having been used for a long time for aircraft and special engines, such as military vehicles and racing cars. The carburettor is a simple, cheap device which has served its purpose for many years, but the trend to higher powered, multicylinder engines has shown the single carburettor system to be inadequate. As a consequence multichoke carburettors and twin or triple carburettor layouts have been used to meet increasingly sophisticated engine requirements, but several designs of petrol injection systems have also been introduced. Oil injection system has good control, accurate fuel metering, and good fuel consumption as compared to carburettor system which has poor fuel consumption particularly at part load. In general the fundamental problem is to measure, or compute accurately, the mass flow rate of air into the engine at any instant and to mix the correct amount of petrol into it in such a way that the air and fuel mixture produced is right for engine running condition. In an engine air flow rates, pressures and temperatures change; also the engine is in dynamic operation with phases of acceleration and deceleration. Thus a fuel supply system, to be successful, must be able to cope with a wide range of running conditions and demands.
CARBURETION
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The term carburetion covers the whole process of applying continuously to a petrol engine mixture of vaporised fuel and air which is suitable to each engine condition of load, speed, and temperature. The function of the carburettor is to measure out the correct proportions of liquid fuel and air for the particular engine condition. The liquid fuel must be atomized at the carburetor (i.e. broken up into a fine spray to assist in the evaporation of the fuel, so that the mixture entering the cylinders is homogeneous). The fuel leaves the Carburetor and travels through the manifold in three forms: as vapor; as liquid droplets suspended in the air stream; as a liquid film on the manifold wall. As the work of an engine is directly dependent on the mass of air inducted, for this reason complete vaporization of the fuel in the manifold is not desired since the vaporized fuel would displace air. On the other hand, too little vaporization in the manifold may lead to poor distribution of the fuel from cylinder to cylinder. Based on experience, a figure of 60% vaporization in the manifold at wide-open throttle will be selected as the optimum value for acceptable distribution and good power. However at part throttle operation (here maximum power is not the objective) a complete vaporization is the requirement for good distribution and good fuel economy. 
Figure shows a simplified carburetion system. The fuel enters the float chamber (D), the function of  which is to maintain a constant level of fuel in the chamber by shutting off the supply when this level is about to exceed. The float chamber is vented to atmosphere through a small hole in the cover, hence the pressure on the surface of the fuel is constant and equal to that of the atmosphere. The air is induced by the depression created by the piston moving downwards in the engine cylinder, and, after passing through a filter, enters the carburetor at about atmospheric pressure. The petrol engine is quantity governed, which means that when less power is required at a particular speed the amount of charge delivered to the cylinders is reduced. This is achieved by means of a throttle valve (B) of the butterfly type which is situated in the air inlet. The air on induction enters the venturi (A) or choke tube. This is a tube of decreasing cross-section which reaches a minimum at the throat or choke of the venturi, which is shaped to give the minimum resistance to the airflow. The fuel discharge jet is situated at the throat and is subject to the air pressure there. 
The pressure at the throat is below atmospheric since the air velocity has been increased from that at inlet to the carburetor to a maximum at the throat. Thus the petrol surfaces, that in the float chamber and that at the discharge jet are subject to different pressures. This pressure difference acting on the fuel column causes the fuel to flow into the airstream, and the rate of flow is controlled or metered by the size of the smallest section in the fuel passage. This is provided by the main jet and the size of this jet is chosen to give the required engine performance, and is an empirical selection. As the fuel flows out of the jet, it breaks into very small droplets which are carried away by the high-velocity air. These droplets then evaporate and mix with the air in the following intake manifold. As engine speed is increased, the higher flow rate air will create an even lower pressure in the venturi throat. This creates a greater pressure differential through the fuel jet, which increases the fuel flow rate to keep up with the grater air flow rate and engine demand. A properly designed carburettor can supply the correct air fuel ratio at all engine speeds, from idle to wide open throttle (WOT). The throttle controls the air flow rate and thus the engine speed. A rich mixture is required for starting and idling. There is an idle speed adjustment (F) (throttle stop) which sets the closed throttle position such that some air can flow even at fully closed throttle. This adjustment, which is usually about 5(–15( of throttle plate rotation, controls how fast the engine will run at idle conditions. Because the air flow rate through the venturi throat will be minimal at idle conditions when the throttle is closed, the pressure in the throat will only be slightly less than atmospheric pressure. The pressure differential through the fuel capillary tube will be very small, resulting in a low fuel flow rate and very poor flow control. An idle valve (G) is added which gives better fuel flow control at idle and almost closed throttle position. When the throttle is closed or almost closed, there is a large pressure differential across the throttle plate, and pressure in the intake system downstream of the throttle is very low. There is, therefore, a substantial pressure drop through the idle valve, allowing for proper flow control and a greater flow rate of fuel. Engines are usually run with a richer air-fuel mixture at low and idle speeds to avoid misfires caused by a large exhaust residual resulting from valve overlap. Another butterfly valve usually called the choke (H) is positioned upstream of the venturi throat. This is needed to start cold engines. It is not really the air-fuel ratio that is important to for considering combustion, but the air-vapor ratio; only fuel that is vaporized reacts in a combustion process. When an engine is cold, a very small percent of fuel will vaporize in the intake and compression processes. The fuel is cold and much more viscous, creating a lower flow rate and larger droplets which vaporize more slowly. The metal engine parts are cold and inhibit vaporization. Even in the compression stroke, which heats the air-fuel mixture, the cold cylinder walls absorb heat and reduce vaporization. Engine lubrication is cold and more viscous, making the engine turn more slowly in the starting process. As the engine turns over slowly with the starter, only a very small air flow is generated through the carburetor. This creates only a very small pressure differential through the fuel capillary tube and a very low flow rate. At starting conditions, the throttle is wide open, so no substantial pressure differential is established through the idle valve. All of this creates very little fuel evaporation, and if normal carburetor action were used, there would not be enough fuel vapor in the cylinder to create combustion and get the engine started. For this reason, the choke (D) has added to carburetors. When starting a cold engine, the first step is to close the choke. This restricts air flow and creates a vacuum in the entire air intake system downstream of the choke. There is, therefore, a large pressure differential across both the fuel capillary tube (C) and the idle valve, causing a large  fuel flow to mix with the low air flow. This gives a very rich air-fuel mixture entering the cylinder, up to air fuel ratio 1 for very cold starts. With only a small percent of fuel evaporating, a combustible air-vapor mixture is created, combustion occurs, and the engine starts. Only a few engine cycles are required before everything starts to heat up and more normal operation occurs. As the engine heats up, the choke is opened and has no effect on final steady-state operation. In modern automobile carburetors an acceleration pump is added which injects an added quantity of fuel into the air flow when the throttle is opened quickly to give rich mixture that assists in the acceleration process. A modern carburetor which meters the appropriate fuel flow into the air stream over the complete engine operating range is a highly developed and complex device. There are many types of carburetors but they may share the same basic concepts. For example, Down Draft, Side Draft, Up Draft, Single Barrel, Multiple barrels, Double Barrels, 4- Barrels.

Deficiencies of Carburetor: The pressure drop in carburetor due to restriction in the flow passage impairs the volumetric efficiency. In multi cylinder engines the charge supplied to various cylinders varies in quality and quantity. Different carburetor auxiliaries fitted to the carburetors made it a complex device. Problem of carburetor icing. Inaccurate fuel metering during cornering, and tilted position.
FUEL INJECTION SYSTEMS

The fuel injection systems for conventional spark-ignition engines inject fuel into the engine intake system. Fuel Injectors are nozzles that inject a spray of fuel into the intake air. They are normally controlled electronically, but mechanically controlled injectors which are cam actuated also exist. A metered amount of fuel is trapped in the nozzle end of the injector, and a high pressure is applied to it, usually by a mechanical compression process of some kind. At proper time, the nozzle is opened and the fuel is sprayed into the surrounding air. 
ELECTRONIC FUEL INJECTION

The process of supplying air-fuel mixture to the engine cylinder(s), whereby a carburetor is replaced by fuel injector(s) and fuel is metered proportionally to air flow with the help of microprocessor is called electronic fuel injection (EFI). In fuel injection system the fuel speed at the point of delivery is greater than the air speed. Unlike a carburetor, however, pressure, and not engine vacuum is used to feed fuel into the engine. An EFI system functions by the rapid and accurate assessment of data received by various sensors and by responding automatically to the slightest pedal movement. Microprocessor (ECU) controlled fuel injector(s) supply the engine with the optimum amount of fuel under all driving conditions. Information concerning, manifold air pressure, engine speed, crankshaft angle, water temperature etc. are collected by sensors and relayed to ECU. By using this data, ECU calculates the required opening time of fuel injectors and sends the pulse.

History of Electronic Fuel Injection: Automakers found that the traditional engine control could not control the engine sufficiently to meet emission limits and maintain adequate engine performance at the same time. In 1970s, electronic control systems in vehicular engine were introduced. The motivation for electronic engine control came from two main requirements: stringent exhaust emission legislation and thrust to improve average fuel economy.

Past trends of vehicle design were: more power and bigger size; little or no concern on fuel efficiency and exhaust emission. Present trends and needs are: fuel efficiency and smaller size; emission consideration; yet smooth and reliable operation.

Advantages of Electronic Fuel Injection: Improved atomization (fuel is forced into intake manifold under pressure which helps break fuel droplets into a fine mist); smoother idle (lean fuel mixture can be used without rough idle because of better fuel distribution and low speed atomization); improved fuel economy (high efficiency because of more precise fuel metering, atomization and distribution; lower emissions (more accurate and efficient air-fuel mixture reduces exhaust pollution); better fuel distribution; better cold weather drivability (injection provides better control of mixture enrichment than a carburetor choke); increased engine power (precise metering of fuel to each cylinder and increased air flow can result in more power); elimination of carburetor plate icing.

EFI Sub Systems: An EFI System can be divided in to four sub systems: fuel delivery system; air induction system; sensor systems; computer control system.
Classification of EFI
A:
With respect to number of injection point: Single-Point or Throttle-Body Injection (SPI or TBI); Multipoint Injection (MPFI).
B:
With respect to place of injection: Direct Injection; Indirect Injection.
C:
With respect to injection control: Electronic Fuel Injection; Hydraulic Fuel Injection; Mechanical Fuel Injection.
D:
With respect to Injection Timing: Intermittent Injection; Timed Injection; Continues Injection.
E:
Injector Opening Relationship: Simultaneous Injection; Sequential injection; Group Injection.
MEASUREMENT OF AIR FLOW
Direct measurement: This system directly measures the mass of air entering the engine. The information from the air flow sensors are sent to ECU.
Speed-density System: In the speed density system, the primary input to the ECU are the output from the manifold air pressure (MAP) sensor, the engine speed sensor and the temperature sensor installed in the intake manifold to monitor air temperature and water temperature, the latter being used to indicate fuel enrichment requirements during cold start and warm up.

SINGLE-POINT THROTTLE-BODY INJECTION
In single-point fuel-injection systems one or two electronically controlled injectors meter the fuel into the air flow directly above throttle body. They provide straightforward electronic control of fuel metering at lower cost than multipoint port injection systems. Two injectors, each in a separate air-flow passage with its own throttle plate, meter the fuel in response to calibrations of air flow based on intake manifold pressure, air temperature, and engine speed using the speed-density EFI logic. Injectors are fired alternatively or simultaneously, depending on load and speed and control logic used. Under alternative firing, each injection pulse corresponds to one cylinder filling. Smoothing of the fuel-injection pulses over time achieved by proper placement of the fuel injector assembly above the throttle bore and plate.

MULTIPOINT PORT INJECTION

In multipoint port injection systems the fuel is injected into the intake port of each engine cylinder. Thus these systems require one injector per cylinder (plus, in some systems, one or more injectors to supplement the fuel flow during starting and warm-up). There are both mechanical injection systems and electronically controlled injection systems. Most modern automobile SI engines have multipoint port fuel injectors. In this type of system, injectors spray fuel into the region directly behind the intake valve, sometimes directly onto the back of the valve face. Contact with the relatively hot valve surface enhances evaporation of the fuel into the stationary air just before the intake valve is open, there is a momentary pause in the air flow, and the air velocity does not promote the needed mixing and evaporation enhancement. When the valve then opens, the fuel vapor and liquid droplets are carried into the cylinder by the onrush of air, often, with the injector continuing to spray. Any backflow of hot residual exhaust gas that occurs when the intake valve opens also enhances the evaporation of fuel droplets. Each cylinder has its own injector or set of injectors which give a fairly constant fuel input cycle-to-cycle and cylinder-to-cylinder, depending on the manufactured quality of the injector parts. Even with perfect control of the fuel flow, there would still be variations in air/ fuel ratio due to the imperfect air flow cycle-to-cycle and cylinder-to-cylinder. Multipoint injector systems are better than carburetors or throttle body injector systems  at giving consistent air/fuel delivery. Some multipoint systems have an additional auxiliary injector or injectors mounted upstream in the intake manifold to give added fuel when rich mixtures are needed for startup, idling, WOT acceleration, or high speed operation. The amount of fuel injected each cycle and injection pressure are controlled by the Electronic Management System (EMS). Injection pressure is generally on the order of 200 to 300 kPa absolute, but can be much higher. Engine operating conditions and information from sensors in the engine and exhaust system are used to continuously adjust air/fuel ratio and injection pressure. Sensing the amount of oxygen in the exhaust is one of the more important feedbacks in adjusting injection duration for proper air-fuel ratio. This is done by measuring the partial pressure of the oxygen in the exhaust manifold. Other feedback parameters include engine speed, temperatures, air flow rate, and throttle position. Engine startup when a richer mixture is needed is determined by coolant temperature and the starter switch. The advantages of port fuel injection are increased power and torque through improved volumetric efficiency and more uniform fuel distribution, more rapid engine response to changes in throttle position, and more precise control of the equivalence ratio during cold start and engine warm-up. Fuel injection allows the amount of fuel injected per cycle, for each cylinder, to be varied in response to inputs derived from sensors which define actual engine operating conditions.

DIRECT FUEL INJECTION

Some SI and all CI engine fuel injection systems have the injectors mounted in the cylinder head and inject directly into the combustion chamber. This gives very constant fuel input cycle-to-cycle and cylinder-to-cylinder. Modern experimental two-stroke cycle automobile engines use this system to avoid losing fuel out of the exhaust system during scavenging and valve overlap. This type of system requires very precise injectors giving extremely fine droplets of fuel. Fuel is added during the compression stroke, which allows an extremely short period of time for evaporation and mixing, less than 0.008 second at 3000 rpm. High turbulence and swirl are also important. Injectors that spray directly into the combustion chamber must operate with much higher pressures than injectors that spray into the intake system (some as high as 10 MPa). The air into which the fuel must be injected is at much higher pressures within the combustion chamber, whereas air pressure in the intake system will be at one atmosphere or less (or slightly above one atmosphere under some conditions with turbocharging). 
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