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Cycle Resolved NO Emissions and Its Relation with Combustion 
Chamber Pressure in an S.I. Engine with Fast Response NO 

Analyzer 

Jung-Min Sung, Hyun-Woo Kim, Kyung-Hwan Lee* 
Div&ion o f  Mechanical and Automotive Engineering, Sunchon National University, 

315 Meagok Dong, Suncheon Jeonnam 540-742, Korea 

A fast response NO analyzer was applied to investigate the relation between cycle-by-cycle  

NO emissions and combust ion chamber  pressure. NO emissions were sampled at an isolated 

exhaust manifold of  4-s t roke spark ignition engine to avoid the interference of  exhaust gas from 

other cylinders. The  linear correlat ion analysis was pertbrmed with collected data of  NO 

emissions and combust ion  chamber  pressure with respect to the various air-fuel  mixture ratios 

and engine loads. The sampled data sets were obtained during 200 cycles at each operat ing 

condit ion.  The results showed that there was a typical pattern in NO emissions from an exhaust 

port through a cycle. It was possible to set a block of  crank angle in which the linear correlat ion 

coefficient between NO emissions and combust ion chamber  pressure was high. As the engine 

load increased, NO emissions were more dependent  on combust ion chamber  pressure after TDC.  

It was also analyzed that the correlat ion between two parameters with respect to air-fuel  mixture 

ratio tended to increase as mixture went leaner. Furthermore,  this correlat ion coefficient lbr the 

mixture near the lean limit seemed to be kept high even though combust ion was unstable. 

Key Words: Linear  Corre la t ion  Coefficient,  Fast Response NO Analyzer,  NO Emissions, 

Equivalence  Rat io  

I. Introduction 

As the air pol lut ion has been becoming worse 

gradually,  the automotive  emission regulations 

have been stricter continual ly to reduce exhaust 

emissions of  pollutants.  Various researches on 

emission reduction are spread in correspondence 

to the ever more stringent limits. Especially, since 

NOx is an effective pollutant  in ozone formation 

and, in result, is a major  source of  photochemical  

smog, there have been so many researches on the 

product ion mechanism and reduction technology 
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of  NOx (Turns, 1999 ; Heywood,  1973 ; A o y o m a  

et al, 1990). Therefore,  the reduction of  NOx 

emissions is one of  the most important  issues in 

development  of  internal combust ion engine. Gen- 

erally, it is we l l -known that the NOx emissions 

are influenced by oxygen concentrat ion and flame 

temperature (Ball et al, 1999 : Takagi  et al, 1998). 

The flame temperature gets into maximum in 

condi t ion that a i r-fuel  ratio is some richer than 

the stoichiometry, but the lack of  the oxygen 

makes NOx emissions can not reach maximum 

value in this region. On the contrary, NOx emis- 

sions show maximum value by enough oxygen in 

some leaner air fuel mixture ratio than the stoi- 

chiometry. If a i r-fuel  mixture ratio is richer or 

leaner than the mixture ratio of  maximum NOx 

emissions, NOx emissions are decreased. Espe- 

cially, in case of  lean burn engine and G.D.I.  

(Gasol ine Direct Injection) engine, there is a 
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tendency that the stratified and richer a i r - fuel  

mixture distr ibution at the region adjacent to 

spark plug produces more NOx emissions than 

lean condi t ion of  por t - in jec t ion  type engine 

which has a relatively more homogeneous  air-fuel  

mixture distr ibution (Reavel  et al., 1997). There-  

fore, it is necessary to match the NOx reduction 

technology according to engine type in combus- 

tion system in order to obtain a desirable result 

since the pattern of  NOx emissions is dependent  

on engine characteristics. 

As it is well known that NOx emissions are the 

results of  combust ion phenomena  such as flame 

temperature or combust ion chamber  pressure and 

NOx emissions and combust ion chamber  pressure 

are influenced by engine load or a ir-fuel  mixture 

ratio, it is interesting to catch hold of  the relation 

between NO emissions and combust ion  chamber  

pressure as two different results of  combust ion at 

each cycle. In this study, combust ion  chamber  

pressure at each cycle was measured and the tem- 

poral  NO emissions trace was collected at differ- 

ent a ir-fuel  ratio and engine load condi t ions  

using a last response NO analyzer installed at 

an isolated exhaust manifold of  4 stroke S.I. 

engine to avoid the interference of  exhaust gas 

from other cylinders. Through  this measurement,  

the level and cycle-by-cycle  variat ion in NO emis- 

sions for each operat ing condi t ion were attempted 

to analyze and the relation between NO emissions 

and the combust ion chamber  pressure was in- 

vestigated. 

2. Experiment 

2.1 Experimental apparatus 
Even under the steady-state operat ion,  a crank 

angle time scale measurement  was required to 

detect NO emissions to obtain in cyc le-by-cycle  

based NO level. Figure I presents a schematic 

diagram of experimental  apparatus. A fuelling & 

spark t iming control ler  was applied to adjust the 

spark timing, fuel injection timing, and amount  

of  fuel injected for each operat ing condit ion.  A 

piezo-electr ic  type pressure transducer (Kistler 

6053C60) was installed at the cylinder head of  

4 TM cylinder to measure the combust ion chamber  

pressure. An optical encoder  with 0.1 ° C A  (Crank 

Angle) resolution was also applied to sample 

data with an enough resolution. An exhaust emis- 

sion analyzer (Horiba,  M E X A - 5 5 4 J K )  was used 

to measure exhaust emissions and ai r - fuel  mixture 

ratio, and a last response NO analyzer (Cambus-  

tion, LHC500) was applied to sample the cycle-  

by cycle NO emissions in the exhaust manitbld.  

For  NO sampling, a sampling probe was installed 

15 mm from 4 th cylinder exhaust valve to reduce 

the delay in NO sampling. The pressure data and 

NO emissions trace were collected by a data 

acquisi t ion system simultaneously.  A schematic 

diagram of  NO emissions measurement  system is 

shown in Fig. 2. The C P ( C o n s t a n t  Pressure) 

13 

I .  Engine 2. ECU 3. Encoder 4. Pressure-Sensor 5. Dynamometer 6. Fuelling & Spark-timing Controller 
7. Throttle Actuator 8. Laminar flow meter 9. Exhaust Gas analyzer 10. Charge amplifier I1. Dynamometer 
controller & Data acquisition system 12. Computer 13. Fast NO analyser 14. Ozone-generator 15. Vacuum pump 

Fig. I Schematic diagram ofcxpcrimental apparatus 
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Fig. 2 
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Measurement system of NO emissions 

Table 1 Specification of last response NO analyzer 

0.1 mV/ppm to 50 mV/ppm in 9 
Sensitivity ranges as NO at an step sample 

flow of 50 cc/min 

+ I ~o of full scale to 
5000 ppm NO 

Linearity _+2% of full scale to 

10000 ppm NO 

rms. < 1% of mean for 
Noise ] 1000 ppm NO, gain 20 

I0 90%--4 ms with a standard 
Response time sampling configuration 

Table 2 Engine specification 

Bore (mm) 75.5 

Stroke (mm) 83.5 

Connecting rod length Cmm) 131.0 

Engine displacement (co) 1495 

Compression ratio 9.5:1 

5/35 
Valve timing (°CA) 

43/5 

chamber  has a ['unction that it reduces the in- 

fluence of  pressure variat ion due to cyc le -by-  

cycle variat ion of  combust ion.  NO emissions are 

measured by the photo detector that detects the 

light from the reaction between NO and ozone 

produced in the ozone generator. Through optical 

fiber band the NO in the sampled exhaust gas 

flow and ozone join  at the reaction chamber  in 

CP chamber,  then the chemilumine-scent  reaction 

mechanism takes place. Table  I shows the spec- 

ification of  fast response NO analyzer which has 

4 ms response time enough to measure the cycle-  

by-cycle  NO emissions. The engine used in this 

study was a 4-s t roke D O H C ( D o u b l e  Over Head 

Camshaft)  spark ignit ion engine which had a 

semi-wedge type combust ion chamber  with 4 

valves. More detailed specification is presented in 

Table  2. 

2.2 Experiment and data analysis 
The engine was operated under the condit ion 

that tile coolant  and oil temperature were ap- 

proximately 85°C and 90°C, respectively, after 

engine warmed-up  fully. The M B T ( M i n i m u m  

spark t iming advance for best torque) was ap- 

plied to all test conditions.  The traces of  combus- 

tion chamber  pressure and NO emissions were 

collected for cont inuous  200 cycles with I°CA 

interval considering cycle-by-cycle  variation. 

The measurements were performed with the 

change of  two variables ; engine load and air-fuel  

ratio. The engine load was changed from 2 to 5 

bar in BMEP(Brake  Mean Effective Pressure) at 

1800 rpm with stoichiometric condit ion.  The air-  

fuel mixture ratio was also varied from stoi- 

chiometry to 18.5 : I at 1800 rpm and 2bar BMEP 

condit ion.  With those data the correlat ion be- 

tween NO emissions and combust ion pressure 

was analyzed. 

The investigation of  the relation between NO 

emissions and combust ion chamber  pressure was 

pertbrmed using tile regressive analysis. When 

two variables have been measured on the same 
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set of  individuals ,  a s imple  and  effective way of  

descr ib ing them is the scatter  d iagram.  F r o m  the 

scatter  d i ag ram it can be seen how these two var ia-  

bles are related. L inea r  cor re la t ion  coefficient 

expla ins  how 2 variables ,  X a n d  Y, are related. If  

X and  Y were defined as 

X~ : X on the i - th  ind iv idua l  for i = l ,  2, --', n. 

Y~: Y on the i - th  ind iv idua l  | b r  i = l ,  2, "-', n. 

The  covar i ance  of  X and Y for this set of  da ta  

could be calcula ted as tb l lowing.  

n 

~ ( X , - X )  ( Y i -  ~?) 
Covar ( X ,  Y) = i=] (I)  

n - I  

Where  ) (  : mean  value of  X, Y : mean  value of  Y 

The  s t andard  devia t ion  for X, V ( X )  is given as 

tb l lows : 

(21 

Therefore ,  the cor re la t ion  coefficient between X 

and  Y usual ly  denoted  by R, where 

Covar(X, Y) P , ( X i - X ) ( Y i - Y )  

R -  V(X) V(Y)  - [ ~ ( X i - X I 2 N ( y i -  Y)2] " i (3) 

Fo r  more  i n l b r m a t i o n  on  l inear  co r re l a t ion  co- 

efficient, reference will be helpful  ( D u n n  et al, 

1997)• 

3. Results  and Discussion 

poral  trace of  NO emiss ions  with the f luc tua t ion  

th rough  a 4 - s t roke  cycle, all NO traces dur ing  

200 cycles were averaged.  The  traces of  averaged 

NO emiss ions  and c o m b u s t i o n  c h a m b e r  pressures 

are shown  in Fig. 4. In this  figure, it shows that  

there is a t iming  difference between E V O ( E x h a u s t  

Valve Opening)  t iming  and  abrup t  r is ing point  

of NO emissions.  This  difference can be consi-  

dered as a delay t ime inc lud ing  the passing t ime 

of  exhaust  gas to react ion c h a m b e r  t h rough  sam- 

pi ing p robe  and  the response  delay of  fast res- 

ponse NO analyzer.  In this exper iment ,  this delay 

1800 - 

1500" 

1200 - 

Fig. 3 
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NO traces with respect to crank angle at 1800 

rpm and 2.0 bar BMEP 

With  a fast response  NO analyzer  and  a com- m 

bus t ion  analyzer  in the exper imenta l  se t -up  as 

shown  in Fig. 2, the cyc le -by-cyc le  N O  emiss ions  

and  c o m b u s t i o n  pressure were measured  s imul ta-  ~s. 

neously  for 200 cycles at each opera t ing  condi-  

t ion.  F igure  3 presents an example  of  t empora l  ~'~0. 

NO emiss ions  traces measured  at 1800 rpm and  

2.0 bar  B M E P  cond i t ion  with fast response  N O  

analyzer  dur ing  200 cycles, which  shows serious 
5. 

cyc le -by-cyc le  va r i a t ion  in NO emiss ion level. 

The  c rank  angle  coun t  is s tar ted from bo t tom 

dead center  of  compress ion  s t roke of  4 th cylin- 0 

der. The  profi le  of  NO emiss ions  traces with 

respect to c rank  angle  shows a cer ta in  tendency 

in this figure even though  there are some scat- Fig. 4 
tered ranges. To  find out  the representa t ive  tern- 

"1230 

w Premle NO 

A 1~0 
i 

~ : /  EVCk laz 

i . i 
i ' i 

- -  ~ 6 I ] 0  • i • i i 
: / ~  540 TA3 

A v e r a g e d  N O  a n d  p r e s s u r e  t r a c e  a t  1 8 0 0  r p m  

and 2.0 bar BMEP 

J 
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time seemed to be about 48°CA(4 ms) after the 

exhaust valve is opened. It is considered that the 

first peak of NO emissions is affected by a strong 

exhaust gas flow with relatively high pressure 

at the start point of blow down process, which 

flows out through the exhaust valves and exhaust 

port when the exhaust valve is opened. After this 

peak, however, NO emissions were decreased in 

the range that piston was moving downward to 

BDC (Bottom Dead Center). This is thought to be 

that even though the combustion was almost 

completed near TDC(Top  Dead Center) region 

and the burned gas also stayed there, the rapid 

combustion chamber volume change by down- 

ward movement of piston could make the kine- 

tic energy of burned gas larger. As a result, the 

burned gas seemed to be distributed much dense 

near the piston as the piston goes close to BDC. 

Therefore, in contrary to that the exhaust gas is 

emitted very fast and has a high concentration 

level during blow-down, the exhaust gas with a 

relatively low concentration is emitted in the 

range that piston was moving around BDC 

(Heywood, 1999). The typical NO emission trace 

through whole stroke processes is also shown in 

Fig. 4. 

Meanwhile, Fig. 5 presents two different avera- 

ged NO emissions traces at 1800 rpm and 2.0 bar 

BMEP with stoichiometric mixture ratio. One 

1 . 2 -  

~ 1 . 0  

"O 

0 . 8  

Fig. 5 

. . . . . .  Isolated 
Un-isolated 

,~0 ~0 ~ no 
TO2 

Crank angle (o) 

Normalized NO trace with isolated and un- 
isolated sampling port 

trace is obtained with an isolated exhaust mani- 

fold from other branches and the other with 

normal exhaust manifold. They were normalized 

by dividing averaged NO emissions at each crank 

angle by averaged NO emissions at the response 

starting point after the exhaust valve opens in the 

isolated sampling port. The difference in the 

trace profile of thicker line with normal exhaust 

manifold was considered as an interference of 

adjacent ports in sampling. To avoid the effect 

of interference, the exhaust port of 4 th cylinder 

should be isolated from other exhaust ports. The 

typical profile of NO emissions trace could be 

obtained with the isolated sampling port. 

In Fig. 6, the linear correlation coefficients 

between NO emissions during specified crank 

angle, sections which have 30°CA duration, re- 

spectively after expansion BDC, and combustion 

chamber pressures at specific crank angles was 

shown. Even though the linear correlation co- 

efficient was scattered below 0.8, there seemed 

to be some regions in which linear correlation 

coefficient was relatively high. The relatively 

higher correlation between NO emissions and 

combustion chamber pressures was found mostly 

between 480°CA and 630°CA, which are in- 

dicated as "A' in Fig. 4. The combustion chamber 

.-.... E 

- 10  

0 
0.,9 0 

E 
0 

£7 ".~ 

0 

)70.'2% I V "  . S . ; P .  <= 

9.,~ "<~<tg ~e.,, 
"'#19 .~<~ 

4" ~OQI e 0 ''~ 

Fig. 6 Linear correlation coefficient between NO 
and pressures with respect to sampling crank 
angle sections 
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pressures after compress ion  T D C  had  also h igher  

co r re l a t ion  coefficient with NO emiss ions  than  

the pressures betbre  compress ion  TDC.  Fur ther -  

more. it is observed that  the re la t ion  between 

NO emiss ions  and maxirnum c o m b u s t i o n  cham-  

ber  pressure shows the highest  co r re l a t ion  (Ball 

et al, 1999). On the cont rary ,  the cor re la t ion  

between NO emiss ions  and init ial  combus t ion  

c h a m b e r  pressure is relatively low, which means  

that  the init ial  c o m b u s t i o n  occurred  before T D C  

is t hough t  to be insufficient  to affect the whole  

c o m b u s t i o n  process and  consequen t ly  NO pro- 

duct ion.  However ,  it can not  be expla ined  clearly 

because NO sampl ing  was not  done  in the com- 

bus t ion  chambe r  but  at exhaust  manifold .  

3.1 Engine load variation 

The effect of  combus t ion  cham be r  pressure on 

NO emiss ions  at 1800rpm for different engine  

loads can be found in Fig. 7. NOavg and NOpeak 

are mean  and m a x i m u m  of  averaged NO emis- 

sions on the block A shown in Fig. 4 respectively. 

Since the b lock  A has a cons tan t  c rank angle 

duration, NOavg indicates  the level of  total  NO 

emiss ions  in block A. The  NO emiss ions  and 

max imum pressure were increased as the engine  

load was increased. The  increase of  engine  load at 

cons tan t  a i r - fuel  mixture  rat io  makes  combus t ion  

t empera tu re  increase, as a result, it is expected 

~ 0  36 

1200- 

8OO 

Fig. 7 Fig. 8 

o / .25 .~ 

/'7 
/ " -21:1 

18 

i ~ i i5 
2 3 4 5 

~ )  

NO emission and maximum combustion 

chanlber pressure 

that  NO emiss ions  will be increased.  Add i t i on -  

ally, NOpeak indicates  1.1 ~ 1.2 t imes h igher  level 

than NOavg at these engine  load condi t ions .  This  

means that  t empora l  traces of  NO emiss ions  in 

block A are s imi lar  to each other ,  and NOpeak 
can be cons idered  as a representa t ive  quan t i ty  to 

indicate  the level of  NO emissions.  

The  effect of  engine  opera t ing  load cond i t ions  

on the cor re la t ion  between NO emiss ions  on 

block A and combus t ion  c h a m b e r  pressures at 

specific c rank  angles is shown  in Fig. 8. The  

l inear  cor re la t ion  coefficient between NO emis- 

sions and c o m b u s t i o n  c h a m b e r  pressures after 

compress ion  T D C  shows h igher  value  at all test- 

ed engine  load condi t ions .  The  cor re la t ion  co- 

efficient between NO emiss ions  and max imum 

pressures is the highest  at each engine  load con-  

di t ion.  This  means c o m b u s t i o n  after compress ion  

T D C  has a closer re la t ion with NO emiss ions  

than init ial  combus t ion .  In addi t ion ,  h igher  cor- 

re la t ion coefficient was tound  at the h igher  engine  

load. This  is t hough t  to be that  the t empera tu re  of  

burned  gas in c o m b u s t i o n  c h a m b e r  is increased at 

h igher  engine  load, and  h igher  burned  gas tem- 

pera ture  makes  much  NO emissions.  

The  l inear  cor re la t ion  coefficients between 

NO emiss ions  at each c rank  angle section that  

has 30°CA dura t ion  after expans ion  BDC and 

. . . .  F .... , [ f 

/:J 

( , /  

; - C  

• ) E; 

ZJ 

;3 
(2 

Linear correlation coefficient belw.een NO 

emission and pressure with respect to BMEP 
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..,-,, 
C; 

Fig. 9 

2~ 

70 

0 

© 

Linear correlation coefficient between NO 

emission and maximum pressure at separated 

CA section 

m a x i m u m  pressure present  in Fig. 9. It is shown 

that  the cor re la t ion  coefficient of  h igh NO emis- 

s ions sect ion has a h igher  cor re la t ion  value as 

expected, which  means  that  the h igher  NO emis- 

s ions section can represent  the NO level in that  

cycle. 

3.2 A i r - f u e l  m i x t u r e  r a t i o  v a r i a t i o n  

The  effect of  a i r - fue l  mixture  rat io  on nor-  

malized NO emiss ions  traces and cycle- to  cycle 

peak level of  NO were shown  in Fig. 10 and  

Fig. 11. In this case, no rma l i za t i on  of  NO emis- 

s ions was per formed with the NO level of  ~ =  

1.0 at the start  po in t  of  b lock  A as a base. NO 

emiss ions  showed  its peak at ~ = 0 . 8 8  and  de- 

creased as the a i r - fue l  mixture  rat io  is increased 

or decreased away from ~ = 0 . 8 8 .  However ,  the 

reduct ion  in NO emiss ions  level was larger at 

~ = 0 . 7 8  than at ~ = 1 . 0 ,  which  means  tha t  NO 

emiss ions  are reduced with a steeper rate in the 

leaner  side. It was also shown  that  t empora l  NO 

emiss ions  traces in block A were s imi lar  to each 

other  even t h o u g h  mixture  cond i t ions  were dif- 

ferent, but  they had  different NOpeak. In Fig. 11, 

it is observed that  the d i s t r ibu t ion  of  pressure 

and  NO is qui te  concen t ra ted  at ~ = 1 . 0 ,  but  the 

d i s t r ibu t ion  at ~ = 0 . 7 8  is scattered, which implies 

L2 

>~ 

73 1.0- 

0.9 
0 

Fig. 10 
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. =  0.88 /N.. . .  

. . . . .  • = 0.78 [ , ~  
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Normalized of  NO at 1800rpm and 2.0 bar 

BMEP with respect to equivalence ratios 
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Relation between NOpeak and maximum 

pressure with respect to equivalence ratios 

that  combus t ion  processes are more  uns tab le  at 

=0 .78 .  

Figure  12 presents the t rend of  peak NO emis- 

sion represented as the b lock  A in Fig. 4 and 

m a x i m u m  c o m b u s t i o n  c h a m b e r  pressure for dif- 

ferent equiva lence  ratios. NOpeak shows its maxi-  

mum wllue at near  ~ = 0 . 9 ,  which is expected 

ti 'om the [brmer  result tha t  NOpeak can be hand led  

as a representa t ive  of  NO emiss ion  in block A. 

The  C.O.V(Coef f ic ien t  of  Var ia t ion)  of  NOpeak 

and C.O.V of  pressure is presented in the Fig. 13 

al together .  The  var ia t ion  of  NOpeak from 110=0.9 
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19. 2100 

18. 

17. 

16 
0.7 

Fig. 12 

+ 1~00 

+ 
1200 

9(]0 

• o'.+ ' o'., ,i, 1.1 

E~dwlence Patio ( ~, ) 

NOpeak and maximum pressure with respect 

to equivalence ratios 

20. 

0 

5 
0.7 

10, 

Fig. 13 

---4-- CQV~Rz~t~  

• CQVc{NO~ 

' i ' 0.8 09 1.0 1.1 

F:~valm~ r-aio 

Coefficient of variation on NOpeak and 

pressure with respect to equivalence ratios 

is larger in the leaner region. In Fig. 13, it is 

shown that C.O.V of  pressure and C.O.V of  

NOpeak are increasing when equivalence ratio 

changes to leaner side away from ~ = 0 . 9 ,  and 

C.O.V of  NOpeak is changed rapidly from 10% to 

28°/6o, which indicates the unstable combust ion  at 

near ~ = 0 . 7 8  as ment ioned above. 

Figure  14 presents l inear correlat ion coeffici- 

ents between NO emission in block A and com- 

bustion chamber  pressure at each specific crank 

angle for different equivalence ratios. It is ob- 

served that correlat ion coefficients after compres-  

Fig. 14 

-% 

q) 

O 

70 d~ 
0 c~ 

)8 C 
0 

4 ~ 

1 

Linear correlation coefficient between NO 

and pressures with respect to equivalence 

ratios 

sion T D C  show higher correlat ion for all tested 

condi t ions  of  equivalence ratios. As the equiva-  

lence ratio decreases to ~ = 0 . 8 ,  the correlat ion 

coefficient shows higher value. Meanwhile ,  even 

though NO emissions decreases at (/)=0.78, the 

correlat ion coefficient is still remained high be- 

cause combust ion chamber  pressure also de- 

creases. At leaner a i r - fuel  mixture than ~ = 0 . 8  

the correlat ion coefficients between NO emission 

and combust ion chamber  pressure before com- 

pression T D C  is also relatively high compared 

to Fig. 8. It can be considered that the spark 

t iming result in this kind of  tendency. The spark 

t iming at leaner condi t ions  is more advanced than 

stoichiometric,  so that combust ion  can be started 

earlier. As a result, the correlat ion coefficients 

between NO emissions and combust ion  chamber  

pressure before compression T D C  is higher at 

leaner mixture. 

4. Conclusions 

The linear correlat ion coefficients between N O  

emissions and the combust ion  chamber  pressure 

for different engine loads and equivalence ratio 

condi t ions  were obtained with fast response NO 

analyzer. The  conclusions are as fol lowings ; 
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(l) By averaging NO emissions traces during 

200 cycles, a typical pattern under the crank-  

angle time scale was obtained. It is also possible 

to set a block of crank angle in which the cor- 

relation coefficient between NO emissions and 

combustion chamber pressures was the highest. 

(2) NO emissions were highly correlated with 

combustion chamber pressure after compression 

TDC, especially with maximum combustion cham- 

ber pressure. 

(3) As the engine load increases, the correla- 

tion coefficient between NO emissions and com- 

bustion chamber pressure also increases. 

(4) For  the equivalence ratio, NO emissions 

show the highest concentration at q)=0.9. As 

the equivalence ratio decreases to q)=0.8 ap- 

proximately, the correlation coefficient between 

NO emissions and combustion chamber pressure 
shows higher value. 

(5) The correlation between NO emissions 

and pressures at before compression TDC with 

leaner mixture is high by dint of earlier spark 

timing. 
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