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ANALYTICAL MODEL OF THE OPTIMAL 
LUBRICATION MODE FOR INTERNAL 

COMBUSTION ENGINES OF ARMING AND 
MILITARY MACHINERY 

 

INTRODUCTION 

As is known from the experience of exploiting the arming 
and military equipment of the Armed Forces of Ukraine one of 
the most loaded details of the internal combustion engine (ICE) 
is a crank mechanism (CM). It is1 known that the resource of 
operation of this mechanism is determined by the size of the 
gap between the bearing and the pin. As this clearance 
increases, the crankshafts hit (CH) the surface of the bearing, 
which leads to a rapid failure of the entire crank mechanism. 

The mechanical lubrication system is constructively 
provided to delay the wear process of CF in modern engines, 
the main unit of which serves a gear wheel oil pump. 

The experience of engine operation in the current military 
conflicts shows that the most common failure of aggregates that 
cannot be eliminated in the short term is due to the 
imperfection of the lubrication system. 

Previously conducted research2 shows that the classical 
mechanical system of lubrication of the internal combustion 
engine is not in a position to ensure that the entire range of 
changes in the factors affecting the lubrication process is taken 
into account, namely: the viscosity of the engine oil, the 
number of revolutions of the crankshaft, as a result of changes 
in the load caused by the external conditions of the motorized 
vehicle movement. 

 
FORMULATION OF THE PROBLEM 

 
Crankshafts of internal combustion engines of modern 

models of arming and military machinery (AMM) are one of 
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the most important parts, which, moreover, are the most 
expensive. Therefore, the task of increasing the resource of 
their operation is an actual topic of research in our time. 

The main reasons for the failure of the CM are damage to 
the enamel coating of the connecting rod and connecting rod 
crankshaft trunnion, which are observed in all types of engines, 
regardless of the hardness of the trunnion: 67.6% of the 
crankshafts that enter the recovery have the values of wear and 
deviation of the pin shapes which are less than acceptable. 
However, 100% of crankshafts3 have bumps and circular 
scratches. This situation is due to the fact that roller bearings 
CH are not always in liquid lubrication mode, which according 
to Gersy-Streiback diagram is the most resource-saving for the 
enamel coating of the crank and rod mechanism. This diagram 
is depicted in Figure 1. 

 
Fig. 1. Gersy-Streiback Diagram 

 
The mode of dry friction occurs when starting and halt the 

engine and also at low crankshaft revolutions. In case of excess 
pressure of oil in bearing pairs a hydrodynamic friction occurs; 
it happens during high CH revolutions while reducing the load 
on the crankshaft trunnion. 

As is known, the process of lubrication is primarily 
influenced by the work of the CM. During the engine start-up 
and especially after a long stop, the engine oil flows under the 
influence of gravity from the working surfaces of the KM parts, 
leaving them in acute oil failure, so the first working moves of 
the unit occur in the mode of dry friction, when the surface of 
the bushing and the crankshaft trunnion contact virtually 
without the participation of oil. 
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Thus, with sharp differences in load on the crankshaft 
trunnion, because of the operational features of the engine the 
CM parts are not always in liquid lubrication, which results in 
damage to the protective layer of the crankshaft bearings. 

So, there is an urgent need to upgrade the engine lubrication 
system, which requires first of all the creation of an analytical 
model for calculating the optimum lubrication mode of the 
engine. 

 
GOAL OF THE WORK 

 
The purpose of this article is to create an analytical model 

for determining the optimal lubrication conditions of the crank 
mechanism of internal combustion engines, of arming and 
military equipment, which will take into account the nonlinear 
load variation of the connecting rod and crankshaft crank 
mechanism, and parametric changes in oil quality. 

 
MAIN PART 

 
The sum of forces acting in the crank mechanism is 

determined by the algebraic sum of the forces of gas pressure 
Рg, which arises in the combustion chamber of the engine, and 
the forces of inertia of the reciprocating masses Рj.4 

  (1) 
The total force P is directed to the axis of the cylinder and 

applied to the axis of the piston pin. The ratio between the 
forces of Pg and Pj with the same throttle position depends on 
the number of revolutions of the crankshaft – nch . Figure 2 
shows graphs of the changes of the considered forces for the 
engine. 

 
Fig. 2. Charts of forces Рg and Рj. 
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By decomposing the force P into two component forces Ps 
and N, of which Ps is directed along the axis of the connecting 
rod, and the force N is directed along the axis of the cylinder, 
we get: 

 (2) 

β – is the angle between the crankshaft and the connecting 
rod, degrees. 

The schematic representation of the action of these forces is 
shown in Figure 3. 

 
Fig. 3. The forces acting in the crank mechanism of the 

engine. 
We transfer the force Pc acting on the axis of the connecting 

rod in the center of the crankshaft trunnion, and then we expand 
it into two components, namely the radial force – Z acting on 
the crank axis, and the tangential force – T: 

 (3) 

 

 (4) 

φ – angle of rotation of the crankshaft, degrees; 
mrr – rotational mass of the connecting rod, kg; 
rch – radius of the crankshaft of the engine, m; 
ω – angular velocity of rotation of the crankshaft, radian / 

second. 
The product of the force T on the radius of the crankshaft of 

the engine rch forms a rotating moment, which is called the 
torque of the engine – Me. 
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 (5) 
The load on the crank pin Rcn is determined by the action of 

the radial force Z, and the tangential force T. Equivalent to all 
forces is determined by the formula5: 

 (6) 
On the basis of formula (6), depending on the angle of 

rotation of the crankshaft φ, a polar load diagram for the crank 
pin is constructed, which is shown on Figure 4. 

 
Fig. 4. Polar load diagram on the crank pin 

The diagram shows the average and maximum specific load 
on the crank pin, which is the main value for determining the 
specific pressure that occurs on the surface of the connecting 
bearings during engine operation: 

 (7) 

d – diameter of the crank pin, m; 
l – length of the crank pin, m. 
The values of pa and q – the total coefficient of oil 

consumption in the bearing are the main parameters for 
determining the pressure that is necessary to create in the 
engine oil pump to provide all the friction surfaces with the 
necessary amount of oil6. 

This method of determining the specific load is not ideal 
because it does not take into account all the important 
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parameters that change in the internal combustion engine when 
operating in different modes. Namely: non-linear change in 
load Rcn, oil viscosity, crankshaft speed and change in the value 
of relative eccentricity. 

It is proposed to solve this problem based on the use of the 
dependence given in the formula (5). Using it, we define 
tangential force. 

 (8) 

 
For further calculations we will use the parameters of the 

engine YMZ-236, which is widely used in national AMM. 
According to the passport data of the engine YMZ-236, 

which are listed in the Table 1, it is possible to determine the 
torque values for a wide range of changes in the number of 
revolutions of the crankshaft. 

Table 1 
nch, rpm 600 800 1000 1200 
Мe, Nm 446 525 585 628 
nch, rpm 1500 1700 1900 2100 
Мe, Nm 658 656 637 600 
 
According to the Table 1, an interpolated dependence is 

constructed, which describes the change in engine torque from 
the number of revolutions of the crankshaft. This dependence is 
described by the following correlation: 

         (9) 

 
Fig. 5. The dependence of the torque on the number of 

revolutions of the crankshaft of the engine. 
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Then the definition of the tangential force T takes the 
following form: 

 (10) 

Substituting formula (10) into formula (4), we can determine 
the total force P, which is determined by the action of the force 
Pg and the inertia of the reciprocating masses Pj.  

 (11) 

The radial force Z will be determined by the following 
formula: 

    (12) 

If formula (10) and formula (12) are substituted into formula 
(6), then we obtain an analytical relationship for calculating the 
load on the crankshaft pin Rcn.O: 

   (13) 

The graphic image of the change of the Rcn.O depending on 
the change in rotation frequency of the shaft n is shown in 
Figure 6. 

 
Fig. 6. Graphic dependence of the load on the crankshaft pin 

when changing the speed of rotation of the crankshaft. 
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Increasing of the value of Rcn.O leads to an increase in the 

relative eccentricity of χ=е/δ in the crank bearing, where e – is 
the eccentricity, δ – is the value of the radial clearance. 

This is due to the fact that during the intensive work of the 
engine the crankshaft is displaced in opposition to the load 
force7. The physics of this process is shown schematically in 
Figure 7. 

 
Fig. 7. The appearance of eccentricity with increasing Rch.O 

and rotation of the crankshaft. 
 
In previous work8 it is proved that with the thickness of the 

oil layer hmin = 10 μm, the bearing is in the mode of liquid 
lubrication, which in turn ensures reliable operation of the 
connecting rod mechanisms and maintains the integrity of the 
enamel coating of the crankshaft pin. The dependence, which 
correlates with the relative eccentricity χ and the minimum 
thickness of the oil layer hmin, is given below: 

     (14) 

ϕ – relative clearance, m. 
The value of the relative clearance depends on the rotational 

speed of the engine crankshaft and is determined by the 
formula: 

 

            (15) 
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Substituting expression (15) into (14), we obtain the 
dependence of the change in relative eccentricity on the 
crankshaft rotation frequency at a constant value of the 
minimum thickness of the oil layer.  

                   (16) 

As noted earlier, the parameter affecting the conditions for 
creating the required pressure is the average specific pressure 
pa, and q is the coefficient of oil consumption in the bearing. 

The total coefficient of oil consumption in the bearing is the 
sum of three dimensionless coefficients. 

 (17) 
q1 – coefficient of oil consumption through the ends of 

stressed areas of bearing; 
q2 – coefficient of oil consumption through the ends of non-

stressed areas of bearing 
q3 – coefficient, which takes into account the additional 

breakdown of oil through the grooves located on the surface of 
the insert. 

The coefficient of total oil consumption can also be 
calculated by the formula: 

 (18) 

Where  – allotted heat from the bearing in 

second, kcal / kg; 
f – coefficient of friction; 

 – radial speed, m/s; 
1/427 – thermal coefficient of mechanical energy; 
с – heat capacity of oil, kcal / kG °C; 
γ – specific gravity of oil, kg / m3. 
 
The values of the coefficient q1, calculated by the method of 

variation of Professor Korovchynskyi, are given in the Table 2. 
Table 2 
Dimensional coefficient q1 of the end face of the oil 
𝜒 0.3 0.4 0.5 0.6 0.65 
q1 0.113 0.158 0.203 0.249 0.271 
𝜒 0.7 0.75 0.8 0.85 0.95 
q1 0.292 0.318 0.33 0.343 0.348 
 
Using computer simulations, according to the Table 2, an 

interpolated dependence of the change in the oil flow rate 
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across the ends of the stressed bearing zone of the connecting 
bearing on the change in relative eccentricity was constructed. 

   (19) 
 
The coefficient of oil consumption through the ends of the 

non-stressed bearing area is determined by the following 
formula: 

 (20) 

Pt – pressure in the trunk oil line; 
Β – dimensionless coefficient for a non-stressed bearing area; 

- dimensionless coefficient of bearing load; 

𝜇 – dynamic viscosity of oil, kgf·s/m2; 

- angular speed of rotation of the crankshaft. 

rad/sec. 
The coefficient taking into account the additional oil 

consumption through the grooves placed on the surface of the 
liner is calculated by the following analytical dependence. 

  (21) 

υ – coefficient for a bearing with two longitudinal grooves; 
a and b – sizes of grooves, m. 
By analogy with the expression (19), we perform an 

interpolation for the coefficients β and υ for the following 
values of χ, which are given in the Table 3. 

Table 3. 
The values of the coefficients β and υ 

𝜒 0,3 0,5 0,65 0,8 0,9 0,95 
β 0,132 0,175 0,213 0,256 0,289 0,308 
υ 0,097 0,116 0,129 0,132 0,121 0,108 

 
With the help of these analytic dependencies, we can 

determine the values of the coefficients that influence the oil 
consumption in the unloaded bearing area. 

     (22) 

Or, after replacing the corresponding formulas, the equation 
of balance will be written as: 
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        (23) 

From the expression (23) we find an analytic dependence for 
determining the pressure value in the main oil pipeline Pt. 

             (24) 

 
The expression (23) is a universal formula that reflects an 

analytical model for determining the optimal pressure which is 
required to be created in the oil pump to ensure the reliable 
operation of all the creeping surfaces of the CM that participate 
in the ICE. 

According to this analytical dependence, using computer 
simulation, the graphical dependence of the pressure change on 
the main oil line was constructed on two main variables, 
namely, the number of crankshaft revolutions and the viscosity 
of the engine oil. This dependence is shown in Figure 8. 

 
Fig. 8. Changes in the pressure in the main oil line during 

the change in rotation of the crankshaft and the viscosity of the 
engine oil. 
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The analysis of the obtained three-dimensional model shows 
that the optimum value of the engine oil pressure during engine 
operation is not linear, therefore the classical system of 
mechanical lubrication cannot provide the necessary 
nonlinearity of its change. This requirement can only be 
fulfilled by using an electromechanical lubrication system with 
a controlled microprocessor with an electric motor for driving 
the oil pump, which will take into account all the factors 
affecting the lubrication process, and thus provide a continuous 
optimal lubrication regime. 

 
СONCLUSIONS 

 
Thus, in this paper an analytical model of the optimum 

lubrication regime for internal combustion engine vehicles has 
been developed, which allows calculating the optimum pressure 
values in the lubrication system. The practical application of 
the lubrication system, which will be able to maintain optimal 
pressure, in turn, will significantly increase the life cycle of the 
working surfaces of the bearings of the engine crankshafts, as 
well as increase the maximum permissible load on the 
connecting rod and radial bearings of the engine, which 
significantly increases reliability, power, performance and 
durability of the operation of AMM models equipped with an 
ICE with an upgraded lubrication system. 
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SUMMARY 
 

 
The article is devoted to the creation of an analytical model 

for determining the optimal lubrication conditions for an 
internal combustion engine, taking into account changes in the 
piston load and changes in the number of revolutions of the 
crankshaft. engine A theoretical analysis of determining the 
pressure created in the system. Analytical models were 
developed to determine the pressure value under which the oil 
should be applied to the crankshaft bearings, depending on the 
change in engine speed, oil viscosity and load on the crankshaft 
pin. 

 
Key words: lubrication system, oil viscosity, specific 

pressure, minimum thickness of oil layer, eccentricity, load on 
crankshaft pin. 

 
  


