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Abstract - The reciprocating engine mechanism is often 

analysed, since it serves all the demands required for 

the convenient utilization of natural sources of energy, 

such as steam, gaseous and liquid fuels, for generation 

of power. Further, it is widely employed as suitable 

mechanism for pumps and compressors. In this paper 

the complete kinematic and combined static and inertia 

force analysis of a horizontal, single – cylinder, four-

stroke internal combustion engine is discussed. The 

analytical approach is used as it is more accurate and is 

less time consuming if it is programmed for the com-

puter solution. The data for the analysis of the engine 

has been taken from the available literature. The pre-

sent investigation furnishes the complete kinematic his-

tory of the driven links and the bearing loads for the 

complete working cycle of the engine mechanism. The 

complete force analysis of the engine is simplified by a 

summation of the static forces and inertia forces ignor-

ing the friction forces which makes the analysis linear. 

The computer program is prepared in fortran language 

for both kinematic and dynamic analysis of the engine 

at the crank interval of 150.  
 

I.    INTRODUCTION 
 

The internal combustion engine employs a very 

popular mechanism known as slider crank mecha-

nism. In this paper, complete kinematic and dynamic 

analysis of reciprocating group of machines is carried 

out, as it has reached to high state of development 

and is of more general interest than other group of 

machines.  

 Kinematic analysis of the slider-crank 

mechanism helps to answer many questions pertain-

ing to the motions of various links of the mechanism 

viz. displacement, velocity and accelerations of 

driven members like connecting rod and piston. In 

the present work, the complete kinematic analysis of 

the engine has been carried out by analytical method 

using complex-algebra method as this method is 

more accurate than graphical method and can give 

results for all the phases of the mechanism.  
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Also, once the algebraic form of the solution 

has been derived, it can be programmed for the com-

puter solution.  
 

Dynamic analysis of the engine includes 

static and inertia force analysis for all the possible 

 phases of the engine which leads to an important 

aspect of the estimation of the loads carried by differ-

ent members of the engine. The complete force 

analysis of the reciprocating engine mechanism using 

principle of superposition is carried out neglecting 

the effect of friction by a summation of the individual 

effects of gas forces and inertia forces. With the help 

of analytical expressions derived, a complete kine-

matic and dynamic analysis of the horizontal single-

cylinder, four-stroke internal combustion engine with 

small crank interval of 15
0
 is made. With engine pa-

rameters available in the literature an investigation of 

variation of crankpin load, pistonpin load and main 

bearing load is carried out for all the above phases 

with help of programming.  

 

II. THEORETICAL ANALYSIS 
 

Kinematic Analysis by Complex – Algebra Method 

 

 

 

The kinematic drawing of slider-crank mechanism is 

shown in Fig .1 (a). This planar mechanism is repre-

sented by a vector equation as shown in Fig. 1 (b) for 

any phase diagram as  

 

R R R 0
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+ + =
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   (1)  
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Expressing the above vectors in complex rectangular 

notation,  

( ) ( ) ( )r j0 r Cos jr Sin r Cos jr Sin 0
1 2 2 3 3

− + + θ + θ + β − β =

                  ……..(2) 

 

Where,  

r1 = Linear Displacement of the Slider, cm. 

r2 = Radius of the crank, cm 

r3 = Length of the connecting rod, cm 

θ = Angular displacement of the crank, deg. 

β = Angular displacement of connecting rod, deg.  

 

Therefore  

 

0cosrcosrr 121 =β+θ+−   (3) 

 

0sinrsinr 32 =β−θ    (4) 

 

As the mobility of the mechanism is one and the rota-

tional speed of the crankshaft is constant, input pa-

rameters are r2, r3, ω2 and θ. Differentiation of Eqn. 3 

and 4 gives the expressions of displacement, velocity 

and acceleration of the driven members, connecting 

rod (link 3) and the slider (link 4) [9].  

 

( )32

1 r/sinrsin θ=β −
   (5) 

      

 

( )
( )β

θω
=ω

cosr

cosr

3

22
3    (6) 

      

 

( ).

p 1 2 2 3 3V r r sin r sin= = ω θ+ ω β  (7) 

      

 

( )
( )β

βω+θω−θ
=α

Cosr

sinrsinrcosr

3

2

33

2

222

3  

    ---------- (8) 

 

( )2 2
A r r sin r Cos r Cos r Sinp 1 2 2 2 3 3 3

= = θ + ω θ + ω β + β&&

    ---------- (9) 

 

Where, 

ω2 = Angular velocity of the crank, rad/sec. 

ω3 = Angular velocity of the connecting rod, rad/sec. 

α2 = Angular acceleration of the crank, rad/sec.
2
 

α3 = Angular acceleration of connecting rod, rad/sec.
2
 

Vp = Velocity of the piston, cm/sec. 

Ap = Acceleration of the piston, cm/sec.
2
.  

 

With the use of above equations the values of all the 

above kinematic parameters at the crank angle of 15
0
 

are calculated with the help of computer program.  

 

III. STATIC FORCE ANALYSIS 

 

The gas force acts on the piston due to the combus-

tion of fuel and this force varies during the cycle of 

operation. The gas force variation is obtained from 

the engine indicator diagram [9]. Fig. 2 shows 

graphical analysis of the gas force. From the force 

polygon, 

 

 
 

'

14F P tan j= β     (10) 

      

 
'

34F P / Cos= β     (11) 

      

 

Where, 

 

P = Gas Force, N.  

 

Crankshaft torque or turning moment delivered to the 

crank is obtained by taking the product of the gas 

force and piston coordinate x. Therefore crankshaft 

torque in vector form is,  

 

( )' '

21 14T F .x k=     (12) 

      

IV. INERTIA FORCE ANALYSIS 

 

The resultant bearing loads are made up of the fol-

lowing components:  

 

1. The gas force components, designated by a 

single prime. 

2. Inertia force due to the weight of the piston 

assembly, designated by a double prime.  

 

FIG: 2 ANALYSIS OF GAS FORCES 
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3. Inertia force of that part of the connecting 

rod assigned to the pistonpin end, triple 

primed. 

4. Connecting rod inertia force at the crankpin 

end, quadruple primed. 

 

Equations for the gas force components have been 

determined earlier and reference shall be made to 

them in finding the total bearing loads. Fig. 3, shows 

graphical analysis of the forces in the engine mecha-

nism with zero gas force and subjected to an inertia 

force resulting only from the weight of the piston 

assembly.  

 

From Fig. 3, the analytical expressions for the forces 

are given as  

 
''

41 4F m x tan j= − β&&    (13) 

 
''

34 4 4F m x i m x tan j= − β&& &&   (14) 

 
''

34

''

32 FF −=         (15) 

 

Where,  

 

m4 = Mass of the piston assembly, Kg.  

 

 

 

In Fig. 4, the analysis neglecting all forces except 

those which result because of the inertia of that part 

of the mass of the connecting rod which is assumed 

to exist at the pistonpin center is given.  

 

The analytical expressions for the forces are given as  

 
'''

41 3BF m x tan j= − β&&    (16) 

'''

41

'''

34 FF =     (17) 

 
'''

32 3B 3BF m xi m x tan j= − + β&& &&   (18) 

 

Where m3B = Mass of connecting rod lumped at 

wristpin B, Kg.  

Fig. 5, shows the forces which result because of that 

part of the connecting rod mass which is concentrated 

at the crankpin end.  

 

The analysis gives , 

 

 
FIG. 5: GRAPHICAL ANALYSIS OF FORCES RESULT-

ING SOLELY FROM THE MASS OF THE CONNECTING 

ROD, ASSUMED TO BE CONCENTRATED AT THE 

CRANK PIN END. 

 

The analysis gives, 
''''

32 3A 2 2F m r 2(Cos i Sin j)= ω θ + θ  (19)  

 

Where,  

m3A = Mass of connecting rod lumped at crankpin 

A, Kg.  

 

From the above analysis of inertia forces the total 

force of the piston against the cylinder wall, piston-

pin and crankpin respectively is given by,  
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( )' '' '''
F F F F m m x P tan j
41 41 41 41 3B 4

= + + = − + + β 
 &&

     …...(20) 

 

( ) ( )34 4 3B 4F m x P i m m x P tan j = + − + + β && &&  

     …...(21) 

 

( )

( ){ }

2

32 3A 2 2 3B 4

2

3A 2 2 3B 4

F m r Cos m m x P i

m r Sin m m x P tan j

 = ω θ− + − 

 + ω θ+ + + β 

&&

&&

     …..(22) 

 

Where, 

F34 = Wristpin load, N. 

F32 = Crankpin load, N. 

F41 = Cylinder wall force, N.  

 

The crankshaft torque or turning moment delivered 

by the engine is obtained from the equation  

 

( ) ( )21 41 3B 4T F .x k m m x P x tan k = − = + + β &&

     ….(23) 

 

The computer program has been developed in fortran 

language to compute the total bearing loads for the 

horizontal single-cylinder, four-stroke petrol engine 

for the complete working cycle at the crank interval 

of 15
0
. The analysis of the engine is carried out for 

the gas forces available in the literature which have 

been obtained from the ideal air standard Otto cycle 

and the data is given in the Table: 1.  

 

TABLE 1: GAS FORCES 

 
SUCTION COMPRESSION EXPANSION EXHAUST 

θ P θ P θ P θ P 

(Deg) (N) (Deg) (N) (Deg) (N) (Deg) (N) 

0 1166 360 14210 360 36309 720 1166 

15 1166 345 12348 375 30772 705 1166 

30 1166 330 8524 390 21560 690 1166 

45 1166 15 5733 405 14308 675 1166 

60 1166 300 3930 420 9800 660 1166 

75 1166 285 2852 435 7105 645 1166 

90 1166 270 2254 450 5439 630 1166 

105 1166 255 1725 465 4302 615 1166 

120 1166 240 1509 480 3773 600 1166 

135 1166 225 1328 495 3308 585 1166 

150 1166 210 1235 510 3087 570 1166 

165 1166 195 1191 525 2960 555 1166 

180 1166 180 1166 540 2901 540 1166 

 

Crank speed = 1800 rpm. 

Stroke = 14 cm. 

r2/r3 = 0.228. 

Mass of piston, pistonpin and main bearing, m4 = 

1.125 Kg. 

Mass of connecting rod, m3 = 1.75 Kg. 

Centre of gravity of connecting rod is 7.44 cm from 

the crankpin centre. 

 

From the above data, 

 

m3B = [7.44 /(16.86+7.44)] x 1.75 = 0.535 Kg. 

 

m3A = 1.75 – 0.535 = 1.215 Kg. 

 

RESULTS AND DISCUSSION 
 

The results computed from the program developed 

for kinematic analysis of the engine for the complete 

working cycle are given at the crank interval of 60 

degree. 
 

TABLE 2: KINEMATIC VALUES 

 
θ 

(degree) 

r1 
(cm) 

β 
(degree) 

ω2 
(rad/s) 

Vp 
(cm/s) 

α3 
(rad/s2) 

Ap. 
(cm/s2) 

0 31.30 0.00 54.30 0.00 0.00 -320375.20 

60 27.03 14.45 26.29 -1307.31 -9190.64 -88538.17 

120 20.03 14.45 -26.29 -978.13 -9190.64 160187.60 

180 17.30 0.00 -54.30 0.00 0.00 177076.40 

240 20.03 -14.45 -26.29 978.13 9190.64 160187.60 

300 27.03 -14.45 26.29 1307.31 9190.64 -88538.32 

 

The results computed from the computer program 

developed for complete dynamic analysis of the en-

gine are shown in the Table: 3. 

 

TABLE 3: BEARING LOADS  

 

θ 
(Degree) 

F32 

(N) 

F34 

(N) 

F41 

(N) 

T21 

(N-cm) 

0.00 7174.25 2438.22 0.00 0.00 

60.00 3121.14 188.81 78.49 -24.57 

120.00 6437.44 3126.72 -985.17 308.36 

180.00 7127.49 3158.11 0.00 0.00 

240.00 6772.19 3480.17 1073.53 336.02 

300.00 3386.20 3000.94 633.56 -198.30 

360.00 27968.76 10605.78 0.00 0.00 

420.00 8317.13 9061.03 -2145.78 671.63 

480.00 9019.11 5815.45 -1656.78 518.57 

540.00 8862.49 4893.11 0.00 0.00 

600.00 6437.44 3126.72 985.17 -308.36 

660.00 3121.14 186.61 -78.49 24.57 

720.00 7124.25 2438.22 0.00 0.00 

 

The results of the kinematic analysis of the engine 

depicts the variation of the kinematic parameters like 

displacement, velocity and acceleration of the driven 

members i.e. connecting rod, link 3 and slider, link 4. 

The results of the combined static and inertia force 
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analysis show variation of the bearing loads F32, F34, 

F41 and turning moment T21. The knowledge of these 

forces is essential for the design of the bearings. The 

present investigation can be applied to multicylinder 

in-line engines, radial engines and V-engines.  
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