MARINE DIESEL ENGINES
1. General information, classification of marine internal combustion engines

Heat engines may be divided in two basic groups:

· external combustion engines – steam piston engines and steam turbines;
· internal combustion engines.

Referred to internal combustion engines are: piston engines, gas turbine and jet motors. According to the generally adopted terminology internal combustion engines represent piston ones, representing the first heat internal combustion motors.

Most of the modern sea and river going vessels are equipped with internal combustion engines. 
Marine internal combustion engines are classified as follows:

· depending on working cycle: four- and two-stroke;

· depending on working cylinder charging: with or without forced charging;

· depending on operating mode: with simple (single) and double action. In the first case working processes take place on one side of the piston only, and in the second – on both sides (like in steam piston design). In this respect marine internal combustion engines may be with counter-progressive motion and common combustion chamber.

Classification is also possible according to construction indices, like:

· crank mechanism construction: crosshead and non-crosshead (figure 62);

· arrangement and number of working cylinders (figure 63);

· crankshaft direction of rotation: right or left (clockwise or anti-clockwise), reversible and non-reversible engines;

· crankshaft rotation frequency: low frequency (up to 350 min-1), medium frequency (up to 750 min-1) and high frequency (750 to 2500 min-1);
· speed: low speed (average piston velocity up to 7 m/sec), medium speed (up to 10 m/sec) and high speed (over 10 m/sec).

For the application of gasoline internal combustion engines in water transport is very small, in shipbuilding and navigation the term internal combustion engines is in practice coinciding with the meaning of diesel internal combustion engines.

Depending on their designation, marine engines are: main and auxiliary ones.

For easier selection and solution diesel engine manufacturers have adopted letter and digit combinations, named markings. For example, the marking of the U.S.S.R. made engine 8ДКРН 55б120means 8-cylinder, 2-stroke, crosshead, reversible, with forced charging, cylinder bore (diameter) D = 550 mm and piston stroke S = 1200 mm. The G8Z 52/60-2 engine marking (according to M.A.N.) means: non-crosshead, 8-cylinder, 2-stroke engine with simple action, D = 520 mm; S = 700 mm; second modification.
2. Basic terms and definitions

The reciprocating movement of the piston eliminates the possibility for continuous combustion of the fuel in one cylinder. Feasible in this case are consecutive ignitions of working mixture, the combustion of which is preceded by preparatory processes. The amount of various processes effected in engine cylinder in predetermined sequence is called working cycle. During engine operation working cycles are periodically repeated.

The working process of any piston internal combustion engine is feasible under either of the schemes illustrated on figures 64 and 65. According to the diagram on figure 64 the working mixture (fuel and air in specific ratio) is formed inside the working cylinder, the latter initially charged with ambient air. The air is compressed by the piston to predetermined parameters (pressure and temperature). At the end of compression the fuel is injected in the cylinder as a mist, with almost simultaneous mixture formation and self-ignition. As a result from working mixture combustion, pressure and temperature in the cylinder increase sharply. Under the action of the pressure gases execute effective work and by the expansion shift the piston. This is followed by exhaust (discharge) stage when the cylinder releases combustion products and the cycle is repeated. The engines operating under such scheme are called engines with internal mixture formation and self-ignition of working mixture. These are the diesel internal combustion engines.
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Figure 64: Internal mixture formation cycle structural scheme

Figure 65: External mixture formation cycle structural scheme
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If working cycle is effected according to the scheme illustrated on figure 65, mixture formation process takes place outside the cylinder. The fuel and the required of air are mixed outside the cylinder, in the so-called carburetor. The working mixture is fed into cylinder by force – electric spark. Engines operating according to such scheme, are called external mixture formation engines, like carburetor motors operating with gasoline and gas fuel.
When moving in cylinder, the piston reaches two end positions: top and bottom (top and bottom dead centers). The distance traveled by the piston is called piston stroke S and corresponds to a half crankshaft turn. The process taking place in the cylinder for one piston travel is called stroke. Four stroke type are the engines in which the working cycle takes four piston travels, and two stroke type are those related to two piston travels.

3. Construction and operating principle of four-stroke diesel engines

Every internal combustion engine comprises moving and stationary components. Illustrated on figure 66 is the schematic diagram with the basic components of the four-stroke engine.
Fuel combustion and expansion takes place in the cylinder (7), closed on the top by cylinder head (4). The cylinder is enclosed in cylinder block, mounted on the sump (9), the latter on foundation frame (15). Fixed on the foundation frame are also the crankshaft main bearings (14). Lighter type engines are not mounted on foundation (base) frame, the part of the latter played by the sump. The above listed components are stationary (fixed).
Under the action of gas pressure p, moving in the cylinder is the piston (5), making straight line reciprocating movement. The piston, via piston pin (6) is connected to the connecting rod (8). The upper part (head) of the connecting rod encloses the piston pin with a bearing, whilst the bottom part via connecting rod bearing – the crankshaft journal (12). The crankshaft, connecting rod and the piston represent the major moving parts of the engine. By the connecting rod the crankshaft transforms the straight line reciprocating motion of the piston in rotary one with constant direction of rotation.
Illustrated on the figure are also the suction valve (1), jet (2) for injection of fuel and exhaust valve (3). Suction valve is used for charging fresh air into cylinder, and the exhaust one – for discharging exhaust gases. Valves open and close by gas distributing device, driven by the crankshaft via geared or different transmission. Depending on engine type gas distributor design may vary in respect of construction.
In four-stroke engines corresponding to one working cycle are four piston travels or two crankshaft turns, with only one of the piston travels being working. During the rest of the travels the crankshaft turns for the account of the work in the rest of the cylinders or power margin (reserve), accumulated in the flywheel during working cycle. Four-stroke working cycle is effected in the following order:
The first stroke is the charging. Just before the initiation of the first stroke the piston is in position close to TDC (top dead center). Combustion chamber is filled with combustion products from preceding cycle. Exhaust gas pressure in cylinder is slightly higher than the ambient one. On the indicator diagram the initial piston position corresponds to point r (figure 67a).
When turning the crankshaft clockwise, connecting rod shifts the piston towards TDC (top dead center). When the piston overpasses the top dead center, the suction valve opens and connects the over-piston space with the suction line. The piston starts moving towards BDC (bottom dead center) and continuously increases the volume of the space overhead. Cylinder pressure drops below the ambient one and the cylinder is charged with air. For the resistance of feeding pipeline and the suction opening, cylinder pressure in non-forced charging engines is by normally 0.01 – 0.03 Mpa lower than the pressure in suction pipeline pk. On the indicator diagram charging stroke corresponds to the line r-a.
In forced charging engines cylinder pressure is higher than the ambient one and in the range 0.12 – 0.2 Mpa. Forced charging increases the amount of air in the cylinder, a prerequisite for combustion of greater fuel amount and enhancing the power of internal combustion engine.

The second stroke is the compression. With the piston moving from bottom to top dead center (figure 67b) the air fed into cylinder is compressed with increasing pressure and temperature. When cylinder pressure equalizes with the one in the suction line (mm), suction valve closes to prevent the evacuation of the air outside the cylinder.

After closing the suction valve, during the further movement of the piston towards top dead center, pressure and temperature increase more and more. The pressure at the end of compression (pc) depends on compression rate e, working space tightness and cylinder pressure pa at the end of charging stage.
Ignition and combustion take some, although minor amount of time. For the best utilization of the heat generated by fuel combustion, combustion must end with the piston in position close to top dead center. That is why fuel feeding is made prior the piston reaches top dead center. Thus during the second stroke the main process in cylinder is the compression. Furthermore, the beginning of the stroke is accompanied by additional charging of the cylinder, and at the end starts the combustion process. On the indicator diagram the second stroke corresponds to the line a-m-c.

Figure 67: Working process in 4-strike engine

The third stroke is combustion and expansion. This one takes place with the piston moving from top to bottom dead center (figure 67c). in the very beginning of the stroke the fuel charged into cylinder and prepared for combustion at the end of the second stroke, burns intensively. In result of the generated large amount of heat cylinder pressure and temperature increase abruptly, dependless of the increase cylinder volume (the section c-z on indicator diagram). Under the action of the gas pressure the piston moves downwards to bottom dead center. By expanding and shifting the piston, gases effect net work. That is why the third stroke is also called working one. On the indicator diagram the third cycle corresponds to the line c-z-b.
The fourth stroke is the exhaustion (discharge) one. Here the cylinder is evacuated by the exhaust gases (figure 67d). The piston moving from bottom towards top dead center, pushes the gases outside the cylinder through the open exhaust valve. Normally this valve opens prior the end of the third stroke, when the pressure of the gases in cylinder is sufficiently high to evacuate the same outside the cylinder into exhaust line. This reduces considerably the resistance, imposed by the gases on the piston when the latter is moving towards top dead center during the fourth stroke and improves the discharging quality. On the indicator diagram the fourth stroke corresponds to the line b-r-n.

With the fourth stroke the working process in the cylinder is completed. With the next motion of the piston from top to bottom dead center starts the first stroke of the next cycle.
Work is done during the third stroke only and only here is generated power. The remaining three strokes are auxiliary and consume the kinetic power of the rotating crankshaft and the flywheel or part of the energy generated in the rest of cylinders. (in case the engine is multi-cylinder type).
The moments (times) of opening and closing of suction and exhaust valves do not correspond to relevant top and bottom dead centers, as well as the intervals (duration) of open state do not correspond to respective strokes. Valves always open with some advance prior relevant dead center and close with some delay after the opposite dead center. In other words, these are always open for a time period greater than the duration of relevant strokes. This facilitates the better discharge of exhaust gases and feeding with fresh charge.

At the end of the fourth stroke and the beginning of the first one of the next cycle both valves are open for some time. This situation is called calve overlapping. The purpose is to the better charging of the cylinder in result of the injection effect of the gas flow in exhaust line, and in diesel engines with forced charging – for the better cleaning of the cylinder (combustion chamber).
4. Construction and operating principle of 2-strike diesel engines

The description of the major fixed (stationary) and moving components in 2-stroke engines is analog to the 4-stroke design. Constructional difference is with the crosshead engines, powerful marine internal combustion engines mainly. The new components with these are: the piston rod, cross head unit (figure 62b) and sump guide rods, on which the crosshead slides.
In contrast with the four-stroke working process the latter in 2-stroke design is effected in two piston travels, i.e. one crankshaft turn. In 2-stroke engines cylinder evacuation (cleaning) of exhaust gases and charging with fresh air take place when the piston is i.w.o. bottom dead center. Exhaust gases are not pushed outside by the piston, but the preliminary compressed air, blowing them out of the cylinder. The type of blowing out scheme adopted depends on engine designation, power and individual construction design.

Normally the channels through which the air is fed into cylinder and exhaust gases discharged, are connected to cylinder space via openings cut in cylinder lower part – blowout and exhaust windows. Such construction does not request for gas distributor, for these openings are open and closed by the piston through the motion. In different designs the cylinder is charged through the blowout windows, and the exhaust gases removed by the exhaust valve, like in 4-stroke engines.

Illustrated on figure 68 is the principle of operation of 2-stroke engine with window type gas exchange system.
First stroke – blowing out and compression. Slightly before the initiation of this stroke the piston is upstream (before) bottom dead center and moving towards the same and opening the blowout window (1) (figure 68a). The preliminary compressed air enters into cylinder and pushes (blows) out the exhaust gases through the exhaust window (2). The process of blowing out and charging of cylinder with fresh air continues after the piston overpasses bottom dead center and during the motion towards top dead center – until the moment of closing the blowout window. On the indicator diagram this process is expressed by the line m-n-a-k. By moving towards top dead center, in the next moment the piston closes the exhaust window too, followed by the processes charged air compression, fuel injection (m.c’), mixture formation and self-ignition of working mixture flowing like in the 4-stroke engine.

So, during the first stroke in the cylinder gases are blown out and cylinder cleaning completed by the blowing off air (forced exhaustion), charging and blowing off of the cylinder (the line a-k on the indicator diagram), compression (k-c), fuel injection (m.c’), mixture formation, self-ignition of working mixture and initiation of combustion process (c’-c).

Second stroke – combustion and expansion (working stroke) and exhaustion. This one flows with the piston moving from top towards bottom dead center (figure 68b), with combustion and expansion processes not differing from those in 4-stroke engines. The working stroke contuse to the moment when the piston during its movement downwards opens the exhaust window (m.m) and the so-called free exhaustion of the gases from cylinder starts. In its further motion the piston opens the exhaust windows too, yet at this time the cylinder pressure has dropped considerably and almost equal to the pressure of the incoming fresh compressed air. The latter starts to push combustion products (gases) and simultaneously fill the cylinder space. Thus during the second stroke flow the processes: combustion (the line c-z on the indicator diagram), expansion (z-m), gas exhaustion (m-n) – free discharge, and blowing out with charging (n-a).
In the so described gas exchange system the air follows the contour of the cylinder and that is why the system is called contour one (figure 69a). Another system is the straight flow one (figure 69b) with exhaust valve installed in cylinder head. Each of the systems is offered in different construction versions.

Figure 69: Gas exchange scheme in 2-stroke internal combustion engines

5. Comparison between 2-stroke and 4-stroke diesel engines

The comparison of working cycles in 4- and 2-stroke internal combustion engines illustrates, that with equal cylinder dimensions and rotation frequency, the 4-stroke design power is considerably higher. Taking into account the fact, that the number of working processes in 2-stroke engine is twice a much ( for one crankshaft turn – one working process (expansion), whilst in 4-stroke version this requires two turns, one should anticipate respective power enhancement. In practice, under comparable conditions the power output of the 2-stroke engine is increased by approximately 1.5 – 1.7 times for the account of the partial loss of working volume and travel, the worse and incomplete cleaning (discharging) of combustion chamber, leading to incomplete combustion (and higher specific fuel consumption).
Major disadvantage of 2-stroke engines in comparison with the 4-stroke type is the small amount of gas exchange time. Cleaning of cylinder from exhaust gases and charging with fresh air is more perfect in 4-stroke design, where these processes are facilitated by the travel of the piston and effected during the whole length of the same travel. Furthermore, in 2-stroke engines the temperature of piston, cylinder head, cylinder liner and valves is much higher than the values for the 4-stroke design.
Referred to as advantages for the 2-stroke engine may be stated  the higher regularity (smoothness) of the torque, for the complete working cycle corresponds to one crankshaft rotation, and the simplified construction (no gas distributor). For the same power output with the 4-stroke design, the 2-stroke one is more compact and with smaller weight. That is why 2-stroke diesel engines are widely used as main ship engines with high power, with the smaller size and weight being of material importance.
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