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AN EXPERIMENTAL STUDY OF THE
WAVE EFFECT IN FUEL EQUIPMENT
USING HYDROGEN ADDITIVES

TO DIESEL FUEL
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1. Introduction

The limited reserves of fossil organic energy neces-
sitate a wider use of alternative fuels and fuel additives
in transport units. For the coming decades, for small and
medium transport and stationary power plants, one of the
main types of engines will remain turbo piston internal
combustion engines (ICE) with compression ignition. The
task of increasing the efficiency of such engines can be
solved, in particular, through the use of promising fuel
additives [1, 2].

As additives to diesel fuel can be used [3]:

— gas engine fuel (liquefied or compressed natural gas);

— liquefied petroleum gases (propane, butane);

— alcohols and benzyl alcohol mixtures (methyl, ethyl,

isobutyl and other alcohols and their mixtures with

gasoline in various proportions);

— ethers (methyl tertiary butyl ether, methyl tert-methyl

ether, ethyl tertiary butyl ether, diisopropyl ether, and

also dimethyl ether);

— synthetic liquid fuels derived from natural gas and coal;

— biofuels (bioethanol, biodiesel) derived from renew-

able raw materials;

— hydrogen and hydrogen based fuel additives.

The paper presents an experimental study of the effect
of the use of hydrogen gas additives in the line of high
fuel equipment of the internal combustion engine on the
characteristics of the «wave effect» and the characteristics
of injection of the internal combustion engine.

Therefore, it is relevant to study the possibility of using
hydrogen additives in the high-pressure fuel line through
a special non-return valve due to the «wave effect» in the
fuel equipment [4, 5].

2. The ohject of research
and its technological audit

The object of research is hydrodynamic wave effects in
the high-pressure fuel equipment of diesel engines. Due to
the use of the «wave effect> with the help of a special
non-return valve it is possible to carry out small additives
(0.1..0.5 % by mass) of hydrogen to the main fuel. The con-
structive scheme of the non-return valve is shown in Fig. 1.

Among the proposed options for additives to the main
fuel, hydrogen is of particular interest, since, according
to [6, 7], even minimal additions of hydrogen (0.1-0.5 %
by mass) have a positive effect on the environmental and
economic performance of a diesel engine.

;36

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — No 6/1(44), 2018, © Shalapko D.



I55N 2226-3780

INDUSTRIAL AND TECHNOLOGY SYSTEMS:
TECHNOLOGY AND SYSTEM OF POWER SUPPLY )

Hydrogen supply

from high pressure
Juel pump ‘

Fig. 1. Device for supplying hydrogen to the high pressure line:
1 — tee body; 2 — valve body; 3 — non-return valve with
a guide shaft, 4 — valve stroke stop

Structurally rational is the supply of hydrogen to the
high-pressure fuel line between the high-pressure fuel pump
(HPFP) and the nozzle. The peculiarity is adding hydrogen
to diesel fuel to the high-pressure line on a low-pressure
wave using a special device. In this case, in the pressure
wave, diesel fuel is saturated with hydrogen and enters
the nozzle and then injected into the engine cylinder.
After injection and reduction of pressure in the cylin-
der, hydrogen is released from diesel fuel, contributes to
the further grinding of the droplets and quickly diffuses
into the volume of the over-piston space. The amount
of hydrogen that is added to the cycle supply of diesel
fuel is regulated by the hydrogen supply pressure at the
inlet to the mixing device (Fig. 1) [2]. However, when
using gas additives, one should not exceed the limits of
gas solubility in the fuel in order to avoid the occurrence
of gas locks in the high-pressure fuel line.

This method is very simple to use and does not require
a significant change in engine design. However, in the
special scientific and technical literature, the proposed
method of adding hydrogen has been little studied, which
predetermines the promise of its experimental research.

3. The aim and ohjectives of research

The aim of research is obtaining the dependences of
the diesel fuel saturation with a hydrogen additive for the
formation of a mathematical model. To achieve this aim it
is necessary to perform the following objectives:

1. To develop a physical model of wave oscillations
in the fuel equipment of a diesel engine.

2. To create an experimental stand for studying the
wave effect with small additions of hydrogen to the high-
pressure fuel line.

3. To obtain qualitative results on its effect on the
engine parameters.

4. Research of existing solutions
of the prohlem

The method of adding hydrogen, which is described
in [7], shows a high ecological efficiency in the use of
small additions of hydrogen with the help of a dual-fuel
injector. However, in this work the «wave effect» of fuel
equipment and the effect of hydrogen on the hydraulic
characteristics in the fuel line are not fully revealed.

Among the main ways to increase the efficiency of the
internal combustion engine through the use of hydrogen

as an additive to the main fuel identified in the resources
of world periodicals, can be highlighted [8, 9]. But they
consider only the supply of hydrogen in the intake manifold.
The works [3, 10] are devoted to the consideration of the
influence of the addition of hydrogen on the environmental
parameters of a diesel engine, with an analysis of the ra-
tional ratio of hydrogen to fuel. But the question remains
of the cost ratio of hydrogen when it is added to 20 %.
An alternative solution to the problem, outlined in [11],
does not provide for the addition of hydrogen to the fuel,
but uses direct hydrogen supply to the diesel cylinder. At
the same time, works [11, 12] use from 8 to 45 % of hydro-
gen with respect to diesel fuel. The use of hydrogen as an
additive to the main fuel plays a role only in increasing
the energy intensity of the fuel according to the authors
of [13]. This is not confirmed either experimentally or by
modeling. The addition of hydrogen in the amount of 3 %
by mass leads to an increase in the efficiency of the power
plant with ICE by 1.5 %, as shown in [14]. However, in
this case, hydrogen acts as both a combustion catalyst
and a fuel, since with this addition the energy potential
reaches 10 % of the main fuel. The use of hydrogen in
HCCI in the amount of an additive up to 17 % shows
that a smaller proportion of the additive is more effective
and leads to a <«softer» engine operation [15]. Although
this statement concerns only this type of engine and is
not widely used in the global engine-building industry.

5. Methods of research

The physical model of the spray and the possibility
of using hydrogen additives on the discharge line require
further theoretical and experimental research to determine
the rational parameters of the additive supply and control
of the fuel injection process. One of the research me-
thods is physical modeling, which allows to obtain fairly
accurate results.

In modern high-speed diesel engines, the fuel supply
process takes only 1..4 ms at a high speed of the pump
plunger [4]. Compression and fuel injection have a pulsed
non-stationary character. The fuel itself is an elastic me-
dium in which the pressure propagates at a speed of sound
(1200-1600 m/s), and any, even slight, change in volume in
a filled hydraulic system causes an abrupt pressure change.

The pressure pulses propagating from the disturbance
source, encountering obstacles at the ends of the system,
are partially reflected and form reverse and total waves,
strongly distorting the injection characteristics. At the end
of the fuel supply, pressure waves, reflected from a closed
discharge valve, can cause repeated needle jumps after
the main injection period is completed. The resulting so-
called sub-injections are undesirable because the injection
pressure is small and the atomization of the fuel is coarse
and heterogeneous. Sub-injection flow leads to an increase
in the smoke of exhaust gases, an increase in carbon for-
mation, an increase in the specific fuel consumption and
creates prerequisites for coking of the atomizer openings.

After the end of the fuel supply, the movement and
reflection of waves in the high-pressure cavity (pump nozzle —
discharge pipe — nozzle) gradually subside due to irrever-
sible energy loss due to friction, and residual pressure is
established 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
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delivery characteristics. This factor does not have such an
effect on the «pump-injector» section, where there is no
injection pipe and the wave effect is negligible.

6. Research resulis

In order to study these processes in detail, an ex-
perimental unit IBC-1-M/IB is developed on the basis
of the fuel system of the D65 (44911/13) diesel engine
(USSR). The experimental unit is shown in Fig. 2, its
appearance is shown in Fig. 3, 4.

The experimental unit consists of three subsystems:

— subsystem for physical modeling of fuel injection

processes with the addition of hydrogen gas (based

on the fuel system of the D65 engine);

— subsystem of removal and automated processing of

measurement data;

— subsystem of automatic control of unit parameters.

From a cylinder 1 with a volume of 5 liters (Fig. 2),
hydrogen through a reducer 2 enters the additive addi-
tion valve 4, which is installed in front of the fitting of
a standard nozzle 12 mounted on a rod and installed with
a spray element in a measuring cup 11.

The pressure value in the fuel line is converted into
a current signal by a dynamic fiber optic pressure sen-
sor 13 for high-temperature pressure measurements «Optrand
AutoPSI-S2000» (USA) with an upper limit of 200 MPa
and an output signal of 0.5...5.0 V. It allows to determine
the moment of the start of fuel injection, qualitatively
estimate the magnitude of the pressure of the fuel and
explore the processes in the high-pressure pipeline.

The signals from the primary sensors from the /JBC-
1-M/IB stand are electronically transmitted to the USB
oscilloscope and to the computerized measurement and data
recording system «IRIS» (Russia) 10.

Modern primary transducers of measured physical quanti-
ties into electrical signals together with computerized hard-
ware for conducting experimental research and software for
processing experimental data based on CAD systems ensure
sufficient reliability of the obtained experimental information.

Fig. 3. Installation of the Optrand AutoPSI-52000 sensor (USA) in the high
pressure line: 1 — pressure sensor; 2 — nozzle

Fig. 4. Experimental unit on the basis of the fuel equipment
of the 4411/13 engine: 1 — power supply unit for «<0BEH»; pressure
sensors; 2 — nozzle; 3 — pressure sensor; 4 — signal filter block;
5 — high pressure fuel pump

B -

7 0

Fig. 2. Scheme of [JBC-1-M/IB experimental unit:
1 — cylinder with compressed hydrogen; 2 — industrial hydrogen reducer; 3 — pressure sensor; 4 — valve for adding hydrogen to the high pressure
fuel line; 5 — electric motor; 6 — fuel discharge tank; 7 — high pressure fuel pump; 8 — supply tank; 9 — fuel boost pump; 10 — computer system
for collecting and processing measurement data; 11 — injection tank; 12 — nozzle; 13 — pressure sensor
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Characteristics of the main measuring equipment of
the experimental stand DVS-1-MDV are given in Table 1.
Fig. 5 shows the fuel injection diagrams with the ad-
dition of hydrogen (Fig. 5, a) and without the additive

(Fig. 5, b), obtained experimentally.

An analysis of these data shows that with the addition
of hydrogen gas to the fuel, the effect of wave oscil-

lations in the high-pressure line is «smoothed

As a result of processing the obtained experimental
data, the dependences of the supply of a small addition
of hydrogen (by mass) on the feed pressure and on the
crankshaft rotation frequency (Fig. 7) are established. At the

same time, the hydrogen pressure varied within 2...10 MPa

nominal (72,,,=1150 min~1).

and the rotational speed in the range of 60—100 % of the

—_
o
S
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crease in the maximum fuel injection pressure & 140 1 Fuel 9= Hydrogen
(Fig. 6) after the start of the additive supply is £
noticeable. S 100
.. =
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in the amount of v=0.1 %, with the serial = 60
tightening of the needle spring of the injec- 2
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20 as well as issues of its safe storage and opera-
37.15 37.2 37.25 373 tion of hydrogen.

Operation time, s
b

Fig. 5. Fuel injection diagram (a number of injections are highlighted):
a — without hydrogen addition; 5 — with addition

In conclusion, it should be noted that at
the moment, the qualitative dependence of

the influence of the hydrogen addition on the
environmental performance parameters and
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the fuel efficiency of the internal combustion engine is
still not fully understood. This predetermines the task
of subsequent experimental studies on the real engine
of the influence of the proportion of hydrogen additive
on the effective fuel consumption, the characteristics of
intra-cylinder processes (to produce an indicator diagram
of the internal combustion engine) and the concentration
of pollutants with exhaust gases.

7. SWOT analysis of research resulis

Strengths. The use of small additives of hydrogen in
the high-pressure fuel pipe leads to an increase in engine
power by 3...7 %, depending on the amount of the additive
and the engine load. The component of hydrogen combus-
tion in the heat balance is 1..3 %, the cost of hydrogen
in this case does not exceed 2 % of the cost of fuel.

The use of small additions of hydrogen in the amount
of 0.1 % of the cyclic dose of fuel leads to a decrease in
the specific fuel consumption by 2.3..3.7 % depending on
the operation mode of the engine.

In comparison with existing methods of adding hydrogen
to diesel internal combustion engines, this method helps
to preserve the excess air ratio, has minimal hydrogen
consumption (0.1 % compared to 5..10 % in the case of
supply to the intake duct). Regulation of a hydrogen por-
tion is carried out by adjustments of the fuel equipment
and does not require additional equipment.

Weaknesses. Certain difficulties are caused by the orga-
nization of fuel supply process in the internal combustion
engine in the case of using small additions of hydrogen.
So, in the case of hydrogen overpressure there is a threat
of gas locks on the high pressure line. This is fraught with
a violation of the stable operation of the engine, missed
outbreaks, deterioration of environmental performance and
engine reliability.

Opportunities. Further development of this method re-
quires the development of a mathematical model of the
hydrogen solubility with this method of its addition. The
application of this method of hydrogen addition is modeled
for the vessel type tanker «SVL LIBERTY» (launched by
the SMG «Kherson shipyard», Ukraine) with deadweight
of 6970 tons. So with an average transition in 1800 miles,
fuel savings of up to 850 c. u. for the voyage, taking into
account the cost of hydrogen.

Threats. Among the costs for the implementation of
this technology, it is necessary to consider equipment with
metal hydride hydrogen accumulators, an electrolyzer and
a hydrogen supply system. The second difficulty is equip-
ping the vessel with additional safety measures for the use
of explosive gases. Among the analogues of this method,
it is necessary to single out the use of dual-fuel injec-
tors [7], but in this case the design of the fuel system
is much more complicated and its reliability is reduced.

1. A physical model of wave oscillations in the fuel
equipment of a diesel engine has been developed, which
substantiates the expediency and possibility of using small
hydrogen additives in the fuel on the pressure drop line.
A feature of this model is the ability to take into account
the time intervals of the injection phase separation, divided
into segments, respectively, resulting fluctuations in the

pipeline. In further modeling of the hydrogen absorption
process, the injection phase sections are taken into ac-
count to refine the dissolution model.

2. An experimental stand has been created, including
a computer system for collecting, recording and proces-
sing measurement data. This allows to research processes
in the fuel line of the engine of high pressure with the
addition of hydrogen.

3. The dependences of the mass fraction of the hydro-
gen supply to the main fuel from the supply pressure
of the additive and the rotational speed of the engine
crankshaft has been obtained. It has been established that
in addition to the hydrogen supply pressure, the load and
high-speed operation of a diesel engine have the same
qualitative effect on the saturation process of diesel fuel
with hydrogen. In this case, it is expedient to supply
hydrogen pressure in the range of 5-8 MPa.

It has been determined that the addition of hydrogen
in the amount of v=0.1 %, when the needle spring of the
injector R,s=17.6 MPa is serially tightened, causes a decrease
in the maximum injection pressure P; by 2..3 MPa due
to changes in the physicochemical properties of the fuel.
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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
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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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