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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*
Division of 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 combustion chamber pressure. NO emissions were sampled at an isolated
exhaust manifold of 4-stroke spark ignition engine to avoid the interference of exhaust gas from
other cylinders. The linear correlation analysis was performed with collected data of NO
emissions and combustion 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 operating
condition. The results showed that there was a typical pattern in NO emissions from an exhaust
port through a cycle. [t was possible to set a block of crank angle in which the linear correlation
coefficient between NO emissions and combustion chamber pressure was high. As the engine
load increased, NO emissions were more dependent on combustion chamber pressure after TDC.
It was also analyzed that the correlation between two parameters with respect to air-fuel mixture
ratio tended to increase as mixture went leaner. Furthermore, this correlation coefficient for the
mixture near the lean limit seemed to be kept high even though combustion was unstable.

K'ey Words : Linear Correlation Coefficient, Fast Response NO Analyzer, NO Emissions,

Equivalence Ratio

1. Introduction

As the air pollution has been becoming worse
gradually, the automotive emission regulations
have been stricter continually 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
production mechanism and reduction technology
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of NOx (Turns, 1999 ;: Heywood, 1973 ; Aoyoma
et al. 1990). Therefore, the reduction of NOx
emissions is one of the most important issues in
development of internal combustion engine. Gen-
erally, it is well-known that the NOx emissions
are influenced by oxygen concentration and flame
temperature (Ball et al, 1999 ; Takagi et al, 1998).
The flame temperature gets into maximum in
condition that air-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 air-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.L
(Gasoline Direct Injection) engine, there is a
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tendency that the stratified and richer air-fuel
mixture distribution at the region adjacent to
spark plug produces more NOx emissions than
lean condition of port-injection type engine
which has a relatively more homogeneous air-fuel
mixture distribution (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 combustion phenomena such as flame
temperature or combustion chamber pressure and
NOx emissions and combustion chamber pressure
are influenced by engine load or air-fuel mixture
ratio, it is interesting to catch hold of the relation
between NO emissions and combustion chamber
pressure as two different results of combustion at
each cycle. In this study, combustion chamber
pressure at each cycle was measured and the tem-
poral NO emissions trace was collected at differ-
ent air-fuel ratio and engine load conditions
using a fast 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 variation in NO emis-
sions for each operating condition were attempted
to analyze and the relation between NO emissions
and the combustion chamber pressure was in-

vestigated.
2. Experiment

2.1 Experimental apparatus

Even under the steady-state operation. a crank
angle time scale measurement was required to
detect NO emissions to obtain in cycle-by-cycle
based NO level. Figure | presents a schematic
diagram of experimental apparatus. A tuelling &
spark timing controller was applied to adjust the
spark timing, fuel injection timing, and amount
of fuel injected for each operating condition. A
piezo-electric type pressure transducer (Kistler
6053C60) was installed at the cylinder head of
4™ cylinder to measure the combustion chamber
pressure. An optical encoder with 0.1° CA (Crank
Angle) resolution was also applied to sample
data with an enough resolution. An exhaust emis-
sion analyzer (Horiba, MEXA-554JK) was used
to measure exhaust emissions and air-tfuel mixture
ratio, and a fast response NO analyzer (Cambus-
tion, LHC500) was applied to sample the cycle-
by-cycle NO emissions in the exhaust manifold.
For NO sampling, a sampling probe was installed
15 mm from 4" cylinder exhaust valve to reduce
the delay in NO sampling. The pressure data and
NO emissions trace were collected by a data
acquisition system simultaneously. A schematic
diagram of NO emissions measurement system is

shown in Fig. 2. The CP(Constant Pressure)

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 11. Dynamometer
controller & Data acquisition system 12. Computer 13. Fast NO analyser 14. Ozone-generator 15. Vacuum pump

Fig. 1

Schematic diagram of experimental apparatus
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Fig. 2 Measurement system of NO emissions

Table 1 Specification of fast response NO analyzer

0.l mV/ppm to 50 mV/ppm in 9
ranges as NO at an step sample
flow of 50 ce/min
+19% of full scale to
5000 ppm NO
+29% of full scale to
10000 ppm NO

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

10-90%~4 ms with a standard
sampling configuration

Sensitivity

Linearity

Noise |

Response time

Table 2 Engine specification

Bore (mm) 75.5

B Stroke (mm) 83.5
Connecting rod length (mm) —131.0
Engine displacement {cc) 1495
Compression ratio 9.5:1

Valve timing (°CA) :t/?j;

chamber has a function that it reduces the in-
fluence of pressure variation due to cycle-by-
cycle variation of combustion. 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 1 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-stroke DOHC (Double Over Head
Camshaft) spark ignition engine which had a
semi-wedge type combustion chamber with 4
valves. More detailed specification is presented in

Table 2.

2.2 Experiment and data analysis

The engine was operated under the condition
that the coolant and oil temperature were ap-
proximately 85C and 907C. respectively, after
engine warmed-up fully. The MBT(Minimum
spark timing advance for best torque) was ap-
plied to all test conditions. The traces of combus-
tion chamber pressure and NO emissions were
collected for continuous 200 cycles with 1°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 Pressurc) at
1800 rpm with stoichiometric condition. The air-
fuel mixture ratio was also varied from stoi-
chiometry to 18.5: 1 at 1800 rpm and 2bar BMEP
condition. With those data the correlation be-
tween NO emissions and combustion pressure
was analyzed.

The investigation of the relation between NO
emissions and combustion chamber pressure was
performed using the regressive analysis. When
two variables have been measured on the same
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set of individuals, a simple and effective way of
describing them is the scatter diagram. From the
scatter diagram it can be seen how these two varia-
bles are related. Linear correlation coefficient
explains how 2 variables, X and Y, are related. If
X and Y were defined as

X;: X on the i-th individual for i=1, 2, --, n.
Y;: Y on the i-th individual for i=1, 2, ---, n.

The covariance of X and Y for this set of data
could be calculated as following.

SUX~X) (Y- T)

Covar(X, V)="41 a1 (n

Where X : mean value of X. ¥ : mean value of Y
The standard deviation for X, V{(X) is given as
follows :

V(X)) =

[Z(Xi—)?)z]% )

n—1
Therefore, the correlation coefficient between X
and Y usually denoted by R, where
Covar (X, Y) DX -XHYi-T) )
TV (- xemri- v

For more information on linear correlation co-

R

efficient, reference will be helpful (Dunn et al,
1997).

3. Results and Discussion

With a fast response NO analyzer and a com-
bustion analyzer in the experimental set-up as
shown in Fig. 2, the cycle-by-cycle NO emissions
and combustion pressure were measured simulta-
neously for 200 cycles at each operating condi-
tion. Figure 3 presents an example of temporal
NO emissions traces measured at 1800 rpm and
2.0 bar BMEP condition with fast response NO
analyzer during 200 cycles, which shows serious
cycle-by-cycle variation in NO emission level.
The crank angle count is started from bottom
dead center of compression stroke of 4™ cylin-
der. The profile of NO emissions traces with
respect to crank angle shows a certain tendency
in this figure even though there are some scat-
tered ranges. To find out the representative tem-
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poral trace of NO emissions with the fluctuation
through a 4-stroke cycle. all NO traces during
200 cycles were averaged. The traces of averaged
NO emissions and combustion chamber pressures
are shown in Fig. 4. In this figure, it shows that
there is a timing difference between EVO (Exhaust
Valve Opening) timing and abrupt rising point
of NO emissions. This difference can be consi-
dered as a delay time including the passing time
of exhaust gas to reaction chamber through sam-
pling probe and the response delay of fast res-
ponse NO analyzer. In this experiment, this delay

Fig. 3 NO traces with respect to crank angle at 1800
rpm and 2.0 bar BMEP

Crark Angie ()
Fig. 4 Averaged NO and pressure trace at 1800 rpm
and 2.0 bar BMEP
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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
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Fig. 5 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' 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

Fig. 6 Lincar correlation coefficient between NO
and pressures with respect to sampling crank
angle sections
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pressures after compression TDC had also higher
correlation coefficient with NO emissions than
the pressures before compression TDC. Further-
more. it is observed that the relation between
NO emissions and maximum combustion cham-
ber pressure shows the highest correlation (Ball
et al, 1999). On the contrary, the correlation
between NO emissions and initial combustion
chamber pressure is relatively low, which means
that the initial combustion occurred before TDC
is thought to be insufficient to affect the whole
combustion process and consequently NO pro-
duction. However, it can not be explained clearly
because NO sampling was not done in the com-
bustion chamber but at exhaust manifold.

3.1 Engine load variation

The effect of combustion chamber pressure on
NO emissions at 1800 rpm for different engine
loads can be found in Fig. 7. NOavg and NOpeax
are mean and maximum of averaged NO emis-
sions on the block A shown in Fig. 4 respectively.
Since the block A has a constant crank angle
duration, NOagvg indicates the level of total NO
emissions in block A. The NO emissions and
maximum pressure were increased as the engine
load was increased. The increase of engine load at
constant air-fuel mixture ratio makes combustion
temperature increase, as a result. it is expected
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Fig. 7 NO emission and maximurm combustion

chamber pressure

that NO emissions will be increased. Addition-
ally, NOpeax indicates 1.1~ 1.2 times higher level
than NOayg at these engine load conditions. This
means that temporal traces of NO emissions in
block A are similar to each other. and NOpeax
can be considered as a representative quantity to
indicate the level of NO emissions.

The effect of engine operating load conditions
on the correlation between NO emissions on
block A and combustion chamber pressures at
specific crank angles is shown in Fig. 8. The
tinear correlation coefficient between NO emis-
sions and combustion chamber pressures after
compression TDC shows higher value at all test-
ed engine load conditions. The correlation co-
efficient between NO emissions and maximum
pressures is the highest at each engine load con-
dition. This means combustion after compression
TDC has a closer relation with NO emissions
than initial combustion. In addition. higher cor-
relation coefficient was found at the higher engine
load. This is thought to be that the temperature of
burned gas in combustion chamber is increased at
higher engine load, and higher burned gas tem-
perature makes much NO emissions.

The linear correlation coefficients between
NO emissions at each crank angle section that
has 30°CA duration after expansion BDC and

Fig. 8 Linear correlation coefficient between NO
emission and pressure with respect to BMEP
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Fig. 9 Linear correfation coefficient between NO
emission and maximum pressure at separated
CA section

maximum pressure present in Fig. 9. It is shown
that the correlation coefficient of high NO emis-
sions section has a higher correlation value as
expected. which means that the higher NO emis-
sions section can represent the NO level in that
cycle.

3.2 Air-fuel mixture ratio variation

The effect of air-fuel mixture ratio on nor-
malized NO emissions traces and cycle-to—cycle
peak level of NO were shown in Fig. 10 and
Fig. 11. In this case, normalization of NO emis-
sions was performed with the NO level of @=
1.0 at the start point of block A as a base. NO
emissions showed its peak at @=0.88 and de-
creased as the air-fuel mixture ratio is increased
or decreased away from @ =0.88. However, the
reduction in NO emissions level was larger at
@=0.78 than at @=1.0, which means that NO
emissions are reduced with a steeper rate in the
leaner side. It was also shown that temporal NO
emissions traces in block A were similar to each
other even though mixture conditions were dif-
ferent, but they had different NOpeax. In Fig. 11,
it is observed that the distribution of pressure
and NO is quite concentrated at @=1.0, but the
distribution at @ =0.78 is scattered, which implies
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Fig. 10 Normalized of NO at 1800 rpm and 2.0 bar
BMEP with respect to equivalence ratios
&
i
Fig. 11 Relation between NOpeax and maximum

pressure with respect to equivalence ratios

that combustion processes are more unstable at
?=0.78.

Figure 12 presents the trend of peak NO emis-
sion represented as the block A in Fig. 4 and
maximum combustion chamber pressure for dif-
ferent equivalence ratios. NOpeax shows its maxi-
mum value at near @=009, which is expected
trom the tormer result that NOpeai can be handled
as a representative of NO emission in block A.
The C.0.V{(Coefficient of Variation) of NOpeax
and C.0.V of pressure is presented in the Fig. 13
altogether. The variation of NOpeax from @=0.9
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Fig. 13 Coefficient of variation on NOpex 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
NOpeax are increasing when equivalence ratio
changes to leaner side away from @=0.9, and
C.0.V of NOpeax is changed rapidly from 10% to
28%, which indicates the unstable combustion at
near @®=0.78 as mentioned above.

Figure 14 presents linear correlation 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 correlation coefficients after compres-

Fig. 14 Linear correlation coefficient between NO
and pressures with respect to equivalence
ratios

sion TDC show higher correlation for all tested
conditions of equivalence ratios. As the equiva-
lence ratio decreases to @=0.8, the correlation
coefficient shows higher value. Meanwhile, even
though NO emissions decreases at @ =0.78, the
correlation coefficient is still remained high be-
cause combustion chamber pressure also de-
creases. At leaner air-fuel mixture than @=0.8
the correlation coefficients between NO emission
and combustion chamber pressure before com-
pression TDC is also relatively high compared
to Fig. 8. It can be considered that the spark
timing result in this kind of tendency. The spark
timing at leaner conditions is more advanced than
stoichiometric, so that combustion can be started
earlier. As a result, the correlation coefficients
between NO emissions and combustion chamber
pressure before compression TDC is higher at
leaner mixture.

4. Conclusions

The linear correlation coefficients between NO
emissions and the combustion chamber pressure
for different engine loads and equivalence ratio
conditions were obtained with fast response NO
analyzer. The conclusions are as followings ;
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(1) 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 ¢=09. As
the equivalence ratio decreases to @=08 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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