VFAZATEEE =Y AM6A A 1F, pp.27~35, 1998 27

(&= &) SAE NO. 98370003

Influence of the Cyclic Parameters on the
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ABSTRACT

This study describes the influence of combustion parameters on the mtric oxide emission, such

as injection timing, air flow rate, injected amount of fuel, and compression ratio of engine. In

order to determine the influence factors on the nitric oxide emission, the experiment were investi-
gated with various parameters of engine cycle. According to the results of this study, the retarda-
tion of injection timing and the increases of airflow rate, and the decreases of fuel injection

amount reduce the nitric oxide concentration in the exhaust emissions. Also, the increases of com-

pression ratio of engine increase in the concentration of nitric oxide formation in the combustion
chamber. The results of this study give a guideline to decrease the nitric oxide formation by using

the simulation program.
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1. Introduction

Increasing environmental concerns and reg-
ulations of government have intensified the
need for the clean emission from diesel auto-
motive engines, which are nitric oxide and
particulate emission. In fact, a direct injection
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diesel engine causes high level of nitric oxide
emission compare with the indirect injection
diesel engine. The reduction of nitric oxide is
one of the important goals of the design of
combustion chamber in the direct injection
type diesel engine. The cycle conditions and
the structure of combustion chamber have in-
fluence upon the nitric oxide, carbon monox-
ide, and the other harmful component for
human body and environment. The formation
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of nitrogen oxide of exhaust gas in diesel en-
gine depends on the various engine parame-
ters.

Combustion process of a direct injection
type diesel engine is closely related to the be-
haviour of fuel-air mixing, involving atomiza-
tion and vaporization of spray droplets. The
formation of nitric oxide depends on many dif-
ferent parameters such as fuel-air ratio, tem-
perature of combustion chamber, load, injec-
tion timing, compression ratio, engine speed
and fuel injection pressure. Especially the en-
gine speed, fuel injection timing, and compres-
sion ratio of engine have influence on the ni-
tric oxide in engine emission.

The higher cylinder pressure and tempera-
ture have influenced on the formation of
higher nitric oxide emission. In order to re-
duce the nitric oxide of engine emission, it is
necessary to decrease the gas temperature be-
cause the generation of the nitric oxide is a
function of temperature. The various studies
of theoretic and experiment on the combus-
tion characteristics and exhaust emission of
diesel engine are investigated by several au-
thors."~* But the studies of cyclic parameters
on the nitric oxide formation in the engine are
necessary to investigate the reduction factors
of nitrogen oxide and exhaust emissions.

The aim of this study is to present the
results of the effect of engine cyclic parame-
ters on the exhaust emission of direct injec-
tion diesel engine. In this simulation, the ef-
fects of various factors on the nitric oxide
and combustion characteristics of engine were
analyzed by using the theoretical investiga-

tion.
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2. Method of Investigation

2.1 Thermodynamic system of engine

The principle of the simulation models is
based on the first law of thermodynamics
with the attention being focused on the com-
bustion process®~'®. The analysis assumes
that the cylinder contains a mixture of fuel-
air and residual combustion gas at any time
in the cylinder at the control volume is in
equilibrium. In order to investigate the effect
of processes on engine performance and nitric
oxide emission, the conservation equations of
energy are used to describe change in the
working substance.

dmu _ PdV
dg — dg " d@

+2mh (1
where P, V, 8, u and m are the pressure,

volume, crank angle, internal energy and

mass of the cylinder charge respectively.
Differentiating the equation of ideal gas

equation gives

PV=mRT (2)
dv dT
V—H—}_P_d? RT—+ Td_0+ R'—e (3)

Considering the convection heat transfer
and radiant heat transfer from the combus-
tion of fuel-air mixture in the combustion
chamber, the term of dQ/d6 is given by

—Q——hA(T T.)+EAKTI—TL)  (4a)
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where,

k. . gas to wall heat transfer coefficient

T,  gas temperature

T, * surface temperature of cylinder wall

A total area for heat transfer

& [ emissity depending on the engine

speed and load(£§=0.576)"

¢ ' Stephan-Boltzmann constant

Woschni® proposed the following equation
for the heat transfer coefficient as a function
of the pressure rise due to the combustion,
that is

ap’
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where,
V. : swept volume
V', : mean piston speed
V.. T, P.. cylinder volume, temperature and
pressure at reference condition

P,... motoring pressure

The C,, C; and C; are empirical constants
that can be adjusted for local variation due to
intake swirl, combustion chamber geometry
and radiation effect.

where, C,=0.13, C,=2.28, (;=3.24x107*

2.2 Chemical equilibrium

During combustion process, the calculation
of thermodynamic properties requires the val-
ues of mole fraction of the combustion prod-
ucts. The composition of the combustion prod-
ucts depends upon the properties of fuel, pres-
sure, temperature and fuel-air equivalence
ratio.

The mole fraction equation for CaH#OrNs
and alr at equivalence ratio ¢ react and the
combustion products subject to temperature T

and pressure P can be expressed as,

&P aHsOrNs+0.2100,+0.79N -1, CO,
-+ U2H20+ V3N2+ U402+ V5C0+ UsI"Iz
+ v H+ 10O+ vOH+ 1 NO (5)

Atom balancing yields the following four

equations
C : epa=(n+ )N ' (6)
H : epB=(2v,+ 2us+ 14+ 1)N (7)

0 > epr+042=C2n+r+2u+ s+t
+ )N (8)

N : efd+1.58=( +1)N (9)

10
where N=)y, 1s the total number of
i=1

moles and mole fraction of constituent 7.

From the six equilibrium among product
species constants will yields eleven equations
for ten unknown mole fractions y and the
number of moles N,

Partial Pressure

Reaction Equilibrium constant
%HZ;*H K= "’f,:l (10)
/2
$0:20 B=2%2C an
Yy
Iy+loeon  kK=—2_ a2
2 2 2 2 3 y‘llzyl/z

1,1
70 +5N=NO  K=paitm (13)

1
Hg+—2-oz4_—'HzO 1{5—;‘—::7/7 (14)
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K=—->"—>  (15)

1

CO+5022C02 =T
The calculation of the nitric .oxide forma-
tion requires knowledge of pressure, tempera-
ture, and equivalence ratio dependent upon
the combustion parameter in the combustion

chamber.
2.3 Kinetics model of the nitric oxide

There are two sources of nitric oxides In
the combustion chamber such as fuel oxidiza-
tion due to the atmospheric nitrogen and oxi-
dation of nitrogen containing compound in the
fuel. The nitric oxide formations in the com-
bustion chamber are due to reactions of mo-
lecular oxygen and nitrogen with oxygen
atoms. The temperature, pressure and air-
fuel ratio in the premixed and diffusion com-
bustion were used as input data for the empir-
ical equation used to ecalculate the nitric
oxide.

The extended Zeldovich mechanisms®? are
known to describe the nitric oxide formation
in the diesel engine process. This mechanism
1s described briefly as follows :

First the following three reactions are con-
sidered,

Ky;
N+NO = N,+0

K¢

Kar

Ky,

Kt
N+QOH =2 NO+H

Ka
where the constant of reaction rate of posi-
tive and negative direction K,;, K,, Ky and Kj
are given respectively as follows,
K, =7.6 X 10'*x exp( — 3,800/T)
K,,=1.6x10"

Kx=6.4x10°% T x exp(—3,150/RT)

Ky=4.2x10"

Next, the equilibrium rate R, R; and R; of
positive direction is written by, '

R,=K,[NO][N].

R,=K,[N][O].

Ra=K,[NJLOH).

where the subscript e refers to equilibrium
conditions.

To explain the steady-state approximation
for the concentration of nitrogen atom and as-
suming equilibrium oxygen and OH concentra-
tion, the rate of change nitric oxide formation

is given by equation below,

2R, (1—X%? \
d((l;lg)) ~ (R ) (16)
-1

S

where X= [[—II\\T]f)Qj]:

3. Simulation procedures

The above equations are solved numerically
using a predictor corrector iterative technique
to obtain gas temperatures, pressure, rate of
the release, rate of pressure rise, and the
other combustion characteristics as a function
of crank angle. The gas properties and the
combustion characteristics of fuel-air mixture
in the combustion chamber were calculated at
each crank angle increment.

In general, the nitric oxide emission appears
during the mid-period of combustion.

The combustion characteristics and the for-
mation of nitrogen oxide are calculated by
using the above equations under the various
engine input data and initial condition of en-
gine cycle,
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4. Experimental apparatus and pro-
cedures

The basic engine used in this work is a four
stroke cycle, single cylinder, and naturally as-
pirated direct injection type diesel engine with
displacement of 1425cc. The engine has a 17.4
compression ratio and a rated power output
of 7.36kW at 1,200 rpm. The specifications of
engine are as shown in Table, 1.

An experimental apparatus is shown sche-
matically in Fig.l. The tests were conducted
on a single cylinder diesel engine coupled to
an eddy current dynamometer system. Com-
bustion analyzer was composed of pressure
measuring device and crank angle detecting
system. The cylinder pressure of engine cylin-
der was obtained by using high pressure

Table 1 Engine specification

Engine type 4 stroke cycle diese] engine

Number of cylinder 1

Combustion chamber | Direct injection type
Bore x Stroke 110mm X 150mm
Compression ratio 17.4 and 14.1
Connecting rod length | 300mm

transducer and crank angle detecting system.
In order to obtain the variation of combus-
tion characteristics of diesel engine, the en-
gine was investigated under the following con-
ditions;
Engine speed; 800~1,500rpm
Opening pressure of fuel injection; 170bar
Cooling water temperature; 50°C, 60C, 70C
Injection timing; 22°, 15°, 10°, 5° BTDC

5. Results and discussion

5.1 Combustion characteristics

Figure 2 shows the cylinder pressure and
the rate of pressure rise in the engine. As
shown In pressure-crank angle diagram, the
predicted result 1s coincided with the experi-
mental results. The cylinder pressure, and
rate of pressure rise, as a function of c¢rank
angle for simulation and experiment at
1,000rpm of engine speed.

Figure 3 shows the gas temperature and
the rate of heat release in the engine. It was
found that the trend of the experimental tem-

perature variation due to crank angle was
same with the results of predicted tempera-

1. Test Engine

2, Dynamometer

3. Dynamometer controller
4. Pressure transducer
5. Amplifier

6. Ozeilloscope

7. Combustion analyzer
8. Primer

2, Computer
10, Power supply
11. Tachometer

12. Optical projector
13. Slit plate
14. Phota transducer

15. Gas analyzer
16 Fuel tank

17, Fuel buretie
18 U manomeier

19. Injection pump

20, Multi channel digial
thermometer

21. Cooling warer tank

22. Flow meter

Fig.1 Schematic Diagram of Experimental Apparatus
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Fig.2 Comparison between Simulation and
Experimental Results of Cylinder
Pressure and Rate of Pressure Rise
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Fig.3 Comparison between Simulation and
Experimental Results of Cylinder
Temperature and Rate of Heat Release

ture. These results illustrated the experimen-
tal and theoretical results at the engine speed
of 1,000rpm, the fuel amount of 40mg/cycle,
and the injection timing of 15° before TDC.
The small difference between the experimen-
tal results and simulation results may be due
to the various assumption, approximation of
the simulation, uncertainty of experiment and
inconsistent matching of operating conditions.
The rate of pressure rise value depends on the

rapid increase of cylinder pressure.

In all combustion process there are two
phase combustion, such as the premixed and
diffusion burning region as shown in Fig. 3.
The comparative analysis rate of heat release
showed that the premixed process is an impor-
tant controlling factor in diesel combustion en-
gine. In operating condition of engine speed,
rates of fuel injection and injection pressure
have direct influence on the mixing process
between fuel and air in combustion chamber.

As the beginning of combustion, the gas
temperature increases sharply. The reason for
this change significantly is due to the storage
amount of the fuel injected in combustion
chamber during the ignition delay period. In
this period, the increase of temperature of
combustion products is very sensitive to nitric
oxide formation in the engine.

5.2 Effect of injection timing on the
formation of nitric oxide

Figure 4 shows that the injection timing
plays an important role in the formation of ni-
tric oxide in combustion chamber. Nitric oxide
concentrations are reduced with the retarda-
tion of injection timing. As regard of
advanced injection timing, it can be seen a
longer delay time for fuel-air mixing in the
combustion chamber before the combustion
process. The advance of injection timing
brings about the increase of gas temperature
causes by the rapid combustion of the large
amount of fuel mixture. But the late start of
combustion due to retarding injection timing
reduced the peak combustion temperature
level. As the retard of injection timing the
combustion process progressively moves into
the expansion process. This related to the de-
crease of local temperature in cylinder. There-
fore, the variation of injection timing is an im-
portant factor that determines the level of ni-
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Fig.4 Effect of Injection Timing on the Nitric
Oxide Emission at 1,000rpm

tric oxide concentration of exhaust emission.

5.3 Effect of fuel injected amount on
the nitric oxide formation

Figure 5 shows the effect of fuel injection
amount on the nitrogen oxide formation. As
shown in this figure, the nitrogen oxide emis-
sion increases in accordance with the increase
of injection amount. Especially the increase of
fuel amount results in the increase of earlier
formation of nitric oxide in the engine. The
large amount of fuel injection results in the in-
crease of nitric oxide emission because of
large reaction amount of fuel. Also the in-
crease of fuel amount into the cylinder in-
creases the amount of combustion fuel in the
duration of ignition delay. The ignition delay,
the time between the start of injection and the
start of combustion is essentially constant in
this experiment.

The increase of fuel amount brings results
increase in the combustion duration of fuel in-
jected in the engine. Also, it is a factor of in-
creases not only the rise the cylinder pressure
but also to increase in the heat release in the
combustion chamber. The changes in the com-
bustion duration according to the amount of
fuel injection have an effect on the changes in
the premixed burning and heat release in the
combustion duration. Therefore, increase of
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Fig.5 Effect of Fuel amount on the Nitric
Oxide Concentration at 1,000rpm
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Fig.6 Effect Fuel Injection amount on the
Maximum Cylinder Pressure

the fuel injection amount increase in the nitric
oxide emission.

As shown in Fig.6, the increase of fuel
amount brings about the higher maximum
pressure in cylinder because of higher gas
temperature. The peak pressure increased
with the increase of the amount of fuel injec-
tion and also due to the increase of heat re-

lease in the combustion chamber.

5.4 Effect of compression ratio on the
formation of nitric oxide

Figure 7 show the influence of two com-
pression ratios on the nitric oxide concentra-
tion of exhaust emission. A retard in injection
timing reduces the nitric oxide formation. Ni-
tric oxide formations of exhaust emissions de-

crease as the injection timing is retarded, but
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Fig.7 Effect of Compression Ratio on the
Nitric Oxide Concentration

the nitric oxide increase with an increase of
the compression ratio. It appears that the
higher compression ratio represents the higher
nitric oxide emission than the case of lower
compression ratio of engine.

5.5 Effect of Fuel Properties on the
formation of nitric oxide

Figure 8 shows the effect of fuel properties
on ihe nitric oxide concentration of exhaust
emission. The fuel properties have direct influ-
ence on the mixing process between fuel and
air. When the different fuel properties are
.used such as the fuel density the nitric oxide
concentration was reduces with the decreas-
ing of the fuel density in the combustion proc-
ess. The lower fuel density has potential to re-
duce the retention time of the temperature
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Fig.8 Effect of Fuel Density on the Nitric
Oxide Concentration

and pressure conditions in the combustion
chamber. These were results reduction in the
cylinder gas temperature and pressure in the
combustion chamber of direct injection type
diesel engine. Therefore the fuel density pro-
vide some benefit in term to reduced the con-
centration of nitric oxide formation in the en-

gine.
6. Conclusions

The combined effects of injection timing,
fuel injection, compression ratio and combus-
tlon process were investigated using a single
cylinder direct injection type diesel engine.
From the results of this investigation in diesel
engine, the following conclusions were ob-
tained.

1) A retard of fuel injection timing brings
about the decrease of cylinder pressure
and the reduction of nitric oxide con-
centration in the engine.

2) The nitric oxide concentration and gas
pressure increase in accordance with
the increase of fuel amount of engine
cycle.

3) Increase of the compression ratio of en-
gine results in the improvement of com-
bustion performance, but increases the
nitric oxide emission.

4) The increase of excess air ratio and the
fuel density show the decrease of nitric
oxide and the temperature of combus-
tion gases in the engine.
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