





of trials the engine speed and load were maintained constant at 1600 RPM and 394 mmHg
(manifold absolute pressure), respectively even under very lean conditions when engine
behavior was erratic. In CNG trials, the relative air to fuel ratio, A, was varied within the range
of 1.0 to 1.5. This was accomplished by adjusting injected fuel pulse width, The spark
timing was also varied within the range of 18° to 48°. In gasoline trials, the relative air to fuel
ratio, A, was kept at constant value of 1. The spark timing was also varied within the range of
16° to 39°. A Horiba 7000 Series full exhaust analyzing system was used to sample and
analyze the hydrocarbon exhaust emissions. The sampling point was connected to exhaust
runner [,

3. Im-cylinder pressure data analysis

The analysis involves 270 cycles of in-cylinder pressure data acquired at each operating
point. In Fig. 2 a typical pressure-volume trace is shown in logarithmic coordinates.

The combustion analysis program MTS Adapt -CAS locates peak pressure, pmax, and
calculates the mfb, the imep, and the compression and expansion stroke polytropic indices, n.
and n.. Means and higher moments of these variables distributions are calculated as well.
Separate algorithms were used to calculate the normalized pressure rise due to combustion, ¥,
the statistical parameters of its distributions, and the combustion completeness parameter, X.
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Fig. 2. In-cxlinder measured pressure-volume trace in In P and InV coordinates.

The volume referenced pressure rise due to combustion ¥ and X are calculated as fotlows:
Y=ZAp*
where Ap* is referenced by volume pressure increments due to combustion,

XY,

where ¥, is the maximum value from the referenced pressure rise ¥ distribution and it
represcnts the most complete combustion cycle at given operating condition. The
methodology to calculate W and X in this investigation follows the procedure which is given
in papers by Ball et al [4 and 5].

The Rassweiler and Withrow method takes nominal spark timing as the start of
combustion and requires that an arbitrary choice of the combustion end is made (see Fig. 2).
In addition several assumptions are introduced a) the referenced pressure rise due to
combustion is proportional the mass fraction burned in each volume increment, b) there is
allowance for heat transfer, combustion products dislocation or composition change.






their respective distributions are used to calculate the combustion completeness X, and the
cyclic effectives R, respectively. The distributions maximum values and their spread vary
with the change of operating condition.
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Fig. 4. Probability Density Function of ¥, imep and Fig. 5. Probability Density Function of V. imep and
Puae 8L A =10 and for three spark ignition timings. Poar Q84 =1.3 and for three spark ignition tiniings.

One can notice that the PDF of imep distributions are at maximum and narrowly spread
tfor the spark timing corresponding to best torque for given lambda (e.g. at 33° crank angle for
A =1.01in Fig. 4, or 48° crank angle for A =1.3 in Fig, 5.). Such a trend is less obvious in the W
distributions, where a continuous broadening of distributions with spark timing occurs.
However, for the stoichiometric (A = 1 in Fig. 4) and moderately lean (A = 1.3 in Fig. 5)
engine operation the PDFs of ¥ are better separated than the PDFs of imep for different
values of ignition timing. This is a consequence of the fact that the calculations of ¥ include
only combustion portion of the pressure trace, while the calculations of imep include
pressures from the entire cycle. Both, the ¥ and imep PDF distributions become broader with
the increase of lambda regardless the spark timing.
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rise due to combustion) at the spark timing of 27°. In contrast, the imep distribution at this
operating point is a single-peaked, normal distribution. The trends observed in the PDF
distributions can be re-examined by means of correlations between the coefficient of variation
(CoV) of pmas. . and imep for all spark timing and relative air to fuel ratio(A - lambda).

The best fit lines i all subsequent figures are for the same spark timing and three
different lambda values (A, = 1.0. 1.3 and 1.5). However, at the spark timing 18° and A = 1.5
the engine misfired frequently. and in the graphs the results for this spark timing and this
lambda only are replaced with the data for the spark timing of 28° (as marked in the figures).
In the figures lambda values are indicated only along the 18° spark timing line, and they
progress along the remaining spark timing lines in the same order. For well-correlated
variables, the data points should line up along the graphs diagonal, or follow the same trend
line. The CoV data for the pyax and ¥ in Fig. 8, and the pna and imep in Fig. 9, correlate

poorly.
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Fig. 8 The evcle maximum pressure cyefe- Fig. 9. The cvele maximum pressure cvele-
to-cvele variations versus the completeness to-cvele variations versus the indicared
of combustion cycle-to-cvele variations for mean effective pressure cvele-to-cycle
all operating conditions. variations for all operating conditions.

In Fig. 10 the CoV of ¥ versus the CoV of imep is depicted and good correlation is
demonstrated. This observation corroborates the hypothesis that the imep distribution contains as
much information about combustion period as the ¥ distribution does. The results in the
figures also indicate that leaning of the charge increases coefficient of variation while the
CoV of the examined parameters are not sensitive to the spark timing. Fig. [l presents the
correlation between R, the cyclic effectiveness parameter, and X, the combustion
completeness parameter. When examining results in Fig. 11, it is important to keep in mind
that R is the imep normalized by imepy.x for the R distribution, and X is the ¥ normalized by the
Wiy for the W distribution. The normalization of both, the imep and ¥, by their respective
maximum values modifies the correlation illustrated in Fig. 10. The data correlates well and is
gathered around the diagonal for all operating conditions. However. the cyclic effectiveness, R,
seems to be more sensitive to the relative air to fuel ratio, A, and to the spark timing. This result
points at the impact of the normalization parameter. Al-Fekhri and Raine [6] postulate that the
combustion completeness, X, which employs ¥, does remove the spark timing effect
from the results. Thus the scatter of the data is mostly in the R axis direction due to use of
the imepy.x in the R parameter definition.
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