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The article presents the results of experiments performed in order to investigate the relevant, though under-

studied, issues concerning the contribution of various sources of oil supply to the friction of the cylinder piston

group (CPG) of a piston engine with a conventional crank mechanism (CM); the relationship between the oil

amount supplied to the area of movable contact of parts and their frictional losses. The methodology and

equipment used in the experiments are described, and the measurement errors of the control values are esti-

mated. The experimental results enabled identifying the dominant source of oil supply to the CPG parts, as

well as verified the reliability of previously obtained calculation data on the uneven distribution of the oil

quantity on the loaded and unloaded sides of the cylinder wall. Furthermore, the hypothesis was confirmed

that matching the oil quantity supplied to the friction area of the parts with the level of their dynamic loading

contributes to minimizing the friction of these parts. Experimental methods and their results are proposed for

use in the design and operation of lubrication systems, as well as for improving the efficiency and reliability of

modern piston engines, including those operating as power units of electric generating sets.
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The majority of studies into friction losses in piston en-

gines emphasize the essential, if not decisive, role of the lu-

bricant in their formation [1 – 7]. However, extremely little

information is available on the sources and quantities of oil

entering the area of movable contact between the parts, as

well as the effect of this quantity on the friction of the lubri-

cated parts. In the work [8], where various sources of oil sup-

ply to cylinder piston group (CPG) parts of high-speed piston

engines were analyzed, the feasibility of experimental verifi-

cation was indicated:

— the dominance of the ejection of oil jets from the

clearances of the rotating connecting rod bearing over other

sources, which was detected in the course of computational

modeling;

— the oil distribution on the inner surface of the cylin-

der wall;

— the hypothesis that the increase in the oil quantity in

the area of the moving parts in proportion to the level of their

dynamic loading should lead to a decrease in the friction

losses of the lubricated pairings of a high-speed piston

engine.

In addition, the oil supply processes of the CPG parts,

particularly the cylinder-piston mating, are ambiguously in-

terpreted in various studies on lubrication systems of piston

engines [9 – 13]. Therefore, the given provisions based on

computational prediction and hypothetical constructions

should be experimentally evaluated. Hence, the present study

was initiated as a continuation and development of the study

[8] by experimental methods and means.

The study aims to obtain experimental data quantita-

tively characterizing the oil supply process of the cylinder –

piston mating of a high-speed diesel engine, thereby estab-

lishing the relationship between this process and friction

losses in the mentioned mating. In order to achieve this aim,

the following objectives were set:

1. Development and application of experimental meth-

ods for determining the contribution of particular sources to

the total oil supply of the CPG parts (hereinafter — CPG oil

supply).

2. Evaluation of the oil quantity distribution, supplied to

the cylinder inner surface area by the entire set of oil supply

sources, along the circumference and height of the cylinder

inner surface area.
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3. Verification of the hypothesis that harmonizing the

amount of oil supply to the level of dynamic loading of lubri-

cated parts can lead to a reduction in friction losses.

Study objects, equipment, and test methods

The general object of the study was the process of CPG

oil supply of high-speed diesel engine of size 1 × 8.5�8.0,
operating as part of diesel-electric generator sets of AD4-

230VM2, AD4-T230VM2, and AD4-T400VM2 types.

A modernized connecting rod of the specified diesel en-

gine was a particular research object. The efficiency of the

modernized connecting rod was evaluated on the basis of

comparative tests with a commercial connecting rod. It can

be seen in Fig. 1 that both versions of the connecting rod

(commercial and modernized) are equipped with oil-supply

channels and holes for splashing oil into the cylinder area.

However, the axes of these oil lines lie in different planes, at

different angles to the central axis of the connecting rod, and

on different heights relative to the plane of separation of its

crank head.

The results of computational modeling of the CPG jet oil

supply of the specified diesel engine presented in [8] re-

vealed an abnormal distribution of engine oil on the opposite

sides of the cylinder wall. The loaded (L) side of the cylinder

wall received almost 3 times less oil in comparison with the

side unloaded (UL) by the piston lateral force. As a result,
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Fig. 1. Photo and sketch of commercial (a) and modernized (b) connecting rod: I, oil supply hole.
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Fig. 2. General view (a) and schematic diagram (b) of the layout unit based on diesel engine 1 × 8.5�8.0.



the scheme and, consequently, the design of the production

connecting rod were modernized to eliminate this anomaly.

Two test tools were used for the study. The first is a lay-

out unit used to measure the parameters of the oil supply pro-

cess of the moving parts and friction losses in the CPG and

crank mechanism (CM) of the diesel engine in the cranking

mode (Fig. 2). The second is an engine stand for the final

comparative evaluation of friction losses of the diesel engine

with the commercial and modernized connecting rods, re-

spectively.

The layout unit is equipped with (Fig. 2): two electric

motors 1 and 6 for autonomous drive of the crankshaft 2 of

the diesel engine and its oil pump, respectively, frequency

converters 11 and 12 for controlling these electric motors,

amperemeter 10 for measuring the current in the circuit of

the electric motor 1, thermocouples 3 in the cylinder wall and

modules 8 and 9 for processing their signals. To control the

pressure and oil level in the lubrication system manometer 5

and pipe 4 were used, respectively. The electric crankshaft

drive carried out cranking of the diesel engine at the required

speed mode. The autonomous drive of the oil pump provided

for visual and quantitative assessment of some indicators of

the jet oil supply in quasi-stationary conditions, which are

more convenient for measurements.

The engine stand consisted of a diesel engine 1 × 8.5�8.0
in a complete set, devices for controlling the fuel rail and

measuring fuel consumption by weight method (Fig. 3).

To control the crankshaft speed, a combined tachometer

TachoLiner THM-30 was used.

The mass of lubricant m (in g) supplied into the corre-

sponding friction area for the fixed time of tests was used as

a control value when estimating the indicators of CPG oil

supply. While estimating the friction, the total power of fric-

tion losses N (in kW) in the CPG and CM at the layout unit

was considered, as well as the one-hour fuel consumption at

idling G
t
(in kg�h) according to the state standard GOST

14846–2020.

Based on the accuracy classes of the applied instruments

and methods for determining the control values, an analysis

of measurement errors was performed to obtain confidence

intervals. The exceedance of these intervals when carrying

out comparative tests (only concerning the commercial and

modernized connecting rods) implied the exceedance of the

limits of significant difference in the results, i.e., the differ-

ence subject to consideration. Thus, for the control values

determined by friction, the absolute Ä and relative ä values of

the confidence intervals of measurement error I were as fol-

lows:

— for friction loss power N— I
ÄN

= 0.08 kW, I
äN

= 3%;

— for fuel consumption G
t
— I

ÄN
G

t
= 0.01 kg�h,

I
äN

= 2%.

Methods and conditions for experimental study

Stage 1. Study of the CPG oil supply process of the

diesel engine. At this stage, in order to experimentally deter-

mine the amount of lubricant supplied to the rubbing surface

of the cylinder by a particular oil supply source, two methods

were developed and sequentially applied.

The first method involved determining the relative con-

tribution of natural sources of this process (oil mist, oil ejec-

tion from the clearances of main and connecting rod bear-

ings) to the CPG oil supply. To that end, a special insertion

device was developed, i.e., a cartridge with oil-absorbing el-

ements, which was tightly inserted into a commercial cylin-

der (Fig. 4a, b). The dimensions of these elements were de-

termined by the areas of oil distribution on the cylinder

walls, considering the geometric features of the location of

the elements. The amount (mass) of settled oil was estimated

by weighing the absorbent elements prior to and following

the experiment. Since the cartridge prevented the presence of

the piston in the cylinder, the piston was removed from the

connecting rod, while the connecting rod itself was replaced

by a simulator of the connecting rod crank (Fig. 4c) to repro-

duce the actual picture of oil supply due to the inertial ejec-

tion of oil jets from the gaps of the rotating connecting rod

bearing.

In this experiment, while retaining the principle of oil

collection into the drain pipes placed in the cylinder wall as

applied earlier in [14], the number of oil drain pipes in the

cylinder was increased whereas their arrangement scheme

was changed (Fig. 4d). Thus, oil distribution can be seen not

only along the circumference, but also along the height of the

cylinder wall.

The total contribution of all natural and special sources

to the CPG oil supply, such as the jet oil supply from the oil

supply hole in the connecting rod, was determined. The con-

tribution of this source to the total CPG oil supply was deter-

mined as the difference in the mass of oil in the drain pipes

before and after sealing of the mentioned hole.
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Fig. 3. Engine stand with diesel engine 1 × 8.5�8.0 and test equip-

ment.



Stage 2. Study of the impact of the CPG oil supply on

the friction of the lubricated parts of the diesel engine.

This stage involved two-level comparative tests of the com-

mercial and modernized connecting rods. The first test was

carried out on the layout unit using the electrodynamic

method, while the second one was performed on the engine

stand by taking and comparing of the typical idle speed char-

acteristics. These characteristics, which are regulated by the

previously mentioned GOST, involved the dependences of

hourly fuel consumption on the crankshaft speed under the

conditions of piston engine operation without external load.

The electrodynamic method involved measuring the cur-

rent force in the electric motor drive circuit, with this force

being converted into the power spent on cranking the diesel

crankshaft. The specified power, numerically equal to the in-

tensity of work to overcome all types of resistance to the

movement of parts, was reasonably considered as the total

power of friction losses in the CPG and CM cranking diesel

engine. To adjust the viscosity of the lubricant in layout tests

to the level of viscosity of engine oil under actual operation

conditions of the diesel engine with combustion, a super

low-viscosity lubricant was used, with kinematic viscosity

from 40 to 10 cSt in cranking temperature conditions (from

30 to 60°C), which corresponded to the viscosity of engine

oil recommended by the diesel engine manufacturer in the

range of operating temperatures (from 65 to 95°C) (Fig. 5).

The method of registering and comparing idle character-

istics is based on the fact that when a piston engine operates

in the idling mode (with no external loading of the piston en-

gine), all thermal energy of the combusted fuel is spent to

overcome the resistance to the movement of parts, i.e., the

value of the measured fuel consumption is an indicator of

friction losses. Thus, the value and character of the change in

fuel consumption G
t
depending on the crankshaft speed n at

idle speed are identical to those for friction losses. Conse-

quently, the fuel consumption in this mode can be used to

scientifically justify the level of friction losses of the engine

according to the rule stating that the lower fuel consumption,

the lower losses, and vice versa.

RESULTS AND DISCUSSION

The first stage consisted in determining the relative con-

tribution of various sources to the total oil supply of CPG

parts. In this work, all the sources were considered, natural

(ejection of oil jets from the crank and main crankshaft bear-

ing clearances, as well as oil mist) and special sources, such

as oil jetting from the connecting rod hole. Table 1 and Fig. 6
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Fig. 4. Device components for the exploration of CPG oil supply process: a, general view of the cartridge; b, layout of the cartridge surface

with oil-absorbing elements and screens for oil volume separation; c, simulator of the connecting rod crank head; d, oil drain pipes in the cylin-

der wall (1 – 16 — pipe numbers).



demonstrate the distribution of the contribution of various

sources to the total oil supply to the loaded and unloaded

sides of the cylinder wall by the piston lateral force in two

different (commercially available and modernized) connect-

ing rod designs.

According to the presented data (Fig. 6, Table 1), a spe-

cially organized ejection of oil from the connecting rod hole

(from 52 to 97%) makes the greatest contribution to the oil

supply on both the loaded and unloaded sides of the cylinder.

The oil supply to the unloaded side of the cylinder pro-

vided by the connecting rod bearing clearances (about 40%)

is comparable, although less in quantity, to the one consid-

ered. However, this source is not involved in the oil supply to

the loaded side of the cylinder, where full lubrication is much

more important.

The oil flow contributions from main bearing clearances

and due to condensation of the liquid fraction of oil mist are

extremely small, not exceeding 5 and 4%, respectively. This

implies that the main interest lies in studying and dealing

with oil flow from the connecting rod journals and from the

oil feed hole in the connecting rod.

Note that natural sources of oil supply, such as inertial oil

ejection from connecting rod journals, are rather difficult to

control. The only possible way to affect this process quanti-

tatively is to change the operating mode of the lubrication

system. Meanwhile, the qualitative characteristic of the oil

supply will remain practically unchanged. On the contrary,

specially organized methods of oil supply can affect both

quantitative and qualitative aspects of the CPG parts lubrica-

tion process. However, the advantages of a specially de-

signed solution can be diminished by not considering natural

sources, while a successful combination of natural and spe-

cial oil supply methods can lead to the best results.

In the process of connecting rod modernization, it was

decided not to change the connecting rod inserts, due to the

risk of reducing the mechanical strength of the insert and the

possibility of oil pressure drop in the main oil line below the

critical value. As a result, the process of CPG jet oil supply

was improved by selecting a rational location of the oil sup-

ply hole in the connecting rod. Using the CRJet calculation

program [15], which visualizes the process of oil jetting from

the connecting rod and determines the amount of oil flowing

into the typical friction areas of CPG parts, the most effi-

cient, technological solution for modernization of the com-

mercial connecting rod was selected that, according to calcu-

lations, did not reduce the strength of the part (Fig. 1).

The proposed change in the scheme of CPG jet oil sup-

ply provided a more significant (1.7 times) increase in the

amount of oil supplied to the loaded side of the cylinder

(Table 1, Fig. 6), while the oil supply to the unloaded side of

this part increased insignificantly (by 6%).

The method of drain pipes was used to draw diagrams of

engine oil distribution both along the circumference and
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Fig. 5. Comparison of viscosity and temperature characteristics

(dependence of kinematic viscosity v on oil temperature t) of

M-10G2 engine oil (1) recommended for use in diesel engine

1 × 8.5�8.0 and lubricant (2) produced by diluting M-10G2 oil with

diesel fuel.

TABLE 1. Contribution of Different Sources to the CPG Oil Supply

Source

Commercial connecting rod Modernized connecting rod

L UL L UL

The connecting rod jet 0.98�95 1.44�52 2.08�97 1.62�55

Oil mist 0.06�5 0.06�2 0.06�3 0.06�2

Main bearings 0.0�0 0.1�4 0.0�0 0.12�4

Connecting rod bearing 0.0�0 1.16�42 0�0�0 1.16�39

Total 1.04�100 2.78�100 2.14�100 2.96�100

Note. Numerator indicates mass in grams, denominator indicates percentage.

1m, g

2

3

4

a b

L LUL UL

Fig. 6. Distribution of the contribution of different sources to the

cylinder oil supply: a, commercial connecting rod; b, modernized

connecting rod; 1, jet outflow from a designed hole in the connect-

ing rod; 2, oil mist; 3, 4, ejection from the clearances of main and

connecting rod bearings, respectively.



height of the cylinder (Fig. 7). To display the data in Fig. 7

more conveniently, the relative oil quantity parameter M , de-

fined by the formula, was introduced:

M = mi�mav,

where m
i
is the mass of collected lubricant from the ith pipe;

m
av
is the arithmetic average value of the mass of engine oil

from each pipe.

The uneven distribution of engine oil along the circum-

ference of the inner surface of the cylinder, mentioned earlier

in [7], was quantified using the degree of unevenness ó,

which is defined by the ratio of the difference between the

maximum and minimum values of the oil quantity m and its

average value (Fig. 7b). For the commercial and modernized

connecting rods, this value was ó = 4.1 and ó = 3.6, respec-

tively (decreasing and approaching of ó value to unity means

a decrease in the unevenness of distribution of the studied

quantity).

According to these results, the proposed modernization

of the connecting rod leads to a 14% reduction in the uneven-

ness of oil distribution along the cylinder circumference. In

addition, a quantitative increase (by 52%) in oil supply on

the loaded side of the inner surface of the cylinder (Fig. 7a)

and a decrease (by 6%) in the amount of excess lubricant on

the unloaded side of the cylinder inner surface (Fig. 7c) were

observed when switching from the commercial to the mod-

ernized connecting rod. Therefore, the modernization of the

connecting rod was found to improve the matching of the

amount of supplied engine oil with the character of dynamic

loading of the cylinder-piston mating in the plane of the con-

necting rod motion. Furthermore, the effect of the improved

CPG oil supply on the friction-induced mechanical losses of

the diesel engine was evaluated.

At the second stage of the experimental study, an electro-

dynamic method implemented on the layout unit (Fig. 2) was

used to conduct preliminary comparative tests of the com-

mercial and modernized connecting rods. The test procedure

[13] included two consecutive steps, which involved crank-

ing the diesel engine at a constant crankshaft speed (n =

= 1000 rpm) during 60 min and registering the characteristic

of mechanical losses in the speed range from 1000 to

2000 rpm with a 200 min pitch during 10 min. The test re-

sults (Fig. 8) demonstrate a significant (from 9 to 14%) re-

duction of friction loss power N when the commercial con-

necting rod is replaced with the modernized version.

In order to exclude the possible impact of the methodol-

ogy and conditions of the experiment on the comparison re-

sults of the tribological efficiency of connecting rods, for the

final verification of the results of layout tests, the investi-

gated objects were subjected to testing on a full-size diesel

engine 1 × 8.5�8.0 in the course of its engine stand tests in

the idling mode (Fig. 9).

Figure 9a shows that at the speed mode from 1000 to

2000 rpm, the values of the fuel consumption difference

(friction losses) caused by replacing the commercial con-

necting rod with the modernized one, hardly exceed the lim-

its of the confidence interval. However, a significant (assur-

edly exceeding the measurement error) relative decrease in

fuel consumption at operation of the diesel engine with the

modernized connecting rod occurs starting from 2000 rpm.

Presumably, it is due to the fact that the proposed moderniza-

tion of the connecting rod was calculated for the conditions

of operation of the diesel engine at crankshaft speed

n = 3000 rpm, which refers to the main (nominal) speed

mode of operation of diesel engine 1 × 8.5�8.0 when using it

as a power unit of an alternating current electrical generator

set with a frequency of 50 Hz. Therefore, the effect of mod-

ernization was less pronounced at much lower, compared to

nominal, speeds of crankshaft rotation of the diesel engine.

For the entire period of tests (over the entire range of idle

characteristic), when using the modernized connecting rod,
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the average decrease in fuel consumption in the idling mode,

i.e., the reduction of friction losses, was 0.42 – 0.37 =

= 0.05 kg�h, or 12% (Fig. 9b), whereas at the nominal speed

of the diesel engine of 3000 rpm, the relative decrease in G
t

remained at the same level of 12% (Fig. 9a). Figures 8 and 9

show that the obtained results of the positive reduction of

losses caused by replacing the commercial connecting rod

with the modernized one are satisfactorily correlated when

tested both on the layout unit and on the full-size diesel en-

gine (engine stand).

A similar diesel engine model was previously used for

comparative tests of various objects directly affecting me-

chanical losses, such as antifriction additives to engine oils,

pistons with different skirt profile and number of piston

rings, engine oils of different viscosity, etc. The array of the

obtained results proves the existence of a rigid and stable re-

lationship between the relative change in fuel consumption

G
t
in the idling mode and the relative change in the effective

power N
e
and, respectively, the specific effective fuel con-

sumption g
e
when the diesel engine operates under load (for

example, in the mode of removing the external speed charac-

teristic).

The results of friction loss reduction obtained by a sim-

ple and economical method of idle characteristic can be used

to make a scientifically substantiated calculation of the val-

ues improved as a result of friction loss reduction of the main

energy and economic indicators of the engine (N
e
and g

e
) op-

erating under load, i.e., under conditions of high tempera-

tures and force impact on the rubbing parts.

With this position and the results of previous compara-

tive tests of antifriction additives to engine oil performed on

a similar model of diesel engine (Table 2), a positive and

quantitatively expressed forecast of energy efficiency im-

provement for diesel engine 1 × 8.5�8.0 at rated speed mode

of operation under load is obtained (Fig. 10).

According to Fig. 10, when switching from commercial

to modernized connecting rod, the effective power of diesel

engine N
e

at generator high-speed mode of operation

(3000 rpm) will increase from 7.7 to 8.0 kW (by 4%). Hence,

taking into account the constancy of hourly fuel consumption

G
t
in conditions of unchanged high-speed mode, specific ef-

fective fuel consumption of diesel engine g
e
will proportion-

ally decrease by the same 4%, from 248 to 238 g�(kW · h).

The ratio between the relative reduction of mechanical

losses obtained in this study (12%) and the predicted relative

increase in specific fuel efficiency (4%) is 0.33, which does

not contradict the known ratio of 0.45, derived from the the-

ory of internal combustion engine operating processes, in-

cluding the natural prediction error (the non-convexity does

not exceed 27%).
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Fig. 8. Dependence of mechanical loss power N on cranking dura-

tion T (a) and crankshaft speed n (b): 1, commercial connecting rod;

2, modernized connecting rod.
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Fig. 9. Dependence of Gt fuel consumption on diesel crankshaft speed n in the idle mode (a) and comparison of average values of fuel con-

sumption during the tests (b): 1, commercial connecting rod; 2, modernized connecting rod.



The complex (on the layout unit and a full-size diesel en-

gine) tribometric testing has revealed the efficiency of the

modernization of a commercial connecting rod, which im-

proves the quality of oil supply to the CPG parts. Moreover,

the hypothesis has been confirmed that matching the oil

quantity supplied to the moving contact area of the parts with

the level of their dynamic loading reduces friction losses sig-

nificantly.

CONCLUSIONS

1. The new experimental methods developed and ap-

plied for determining the contribution of individual sources

of oil supply to the total oil supply to the cylinder of a high-

speed piston engine have revealed that the greatest contribu-

tion to the oil supply to both sides of the cylinder wall loaded

and unloaded by the action of the piston lateral force is made

by a specially organized jet oil supply from the connecting

rod hole (from 52 to 97%). Although the inertial oil ejection

from the rotating connecting rod bearing clearances plays a

comparable but smaller role (up to 40% on the unloaded side

of the cylinder wall), this source does not participate in the

oil supply to the loaded side of the cylinder, for which lubri-

cation is much more important.

2. The uneven oil distribution on the unfolded inner sur-

face of the cylinder (the degree of unevenness varies from

3.6 to 4.1) has been experimentally proved. In addition, the

character of this distribution indicates violating the matching

of the oil quantity in the friction area of parts to the level of

their dynamic loading.

3. Based on the mathematical modeling of the CPG jet

oil supply, the modernization of the commercial connecting

rod of the power unit of a diesel-electric generator set has

given grounds for predicting the improvement of the cylinder

lubrication process due to the controlled improvement of oil

supply to the loaded side of the internal rubbing surface of

this part, which is experiencing a deficit of lubricant.

4. Experimental evaluation of cylinder oil supply on the

layout installation has shown that the modernized connecting

rod can significantly (by 13%) reduce the unevenness of oil

distribution along the cylinder circumference and partially

eliminate the discrepancy between the amount of oil in the

friction area between cylinder and piston and the level of dy-

namic loading of these parts.

5. Comparative complex (layout unit and engine stand)

tests of the commercial and modernized connecting rods

have proved the validity of the previously accepted hypothet-

ical idea that matching the amount of oil supplied to the level

of dynamic loading of lubricated parts can lead to a reduction

in friction losses. Thus, as a result of replacement of a com-

mercial connecting rod with a modernized one, which meets

the conditions of the hypothesis, a significant (guaranteed

to exceed the measurement error) relative reduction of fric-

tion losses in the CPG and CM by 10% was obtained in

layout tests; whereas in tests on a full-size diesel engine

1 × 8.5�8.0, a similar replacement of the connecting rod was

accompanied by a significant reduction in fuel consumption

in the mode of taking the idling characteristic (method of es-

timating friction losses) by an average of 12%.
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TABLE 2. Input Data for Predicting the Energy and Economic Performance of a Diesel Engine 1 × 8.5�8.0 When Operating under Load

Test operation mode

Control value of the object Relative difference between the control

values of commercial and

modernized objects, %commercial modernized

Antifriction additives

Characteristic of the idling mode (Ne = 0) Gt, kg�h 0.51 0.49 4

External speed characteristic (Ne > 0):

Ne, kW 8.0 8.1 1

ge, g�(kW · h) 246 243 1

Connecting rods

Characteristic of the idling mode (Ne = 0) Gt, kg�h 0.58 0.51 12

External speed characteristic (Ne > 0):

Ne, kW 7.7 8.0 4

ge, g�(kW · h) 248 238 4

1 12 2

a b

Ne, kW ge, g/(kW · h)

Fig. 10. The forecast values of effective power Ne (a) and specific

effective fuel consumption ge (b) of diesel engine 1 × 8.5�8.0 when

operating with commercial (1) and modernized (2) connecting rods

under load at crankshaft speed 3000 rpm.



6. Methods for computational modeling and experimen-

tal monitoring of the process of CPG oil supply, design meth-

ods and results, as well as the application of efficient con-

necting rod construction in terms of friction loss reduction

can have both scientific and practical value in the engineer-

ing, development, and operation of power units of diesel-

electric generator sets.
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