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Oxpecneni K0406i HANPAMKU PO3BUMKY MA 600CKO-
HAleHH NAAUHOT cucmemu 0 0BUZYHIE GHYMPIUHBLO-
20 320paHHA 13 3ANANEHHAM 610 CIMUCKY NATUBONOBIMPAHOL
cymiwmi. /losedena neobxionicmo 6cebinno20 enposaodicen-
HSL eJIeKMPOMEXAHIMHUX NPUHUUNIE KePYBAHHS NPOUECOM
naaueonooda4i y 6i0nosionocmi 00 eapiamueHux ymoe exc-
nayamauii ousenie. Buceimaena axmyanvhicmv nooanv-
w020 600CKOHATIEHHA MA MOOepHizauii 2i0pomexaniunux
NATUBHUX cucmeM HA (POHI NOCMIUHO 3POCMaro1ozo tHmep-
ecy do eaexmpoxeposanux ananozie. Hageoeno nepenix ne
BUKOPUCMAHUX NOMEHUTUHUX MONCIUBOCMET 2i0pOMeXati-
HOi nanuenoi anapamypu 0 NOKPAwEHHS YMO8 npomi-
KaHHA npoyecy nooa4i naauea. 3anponoHosano eiexmpo-
Mexanitnuil 3acié oas inmencudixauii nanusonooaui, w0
6MOHMOBYEMBCA 00 NANUCOHAZHIMANBLHO20 MPYOONPO60OY
ma eudo3minioe Pazo-amnimyony xapaKxmepucmury xeu-
5068020 NPOUECY PO3NOECHOHCEHHA 00UHOUHO20 IMNYTb-
Ccy nodauwi Midc NATUEHUM HACOCOM GUCOK020 MUCKY Mma
2idpomexaniunoro popcynioro. Buceimaeno ocrnoeni acnex-
mu MemoouKu YymouHeHHs po3paxyrrKoeoi Mooeni naiueHoi
cucmemu de3nocepednvoi 0ii po3nodisbHo20 Muny 3 HOBUM
3acobom inmencudpicauii nodaui naauea. 3anpononoearo
posensdamu npoyec naaueonooadi 8 dexiibka emanie 3 6pa-
XYBAHHAM 0COOUBOCMEU PYHKUIOHYBAHHA OKPEMO 6351-
M020 2i0pasiuH020 6Y31a NANUSHOT CUCTIEMU, BKIIOUAIOUU
s3anpononosanuil 3acio inmencudixauii. ITpusedeni cucme-
Mu JuepenyianvHux ma AHATIMUMHUX PIBHAHL, WO 00360-
JA0Mb NPOGOOUMU MameMaAmuuHe MOOeTN08AHH NPouecy
PO3N0BCIOONHCEHHS MA 83AEMOBNIUBY XEUTIb MUCKY 6 NATIUGO-
HaznimanvHomy mpaxmi. Ompumani cucmemu 00360a210Mb
OMPUMYBAMU XAPAKMEPUCIUKY 3MIHU 210PABTITUHO20 MUCKY
6 pisHuUX nanueHux 00’emax, KiHeMamuxu pyxy 3anipHux
esleMenmie HACOCY GUCOK020 MUCKY ma POpCyHKU, mouio.

Y x00i nopisuanvnux docaioxcenv, wo 6yau nposedeni Ha
0CHOB1L ChopMOo8anoi po3paxynroeoi modeni, npouecy naau-
6onoodayi 013 wmamnoi ma 600CKOHANEHOT NANUBHOT cucme-
Mu myp60ousens Oyau 6uUsAAEHO 3HAYMHE NOKPAUEHHS AKOC-
mi 6nopcKyeanns 3a 3HAYHOINO KINbKICMI0 NOKA3HUKie. 3a
pe3yaomamamu po3paxyHKie npocaioKosyemvcs HAA6HICMb
cmpimKonodibnozo xapaxkmepy 3pocmaHHs ma CRAOAHHS
MUCKY 6NOPCKYBAHHS HA NOYAMKOGIU Ma 3a8epulaivHill pasi
npouecy nodaui naausa 00 yuUNinopie ouzeas. Biomiueno, wo
weuoxicmo 3minu mucky modxce docseamu 170 Mlla/2pao,
MaxcumanbHuil ma cepeoniil muck 6nopPCKeanis 3pocmae 00
75 MIla ma 30...40 MlIla gionosiono. Pospaxynxosi docin-
0JCeHHT NPOBOOUNUCH 13 3ATYUEHHAM HUCETLHO20 MEMO-
0y inmeepyeanns — inmepnonauiinozo memooy Adamca,
eubip AK020 00YMO6IEHO NOMPEHOI0 OMPUMAHHA CMIKUX
plumenv npu eupiwenni copmosanux cucmem ougepen-
UIAHUX PIBHAND, WO BIOHOCAMBCA 00 KAME2OPii HCOPCMKUX

Kmouosi caosa: pospaxynxosa moodens, inmencudixa-
uis naaueonooayi, NAIUEHUL HACOC, eNeKMPOMexXaHiuHul
3acio, xeuni mucky

u =,

1. Introduction

The key and prerogative tendency in the development
of automotive transport industry is the constantly-growing
requirements to the level of emissions of toxic substances in
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exhaust gases of vehicles equipped with internal combustion
engines. This fact outlines and determines the direction of
the development and improvement of the key systems of
power plants that have direct or indirect influence on the
environmental friendliness of a plant. In addition, it remains




a relevant problem to improve the indicators of the fuel
saving component of operation of vehicles, which in recent
years is acquiring an acute character amid a growing rate of
rising costs of petrol fuel. An additional motivating factor in
the need to enhance the profitability is the rapid develop-
ment and spreading the vehicles with the electromechanical
drive that are more economical in their operation.

These fuel-saving and environmental aspects of the de-
velopment of modern engine design, in particular regarding
creation of power plants with the ignition of operating mix-
ture from compression are manifested in the development
of integrated scientific and technical approaches to the
improvement of the supply system. The main directions to
improvement include the intensification of the fuel supply
process, increasing flexibility of control and improvement of
adaptivity to various conditions of operation of the internal
combustion engine in different speed-load modes, etc. In this
case, the practical opportunity to implement the necessary
performance characteristic of fuel systems is realized using
electromechanical executing devices and microcontroller
devices for monitoring, control and multifactor management
of the fuel supply processes.

At the same time, the traditional fuel system with hydro-
mechanical control, despite the existing shortcomings, still
takes a considerable share in the total volume of power sup-
ply systems mounted on the internal combustion engine of
a large numbers of vehicles. They are especially spread in the
power plants of the older generation and are actively ope-
rated in national equipment. According to their functional
characteristics and the degree of flexibility of control, these
systems are significantly inferior to their electromechanical
counterparts, but potentially they still have some reserve for
their development, which will extend the operation time and
improve the performance of internal combustion engines.

Therefore, it is a relevant problem to improve the exis-
ting hydromechanical power supply systems with realization
of the potential for improvement in the fuel supply process,
with the purpose of increasing the competition in comparison
to electromechanical equivalents.

2. Literature review and problem statement

As noted in paper [1], one of the traditional directions
of modernization of hydromechanical fuel systems of direct
action is the intensification of fuel supply, which is achieved
by the optimization of characteristics of the fuel pump drive.
Thus, in paper [2], the design of the hypocycloid drive, which
gives significant improvement of kinematic parameters of
the pumping plunger in comparison with the traditional cam
drive, is proposed. A similar approach is outlined in paper [3],
where, in order to increase pressure in the fuel supply system,
it is proposed to increase the rate mode of the fuel pump opera-
tion. But the main problem in the implementation of these and
similar ideas is raising the level of wear of contact elements, the
emergence of critical contacts and dynamic stresses, etc. This
leads to making the design more expensive and increasing the
weight and dimensional parameters of the fuel system.

Another option to improve the fuel supply parameters is
the modernization of the hydro-mechanical nozzles. One of
the variants of this modernization is presented in study [4],
where the structural change of the outlet nozzles of the
sprayer positively influences the improvement of the maxi-
mum and medium injection pressure. The variant, described

in paper [5], is similar to this approach. According to this
work, it was found that the change in the ratio of the dia-
meters of the inlet and outlet sections of the sprayer nozzles
makes it possible to adjust the depth of penetration of a fuel
jet to the combustion chamber volume and to improve the
fuel distribution in it. The alternative variant of the moderni-
zation of the fuel injection node is presented in papers [6—8],
in which it is proposed to use the double-spring injector with
the differential piston in order to intensify and implement the
multi-stage injection. But the presented methods for the im-
provement of the conditions of fuel supply involve significant
structural variations for fuel-injection means.

The fundamental solution to the task on improving
the fuel supply conditions is to use a fuel system of direct
action with electromechanical nozzles, which are the focus
of quite a large number of papers and publications [9-12].
But re-equipment of the existing vehicles that apply the
separated fuel system is an expensive measure and requires
coordination with other systems of power plants.

There is another variant of solving the problem of the
fuel supply intensification that is implemented without any
significant structural changes to the fuel system and signi-
ficant capital investment. It is the use of technical means,
which influence the wave processes in the discharge fuel line
and improve the fuel supply process without introducing the
changes in the structure of nozzles and the fuel pump. Ac-
cording to paper [13], this technique to improve fuel supply
is almost the only effective step of improvement of the fuel
systems of separate type.

These technical devices represent the hydraulic node
with the internal fuel volume with one or more plunger ele-
ments that cause a mechanical movement under the influence
of a variety of force efforts. These devices are mounted in the
fuel discharge line between the fuel pump and the nozzle.
They include the technical means of fuel supply adjustment
that are diverse in their execution [13—18]: dampers, com-
pensators, resonators, modulators, and others. The evident
option of these devices is the modulator of pressure pulses,
introduced and studied in [13].

As a rule, the outlined technical means are used to obtain
a positive effect in a certain speed-load mode of engine ope-
ration, which somewhat lessens its use in other modes. That
is why there occurs a need for the development of similar
means of the fuel-supply intensification, but with the adap-
tive principle of their control under a wide range of engine
operation modes.

3. The aim and objectives of the study

The aim of this research is to refine an estimation model
of the fuel supply process of the fuel system of direct action
using the new electromechanical device to intensify fuel
supply. Achievement of this aim will make it possible to form
an idea about the degree of an essential change in qualitative
indicators of the fuel supply process, in particular, the ma-
ximum and medium injection pressure and duration of the
specified hydrodynamic process.

To accomplish the aim, the following tasks have been set:

— to provide the technical description of the new electro-
mechanical means for fuel supply intensification for the tra-
ditional hydromechanical fuel systems;

— to present the hydraulic circuit of the fuel system with
a new means of the fuel supply intensification;



— to display the nuances of operation of the fuel system
with the proposed electromechanical node and the influence
of the latter on the formation of the process of fuel supply
to the cylinders of the diesel engine by the refinement of
the calculation model of separate hydraulic fuel supply
systems;

—to conduct a comparative calculation study of the
process of fuel injection to the cylinders of the diesel engine
for the standard and improved versions of the separate fuel
system of the diesel engine with the comparison of the key
hydrodynamic indicators and characteristics.

4. Technical description of the electromechanical
device for fuel supply intensification and representation
of the hydraulic circuit of the fuel system with the new
electro-controlled hydraulic node

The developed electromechanical device [19, 20] for the
fuel supply intensification is an alternative option of the
known modulator of pressure pulses [13].

By analogy to the modulator of pressure pulses, the elec-
tromechanical device (hereinafter, hydraulic corrector) is
a part of the fuel discharge tract and is located between the
high-pressure fuel pump and the hydromechanical nozzle.
Hydraulic circuit of the fuel system with the hydraulic
corrector is shown in Fig. 1, a. By its design implementa-
tion, the hydraulic corrector is a cylindrical rod (Fig. 1, b)
with a ring groove in its middle part, to which the inlet
and the outlet fuel ducts are connected, which, according-
ly, join the hydraulic corrector with the fuel pimp and the
injector.

In this case, in one of its extreme positions, the cylindri-
cal part of the rod shuts off the outlet duct, at the same time
leaving the inlet duct open. When moving the rod to the
other extreme position, both ducts are open and joined with
the ring groove of the rod, thus ensuring uninterrupted
flowing of fuel streams from one duct to another. Transition
of the rod from one position to another is carried out by
electromagnetic force generated by the electric magnet, the
anchor of which is the specified rod.

The main difference of the improved fuel system in com-
parison with its serial option is the existence in the discharge
fuel line of the additional fuel volume, which affects the fuel
supply process throughout its course, especially in the initial
phase. Taking into consideration the impact of this volume
on the fuel supply process, this process can be separately
considered in the two ducts of the discharge fuel line. In this
case, the hydraulic corrector with the variable flow cross
section of the outlet duct acts as the separation boundary and
the additional fuel volume of the ring groove of the rod. The
magnitude of the additional fuel volume affects not only the
magnitude of supply pulse and the character of the fuel flow
motion in both ducts, but also determines the character of
a change in pressure in the volume of the nozzle.

Thus, when carrying out mathematical modeling of the
motion of supply pulse from the fuel pump to the nozzle,
there occurs the need to describe mathematically the pulse
propagation in ducts of the discharge fuel line. In this case, it
is necessary to take into consideration the effect on the pulse
of fuel supply of the fuel volume of the hydraulic corrector.

To simulate the motion of the supply pulse along the
discharge tract, we chose the hydrodynamic model, which
considered the process of fuel supply as the pulse that occurs
in the inlet section of the high-pressure fuel pump and is sent
along the fuel line at sonic speed to the hydraulic nozzle. In
the nozzle, the jump-like transition from the flow section of
the discharge pipeline to the sprayer holes inhibits the fuel
motion and increases its pressure, which leads to emergence
of hydraulic impact. This makes it possible to describe the fuel
motion in the fuel discharge line by equations from the theory
of a hydraulic impact, which take the following form [21]:
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where ¢ is the rate of fuel motion towards the nozzle; p is
the fuel pressure; p is the fuel density; a is the local rate of
pressure wave propagation; x is the coordinate by the length
of pipe line; ¢ is the time.
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Fig. 1. Hydraulic scheme of fuel system of the diesel engine: a — relations between key hydraulic nodes of the system;
b — internal structure of the electromechanical device of fuel supply intensification



In the general case at a hydraulic impact, for complex
boundary conditions and a single supply pulse, it is appro-
priate to represent a solution to the system of equations (1)
in the form of algebraic equations by d’Alembert:

p—przF(t—i)—W(t+£);
a a
1 X X
c—c,=—|Flt——|+W|t+—|]|,
ap a a

where p, ¢ are the pressure and rate of fuel flow in the line;
P, ¢y are the residual pressure and rate of fuel flow in the line
at the beginning of the new injection process.

(2)

Functions F (t—f) and W(t+£) model the motion
a a

of the direct and return pressure wave along the line, Return

pressure waves propagate in the direction that is opposite

to the main supply pulse and occur as a result of an abrupt

change of the effective flow area.

5. Refinement of the estimation model
of the separated hydraulic fuel supply system with
the new electromechanical device of fuel injection
intensification

Consider the flow of the process of pressure waves propa-
gations in above areas of the discharge fuel line, according to
the hydraulic circuit, as shown in Fig. 1, a.

Thus, with a gradual shut-off of the suction sleeve
window by the end edge of the plunger, the pressure in the
over-plunger volume increases with the discharge valve get-
ting off from the seat. The motion of the valve provokes an
increase in pressure in the fitting cavity (ps) and the emer-
gence of unsteady fuel motion in the inlet section of the first
duct of the fuel line, which causes the formation of the direct
pressure wave F;. The formed wave F; propagates at local
sonic speed a along the first duct and over a period of time
reaches the internal volume of the hydraulic corrector.

As a result of a sudden expansion of the volume of the
discharge line in the hydraulic corrector, which is a local
hydraulic resistance to the fuel flow, return wave Wy, direc-
ted opposite the main wave Fj, occurs in the first duct:

Ll
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Prior to the arrival of return wave Wi, the magnitude of
pressure in direct wave F; will be determined from the known
expression:

F=p,-p, (4)

where p, is the residual pressure in the line; py. is the pressure
in the fitting cavity.

In this case, the rate of fuel arrival ¢; to the fuel pipeline
in the inlet section of the first duct, taking into consideration
the system of equations (2), is determined from:

G=—"" (©))

Wave Wi, returning to the inlet section of fuel line, is
a wave of compression, which makes the fuel from the fuel
line come back to the fitting cavity, thereby reducing the rate
of fuel flow in the main direction.

Taking into consideration system (2), the rate of fuel flow
¢q can be found from expression:

c1=1(1i(t)-W1(t—L1)} ®)
ap a

where Ly is the length of the first duct.

A decrease in the rate of the fuel flow motion in the inlet
section of the first duct on the background of an increase in
the volume fuel supply from the over-plunger volume leads to
increased pressure in the space of the fitting:

pﬁ.(r)=E(t)+m(t—%)+p,. Q)

Besides, return wave W; prevents the growth of the
amplitude of pressure of direct wave Fj.

In the fuel volume of the hydraulic corrector at the closed
fuel flow duct, direct wave F; causes an increase in hydraulic
pressure, the rate of an increase of which depends on the
amplitude of the direct wave. Pressure in the inlet section
of the hydraulic corrector can be determined from formula:

pu 0= (=2 e w o)+, ®)

The character of formation of direct F; and return
wave Wj at the inlet section of the volume of the hydraulic
corrector remains constant until the rod of the hydraulic cor-
rector starts moving and opening the flow duct. After the be-
ginning of lifting the rod of the hydraulic corrector, the area
of the flow duct gradually begins to increase. This leads to
intense excitation of the fuel flow by the hydraulic corrector
and the formation in its outlet section of the direct pressure
wave Fy, the amplitude of which can be found from formula:

F,=py.—p, 9)

Direct wave F», moving along the second duct of the
length of Ly is directed to the fuel volume of the hydro-con-
trolled nozzle, causing an increase in pressure in it.

At the same time, due to a sudden transition from the
section of the fuel ducts of the hydraulic corrector to the
closed holes of the sprayer, there occurs return wave W, that
propagates towards the hydraulic corrector.

In this case, the fuel rate ¢;,j in the section near the nozzle
and the change of pressure in the return wave W, can be de-
termined from the following equations:
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where p;,; is the pressure in the volume of the injector.

Wave Wy moves to the volume of the hydraulic corrector
and affects the law of change of hydraulic pressure, the rate of
the fuel flow out of this volume and nature of the formation
of direct wave F. All changes of the listed parameters can be
calculated by using the system of equations:

(10)
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where ¢y, is the rate of fuel flow at the outlet from the
hydraulic corrector.

It should be noted that the area of the fuel flow duct of
the hydraulic corrector is not always constant, but is in the
functional dependence on the coordinates of the linear mo-
tion of the rod of the hydraulic corrector.

The fuel flow area of the fuel duct can be determined by
a geometric figure (a circle segment), formed by the circle
section of the flow duct and the boundary line of the ring
groove of the rod:

r? )
o= E~(0L—51noc),

(12)

where 7 is the radius of the flow duct; o is the central angle
of the circle segment, rad.
Angle o is determined from expression:

o h
cos—=1——,
2 r

(13)
where £ is the current height of the lift of a hydraulic cor-
rector rod.

Typically, the current value of the height of lifting the
hydraulic corrector rod is determined from the joint solution
of the dynamics of electromagnet work and the calculation of
its magnetic chain [22]. To avoid complex mathematical repre-
sentations regarding providing functional dependence Ay,.= /()
in the analytical form and to facilitate the theoretical research,
this dependence can be determined experimentally and repre-
sented in the form of polynomial dependence of n-th degree:

k
h=a,+Y a,-t". (14)
n=1

The nature of a pressure change in the fitting of the
pump py, in the volume of hydraulic corrector p;. and in the
volume of the nozzle pj,; is determined from the equations of
boundary conditions, formed for these fuel volumes of the
fuel supply system.

Equations of boundary conditions combine equations of
fuel balance in a certain section of the discharge pipeline and
equations of motion of shut-off parts of the fuel system. In
connection with the closing and opening of the suction and cut-
off windows, the motion of the discharge valve and the nozzle
sprayer needle, the boundary conditions are not constant, so
there is a need to divide the fuel supply process into several
stages. The number of these stages depends on the design of
the system and the ratio between its elements. In this case, the
principle of making the equations of boundary conditions for all
the stages is the same. Only the number of components in each
of the formed equations and the number of equations change.

It is common to consider the fuel supply process separate-
ly for the fuel pump and the hydro-controlled nozzle [21].
Thus, the fuel supply process for the studied fuel supply can
be divided into the following stages:

— stage 1 — from the beginning of the plunger motion to
the beginning of the motion of the discharge valve;

— stage 2 — from the beginning of the motion of the dis-
charge valve to complete shut-off of the suction windows;

— stage 3 — from the beginning of the opening of the cut-
off window to the moment of setting the discharge valve on
the seat;

—stage 4 — from the moment of setting the discharge
valve on the seat to the moment of closing the return valve;

— stage 5 — from the moment of setting the return valve
to the initial position to the full stop of the fuel motion in the
pump tract.

The process in the nozzle is characterized by the fol-
lowing steps:

— from the beginning of the motion of the sprayer needle
to the moment of reaching the maximum height of the lift;

— from the moment of reaching the maximum height of
the lift by the needle to the beginning of its setting;

— from the beginning of the motion of the needle in the re-
turn direction to the moment of its setting on the shut-off cone.

The fuel volume of the hydraulic corrector is characte-
rized by the following two stages. The first stage takes place
in the period when the flow duct, in which there is accumu-
lation of the fuel flow, is closed. In turn, the second stage lasts
from the moment of joining the volume with the flow duct of
the hydraulic corrector up to the moment of the cessation of
motion of pressure waves in the fuel pipeline.

When constructing the boundary conditions for each of
the listed stages of the structural elements of the fuel system
and the fuel supply process in general, the following simplifi-
cations are allowed:

1. The discharge and return valve and the nozzle needle
move with the uniform acceleration.

2. Fuel pressure in the volume of the fitting and in the
inlet section of the discharge pipeline are identical.

3. The pressure in the inlet section of the discharge pipe-
line and in the volume of the nozzle are equal.

4. The pressure in the inlet and outlet section of the hy-
draulic corrector is equal to the pressure in its fuel volume.

5. Instantaneous values of the rate of non-constant fuel
motion are determined from formulas of constant motion.

6. Fuel throttling at the fuel arrival from the over-
plunger volume to the cavity of the fuel nozzle, as well as
throttling in the shut-off and suction widows, are taken into
consideration by special coefficients of consumption.

7. The influence of the chamber volume before the nozzle
holes of the sprayer on the injection process is not taken into
consideration.

8. The force of friction between the shut-off needle and
the body of the nozzle sprayer is not considered due to its
insignificance compared to other power components of the
equation of dynamic equilibrium.

9. As a result of relatively small excess pressure of injec-
tion for the studied fuel supply system, fuel losses through
the gaps in the connection of the plunger-sleeve and needle-
sprayer are not taken into account when constructing the
equations of the fuel balance for the calculation sections of
the discharge pipeline.

10. Based on the condition of small injection pressure,
volume deformation of pipelines, fittings and the sleeve of
the discharge plunger is not taken into account. For this
same reason, elasticity of the cam shaft of the fuel pump is not
taken into account either.

To avoid giving the description of boundary conditions
for each fuel supply stage, we will make the following equa-
tions of boundary conditions, which would contain the



maximum number of functional components that describe
one or another stage of the process of fuel supply for the
fuel pump. To implement the possibility of applying these
equations to describe each of the stages, we will introduce
to the composition the special step functions o; where
i=1,..5, in accordance with the recommendations given in
papers [21, 23]. These functions take only two fixed nu-
merical values of zero and unity, depending on the logical
conditions imposed on them, and thereby establish the type
and the number of key equations for each stage of calculation.

The generalizing system of equations of boundary con-
ditions of the fuel supply process of the fuel pump and the
inlet section I-I of the discharge pipeline will take the fol-
lowing form:
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where V,, Ve are the volume of the pump chamber and the fit-
ting of the fuel pumps; /)y, fi, fec» for fro» /72 are the corresponding
areas of the section of the plunger, suction of cut-off windows,
discharge and return valves and flow duct around shut-off
valves; W Hee My are the coefficients of fuel consumption
through the suction and cut-off windows, shut-off valves;
Ppor Diss Peo Pfe are the pressure in the over-plunger volume, the
low-pressure system, cut-off cavity and the fitting; c,, ¢; are
the rates of motion of the plunger and the fuel flow in the in-
let section of the pipeline; Ay, %o, By, Bypo are the current and
the initial height of lifting of the discharge and return valves;
M,, M, are the total weight of the parts that move along with
the discharge and return valves; §,, 8,, are the coefficients of
rigidity of the spring of the discharge and return valves.

Let us give a brief description of the functional com-
ponents of the equations, included in the system of equa-
tions (15). The first term of the first equation characterizes
the amount of fuel that remains in the compression chamber.
The second one determines the volumetric rate of pumping
fuel by the pump plunger. The third and fourth ones express
the volumetric rate of fuel flowing through the suction and
cut-off windows. The fifth is the volumetric rate of fuel
flowing from the over-plunger volume into the volume of the
fitting through the flow duct near the return valve. The sixth
provides the numerical feature of the rate of filling with fuel
the volume, which is released after lifting the discharge valve.
The seventh determines the amount of fuel that is pumped to
the over-plunger space by the return valve during its motion

under the influence of the return pressure wave, generated at
the nozzle. Thus, the first equation describes the volume ba-
lance of fuel balance between the amount the plunger pumped
during its motion and what this amount of fuel was spent for.

The second equation of system (15) is both the equation
of fuel balance for the pump fitting and for the inlet section
of the pipeline. The first term of this equation determines the
amount of fuel that remains compressed in the volume of the
fitting. The second determines the amount of fuel that ar-
rived at the volume of the fitting through the flow section of
the return valve. The third describes the amount of fuel that
is pumped by the discharge valve in the fitter during its mo-
tion during fuel supply. The fourth reflects the volume rate
of filling the volume, emptied by the return valve during its
motion under the influence of the return pressure wave after
stopping the fuel supply and setting the discharging valve on
the seat. The fifth describes the amount of fuel that entered
the discharge pipeline.

The last two equations of the system (15) characterize
the dynamic balance, respectively, of the discharge and
return valve. The first component of these equations de-
termines the force of inertia of the weight of the valve and
accompanying parts that move with them. The second com-
ponent determines the resulting force of hydraulic pressure
that influences the valves from the discharge chamber and
the fitting of the fuel pump. The third component takes into
consideration the elasticity of springs on the valves.

It should be noted that the flow sections the suction and
cut-off windows during the flow of the discharge plunger
change their area and can be determined from the expres-
sion [21]:

— the area of suction windows:

fi=i % (27— 2y +sin2), (16)
— the area of cut-off windows:
f.=i % (2 —sin2y), A7)

where r are the radii of the suction and cut-off windows;
iis the number of windows:
Angle y is determined from expression:

h_hb(‘
cosy=1-—"==%, (18)
r

where A, hye, are the current height of lifting the discharge
plunger and the height of the plunger, at which the edge
of the plunger begins to shut-off the suction or to open the
shut-off windows.

The current volume of the discharge chamber and the
fitting is determined from the following expressions:

h,)+/,-h,, (19)

(20)

V.=V +/ -(h;:” -

V.=V~ 1, h,
where V), is the total volume of the discharge chamber at
the position of the plunger in the upper dead point and the
volumes of fuel ducts of the fuel section, along which fuel
flows from the over-plunger volume to the fitting; V. is the
volume of the pump fitting at the fixed discharge valve.



The boundary conditions with the step functions in the
nozzle of the closed type and the inlet section of the TI-IT dis-
charge pipeline are determined from the following system of
equations [21]:

. i
/AN
a mny dt
2 ’
=/ €= '(“f)mj\/;’\/pinj ~P: =67 " Jua Cua> (21)
d*h ,
o;- M dt;d:(fnd_fpn)'(pinj_pinjo)"'fpn'pinj_s’y’

where Viy;is the fuel volume of the nozzle; p, is the pressure of
gases in the cylinder of the diesel engine; pj, is the fuel pres-
sure in the volume of the injector; pjy is the initial pressure
of lifting the shut-off needle of the nozzle; pjy; is the current
fuel pressure in the chamber before nozzle holes of the injec-
tor sprayer; c,q, ¢o are the rate of motion of the needle and
fuel flow in the outlet section of the pipeline; /4, /)0 are the
area of the section of the needle and its tip; 8 is the rigidity of
the spring of the sprayer needle; y is the magnitude of defor-
mation of the needle spring; M is the total weight of movable
parts of the injector; (/)i is the effective flow section of the
nozzle holes of the sprayer.

The first equation of system (21) describes the fuel
balance between what arrived from the outlet section of
the pipeline and totality of fuel flows, between which this
amount of fuel is distributed. The first component of this
totality characterizes the volume of fuel injected to the
cylinders of the diesel engine through the nozzle holes of the
sprayer. The second is spent on filling the volume during the
motion of the sprayer needle. The third is subjected to com-
pression in the sprayer chamber.

The second equation of the system (21) describes the
dynamic balance of the sprayer needle. The force of inertia of
the needle (the left part of the equation) is equaled to the sum
of forces of fuel (the second and third term of the equation)
and elasticity of the spring (the fourth term of the equation).

In accordance with the work [21], the pressure at the
nozzle holes of the sprayer is determined from the following
expression:

kZ

1+ 7 22)

Py = (Pw—p.)* p..

Magnitude % in this expression characterizes the ratio
of the flow section between the cut-off cone of the needle
and the seat and nozzle holes:

k= “‘nd 'fml . (23)

(W),

To calculate the flow area f’,; from the geometric para-
meters of the sprayer, expression [21] is used:

7 =nsing(dp(,h ~0.5-ysing)-, (24)

where @ is the angle of the shut-off cone of the sprayer
needle; d,, is the diameter of the sprayer chamber before
the nozzle holes.

Coefficient of consumption p,; is determined from ex-
perimental data presented in paper [21].

An efficient flow section of the nozzle holes of the sprayer
is the functional dependence on the motion of the shut-off
needle and is determined from expression [24]:

2
2.64y—2.37(y] +
ymax ymax

3
+ 0.73(y]
ymax

where (uf )::Y is the maximum flow section of the nozzle
holes of the sprayer; y, ymax are the current and the maxi-
mum transposition of the shut-off needle of the sprayer.

For the volume of the hydraulic corrector, boundary con-
ditions take the following form:

(uf)inj = (uf)i:/‘“ ’ (25)

d
phC = ft ’ Chcin - fh( (hhc)’ Chco’

thc ' dt

(26)

where Vj is the fuel volume of the hydraulic corrector;
Pre is the current fuel pressure in the fuel volume of the hy-
draulic corrector.

The first component of this equation characterizes the
volume amount of fuel, compressed in the fuel volume at
evident disbalance of the fuel amount in it. The appearance
of disbalance is caused by the difference between the amount
of fuel supplied to the volume (the second component), and
the fuel (the third component), which is drained from it when
the flow duct of the hydraulic corrector of open. In the case of
complete shut-off of the corrector rod by the edge of the ring
groove, all fuel that arrives to the volume of the hydraulic
corrector is exposed to compression, that is, it is accumulated.

To demonstrate visually the effectiveness of using the
proposed technical solution and the method of the fuel supply
intensification, the comparative research was performed. The
characteristics of the change of the injection pressure for the
standard fuel supply system and the system with the proposed
electromechanical intensification device were compared by
the calculation method. Calculation was performed at the
fixed rotation rate of the cam shaft of the high-pressure fuel
pump and the magnitude of cyclic supply, which was selec-
ted by the external speed characteristic of the diesel engine,
according to the selected rotation rate. Kinematic, volume-
dimensional, and fuel-volume parameters of each hydraulic
nodes of the calculation model were borrowed from the fuel
system with the distributing double-piston fuel high-pres-
sure ND-22/6B4 of the turbo diesel engine 6CN13/11.5.
The calculation of the single fuel supply process was per-
formed for the high-speed operation mode of the diesel engine
at the highest rotation rate of the crankshaft of 1,600 min~!.

To obtain a solution to the formed systems of differential
equations, we used the interpolation method by Adams,
according to which the sought-for function can be found:

k
Y1 =Y, + hZBif(th—i’ynH—i )v (27)
=0

where B1, By, Bs...p; are the numeric coefficients (for implicit
methods B3 #0); % is the integration pitch.

The choice of this method was predetermined by obtaining
stable solutions despite the selected integration pitch, which is
chosen based on the need to achieve the maximum degree of
approximation of the obtained result to the true value.



It should be noted that when modeling the motion of
pressure waves along the fuel line, we took into account the
fact that during the propagation of waves, there occurs a cer-
tain loss of motion energy with the attenuation of the ampli-
tude. This aspect is taken into consideration in the system of
equations by d’Alembert by a special multiplier — attenuation
decrement — that is a variable magnitude, dependent on pres-
sure and fuel flow rate.

Fig. 2 shows combined results of the calculation research
into the characteristics of a change in the fuel injection pres-
sure for the standard and the studied fuel system depending
on the angle of rotation of the cam shaft of the pump.
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Fig. 2. Dependence of fuel injection pressure on angle
of rotation of the cam shaft of the high-pressure pump
at ne.gn=1,600 min~"

6. Discussion of results of comparative estimation study
into the fuel systems of diesel engines that are compared

The specific feature of the given characteristics of fuel
injection for the fuel supply system with the studied inten-
sification devices is a rather abrupt front and rear front of
a change of the injector pressure. In particular, the rate of
pressure increase at the rotation rate of 800 min~' is about
170 MPa/degree, which significantly exceeds the rates of
pressure increase in the comparative characteristic of the
standard fuel system. The main reason for such intense pres-
sure increase is too compressed fuel in the internal volume
of the hydraulic corrector. In this case, after reaching the
maximum value of pressure of 75 MPa, the pressure curve

abruptly drops to the level of 27..28 MPa, which is caused
by the beginning of the motion of the sprayer needle and
its release of the additional volume, which lowers the pres-
sure in the nozzle volume. After the needle coming to the
rest, the pressure in the nozzle starts to grow and reaches
its maximum peak at the level of 60 MPa. The existence of
certain instability in changing the injection pressure with the
amplitude of 5 MPa can be explained by the active movement
of pressure waves between the fuel volume of the injector
and the hydraulic corrector. The obtained peak values of
injection pressure for the proposed method of the fuel supply
intensification exceed the identical indicators of a single in-
jection process for the standard fuel system by 30...40 MPa.

After a rather considerable increase in the injection pres-
sure, not less rapid drop of pressure at the average rate of
48 MPa/degree occurs. This drop occurs due to the expansion
wave, that was formed in the inlet section of the fuel discharge
main line of the fitting of the fuel pump, due to opening cut-
off windows of the plunger, and arrived at the fuel volume of
the nozzle after the previous intensification in the volume of
the hydraulic corrector. Thanks to such intensive fuel supply,
the injection duration decreased from 14 to 7 degrees of the
rotation of the fuel pump shaft with an increase in value of
average injection pressure from 27 to 30 MPa.

The outlined direction of the improvement of separate
fuel systems and the proposed electromechanical device for
the fuel supply intensification demonstrated their uncon-
ditional advantage over existing hydraulic fuel system by
quality indicators of the injection process and control flexi-
bility. In addition, the represented fuel system is superior
to its prototypes by its functional capabilities [13]. This is
especially true of adaptivity, efficient control of the injection
process and the absence of the functional of the intensifi-
cation device for the separated speed-load operation mode
of the diesel engine.This proposed technical solution makes
it possible to some extent to solve the issues of economic
efficiency and environmental friendliness of already existing
diesel vehicles with hydraulic fuel supply systems and to
bring in alternative solutions to the set of modern directions
of development and improvement of fuel systems of vehicles.

The practical implementation of the outlined approaches
to the improvement of fuel injection processes requires the use
of high-performance executing devices with a minimum period
of relaxation and small inertia manifestation in their work.
It should also be noted that the effectiveness of the implemen-
tation of technical novelties, given the sharp increase in hy-
drodynamic components of the fuel injection process, requires
a decrease in the degree of technological efficiency of the pro-
duction of all components the fuel discharge tract. It is meant
to prevent the occurrence of manifestations of the loss of the
selected benefits because of possible existing fuel losses through
small gaps between the precision tangent surfaces, low mecha-
nical and hydraulic strength of the structural components, etc.

Within the framework of the subsequent solution of the
outlined problems of the scientific research, it is necessary to
expand the shaped model by inclusion to it of the additional
complementary calculation points, specifically, the dynamic
calculation of fuel lines, spring elements of the fuel system
and kinematically-structural calculation of the drive of the
high-pressure fuel pump. This created symbiosis will make
it possible to fully and systematically approach the compre-
hensive principle of calculation and design of fuel systems
and to approximate the results of calculation research to the
experimental results as close as possible.



7. Conclusions

1. To improve the fuel supply process for fuel systems of
the separate type, the technical device with the electrome-
chanical control that is mounted to the discharge pipeline
was developed. Its action implies the influence on the wave
processes of the propagation of fuel supply pulse in the fuel
discharge tract from the fuel pump to the hydro-controlled
nozzle, causing significant changes in the amplitude and tem-
poral characteristic of the process.

2. Based on the proposed principle of fuel supply inten-
sification, the hydraulic circuit was developed, the practical
implementation of which does not require any fundamental
changes in the design of fuel equipment. This is due to the
fact that the electromechanical devices, based on the pro-
posed intensification principle, are mounted in the fuel line as
a separate hydraulic node with the movable plunger element
and internal fuel volume.

3. Construction of the calculation model of the fuel sys-
tem with the new electromechanical device of the fuel supply
intensification can be carried out with the involvement of
the mathematical foundations of hydrodynamic calculation
based on the wave theory of hydraulic impact. To obtain the
solution of the constructed systems of differential equations,
it is necessary the use implicit methods of numerical integra-
tion, specifically, the interpolation method by Adams.

4. Based on the obtained results of comparative research,
it can be argued about a rather enough improvement of the
fuel supply parameters for the fuel system with a new de-
vice of fuel supply intensification. In particular, there is an
increase in the maximum and medium injection pressure,
reducing the total duration of fuel supply through the nozzle.
The existence of steep fronts of an increase and a decrease in
hydraulic pressure will contribute to avoiding occurrence of
additional injections and slowly developing character of fuel
leakage through the sprayer nozzles.
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Axmyanviicmo npoeedenux oocaidycenv 06ymosnena
noNNUWeHHAM NATUBHOL epexmusHocmi aimaxa i, AK HACAi-
00K, 3IMEHUWEHHAM BAPMOCL HCUMMEBO20 UUKILY ABLAUTUNHOZ20
dsuzyna y ckaaoi cuno60i YcmamoeKu Hae1aIbHO-MpPeHy6alsb-
nozo nimaxa muny DART-450. Teopemuuno o6rpyumosano
JIbOMHO-MEXHIMHI MA eKOHOMIMHI XapaKmepucmuxu cy4ac-
HO020 JleeK020 imaxa 015 HAGUAHHS TbOMH020 cKaady. B oc-
HOB1 Memo0ie 00CNI0NHCEHHA BUKOPUCIOBYEMbCA HADIp napa-
Mempie, xapaxmepucmuk i NOKA3HUKIE, W0 6 yiaomy 6i0oopa-
HCAIOMD MEXHIKO-eKOHOMIMHY OOCKOHANICMb 08ULYHA CUNO60T
YCManoeKu mexHivHoi cucmemu <Cuni06a YCmanoeéxKa — nia-
Hep» J1e2Kk020 HABUAIbHO-MPEHYBATIbHOZ0 JIIMaKa.

Hayxosa nosusna odepicanux pe3yaomamieé nouszae
Y popmyeanti H06020 napamempurHozo 0opucy mypoozeun-
moeux 06UzYHI6 CUL060T YCMAHOBKYU 051 TIe2K020 HABHATlb-
Ho-mpenyeanviozo nimaxa muny DART-450 3 ypaxyean-
HAM M00EN08AHHS 3A0aH020 NOTLOMHOZ20 YUKIY JimaKa ma
HCUMMEBO20 UUKTY 08UZYHA.

Hucenvnumu 00CHIOHCEHHAMU BCMAHOBNEHO, WO MAKCU-
ManvHa 0aabHICMb NONTLOMY JIMAKA 3 PIZHUMU 0BULYHAMU
npu 00HaAK06ill 3NIMHIN MACT BUHAUAEMBCA, 8 OCHOBHOMY,
3anacom naaueéa, a He eKOHOMIMHICIIO SUMpPAMU NAIUBA.
Tomy dsueyn naiimenwoi nomyxcHocmi mae nepesazy y 6cix
xapaxmepucmuxax, Kpim 3aimnoi oucmanuii, axa Haimen-
wa y imaxa 3 06uUYHOM HAUGLILULOT nOMYIHCHOCI.

Pezynvmamamu 002pynmosano, wjo 0151 6UKOHAHHA 3a0ay
N0 HABYANLHOMY MPEHYBAHHIO JLOMHOZ20 CKIAACY O00UiNb-
no écmanogaenns dsuzyna AI-450CP, axuii maec naimenuy
sapmicmw scummeeo20 yuxay. Ouesudno, wo danuii Kimax i3
écmanogaeHuM 08uzyHom Gyode mamu HAHUNCHY BAPMICMb
JAbomnoi 200unu. O0Hax 0131 GUKOHAHHS PO3610YEAIbHUX MA
yoapnux 3aday na nimaxy muny DART-450 douinvro ecma-
Hognenns oeueyna AI-450CP-2. Jlns euxonanns minvku
yoapnux 3aday na nimaxy muny DART-450 douinvro écma-
noenenns dsuzyna MC-500B-C, axuii mae Ginvuy nomydnc-
HICMb, HINC PO32TAHYMI 08UYHU

Knrouosi crosa: nasuanvHo-mpenyeaivHuil Jimax, xcunt-
MeBUI YUK, TbOMHO-MEXHIMHI XapaKmepucmuxu, mypoo-
26UHMOBUI 08ULYH
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Earth’s surface, for business flights, etc. The capability to

land at an aerodrome of any class, easy flight operation and

At present, much attention is paid to the creation of light
aircraft, designed to perform training tasks, to monitor the

maintenance, elegance of interior design, make these light
aircraft a reasonable choice for business meetings, recreation,




