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[NJECTED DURING THE DELAY PERIOD IN DIESEL ENGINES.
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ABSTRACT

The two major problems of automotive diesel engines, namely the
combustion noilse and high NO emisslons can be reduced and become less
serious by reducing the fuel mass injected during the delay period.
The injector of the diesel fuel injection system is provided with a
suitable viscous damping unlt to increase the viscous (friction force
vhich resist the needle lift, In thls paper, a general outline of the
viscous damping unit 1s introduced and the considered fuel Injection
system 1s simulated numerically. The pressure in the different parts
of the injection system is predicted using the theory of wave action
where the finite difference principle has been lncozporated. The
needle valve motion 1s represented by the equation of motion and the
rate of fuel injected i=s predicted wusing the theory of the two-
oxrlfices In series. The influence of the viscous damping on the
injection process has been theoretically examlned and the reduction
percentage of the fuel mass injected during the delay period has been
estimated for different values of damping coefficlent.
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an experimental study for the wverification of the predicted
results has been carrled out. A satisfactory agreement betveen the
predicted and the experimentally recorded results of pressure in the
Injection system has been observed. It is found that, providing an
extra viscous damping to the injector of the injectlien system, keeps
the rate of the fuel injected 1low at the start of the injection
proc¢ess, then the injectlon rate rises fast subsequently. As a result,
a good reductlon of the amount of the fuel injected during the
expected delay pericd is obtained.

INTRODUCTION

Since the onset of the energy crises, there has been an upward
trend £o use the diesel engine for light duty vehlcles and passenger
care {n addition to its over increasing use in commercial automotive
vehlcles. This is mainly because the diesel engine is more efficlent
than its gasoline counterpart. However, the diesel engine operates at
higher peak pressures and temperatures, higher rates of pressure rises
and greater piston sidevays forces, resulting in nolser operation and
more NO emmisions.

When ignition starts (n a dlesel engine, most of the fuel
injected and intimately mixed with the air charge during the delay
period burns almost instantaneocusly, releasing heat so quickly that
the cyllinder pressure rises rapidly. The sudden pressure rlise gen-
erates a harsh combustion knock, and the high temperatures produced
will allow nitrogen oxldes to form ln undesirable concentrations. The
most effective reason for the lncrease of NO formation in diesel en-
glnes during combustlion 18 the large mass of fuel that £first enters
the combustion chamber during the delay veriod,

Austen and Priede [1] alsc Russell and Haworth [2] showed that
the combustion noise in diesel engines follows the rapid rate of pres-
sure rise at the start of autolignition at the end of lgnition delay.
The rapid pressure rise causes high lmpulsive forces that creating the
engine combustion noise Kau et al. {3] found that the larger gquantity
of fuel presented when the combustion starts the higher percentage
concentration of NO emission in the combustion products, because it
attains the highest temperature and remalns in a zone of hlgh tempera-
ture longest. Therefore, both combustion nolse and NO formation can
be alleviated by reducing the mass of fuel lnjected during the initial
part of the linjection period.

In the Jerk pump type of diesel injection systems the needle
valve {in the Llnjector ls under the influence of the pressure force
due to the plunger movement, the spring force and the viscous friction
force which is proportional to the needle valve veleocity and always
oppusite to the valve movement. The viscous friction in most of diesgel
injection systems Is very small and does not play any fundamental
role in the injection process. But by providing the injectlion system
with a suitable dampling unit that the viscous friction £force becomes
considerable, then it is reasonable to expect that the rate of needle
1ift would become less steep which would probably reduce the fuel mass
injected during the delay period. In this case the two major problems
cf automotlve dlesel engines, namely combustion noise and high NO
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emissions, would become less serious.

The main cbjective of this work i3 to study the influence of the
viscous friction Force which resist the needle movement on the mass of
fuel injected duxing the delay period in diesel engines. This could be
achieved by using a viscous damper toc be attached ko the injector of
thelfuel injection system. A general outline of the viscous damper to
has been introduced and its influence on the injection process has
been examined theoretically by simulating the considered fuel injec-
tion system. This would indicate by how much {(lf at all) the mass of
fuel 1injected during the delay period could be reduced with this
method and the amount of damping needed to achieve this.

4. FUEL INJECTION 3XSTEM SIMULATION

An early theoretical treatment of the injecticn process in diesel
engines had been presented by Griffen and Rowe {4). It deals with an
in-line Jjerk pump and takes into account the effect of pressure
waves in the delivery plpe and the capacity effects of the volumes
concentrated in the pump and nozzle system. Knight (5] lIntroduced a
model for viscous friction and cavitation in the delivery pipe of the
Euel 1injection system. Becchi {6) used a medel whlch cowmprlsed a
detailed representation of the injector and the pump to describe the
pressure wave action in the delivery pipe of the fuel Injectlon sys-
tem. Rosselli and Badgley (7! described a mathematical model £for the
analog simulation ef the Cummins dlesel lnjecticn system. A sophisti-
cated simulation method has been reported by Wylle and co-workers
[8-10). In this method the Influence of factors such as wave
propagatlion phenomena, plipe frictlon, cavitation, viscous friction at
the needle valve and fuel leakage are taken lnto account. Yamaoka and
Saito (11) and Yamacka et al. [12] have reported a computer technique
Eor evaluation of cavitation characteristics of certain phases of fuel
injection in the diesel injection system. Alsoc, Matsuoka et al. [13]
studlied the 1influence of the wviscosity of fuel oll on the pressure
wave damping, secund veloclty and bulk modulus of the fuel @il in the
dellvery pipe of the diesel injection system. A flexible fuel injec-
tion slmulation method has been recently reported by Dennis (14).

In the present study, it was almed ¢to study the effect of
restraining the needle 1ift on the fuel mass lnjected during the delay
period in diesel englines, the injection system slmulation was only
needed to provide a general assesment and not exact values. Great
accuracy in the matching of the simulatlon results to the experimental
data was not, therefore, of primary important. Most avallable simula-
tion methods neglect the Influence ok viscous friction on the needle
valve, while in this paper it is very lmportant. A method was reqguired
that could easily be amended to deal with viscous friction as well as
with the particular features of the injection pump fitted to the
Perkins englne .

After considering these points it was decided to use the metheod
of Grlffen and Rowe (4) with a large number of maodiflications. Thus
the treatment of the wave action in the pipe ls identical, while that
of the pump and lnjector had to be totally different.



M.88 M. S. El-Kady and §. H. El-Emam

The injection system assumed in the present study includes three
major components: the fuel pump, the connecting fuel 1line and the fuel
injector. The analytical model, which 1Is programmed for a time
variant simulatlon must include an accurate descriptlon of the
geometrical and physical characters of the system as well as the equa-
tions that describe the dynamies of the £luid and the mechanical
components. A total system analysls is necessary wherein crdinary
differential equations describing each of £luid compzesslibility,
delivery valve motion, and injector needle motion are handled numeri-
cally slmultaneously with the numerical solution of the partial
differential eguations that describe the wave propagation phenomena in
the fuel line,

2.). The Rate of Injected Fuel

Figure 1 shows aschematically the lower part of an injector nozzle
of the diesel injection system. When the injection pressure P;
exceeds the opening pressure, the needle 1iEts and fuel enters the sac
volume. The fuel pressure in the sac volume Is an intermediate value
between Pj and the cylinder pressure Po. Assuming the same wvalue Cg
Eoxr the discharge coefflcient of the needle seat and the injector
holes, the following expressicn for the rate of discharge Q@ ls
obtalned;

Q=3 Cqyft2/70) (P - Py (1)

where g is the fuel density, Cyq 1is the needle discharge coefflcient,
P1, P52 4&are injection and cyllnder pressure respectively and 2
is the egqguivalent flow area for two orificles in series and is given
by:

= = —meno + mmepe (2)

where a3 Is the flow area at the needle seat and A7 the total E£low
area through the injector holes

Equation {1} 1is used to calculate the rate of fuel injected
vhen the injectlion pressure and the cyllinder pressure are Kknown.

Figure 2 shows a section through the lower part of the injection
nozzle employed on the engine. [f£ L is the needle lift, then Ap is
equal to the area of the strip formed by the line segment ss', when it
is revolved 360" around the needle axis. Therefore;

A; =wLsing/2 (d~-L sin /2 cos 8/2 )

where L is the needle Lift, 4 is the diameter of the sac volume and ©
is the cone angle of the needle.

The only unknown variable in Eq (1) is the discharge coefficient
Ca- This depends on the nozzle configratlion, the physical propertles
of the fuel, the needle 1ift and the pressure difference 4P = Py - Pj.

To determine the wvalue of C4 in thls particular injector,
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measured values of the fuel Injected per stroke Is equated with the

value %iven by integration of Eq. (l}). With calcunlated value of Cg the
take of injection a€ every interval time was determined.

2.2 Heedle Yalve Hetion

Applying Newton's second law to the needle valve shown 1In Fig. 2,
the eguaticn of motion can be wrltten as followvws:

M= PA-K&-Kzx~ AEx

where x, X, X are the lift distance, velocity and acceleration of the
needle respectively, » is the =sign of x (+ve for x > 0 and -ve for
x<0), K is the spring stiffness, M is the mass of the moving parts
{needle valve and 1lift pick-up), £ ls the coefficlent of viscous fric-
tion, & is the spring compressiton with closed valve and A 1ls the maxi-
mum valve cross sectional area.

The egquilibrium of forces when the valve just starts to open
glves the following relationship;

K5=P°Ad

where A5 is the valve differential area. Therefore, the equation of
motion of the needle valve can be written in the followlng form:

;+2Auwn§<+ &anx:&.)nzxo (3}

YK/H,

where o 1s the natural freauenacy L
(E/2)MKH  and

v 1s the damping coeffieint

xo = (PA - Py Ag}/K.

If the pressure varies linearly with time as; P =P(0) + Gt
vhete P(0) is the pressure at £ = 0., G ls the rate 0of pressure
increase with ftime and taking the Laplace transformatlion for equation
{3) the needle 1ilEt can be given by the following equation;

x = By + By e " 4 By et 4 Byt (4)

Bgr By, ..., 87 are constants containing the values of the needle
11£t, needle wvelocity and Linjectlon pressure at =0 as well as the
rate of pressure rise with the time, t.

ZAvV
vhere B8 = yo - — ¥y

[F]
n

L4

(22¥wy + 870 Ix(0) - Bgl + x(0) - By
By

#

8 - 82

(2Ape)y + S9) [xX(0) - Byl £ x(0) - By
22

I

57 - 1
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B3 = Y o,
5, = - W (Aus Y2 -1y,
s, = -woav- W2o1 o,
(P(0) & - By Ag)
Yo = and
K
y = A G/K

2.3 Theory of Wave Actlon in the Plipe

The treatment of the wave action In the pipe is ldentical to that
mentioned by Griffen and Rowe {4}. It can be summerized as follows:

Pump End

To solve the system it is npecessary (1in additlion te all
geometric, elastlc and inertia characteristics of the various com-
ponents involved in the phenomenon) to know the instantanecus velocity
of the plunger Vsp and the entity of the return pressure waves at the
pump in the delivery duct P, and the feeding duct Pg.

The continuvity eguation can be applied to the flow through the
volume VY. The rate of plunger displacement is equal to the rate of
delivery of fuel into pipe plus the rate of compression of fuel in the
volume Vp and the leakage rate Q). This can be written as follows;

Vp ap

A Vo = a V t— &« — + (

PP 1
K dg

Jince V = {(Pg - Pg)/ yﬁf-and P =P¢g + Pr + Py, the continuity equation
becomes:

a Vp [dPg &Py
A, Vg = t Pgp - Py )} #+ — o ot (5)
N gk K dt 4t

Hozzle End

The continuity equation can be applled to the volume Vn and yields
that the rate of flow from the pipe inte the nozzle will equai to the
rate of compression of fuel in volume Vn due to valve movement,. This
can be wrliltten as follows:

a Vi de¢ aPp dx
—— (Pg - Pp) = ~— + ] * Qipy £ 3y —— {6}
{ox K dt dt dt

where Py and P, are the lnstantaneous sum of the forward and backward
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pressure waves respectively, v, is the volume of fuel concentrated at
nozzle end and a, is the area of the valve exposed to pressure.

The finite difference method is used for equations (5} and (6}
and the pressure at any point at the end of the time interval in the
pipe line can be calculated from the known values at the beginnling of
the time interval. During the numerical sclution the complete simula-
tion for all compecnents of the lnjection equipment including the cam
proflle, the pump and distrlbutor timing was done with respect to Ethe
engine piston motlon.

4. DAMPING SYSTEM

It is assumed that the damper can be fitted to the Iinjector in
the way shown in Fig. 3. The motion of the needle valve s trans-
mitted to the damper through the damper rod as shown in Fig. 3. The
damper acts as a braking system to decrease the veloclty of the needle
during its stroke.

An example of this damper is shown in Fig. 4.a. In this type of
viscous dampers, the lnjected fuel can be wused as a working fluid.
The throttling of the fluid that flows from the cylinder to outslde
creatas a pressure difference in the cylinder across the bpiston sides
which causes the braking force Fp (15].

The flow rate through the orifice can be obtained as follows;

Q = Cq A, J 2/9 APy - )

Knowing from the continuity equatlon that ¢ = Vp .+ Ag then the
resulting force across the piston Eaces will be
Fp = Ap (P -P1) = Cy Up2
3
P Ap
where Cy = — 5
2Cq Ag
Another example for the viscous damper is shown in Fig. 4.b. In

this type, the working fluid can be any kind of f£luid according to
the required braking force. As the injector needle cpens the damper
pistoen moves upward causing the €luid above the plston to move
through the throttling pipe in the piston to the other side. Accord-
ing to the throttling pilpe length and dlameter a pressure difference
across the piston sides in the cylinder will be formed. That will
create the braking force.

For a lamlnar flow through the throttlling plpe the pressure dif-
ference will take, due to Darcy's law, the follovwing form;
Pp - B; = 32F1va/d02

From the continuity equation Q = V5 A5 = Vp Ap therefore, the
braking force will be;
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Fp = C3 Vp p
where Cy = 81 ﬂ L (dp/dg!

In this way, the brake resisting force 1is a function of the
damper piston velocity which is also the needle velocity. This makes
the damper does not exert any extra damping force on the needle valve
when the wvalve is closing and this does not change the required injec-
tion pressure of the injector. But as the needle valve opens, an extra
damping force is then exerted to keep the initial rate of injection as
low as possible. Due to this a high injection pressure will be
developed to make the injection subsequently rises fast.

By changing the dimensions of the damper such as the piston
diameter and the orifice diameter in the first damper type and the
piston diameter , piston length, the throttling pipe diameter as well
as the kind of the working £luid in the second type the sultable
damper for each injector can be designed.

4. EXPERIMENTAL STUDY

To show the effect of increasing the viscous force In the injec-
tor, it was decided to take an injector with relatively small spring
stiffness (spring force) and also relatively small injection pressure
forces, so the viscous force In this case can have relatively remark-
able effect.

An experimental wverification of the predicted results has been
carried out. A schematic diagram of the experimental apparatus is
shown in Fig. (5). It consists of a DC electrical-driven fuel injec-
tion pump (7) of a tangential cam type HK-10, Soviet-made. The
electrically driven unit consists of an AC voltage regulator (11), a
rectifier (12) and a DC electric motor (13). Aalso a reductlon spuz
gear system is provided to control the number of revolutions of the
injection pump cam-shaft within the range of 150-1200 zpm. The flow
rate of the injected fuel can be controlled by adjusting the acting
stroke of the plunger through a regulating mechanism (l14). Fuel is
supplied from the fuel tank (1) through the fuel wvalve (2}, the £fuel
filter (3), the metering burette {(4), the manual primary fuel pump (5)
and the mechanical fuel feeding pump (6) to the fuel injection pump(7),
The fuel ls then pumped through the high pressure feeding pipeline (8)
and the injector (%) to be injected lnside the injection chambex (10).

The pressure transition in the dellvery pipeline is recorded by
using an AVL piezo guartz pressure transducer (15). The cam angle is
measured every 10 degrees using a dlsc with 36 equally spaced grooves
{16) mounted on the cam-shaft and an electric-magnetic pick-up (17}.
A dual beam oscilloscope (18) with a polarcid camera is used to record
the pressure traces against the cam angles.

2. RESULTS

To check the accuracy of the simulation method and also to find a
value for the damping coefficlient,) , comparison between predicted and
experimentally recorded results has been carried out. Different values
of damping coefficient, v have been tried until a reascnable agreement



between predicted and experimental results has been obtained. 1In this
connection, it must be noted that many of the calculated functions
are not recordable or its recording reguires complex and expensive
equipments. The parameter most easy to be recorded is the pressure.

Experimental results for the recorded pressure transition in the
delivery pipeline of the injection equipment for running velocity of
500 rpm and an injection pressures of 1.5 and 2.5 MPa are shown in
Fig. 6.

Figure 7 shows a comparison between the theoretical results
wvith the corresponding experimental records of the pressure variation
shown in Fig. 6, for a damping coefficient of 1.1. Although the system
is difficult, one can see that there is a satlsfactory agreement
between predicted and experimentally recorded results.

With the simplification of the injection system simulatlion, it
vas deemed right to consider that the satisfaction agreement between
the predicted and recorded results of the pressure, can be extended
alsc to those which cannot be measured. The simulation procedure has
been carried out for wvarious values of damping coefficient » higher
than 1.1. Also, it was assumed that the viscous damper shown in
Fig.4.b. was fitted to the injector of the considered injection
system.

Predicted results of the needle 1lift for different damping coef-
ficients, are shown in Fig. 8. It can be noted that the position of
the beginning of the needle lift does not change with the change of
the damping coefficlent. This means that, insertion of the viscous
damper to the injector does not change the time of the beginning of
injection and the injection pressure.

Figure 8 shows also that, for the original case wherey = 1.1,
there are two reglons of primary and secondary needle 1lift. This
result is similar to that obtained by El-Erian et al.[1D).
Because the injection pressure and the spring stiffness are rel-
atively low, the fuel pressure in the pipe reaches to the injection
pressure, the needle opens and the fuel is injected. Because the pump
are still punping fuel the pressure in the fuel line at the needle
reaches for a second time to the low injection pressure and the needle
returns agin to open and another guantity of fuel is injected. With
the increase of the damping coefflcient the maximum needle 1ift
decreases in the primary region while 1t increases in the secondary
region untillv = 3.3 where it decreases again. The period of the
first region decreases vwith the increase of the damping coefficlent
until v = 3.3 where it increases again. The period of the second
region increases with the increase of the damping coefficient wuntil
V= 4.4 vhere 1t decreases agaln.

Prediction results of the rate of the injected fuel for dait-
ferent damping coefficients are shown In Fig. 8. It can be noted that
every damping coefficient case has two reglions of fuel Iinjection cor-
resporiding to the two reglons of the needle 1lft as observed in Flg.B.

From Figs. 8 and 5§ it can be concluded that the £fuel injection



remains until 8° after TDC in the original case wherey=1.1 but after
that, this period increases with the increase of the damping coeffi-
cient until v = 4.4 where it begins to decreases again but remains
around the crank angle 10° after TDC.

Prediction results of the mass of the fuel injected as a function
of the crank angle for different values of damping coefficient are
shown in Fig. 10, During the period from the beginning of injection
until 3 before TDC where the combustion is expected to start which
is called the ignition delay period, it can be seen that extra damping
initially keeps the rate of injection low. Then the rate of injection
subsequently rises fast due to the high injection pressure develop-
ment. Consequently the mass of fuel injected during the delay period
does not change for damping coefficient ¥ up to 2.2. As the damping
coefficient increases the mass of the fuel injected during the initial
period of the ignition delay period is decreased.

Fig. 11 shows the decrement percentage of the cumulative injected
fuel from the original case where ¥ = 1.1 for different values of vy .
At the begining of injection, the decrement percentage rises suddenly
for all values of v . After that it takes forv¥ = 2.2 nearly constant
value of about 30% along the ignition delay period. But for values of
VYV higher than 2.2, the decrement percentage decreases and at the end
of the expected ignition delay period at nearly 3° BTDC the decrement
is ranging from 34% till 38%.

6. CONCLUBION

study on the effect of the injector viscous damping on the mass
of fuel injected during the delay period in diesel engines has been
carried out. A numerical simulation for the fuel injection system has
been developed to predict pressure transition in the different parts
of the injection system, the lift of the needle valve and the rate of
the injected fuel. The finite difference principle has been incor-
porated in the used simulation method. The injector is considered to
be provided with a suitable damping unit to increase the viscous fric-
tion force which resist the needle valve lift and the influence of the
damping unit on the injection process has been examined theoretically.

The obtained results show that an extra damping keeps the rate of
fuel injection low at the start of injection, then due to the high
pressure developed the rate of injection is subsequently rises
rapidly. The insertion of the viscous damper to the injector does not
make any change in the time of the begining of injection and the
injection presy. By increasing the damping coefficient a reduction
of the amount”of injected fuel during the delay period has been
obtained. A percetage decrement ranging from 30 to about 38% of the
injected fuel during the expected delay period has been predicted for
damping coefficient=s of 2.2 , 3.3, 4.4, 5.5 and 11.

To determine what actually happens to the delay period when extra
damping is added, it is recommended that experiments have to be carried
out on an engine fitted with a hydraulic damper. Also the effect of the
damping coefficient on the mass of fuel injected during the delay
period can be /investigated for any combination of speed and load.
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7, HOMENCLATURE

d
Ay
A
A
Ay
Ay
Ay

Api

Cross gsectlonal area of plpe
Area of wvalve exposed to pressure

Bquivalent flow area of two orliflices in series
Maximum valve cross sectlonal area

Flow area at the needle seat

The total flow area through the injection holes
Valve differential area

Total axea of plunger

Bg,..,B3 Congtants

c
Ca

WI M RamA

Pg
pt
Py
Py
P2
Q

Constant

Coefficlent of dlscharge

Dlameter of sac volume

Coafficient of viscous frictlon (Dampling coefficient)
Rate of fuel increase with time

Bulk modulus of fuel or spring stiffness

Needle 1ift

Mass of moving parts (needle valve and 1ift pick up)
Instantaneous pressure at the point under consideration
Instantaneous sum of the forwvard pressure waves
Instantaneous sum 0f the backwvard pressure vaves
Residual pressure in the pipe injection

Injection pressure

Cylinder pressuare

Rate of discharge

Qin4 Rate of fuel iajection

Q)

Sl,

t

v

< o <
o 3™

I.m }q‘_»& E LR S

—

[ %]

Rate of leakage
S2 Constants

Tine

Veloclity of fuel in the pipe at polnt consider
Velocity of pump plunger

Volume of fuel concenteated at nozzle end
Volume of fuel concentrated at pump end
Needle dilsplacement

Needle veloclty

Needle acceleration

Fuel density

Damping coefficlent

Natural Ereguency
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Fig. 6 Recorded pressure variation at the half of the delivery
duct of the injectlon system.
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