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An Examination of the Ignition
Delay Period in Gas-Fueled
Diesel Engines

Changes in the physical and chemical processes during the ignition delay period of
a gas-fueled diesel engine (dual-fuel engine) due to the increased admission of the
gaseous fuels and diluents are examined. The extension to the chemical aspects of
the ignition delay with the added gaseous fuels and the diluents into the cylinder
charge is evaluated using detailed reaction kinesics for the oxidation of dual-fuel
mixtures at an adiabatic constant volume process while employing n-heptane as a
representative of the main components of the diesel fuel. In the examination of the
physical aspects of the delay period, the relative contributions of changes in charge
temperature, pressure, physical properties, pre-ignition energy release, heat transfer,
and the residual gas effects due to the admission of the gaseous fuels are discussed
and evaluated. It is shown that the introduction of gaseous fuels and diluents into
the digsel engine can substantially affect both the physical and chemical processes
within the ignition delay period. The major extension of the delay is due to the
chemical factors, which strongly depend on the type of gaseous fuel used and its

concentration in the cylinder charge.

Introduction

The ignition delay period in a compression ignition engine
is a very important performance parameter that influences sub-
sequent combustion processes, engine performance, and exhaust
emissions. In gas-fueled diesel engines (dual-fuel engines), the
control of the ignition delay period is equally important and
can dispiay trends significantly different from those observed
in the corresponding diesel engine operation. The injection of
a small quantity of liquid diesel fuel is maintained in dual-fuel
engine operation to ensure ignition of the charge. The length
of the ignition delay, however, incteases significantly with the
increased admission of the gaseous fuel up to a detectable maxi-
mum value and then drops gradually, as shown typically in Fig.
1. Changes in the type of gaseous fuel used in a dual-fuel engine
for the same injected quantities of liquid pilot fuel and total
equivalence ratio also produce significant changes in ignition
delay. For example, as shown in Fig. 1, the admission of pro-
pane increases the length of the ignition delay in dual-fuel en-
gine operation to an extent much longer than the corresponding
values observed with methane or with other gaseous fuels. For
the admission of the diluents nitrogen and carbon dioxide into
the intake air, however, the observed experimental values of
the ignition delay in the operation of a diesel engine display
yet different trends from those observed for the admission of
gaseous fuel in the cylinder charge [1, 2]. Neither nitrogen nor
carbon dioxide addition could produce comparable trends in
increasing the ignition delay of the diesel fuel.

Some research has been carried out in the past to examine
the changes in the ignition deiay period during the operation of
dual fuel engines. Moore and Mitchel [3] indicated that the
increase in ignition delay observed in dual-fuel engines was
caused by the presence of the gaseous fuels. The length of the
ignition delay could be improved by increasing the pilot quan-
tity and preheating the intake charge. Karim and Burn [2] indi-
cated that the observed variations of the ignition delay in dual-
fuel engines cannot be explained wholly on the basis of the
reduction of the partial pressure of oxygen in the intake charge

Contributed by the Internal Combustion Division for publication in the JOURNAL
oF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received at ASME
Headqguarters May 1997, Associate Technical Editor: W. K. Cheng.

Journa! of Engineering for Gas Turbines and Power

as a result of gaseous fuel admission. The gaseous fuel must
affect in an unknown manner the pre-ignition processes of the
diesel pilot fuel to brng about the observed specific variations.
in the length of the ignition delay. In our previous work [5],
the effects of changes dve to gaseous fuel admission, in mean
charge temperature, external heat transfer to the surroundings,
and the extent of pre-ignition energy release during the com-
pression process on the length of the ignition delay of a dual-
fuel engine have been examined while using detailed reaction
kinetics for the oxidation of the gaseous fuel and air and em-
ploying an experimentally based formulation for the ignition
delay of the liquid pilot. The effects of any chemical interaction
between the pilot and gaseous fuels during the preignition pro-
cesses could not be accounted for.

The present contribution examines further the observed
changes in the physical and chemical processes during the igni- |
tion delay period of a gas-fueled diesel engine (dual-fuel en-
gine} due to the increased admission of the gaseous fuels and
diluents. In the examination of the chemical aspects of the igni-
tion delay, the environment of the mixture of diesel pilot with
the gaseous fuel is simulated by an adiabatic constant volume
process while employing n-heptane as a representative of the
main components of the diesel fuel. The effects of changes in
the concentrations of the added gaseous fuels, sach as methane,
propane, and hydrogen, and the diluents carbon dioxide and
nitrogen to the cylinder charge as well as the changes in intake
charge temperature on the ignition delay of the fuel mixture in
air are evaluated through using detailed reaction kinetics for
the oxidation of the n-heptane and gaseous fuels mixture.

In the examination of the physical aspects of the delay pericd,
the relative contributions to the ignition delay, resulting from
changes in charge temperature, pressure, physical properties,
pre-ignition energy release, heat transfer, and the effects of the
residual gases due to the admission of gaseous fuels are dis-
cussed and evaluated. It is shown that the introduction of gas-
eous fuels and diluents into the diese! engine will change both
the physical and chemical processes of the ignition delay period.
The extension to the chemical process of the delay period with
the admission of the gaseous fuel is the main rate controlling
processes. Its extent, which depends on the type of the gaseous
fuel used and its concentration in the cylinder charge, will be
decreased with the improvement of combustion performance.

JANUARY 1988, Vol. 120 / 225

Copyright © 1998 by ASME




o Diesdl O N
: foo e X Nekbéing 4 Diess
: . [ Ethylene + Diesel
¥¢ Hydrogen + Diesel

@
b

& 65
&
=k
5 40
E
=
G
2 15
:
g T O o T T T T LT N
Q

I e s O o

Injecting Angle=20 b.td.c,
—8.0 . :
0.00 020 0.40 0.60 0.80

TOTAL EQUINALENCE RATIO

Fig. 1 Variations of ignition delay with various gaseous fuels admission
over a range of equivalence ratio in a dual fus! engine operation

Analytical Considerations

The ignition delay in a diesel engine is defined as the time
interval between the start of fuel injection and the commence-
ment of rapid energy release due to combustion. The pre-igni-
tion processes can be viewed as being initially predominantly
physical, followed by overlapping somewhat later chemical pro-
cesses, In the physical part of the delay process, the fuel is
injected, atomized, vaporized, and mixed with the air. The asso-
ciated chemical processes are controlled by the precombustion
reactions of the local mixtures of the fuel, air, and residual gases.
A convenient approach based on experimental observation of
the delay in diesel engines is to consider the length of the
ignition delay period to be a function of the charge pressure and
equivalence ratio of the fuel vapour and air, and exponentially
dependent on the inverse of the mean charge temperature
{6, 7]. :

In dual-fuel engine operation, the admission of a gaseous fuel
with the air will influence profoundly beth the physical and
chemical ignition processes of the mixture, This admission will
bring about variations in the physical properties of the mixture
such as the specific heat ratic and heat transfer parameters,
These can lead to significant changes in the charge terperature
and pressure levels at the time of fuel injection and extend the
physical ignition delay period of the mixture. The presence of
the gaseous fuel-air charge during the pre-ignition reaction
results in changes to the energy release and the associated pro-
duction of active species. Moreover, any chemical interactions
that may take place between the diesel vapor and gaseous fuel
will produce further changes in the chemical ignition processes
of the mixture,

Some of the major effects of the introduction of the gaseous
fuel on the ignition period of the dual-fuel—air engine can be
expressed conveniently as a modification to the compression
mean charge temperature, AT, and can be written as:

AT = ATy + AT, + AT, + AT, + ... (0

where AT, is the temperature change due to any variations in
the thermodynamic and physical properties of the mixture, AT,,
is the change due to the contribution of residual gases, AT, is
the change due to the heat transfer, and AT, is the change due
to the contribution of pre-ignition energy release. Changes in
the thermodynamic and physical properties of the mixture could
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normally bring about a decrease in the charge temperature while
other changes, such as the contribution of the residual gases,
could result in an increase in the charge temperature. The effects
of any chemical interaction between the diesel and gaseous
fuels during the preignition reactions can be accounted for em.
pirically through a modification to the effective overall activa-
tion energy term of the mixture, which wili be strongly depen-
dent on the types and concentration of gaseous fuels involved,

Hence, when accounting for the effects of these changes, a
modified value for the ignition delay in dual fuel engines can
be produced [5). This modified value, 7 + Ar(s), in order to
be compared to the corresponding value under diesel operation
[6, 71, can be written as:

T+ Ar = A(P + AP)Y (¢ + Ad) exp(%) (2)
8

where P and T, represent, respectively, the mean cylinder pres-
sure (atm) and charge temperature (K) during the ignition delay
period. ¢ is the equivalence ratio of the fuel vapor—air mixture.
A, g, b, and ¢ are constants to be established experimentally
for the relevant operating conditions. The values of these con-
stants as obtained, for example, by Hiroyasu {6, 7] in a constant
volume vessel are:

A=40%x1073, a=-25 b=-104, c=6000 (3)

In the present work, the equivalent modifications to the
charge temperature in accordance with Eq. (1) can be correlated
from the results of analysis and experiment. The corresponding
chemical effects on the ignition delay period of the dual-fuel-
air mixture are examined on the basis of adiabatic constant
volume reaction conditions while employing detailed reaction
kinetics for the oxidation of the dual-fuel~-air mixture, In these
kinetic considerations, n-heptane is chosen to represent the oxi-
dation of the diesel fuel since the chemical kinetics of the diesel
fuel oxidation are currently unavailable. Moreover, the adiabatic
constant volume conditions tend to be close to the environment
of the diesel pilot fuel in dual-fuel engines during the delay
period (for example, a charge mean temperature of 780 K and
a charge pressure of 28 atm). The concentrations of the mixtures
of n-heptane vapor and the gaseous fuel are considered in terms
of their corresponding stoichiometric value, which tends to be
associated with the peak value of the reaction rates for the
oxidation of the mixture. The chemical reaction mechanism of
the mixtures of n-heptane and the other gaseous fuels was based
on those schemes reported by Westbrook et al. [8]. This de-
tailed kinetic scheme consisted of 1966 elementary reaction
steps and 380 chemical species. The corresponding thermo-
chemical data were obtained mainly from JANAF tables [10].

The residual gases from the previous cycle, which were as-
sumed to fll the clearance volume when a new cycle began,
were considered to have the same composition as that for the
exhaust gases at the end of expansion to atmospheric pressure,
These residual gases, when the inlet valve was opened, mixed
completely and adiabatically with the fresh charge at the same
pressure. For heat transfer, the mean wall temperature 7, was
assumed to remain constant over the cycle, while convective
and radiative heat transfer was accounted for by a formulation
recommended by Annand [11] following his analysis of a wide
range of experimental data in engines.

Results and Discussion

When the pilot diesel fuel is injected into the combustion
chamber under high injection pressures, the pilot fuel is atom-
ized and distributed within its spray cone. The resulting axial
and radial fuel concentration profiles could be calculated ap-
proximately by employing established theoretical procedures
for the flow of jets [12]. Increasingly more surrounding fuel
along with the air are entrained into the spray cone as the jet
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Fig. 2 Schematic representation of fual concentration profile within a
diesel fual jet issuing in an atmosphare of gaseous fuel and air mixture

of dieset fuel moves downstreamn. The downstream radial fuel
concentration profiles become increasingly flatter. Conse-
quently, for the same overall fuel-air ratio in the cylinder
charpge, the relative concentration of the gaseous fuel at a down-
stream jet location, as shown schematically in Fig. 2(a) and
2(b), has a much higher value than that at an upstream jet
location due to the entrainment of the surrounding gaseous fuel.
The induction of more gaseous fuel info the engine cylinder
will further change the local fuel composition and increase the
concentration of the total fuel at any point while the concentra-
tion of the air reduced by the same amount. However, this
change in the local fuel composition is not uniform for the
mixture within the jet spray cone. As shown in Fig. 3, the overall
size of the stoichiometric region at every section downstream
of the nozzle is increased, both in width and length, as the
concentration of the gaseous fuels in the surroundings is in-
creased. However, the increase of gaseous fuel in the local
fuel composition for the same stoichiometric zone tends to be
prominent only at regions away from the discharge point of the
jet. These changes in local fuel composition with the admission
of the gaseous fuels play an important role in modifying the
ignition and combustion characteristics of the engine from those
of normal diesel operation.

It is expected that the most probable location for first ignition
encountered will be along a stoichiometric mixture envelope of
the fuel jet for the same temperature level. In the operation of
a dual-fuel engine, the ignition delay period will depend not
only on the concentration of the mixture but also on the local
fuel composition for the same values of the stoichiometric mix-
ture, since the admission of the gaseous fuel changes the local
fuel composition, as shown in Figs. 2 and 3. It has been con-
firmed in Fig. 4 that for stoichiometric mixtures at mean temper-
ature and pressure values similar to those during the delay pe-
riod in engines, the calculated ignition delay period of heptane
and gaseous fuel mixtures in air is gradually extended as the
percentage of the gaseous fuel in the mixture is increased. For
methane admission, the extension to the ignition delay period
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Fig. 3 Calculated relative width of the stoichiometric ratio envelopes in
jet fuel mixture with changes in methane concentration in the sur-
rounding charge

of the fuel mixture tends to be initially very slow until the
percentage of the methane in the fuel mixture is substantially
increased to beyond around 70 percent. The increased percent-
age of hydrogen in the mixture does not increase the ignition
delay significantly. However, for propane admission, the igni-
tion delay extends more rapidly with increasing the percentage
of propane in the fuel mixture, These changes in the ignition
delay period, which depend on the type of the gaseous fuel and
its concentration in the cylinder charge, are consistent with
those observed experimentally in Fig. 1 for dual-fuel engine
operation. Figure 5 shows similarly the corresponding variations
of the ignition delay period with increasing concentrations of
gaseous fuel and the diluents carbon dioxide and nitrogen in
the local stoichiometric mixture for n-heptane and the added
gas. It can be seen that unlike with the admission of gaseous
fuels, neither the presence of small amounts of nitrogen nor
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Fig. 4 Calculated ighition times of the stoichiometric dusl-fuel mixture
with changes in the percentage of gaseous fuel in the total mixture for
an adiabatic constant volume process
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carbon dioxide with n-heptane can produce significant increases
in the ignition delay pericd. The small changes observed are
associated mainly with the reduction of the partial pressure of
oxygen in the surroundings. Figure 6 shows that the decrease
in the mixture temperature extends the ignition delay period of
the mixture without significantly changing the trends of ignition
delay period with the increased admission of gaseous fuels.
Accordingly, on the basis of these trends, the admission of
the gaseous fuel with the intake air in dual-fuel applications
will result in an extension to the ignition delay period due to
the chemical interactions between the diesel and gaseous fuels.
This extension will be further increased, but not proportionally,
with the increase of the concentration of the gaseous fuel in the
cylinder charge. It can be anticipated that ignition in the dual-
fuel engine will first take place within the region of the diesel

8.0
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Fig. 6 Variations of calculated ignition times with changes in intake
temperatures for methans admission for an adiabatic constant volume
arocess
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pilot jet where sufficient amounts of diesel fuel vapor and air
but with small concentration of gaseous fuel form the most
reactive ignition elements. Those regions that are close to or
far away from the discharge point of the fuel jet will tend to
produce a later ignition due to either the lack of vaporized diesel
fuel or a relatively high concentrations of the gaseous fuel in
the local mixture,

Another major effect of the introduction of a gaseous fuel or
adiluent in the engine cylinder with the intake air is the resulting
variations in the charge temperature during compression. These
are due to the changes in the physical properties of the mixture,
such as the specific heat ratio and heat transfer parameters, as
well as any energy release arising from the pre-ignition reactions
of the gaseous fuels. As shown in Fig. 7, the addition of hydro-
gen to the engine intake air reduces the maximum temperature
level of the charge at the end of compression only relatively
little. However, the corresponding values of temperature ob-
served with the addition of methane or propane decrease mark-
edly. With propane addition, for the typical case shown, a drop
in temperature of around 90 K was observed for the stoichiomet-
ric mixture. Similarly, the mean value of the charge temperature
at the end of compression decreases essentially linearly with
increasing the concentrations of carbon dioxide in the cylinder
charge. The addition of nitrogen to the-intake air hardly changes
the charge temperature.

The effect of changes in the physical properties of the mixture
and heat transfer arising from the admission of the gaseous fuel
on the charge temperature at the end of compression can be
correlated on the basis of the type and concentration of ihe
gaseous fuel. As shown in Fig. 8, this temperature is markedly
reduced with the increased addition of methane into the air
while following similar trends for wide working conditions. The
values predicted by the correlated formulation agree very well
with the corresponding individually calculated values according
to the following relationship;

ATgmLx = (Tamu - gmax) nmu(l - exp(_ %)) (4)

where Tyma is the charge temperature at the end of compression
with the admission of gaseous fuel, T, is the charge tempera-
ture at the end of compression with pure air admission, ¢ is
the equivalence ratio of the gaseous fuel, a is a constant having
the following values 16.61, 8.90, 55.31, and 13.56 for the addi-
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tion of methane, propane, hydrogen, and ethylene, respectively.
On this basis when the charge temperature at the end of com-
pression for pure diesel operation is known, the charge tempera-
tures at the end of compression with the admission of different
gaseous fuels can be evaluated.

With the consideration of both the physical and chemical
effects of the admission of the gaseous fuels or the presence of
the diluents on the ignition delay period of the mixture, the
observed changes in the experimental values of the ignition
delay during the operation of dual fuel engines can be diag-
nosed. As shown in Fig. 9, (he observed experimental values
of the ignition delay increase almost linearly with the extent of
carbon dioxide admission to the cylinder charge. A higher intake
temperature results in a relatively shorter ignition delay, while
an essentially linear trend is maintained. The increase in the
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Fig.@ Variations of experimental and modified ignition delay values with
the intake concentratlon of carbon dloxlde and nhrogen for two Intake
temperatures
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Fig. 10 Variations of experimental ignition delay, exhaust temperature
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ignition delay period with the admission of carbon dioxide is
mainly attributable to the decrease in the charge temperature
due to the variations of the physical properties of the charge
and the heat transfer during compression. The addition of a
small amount of carbon dioxide does not significantly affect
the pre-ignition reaction processes. Meanwhile, as shown in
Fig. 5, the admission of a small amount of carbon dioxide into
the intake air does not produce a significant extension to the
chemical part of the ignition delay period of the mixture. Hence,
when these factors that affect the ignition delay period due to
the addition of carbon dioxide have been excluded, the modified
ignition delay calculated by Eq. (2) remains, as shown in Fig.
9, at almost the same value as observed in pure diesel operation
and will not change with the increased carbon dioxide concen-
trations.

As shown in Fig. 6, the addition of nitrogen will not change
the mean charge temperature and no extension to the physical
process of the ignition delay period is expected with the admis-
sion of small amounts of nitrogen. The corresponding changes
in the ignition delay for nitrogen admission, as show in Fig. 9,
are far less evident than those observed with carbon dioxide
admission, The very small increase observed in the value of the
ignition delay resulted from the small extension to the chemical
process of the delay period.

Unlike with the admission of the diluents, Fig. 10 shows that
the ignition delay period, measured in a direct-injection single-
cylinder dual-fuel engine, initially increases significantly up to
a maximum valiue as the methane concentration in the cylinder
charge is increased. The admission of the gaseous fuel influ-
ences the length of the ignition delay not only through a possible
modification of the nature of the chemical reactions of the mix-
ture but also through changes in the charge temperature levels,
heat wransfer, the extent of pre-ignition energy release during
compression, and the associated changes in the contribution of
residual gases from previous cycles. As shown typically in Fig.
10, the increased admission of methane reduces the calculated
values of the maximum charge temperature at the end of com-
pression. The corresponding measured exhaust temperature,
which is consistent with the state of the residual gases, is ini-
tially increased slowly but with a continued increase in methane
concentration in the cylinder charge its valoe is enhanced very
significantly. The marked reduction in the length of the ignition
delay is accompanied by the significant i mcreaSe in the exhaust -
temperature.

Figure 11 shows typically the variations of the charge temper-
atures at the commencement and end of the compression stroke
with methane admission, when the effects of the changes in
physical properties of the mixture, heat transfer, the extent of

JANUARY 1998, Vol. 120 / 229
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Fig. 11 Variations of calculated charge temperatures at the commence-
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pre-ignition energy release during compression, and the associ-
ated contribution of residual gases from previous cycles on the
charge temperature have been considered on the basis of the
results in Fig. 10. It can be seen that at light load, which involves
very lean gaseous fuel-air mixtures, the charge temperature at
the commencement of the compression stroke is not increased
significantly with the consideration of the contribution of the
residual gases, since the combustion of the mixture at light
load is confined to around the pilot fuel and cannot produce
sufficiently hot residual gases. The values of the corresponding
charge temperature at the end of the compression stroke are
lower than the value observed for pure diesel operation due to
the variations of the physical properties of the charge and exter-
nal heat transfer effects, With the continued increase in the
gaseous fuel concentration, the combustion process can extend
gradually further into regions of the mixture made up of the
gaseous fuel and air to produce higher residual gas temperatures,
The values of the charge temperature at the commencement of
the compression stroke, as shown in Fig. 11, is then significantly
elevated through the increased contribution of the hotter residual
gases. These increases in the charge mean temperature at the
commencement of compression will contribute to counteracting
the corresponding reduction in the charge temperature due to
the admission of methane to produce eventually a higher charge
temperature at the end of compression,

These changes in the charge temperature with the admission
of methane influence significantly the ignition characteristics of
the pilot fuel. As shown in Fig. 12, the changes in the ignition
delay period of the dual-fuzl engine can be considered in terms
of physical and chemical extensions calculated in accordance
with Eqgs. (1) and (2). At light load, the decrease in the charge
temperature, as shown in Fig, 11, extends the physical process
of the ignition delay period. Meanwhile, the increased presence
of methane with the diesel fuel charge will result in some exten-
sion to the chemical processes of the delay, as displayed in
Figs. 4 and 5. Both of these extensions to the ignition period
lead to the observed increase in the delay period in dual-fuel
engines as the methane concentrations in the cylinder mixture
are increased, )

At relatively high loads, the charge temperature at the end of
compression can reach high values mainly due to the increased
contribution of the hotter residual gases. Hence, as shown in
Fig. 12, the extension to the physical process of the ignition
delay is reduced gradually as the charge temperature at the
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end of compression continues to increase, The corresponding
extension to the chemical processes of the ignition delay is
also reduced under the increased charge temperatures. Thus, the
ignition delay period at relatively high load is decreased with
the increased methane concentration in the cylinder charge,

These changes in the ignition delay period of the dual-fuel
engine show that the extension to the chemical processes of the
ignition delay with the admission of the gaseous fuel is the
main rate controlling processes during the delay period of the
dual fuel engine. The extent of this extension, which depends
on the type of gaseous fuel used and its concentration: in the
cylinder charge, will be decreased with the improvement of
combustion performance.

These analytical results can be used further to explain other
changes in the ignition delay period observed in dual fuel engine
operation. For example, the admission of propane into the dual-
fuel engine results in a significant decrease in the charge temper-
ature and a longer extension to the chemical part of the ignition
delay period. The value of the delay for propane admission is
higher than those values observed for methane or hydrogen
admission. Moreover, an increase in the size of the pilot fuel,
which improves the combustion characteristics of the dual fuel
engine, reduces the relative concentration of the gaseous fuel
in the fuel mixture for the same overall equivalence ratio, re-
sulting in higher charge temperatures at the end of the compres-
sion and a shorter chemical extension to the ignition delay
period. Hence, the observed values of the ignition delay are
lower than those observed for small pilots [1, 2].

Conclusion

The introduction of gaseous fuels or diluents with the intake
air into a diesel engine will change both the physical and chemi-
cal processes of the ignition delay period. The corresponding
extension to the physical process of the delay period is related to
changes in the charge temperature, pressure, pre-ignition energy
release, heat transfer, and the effects of the residual gases. The
extension to the chemical process of the igniiion delay, which
results from the chemical interactions between the diesel and
gaseous fuels, is the main rate-controlling process during the
delay period of the dual-fuel engine. The extent of the extension
to the ignition delay period depends strongly on the type of the
gaseous fuel used and its concentration in the cylinder charge.
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