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INFLUENCE OF MULTIPHASE FUEL INJECTION ON THE TECHNICAL 
AND  ECONOMIC INDICATORS OF A TRANSPORTATION DIESEL ENGINE

Purpose. Selection of parameters of multiphase fuel injection using mechanical fuel pumps for engines of ground transport vehicles and 
estimated impact of parameters of the fuel injection process on the technical and economic indicators of a forced transport diesel engine.

Methodology. Scientific research is based on the use of comparative numerical experiment methods. Modern numerical meth­
ods are used to model the process of diesel fuel injection, the processes of mixture formation and combustion, with the assessment 
of the load on the parts of the crank-and-connecting mechanism (CCM) from the gas pressure forces. Based on the results of the 
calculations, a compromise option is chosen that provides acceptable fuel economy, the minimum rate of pressure increase during 
fuel combustion, and the minimum load on the CCM parts.

Findings. It was established that when using multiphase fuel injection in a diesel engine of type 6Ch15/15, it is possible to reduce 
the rate of pressure increase during combustion by almost 1.8 times and to reduce the maximum force from the action of gas ticks on 
the piston by 16.3 %. In the future, this enables to create reserves to increase the level of engine forcing and improve its performance.

Originality. The research made it possible to study the influence of multiphase fuel injection on the stiffness of the combustion process 
and technical and economic indicators of a highly forced diesel engine. The obtained results allow formulating recommendations for 
choosing a multiphase fuel injection strategy (the number of injections, their duration and the amount of fuel for each injection).

Practical value. Changing the conditions of mixture formation and combustion made it possible to reduce the rigidity of the 
working process of a highly forced diesel engine, reduce the load on the parts of the crank-and-connecting mechanism from gas 
pressure forces, and improve the operational performance of the internal combustion engine.
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Introduction. An increase in the level of boosting of mod­
ern diesel engines, especially transport engines that operate 
with a significant share of transient processes of unloading - 
loading, requires a comprehensive analysis of the injection, 
mixture formation, and combustion processes to improve their 
technical and economic performance [1, 2].

The inevitable increase in the maximum combustion pres­
sure with the liter capacity of a diesel engine increasing is the 
main factor limiting the level of boost [3, 4].

The use of the concept of multiphase fuel injection allows 
one to effectively influence the processes of mixture formation 
and combustion and reduce the rate of pressure growth during 
combustion [5, 6]. As a result, this leads to a decrease in the 
rigidity of the combustion process and a reduction in the load 
on the parts of the crank mechanism [7, 8].

The choice of rational values of the number of fuel injec­
tions, injection advance angles, volume of pilot and main dose 
of diesel fuel is a promising area of research to improve the 
technical and economic performance of diesel engines, espe­
cially with the increase in their level of boost [9, 10].

Literature review. Improvements in the design of fuel 
equipment for modern diesel engines allow up to 9 fuel injec­
tions per cycle (Common Rail systems) [11, 12]. At the same 
time, it is possible to reduce the rigidity of the working pro­
cess, reduce the noise and vibration level of the engine, im­
prove its environmental performance (primarily to reduce ex­
haust smoke and nitrogen oxide emissions) while ensuring 
high fuel efficiency [13, 14].

The strategy of multiphase fuel injection implemented by 
the MTU company on its diesel engines is shown in the form 
of graphs in Table 1 [15].

The injection rate determines when and how much fuel is 
injected into the cylinder [15]. In order to reduce emissions and 
fuel consumption, the MTU fuel injection system development 
strategy divides the fuel injection sequence into three distinct 
phases (Table 1). The injection start time, duration and ampli­
tude are determined according to the engine performance map.

The main injection phase supplies fuel to provide engine 
power output. The pre-injection phase initiates pre-combus­
tion to provide controlled fuel combustion during the main 
injection phase. This reduces nitrogen oxide emissions as the 
harsh combustion prevents high peak temperatures and stress­
es on crank components. The next phase, after the main injec­
tion phase, reduces emissions of solid particles. This improves 
the process of mixing fuel and air during the late combustion 
phase to increase the temperature in the combustion chamber, 
which also contributes to soot oxidation [15, 16].

According to the multiphase fuel injection strategy pro­
posed by the authors of works [17, 18], when using two-phase 
injection, there is already a significant effect on changing the 
characteristics of heat generation and the rate of increase in 
combustion pressure (Table 2).

As can be seen from the above results, the implementation 
of the fuel pre-injection strategy can be successfully applied to 
reduce the rate of increase in combustion pressure (Table 2).

The study by the authors of [17, 18] found that the supply 
of a pilot dose of fuel can reduce the rate of increase in com­
bustion pressure by 43 %. When using this strategy, it is neces­
sary to reduce the injection time to ensure identical engine 
power. Double fuel pre-injection is more effective (reducing 
the rate of increase in combustion pressure by up to 61.5 %).

The main disadvantage of Common Rail systems is the 
complexity of the design, high cost of components and the 
presence of an electronic control unit with a significant num­
ber of sensors.

© Afonin V. M., Voronkov O. I., Avramenko A. M., Ptushka A. S., 
Protektor D. O., 2024



ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, № 3	 51

The development and use of modern electromagnetic in­
terference generation systems and other devices can negatively 
affect the performance of electronic control units of internal 
combustion engines [19, 20].

In the case of high-powered diesel engines of special-pur­
pose land transport vehicles, such shortcomings do not allow 
the effective use of Common Rail systems for such engines.

In the case of high-powered diesel engines of special-pur­
pose land transport vehicles, such shortcomings do not allow 
the effective use of Common Rail systems for such engines.

Therefore, for diesel engines of land transport vehicles, it is 
necessary to create multiphase fuel injection systems that are 
resistant to external electromagnetic and detonation effects.

One of the ways to ensure efficient and reliable operation 
of a diesel engine of a land transport vehicle is to use multi­
phase fuel injection systems without electronic control [21]. 
Such systems, despite their shortcomings, make it possible to 
reduce the rigidity of the work process with an increase in the 
level of boost and to operate in extremely difficult (extreme) 
conditions that are typical for land transport vehicles.

Unsolved aspects of the problem. As can be seen from the 
results of the literature review, the development of a strategy 
for multiphase fuel injection using mechanical plunger-type 
fuel pumps and the selection of rational injection process pa­
rameters that will ensure efficient and trouble-free operation 
of the diesel engine in extreme conditions is an extremely im­
portant scientific and practical task.

The purpose of the article. The aim of the study is to select 
the parameters of multiphase fuel injection using mechanical 
plunger-type fuel pumps for engines of land transport vehicles 
and to calculate the influence of fuel injection process param­
eters on the technical and economic performance of a forced 
transport diesel engine.

To achieve this goal, the following tasks were solved in the 
study:

- to conduct a literature review on modern methods for 
reducing the rigidity of the combustion process by improving 
the fuel injection process;

- to select the parameters of the fuel supply process to en­
sure multi-stage fuel injection using mechanical plunger-type 
fuel pumps;

- using calculation methods to evaluate the influence of 
the main factors (number of fuel injections, injection advance 
angles, volume of pilot and main dose of diesel fuel) on the 
parameters of the operating process of a forced diesel engine 
when operating at rated power;

- to evaluate the impact of multiphase fuel injection on the 
technical and economic performance of a diesel engine;

- to develop scientific and practical recommendations for 
the selection of rational fuel supply parameters that will ensure 
efficient and reliable operation of the diesel engine with in­
creasing level of boost.

The objects of study are the processes of injection, mixture 
formation and combustion in the cylinder of 6Ch 15/15 trans­
port engine operating at rated power with Ne = 223 kW at the 
crankshaft speed of n = 2,600 min-1.

The investigated engine has a Hesselman combustion 
chamber with the implementation of a volumetric method of 
mixture formation and a centrally located nozzle; the sprayer 
has 7 nozzle holes.

Description of the research methodology. Brief technical char­
acteristics of the 6Ch 15/15 diesel engine are given in Table 3.

The modeling of ICE work processes in the presented 
work was carried out according to the methodology developed 
at the ICE of KHNADU.

This methodology involves:
- preparation of initial data for mathematical modeling 

(design and operating parameters ICE);
- selection and justification of the model of sprayed fuel 

plume development;
- selection and justification of the model of air charge 

movement in the combustion chamber;
- interaction of the atomized fuel plume with the air charge 

in the combustion chamber;
- interaction of the atomized fuel plume with the combus­

tion chamber wall;
- modeling the process of mixture formation;
- modeling the fuel combustion process.
The basic equations of the mathematical models are given 

below.
The work considers the zonal excess air coefficient, i.e., 

the division of the plume into separate zones during injection.
In this case, the criteria are used to assess the course of the 

mixture formation process aM, aV.
The indicator aM is the ratio of the amount of fuel air used 

for combustion at the analyzed moment of the combustion 
process to the amount of air required for the combustion of 
fuel vapors present at this moment in the CC
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where
GB_C = (xi - xi - 1)Bc ⋅ L0;

GB_N = (si - xi - 1)Bc ⋅ L0.

The indicator aM takes into account the impact of injec­
tion and evaporation processes, the nature of fuel and air flow, 
the impact of the CC wall on evaporation, chemical kinetics, 
heat exchange, etc., and is used to assess the quality of the 
mixture process. The indicator aV is the ratio of the total vol­
ume of fuel flares and their carried away vapors to the volume 
of the CC at each moment of time.

Table 1
The strategy of multiphase fuel injection implemented by MTU

Fuel injection 
sequence Pre-injection Main 

injection
Post

injection

Binding to TDC before TDC after TDC

Table 2
Changes in the characteristics of heat release and the rate of 
increase in combustion pressure at multiphase fuel injection

Parameter
Fuel injection mode

Without pre-injection With pre-injection
Characteristics of 
heat emission

Two peaks (before 
and after TDC)

One peak (near 
TDC)

Change in pressure 
growth rate

0.62 MPa/deg. of c.r. 0.38 MPa/deg. of c.r.

Table 3
Brief technical characteristics of the diesel engine 6Ch 15/15

No. Parameter Units 
change Value

1 Rated power, Ne kW 223

2 Rotation frequency corresponding 
to the rated power mode, n

min-1 2,600

3 Cylinder diameter, D mm 150

4 Piston stroke, S mm 150

5 Degree of compression, ε – 15.8

 6 The order of operation of the 
cylinders

– 1l-1r-2l-2r-3l-3r

7 Working volume l 15.9

8 Overall dimensions (L × W × H) mm 791 × 1,150 × 748
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It is assumed that the trajectory of an equivalent droplet is 
given in the parametric form
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where x(t) is the coordinate of the equivalent droplet along X-axis; 
y(t) is the coordinate of the equivalent droplet along the Y-axis; 
z(t) is the coordinate of the equivalent droplet along the Z-axis.

The notation of vectors in the fuel plume is shown in Fig. 1.
For the arc of length , shown in Fig. 4, we can write

0

( ) ( ) ;
t

t r t dt= ∫

2 2( ) [ ( )] [ ( )] [ ( )].r t x t y t z t′ ′ ′= + +

Accordingly
( ) ( ) tg .t tr = ⋅ α

Then the equation of the surface of the torch can be de­
scribed by

( ) ( ) ( )( cos sin ); 0 2 ,R t r t t n= + r y + b y ≤ y ≤ p

where a is the half angle at the top of the fuel flare; y is the 
angle of change of the vector ( )tr  in the normal plane; n  is 
the normal vector; β is the binormal vector; R(t) is the vector 
describing the surface of the fuel flare.

The normal and binormal vectors for each section under 
consideration are located in a plane perpendicular to the tan­
gent drawn to the arc  and serve to orient the vector ρ(t).

The combustion process (due to the very short duration of 
fuel combustion in a diesel engine) was described by the fol­
lowing relationship
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The force of gas pressure on the piston was calculated ac­

cording to the following relationship, kN

Pg = (pc - p0) ⋅ Fp ⋅ 103,

where рc is the current pressure in the cylinder; р0 is the atmo­
spheric pressure; Fp is the piston area.

Presentation of the main material and scientific results. In 
the presented work, taking into account the design features of 
the fuel equipment of the 6Ch 15/15 diesel engine, the possibil­

ity of implementing multiphase injection in the following form 
(supply of a pilot dose of fuel and the base dose) was consid­
ered. A series of comparative calculations (18 variants) was car­
ried out for different volumes of the pilot and main fuel doses, 
injection advance angles, and injection durations (Table 4).

The best results were obtained for the calculation variant 
when the pilot dose (20 % of the main dose) is supplied at 20 
degrees of c.r. to TDC, and the duration of the main dose is 
(15 degrees of c.r., of them – 10 degrees of c.r. – after TDC).

The results of the comparative computational study to de­
termine the effect of multiphase fuel injection on the technical 
and economic performance of the 6Ch 15/15 diesel engine are 
as follows.

The change in pressure in the engine cylinder for the standard 
and upgraded (multiphase injection) variants is shown in Fig. 2.

As can be seen from the results shown in Fig. 2 for the de­
sign variant without fuel pre-injection (Fig. 2, a), the maxi­
mum combustion pressure reaches 7.99 MPa, at angle 4 de­
grees of c.r. – after TDC. For the variant with a pilot fuel dose 
(Fig. 2, b), a decrease in the maximum combustion pressure to 
6.68 MPa at angle 7 degrees of c.r. – after TDC, which indi­
cates a decrease in the rigidity of the combustion process.

The change in the average cylinder temperature for the 
standard and upgraded variants is shown in Fig. 3.

As can be seen from the results shown in Fig. 3 for the de­
sign variant without preliminary fuel injection (Fig. 3, a), the 
maximum cycle temperature reaches 1,790 K, at an angle of 
27 degrees of c.r. – after TDC. For the variant with a pilot fuel 
dose (Fig. 3, b), a decrease in the maximum temperature to 
1,743 К at angle 20 degrees of c.r. – after TDC, which indi­
cates a decrease in the rigidity of the combustion process.

The change in the rate of heat release in the engine cylin­
der for the standard and upgraded variants is shown in Fig. 4.

As can be seen from the results shown in Fig. 4 for the de­
sign variant without preliminary fuel injection (Fig. 4, a), the 
heat release rate reaches values of 0.0455 1/deg. At the same 
time, the bulk of the heat is released to the TDC. For the vari­
ant with the pilot fuel dose (Fig. 4, b), a change in the nature 
of the heat release rate is observed (the maximum heat release 
rate decreases and approaches the TDC), which also indicates 
a decrease in the rigidity of the combustion process.

The results of the comparative computational study are 
summarized in Table 5.

As can be seen from the results shown in Table 5, the use of 
multiphase fuel injection allows one, almost without reducing 
the effective power, to improve the operating conditions of a 
forced diesel engine.

The upgraded version shows an increase in specific effec­
tive fuel consumption by 1.5 % and, accordingly, a decrease in 
effective efficiency by 1.5 %.

Fig. 1. Designation of vectors in a fuel plume

Table 4
Main parameters of the fuel injection process

No.
Volume of 
the pilot 
dose, %

The angle of 
advance of the pilot 

dose injection,
deg. of c.r. to TDC

The angle of advance of 
the main dose injection,

deg. of c.r. to TDC

1 20 50 27

2 15 45 23

3 10 40 23

….. ….. ….. …..

15 20 20 23

16 20 20 11

17 20 20 7

18* 20 20 5

* the best calculated variant.
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Fig. 2. Changes in engine cylinder pressure for the standard (a) and upgraded (b) versions

a b

Fig. 3. Changes in the average temperature in the engine cylinder for the standard (a) and upgraded (b) variants

a b

Fig. 4. Changes in the rate of heat generation in the engine cylinder for the standard (a) and upgraded (b) variants

a b

This is due to the peculiarities of the processes of mixture 
formation and combustion when using multiphase fuel injec­
tion. These effects can be compensated for by increasing the 
pilot fuel injection rate (the fuel system needs to be upgraded), 
optimizing the mixture and combustion processes, and reduc­
ing heat loss to the combustion chamber walls.

The upgraded version has a 16.3 % reduction in maximum 
combustion pressure, which is explained by the peculiarities 

of the main fuel injection (injection continues after the top 
dead center (TDC) with a pull 10 degrees of c.r. At the same 
time, there is also an increase in the angle of maximum pres­
sure from 4 to 7 degrees of c.r. – after TDC.

This reduction in the maximum combustion pressure and 
increase in the maximum pressure angle has a positive effect 
on reducing the load on the crank mechanism parts (primarily 
on the crankshaft bearings).
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As a result, the use of a multiphase fuel injection strategy for 
the upgraded version has reduced the rate of increase in com­
bustion pressure by almost 1.8 times and reduced the maximum 
force from the action of gas pressure on the piston by 16.3 %.

This makes it possible to further obtain reserves to increase 
the boost level of the 6Ch 15/15 engine and improve its perfor­
mance.

Conclusions. The aim of the work has been achieved. The 
effect of multiphase fuel injection using mechanical plunger-
type fuel pumps for engines of land transport vehicles was in­
vestigated and the influence of fuel injection process parame­
ters on the technical and economic performance of a forced 
transport diesel engine was calculated.

A literature review on modern methods for reducing the ri­
gidity of the combustion process by applying a multiphase fuel 
injection strategy, which is expected to have a significant effect 
on changing the characteristics of heat generation and the rate 
of increase in combustion pressure, has been carried out.

On the basis of the review, the characteristics and limits of 
rational parameters of the fuel supply process for the imple­
mentation of multistage fuel injection using mechanical 
plunger-type fuel pumps are selected.

The study, with the help of the used computational model 
at operation at rated power, established:

- the influence of the number of fuel injections (for me­
chanical plunger-type fuel pumps, it is advisable to use two 
injections);

- when studying the injection advance angles of the pilot 
dose in the range from 25 to 70 degrees of c.r. – to TDC – the 
best results were obtained for the design variant with an injec­
tion advance angle of 20 degrees of c.r. – to TDC;

- the effect of the volume of the pilot fuel dose on the pa­
rameters of the working process of a forced diesel engine when 
operating at rated power (variants from 5 to 30 % of the main 
dose were studied – it is advisable to use a pilot dose of 20 %).

The influence of multiphase fuel injection on the technical 
and economic performance of a diesel engine has been evalu­
ated (according to the results obtained for the best design vari­
ant, it was possible to reduce the rate of increase in combus­
tion pressure by almost 1.8 times with a slight deterioration in 
fuel efficiency (within 1.5 %).

According to the results of the comparative computational 
study, to ensure the efficient operation of a forced diesel engine 
of type 6Ch 15/15 with an increase in the level of boost, it is 
recommended to use multistage fuel injection with a pilot dose 
within 20 % of the main dose and an injection advance angle 
of – 20 degrees of c.r. – to TDC.

It is also necessary to improve the design of cylinder-piston 
group parts to ensure efficient operation ICE with an increase 

in the level of boost [22, 23] and to develop new approaches to 
the analysis of complex heat and mass transfer processes in 
power equipment using modern numerical methods [24].

In the further work, the authors plan to conduct a com­
parative experimental study on a test bench with the 6Ch 15/15 
engine to verify the approach proposed in this paper and im­
prove the fuel supply process of the investigated engine with an 
increase in the level of boost.
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Мета. Вибір параметрів багатофазного впорскування 
палива з використанням механічних паливних насосів 
плунжерного типу для двигунів наземних транспортних 
машин і розрахункова оцінка впливу параметрів процесу 
впорскування палива на техніко-економічні показники 
форсованого транспортного дизельного двигуна.

Методика. Наукове дослідження засноване на вико­
ристанні методів порівняльного чисельного експеримен­
ту. Сучасні чисельні методи використовуються для моде­
лювання процесу впорскування дизельного палива, про­
цесів сумішоутворення та згоряння, з оцінкою наванта­
ження на деталі кривошипно-шатунного механізму від 
сил тиску газів.

Результати. Установлено, що при використанні бага­
тофазного впорскування палива у дизельному двигуні 
типу 6Ч 15/15 вдається зменшити швидкість зростання 
тиску при згорянні майже у 1,8 рази та знизити макси­
мальне зусилля від дії тику газів на поршень на 16,3 %. 
У подальшому це дає змогу створити резерви для збіль­
шення рівня форсування двигуна та поліпшити його екс­
плуатаційні показники.

Наукова новизна. Дослідження дозволило вивчити 
вплив багатофазного впорскування палива на жор­
сткість процесу згоряння й техніко-економічні показни­
ки високо форсованого дизельного двигуна. Отримані 
результати дозволили сформувати рекомендації з вибору 
стратегії багатофазного впорскування палива (кількість 
упорскувань, їх тривалість і обсяг палива за кожне упор­
скування).

Практична значимість. Зміна умов сумішоутворення 
та згоряння дозволила знизити жорсткість робочого про­
цесу високо форсованого дизельного двигуна, зменшити 
навантаження на деталі кривошипно-шатунного меха­
нізму від сил тиску газів і поліпшити експлуатаційні по­
казників ДВЗ.

Ключові слова: дизельний двигун, упорскування палива, 
циклова подача, швидкість зростання тиску при згорянні, 
робочий процес
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