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The Effect of Combustion Parameters on the Nitric Oxide 
Emission in Direct Injection Type Diesel Engine 

Rosli Abu Bakar* and Chang Sik Lee** 
(Received July 15, 1996) 

This paper presents the investigation of influence factors on the output performance and the 

reduction of exhaust emission in the direct injection type diesel engine. In this work, the analysis 

of combustion products and combustion characteristics are investigated by numerical method 

and experiment under the various engine operating conditions. The combustion performance 

and exhaust emissions are analyzed in terms of the heat release, cylinder pressure and major 

exhaust emissions of engine. The accuracy of the prediction versus experimental data and the 

capabil i ty of the heat release, cylinder pressure and all the major exhaust emissions are 

demonstrated. The results of this study show that the combustion parameters have influence on 

the combustion processes and the nitric oxide emission in the direct injection type diesel engine. 

The nitric oxide concentration decreases with the increase of engine speed and the advance of 

injection timing. 
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I. Introduct ion 

Diesel engines are extensively used in road 

vehicles and marine transportation due to their 

superior fuel economy and higher performance 

over gasoline engines. Direct injection type diesel 

engines have occupied a dominant position in 

diesel engines for many years. However direct 

injection type engines have demerits of higher 

noise and louder vibration due to higher combus- 

tion pressure. 

Diesel engine development engineers should 

have the knowledge on the combustion products, 

and the relationships between the emission factors 

of  the combustion phenomena, fuel properties, 

mechanism of nitric oxide, and other factors on 

the combustion products in cylinder. The 

improvement of reduction of diesel engine emis- 
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sion, such as nitric oxide and particulate are also 

important. The activities concerned with the ear- 

lier development of  all engines to improve the 

combustion efficiency and emission formations 

processes in combustion chamber have been 

extensively investigated (Fabio  Bozza, 1990 ; 

Hiroyuki Hiroyasu, 1985.: Steven L. Plee, 1983 ; 

and Lee, 1995a, 1995b). 

These papers deal with the effect of combustion 

parameters on the combustion characteristics of  

diesel engine. Therefore it is necessary to find the 

determination of influence factors on the nitric 

oxide concentration of diesel engine. In this point 

of  a view, it is important to know the various 

factors on the exhaust emission in diesel engine. 

In this study, the outcome of  mocteling results 

has shown less precise results comparing with the 

experiment, but it can clearly point out the effect 

of  the operating conditions on the nitric oxide 

emission and engine performance. 

Many simulation models have been developed 

for the processes of internal combustion engine. 

The model can be divided into two groups: steady 

state model and unsteady-state or transient 
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model. In this paper we used the unsteady-state 

model, where thermodynamic analysis and gas 

flow processes are simulated into two approaches 

such as quasi- l inear  and quasi-steady approach, 

in which engine thermo-fluid dynamics are treat- 

ed by using the basic relations employing the 

filling and emptying method (Timothy P. Gard- 

ner, 1988 ; Hiroyuki Hiroyasu, 1985, etc.). 

The objective of this study is to present the 

influence factors of combustion and exhaust emis- 

sions on the combustion characteristics and com- 

bustion products in a direct injection type diesel 

engine. The influence of combustion parameter 

and emission factors of the nitric oxide are inves- 

tigated along with the parameters such as heal: 

release, cylinder pressure, and the formation of 

nitric oxide of experimental engine. These simula- 

tions will provide design concepts and optimiza- 

tion studies in order to reduce the number of 

costly development tests. 

2. Method of Investigation 

2.1 The thermodynamic analysis 
The engine performance is theoretically inves- 

tigated by employing a filling and emptying 

model. Mathematical formulation of  the model is 

de r ived  by a p p l y i n g  the first  law of  

themodynamics. In order to study the effect of the 

combustion parameters on the nitric oxide emis- 

sion and engine performance, the conservation of 

energy equation is used. It is assumed that the 

entire control volume consists of  homogeneous 

equilibrium mixture of air and combustion prod- 

ucts at each instant. The thermodynamic balance 

equation for the cylinder gas is given by 

dE dQ + ~ h i h ,  d W  
dO - dO dO (1) 

where, 

dE dO ; the rate of change of total internal energy 

in the system 

dO . the rate of heat transfer into the system 
d O '  

through the system boundary. 

rh~h~ ; the energy converted in or out of the 

system at flow rate rh,-. 

d W  dO ; the rate of mechanical work done by the 

system on its boundary. 

The assumption of ideal gas and ther- 

modynamic equilibrium are used. All the partial 

derivatives in the Eq. (1) can be evaluated from 

the gas property relationship. The internal energy 

of gas and the gas constant in the cylinder can be 

expressed by the function of pressure ( p ) ,  tem- 

perature ( T )  and equivalence ratio (q~) respec- 

tively by Foster(1985). 

P V = m R T  

dP d V  dm 
V - ~ +  P ~ - = R T  d T  

d r  
+ m T + m R  d--O- (2) 

u = u ( T ,  P, r 

du 3u d T  3u dP .~3at__dq5 (3a) 
d O - O T  dO t 3P dO - & 5  dO 

R = R ( T ,  P, (~) 

dR 3R d T  3R dP ~__@~ dO (3b) 
d O - a T  dO ~ 3P dO -cgv~ dO 

From the Eqs. (1), (2) and (3) the rate of  gas 

temperature rise and the rate of gas pressure 

variation with respect to the time of ,crank angle 

are calculated by the solution of the ordinary 

differential equations. 

,~ l dV r I dm ~ d~ q EQ+~mh 
dT _ C ~  v ~  TO-- ~,o-~- 

. m  

dO az~ + AoBo 
aT T 

gr i Z + Z  aR  _ZjV . Z  aR . . . .  
dP_  d6 k T -  R aT / V dO " R ar dO" 
dO 1 P OR 

R OP 

(4) 
J dm 
m # 8  

where, 
(5) 

p au r 

Ao = - 3P - . T OR i~-ff RT, 
, Co- P aR 

I - P ~ 1 ..... 
R ~P R aP 

Ou ~r T, dR 

R aP R OP 

The equivalence ratio of mixture can be calcu- 

lated by considering that the total mass in the 

cylinder is the sum of the air mass flow through 
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the intake and exhaust valve and mass fuel inject- 

ed to the combustion chamber. 

The combustion process has two districtively 

different modes, i. e., premixed-burning and diffu- 

sion-burning.  

rhtb = m p  + rha (6) 

A phase proportionality factor fl is introduced. 

The phase proportionality factor /3' is controlled 

by duration of the ignition delay (ID) and over- 

all fuel/air (or mixture) equivalence rat io(r  

/~= mp _ 1 ar (7) 
mtb ID c 

where a, b and c are suitable empirical con- 

stant and ID is the ignition delay (D. N. Assanis, 

1985 and N. Watson, 1984). 

The combustion correlation are based on the 

diffusion-burning function me(0r) and the 

premixed-burning function mp (0~) (Fabio Bozza 

et al., 1990), 

me (0r) = 1 -- exp ( -- Ca1 Of  "~ ) 
me (Or) = Cal Ca20r(Ca~-l)exp ( -- Cal Or ca2) 

(8) 
too(Or) = 1 -- (1 - -  OZ -Co1) Cp2 

me (0~) = Cpl Cp20~ (c~-t) ( 1 - O~ c~) (cpz-1) 

(9) 

Therefore Eq. (6) become 

mtb(O~) =/~rhp(0~) + ( l - / ~ ) r h a ( 0 ~ )  (10) 

where 0~ is the time from ignition non-dimen- 

sionalized by the total time during the combus- 

tion process. 

2.2 Equilibrium compositions 
The equilibrium thermodynamic properties for 

the products of the combustion of fuel C,,HaOrN~, 

and air are assumed. The products of combustion 

have influence on the equivalence ratio (r  tem- 

perature and pressure in a combustion chamber. 

The appropriate balanced equation of chemical 

reaction may be written as, 

~r C~H~O~N~ + 0.210 02 + O. 79Nz 

--* ulC024- uzH20 + •3N2+ u402+ usCO 

+ u6H2+ uTH + usO+ u9OH + uloNO (11) 

Ten equations are obtained to determine the 

variables Ul-- ul0. The Runge-Kutta  Verner 

method is employed to solve this equation system. 

2.3 The nitric oxide kinetics model 
The amount of nitric oxide formation was 

found by applying the expanded Zeldovich mech- 

anism to each element of the combustion proces- 

ses. The temperature, pressure and air-fuel ratio 

in the premixed and diffusion combustion were 

used as the input data for the empirical equation 

used to calculate nitric oxide. 

The mechanism of nitric oxide formations in 

the diesel engine is considered for three chemical 

reaction equations in connection with nitric oxide 

formation. 

N + N O ~ N 2  + 0 

N + 02~NO + 0 

N + O H ~ N O  + H 

The constants of reaction rate of positive direc- 

tion kl, k2 and k3, and the equilibrium rate R1, R2 

and R3 are given respectively as follows (Hir- 

oyasu and Kodota, 1976), 

kl = 1.55 • 1013, 

[ - 6520 \ 
kz=8.98 • 10 3 X 1' X e x p ~ - ~ } ,  

k3=4.2 • 1013, (12) 

R l = k x ~ N O ] e [ N ~  

R~=k~[N] ~[0~3~ 
R3 = k3 [ N]e [ O H I e  (I 3) 

where the subscript e refers to equilibrium 

conditions. 

By using the steady-state approximation for the 

concentration of N atom and assuming equilib- 

rium O and OH concentration, the rate of change 

nitric oxide formation is given by, 

d (NO) _ 2R, ( 1 - X 2) v - -  [NO] 
dl X ~ R + ~ +  l ' ~ ' ~ - ~ 0 - ] ~  

(14) 

2.4 Heat transfer 

The model used for the rate of heat transfer is 

based on the consideration of convective and 

radiative heat transfer in the normal way for the 

combustion chamber. 
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dQw =h~A ( Tg -  Tw) + ~Aa( 7";- Tr 
dt 

(15) 

where, 

hc ; gas to wall heat transfer coefficient 

Tg and Tw ; gas and combustion wall surface 

temperature respectively 

A ; total area for heat transfer 

~" ; emissity 

a ; Stephan-Boltzmann constant 

The heat transfer between the cylinder gases 

and the inner wall surface is computed using the 

instantaneous gas temperature and the heat trans- 

fer coefficient (Woschn i ,  1967). 

h C'p~ [C ,z +C V~T~ tp p ,]0., 

(16) 

where, 

p ; instantaneous cylinder pressure 

B ; cylinder bore 

T ; instantaneous gas temperature 

Vp ; swept volume 

V., Tr ; reference condition, such as inlet valve 

closure 

P,.ot ; motoring pressure 

The motoring pressure is evaluated by assum- 

ing that the compression and expansion process 

are modelled by polytropic process. 

The CI, C2 and C3 (Hiroyasu, 1985) are empir- 
ical constants that can be adjusted for local varia- 

tion due to the intake swirl, the combustion 

chamber geometry and the radiation effect. 

where, 

C,=0.13 
C2=2.28 (compression, combustion and expan- 

sion) 

C3=0(compression and scavenging phase) 

C3= 3.24 • 10 .3 (direct-injection engines) 

Annand (1963) has proposed a radiation term 

based on the average bulk temperature. The 

primary sources of radiative heat transfer in a 

diesel engine are the high temperature burned 

gasses and soot particles, 

dQraa - B A  ( T 4 -  Tg) (17) 
dO 

where, 

/3 ; empirical radiation constant 

A ; total area for heat transfer 

Tw ; inside wall surface temperature of cylinder 

head, piston or linear 

Tg ; average bulk gas temperature 

During the combustion process, 

B =  ~'a 
where, 

~" ; emissity depending on the engine speed and 

load 

cr ; Stephan Boltzmann constant 

The Eq. (17) become, 

d. Qrad = ~aA'( Tg 4-  T~) 
dO 

(18) 

3. Simulation Procedures 

The models incorporate the abow~ assumptions 

into the equation of  energy. These equations are 

solved numerically using the predictor-corrector 

iterative technique to obtain the gas. temperature, 

pressure, rate of heat release, and the rate of  

pressure rise, etc. as a function of crank angle. 

The nitric oxide emission is simulated during 

the period of  heat release and expansion process. 

In general, the consituent of nitric oxide appears 

during the mid-per iod  of combustion. The diffi- 

culties for calculating nitric oxide emission are 

caused by the short of heat release. 

For  steady state operation, the differential 

equation must be solved simultaneously and must 

give a periodic solution. Initially, the data de- 

scribing all geometric features of the engine are 

read. All fixed operating parameters such as wall 

temperature, and ambient temperatures are speci- 

fied for each cycle calculation. 

4. Experimental Apparatus 
and Procedures 

The basic engine used in this work is a four 

stroke cycle, single cylinder, and naturally aspir- 
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Fig. Schematic diagram of experimental apparatus 

ated direct injection diesel engine with displace- 

ment of 1425cc. The engine has 17.4 compression 

ratio and rated power output of 7.36kW at 1200 

rpm. 

An experimental apparatus is shown schemati- 

cally in Fig. 1. The tests were conducted on a 

single cylinder diesel engine coupled to an eddy 

current dynamometer. Combustion analyzer was 

composed of the pressure measuring device and 

the crank angle detector system. The cylinder 

pressure of engine was obtained by using a high 

pressure transducer and a crank angle detecting 

system. 

In order to obtain the variation of combustion 

characteristics of diesel engine, the engine was 

investigated under the following conditions; 

Engine speed ; 800--1500 rpm 

Fuel injection opening pressure ; 170 bar 

Cooling water temperature ; 50~ 60~C, 70~ 

Injection timing ; 220, 150, 100, 50 before TDC 

5. Resul t s  and Di scuss ion  

Figure 2 shows a typical cylinder pressure 

diagram illustrating the difference between the 

measured cylinder pressure and those synthesized 

by the mathematical model. The agreement 

between the simulation and experimental results 

is good for the case of injection timing 15 ~ BTDC 

and engine speed 1000 rpm. 

During the combustion period, the rate of heat 

release is positive, and the burning process in two 

distinguishable stages as shown in Fig. 3. In the 

l �9 60 

- -  S ] m u l a t l o n  
. . . . .  E x p e r i m e n t  

a ~ 4o 

o ~ ~  
-2oo loe o ~oo 200 

Crank Angle (deg) 

Fig. 2 Comparison of simulation and experiment 
results for cylinder pressure 
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- - -  E x p e r i m e n t  

_11 I I 
O0 0 1 O0 2 O0 

Crank Angle (deg) 

Comparison of simulation and experiment 
results for rate of heat release 

first stage, the rate of heat release is generally very 

high for only a few degrees of crank angle. This 

corresponds to the period of rapid cylinder pres- 

sure rise because of the premixed combustion. 

The second stage corresponds to a period of 

gradually decreasing the rate of heat release and 

lasts for about 45 degrees of crank angle. This is 
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the main heat release period and called the diffu- 

sion combustion. Diffusion process is the impor- 

tant factor to control the combustion process in 

diesel engine. In operatin~ condition of engine 

speed, the rate of fuel injection, fuel properties 

and the injection pressure of  fuel give an implica- 

tion on the rate of heat release. 

Figures 4 ~ 6  present the simulation results on 

the cylinder pressure, rate of heat release and the 

80 
O Inject ion Timing 

X D  7 0  - -  220 BTDC ^ 
........ 15 0 BTDC t'~ 

40 
{3- 

3 

- ' 2 0 0  - 1 5 0  - 1 0 0  - 5 0  0 50 100 150 20C 

Crank Angle (deg) 

Fig. 4 The effect of injection timing on the cylinder 
pressure 
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The effect of injection timing on the rate af 
heat release 

rate of pressure rise under the various ignition 

timing. The injection timing has a strong effect on 

the pressure and heat release pattern. The advance 

of  injection timing brings about the increase of 

the cylinder pressure, and combustion characteris- 

tics. 

Figure 7 shows a comparison of engine pres- 

sure with the effect of fuel injection amount. The 

peak pressure increased with injection fuel due to 

its increase in the amount rate of heat release in 

the combustion chamber. The cylinder perssure 

curve was shifted to the right and the peak pres- 

sure was increased slightly with the increase of  

injection fuel. As shown in Fig. 8, the rate of heat 

release increases in accordance with the injection 

fuel in the cylinder. The ignition delay, the period 

between the start of injection and the start of 

combustion are different from each amount of 

fuel injection. In this case, as already reported by 

Hiroyasu (1976), the reference amount of fuel in 

the engine was 40 mg per cycle at 1200 engine 
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co 
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2O 
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The effect of fuel injection amount on the 
cylinder pressure at engine speed 1200 rpm 
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The effect of fuel injection amount on the 
rate of heat release at engine speed 1200 rpm 
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Fig. 9 The effect of fuel injection on the nitric oxide emission 

speed. As shown in figure, the increase of amount 

of fuel injection brings about the increase in the 

rate of heat release and the rate of pressure rise in 

the combustion chamber. Also the increase of fuel 

injection amount results in the increase of com- 

bustion energy in the cylinder. The cylinder pres- 

sure and the rate of heat release are improved by 

the increase of injected fuel. 

Figure 9 shows the effect of fuel injection 

amount on the nitric oxide emission. It can be 

seen that, the increase of fuel amount in the 

combustion chamber will increase the formation 

of nitric oxide in the engine cylinder. The forma- 

tion of nitric oxide increase because of nitric 

oxide is related with the premixed combustion. 

The cylinder temperature increases monotonically 

with the increase of fuel injection amount. Higher 

peak temperatures results in the increase of heat 

loss and increase of the nitric oxide emission. 

The influence of engine speed on the mean 

value of nitric oxide in the engine cylinder is 

shown in Fig. 9(b). It can be seen that nitric 

oxide emission decreases with the increase of 

engine speed. The behaviour of this event can be 

explained by the combustion duration. At lower 

engine speed, the reactive gas provides a longer 

time for the nitric oxide to form and this causes in 

higher nitric oxide concentration in the combus- 

tion chamber. 

The results suggest that the increase of fuel 

quantity brings about the higher concentration of 

nitric oxide as shown above figure. In addition, 

the rate of heat release of combustion products 

3500 
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o_ 
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oaooa Benzene 
, ~  Me~.hanol 
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Injection Timing (BTOC) 

Fig. 10 The effect of fuel injection timing on the 
nitric oxide at different fuel properties 

exhaust emissions, dissociation and energy losses 

are dependent on the temperature and pressure of 

the cylinder. In this case the concentration of 

nitric oxide is affected by the heat release and gas 

temperature. It is considered that the combustion 

chamber type, surface temperature of combustion 

chamber and swirl flows in the engine greatly 

affect the performance of combustion system. The 

gas temperature of engine cylinder increases uni- 

formly with the increase of fuel injection amount. 

Figure 10 shows the effect of injection timing 

on the nitric oxide emission at engine speed 1500 

rpm. As shown in figure, the nitric oxide emission 

of alternative fuels is lowered than that of diesel 

fuel. This can be explained by lower combustion 

temperature in alternative fuel. 

Figure 10 also shows that, the concentration of 

nitric oxide is decreased in the retard of injection 

timing because of lower gas temperature in engine 

cylinder. The advance of injection timing have 
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Fig. I1 The effect of cooling temperature on the 
nitric oxide 

influenced on the increase of  fuel injection 

amount into the engine cylinder. The rapid 

increase of gas temperature due to the advance of 

injection timing results in a large amount of fuel 

evaporation before ignition. Therefore the opti- 

mum control of injection timing is very important 

to achieve an improvement of combustion proc- 

ess. The duration of ignition delay is one of the 

most important criteria, having great effects on 

the combustion process of engine, noise and the 

exhaust emission. As shown in figure, the ignition 

delay is a reduction factor of exhaust emission 

and engine noise such as nitric oxide and combus- 

tion noise. The combustion duration plays an 

important role in the rise of  gas pressure and 

temperature. The effects of injection timing on the 

decrease of nitric oxide are similar in the results 

reached by M. Tsukahara,  et a1.(1989). 

The late start of combustion due to retarding 

injection timing reduced the peak combustion 

temperature level. As the retard of  fuel injection 

timing, combustion process progressively moves 

into the expansion process. This related to the 

decrease of local temperature in cylinder. There- 

fore, the variation of injection timing is an impor- 

tant factor that determines the level of  nitric oxide 

concentration of exhaust emission. Further  

advance of the injection timing causes an increase 

in the peak temperature near the end of fuel 

evaporation. 
The effects of coolant temperature on the gas 

temperature and nitric oxide of  diesel engine at 

1500 rpm of engine speed are shown in Fig. I1. 

The increase of the coolant temperature results in 

a small effect on the cylinder temperature but it 

increase the nitric oxide in the combustion cham- 

ber. The increase of coolant temperature brings 

about increasing the cylinder wall 1Lemperature. 

This results can be explained by the lower wet 

wall in the combustion chamber caused by higher 

coolant  temperature. It is found that the increase 

of  cylinder wall temperature is strongly dependent 

on the coolant temperature. When the coolant 

temperature is decreased, the nitric oxide concen- 

tration is decreased greatly as shown in figure. It 

can be estimated that gas temperature of  engine 

influenced on the evaporation of  spray, 

5. Conclusions 

The effect of combustion parameters on the 

nitric oxide emission combustion performance in 

direct injection type diesel engine have been 

investigated. This investigation deals with the 

effects of combustion parameter on the nitric 

oxide such as injection timing, engine speed, 

compression ratio and the amount of fuel injec- 

tion. 

The nitric oxide formation can be reduced by 

decrease of the peak pressure and the temperature 

in cylinder due to the retarding of fuel injection 

timing. An increase in the engine speed at given 

injection timing decreases the concentration of 

nitric oxide in the engine exhaust. 

The increase of fuel injection amount increases 

the gas pressure and nitric oxide emission. Conse- 

quently, the combination of low injection amount 

with the retardation of  injection timing reduces 

the nitric oxide concentration in the exhaust 

emission. 

The concentration of nitric oxide increase in 

accordance with increase of  coolant temperature 

under the constant operating condition. 
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