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Abstract

Significant toxic components emission reduction afhcl
consumption reduction are main drivers which leaddesign
requirements and fuel injection systems operatiewision.
Required injection characteristic providing is ook the most
important challenging requirements for fuel injeatisystems.
Injection characteristic requirements got by diesaigine
combustion process optimization are presented is &ticle;
main strategies for injection characteristic fomwltoxic
diesel engines of different dimensions forming analyzed and
examined. Ways for injection characteristic orgatian by
means of conventional Common Rail systems werestigated.
The most efficient way allowing to organize steppejkction
characteristic leading edge is using of waves phema in high
pressure line.

Keywords: Low-Emission Diesel Engine, Combustiorodess,
Fuel Injection System, Common Rail System, Design
Possibilities, Injection Rate Shaping.

Introduction

Diesel engines play a key role in the transpomeaéoergy sector
of any developed country; their parameters and acheristics

largely determine the technical level of the finbject. Due to the
achieved level of environmental performance and rggne
efficiency, today the diesel engine is the most ytap and

indispensable type of power unit for trains, auttiveo and

special equipment.

To date, the development of modern high-speed an
medium-speed diesel engines sets other tasks tfam decades
ago. It is simultaneously required to ensure baoitrdasing in
capacity and reducing in fuel consumption, as wasdl low
emissions of harmful substances from exhaust gasescularly
NOx and particulates. Legislative norms that lignbissions are
constantly becoming tougher. In order to meet copterary and
future international environmental requirement&céal measures
are implemented to enhance the construction stneard rigidity,
reduce friction losses and oil consumption. Theanoigation of
fuel supply, mixture formation and combustion isrigal out to
reduce the emission of the harmful substances diwamut the
diesel operating mode.

In this connection, in the diesel engine combustfmocess
optimization, more stringent requirements shall sagisfied for
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the fuel injection system (FIS). A validity of imgon
characteristics shaping is one of the most importan
requirements to the FIS [1].

Low-toxicity combustion process requirements

to the injection characteristics shape

A study of the subcompact diesel engine with aldisgment
of about 0.5 l/icyl [2] (Figure 1) is an example of
computational and experimental studies of the méxtu
formation and exhaust emission process, as welbtsning
the optimal injection characteristics shape, styiate of their
shaping in the operational modes of the studiesetliengine.
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Fig. 1. The optimal injection characteristics ie thperational
modes of the subcompact diesel engine

The injection characteristics management on thelietu
diesel engine was carried out through the use af B
pumps and the control device, ensuring their coesis
switching on. This operation was carried out beftine
inception of the first commercial batch of the coamrail
systems, construction of which has now become
conventional one. However, the resulting effectiafadical
emission reduction allows us to indicate the imgace of
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the discussed requirements for the injection charistics

shaping and management, which are reasonably eehfor the

modern common rail systems (Figure 2).
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Fig. 2. The emission parameters of the studieda@upact diesel
engine with different common rail systems: 1 — with injection
characteristics shaping; 2 —mechanic fuel injectigstem of
conventional design.

The optimization computational results of the costlmn
process, which were conducted for medium-speeckld@axgines
at the Bauman Moscow State University [3], allowes to
formulate the requirements for the main injectibayge. Figure 3
illustrates the optimum injection characteristidstained for the
promising Russian diesel engine D500 (12 cylindesdinder
bore 265 mm, piston stroke 310 mm) at the ratedemadthe
optimization of its parameters for compliance witle exhaust
emissions  standards Sage-llIB  (NOx+ CH <4.0g/kW-h;

P < 0.025g/KW-h).

Figure 3. The injection characteristics on the eplanof
optimizing of the promising Russian diesel engir®0 at full
power for the exhaust emission standards Stage-111B
conventional design common rail system; 2 — optaifuel
injection system; 3 — optimal injection charactiéesprofile.
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To reduce the exhaust emission, FEV Company menjibers
proposed a strategy for the injection charactessshaping
based on the common rail system with a maximunciige
pressure of 200...250 MPa, see Figure 4. Thusieimtedium
load conditions, the pre-injection and main injectiare
necessary to be organized with varying inclinatiegrees of
the front edge. At high load conditions, the graddafront
edge is recommended for characteristics with difieiength
of steps and afterinjection for post-combustionsobt. All
this leads to a decrease in the exhaust emissiodstte
preservation of energy efficiency indicators.

Q

®

Fig.4. The injection characteristics shaping sggata the
medium-speed diesel engine

Thus, the following requirements have been idesdifio the
shape of the main injection front edge. In the beigig of
the main injection, rapid flow rate growth is duwethe fact
that in the beginning of injection large dropletsal not be
formed, despite the fact that more time is given tfeeir
evaporation and combustion. . The subsequent $twrkte
growth is necessary to reduce the combustion hasdne
Otherwise, during the combustion hold period, agdar
amount of fuel is supplied, the dynamic factor eaisand
increases the pressure in the cylinder, as wdbthads on the
engine crank mechanism and NOx emission.

Injection characteristics shaping methods of the
conventionaldesign common rail system

A. Object

The conventional design injector is an injectorhwé so-
called throttle control, which is implemented undie
scheme illustrated in Figure 5. Such fuel equipnageared
in series production in 1997 [5-6], and remains thest
popular. The injector has a throttle control by a@ntcol
plunger. When opening Control Valve 14, the fuel is
discharged from the control chamber, the pressaceedses
in the chamber. Thus, the fuel supply to an injecttamber
from accumulator 5 via High Pressure Pipe 1 andcloy
Channel 7 causes needle lifting and injection ef fato the
cylinder. The supply termination is provided by ttlesing
of Control Valve 14. The pressure in the controhrober
rises due to admission of fuel through Orifice 18 acts on
the control plunger. The difference between theasem of
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the control plunger and needle causes the acdeleraf its
closure.

nd

2

\

| e il

—
[t

[110]

Fig.5. Functional diagram of the conventional desigector and
high pressure line: 1 — HP Pipe; 5 — Fuel Accunmja? —
Injector Channel; 10 — Nozzle; 13 — Input Orifidet — Control
Valve.

The electronically controlled Common Rail Syster@RE) are
the most versatile fuel systems for diesel engiftgsvarious
purposes. Unlike direct action systems, includihgse having
full electronic control systems, the CRs have twudeniable
advantages in terms of creating the low-emissi@saliengines:
they provide the optimum injection pressure contrhd
significantly better control of the injection cheteristics. If the
first issue has been solved and has no problerassdtution to
the second problem remains problematic and isubgest of this
study, especially for main injection shape conaibthe multiple
one (or at the single, one-time). The urgency & ihjection
characteristics shaping issue is due to the faait tiie multiple
injection is not possible at the rated and highdlaaodes.
Therefore, a problem of controlling the front edgfea single
injection is particularly acute.

B.Combination of inlet and outlet cross-sections of orifices

Many settlement and optimization studies of workimgcesses in
the common rail fuel injection systems conductedhsy authors
have revealed the impact of combinations of Or#id8 and 14
(Figure 5) on the injection characteristics shapgection
profile). We consider an example of an injector hwit
uncompensated ball valve with the geometrical aificross
section of 1.0045 mfwhen using the pressure of 200 MPa in
the accumulator in the rated mode. Terms of theutation are
referred to the medium-speed diesels with ratedkstzaft speed
of the 1000 mirt, cycle fuel mass of 1.5 g. Figure 6 shows th
injection characteristics for various combinatiafssections of
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orifices 13 and 14 of the injector. These values @dose to
the maximum possible ones; with a further diffeenc
increase, their injector does not open or close.

Obviously, for a small section of input orifice 13,
the steep front edge and sloping rear edge is trstwption
in terms of the low emission engine combustion pssc At
the same time, however, the best (lowest) valuesehieved
for one of the injector optimality criteria, such #he control
fuel consumption. This confirms that there is nogk
optimality criteria for the injector.
In general, it can be noted that the selectionhef drifices
cross-sections not significantly affects the inmttedge
steepness. The choice of these sections is ruledhby
following requirements: the injector manageability
preserving, performance and requirements of thetiphail
injection organization, minimally stable cycle fumlass, as
well as minimal fuel consumption for the contrd, well as a
maximum of the injection pressure. Thus, the cdntro
chamber orifices cross-sectional areas cannot leffactive
way to shape injection characteristics.

t  Timescale, ms

Figure 6. The injection characteristics for various
combinations of the injector control chamber ogfic a —
UF3=0.03 mm, pFs= 1.0 mn%; ¢ — ph3= 0.18 mm, ph4

= 1.0 mn3; d (thick graph) — pufs = 0.18 mm, pF4 =
0.33 mm.

C. Wave processesin the high pressure line

Effect of feed pipe diameter.

The only effective way of active front edge shapofgthe
injection characteristics is the organization cfpecial wave
process. This method is justified and studied ertisearches
of the Bauman Moscow State Technical University. [f]
addition to the possibility of organizing a slopifignt edge,
it allows us to preserve the injection pressurel, @ven work
with a maximum injection pressure, even more thaa t
accumulator pressure. The injector dead volumes
minimization is a necessary condition for wave efe
existence, as it is at the direct acting FIE. Tijedtor dead
volume was reduced to 500 mnFigure 7 illustrates the
effect of the different pipe diameters.
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Fig. 7. The injection characteristics with the pipegth of 630
mm and different diameters: a — 7 mm, b — 5 mm3c-mm, d —
3 mm, e (thick graph) — 2.5 mm, g — 2 mm.

The effect is a change in the amplitude of the fient edge step
of the injection characteristics. Excessive intheaiion may
cause afterinjection (curve g for d = 2 mm). It qgaobably be
prevented, but most likely, the wave effect hasatmnal value.
Effect of feed pipe length.

Of course, the wave parameters depends on thelgrigéh. This
is illustrated in Figure 8.

225

45

t  Timescale, ms

Fig. 8. The injection characteristics with the pgiameter of 2.5
mm and different lengths: j — 630 mm, e (thick drap 950 mm,
d-1,300 mm, h— 1,600 mm.

Effect of feed pipe is in the displacement betwésn first and
second segments of the front edge of the injediw@racteristics.
Obviously, the pipe length was chosen historically of layout
considerations. However, the CRS allows us to véns
parameter within wide limits and does not impose/ese
restrictions on its optimum value. In practical nbs; the
restriction is imposed due to limited range of dimd high-
pressure pipes.
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D. Injector elements deformation

In recent years, the maximum injection pressure has
increased over the previous 50...60 years by 8mBs in
comparison with the usual one, and to 2015 reattetevel

of 250 MPa in serial production. In these circumsés, the
Common Rail injectors deformation effect on theiatiires
became an urgent question.

RS N IS

Fig.9. Injector with control valve (A) and needR) (motion
sensors: 1 — core; 2 — anchor; 3 — anchor; 4 —evéft
sensor; 5 — ball control valve; 6 — control plunger control
plunger post; 8 — needle lift sensor; 9 — needle.

For the first time, the anomalous behavior of itges of the
common rail system were seen during the joint stuitly the
Bauman Moscow State Technical University, the stéamty
creating an experimental common rail system [8-Bije
control valve motion sensors and injector needlesrew
installed in the experimental CRS injector (Figke In
modern point of view, the injector itself is typicalose to
the most popular automotive designs. It is impdrthat they
are generally very elongated in length and are igeal/with
control plunger, which represents long small sectpmst
with the plunger at the top. It is important be@ukiring
operation in the periods between injections, thedfe is
pressured from the bottom, and the control plunger
pressured from the top by the fuel pressure equathé
pressure in the accumulatora{fp Due to this, these parts
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having small cross section, are significantly comsped (at a

pressure of 180 MPa — 0.1 mm, which is comparabith &
geometric needle lift). Injector body parts areoadeformed, but
in the direction of stretching. Given the thicknedgshe modern
injectors, it is clear that this cannot be neglecte

Thus, the increase in volume of the control chamiger
possible to be calculated with the correspondingnge in
the nature of the processes [9].

However, it is so, if the concept of equivalent
compressibility coefficient is not always accurateor

The injector elements motion sensors allowed us texample, it has never caused objections in Rotfsock

record the actual lift of the valve and needle (Fég10), and a
comparison with the geometric values in real sampuiethe
injector allowed to evaluate the injector elemedé&ormation.
During the processing of the results of carried tadts, we

revealed that the deformation of the plunger posissential, even

at relatively low operating pressures and undoujptédpends on
its value (Figure 11).

Because the compressibility of the fuel is showrtampression
of fuel in a chamber, the physical entities in terofi their impact
on the process of fuel injection is close to théodweation of the
chamber (it is shown simultaneously and they togreihfluence
the process and accumulate the potential energyheffuel
compression and the cavity walls deformation). Seirtoverall
impact has been often assessed as an equivaleptressibility
coefficient [7, 10].
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Fig.10. The injector control valve and needlediftiat a boosting

voltage of 150 V, a demagnetization voltage of ¥Q@etention

time of 0.8 ms, the pressure in the accumulat&dd¥Pa, and
cycle fuel volume of 56.7 min
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Fig. 11. The control plunger post deformation indtion of the
accumulator pressure for various embodiments ofrjeetor.
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formula for the fuel compressibility coefficienttiesating in
pliable infinitely long pipe due to the simplicignd accuracy
of the pipe deformation allowance [7]. Unfortungtel
quantification of the equivalent compressibilityefficient
becomes a problem for cavities of complex geomelhe
following is also important: longitudinal compliam®f the
injector is also manifested in the form of otheeefs. Thus,
the effect of the post deformation is not the samehe
control chambers of different volume and shape.itAs
described below, the fact that the actual neettléntireases
is also significant.

Thus, there is need to address the complianceeof th
injector parts for the most important influencestha fuel
supply process, and the process model shall betediynto
the overall hydrodynamic fuel supply model [7].

Now we specify the physical characteristics of the
process. When there is high pressure in the injeagedle
and control plunger are compressed, and the bodyg pee
stretched. As a result, the volume of the contr@mober is
increased in accordance with the amount of theitlodipal
deformations. At the same time, the potential maninlift
of the needle increases by the same amount.

During the fuel injection, the control chamber is
partially discharged, but in a chamber below neéidiector
chamber), there is nearly the same high pressuhichw
isinstant and continuously evaluated in the catoutaof the
chamber pressure). The top compressive force rieduof
the pressure in the control chamber is compenshyea
mechanical reaction, such as a force from the rretai
Therefore, the control plunger cannot preserve itfigal
formed state and is compressed. Similarly, the haadys are
in a state of tension. A hydraulic force can beidally
considered as a force causing a deformation in poshion;
this force lifts the needle without locking spriefjort force.

Thus, the injector parts compliance leads to change
in the volume of the control chamber and the actual
maximum lift of the needle. These values are noisistent,
and depend on both thecp and changing pressures in the
injector chambers, i.e., time.

Mathematical model of the fuel supply, including tihjector
is known, is described in [7] with significant upels. Here,
we dwell only on its characteristics, taking intccaunt the
longitudinal compliance of the injector parts. Besa the
sound speed in steel exceeds the sound speedlitnfaee
than 5,000 m/s), and the post length is not moae th1l m,
and also due to the relatively slow change in pres@ the
control chamber, the opinion to account for unsteess of
the post disturbances propagation looks to be ceteipl
unnecessary. It also unnecessarily slows the edionl
Given the opposite effect of the temperature ardgaure on
the fuel density, using the volume balance equataatisfies
precision requirements of practical calculationslwacently.
In general, for any cavity with volume of;,\the volume
balance equation has the following form:
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dP, dv..
dt V,Geﬂ |:le “ +ZU N +Z } W kcomp = Z(kcomp)i = Z :;_l . (6)
i k i

where: B = B + K, ; Ky - the cavity deformation

For more accurate cdnp assessment than by Formula 6,
coefficient; Qik— leakage to (from) k-th cavity; d¥— volume deformation task can be solved using finite elenmeethod.
change under the action of moving the n-th element— fuel ~ Thus, now using Formula 4 we take into accountctienge

flow velocity from (into) j-th channel. in volume of the control chamber, and using Forntylave
So, for the control chamber above needle or controfonsider an increase in needle lift.
plunger it usually looks like as follows: Let us consider the influence of the injector
dp 1 longitudinal deformation on its operation. Let wssider an
—cc = — {,u]a jet / (P -P ) -Qm! - example of a well-known injector with the unbalashdgall
dat V.5 valve by R. Bosch Company with the injector nozziés x
0.182 mm. When using the pressure in the accumutzto
an 135 MPa in the rated mode, as it was in the firetlefs of
Ha T, (P ~Piow) * fplung at I (2)  the CR systems, the rise of the needle varies diapito
Figure 12. The calculation terms are referred ® diesel

Thereporiceforiice — the effective cross-section of the input orifice engine with the rated crankshaft speed of 4,200'/migicle

wafva — the effective cross-section of the control vaRg — the  fuel mass of 60 mg. For the current Option A, wketan

pressure in the control chambey,-Ppressure in the injector inlet, example of longitudinal compliance absencgsmk = O.

Qmuieak -leakage mass flow through the control plunger eleee, Option B reflects the actual value of the injectrtal

C» — needle speed. longitudinal compliance &mp = 9.5 mmt. Option C
Given the existence of longitudinal compliance b&t corresponds to double compliancen= 19 mm'.

injector parts, which leads to an additional sbiftthe control

plunger with respect to the control chamber, whiatreases the 0.4

chamber volume by an amountuf - Ax.%', causing inequality 03

between the control plunger and needle speed, dhatien (2)

=
7]

has the following form: E
dpP 1 , o 025
d;c Vdef ﬁeff lL[Jet jet (P PCC) lelung - E 0z
% 015

dc, g
luval \/ ( ﬂow) + 1:plung % ; (3) i
t 005

=]

def _yinact _ — - 0ef
Where: Vn _Vn fplung [ﬁxn Xn ); 4)

def _ Q def
Xn — X, + n —Xn +Scormr Comp/EsteeI;
Fig.12. The dependence of the actual R. Bosch tmjec

def ymax _— max def _ max 4 .
()™ = (_xn) +Ax, T(xn) *Seompr Keomp/ Esteerr (0) needle lift at B = 135 MPa and various compliance
The compressive force applied to the control plurgen can be  coefficients is the following: A; B and C correspbto komp

Camshaft Rotation Angle, *

calculated as follows: =0;9.5and 19 mrh
Scompr = P [f plung for the

needle on the seat positidip — O;

Seorpr = Paa Bn" + Py Wy =F2")  tor  the

compr

needle out of the seat positidp = 0.

keomp is generally not only the compliance of the pastlf, like
most non-rigid part, but the reduced compliancéiecting the
non-rigidity of the whole Body-Needle-Post-Plundgystem. If
the kompis easy to be calculated for the post as a leragit to its

cross section, for the said deformable system] tmmpliance
can be determined as follows: Fig.13. The dependence of the actual R.Bosch mjewtedle

lift at Pacc = 200 MPa and various compliance coefficients is
the following: A; B and C correspondokp = 0; 9.5 and 19
mm?,

Needle Lift, mm

Camshaft Rotation Angle, °
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The behavior of the injector on the present leviepi@ssure is
also interesting. Today, it is usually 180 MPa andre. With

some advance for analysis, we examine the leve08fMPa (see
Figures 13 and 14).

Basing on the illustrations, we can come to theoWaihg

conclusions. The longitudinal compliance is manddsprimarily
in the needle lift increasing. In the consideredesa R is 135
and 200 MPa, it has increased by 35 and 38%.

— jry X3
oo [} o =
=] [=] =] =

Injection Pressure MPa

0 5 10 15 20
Camshaft Rotation Angle, °

Fig.14. The dependence of the actual R. Boschtmjgmessure
at Pcc = 200 MPa and various compliance coefficientshis t
following: keomp= 0; 9.5 and 19 mrh

Process change in the control chamber associatibdanchange
in its volume, is not so significant. We can expl#ias follows:

the deformation increases the volume of the cordhalmber in
the present case by the maximum of 5-6%, and theme at
small values not so significantly affects the iti@e parameters.
Thus, the injection pressure is increased somewhaiew of

deformations. This is due to the large cross-seatiothe nozzle
cone and lower hydraulic losses therein.

The injection phase shift is more significant undes
strain. Even in the experimental systems [8], it wated that the
needle lifting is late with respect to the expecwmuke. It is
important when developing the control programs aind
diagnostics. Such latency depends on both the nidsajures of

the injector and R; i.e. the diesel engine operation mode. In th

above cases, the delay ranged from 0.04 to 0.14ede@f the
camshatft rotation (3...11 us).

Thus, on the one hand, the injector longitudindbdeation of
the CR systems deforms the injection charactesistiod fuel
injection phases. On the other hand, it shall kertanto account
in the mathematical models used in the injectoigteprocess,
and its effects can be minimized.

Discussion

Today, there are more adaptive designs of the @Rtors, which
allow us to form the necessary injection charasties regardless
of the engine operation mode, for example, the BASRSN4.2
System [7]. Typically, such systems have a pressomglifier and
additional control valve. However, the cost of sdgal systems
significantly exceeds the cost of the conventiodakign CR
systems, it is less technological effective, reggiia high level of
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production, as well as fuel filtration and trangption. In
this regard, the presented methods of the injection
characteristics shaping are not less importartipatih they
are tough set, but to the right direction.

Conclusion

The analyzed methods of the injection charactessthaping
are achieved by optimizing the conventional des@R
injector. Thus, the recommendations for the ingecti
characteristics shaping in the conventional desigR
systems are the following:

- If the cross section of the injector inlet ordfiquhs)
reduces, the slope of the injection characteridtiost edge
increases, while the slope of the rear edge inesedsring
the valve cross section wFreducing. The choice of these
cross sections is ruled by the following requiretaernhe
injector manageability preserving, response speed a
requirements of the multiple injection organization
minimally stable cycle fuel amount, as well as mmal fuel
consumption for the management, as well as a manimi
the injection pressure. Thus, the control chamh#ices
cross section adjustment is not the only effectag to form
injection characteristics shape.

An effective way of active injection characteristitont edge
shaping is the organization of a special wave pE®cén
addition to the possibility of organizing a slopifignt edge,
it allows us to preserve the injection pressurel, @ven work
with a Ryj™ which is more than the:R

- The longitudinal deformation of the injector anivhich is
the needle and control plunger compression, as aglihe
body parts tension, is a specific phenomenon inctiemon
rail systems. Mostly a longitudinal strain occurs the
increasing needle lift. The value of the total libadinal
deformation is comparable to the needle lift. traased the
needle lift by 37...50% in the experimental injecémd R.
Bosch injector. The longitudinal deformation of tingector
parts changes the injection characteristics byf.itse pair
with special methods of needle movement separatitm
two distinct phases, it is possible to control fifmat edge of
the injection characteristics.
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