N°4w= 2021 3bIPHNK HAYKOBUX MPALb HYK ISSN 2311-3405

DOI https://doi.org/10.15589/znp2021.4(487).3
VJIK 621.434.432

INVESTIGATION OF THE INFLUENCE OF THE USE OF SMALL HYDROGEN
IMPURITIES TO THE MAIN FUEL ON INJECTION SPRAYING

JOCJILIKEHHA BIIJIMBY BUKOPUCTAHHSA MAJINX TOBABOK BOJAHIO
10 OCHOBHOT O ITAJIMBA HA PO3ITMJIIOBAHHA JU3EJIBHOIO ®OPCYHKOIO

Denys O. Shalapko A. O. lllananko,
Shalapko.denys@gmail.com KaHJl. TEXH. HayK, CTapIIui BUKIIaAa4d
ORCID: 0000-0002-4311-3908

Kherson branch of the Admiral Makarov National University of Shipbuilding, Kherson
Xepconcvra ginia Hayionanvroeo ynisepcumemy kopabneoyoysanns imeni aomipana Maxaposa, m. Xepcon

Abstract. This paper highlights the possibility of increasing the efficiency of internal matching engines that run on
diesel cycle, using added hydrogen to the main fuel in the high-pressure fuel line. To conduct experimental studies
of the process of ordering fuel into the engine cylinder using hydrogen additives, an experimental stand was created
based on the fuel equipment of the 4CH11/13 engine. A 1.5 kW electric motor is used to start the high-pressure
fuel pump. The study was conducted in two stages, on the first site is vibroacoustic substitutes noisy operation of
fuel equipment using additional components. Another stage was the optical study of fuel injection parameters by the
injector. The Robotron RFT 00024 noise meter was used for acoustic research. Obtained data analysis showed that
depending on the presence of a hydrogen additive, a significant effect on the acoustic parameters of the fuel equipment
is not observed. Experimental study of the expansion parameters requires the use of high-quality video combining,
as one image transmits a significant amount of data about the process of expansion processes than the studied frames
(video). Start the process of deploying compatible piles with the addition of the current camera “Xiaomi Yi 4K Action
Camera”. This camera allows you to shoot at a frame rate of 120 frames per second with a resolution of up to 4K. The
image segmentation method was chosen for white frame processing. This method helps in the sections of the image
on the main subconscious foreground and background. With this method, you can display the main jet in the case of a
subconscious negative, as well as through indirect tracking of a series of images that affect the change in the structure
of the fuel jet. After studying the processed frames, was found that the use of hydrogen additives shortens the fuel flow
and increases its volume. The use of small additives is brought to diesel fuel, improves the quality of spraying, as well
as pushed and combined by strengthening the drip fuel, which reduces the efficient consumption of the fuel engine.
Key words: internal combustion engine; diesel; hydrogen; small hydrogen additives; fuel spraying research.

V it poboTi BUCBITIFOETHCS MOKIIMBICTH MiABUINEHHS €(heKTUBHOCTI IBUT'YHIB BHYTPIIIIHBOTO 3TOPSHHSA, 110 MPAIFOIOTh
3a IMKJIOM JAW3eJIs, 3 BUKOPUCTAHHSM JOOABOK BOJHIO JI0 OCHOBHOIO TIaJIMBA B MAJIMBHIM MaricTpaii BUCOKOTO THCKY.
J1nst mpoBeIeHH s eKCIIEpPUMEHTAIBHUX JOCIIIKEHb IPOIIECY BIIOPCKYBAHHS TTaJIMBA B IIWJIIH/IP ABUTYHA 3 BUKOPUCTAHHAM
BOJIHEBHX J100aBOK OYJI0 CTBOPEHO EKCIEPUMEHTAIBHMI CTeH 1 Ha 0a3i najamBHOI anaparypu apuryHa 4411/13. J{ns npu-
BEJICHHS B /Iif0 MAJTMBHOTO HACOCY BUCOKOTO THCKY BUKOPHCTOBYBABCS ENIEKTPO/IBUTYH TOTY>KHICTIO 1,5 KBT. JlocmimkeHns
TIPOBOMIINCE y JIBA €TAITH: MEPIINA — MPOBECHHS BIOPOAKYyCTHYHHX 3aMipiB IIyMy poOOTH MaJMBHOI amapaTypH MpH
BUKOPHUCTaHHI JI00aBOK, JPYrHid — ONTHYHE AOCIIKEHHSI [IapaMeTpiB PO3NUIIOBaHHs nanBa (opcyHkoro. Jlis mpose-
JICHHS! aKyCTHYHOTO JOCIIKEHHS BUKOPHCTOBYBaBcs irymoMip «Robotron RFT 00024». Anai3 oTpuMaHuX JaHHUX MOKa-
3aB, 110 BiJI PUCYTHOCTI BOIHEBOI JOOABKM 3HAYHOTO BIUIMBY Ha aKyCTHYHI IapamMeTpH pOoOOTH MaJMBHOI araparypy He
criocTepiraeTscs. ExkcriepuMeHTabHe OCHDKeHHS TapaMeTpiB pO3IIITY NMOTpedye BUKOPHCTAHHS BUCOKOLIBUJIKICHOTO
Bizie000MaJHaHHS, 00 OIIFH 3HIMOK TepeIae 3HAYHO MEHIIIE JaHWX PO MPOIIEC PO3ITITIOBAHHS, HiXK TIOCITiIOBHICTh KaJpiB
(Bimeo3ammc). 3ffoMKa IPOLIECy PO3MMITIOBAHHS CyMIIITi TTaIMBa 3 JOMAHNM BOJHEM IPOBOAMIIACE KaMeporo «Xiaomi Yi 4K
Action Cameray. L1s xamepa 103BOJIsIE TPOBOIUTH 3HOMKY 3 4acToToro KaapiB 120fps 3 posmmpennsm 1o 4K. s 06poo-
KU KajpiB Oyyi0 BUOpAHO METOJ CerMeHTarlii 300paxeHb. Lleit MeTon mossirae B po3/iicHHI 300paKCHHST HA OCHOBHUIA
MIJICBIYCHUIA Mepe/THiN TiaH Ta (oH. 3a JOMOMOIO0 IIbOr0 METOYy MOXKHA BiJIOOpA3UTH OCHOBHHUII CTPYMiHb Y BUIJISIIL
ITiJICBIYCHOTO HEraTHBY Ta 3a JONOMOIOI0 OIOCEPEeIKyBaHHs cepii 3HIMKIB 3pOOMUTH BHCHOBOK IOJIO 3MiHH CTPYKTYPH
TTATMBHOTO cTpyMeHs. [1icis mociimKkeHHs 00poONIeHNX KaapiB OYITo 3’sICOBaHO, IO TIPH BUKOPUCTaHHI BOTHEBUX JOOABOK
BiZIOyBa€ThCSI YKOPOUCHHS ITAJMBHOTO CTPYMEHS Ta 301IBIICHHS HOTo B 00’ €Mi. 3aCTOCYBaHHS MaInX JOOABOK BOIHIO 10
JIM3ETFHOTO TajIMBa MOKPAIIy€ SIKICTh PO3MIIIIOBAHHS, a OTXKE, 1 CYMIIIOyTBOPEHHS 32 PaxyHOK IOAPIOHEHHS Kparieib
NaJINBA, 110 MPU3BOAUTS JI0 3HIKEHHS e(D)eKTHBHOT BUTPATH MaJIMBA IBUT'YHOM.

Ku1o4oBi cii0Ba: 1BUTYH BHY TPILIIHBOTO 3TOPSIHHS; IN3€ITb; BOJICHB; MaJli I00aBKU BOJHIO; JI0CJTIPKEHHSI PO3MMIIIOBAHHS
TIaJINBA.
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INTRODUCTION

Limited reserves of fossil organic energy resources
necessitate the use of alternative fuels and fuel additives
in transport facilities. For the next decades, turbo-piston
internal combustion engines (ICE) with compression
ignition remain one of the main types of engines for small
and medium-sized transport and stationary installations.
The problem of ensuring the efficient operation of such
engines can be solved using fuel additives.

One of the most promising ways to add hydrogen
is using of hydrogen impurities in the main liquid fuel
of diesel engines.

Analysis of modern literature has shown that using
of hydrogen small impurities to the main fuel, both in
the intake manifold [1] and in other ways has a positive
effect on the environmental and economic performance
of the internal combustion engine. Thus, according to
the results of some authors [2, 3], the increase in engine
power by 3... 7%, and the decrease in the concentration
of CO and CnHm by 10% (27% when using hydrogen
additives). The effect of using hydrogen as a fuel additive
depends on the method of supply [4], concentration
and type of engine.

Currently, many domestic and foreign scientists
pay attention to the introduction of hydrogen
energy and reducing the impact of exhaust gases on
the environment. Among them N.N. Patrakhaltsev,
A.E. Whistle, A.R. Rusinov, B.A. Wagner, W.B. Santoso,
A. Nur, S. Ariyono, R.A. Bakar, N. Saravanan,
Z.H. Kerimov, R.Sh. Misbach, Gomes Antunes J.M.,
Mikalsen R., Roskilly A.P. and others [5]. In this case,
the process of adding small impurities of hydrogen
remains the least studied. Analyzing the review
of literature sources, not enough information was found
on the experimental study of the addition of hydrogen to
diesel fuel in the high-pressure line.

THE GOAL OF THE WORK

Investigation of the effects of wave oscillations
in high-pressure fuel equipment and the influence
of the use of small hydrogen impurities on the spray
process and vibroacoustic characteristics of the fuel
equipment.

FORMULATION OF THE PROBLEM

Creation of a specialized stand with a computerized
system of measurements; research on indicators
of the high-pressure fuel system with gaseous additives
on the high-pressure line by indirect methods.

As additives to diesel fuel it is possible to use: gas motor
fuels (liquefied natural gas, compressed natural gas, liquefied
petroleum gases (propane, butane); alcohols and gasoline-
alcohol mixtures (methyl, ethyl, isobutyl, etc., alcohols
and their mixtures from gasoline in various proportions),
esters (methyl tert-butyl ether (MTBE), methyl-tretamyl
ether (MTAE), ethyl tert-butyl ether (ETBE), diisopropyl
ether) (DIPE), as well as dimethyl ether) (liquid); obtained
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from natural gas and coal, biofuels (bioethanol, biodiesel),
obtained from renewable raw materials, hydrogen and fuel
cells running on hydrogen [6].

Among the proposed options for additives to
the main fuel of particular interest is hydrogen, as in
accordance with the work of V.A. Wag-nera, A.E. Whistle,
M.M. Patrakhaltseva et al., Even minimal hydrogen
additives of 0.1-2% by weight have a positive effect on
the environmental and economic performance of diesel [7].

However, of particular interest is the addition
of hydrogen to the high-pressure fuel line between the high-
pressure fuel pump (HPFP) and the injector. The main idea
is to add hydrogen to diesel fuel in the high-pressure line
at a pressure drop wave using a special device. At the same
time, on the compression wave, the diesel fuel is saturated
with hydrogen and enters the injector and then injected
into the engine cylinder. After injection and reduction
of pressure in the cylinder hydrogen is released from diesel
fuel, promotes the further crushing of drops, and quickly
diffuses in volume of cylinder space. The amount added
hydrogen to the cyclic supply of diesel fuel is regulated by
the hydrogen pressure at the inlet to the device.

This method is very easy to use and don’t require
significant intervention in the engine design. However,
in the scientific literature, the proposed method of adding
hydrogen is little studied, and of particular interest are
experimental studies of the small hydrogen additives
using in the high-pressure fuel line process and their
impact on the internal combustion engine parameters [8].

Therefore, the task of the study was the experimental
confirmation of this theory and obtainig qualitative results.

Experimental study

In modern high-speed diesels, the process of fuel
delivery takes only 1 ... 4 ms at a high speed of the HPFP
plunger. Compression and fuel injection has a pulsed
non-stationary nature. Fuel is an elastic medium in which
the pressure propagates at a speed close to the speed
of sound or exceeding it (1200-1600 m/s), and any, even
a slight change in volume in a filled hydraulic system
causes a sharp change in pressure [9].

Pressure pulses propagating from the excitation
source, encountering interference at the ends of the system,
are partially reflected and form return and total waves,
greatly distorting the characteristics of the injection.
At the end of the fuel supply, pressure waves, reflected
from the closed discharge valve, can cause new shocks
of the needle after the end of the main injection period. As
a result, the so-called re-injection of fuel is undesirable,
as the injection pressure is small, and the fuel spray is
coarse and inhomogeneous. Feeding with repeated
injections leads to an increase in the smoke of the exhaust
gases (EG), an increase in soot deposits, an increase in
specific fuel consumption and will create the conditions
for coking the spray holes [7; 10].

At the end of the fuel supply, the motion and reflection
of waves in the high-pressure cavity (pump fitting —
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discharge line —injector) gradually fade due to irreversible
energy loss due to friction, and the residual pressure is
set in it. Usually, the longer the fuel line and the higher
the frequency of the injection pulses, the stronger
the influence of wave phenomena in the system on
the fuel supply characteristics. This factor does not have
such an effect on the suction nozzles, where the discharge
line is absent, and the wave effect is very small.

The main idea is to add hydrogen to the diesel fuel
in the high-pressure line at the pressure drop wave using
a special device. In this case, on the pressure injection
wave, the diesel fuel is saturated with hydrogen and enters
the injector, then the fuel-hydrogen mixture is injected
into the engine cylinder. After injection and pressure
reduction in the cylinder hydrogen is released from diesel
fuel that promotes the further crushing of fuel drops
and quickly diffuses in volume of underpiston space.
The hydrogen amount that is added to the cyclic supply
of diesel fuel is regulated by the pressure of hydrogen
at the inlet to the device.

However, in the scientific literature there is not
enough information about the results of an experimental
study of the addition of hydrogen to the main liquid fuel
of the internal combustion engine. Therefore, the task
of the study was the experimental confirmation of this
theory and obtaining qualitative results.

One of the research methods is physical modeling,
which allows to obtain fairly accurate results. The
processes of wave oscillations and the possibility of using
additives on the vacuum wave require further theoretical
and experimental research to determine the conditions
of rational parameters of the additive supply and control
of the fuel injection process. To study these processes
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in detail, an experimental ICE-1-MDV unit based on
the D65 diesel fuel system (4CH11/13) was developed
and created. The scheme of the experimental setup is
presented in Fig. 1. The experimental setup consists
of the following subsystems:

— subsystem (based on the fuel system of the engine
D65) to study the parameters of fuel injection with
the addition of hydrogen gas.

— subsystem for vibroacoustic research.

— subsystem for optical research.

— measurement subsystem.

— subsystem of automation and regulation.

To conduct experimental studies of the diesel internal
combustion engine operating fuel injection process with
the addition of small hydrogen impurities, a stand was
developed based on the diesel fuel system 4CHI11/13.
A three-phase electric motor with a 1.5 kW capacity was
used to drive the standard HPFV.

From the cylinder 1, with a volume of 5 liters, hydrogen
enters the valve adding additive 4 through the gearbox 2.
The valve 4 is installed in front of the fitting of the standard
nozzle 12 mounted on the rod and installed by the spray in
the measuring cup 11. High pressure fuel pump (HPFP)
7 is driven by a three-phase AC motor 5 connected via
a coupling and operates through a frequency converter
to control the speed of the shaft. A digital tachometer is
installed on the coupling of the pump and the electric
motor. Fuel consumption through the pump was measured
on a measuring cup 11. To register the hydrogen pressure,
a strain-electric pressure sensor «OVEN PD100-DI16,0» 3.

The pressure value in the fuel line is converted into
a current signal by a dynamic fiber-optic pressure sensor
for high-temperature pressure measurements “Optrand

o

Fig. 1. Installation scheme:

1 — cylinder with hydrogen; 2 — industrial hydrogen reducer; 3 — pressure sensor; 4 — hydrogen addition valve;
5 — electric motor; 6 — fuel discharge capacity; 7 — HPFV; 8 — expenditure tank; 9 — fuel pump;
10 — computer system for data acquisition and processing; 11 — injection tank; 12 —nozzle; 13 — pressure sensor
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AutoPSI-S2000” 13 with an upper measurement limit
0f 200 MPa and an output signal of 0.5 ... 5 V. This allows
you to determine the start of injection fuel, qualitatively
assess the value of fuel pressure and investigate
the processes in the high-pressure pipeline.

The signals of the primary sensors from the stand
ICE-1-MDV are received electronically to the USB-
oscilloscope and to the computerized system for measuring
and recording data «IRIS» 10.

Vibroacoustic method of research of fuel equipment.

Vibroacoustic study was conducted to investigate
the effect of adding hydrogen small impurities to
the main fuel on the characteristics of the fuel equipment
of a diesel engine. For the study was used noise meter
“Robotron RFT 00024” (Fig. 2) with the characteristics
given in table. 1. The sensitive element of the noise
meter was placed at the closest and safest distance from
the elements of the fuel equipment. The noise meter signal
was processed in real time using a USB-oscilloscope
“IRIS” and displayed on a PC screen.

Considering the peculiarities of sound vibration
processing, it was decided to process the maximum
and average values of sound oscillations (Fig. 3).

Fig. 2. Robotron RFT 00024 noise meter

According to the results of the obtained data, it is
seen that regardless of the presence of the fuel additive,
the vibroacoustic parameters of the fuel equipment
almost do not change in a wide hydrogen impurity supply
pressure range.

Optical examination of fuel equipment.

To study the process of spraying diesel fuel, a stand
for high-speed video recording of a jet of sprayed fuel
was developed, the scheme of which is shown in Fig. 4.

The control device of the laboratory unit (1) sends
a pulse to the control unit, turning on the operation
of the HPFV and supplying fuel to the injector (3). The
pulse from the sensor (2) is fed to the synchronization
unit (5). Thus, the start-up of the camcorder is
synchronized with the start of operation of the fuel pump
and spray nozzle. The information signal is transmitted
to the personal computer (6) via the controller cable
from the video camera (4). The fuel jet sprayed
on the injector (3) moves parallel to the surface
of the screen.

Hydrogen to the high-pressure fuel line came from
a cylinder with a residual pressure of 5 MPa.

Table 1. Technical characteristics of the Robotron RFT
00024 noise meter

Level range without | 59 g 4p _ 4¢ A, C and LIN;
switching:
with an external filter 69,9 dB
the .hr.lear modulation ar<.3a at 10 dB till + 20 dB
this instantaneous reading
linear acoustic frequency 30 Hz — 20 kHz
range
Dimensions 340x119x207 mm
Mass 4,7kg

Video recording was performed using a Xiaomi Yi
4K Action Camera with a scanning frequency of 120fps
in 4K mode.

In cases known from the literature, a separate
photographic image of the jet is processed. In this paper,
the proposed method investigates the brightness of a series
images area of fuel jets in their development, while
processing is usually subjected to several spray cycles,
each of which is from 5 to 15 frames. A series of images
is processed automatically. Thus, the method allows us
to study the dynamics of changes in the brightness areas
of different zones of the jets.
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Fig. 3. Diagram of the acoustic oscillation’s dependence on the
pressure of hydrogen supply

It is suggested to use high-speed video recording for
the study, because one frame (photograph) contains much
less information about the sawing process than a series
of frames (video recording). However, the disadvantage
of high-speed video recording is the flickering
of the brightness of the frames. Therefore, to prevent
brightness flicker, the use of illuminated image negatives
was chosen (Fig. 5).

The fuel jet has a vague outline, so defining
the boundaries of the fuel jet is a separate task. When
analyzing objects in images, the task arises to identify
those that are of interest to the researcher. The methods
used to find objects of interest are called segmentation
methods — the division of the image into the foreground
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and background. Segmentation allows you to select areas
of the image that seem homogeneous to the observer; this
operation divides the image into areas of the same type.
There is no universally applicable segmentation method
that would give an acceptable result in all images, there is
no perfect method of segmentation.

Fig. 4. Scheme of the video recording stand

Image processing of fuel jets.

The computer program “Corel DRAW Graphics Suite”
was used to process the registered images of the fuel jet.

According to the idealized description of the fuel jet,
it has a conical shape and in its central part is denser than
on the periphery. When the fuel jet is evenly filled with
drops, it will be depicted in the image in approximately
one shade, or vice versa.

This method of research can consider the integral
change of the sawing process.

However, after image processing and considering
the external characteristics of the fuel jet, the analysis
of the obtained images showed that the presence
of hydrogen impurities leads to:

a)
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— reducing the average diameter of fuel droplets;

— it is recorded that with increasing concentration
of gas (air) in the fuel decreases the range of the jet L
and increases its width B.

— the contour of the torch acquires a teardrop shape;

— there is no aggravation at its apex, we can assume that
to some extent the super-enriched core of the jet is destroyed;

— the angle of opening of a torch considerably
increases.

However, these are only indirect research methods,
but to study the impact on the processes inside the ICE
cylinder, it is necessary to conduct research on a real
engine. Conducting such experiments will allow to obtain
comprehensive results on the use of small impurities
of hydrogen in the fuel of diesel internal combustion
engines, as well as to investigate their impact on its
economic and environmental characteristics.

CONCLUSIONS

1. The stand for research of the fuel equipment with
use of small impurity of hydrogen is developed.

2. When conducting vibroacoustic studies, it was
noticed that the use of small impurities of hydrogen does
not have a significant effect on the mode of operation
of fuel equipment.

3. According to the results of optical research, it
is noted that the use of small impurities of hydrogen
significantly affects the spraying of fuel, reduces the range
of the jet, and leads to a decrease in the average diameter
of the fuel droplets.

4. The use of small amounts of hydrogen impurities
improves the quality of the mixture by improving fuel
spraying, which reduces the specific fuel consumption
of the engine.

b)
Fig. 5. Photographs of photofixation of fuel spraying by the injector: a) without additives, b) with a hydrogen additive
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