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Abstract: Engine design technologies and computer-based 
performance simulations are well developed. However, these 
are not adequately complemented by detailed analytical 
techniques for preliminary design and performance 
optimisation. Thus, this paper performs a parametric study 
on engine design requirements for optimal performance. It 
utilises analytical procedures, infused with statistical and 
empirical relations. The dynamics and kinematics of the 
inertia masses of a trunk-piston diesel engine (of bore 
D=0.2m, crank radius R =0.2m, and connecting rod L=0.8m) 
are investigated in-line with its performance characteristics. 
The analyses show that the engine peak volume 
displacement, piston stroke and celerity are linearly 
dependent on the crank radius, and uninfluenced by the 
length of connecting rod. The peak celerity occurs at crank 
angle θ=90 and 270 , with zero value at θ=0 , 180  and 
360 . It is noted that very high mean linear speed (Cm) can 
cause poor volumetric efficiency, high inertia induced power 
loss, friction wear, incomplete combustion, mechanical 
vibration and high exhaust emissions. Therefore, the ranges 
of Cm values for optimal design are: (4.5 m/s ≤ Cm ≤ 7m/s), 
(7m/s ≤ Cm ≤ 10m/s) and (10m/s ≤ Cm ≤ 15m/s) for slow, 
medium and high-speed engines, respectively. These limiting 
values should be followed to minimise the negative effects of 
very large reciprocating inertial and poor net power output. 
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1. Introduction:  

Diesel Engines are thermodynamic machines which 
convert heat energy from the combustion of diesel fuel 
into mechanical work (Basshuysen & Schäfer, 2004). The 
combustion takes place in a confined and controlled space 
within a cylinder: hence, a diesel engine is classified as an 
internal combustion engine. The gas pressure acting on 
top of the piston due to combustion gives a rotary motion 
to the shaft to produce an output power. The dynamic 
forces on principal components are typically non-uniform, 
since each cylinder power stroke occurs at predetermined 
intervals (Taylor, 2003). However, their designs are so 
refined as to ensure optimum performance, low specific 
fuel consumption, high power density, low exhaust 
emissions, reduced noise levels, greater reliability and low 
running cost. By classification, a diesel engine based on the 
cycle of operation is either a 2-stroke engine or a 4-stroke 

engine. According to the speed of rotation, they can be 
low-speed, medium-speed or high-speed engines. By their 
method of induction, they can be naturally aspirated or 
supercharged. Considering their cylinders arrangement, 
they may be in-line engines or V-engine as shown in 
Figure 1. 
 

 

Figure 1: A typical cross-section of V-type 4-stroke diesel 
engine 

 Irrespective of their classifications, all diesel engines are 
compression ignition, internal combustion engines 
(Basshuysen & Schäfer, 2004). During the combustion 
process in compression ignition engine, air alone is 
compressed in the cylinder to a predetermined high 
compression ratio by movement of a piston-connecting-
rod crankshaft mechanism. Fuel is injected with atomised 
spray into the compressed air before the piston comes to 
Top Dead Centre (TDC). After a ‘delay period’, ignition of 
the heterogeneous mixture of fuel, air and residual gases 
from previous cycle, takes place spontaneously and it is 
followed by intense burning. Since fuel is injected over a 
period, burning will continue during the working stroke of 
the cycle. A theoretical constant pressure is maintained 
during heat addition: hence it is referred to as a constant 
pressure cycle. In reality, the evaluation of complete 
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sequence of events during combustion process of diesel 
engine is extremely complex. Therefore, this study 
undertakes a detailed performance analysis of diesel 
engines and dynamic forces on principal components.  

2. Previous Contributions 

Diesel engine designs differ significantly over the engine 
size, fuel quality, power and speed range. Semin, et al., 
(2010) state that different combustion chamber 
geometries and fuel injection characteristics are needed in 
diesel engine designs to ensure rapid fuel-air mixing for 
complete combustion and optimal power production. 
Danov & Gupta (2004) develop a nonlinear mathematical 
model to describe the energy conversion processes in the 
diesel engine cylinders, turbocharger, air inlet pipes, 
exhaust pipes, heat recovery steam generator, steam 
turbine, and the associated auxiliary equipment for a 
diesel engine based combined-cycle power plant. The 
researchers applying fifth-order Kuta-Merson method 
produced results on indicated power, gas exchange 
processes, energy balance, heat exchangers and exhaust 
gas boiler energy utilisation.  

Wong, et al. (2013), while investigating the diesel 
performance predictions, argue that most analytical 
models’ predictive accuracies are often undermined by 
oversimplifying assumptions. Whereas, those of artificial 
intelligence such as Artificial Neural Network (ANN) have 
the problems of overfitting and the difficulty in 
determining the optimal network structure. However, 
some analytical methods and advanced machine learning 
techniques are often utilised for contemporary diesel 
engine performance modelling and simulation (Asad, et al., 
2015, Lakshminarayanan &  Aghav, 2010, Semin, et al., 
2010). These include Least Squares Support Vector 
Machine (LS-SVM), Relevance Vector Machine (RVM), 
basic Extreme Learning Machine (ELM), kernel-based 
ELM, Back Propagation Neural Network (BPNN) and 
Radial Basis Function Neural Network (RBFNN). The 
comparative advantage assessment of these is based on 
the processing time, storage space, and prediction 
accuracy. Wong, et al. (2013) assessment results indicate 
that the kernel-based ELM with the logarithmic 
transformation and hybrid inference is far better than the 
basic ELM, LS-SVM, RVM, BPNN and RBFNN, in terms of 
prediction accuracy and processing time. 

3. Forces on Principal Components 

The forces acting on the principal moving parts of an 
internal combustion engines are the gas-pressure forces, 
the inertia forces of the reciprocating parts and the inertia 
and centrifugal forces of the rotating parts (Basshuysen & 
Schäfer, 2004, Gupta, 2009, Shelby, et al., 2004).  At low 
speed, the gas-pressure forces are larger than the inertia 
forces. The reverse is true at high speed where the inertia 
forces are considerably larger. The centrifugal force due to 

unbalance mass also increases as the square of the 
rotational speed. The gas-pressure and inertia forces 
combined to produce the resultant force of the piston 
against the cylinder liner. The likely friction wear between 
the piston rings and the liner is attenuated by 
hydrodynamic lubrication. Nonetheless, the net force 
acting along the connecting rod causes the crankshaft to 
spin, producing the torque (or brake power) at the output 
flange (Stone, 1999).  

3.1 Piston Crank Relationship 

The position of the piston depends upon the crank 
position and the connecting rod-crank ratio.  The distance, 
S of the piston from Bottom Dead Centre (BDC) to Top 
Dead Centre (TDC) when the crank has turned  from BDC 
to TDC of the same cylinder of Figure 2, can be derived as 
follows: 

 

Figure 2: Piston, connecting rod and crankshaft 
mechanism  

Considering the triangles ABD and BCD of Figure 2: 
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From basic trignometry:   
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Combining equations (1) and (2) yields:  
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Similarly, from triangle ABD:  
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By double angle relation,                     

             
       

 
 

Thus, the stroke becomes: 
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The piston velocity at any given crank-angle (θ) can be 
determined by differentiating the expression for S in 
equation (10) as:  
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where N, L and R represent the engine revolutions per 
second, the length of connecting rod and the crank radius, 
respectively. It follows that the piston mean linear speed 
can be expressed as: 
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The piston linear speed or celerity is a very important 
design parameter. It distinguishes a slow-speed diesel 
engine from a medium or high-speed diesel engine. The 
type of fuel burnt, the lubricant, wear rate, piston-rings 
and jacket cooling arrangements are all affected by 
celerity.  

3.2 Swept Volume and Compression Ratio 

In diesel engine, the compression ratio is carefully 
specified so as to ensure reliable starting when cold. 
Usually, the thermal efficiency increases with higher 
compression ratio. However, the former decreases where 
the compression ratio is too high, especially at full load 
due to an abrupt rise of friction between the compression 
rings and the cylinder liner. In part-load operation, a high 
compression ratio produces an improved thermal 
efficiency. If the clearance volume (Vc) and the swept 
volume (Vs) are known, then the compression ratio (rc) is 
given by: 
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The volume displaced by the piston of bore (D) and at any 
given crank angle (θ) is obtained as: 
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By inserting equation (10) into equation (14) yields 
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Thus, the swept volume of a cylinder is: 

 ̂     (       )    (16) 

The volumetric efficiency (ηv) is the ratio of the actual 
mass of intake air (ma) at ambient conditions sucked into 
the cylinder during induction to the mass of air that would 
fill the swept volume at same conditions. 
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The symbols (         ) represent the total swept volume 
and total intake air at ambient temperature (  ) and 
pressure (  ); while the symbols (            ) are the 
ambient air density, specific gas constant and mass intake. 
Now, considering that the volumetric efficiency is same for 
all Scyl number of cylinders, then the effective swept 
volume and volume of air intake per second of the engine 
are given, respectively as:    
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For naturally aspirated engines, ηv <1 because of some 
restrictions to airflow due to air-filters at the inlet ports, 
expansion of intake air when it comes in contact with hot 
cylinder walls, and the effect of leftover exhaust gas from 
previous cycle (Basshuysen & Schäfer, 2004). In contrast, 
for supercharged engines, ηv >1 since the boost pressure 
at the inlet port compresses the air into the cylinders as 
soon as the ports open for induction (Rakopoulos & 
Giakoumis, 2004). Nevertheless, for optimal design, the 
peak pressure should be limited by the material strength 
limits and the compression ratio practicable. 

3.3 Engine Power and Mean Pressure 
Power developed in the cylinder of an engine during 
combustion is known as the indicated power’ (Çelik & 
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Arcaklioğlu, 2005). To determine the indicated power, 
indicator diagram as shown in Figure 3 is plotted for each 
cylinder (Taylor, 2003). The area enclosed by the curve of 
cylinder pressure against swept volume made by an 
indicator and computed by a planimeter is used for 
calculation of the indicated power. The indicated power is 
given as 

   {

           

    ( ̇ )   

    [  ]   (21) 

Then, the indicated mean pressure (Pmi): 
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This implies that an engine which develops a constant 
pressure equal to Pmi during its power stroke will produce 
the same indicated power (Wi) as an engine with indicator 
diagrams of the same area (Taylor, 2003). The shaft power 
is the power available at the output flange of the engine 
and is measured with a torsionmeter, a dynamometer or a 
calibrated brake device. If the engine develops a torque 
(T) and rotates at an angular frequency (ω), the resultant 
brake power is 

   {
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Figure 3: Indicated power of a cylinder: (a) Power card, 
and (b) Mean indicated pressure 

Consequently, the brake mean pressure (Pmb) is expressed 
by equation (24) 

    
  

( ̇ )   
 

     

( ̇ )   
  [   ]  (24) 

The knowledge of the engine mechanical efficiency 
enables the design engineer to compensate for power loss 
(PmL) due to energy consumed by pumps and compressors 
connected to the engine, frictional losses between piston 
rings and liner, and in bearings. It is given as: 
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The variance of Pmi of several consecutive cycles is used to 
assess irregular combustion, misfiring and cylinder power 
unbalance. This serves a statistical measure for 
hydrocarbon emissions, cylinder power variation, and 
smooth running of the engine. For well-designed engines, 
the variance of the indicated mean pressure is less than 
1%. However, this value increases with increasing engine 
speed or piston celerity. The variance is calculated as 
follows: 
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where (   ,  ̅   and    ) are the mean indicated pressure, 
the average mean indicated pressure and the standard 
deviation of the indicated pressure, respectively.  

3.4 Specific Fuel Consumption (sfc) and Thermal 
Efficiency (ηth) 

High thermal efficiency depends upon the achievement of 
low specific fuel consumption over the full operating range 
of the engine. While attainment of low specific fuel is 
desirable for operational economy, it must not be satisfied 
for lower amount of exhaust gas energy, which should be 
available to cater for the requirements of auxiliary power 
plants and heating services (Taylor, 2003). Generally, 
specific fuel consumption is considered either as an 
indicated specific fuel consumption or a brake specific fuel 
consumption as given by the expressions 
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Similarly, the engine thermal efficiency can he defined 
either as indicated or brake thermal efficiency as follows: 
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where the rate of energy supplied by the combustion of 
fuel is Q = mf × LCV in (kJ/s), mass of fuel consumed is mf 
in kg/s and the lower calorific value (LCV =42,000 kJ/kg). 
Combining equations (26) and (27) yields: 
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4. Results and Discussion 
 

In Figure 3, the piston displacement from BDC to TDC 
plotted against the engine crank angle describes a 
parabolic curve. At zero crank angle (θ = 0:), the piston 
displacement is zero. As the crankshaft rotates, the piston 
crown displacement reaches its peak with magnitude 
twice the crank radius at (θ = 180:). Beyond this, the 
piston crown displacement tends to zero. It returns to BDC 
at θ = 360:. In a trunk-piston engine, it is found that the 
maximum displacement of the piston crown is 
independent of the length of connecting rod (L) but equals 
twice the crank radius. A longer connecting rod only 
ensures a smoother reciprocating motion of the piston in 
the cylinder. 

 
Figure 4: Piston displacement at different crank 

angles 

In Figure 4, the piston celerity is zero at the beginning of a 
stroke (θ = 0:), reaches a maximum at the middle of the 
stroke (θ = 90: or 270:), and decreases to zero again at the 
end of the stroke (θ = 180: or 360:). Piston maximum 
celerity is linearly proportional to the engine rotational 
speed (N) and the crank radius, but independent of the 
length of connecting rod (L), particularly in a trunk piston 

engine. At the peak celerity, the relative motion between 
the piston and the cylinder liner is highest. Inadequate 
lubrication, poor material selection (for rings/liner) and 
high compression ratio can aggravate the frictional effect 
of large celerity. 

 
Figure 5: Piston speed at different crank angles 

Note that the mean linear speed of the piston is an 
essential design parameter because it determines engine 
kinematic and dynamic performances. A large value of Cm 
produces larger inertial forces, more friction and greater 
wear between the cylinder liner and the piston. 
Consequently, the value of Cm is limited by the bore size. 
As shown in Figure 5, engines with a bore diameter of 0.1 
m < D < 1 m, the piston mean linear velocity can be 
estimated as: 

    
(√ 
 

)⁄   [   ]   (30) 

Therefore, the ranges of Cm values are: for large, slow-
speed engines  4.5 m/s ≤ Cm ≤ 7m/s; medium-speed 
engines 7m/s ≤ Cm ≤ 10m/s, and high-speed engine 
10m/s ≤ Cm ≤ 15m/s. These limiting values are derived 
to minimise the negative effects of very large reciprocating 
inertial masses. Despite the massive centrifugal pull on the 
journal pins, reciprocating vibration and the friction wear, 
it increases mechanical loss: thus, reduces the net brake 
power at the output flange. 
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Figure 6: Piston mean linear speed plotted against 

different bore diameter 

Figure 7 displays the volume displacement at each crank 
angle for a trunk-piston engine with a basic bore diameter 
of 0.2 m. It is found that the cylinder volume displacement 
increases from zero at zero crank angle to a maximum of 
0.0126m3 at     , and reduces to zero at 360 . However, 
when the bore diameter is doubled, the peak volume is 
four times higher, as indicated in Figure 7(b). Similarly, in 
Figure 7(c), doubling the crank radius merely increases 
the peak volume displacement by two. The peak volume 
displacement is unaffected when the connecting rod 
length is double, as in Figure 7(d). It can be deduced that 
the volume displacement has a linear relationship with the 
crank radius, a parabolic with the bore and independent of 
the length of connecting rod.  

     
(a) 

 
(b) 

 
(c) 

 

(d) 

Figure 7: Cylinder displacement against crank angle for 
(a) Basic bore diameter, (b) Twice the bore diameter, (c) 

Twice the crank radius, and (d) Twice the length of 
connecting rod 

5. Conclusion  
 
This paper undertakes the design parameters analysis and 
performance characterisation of marine diesel engines. It 
implements largely analytical procedures, with few 
statistical and empirical relationships. The dynamics and 
kinematics of the inertia masses of a trunk-piston diesel 



          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 
                Volume: 08 Issue: 03 | Mar 2021                 www.irjet.net                                                                      p-ISSN: 2395-0072 

 

© 2021, IRJET       |       Impact Factor value: 7.529       |       ISO 9001:2008 Certified Journal       |     Page 2586 
 

engine are evaluated in-line with its performance 
characteristics. From the results, it is established that the 
engine maximum volume displacement, piston stroke and 
celerity are linearly proportional to the crank radius, but 
independent of the length of connecting rod (L). However, 
a longer connecting rod ensures a smoother kinematics of 
the reciprocating piston. At the peak celerity, the friction 
effects are highest. Thus, a good lubrication, proper 
material selection (for rings/liner) and non-excessive 
compression ratio are imperative for optimal 
performance. The mean linear speed (Cm) of the piston is a 
very significant design parameter for engine volumetric 
efficiency, inertia induced power loss, friction effect, and 
vibration characteristics. The ranges of Cm values for 
optimal design are: (4.5 m/s ≤ Cm ≤ 7m/s), (7m/s ≤ Cm ≤ 
10m/s) and (10m/s ≤ Cm ≤ 15m/s) for slow, medium and 
high-speed engines, respectively. These limiting values 
should be followed to minimise the negative effects of very 
large reciprocating inertial masses, poor volumetric 
efficiency, incomplete combustion, mechanical vibration 
and high exhaust emissions.  
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