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The article presents the results of various factimffuence experimental
research on pressure oscillations at the injectdet in case of single and
double injections of different fuels. With thisclsdactors as fuel pressure,
injection rate value, interval between injectiopsysical properties of fuel
and design features of the injector were taken adoount. The aim of the
research: to evaluate the influence of pressurdllaions caused by the
preliminary injection of fuel to the main injectioMAnalysis of the

experimental data obtained is useful for selecttbrmain design solutions
for Common Rail Injectors (CRI).

Key words: common rail type fuel system, common rail injector,
hydrodynamic effects, pressure oscillations, fagddtion rate

1. Introduction

As fuel systems are improved, the maximal injecpoessure grows [8, 10]. In a number of
publications, the issue of the need of injectingl funder the pressure over 2500 bar is discusseg] [5
7, 9].

The pressure growth in case of multiple injectioakes the fuel injection working process
more complicated. Pressure oscillations at theciojeinlet become more crucial which was noted by
many researchers [1, 2, 3] including in Moscow Auwmbbile and Road Construction State Technical
University (MADI).

In publication [2] the influence of hydrodynamidegts in the fuel line on pressure oscillations
in the CRI inlet is investigated.

The oscillations grow as the channel length in@easd diameter decreases. But the fuel line
also influences on their frequency. For examptheffuel line length increases, the frequency degs
This is explained by the fact that pressure wasgetrtime in a long channel is higher. Oscillation
process increases with the growth of fuel pressuttee common rail and control impulse duration.

It is demonstrated that depending on the intereailvben two portions of double injection, the
injection rate may vary considerably. The wave psscthat originates when one CRI injects fuel has
an impact on fuel injection process of other diesgine cylinders’ injectors.

In publication [1], a conclusion is made on theswmes of pressure oscillations: pressure
oscillations, which are triggered by nozzle-closmguced water-hammer, at the end of each injection

t Corresponding author; e-mail: a.u.dunin@yandex.ru



event. When fuel is flowing via nozzle holes duringection process, its kinetic energy grows which
is transformed into energy of pressure waves whemeéedle valve closes and the flow stops abruptly.

In publication [3] it was found that fuel pressasillations can't be the reason of resonance of
fuel system mechanical parts because their natsclation frequency is considerably lower thaa th
frequency of wave process in hydraulics. However damonstrated the possibility of the origination
of hydraulic resonance which takes place when:lreddses as soon as the compression wave, due to
the rail reflection of the injection-induced defsies wave, reaches the nozzle.

When the needle valve seats on its seat, the hjclianpact takes place. The pressure wave and
the direct pressure wave (compression wave) whiginate, as a consequence, appear to be in the
same phase which causes intensive pressure aeoslan the delivery line. It is important to taikeo
consideration this effect in case of multiple injee and seek to avoid it.

The analyses of the influence of injector desigmane process is of interest. For example, it is
demonstrated here that in a nozzle having holetheriocking cone, the hydraulic impact when the
injector is closing is not so strong as in casa nbzzle having holes in the sack volume.

The results described need to be supplemented tay ataways of prevention of oscillation
effects and the influence of fuel properties omth&he present article reflects the results ofisglv
these scientific tasks.

2. Experimental set up

The experimental set up (Figure 1) has modulargdesiaking possible its adaptation for
current research tasks and various designs obfistééms. This set up contains of:

» asynchronous electric motor 3 (7.5 kW, 3000 rpnihwaithyristor transducer 12 enabling a
smooth control of rotation speed;

» low pressure fuel line which includes a low pressiuiel pump 16, 12 V and 24 V electric
power supply units 8 - 9, fine fuel filter 15.

The fuel system (Figure 2) of thexperimental set up includes: radial-plunger typghhi
pressure fuel pump 1 with throttle valve for fuatexing the pump, fuel accumulator 2 with pressure
sensor 16 and two electro-hydraulic injectors 3.

In both injectors, electromagnetic drive of the tcohvalve is used. The second injector
differs from the first one with the presence ofualfaccumulator integrated into the body and the
design of the pressure balanced valve. LayoutBeirjectors are presented in Figure 3. Paramefers
its elements are presented in Table 1.

For carrying out investigations, experimental ggtnas complemented with measuring system
having two piezoelectric sensors. The first selsanounted at the inlet of the common rail injector
(CRI) and registers the pressure oscillations whehis injected. The second sensor is mounteten t
chamber and registers the instants of fuel injactitart and end. The chamber presents an enclosed
volume with a pressure discharge valve. The maaggsistem components are presented in Table 2.

The magnitude of fuel injection rate Q measured tbg gravimetric method. When
determining the Q of each point measurement idezhiwut twice, which allows to determine the
random measurement error of this magnitui®@)( The instrument error of high-precision scakes i
neglected since its value is substantially lesd@anmeasurement error.

Each measurement providd€) not lower than 15,0%, which is achieved by sébecta
sufficient number of cycles.
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Fig. 1. Experimental set up:
1 — frame; 2 — protective casing; &synchronous electric moter— coupling; 5 — fuel tank; 6 —

mounting plate; 7, 11 — fuses; 8, @lectric power supply unitd0 — magnetic contactor; 12 —

thyristor transducen3 — emergency stop switch; 14lectric motomounting; 15 fine fuel

filter; 16 —low pressure fuel pumpQA7 — pressure regulator; 19, 20 — mounting theonto the
frame

Fig. 2. Fuel system of thexperimental set up:
1 —high pressure fuel pump —fuel accumulatqr3 —electro-hydraulic injecto#, 5 —high
pressurduel lines; 6, 7 — mounting plates of theel accumulatqrs, 9, 10, 14 — clamping plates;
11 — fixings; 12 — fixing pin of théuel accumulatqri3 — mounting plates of the pressure sensor;
15 — fixing pin of the pressure sensor; 1gressure sensor
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Fig. 3. Layouts of the injectors: a — injector Nolb — injector No2;
1 — solenoid, 2 — control valve, 3 — CRI body, dontrol chamber, 5 — multiplier (for version b,
elements 5 and 7 are one piece); 6 (a) — chanpplysng fuel to the injector nozzle; 6 (b) — fuel
accumulator; 7 — injector nozzle needle; 8 — imjeabzzle; 9 — needle spring; 10 — inlet throttlk;—
outlet throttle; 12 — valve spring; 13 — additiottabttle; 14 — channel

Table 1. Basic parameters of fuel system elements

Fuel system element Parameters
CRI Nol No integrated fuel accumulator, pressuigalanced valve, fuel injectol
nozzle hole diametef,=0.12 mm, number of holes 7.
CRI No2 Integrated fuel accumulator is presentsguee balanced valve, fuel
injector nozzle hole diametdr=0.09 mm, number of holes 8.
Fuel line Fuel line 5 (Figure 2) lengif+1000 mm, channel diametd=2.2 mm.

Table 2. Measuring equipment

Name Tool description
AVL A03 (Austria) Dual-channel charge amplifier.
Piezoelectric sensor.
T6000 No 4636 (Russia) Sensibility: 2.1 pC/bar.
Pressure measuring range 0...6000 bar.
Piezoelectric sensor.
T6000 No 4588 (Russia) Sensibility: 2.2 pC/bar.
Pressure measuring range 0...6000 bar.

Strain-gage sensor.

DMP304 (Germany) Pressure measuring range 0...4000 bar.
Siglent AKIP 4126/2 (China) Digital storage oscilbmpe.

The measurement error of the inlet pressure innjleetor and fuel accumulator is determined
by the accuracy of measuring instruments. Therefoadibration of pressure sensors T6000 and
DMP304 (Table 2) were previously conducted.

Electronic control of fuel system is effected witie aid of microprocessor control system
developed in MADI. Measurement of injection rateaswcarried out using Collection of fuel for
measuring injection rates is carried out with |abory graduated jars.

The experiment was carried out in two stages: itsedtage — the injector operate in case of a
single injection; the second stage — the injecparate in case of multiple injection.



3. Results and Discussion

At the first stage, the influence of the followif@ctors on pressure oscillations at the CRI
inlet was investigated (Figure 4): fuel presspgg control impulse duratiomm, type of fuel used.
With this, two different injectors having princiabifferent design were estimated in the experitnen

As fuel were used diesel fuel and sunflower oil€&3).

Table 3. Properties of the fuels used

Properties Diesel fugl Sunflower oil
Density (t = 20C), kg/m? 820 923
Kinematic viscosity (t = 20C), mn/c 3.0 65.2
Cetane number 45 33
Low calorific value, MJ/kg 42.5 37.0
tﬂI I T
Timp ) pressure
Pac . oscillations
L Injector >
fuel »

single injection
Fig. 4. Layout of the first stage of the experiment
controlled factorstimp — control impulse duratioma.— pressure in the fuel accumulator, fuel —
working fluid (diesel fuel or sunflower oil); unctrolled factorste — fuel temperaturdy — fuel line
length,ds — fuel line diameter

Fuel injection causes considerable oscillationfuef pressure at the injector inlet. One of the
reasons is hydraulic impact originating when clgsthe injector nozzle needle. In this way, in the
injector Nol with pressune,=1000 bar and control impulse duratigm=0.6 ms (corresponds to fuel
injection rateQ=16.5 mg), the injection causes pressure oscitlatiwith amplitude up to 250 bar
(Figure 5). Evidently, these oscillations influentee fuel supply process in case of multiple
injections: the previous injections would influeraethe following ones.

1200

Injection start

1150 —-
Injection end
1100
1050

1000 [

Ap [bar]

950
900
850
800

750

0 5 10 15 20 25 30
T [ms]

Fig. 5. Pressure at the inlet of the CRI No 1pt=1000 bar,zimp=0.6 ms,Q=16.5 mg)



As the fuel pressure and injection rate increase,dscillation process increases. Figure 6
shows the comparison of data at three pressuriéteifuel accumulator and constant control impulse
durationzimp =0.6 ms. A single injection is used. The pressgeillation range at the CRI inlet at
Pac=1500 bar is up to 350 bar, andoat=500 bar, the amplitude decreases to 80 bar.
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Fig. 6. Fuel pressure oscillations at the entry adhe CRI Nol at various pressures#mp,=0.6 ms):
Q=9.1 mg 0a=500 bar); Q=16.5 mg p.=1000 bar); Q=38.3 mg p.=1500 bar)

Figure 7 shows the comparison at constant pressuhe fuel accumulatgo.=1000 bar and
variation of the first control impulse duration. @ basis of this, one can make a conclusionahat
the first portion of fuel decreases, the oscillasioange also decreases.

Figure 8 shows the data for the injector No2 atdperation mod@.=1000 bar andin,=0.6
ms. Compared with the Nol version of the CRI (Féghy, the pressure oscillations are considerably
lower. The pressure oscillations range for theigardlol is 400 bar, and for the version No2 — 120
bar, that is, 3.3 times lower. Hence, the intermdime of the injector plays a considerable rold an
may be an efficient measure for lowering pressguodlations.
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Fig. 7. Fuel pressure oscillations at the entry adhe CRI Nol at various duration of the first
injection (pa==1000 bar):Q=2.2 mg imp=0.3 Ms);Q=16.5 Mg ¢imp=0.6 mSs)
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Fig. 8. Pressure at the inlet of the CRI No2pe.=1000 bar,zimp=0.6 ms,Q=24.0 mg)

The injector No2, has a pressure balanced vahadition to integrated fuel accumulator.
The balanced valve makes it possible not only tweabese the volume of fuel leaks at high pressure,
but also to improve the injector working processase of multiple injection [4].

Physical properties of fuel used are also imporitacase of fuel injection. As the viscosity of
fuel increases, the hydraulic friction grows whadntributes to rapid damping of oscillations. Feyur
9 shows the data for the injector Nol when opegabim sunflower oil. As compared with diesel fuel
(Figure 5), the oscillations range decreases frothtd 250 bar at the same operating mode.

At the second stage, the influence of the intdreilveen the impulses of a double injection on the
injection rate value of the second portion was stigated. In this experiment, the injector Nol wasd.
The layout of the second stage of the experimerdse of a double injection is presented in FigOre

The oscillogram of a current passing through eleetragnet of injector Nol is shown in
Figure 11. The injector control is carried outwotphases: forcing and holding. For forcing, voitag
of about 50 V is applied to the electric magnetirtui0.3 ms which promotes a rapid raise of the
control valve. The injector needle is held usintsptwidth modulation with duty ratio 50%.
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Fig. 9. Pressure at the inlet of the CRI No1p&=1000 bar,zimp=0.6 ms,Q=15.9 mg), operation on
sunflower oil
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Fig. 10. Layout of the second stage of the experimte
controlled factorAzimp — interval between two portions of a double inatt
uncontrolled factorsie — fuel temperaturéy — fuel line lengthdy — fuel line diameter;
output parametefr); — injection rate of the second portion of a doubjection
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Fig. 11. Oscillogram of current passing through elgric magnet of injector Nol1 (double
injection): zimp — control impulse duration, Azimp — interval between two portions of double
injection

Injector rate and injection characteristic of teeand portion depend on the time at which the
second injection is effected related to the firs¢.oFigure 12 shows the results of the investigatat
constant pressune=1000 bar, two injections each having,=0.6 ms with variable intervalzimp.
The vertical line designates the instant of fuetipa injection start.
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Fig. 12. Pressure oscillations at the inlet of CRNo1 at various intervals between double
injection Atimp (Pac=1000 bar): Q=17.5 mg Azimp=3.6 Ms);Q=9.5 mg Azimp=5.5 ms)




The superposition of waves in case of multipledtim may result both in amplification and
damping of oscillations process. If the secondciip@ is executed at the rear wave edge (pressure
increase) or in the zone of minimum — the oscoladi damping takes place. If the second injection is
executed at the front (decreasing) wave edge threizone of maximum, the oscillations increase.

Figure 12 shows that at the intervedmp=3.6 ms, after injection of the second portion, the
maximal pressure oscillations range is 330 barith&t interval Atimp=5.5 ms, the maximal range
increases 1.45 times to 480 bar.

Figure 13 shows the results of estimation of thpedeence of the injector ra@ of the
second injection on the interval between injectidi first injection value is constant and amouats
:=16.5 mg. The difference between the first andstmond magnitudes of the injection rate is almost
2 times.
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Fig. 13. Fuel injection rate at various intervals letween injectionsAzimp (Pac=1000 bar,zimp=0.6
ms)

It should be mentioned that the average valueetdtond injector rate is considerably lower
than of the first one.

Even if the beginning of the second injection igtetd removed from the first injection to the
interval Azimp =50 ms, the value of the second portion is 13.1whgh is by 3.4 mg lower than the
first one though the pressure oscillations of thet injection are damped completely during 50 ms.

This phenomenon have two explanations.

First, the pressure in the fuel accumulator drdtes ¢he first injection. The pressure deviation
value is not large and according to data presenté&dgures 5...6, amounts to 50 bar (depending on
operation mode).

The second factor is voltage slump on the injeganser supply condenser. It follows from
Figure 11 that forcing current of the second ingctis by 2.5 A lower than the first one which
promotes the longer opening of the injector.

In this way, modern injection system also makeggtnt requirements to such parameters as
fuel pressure control dynamics and charging thegp@upply condenser of the injectors.

Injection characteristic of the second fuel port&dso depend onrimp because the pressure in
the needle volume is interlinked with the presairthe inlet of the CRI. For example, if the injent



of the second fuel portion starts in the zone eSpure wave minimum and terminates in the zone of
maximum (Figure 12), the fuel flow velocity througfe spray holes will vary during the injection
process from low to high.

Simulation was carried out to estimate the infleentfuel type and time interval (Figure
14) between control impulses of double injectiontlom value of the injection quantity of the second
portion at pressures 2000...3000 bar.

T
|
Fig. 14. Control impulses modeledF — injector electromagnet force Az — time interval between
control impulses,r: — first control impulse duration, > — second control impulse duration
The simulation was carried out using the softwaaekpge which is being developed in

MADI.

The CRI No2 was selected as a subject of resebedause it is providing a smaller pressure
oscillations range.

The flow chart of the simulation is shown in Figutd. Two equal control impulses were
modeled {1 = 72). Duration of the control impulseswas selected such that the fuel quantity supplied
during the first injection wa@: = 3...4 mg.

| Ti=h
At - y ¢ =3..4mg
Pac_y) Tnjector Q:': i
fuel £
- —>

Double injection

Fig. 15. Test flow chart:Q1, Q. — injection rate values of the corresponding portins

Computation results of operation of the CRI NoXlwsel fuel are presented in Figure 16.

As was demonstrated during experimental tests (Ei$)3), the reason of variation of injection
rates versudr were pressure oscillations at the inlet to thedtgr.

When the pressurpac grows, the oscillation phenomenon and its impatttiee working
process increase. When operating on diesel fyslesisurg.=2000 bar, the spread in injection rates
of the second portion 13, = 2.36...4.62 mg, and at=3000 baiQ, = 1.58...6.63 mg.

The results of imitation carried out for a more skerfiuel corresponding to sunflower oil are
presented in Figure 17.
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Fig. 16. Fuel injection rateQ; at different intervals between injectionsAz for diesel fuel
(Q1=3.3 mg): a 492c=2000 bar, b .=3000 bar

The main difference of Figure 14 from Figure 15aisfaster attenuation of oscillations
observed when passing to a more dense fuel. Inafgsg=2000 bar, the spread in injection rates of
the second portion @, = 2.96...4.21 mg, and at=3000 bar -, = 2.42...5.50 mg.

It is seen from comparison of calculated data (Figl6 and Figure 17) that due to a higher
hydraulic friction, the maximal pressure oscillagorange is lower. This will have a positive effent
the control precision of the second portion of fingcted.

Conclusions

1. Fuel injection causes considerable pressure asgillaat the inlet of the injector. The
oscillations range depends on: injection presstwefrol impulse duration, fuel physical properties
and injector design. One of the reasons of osafiatis hydraulic impact which takes place when the
injector needle closes.

2. The pressure drop in the accumulator after prehmininjection (the amount of
deviation of the pressure is 5 MPa depending ormtbde) and the voltage drop across the capacitor
of the power injector (the current boost of theasetinjection of 2.5 A less than the first) favors
longer opening of injectors in case of next injecti
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Fig. 17. Fuel injection rateQ: at different intervals between injectionsAz for a more dense fuel
(Q1=3.4 mg): a 49.c=2000 bar, b 0.=3000 bar

3. The presence of fuel accumulator integrated intoGR injector body decreases wave
phenomenon related to fuel injection. During exmperits with the injector CRI No2 having an
integrated fuel accumulatop#£=1000 bar,zimp=0.6 ms), the impulse amplitude at the inlet to the
injector was 120 bar which is 3.3 times lower thanthe injector CRI Nol having no fuel
accumulator.

4, When the fuel accumulator pressymg grows, the oscillation phenomenon and its
impact on the working process increase. So wheratipg on diesel fuel at pressyg=2000 bar, the
spread in injection rates of the second portioiQis= 2.36...4.62 mg, and a.=3000 barQ. =
1.58...6.63 mg.

5. When switching to a fuel with a higher viscosityedw the increase of the hydraulic
friction there is a more rapid attenuation of thesgure oscillations caused by the preliminary
injection. So when injector CRI Nol operatga1000 bar,zm;=0.6 ms) on sunflower oil the
pressure oscillations range decreases from 40 Madtion on diesel fuel) to 25 MPa (operation on
sunflower oil).
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Nomenclature

Latin symbols

CRlI - common Rail Injector
Pac — rail pressure, [bar]
Q — injection rate, [mg]

Greek symbols

Timp — time of control impulse, [ms]

Atmp  — interval between two portions of a
double injection, [ms]
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