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BUILDING A LOAD CHARACTERISTIC

OF THE FUEL INJECTION SYSTEM OF

A SHIP'S MEDIUM-SPEED ENGINE
DIESEL IN DYNAMIC TESTS CONDITIONS

O6’cxmom docuioncenns 8 pobomi € 2iopodunamiuni nPoyecu 6 NAJUBHII CUCTNEMI BUCOK020 TMUCKY CYOHOB020
cepednvb00bepmosozo 06UzYHA HA SMIHHUX DEACUMAX. SMIHHI PEHCUMU CMAHOBLAMY SHAUHY YACTMUHY eKCNAYa-
mayitinozo wacy psady munie cyden (Oyxcupu, nPOMUCIOsi cyona ma in.). A 0ns mpancnopmuozo (iomy 6oHu
xapaxmepiui npu manespysanii. B ocmannvomy eunadxy ocobiuee suavenus Mae Hadiinicmos i exonoziuna besnexa
08 301 canimapnozo Koumpoo. locaioxcenns npoyecie nodaui naiuea Ha 3MIHHUX PENCUMAX BANCIUBL, MAK SK
BOHU 6 3HAYUNITL MIDI BUSHAUANOMY 6CT eKCNAYAMAYITHI XAPAKMEPUCUKU OU3eAs | HeOOCTAMHbLO BUBHEH.

Y pobomi npedcmasienuii excnepumenm, 8 AKOMY CMAGULOCS 3A60AHHS OMPUMAHHS HABAHMANCYBAILHOT
xapaxmepucmuxu i 00CHI0NCEHHS NePEXIOHUX PEeICUMIE 8 NATUBHIN anapamypi cyOH08020 Cepednboobepmosozo
dusens 8 ymosax OUHaAMiuHUX eunpooyeais.

B x00i docridacennss suxopucmosysascs po3pooienutl anapamno-npozpamiuil KOMIIEKC, wo 3abeaneuye
peanizauyiio niany excnepumenmy, Qixcayiro, 06podry i ocuurrozpapyeanns ompumanux oanux. Pospobieno
ENEKMPOMEXAHIUNY CUCEMY NePeMIUEeHHIM PeliKU NAJUBH020 HACOCA BUCOKO20 MUCKY 3 NPOZPAMHUM KOMN 10~
MePHUM YNPABITHHM.

IIpozpamoro excnepumenmy nepedbaueno sminy NOAONCCHHS PEUKU Y 6CbOMY 0ianasoni, U0 0XONJII0E eKCNIYd-
Mayitiny Hasanmadxicysaiviy xapaxmepucmuxy. /luckpemmne nepemiwenms Ka0Uai0 n’'samo ikcosanux noaiolicens
PelKU 31 CIMYNIHUACMUM NePexo0oM Mije HUMU.

IIpu sunpobysanisx naiusHuil Hacoc 6UCok0zo mucky 3poous 80 yuxiie enopckysanns npomszom 44 c. Yac
nepexody mixc okpemumu pixcosanumu nonoxcenusmu peiuxu cmanosus 0,44 c. Ilepiod cmabinisayii ziopoduna-
MIUHUX npoyecie 6 cucmemi nodaui naiusa oausvkuii 0o 0,22 c.

Y docridacernomy dianasoni nonosxcenn petiku my,=25-5mm (6 ma 59 yuxau) ocrnosni napamempu nodaui naruea
Manu maxi suavenns: py=474-232 6ap; py.e=457-222 6ap; p,=445-162 éap.

IIposedene docnidncernns noKA3AI0 MONCIUBICTNG OMPUMAHHI HABAHMANCYBANLHOL XAPAKMEPUCTIUKU ULTAXOM
QuHaMMHUX UNPOOYEAHL, UL ICTMOMHO CKOPOUYE YaC BUNPOOYEaD i NIOBULLYE OOCTNOBIPHICTL 0AHUX, BUKIIOUAIOUU
BNAUG MUMUACOB020 MPEHIA NAPAMEemPIs.

Kmouozi cnosa: cepednvboo6opomuuil Ousenn, naiueHa Anapamypa, Anapamuo-npozpamii 3acoou 6e3MomopHUX
Junamivnux sunpobyeans, HABAHMANCYBALLHA XAPAKMEPUCTIUKA, SMIHHI DEACUMU.

Polovinka E.,
Slohodianiuk N.

1. Introduction

Variable modes constitute a significant part of the opera-
tional period of transport diesel engines [1]. Because of this,
such regimes largely determine all the operational characteris-
tics of such power plants. But also for power plants operating
mainly with stable loads, variable modes are of great impor-
tance, since their quality characterizes reliability in terms of ma-
neuvering and environmental safety in sanitary control zones.

In these areas, the requirements for the content of the
most significant component of harmful substances in the
exhaust gases of marine diesel engines — nitrogen oxides —

are governed by the norms of the International Maritime
Organization (IMO) presented in Fig. 1.

In Ukraine, at present, environmental safety standards
for exhaust emissions are regulated by the Euro 5 standard.

To ensure the accepted norms and indicators in the
field of diesel construction, research is envisaged in the
following main areas [3]:

— improvement of engine design (optimization of the

fuel supply process);

— consideration of operational factors (optimization

of engine operating conditions);

— use of unconventional fuels.
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Fig. 1. Bequirements of the International Maritime Organization (IM0O)
to NO, emissions in waste gases of marine diesel engines (compiled
by the author based on data from the source [2])

Research in the field of improving high-pressure fuel
systems is aimed at:

— improving the accuracy of dosing cyclic fuel supply;

— optimization of the combustion process in all ope-

rating conditions, including during start, idling, ac-

celeration and rundown;

— ensuring optimum efficiency, environmental friendli-

ness and operational reliability.

Since the processes of fuel supply play a decisive role in
ensuring all the characteristics of diesel engines, including
on variable conditions, research in this area is relevant.

2. The ohject of research
and its technological audit

The object of research in this work is hydrodynamic
processes in the high-pressure fuel system of a ship’s me-
dium-speed engine on variable conditions.

These processes are implemented in the direct feed
fuel supply system, which is characteristic of a widespread
type of marine engine.

Characteristics of fuel supply largely determine all the
operating parameters of diesel engines in all modes, inclu-
ding variables. Simultaneously with the transients, variable
loading areas are formed on variable modes.

A joint study of transients and modes of load charac-
teristics has not previously been conducted. The solution
of such a problem is of scientific and practical interest
and is considered in this work.

3. The aim and ohjectives of research

The aim of research is obtaining data on changes in the
fuel injection parameters of the ship’s medium-speed diesel
engine with a variable position of the rack of the high-pressure
fuel pump under the appropriate modes of load characteristics.

To achieve the aim, the following objectives are set:

1. To determine the dynamic parameters of the transi-
tion processes between the modes of load characteristics
under dynamic testing conditions.

2. To determine the temporal characteristics of the
process-speed of the system transition to a stable mode.

4. Research of existing solutions
of the prohlem

It was previously established [4] that the main factor
determining the flow rate characteristic of the fuel injection

system is the initial pressure. Tests have shown that under
conditions of a non-motorized stand [5] it is possible to
build a given characteristic (in this case, speed) within
the framework of one experiment. The obtained result
serves as the basis for preparing and conducting a similar
experiment with the aim of building a load characteristic.

The data established in this way will allow synthesizing
the fuel injection process on variable modes correspon-
ding to their actual flow in the engine with simultaneous
change in the rotational speed and displacement of the
high-pressure pump rack.

When developing diesel fuel injection systems, the require-
ments of regulatory documents [6] on design solutions and
technical and economic indicators are fulfilled. At the same
time, research is being conducted aimed at the development
of fuel supply facilities and processes. In this case, both
steady-state and variable operating conditions are considered.

An integrated approach taking into account economic
and environmental indicators is used by the authors of [7]
in solving the problem of optimizing fuel equipment.

As a result of the analytical review, the following so-
lutions are proposed:

— optimization of fuel equipment control for each en-

gine mode;

— use of multiphase injection to reduce noise, afterburn-

ing of organic components and ensure the operation

of the neutralizer;

— flexible control of the injection advance angle de-

pending on the diesel operation mode;

— the maximum possible reduction in the irregularity

of the fuel supply in the cylinders;

— self-diagnosis of the fuel system.

In the development of tools to reduce the toxicity of
exhaust gases of diesel engines in transient conditions, the
main attention is paid to the change of the fuel injection
advance angle (FIAA) [8]. Various technical solutions for
the implementation of variable FIAA values are considered.
There are three groups of such devices:

1) attachments to the high-pressure fuel pump (HPFP)
(fuel injection advance coupling);

2) elements embedded in the pump;

3) electronically controlled nozzles and pump nozzles.

The use of FIAA control means allows the use of optimal
regulation characteristics, at which given power, economic
and environmental characteristics of the engine are achieved.

Fig. 2 presents the basic FTAA characteristics developed
by some foreign firms. The plots are constructed in the
form of the dependence of the injection start angle @
on the rotational speed n and the torque M,. Numerical
values are given in relative values.

The basic FIAA characteristics are formed by the mi-
croprocessor of the automatic control system for diesel
engines with structurally different combustion chambers
and high-pressure fuel systems. The optimal FIAA values
are selected depending on the purpose of the diesel, tak-
ing into account the forcing degree of operating modes
and design features.

To intensify the fuel supply process and the workflow
of a high-speed diesel engine [9], before starting, the initial
pressure in the fuel injection system is increased. Oscil-
lograms of the first two cycles with a preliminary increase
in the fuel pressure to Py =8 MPa are presented in Fig. 3.
At the same time, in the second cycle, the residual pres-
sure remains at the level of Pyy=3 MPa. In both succes-
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sive cycles, the average indicator pressure increases, that
is, the acceleration intensity increases and the starting
characteristics improve.
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Fig. 2. Basic characteristics of fuel injection advance angle @
for high-speed diesel engines: a — forced diesel with single combustion
chamber; b, ¢ — diesel engines with pre-chamber mixture formation and
a distribution HPFP; d — accelerated diesel with in-line HPFP; e — vortex
chamber diesel
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Fig. 3. Oscillogram of the first two start cycles
of the D240 diesel (Belarus) after creating an increased initial pressure
before the first injection cycle

As a result of tests of the high-speed diesel D240
(44911/12,5) at low ambient temperatures, the obtained
FIAA value obtained [10] ensures the minimum start
time (Fig. 4).

In [11], the group of authors considers a method for
increasing the residual (initial) pressure in the fuel injec-
tion system by bypassing part of the fuel from the high
pressure line on an additional plunger stroke.
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Fig. 4. Temperature dependence in the diesel cylinder at the compression
stroke and the duration of cold engine start on the fuel injection
advance angle (ambient air temperature 0 °C):

1 — engine cylinder temperature; 2 — start duration

In the study of the dynamic characteristics of the
power quality management system in [12], the following
dependence of the fuel cycle in the transient regime is
proposed:

8l =8a+ 0 Vi-(Puy = Py),

where g, — cyclic fuel supply of the k-th steady-state cycle;
o, — the compressibility factor of the fuel; V; — the volume of
the injection pipeline; P4, Py — residual pressures in (k—1)
and k-th cycles. It is assumed that they immediately follow
the position of the rack of the fuel pump and rotational speed.

It is interesting to note the results of studies to improve
the dynamic qualities of a 69H15/18 diesel engine (Rus-
sia) [13]. Under the condition of increasing the initial
pressure in the injection system, a reduction in the engine
acceleration time is obtained by 44 %.

The presented review of studies on the transient modes
of diesel engines characterizes a significant influence on
their development of fuel delivery parameters. So, it is
established that the important factors are the injection
advance angle and the initial fuel pressure.

At the same time, the obtained data do not contain
information on the course of the processes and the essential
parameters of fuel injection. The materials published in
this paper present the results of research in this direction.

5. Methods of research

The high-pressure fuel system of the ship’s medium-
speed diesel engine 64H25/34 (Ukraine) is investigated.
The composition of the system is traditional:

— closed-type nozzle with a sprayer 9x0.35 mm;

— spool-type injection HPFP, the diameter and stroke

of the plunger is 16 mm;

— high pressure fuel pipe with a length of 0.9 m with

a diameter of 9 mm and 3 mm (external and internal,

respectively).

The study is conducted on a non-motorized bench [5],
which provides a stepless change in rotational speed, other
operating and adjustment parameters.

In the process of preparing experimental studies, a uni-
que measuring system was created at the Department of
Marine Power Plants of the National University «Odessa
Maritime Academy» (Ukraine) for recording processes in
diesel fuel injection systems. As measuring transducers,
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strain gauges, inductive and photosensors, also developed
at the department of ship power plants, were used.

The measuring system (hardware-software complex),
united by the common name «strain-gauge station» (SGS),
includes the following functional blocks, presented in Fig. 5:

— personal computer (PC);

— LTR-U-1 measuring device (Russia);

— switching unit and amplifiers;

— software package.

Switching and amplifiers unit

Measuring device

is developed. The functional diagram of the complex is
shown in Fig. 7.

The complex operates under the control of the ReikaXP2
program installed on a PC. The program interface allows
to set the parameters of the cyclogram (displacement law)
of the rack manually or by loading the source data from
the file, as well as to test the performance of the system
in a step-by-step mode of rack displacement at low and
high speeds.

reeetee e eeseseeeeeeees LTR-U-1
Sensors of [ & DC bridge
the measured ——— .
parameters ig Input 1 channel amplifier 1 channel
signal Lﬁj FTTT 8 channel
Motor stand Balancing " Gain 12 channel USB
AC bridge

8el amplif channier

L«ﬁ-' FTTTI

Balancing

Gain

Standard Level
Channel LTR 11

>—| 12 channel amplifier ';
. FTTT

Balancing

Fig. 5. The functional diagram of the strain-gauge station

To ensure the operation of the LTR-

Fig. 6. Fuel injection system with sensors on non-
motorized stand: 1 — nozzle; 2 — HPFF;
3 — device that controls the displacement of the
fuel pump rack; 4 — electric motor; 5 — motor
control station

Rack displacement control unit

....................................................

U-1 measuring device, which is part of the Direction .

. o . . USB 1.1 Data Buff Motor stepping
strain gauge, a switching unit and ampli- |pc |~ acquisition | Impulses u l‘gr controller
fiers were developed. This unit is designed unit mDAQ10| Stop arpliiet CW230
to provide power and amplification of [
signals from strain gauges included in the 220V Power supply
half bridge circuit and general purpose sen- unit
sors (rotation sensors, photo sensors, etc.). LRS-100-24

SGS provides registration of the fol- Toexternal ~ MTTTIIIssessseecooiro et
lowing parameters of the injection pro- additional . . .

" gPp A T ] ] p ' registrar Induction rack Mechanism of Linear stepping
cess and working devices of the stand: displacement attachment and motor (actuator)

— fuel pressure; sensor cet:nttzrmg ?ifthek

— displacement of work items and acfuator and rac

rotation angles of rotating parts;

— various kinds of signals in the

range of +10 V.

SGS operation control is provided through the joint
work of two programs:

— LTRServer, organizing data reception and transmis-

sion of PC commands to the LTR-U-1 measuring device

via USB interface;

— LGraph package, adapted to the conditions of use

in the SGS, allowing to visually adjust some SGS pa-

rameters, as well as display on the screen the processes
of tuning, receiving and recording data.

A general view of a non-motorized stand with a fuel
supply system equipped with sensors of the measuring
system is shown in the photographs of Fig. 6.

In addition, for the non-motorized stand, a software-
hardware complex for controlling the HPFP rack position

Fig. 7. Functional diagram of the operation of the software and hardware complex

for controlling the HPFP rack position

The rack displacement law in the experimental condi-
tions is stepwise. The algorithm of sequential displacement
and the time spent by the rack in each position is specified
in the test program file. The duration of the experience
and the combination of stopping points are not limited.

The executive device of the rack displacement control
system is a linear stepping motor (actuator) of SM57HT56-
2804TL type (China). The actuator is a combination of
a stepping motor and a helical gear made in a single unit.
Rotation of the engine rotor of the engine at a certain
angle leads to proportional linear displacement of the screw.

The main characteristics of the actuator:

— step (angle of rotation) 1.8° (in full step mode);

— screw pitch 8 mm;

4
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— the maximum displacement speed of the actuator

shaft 0.4 m/s (without load).

A general view of the control unit for the fuel pump
rack on the non-motorized stand is shown in Fig. 8, a fuel
injector with measuring sensors in Fig. 9, and the measu-
ring complex in Fig. 10.

Fig. 8. The control unit of the HPFP rack:
1 — displacement limiter discs; 2 — stepping motor; 3 — actuator shaft;
4 — centering mechanism; 5 — fuel pump; B — pressure sensor in the
HPFP pump; 7 — rod mounting; 8 — inductive sensor rod; 9 — inductive
displacement sensor of HPFP rack

Fig. 9. Installation of sensors on the nozzle:

1 — mounting ring; 2 — pressure bolt; 3 — nozzle assembly; 4 — pressure
sensors (4 pes.); 5 — screw for mounting the needle lift sensor; 6 — needle
lift sensor; 7, 8 — adapters for pressure sensors; 9 — nozzle mounting
clamp; 10 — muffler anchor; 11 - clamp; 12 — drain tube

Data acquisition microsystem m-DAQ10 (Ukraine) with
USB 1.1 interface contains 8 channels of analog-digital
conversion, 2 channels of digital-analog conversion. One
of the discrete channels can be used as a counter input,

and the other as an external trigger for analog-to-digital
converter or synchronization. At the pins of the external
connector there are also supply voltages of +5 V and +15 V.

Fig. 10. General view of the measuring complex of the non-motorized
stand: 1 — data acquisition microsystem m-DAQ10; 2 — personal computer
system unit; 3 — control unit of the rack displacement (actuator);

4 — «strain gauge» system (5GS)

The software for m-DAQ10 contains a dynamic-link
library (DLL) driver and examples of working with it,
the LLB file extension for the LabVIEW graphical pro-
gramming environment, and a number of virtual instru-
ments — <oscilloscope», «spectrum analyzer», «frequency
meter> and «voltmeter».

6. Research results

During the experimental research, the following pa-
rameters were recorded:

— fuel pressure in the fitting of the fuel pump p,;

— fuel pressure at the inlet to the nozzle of the p,;;

— pressure in the fuel channel of the nozzle p,.;

— the course of the needle of the dispenser (nozzle) z;

— rotational speed of the camshaft p.;

— fixed the angle of rotation of the cam shaft ¢;

— time ¢

— fuel pump rack displacement m,;

— the test needle tightening was 70 bar.

Pump rack displacement was specified in the source data
file for the control program ReikaXP2.exe. After launching
ReikaXP2.exe, an image (working window) will appear on
the monitor screen. In the working window, four areas
are highlighted in Fig. 11:

— the first main area is dark gray. It contains three

buttons START, EXIT, HELP and the other three areas;

— the second area is a cyclogram of the rack displa-

cement;

— the third area is the rack;

— the fourth area is the information line.

The program of the experiment and the measurement
results are presented in Table 1.

The tests were carried out in the following sequence.
After starting the stand, the rotational speed of the cam
shaft n, was set to 250 rpm. With the stabilization of the
rotational speed, the LGraph program was launched, which
displayed on the screen the processes of setting, receiving
and recording these fuel supply parameters. At the same
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time, the displacement control module of the fuel pump
rack ReikaXP was activated. At the end of the experiment
program (the ReikaXP stop), with a fixed final rack exit
m, and stabilization of the rotational speed, recording of
the fuel supply system parameters was stopped.

As a result of waveform processing, the graphs in Fig. 12
are constructed. Pressure curves Pps Pnis Pncs camshaft
rotation angle @, camshaft rotation speed n, HPFP rack
displacement m, are plotted depending on the time since
the start of recording and the number of cycles. Stages
of rack displacement are marked with numbers I-V.
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Area I (Fig. 13) shows combined oscillograms of pres-
sure in the nozzle channel p,. and the injection angle o,
of successive cycles 4, 5, 6. The HPFP rack is in the
initial position, extended to the 5 mm mark, the cam
shaft rotation frequency n, nominal 250 rpm The nozzle
pressure p,. of the channel to the last fourth injection
cycle of the steady-state mode before the slat displace-
ment was 216 bar, and the injection angle ¢.,=10.0 TDS.

The transient mode in the first area of the displace-
ment is characterized by the following parameters: the
rack is shifted to the mark of 25 mm, with the distance
of 20 mm covered in 0.44 s at a speed of
45.5 mm/s.

At the time of the displacement accounts
for the fifth cycle of injection. Its parameters:
pressure p,.=364 bar, .=14.0 TDS. The first
injection after stopping the slats (the sixth in
terms of the total numbering of cycles) had
the parameters of the steady state immediately:
Pne=474 bar and ¢.=19.5 TDS.

As indicated above, in the considered (first)
area, the time for moving the slats in the
range m,=5-25 mm was 0.44 s at a speed
of 45.5 mm/s. This gap corresponds to the
full working range. Cam shaft speed was close
to nominal. Taking the position of the inter-
mediate during the rack displacement of the
fifth injection cycle close to the middle of

Bpemsa. cek
& 05 cex
€ 1cex
(" 5 cex

Fig. 11. Window of the control program ReikaXP2.exe: 1 — the main area;
2 — area cyclogram of the rack displacement; 3 — rack area; 4 — information line area

the range, let’s obtain the formation time of
the next injection cycle no more than 0.22 s.
The characteristics of the intermediate cycle
also occupy a middle position.

As follows from the graphs (Fig. 12), the duration of the [ 19 | 1}:111'1;
experiment was 44 s, 80 injection cycles and five areas of the - A1) v 20
FPHP rack displacement. At each area of the pump injection n, 34! \H o,z Vv
rack displacement, there was one injection cycle occurring rpcm N 10
during the rack displacement. Characteristics of the HPFP 257 47 L ~—1 9
rack displacement across the areas are presented in Table 1. e j—l/_/v—

It is worth paying attention to the fact that the rack 240 N I_J'
displacement speed in different areas is somewhat different. 228 i /JJ P,
This difference is relatively small, a maximum of 4.37 mm/s | bar
and does not exceed 10 %. The likely reason for the difference —(\A‘/\—\ :/v»——] 400
in rack displacement speed is the difference in resistance to P.,|_| Y
its displacement at the moment of the start. The latter is bar 200
associated with the HPFP operation phase. With high fuel 400 0
pressure, the resistance to rotation of the plunger naturally — P,
increases, which reduces the rack displacement speed. 200 bar

Oscillograms of successive injection cycles during the 0 400
rack displacement along the areas and positions of the -

HPFP rack are shown in Fig. 13. ]?]S’S 200
Tahle 1 20 /\/\ M 0
Characteristics of the HPFP rack displacement in the simulation 15 V
of the transient process __4
Area and Distance | Time of rack | BRack Cycle number at 10 I
position of | traveled by | displace- speed, | the end of the rack 24 28 32 36 40 Aur,s
rack rack, mm ment, s mm/s displacement T T T T T T T T 1
m-25-10 | 15 0309 | 4854 19 cycle number
Fig. 12. Parameters of fuel supply on the modes of load characteristics
I — 10-20 10 0.2258 44.27 32 during dynamic tests: areas and positions of the rack:
IV - 20-15 5 0.1085 4B.08 45 [ - 5-25 mm; II - 25-10 mm; 1II — 10-20 mm; IV — 20-15 mm;
V — 15-05 10 0.2264 4417 58 V — 15-05 mm; 3’,}1:3,Hlliuzv,i:;,thSEBSt—af?umbers of cycles
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Fig. 13. Combined oscillograms of fuel feed in the areas of load characteristics: - - - cycles 5, 19, 32, 45, 58 — rack displacement;

—— cycles 4, 6, 18, 20, 31, 33, 44, 46, 57, 58 — the rack is stable; a — I area, m,=5-25 mm; b — Il area, m,=25-10 mm;
c — 1l area, m,=10-20 mm; d — IV area, m,=20-15 mm; ¢ — V area, m,=15-5 mm

Other areas of the load characteristic have the same
order of temporal parameters. Consequently, in the ex-
perimental conditions, the fuel feed parameters changed
simultaneously with the rack displacement.

The fuel injection parameters in the I-V areas of the
rack displacement are summarized in Table 2.

Tahle 2
The parameters of the load characteristics in dynamic tests

Tsrislralt i, Bou | B | P | e | P “Gon, | trodueney
regime | ber mm 1, rpm
4 152 [ 190 | 216 | 10.0| 33.3 5 255
I 5 284 | 349 | 364 | 14.0| 3589 10.3 255
B 445 | 457 | 474 | 19.5|33.7 25 250
18 | 4B9 | 427 | 441 |19.3|37.6 25 232
I 19 | 388 | 403 | 425 |16.0|34.8 19.3 230
20 |[271 304|316 | 13 |324 10 232
31 | 259|314 | 334 |13.3|22.7 10 245
111 32 | 377 | 375|387 |15.2|33.2 15.9 244
33 | 442 | 444|459 |19.1|37.8 20 243
44 | 475 | 442 | 450 | 18.6 | 36.5 20 233
v 45 | 379 | 364 | 376 |14.9|37.2 171 233
46 | 367 | 361 | 376 | 14.6 | 30.7 15 233
57 | 356 | 369 | 390 |16.4 |31.5 15 241
v 58 | 183|228 | 251 |11.2|457 6.9 241
59 | 162 | 222 | 232 | 10.6 | 35.7 5 241

Graphic representation of the obtained load characte-
ristics, constructed in accordance with the data in Table 2,
is shown in Fig. 14, a, b. Its course reflects the growth
of all parameters of fuel supply with an increase in the
rack exit m,.

Visual analysis of the distribution of experimental points
in the graphs of Fig. 14 indicates the correct representa-
tion of the existing dependencies by the approximating
curves. For a statistical evaluation of the reliability of
experimental data, it is advisable to use the standard de-
viations of the parameters in absolute and relative values,
related to the approximating values represented by the
corresponding curve.

To estimate the deviation of the experimental values of
the fuel supply parameters from the approximating curve
for different positions of the HPFP rack (Fig. 14, a, b),
let’s use the formulas:

_ z(yex “Yapp )2
O=\\—"7"7",
n

9

d=—-:100 %,

av

where o, 8 — the absolute and relative standard deviation;
Yer — the experimental values of the parameters of the fuel
injection process of the corresponding area; y,,, — the coor-
dinate of the approximating curve in the corresponding area;
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Ya — the average value of the process parameters in the cor-
responding area; n — the total sample size.

As a result, the following values are obtained: for p,;,
8=2.7 %; for p,. 6=2.6 %; for p, 8=2.9 %; for ¢, 6=3 %.

P
ne o . 3
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Fig. 14. The dependence of the fuel supply parameter
on the HPFP rack position in a dynamic mode:
a-— f[]I‘ Bnci Bn, pp; b - fl]I‘ Dst, (PL‘

Load characteristics of the fuel supply system, obtained
in a dynamic mode, is presented in Fig. 14, a, b. The
numerical values of the parameters, as indicated above,
are given in Table 2.

For pu¢, pni, pp, the test points are grouped in five
areas corresponding to the steps of rack displacement
(Fig. 14, a). Similar areas of values of injection angles @,
are presented in Fig. 14, b.

With a minimum rack exit m,=5 mm, the fuel pres-
sure @, varies from 216 to 222 bar with an average value of
219 bar. The corresponding value p,; is from 10 to 11°TDS
(on average 10.75°TDS). At the maximum m,=25 mm,
the p,. range is 474—516 bar, with an average of 470 bar.
The injection angle @,=19.5-22°TDS, and the average
value is 20.64°TDS.

The plot of initial pressure P versus rack movement is
shown in Fig. 14, b. Its average value for all values seems
to be almost horizontal line, corresponding to 40 bar, with
a relatively wide range of variation of individual values:
from 22.7 to 45.7 bar.

In the first area of the record (Fig. 13, a), the rack
is shown to move from the minimum position to the full
feed position.

The front of the curves is the same in shape of the
common areas of pressure in the channel and the movement
of the nozzle needle. Some shift in the rotation angle is
irregular and can be attributed to the inaccuracy of the
representation of this parameter. At the same time, this
offset improves the ability to match curves.

The pressure reduction area (the tracking edge of the
curves) contains on all three oscillograms a short-term
decrease in the rate of pressure drop. In this regard, it is
possible to talk about the similarity of processes. Moreover,
on oscillograms 5, 6 (Fig. 13, a) an oscillatory process
develops in these areas.

The nature of the waveform displacement of the nozzle
needle corresponds to the change in fuel pressure in the
nozzle.

In all three cases, the pressure is enough to clearly
lift the needle. Attachment happens in different ways.
When the rack exit to m,=25 mm, the fit, as well as
the lift, is clear. For the initial value m,=5 mm and the
intermediate value, the needle stroke repeats the nature
of the change in fuel pressure and occurs with a delay
in the middle part of the needle displacement.

The performed analysis is also characteristic of other
parts of the recording of injection processes (Fig. 13, b—d).
In this case, the laws are preserved for moving the rack
both upwards and downwards.

7. SWOT analysis of research results

Strengths. The developed method of dynamic testing of
injection systems in order to build their characteristics has
the following features. This method allows to quickly, in
the shortest possible time, build the dependence of the fuel
supply parameters on the determining operational factors.
These include the rotational speed and the position of the
control unit for the quantity of the cycle feed — the exit
of the rack of the high-pressure fuel pump. In particular,
the recording of the load characteristics with five fixed
modes for the ship’s medium-speed diesel engine is made
within 44 s. At the same time, variable modes that are
of great importance in the operation of diesel engines for
various purposes are investigated.

Non-motorized bench tests in a dynamic mode can
be used to obtain the load characteristics of diesel fuel
injection systems, which significantly reduce the time of
experiments and increases the reliability of the results.

Weaknesses. The disadvantage of the proposed method
is the need to implement the hardware and software de-
veloped in this research and the electromechanical complex
for automatic control and implementation of test modes.

Opportunities. Opportunities and possibilities of using
the research results are determined by the area of ap-
plication of the equipment in which the fuel injection
processes are carried out. Such equipment is diesel engines
for various purposes. They are widely used in various in-
dustries and transport in all countries of the world. This
corresponds to the possible scope of application of research
results. Estimation of possible profit at this stage is dif-
ficult because of the uncertainty of a significant number
of determining factors.

Threats. Testing (research) adjustment of the components
(elements) of the fuel system is carried out in labora-
tory conditions with further installation on the engine.
During operation, monitoring of the technical condition
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requires additional collection of information on hydro-
dynamic processes, and this will lead to the installation
of additional sensors.

Full analogues of this object are not known. The closest
analogues solve the specified problems in static conditions
by means of separate tests on the modes of load charac-
teristics and on transient modes. The proposed method
reduces costs and increases the data reliability.

1. For carrying out bench dynamic tests of the fuel
supply system of a ship’s medium-speed diesel engine in
the load characteristic mode, software-hardware controls
of the modes, recording and processing of fuel injection
parameters are created. ReikaXP program provides the
implementation of the experiment plan under the con-
trol of a personal computer. When testing implemented
stepwise rack displacement in the entire working range
with predetermined periods of being in each position. The
rack displacement in accordance with the test program is
provided by an electromechanical complex designed for
conducting experiments.

As a result of the experiment, the loading characteristic
of the injection system is constructed with five fixed posi-
tions of the HPFP rack. In the investigated range of the
rack positions, covering all operating modes m,=25-5 mm,
the main parameters of the fuel supply are as follows:
Dne=474-232 bar; p,;=457-222 bar; p,=445-162 bar.

2. The solution of the problem of determining the pa-
rameters of transients is provided by analyzing the cha-
racteristics of the HPFP rack movement and fuel supply
processes. The transition time of the rack does not exceed
0.44 s, and for changing (setting) the injection process is
no more than 0.22 s. It can be assumed that the process
of fuel supply in real conditions of transient regimes fol-
lows the provisions of the HPFP rack.
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